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Comments on version 2.0

This part corresponds to the original report Althaus et al. 2004 that has been updated with the changes
reported in Frischknecht et al. 2006. Direct changes in the unit process data have been made for the
following datasets:

Acetic Acide

Acrilic Acide

Carbon Black

Melamine
Polytetrafluoroethylene (PTFE)
Silicones and Silicone Products
Water

The chapter on Acetic Anhydride has been removed from this report since a new dataset has been es-
tablished and documented in Sutter 2007b.

In the other chapters the references to the ecoinvent reports were updated and in some of the chapters
the exchanges that changed names from version 1 to 2 (e.g. transports) were updated in figures and ta-

bles.

Althaus H.-J., Chudacoff M., Hischier R., Jungbluth N., Osses M. and Primas A. (2007)
Life Cycle Inventories of Chemicals. Final report ecoinvent data v2.0 No. 8. EMPA,
Swiss Centre for Life Cycle Inventories, Dubendorf, CH, Online-Version under:
www.ecoinvent.org.

Final report of the project of a National Life Cycle Inventory Database "Ecoinvent
2000" commissioned by BUWAL/BFE/ASTRA/BLW
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1. Introduction

1 Introduction

This report summarises the chemicals inventoried by the different partners in the Ecoinvent 2000 pro-
ject and the updates made to theses datasets for the version 2.0 of the ecoinvent Database. In each
chapter of Part Il one chemical ore one family of chemicals is reported. Part | gives information valid
for all inventories.

Chemicals that are inventoried in the context of certain materials might be included in the respective
report. Thus e.g. aluminium oxide (Al,O3) is not included in this report but in the chapter “aluminium”
in the metal report. Datasets for chemicals inventoried for version 2.0 of the ecoinvent Database are
reported in Sutter 2007a; Sutter 2007b. Tab. 1.1 gives an alphabetical overview of the chemicals in-
ventoried in ecoinvent data v2.0.

Tab.1.1  Overview of chemicals inventoried in ecoinvent v1.0

Name Loc Reported in
[sulfonyl]urea-compounds, at regional storehouse RER Nemecek et al. 2007
[sulfonylJurea-compounds, at regional storehouse CH Nemecek et al. 2007
[thio]carbamate-compounds, at regional storehouse RER Nemecek et al. 2007
[thio]carbamate-compounds, at regional storehouse CH Nemecek et al. 2007
1,1-difluoroethane, HFC-152a, at plant us ;gggbluth & Tuchschmid
1,1-dimethylcyclopentane, from naphtha, at plant RER Jungbluth et al. 2007
1-butanol, propylene hydroformylation, at plant RER Sutter 2007b
1-pentanol, at plant RER Sutter 2007b
1-propanol, at plant RER Sutter 2007b
2,3-dimethylbutan, from naphtha, at plant RER Jungbluth et al. 2007
2,4-D, at regional storehouse RER Nemecek et al. 2007
2,4-D, at regional storehouse CH Nemecek et al. 2007
2-butanol, at plant RER Sutter 2007b
2-methyl-1-butanol, at plant RER Sutter 2007b
2-methyl-2-butanol, at plant RER Sutter 2007b
2-methylpentane, from naphtha, at plant RER Jungbluth et al. 2007
3-methyl-1-butanol, at plant RER Sutter 2007b
3-methyl-1-butyl acetate, at plant RER Sutter 2007b
4-methyl-2-pentanone, at plant RER Sutter 2007b
acetaldehyde, at plant RER Part Il
acetamide-anillide-compounds, at regional storehouse RER Nemecek et al. 2007
acetamide-anillide-compounds, at regional storehouse CH Nemecek et al. 2007
acetic acid from acetaldehyde, at plant RER Sutter 2007b

acetic acid from butane, at plant RER Sutter 2007b

acetic acid, 98% in H20, at plant RER Part Il

acetic anhydride from acetaldehyde, at plant RER Sutter 2007b

acetic anhydride from ketene, at plant RER Sutter 2007b

acetic anhydride, at plant RER Sutter 2007b
acetone cyanohydrin, at plant RER Part Il
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1. Introduction

acetone from butane, at plant RER Sutter 2007b
acetone, liquid, at plant RER Part I

acetonitrile, at plant RER Sutter 2007b
acetylene, at regional storehouse CH Part Il

acrylic acid, at plant RER Part Il

acrylic binder, 34% in H20, at plant RER Part Il

acrylic dispersion, 65% in H20, at plant RER Part Il

acrylic filler, at plant RER Kellenberger et al. 2007
acrylic varnish, 87.5% in H20, at plant RER Part Il

acrylonitrile from Sohio process, at plant RER Sutter 2007b
acrylonitrile, at plant RER Part Il

adhesive for metals, at plant DE Kellenberger et al. 2007
adipic acid, at plant RER Part I

air separation plant RER Part Il

air separation, cryogenic RER Part Il

AKD sizer, in paper production, at plant RER Part Il

alachlor, at regional storehouse RER Nemecek et al. 2007
alachlor, at regional storehouse CH Nemecek et al. 2007
alkyd paint, white, 60% in H20, at plant RER Part Il

alkyd paint, white, 60% in solvent, at plant RER Part Il

alkyd resin, long oil, 70% in white spirit, at plant RER Part Il

alkylbenzene sulfonate, linear, petrochemical, at plant RER Zah & Hischier 2007
alkylbenzene, linear, at plant RER Part Il

allyl chloride, from reacting propylene and chlorine, at plant RER Jungbluth et al. 2007
allylic chloride, at plant RER Part Il

aluminium fluoride, at plant RER Part Il

aluminium hydroxide, at plant RER Classen et al. 2007
aluminium oxide, at plant RER Classen et al. 2007
aluminium sulphate, powder, at plant RER Part I

ammonia, liquid, at regional storehouse RER Part Il

ammonia, liquid, at regional storehouse CH Part I

ammonia, partial oxidation, liquid, at plant RER Part Il

ammonia, steam reforming, liquid, at plant RER Part Il

ammonium bicarbonate, at plant RER Part I

ammonium carbonate, at plant RER Part II

ammonium chloride from chlorosilane, at plant GLO Sutter 2007a
ammonium chloride, at plant GLO Sutter 2007a
ammonium nitrate phosphate, as N, at regional storehouse RER Nemecek et al. 2007
ammonium nitrate phosphate, as P205, at regional storehouse RER Nemecek et al. 2007
ammonium nitrate phosphate, at regional storehouse RER Nemecek et al. 2007
ammonium nitrate, as N, at regional storehouse RER Nemecek et al. 2007
ammonium sulphate, as N, at regional storehouse RER Nemecek et al. 2007
ammonium thiocyanate, at plant GLO Sutter 2007a
anhydrite rock, at mine CH Kellenberger et al. 2007
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1. Introduction

anhydrite, at plant CH Kellenberger et al. 2007
anhydrite, burned, at plant CH Kellenberger et al. 2007
aniline, at plant RER Part 1l

anionic resin, at plant CH Part I
anthraquinone, at plant RER Part II

argon, crude, liquid, at plant RER Part I

argon, liquid, at plant RER Part Il

arsine, at plant GLO Sutter 2007a
atrazine, at regional storehouse RER Nemecek et al. 2007
atrazine, at regional storehouse CH Nemecek et al. 2007
barite, at plant RER Part Il

bentonite, at processing DE Kellenberger et al. 2007
benzal chloride, at plant RER Sutter 2007b
benzaldehyde, at plant RER Sutter 2007b
benzene, at plant RER Part II
benzimidazole-compounds, at regional storehouse RER Nemecek et al. 2007
benzimidazole-compounds, at regional storehouse CH Nemecek et al. 2007
benzo[thia]diazole-compounds, at regional storehouse RER Nemecek et al. 2007
benzo[thia]diazole-compounds, at regional storehouse CH Nemecek et al. 2007
benzoic-compounds, at regional storehouse RER Nemecek et al. 2007
benzoic-compounds, at regional storehouse CH Nemecek et al. 2007
benzyl alcohol, at plant RER Sutter 2007b

benzyl chloride, at plant RER Sutter 2007b
biocides, for paper production, unspecified, at plant RER Part Il
bipyridylium-compounds, at regional storehouse RER Nemecek et al. 2007
bipyridylium-compounds, at regional storehouse CH Nemecek et al. 2007
bisphenol A, powder, at plant RER Part Il

Borax, anhydrous, powder, at plant RER Part Il

boric acid, anhydrous, powder, at plant RER Part Il

boric oxide, at plant GLO Sutter 2007a

boron carbide, at plant GLO Sutter 2007a

boron trifluoride, at plant GLO Sutter 2007a
butadiene, at plant RER Hischier 2007
butane-1,4-diol, at plant RER Sutter 2007b
butanes from butenes, at plant RER Sutter 2007b
butanol, 1-, at plant RER Part Il

butene, mixed, at plant RER Hischier 2007

butyl acetate, at plant RER Sutter 2007b

butyl acrylate, at plant RER Part Il
butyrolactone GLO Sutter 2007a
calcium ammonium nitrate, as N, at regional storehouse RER Nemecek et al. 2007
calcium borates, at plant TR Part Il

calcium carbide, technical grade, at plant RER Part Il

calcium chloride, CaCl2, at plant RER Part I
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calcium chloride, CaCl2, at regional storage CH Part Il

calcium chloride, from hypochlorination of allyl chloride, at plant RER Jungbluth et al. 2007
calcium nitrate, as N, at regional storehouse RER Nemecek et al. 2007
carbofuran, at regional storehouse RER Nemecek et al. 2007
carbofuran, at regional storehouse CH Nemecek et al. 2007
Carbon black, at plant GLO Part Il

carbon dioxide liquid, at plant RER Part I

carbon disulfide, at plant GLO Sutter 2007a

carbon monoxide, CO, at plant RER Part Il

carbon tetrachloride, at plant RER Part Il
carboxymethyl cellulose, powder, at plant RER Zah & Hischier 2007
catalytic oxidation of benzene RER Part Il

cationic resin, at plant CH Part Il

cerium concentrate, 60% cerium oxide, at plant CN Primas 2007
chemical plant, organics RER Part Il

chemicals inorganic, at plant GLO Part Il

chemicals organic, at plant GLO Part Il

chlor-alkali electrolysis, diaphragm cell RER Part Il

chlor-alkali electrolysis, membrane cell RER Part Il

chlor-alkali electrolysis, mercury cell RER Part Il

chlorine dioxide, at plant RER Part Il

chlorine, gaseous, diaphragm cell, at plant RER Part Il

chlorine, gaseous, lithium chloride electrolysis, at plant GLO Sutter 2007a
chlorine, gaseous, membrane cell, at plant RER Part Il

chlorine, gaseous, mercury cell, at plant RER Part Il

chlorine, liquid, production mix, at plant RER Part Il

chloroacetic acid, at plant RER Part Il
chlorodifluoromethane, at plant NL Part Il

chloromethyl methyl ether, at plant RER Part Il

chromite, ore concentrate, at beneficiation GLO Classen et al. 2007
chromium oxide, flakes, at plant RER Part I

copper carbonate, at plant RER Part Il

copper oxide, at plant RER Part Il

crude coco nut oil, at plant PH Part Il

crude palm kernel oil, at plant MY Part Il

crude palm oil, at plant MY Part Il

cryolite, at plant RER Part Il

cumene, at plant RER Part Il

cyanazine, at regional storehouse RER Nemecek et al. 2007
cyanazine, at regional storehouse CH Nemecek et al. 2007
cyclic N-compounds, at regional storehouse RER Nemecek et al. 2007
cyclic N-compounds, at regional storehouse CH Nemecek et al. 2007
cyclohexane, at plant RER Sutter 2007b
cyclohexanol, at plant RER Part Il
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cyclohexanone, at plant RER Sutter 2007b

SIA;Sn-tl fluorescent whitening agent triazinylaminostilben type, at RER 7ah & Hischier 2007
deinking emulsion, in paper production, at plant RER Part Il

diammonium phosphate, as N, at regional storehouse RER Nemecek et al. 2007
diammonium phosphate, as P205, at regional storehouse RER Nemecek et al. 2007
diammonium phosphate, at regional storehouse RER Nemecek et al. 2007
diborane, at plant GLO Sutter 2007a
dicamba, at regional storehouse RER Nemecek et al. 2007
dicamba, at regional storehouse CH Nemecek et al. 2007
dichloromethane, at plant RER Part Il
dichloropropene, from reacting propylene and chlorine, at plant RER Jungbluth et al. 2007
diethanolamine, at plant RER Part I

diethyl ether, at plant RER Sutter 2007b
diethylene glycol, at plant RER Part Il

dimethyl ether, at plant RER Part Il

dimethyl sulfoxide, at plant RER Sutter 2007b
dimethyl sulphate, at plant RER Part Il
dimethylacetamide, at plant GLO Sutter 2007a
dimethylamine borane, at plant GLO Sutter 2007a
dimethylamine, at plant RER Sutter 2007b
dinitroaniline-compounds, at regional storehouse RER Nemecek et al. 2007
dinitroaniline-compounds, at regional storehouse CH Nemecek et al. 2007
dioxane, at plant RER Sutter 2007b
diphenylether-compounds, at regional storehouse RER Nemecek et al. 2007
diphenylether-compounds, at regional storehouse CH Nemecek et al. 2007
dipropylene glycol monomethyl ether, at plant RER Sutter 2007a

direct oxidation of n-butane RER Part Il
dithiocarbamate-compounds, at regional storehouse RER Nemecek et al. 2007
dithiocarbamate-compounds, at regional storehouse CH Nemecek et al. 2007
diuron, at regional storehouse RER Nemecek et al. 2007
diuron, at regional storehouse CH Nemecek et al. 2007
DTPA, diethylenetriaminepentaacetic acid, at plant RER Part Il

EDTA, ethylenediaminetetraacetic acid, at plant RER Part Il
epichlorhydrin, at plant RER Part Il
epichlorohydrin, from hypochlorination of allyl chloride, at plant RER Jungbluth et al. 2007
esterquat, coconut oil and palm kernel oil, at plant RER Zah & Hischier 2007
esterquat, tallow, at plant RER Zah & Hischier 2007
esters of versatic acid, at plant RER Part Il

ethanol from ethylene, at plant RER Sutter 2007b
ethanol, 95% in H20, from corn, at distillery us Jungbluth et al. 2007
ethanol, 95% in H20, from grass, at fermentation plant CH Jungbluth et al. 2007
ethanol, 95% in H20, from potatoes, at distillery CH Jungbluth et al. 2007
ethanol, 95% in H20, from rye, at distillery RER Jungbluth et al. 2007
ethanol, 95% in H20, from sugar beet molasses, at distillery CH Jungbluth et al. 2007
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ethanol, 95% in H20, from sugar beets, at fermentation plant CH Jungbluth et al. 2007
ethanol, 95% in H20, from sugar cane, at fermentation plant BR Jungbluth et al. 2007
ethanol, 95% in H20, from sugarcane molasses, at sugar refinery BR Jungbluth et al. 2007
ethanol, 95% in H20, from sweet sorghum, at distillery CN Jungbluth et al. 2007
ethanol, 95% in H20, from whey, at fermentation plant CH Jungbluth et al. 2007
ethanol, 95% in H20, from wood, at distillery CH Jungbluth et al. 2007
ethanol, 99.7% in H20, from biomass, at distillation CH Jungbluth et al. 2007
ethanol, 99.7% in H20, from biomass, at distillation BR Jungbluth et al. 2007
ethanol, 99.7% in H20, from biomass, at distillation us Jungbluth et al. 2007
ethanol, 99.7% in H20, from biomass, at distillation RER Jungbluth et al. 2007
ethanol, 99.7% in H20, from biomass, at distillation CN Jungbluth et al. 2007
ethanol, 99.7% in H20, from biomass, at service station CH Jungbluth et al. 2007
sitohnanol, 99.7% in H20, from biomass, production BR, at service sta- CH Jungbluth et al. 2007
teitohnanol, 99.7% in H20, from biomass, production CN, at service sta- CH Jungbluth et al. 2007
sitohnanol, 99.7% in H20, from biomass, production RER, at service sta- CH Jungbluth et al. 2007
teitohnanol, 99.7% in H20, from biomass, production US, at service sta- CH Jungbluth et al. 2007
ethanolamines, production RER Part Il

ethoxylated alcohols (AE11), palm oil, at plant RER Zah & Hischier 2007
ethoxylated alcohols (AE3), coconut oil, at plant RER Zah & Hischier 2007
ethoxylated alcohols (AE3), palm kernel oil, at plant RER Zah & Hischier 2007
ethoxylated alcohols (AE3), petrochemical, at plant RER Zah & Hischier 2007
ethoxylated alcohols (AE7), coconut oil, at plant RER Zah & Hischier 2007
ethoxylated alcohols (AE7), palm kernel oil, at plant RER Zah & Hischier 2007
ethoxylated alcohols (AE7), petrochemical, at plant RER Zah & Hischier 2007
ethoxylated alcohols, unspecified, at plant RER Zah & Hischier 2007
ethyl acetate from butane, at plant RER Sutter 2007b

ethyl acetate, at plant RER Sutter 2007b

ethyl benzene, at plant RER Part I

ethyl tert-butyl ether, from bioethanol, at plant RER Jungbluth et al. 2007
ethylene dichloride, at plant RER Part Il

ethylene glycol diethyl ether, at plant RER Sutter 2007b
ethylene glycol dimethyl ether, at plant RER Sutter 2007b
ethylene glycol monoethyl ether, at plant RER Sutter 2007b
ethylene glycol, at plant RER Part Il

ethylene oxide, at plant RER Part II

ethylene oxide, at plant RER Sutter 2007b
ethylene, average, at plant RER Hischier 2007
ethylene, pipeline system, at plant RER Hischier 2007
ethylenediamine, at plant RER Part Il

explosives, tovex, at plant CH Kellenberger et al. 2007
fatty acids, from vegetarian oil, at plant RER Part Il

fatty alcohol sulfonate, coconut oil, at plant RER Zah & Hischier 2007
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fatty alcohol sulfonate, mix, at plant RER Zah & Hischier 2007
fatty alcohol sulfonate, palm oil, at plant RER Zah & Hischier 2007
fatty alcohol sulfonate, palm kernel oil, at plant RER Zah & Hischier 2007
fatty alcohol sulfonate, petrochemical, at plant RER Zah & Hischier 2007
fatty alcohol, from coconut oil, at plant RER Part Il

fatty alcohol, from palm kernel oil, at plant RER Part Il

fatty alcohol, from palm oil, at plant RER Part Il

fatty alcohol, petrochemical, at plant RER Part Il

fluorescent whitening agent distyrylbiphenyl type, at plant RER Zah & Hischier 2007
fluorine, liquid, at plant RER Part Il

fluorspar, 97%, at plant GLO Part Il

fluosilicic acid, 22% in H20, at plant RER Part Il

fluosilicic acid, 22% in H20, at plant MA Part Il

fluosilicic acid, 22% in H20, at plant us Part Il

flux, wave soldering, at plant GLO Hischier et al. 2007
formaldehyde, production mix, at plant RER Part Il

formic acid from butane, at plant RER Sutter 2007b

formic acid from methyl formate, at plant RER Sutter 2007b

formic acid, at plant RER Sutter 2007b
fraction 1, from naphtha, at plant RER Jungbluth et al. 2007
fraction 7, from naphtha, at plant RER Jungbluth et al. 2007
fraction 8, from naphtha, at plant RER Jungbluth et al. 2007
glycerine, from epichlorohydrin, at plant RER Jungbluth et al. 2007
glycerine, from palm oil, at esterification plant MY Jungbluth et al. 2007
glycerine, from rape oil, at esterification plant CH Jungbluth et al. 2007
glycerine, from rape oil, at esterification plant RER Jungbluth et al. 2007
glycerine, from soybean oil, at esterification plant us Jungbluth et al. 2007
glycerine, from soybean oil, at esterification plant BR Jungbluth et al. 2007
glycerine, from vegetable oil, at esterification plant FR Jungbluth et al. 2007
glyphosate, at regional storehouse RER Nemecek et al. 2007
glyphosate, at regional storehouse CH Nemecek et al. 2007
graphite, at plant RER Part Il

helium, at plant GLO Sutter 2007a

helium, gaseous, at plant RER Part Il

heptane, at plant RER Jungbluth et al. 2007
hexafluorethane, at plant GLO Sutter 2007a
hexamethyldisilazane, at plant GLO Sutter 2007a

hexane, at plant RER Jungbluth et al. 2007
hydrochloric acid from benzene chlorination, at plant RER Sutter 2007b
hydrochloric acid, 30% in H20, at plant RER Part Il

2{?;2?1:'0”0 acid, 36% in H20, from reacting propylene and chlorine, RER Jungbluth et al. 2007
hydrochloric acid, from Mannheim process, at plant RER Part Il

Bi/;jrll':)chloric acid, from the reaction of hydrogen with chlorine, at RER Part Il
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hydrogen cyanide from Sohio process, at plant RER Sutter 2007b
hydrogen cyanide, at plant RER Part Il

hydrogen fluoride, at plant GLO Part II

hydrogen peroxide, 50% in H20, at plant RER Part Il

hydrogen sulphide, H2S, at plant RER Hischier et al. 2007
hydrogen, cracking, APME, at plant RER Part Il

hydrogen, from butanediol dehdrogenation GLO Sutter 2007a
hydrogen, liquid, at plant RER Part I

hydrogen, liquid, diaphragm cell, at plant RER Part II

hydrogen, liquid, from chlorine electrolysis, production mix, at plant | RER Part Il

hydrogen, liquid, membrane cell, at plant RER Part I

hydrogen, liquid, mercury cell, at plant RER Part Il

ilmenite, 54% titanium dioxide, at plant AU Primas 2007

intral, at plant RER Part Il

iron (ll1) chloride, 40% in H20, at plant CH Part Il
Iron-nickel-chromium alloy, at plant RER Part Il

iron sulphate, at plant RER Part Il

isobutanol, at plant RER Sutter 2007b
isobutyl acetate, at plant RER Sutter 2007b
isohexane, at plant RER Sutter 2007b
isopropanol, at plant RER Part Il

isopropyl acetate, at plant RER Sutter 2007b

kaolin, at plant RER Part Il

krypton, gaseous, at plant RER Part Il

krypton, gaseous, at regional storage CH Part Il

lanthanum oxide, at plant CN Primas 2007

latex, at plant RER Part Il

layered sodium silicate, SKS-6, powder, at plant RER Zah & Hischier 2007
lime from lithium carbonate hydration GLO Sutter 2007a

lime, algae, at regional storehouse CH Nemecek et al. 2007
lime, from carbonation, at regional storehouse CH Nemecek et al. 2007
lime, hydrated, loose, at plant CH Kellenberger et al. 2007
lime, hydrated, packed, at plant CH Kellenberger et al. 2007
linuron, at regional storehouse RER Nemecek et al. 2007
linuron, at regional storehouse CH Nemecek et al. 2007
liquid storage tank, chemicals, organics CH Part Il

lithium carbonate, at plant GLO Sutter 2007a

lithium chloride, at plant GLO Sutter 2007a

lithium hydroxide, at plant GLO Sutter 2007a

lithium manganese oxide, at plant GLO Sutter 2007a
lubricating oil, at plant RER Part Il

magnesium oxide, at plant RER Part Il

magnesium sulphate, at plant RER Part II

maleic anhydride from catalytic oxidation of benzene, at plant RER Part Il
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maleic anhydride from the direct oxidation of n-butane, at plant RER Part Il

maleic anhydride, at plant RER Part Il

malusil, at plant RER Part Il

maneb, at regional storehouse RER Nemecek et al. 2007
maneb, at regional storehouse CH Nemecek et al. 2007
MCPA, at regional storehouse RER Nemecek et al. 2007
MCPA, at regional storehouse CH Nemecek et al. 2007
melamine formaldehyde resin, at plant RER Part Il

melamine, at plant RER Part Il

methane, 96 vol-%, from biogas, at purification CH Jungbluth et al. 2007
\r/r;s;hsatgctei,o?f vol-%, from biogas, from high pressure network, at ser- CH Jungbluth et al. 2007
\r;?s;h;r;fi,oaG vol-%, from biogas, from low pressure network, at ser- CH Jungbluth et al. 2007
gi\t/?::it’ai?o\:”_%' from biogas, from medium pressure network, at CH Jungbluth et al. 2007
methane, 96 vol-%, from biogas, high pressure, at consumer CH Jungbluth et al. 2007
methane, 96 vol-%, from biogas, low pressure, at consumer CH Jungbluth et al. 2007
methane, 96 vol-%, from biogas, production mix, at service station CH Jungbluth et al. 2007
methane, 96 vol.-%, from synthetic gas, wood, at plant CH Jungbluth et al. 2007
methanol plant GLO Part Il

methanol, at plant GLO Part Il

methanol, at regional storage CH Part Il

methanol, from biomass, at regional storage CH Jungbluth et al. 2007
methanol, from synthetic gas, at plant CH Jungbluth et al. 2007
methyl acetate from butane, at plant RER Sutter 2007b

methyl acetate, at plant RER Sutter 2007b

methyl acrylate, at plant GLO Sutter 2007a

methyl ethyl ketone from butane, at plant RER Sutter 2007b

methyl ethyl ketone, at plant RER Part I

methyl formate, at plant RER Sutter 2007b

methyl methacrylate, at plant RER Hischier 2007

methyl tert-butyl ether, at plant RER Part Il
methyl-3-methoxypropionate, at plant GLO Sutter 2007a
methylchloride, at plant WEU Part Il
methylchloride, at regional storage CH Part Il
methylcyclohexane, at plant RER Sutter 2007b
methylcyclohexane, from naphtha, at plant RER Jungbluth et al. 2007
methylcyclopentane, from naphtha, at plant RER Jungbluth et al. 2007
methylene diphenyl diisocyanate, at plant RER Hischier 2007
metolachlor, at regional storehouse RER Nemecek et al. 2007
metolachlor, at regional storehouse CH Nemecek et al. 2007
monoammonium phosphate, as N, at regional storehouse RER Nemecek et al. 2007
monoammonium phosphate, as P205, at regional storehouse RER Nemecek et al. 2007
monoammonium phosphate, at regional storehouse RER Nemecek et al. 2007
monochlorobenzene, at plant RER Sutter 2007b
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monochloropentafluoroethane, at plant GLO Sutter 2007a
monoethanolamine, at plant RER Part Il
N,N-dimethylformamide, at plant RER Sutter 2007b
naphtha, APME mix, at refinery RER Hischier 2007

natural gas liquids, from natural gas, helium extraction GLO Sutter 2007a
neodymium oxide, at plant CN Primas 2007

nitric acid, 50% in H20, at plant RER Part Il
nitrile-compounds, at regional storehouse RER Nemecek et al. 2007
nitrile-compounds, at regional storehouse CH Nemecek et al. 2007
nitrobenzene, at plant RER Part Il
nitro-compounds, at regional storehouse RER Nemecek et al. 2007
nitro-compounds, at regional storehouse CH Nemecek et al. 2007
nitrogen, liquid, at plant RER Part Il
N-methyl-2-pyrrolidone, at plant RER Sutter 2007b
n-olefins, at plant RER Part Il
o-dichlorobenzene, at plant RER Sutter 2007b

optical brighteners, in paper production, at plant RER Part Il
organophosphorus-compounds, at regional storehouse RER Nemecek et al. 2007
organophosphorus-compounds, at regional storehouse CH Nemecek et al. 2007
oxidation of methanol RER Part Il

oxygen, liquid, at plant RER Part Il

ozone, liquid, at plant RER Part Il

palm kernel oil, at oil mill MY Jungbluth et al. 2007
palm methyl ester, at esterification plant MY Jungbluth et al. 2007
palm methyl ester, production MY, at service station CH Jungbluth et al. 2007
palm oil, at oil mill MY Jungbluth et al. 2007
paraffin, at plant RER Part 1l

parathion, at regional storehouse RER Nemecek et al. 2007
parathion, at regional storehouse CH Nemecek et al. 2007
p-dichlorobenzene, at plant RER Sutter 2007b
penta-erythritol, at plant RER Part Il

pentane, at plant RER Part Il

pesticide unspecified, at regional storehouse RER Nemecek et al. 2007
pesticide unspecified, at regional storehouse CH Nemecek et al. 2007
Eteattrizlr,] 15% vol. ETBE additive, EtOH f. biomass, prod. RER, at service CH Jungbluth et al. 2007
Ef;rol, 15% vol. ETBE additive, with ethanol from biomass, at refin- RER Jungbluth et al. 2007
Eteattrizlr,] 4% vol. ETBE additive, EtOH f. biomass, prod. RER, at service CH Jungbluth et al. 2007
petrol, 4% vol. ETBE additive, with ethanol from biomass, at refinery |RER Jungbluth et al. 2007
petrol, 5% vol. ethanol, from biomass, at service station CH Jungbluth et al. 2007
petrol, 85% vol. ethanol, from biomass, at service station CH Jungbluth et al. 2007
phenol, at plant RER Part Il

phenolic resin, at plant RER Part Il
phenoxy-compounds, at regional storehouse RER Nemecek et al. 2007
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phenoxy-compounds, at regional storehouse CH Nemecek et al. 2007
phosgene, liquid, at plant RER Part Il

phosphane, at plant GLO Sutter 2007a
phosphate rock mine us Part Il

phosphate rock mine MA Part II

phosphate rock, as P205, beneficiated, dry, at plant MA Part Il

phosphate rock, as P205, beneficiated, wet, at plant us Part II

phosphoric acid plant, fertiliser grade us Part Il

phosphoric acid production, dihydrate process MA Part II

phosphoric acid production, dihydrate process us Part Il

phosphoric acid, fertiliser grade, 70% in H20, at plant GLO Part Il

phosphoric acid, fertiliser grade, 70% in H20, at plant us Part 1l

phosphoric acid, fertiliser grade, 70% in H20, at plant MA Part II

phosphoric acid, industrial grade, 85% in H20, at plant RER Part Il

phosphorous chloride, at plant RER Part II

phosphorus, white, liquid, at plant RER Part Il

phosphoryl chloride, at plant RER Sutter 2007a
phtalamide-compounds, at regional storehouse RER Nemecek et al. 2007
phtalamide-compounds, at regional storehouse CH Nemecek et al. 2007
phthalic anhydride, at plant RER Part Il

pigments, paper production, unspecified, at plant RER Part Il

pitch despergents, in paper production, at plant RER Part Il
polycarboxylates, 40% active substance, at plant RER Zah & Hischier 2007
polyester resin, unsaturated, at plant RER Part I

polyols, at plant RER Hischier 2007
polyphenylene sulfide, at plant GLO Hischier 2007
portachrom, at plant RER Part Il

portafer, at plant RER Part Il

potassium carbonate, at plant GLO Sutter 2007a
potassium chloride, as K20, at regional storehouse RER Nemecek et al. 2007
potassium hydroxide, at regional storage RER Jungbluth et al. 2007
potassium nitrate, as K20, at regional storehouse RER Nemecek et al. 2007
potassium nitrate, as N, at regional storehouse RER Nemecek et al. 2007
potassium nitrate, at regional storehouse RER Nemecek et al. 2007
potassium perchlorate, at plant GLO Sutter 2007a
potassium sulphate, as K20, at regional storehouse RER Nemecek et al. 2007
potassium sulphate, as K20, from rape oil, at esterification plant RER Jungbluth et al. 2007
praseodymium oxide, at plant CN Primas 2007

printing colour, offset, 47.5% solvent, at plant RER Part Il

printing colour, rotogravure, 55% toluene, at plant RER Part Il

propachlor, at regional storehouse RER Nemecek et al. 2007
propachlor, at regional storehouse CH Nemecek et al. 2007
propanal, at plant RER Sutter 2007b
propylene glycol, liquid, at plant RER Part Il
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propylene oxide, liquid, at plant RER Part I

propylene, at plant RER Hischier 2007

pyretroid-compounds, at regional storehouse RER Nemecek et al. 2007

pyretroid-compounds, at regional storehouse CH Nemecek et al. 2007

pyridazine-compounds, at regional storehouse RER Nemecek et al. 2007

pyridazine-compounds, at regional storehouse CH Nemecek et al. 2007

rape methyl ester, at esterification plant CH Jungbluth et al. 2007

rape methyl ester, at esterification plant RER Jungbluth et al. 2007

rape methyl ester, at regional storage CH Jungbluth et al. 2007

rape methyl ester, production RER, at service station CH Jungbluth et al. 2007

rape oil, at oil mill CH Jungbluth et al. 2007

rape oil, at oil mill RER Jungbluth et al. 2007

rare earth concentrate, 70% REO, from bastnasite, at beneficiation CN Part Il

reaction of formaldehyde with acetaldehyde RER Part Il

refrigerant R134a, at plant RER Heck 2007

retention aids, in paper production, at plant RER Part Il

rosin size, in paper production, at plant RER Part II

rutile, 95% titanium dioxide, at plant AU Primas 2007

sales gas, from natural gas, helium extraction GLO Sutter 2007a

samarium europium gadolinium concentrate, 94% rare earth oxide, at CN Primas 2007

plant

secondary sulphur, at refinery RER Part Il

secondary sulphur, at refinery CH Part Il

selenium, at plant RER Part Il

silicon carbide, at plant RER Part I

silicon carbide, recycling, at plant RER Jungbluth & Tuchschmid
2007

silicon tetrachloride, at plant DE Part Il

silicon tetrahydride, at plant RER Sutter 2007a

silicone plant RER Part Il

silicone product, at plant RER Part Il

single superphosphate, as P205, at regional storehouse RER Nemecek et al. 2007

soap, at plant RER Zah & Hischier 2007

soda, powder, at plant RER Part I

sodium arsenide, at plant GLO Sutter 2007a

sodium borates, at plant us Part Il

sodium carbonate from ammonium chloride production, at plant GLO Sutter 2007a

sodium chlorate, powder, at plant RER Part Il

sodium chloride, brine solution, at plant RER Part Il

sodium chloride, powder, at plant RER Part Il

sodium cyanide, at plant RER Part I

sodium dichromate, at plant RER Part Il

sodium dithionite, anhydrous, at plant RER Part Il

:)(I):rl]t:m formate, reaction of formaldehyde with acetaldehyde, at RER Part Il

sodium hydroxide, 50% in H20, diaphragm cell, at plant RER Part Il
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sodium hydroxide, 50% in H20, membrane cell, at plant RER Part Il

sodium hydroxide, 50% in H20, mercury cell, at plant RER Part Il

sodium hydroxide, 50% in H20, production mix, at plant RER Part Il

sodium hypochlorite, 15% in H20, at plant RER Part I

sodium metasilicate pentahydrate, 58%, powder, at plant RER Zah & Hischier 2007
sodium methoxide, at plant GLO Sutter 2007a

sodium perborate, monohydrate, powder, at plant RER Zah & Hischier 2007
sodium perborate, tetrahydrate, powder, at plant RER Zah & Hischier 2007
sodium percarbonate, powder, at plant RER Zah & Hischier 2007
sodium perchlorate, at plant GLO Sutter 2007a

sodium persulfate, at plant GLO Sutter 2007a

sodium phosphate, at plant RER Part Il

sodium silicate, furnace liquor, 37% in H20, at plant RER Part Il

sodium silicate, furnace process, pieces, at plant RER Part I

sodium silicate, hydrothermal liquor, 48% in H20, at plant RER Part Il

sodium silicate, spray powder 80%, at plant RER Part Il

sodium sulphat from viscose production, at plant GLO Althaus et al. 2007
sodium sulphate from sulfuric acid digestion of spodumene GLO Sutter 2007a

sodium sulphate production, Mannheim process, at plant RER Part Il

sodium sulphate, from Mannheim process, at plant RER Part Il

sodium sulphate, from natural sources, at plant RER Part Il

sodium sulphate, powder, production mix, at plant RER Part Il

sodium tetrafluorborate, at plant GLO Sutter 2007a

sodium tetrahydroborate, at plant GLO Sutter 2007a

sodium tripolyphosphate, at plant RER Zah & Hischier 2007
solvents, organic, unspecified, at plant GLO Part I

soya oil, at plant RER Part Il

soya oil, production RER Part Il

soya scrap, at plant RER Part Il

soybean methyl ester, at esterification plant us Jungbluth et al. 2007
soybean methyl ester, at esterification plant BR Jungbluth et al. 2007
soybean methyl ester, production BR, at service station CH Jungbluth et al. 2007
soybean methyl ester, production US, at service station CH Jungbluth et al. 2007
soybean oil, at oil mill us Jungbluth et al. 2007
soybean oil, at oil mill BR Jungbluth et al. 2007
spodumene, at plant RER Part Il

steam from catalytic oxidation of benzene, at plant RER Part Il

steam from direct oxidation of n-butane, at plant RER Part Il

steam from the production of formaldehyde RER Part Il

steam, for chemical processes, at plant RER Zah & Hischier 2007
stone meal, at regional storehouse CH Nemecek et al. 2007
storage building, chemicals, solid CH Part Il

styrene, at plant RER Hischier 2007
sulphite, at plant RER Part Il
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sulphur dioxide, liquid, at plant RER Part Il

sulphur hexafluoride, liquid, at plant RER Part I

sulphur trioxide, at plant RER Part Il

sulphuric acid from viscose production, at plant GLO Althaus et al. 2007
sulphuric acid, liquid, at plant RER Part Il
tetrachloroethylene, at plant WEU Part Il
tetrachloroethylene, at regional storage CH Part Il
tetrachlorosilane, at plant GLO Sutter 2007a
tetrafluoroethylene film, on glass RER Part Il
tetrafluoroethylene, at plant RER Part Il
tetrahydrofuran, at plant RER Sutter 2007b

thomas meal, as P205, at regional storehouse RER Nemecek et al. 2007
titanium dioxide at plant, sulphate process, at plant RER Part Il

titanium dioxide, chloride process, at plant RER Part Il

titanium dioxide, production mix, at plant RER Part Il

toluene diisocyanate, at plant RER Hischier 2007
toluene, liquid, at plant RER Part Il
triazine-compounds, at regional storehouse RER Nemecek et al. 2007
triazine-compounds, at regional storehouse CH Nemecek et al. 2007
trichloroborane, at plant GLO Sutter 2007a
trichloroethylene, at plant WEU Part Il
trichloromethane, at plant RER Part Il
trichloropropane, from hypochlorination of allyl chloride, at plant RER Jungbluth et al. 2007
triethanolamine, at plant RER Part Il

triethylene glycol, at plant RER Part Il

triethylene glycol, recycling, at plant RER ;gggbluth & Tuchschmid
trifluoromethane, at plant GLO Sutter 2007a
trimethyl borate, at plant GLO Sutter 2007a
trimethylamine, at plant RER Part 1l

triple superphosphate, as P205, at regional storehouse RER Nemecek et al. 2007
urea ammonium nitrate, as N, at regional storehouse RER Nemecek et al. 2007
urea formaldehyde resin, at plant RER Part I

urea, as N, at regional storehouse RER Nemecek et al. 2007
vegetable oil methyl ester, at esterification plant FR Jungbluth et al. 2007
vegetable oil methyl ester, production FR, at service station CH Jungbluth et al. 2007
vegetable oil, from waste cooking oil, at plant CH Jungbluth et al. 2007
vegetable oil, from waste cooking oil, at plant FR Jungbluth et al. 2007
vinyl acetate, at plant RER Hischier 2007

vinyl chloride, at plant RER Hischier 2007
vinylfluoride, at plant us ;gggbluth & Tuchschmid
water, completely softened, at plant RER Part Il

water, decarbonised, at plant RER Part I

water, deionised, at plant CH Part I
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white spirit, at plant RER Part Il

wood preservative, creosote, at plant RER Werner et al. 2007
wood preservative, inorganic salt, containing Cr, at plant RER Werner et al. 2007
wood preservative, organic salt, Cr-free, at plant RER Werner et al. 2007
xenon krypton purification process RER Part Il

xenon, gaseous, at plant RER Part Il

xXenon, gaseous, at regional storage CH Part Il

xylene, at plant RER Part Il

zeolite, powder, at plant RER Zah & Hischier 2007
zeolite, slurry, 50% in H20, at plant RER Zah & Hischier 2007
zinc monosulphate, ZnSO4.H20, at plant RER Hischier et al. 2007
zinc oxide, at plant RER Hischier et al. 2007
zinc sulphide, ZnS, at plant RER Hischier et al. 2007
zircon, 50% zirconium, at plant AU Part Il

zirconium oxide, at plant AU Part Il
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2 Infrastructure for production of chemicals

Environmental burdens of the infrastructure directly needed for the production of chemicals (build-
ings, machines, facilities...) are of minor importance compared to the burdens of the processes them-
selves. Thus the infrastructure can be inventoried rather roughly. To do so, the following modules are
generated:

Tab.2.1 Modules for use in infrastructure processes for the production of chemicals

Name Location | Unit | Comment

Building, multi story RER m® Average massive multi story buildings e.qg. for offices, laboratories etc.
For more details see Kellenberger et al. 2007.

Building, hall RER m? Average wood / steel frame hall e.g. for factories, warehouses etc. For
more details see Kellenberger et al. 2007.

Facilities, chemical RER kg Average production facilities for chemicals per kg of the facilities. This

production module includes the materials and processes for manufacturing and in-

stalling the facilities including their foundations. The dismantling and
disposal of the facilities is not included.

Electronics for con- RER kg Average composition of a control unit - consisting of housing, cables,
trol units mounted printed wiring board (PWB) with capacitors, resistances, re-
lays, transistors, IC's, etc. Production efforts for the various parts are
included in the respective datasets this dataset is linked to — no efforts
for the final assembly is taken into account in this dataset here.

Disposal, electron- RER kg This module includes the dismantling of the control equipment (PWB
ics for control units together with housing, cables, etc.).

Disposal, facilities, RER kg This module includes the processes used for dismantling and disposal
chemical production of the production facilities for chemicals per kg of the facilities.

These different modules are used within three different types of plants — summarized in Tab. 2.2 — for
the production rsp. the storage of chemicals.

Tab.2.2 Different infrastructure processes for the production / storage of chemicals established within this study

Name Location | Unit | Comment
Liquid storage tank, [CH unit | This module represents typical tank facility for the storage of liquid
chemicals, organics chemicals. The module includes the land use (transformation, occupa-

tion) of the construction, the operational and the dismantling phase, the
materials for used for the construction and maintain of the tanks and the

buildings.
Storage building, CH unit | This module represents a storage building for the storage of solid
chemicals, solid chemicals. The module includes the land use (transformation, occupa-

tion) of the construction, the operational and the dismantling phase, as
well as the buildings.

Chemical plant, or- |RER unit | This module represents an average chemical plant for the production of
ganics organic chemicals. The module includes the land use (transformation,
occupation) of the construction, the operational and the dismantling
phase, the facilities (incl. their dismantling) and the buildings.

For the regional storage of liquid chemicals storage tanks are used. In order to include the infrastruc-
ture of such tanks the module “liquid storage tank, chemicals, organics” was introduced. The regional
storage of bulk chemicals uses often storage halls. In order to include the infrastructure of such re-
gional storage the module “storage building, chemicals, solid” was introduced (see chapter 2.4 and
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2.5). In cases where no information about the production site was available, the proxy module “chemi-
cal plant, organics” has been used. It is described in chapter 2.6.

In Fig. 2.1, the interrelations between the modules from Tab. 2.1 and Tab. 2.2 are shown. However, if
detailed information about the infrastructure for a certain process or product is available, this informa-
tion can be used to model the process more accurately.

facilities, dismantling,
chemical facilities, chemical
production production
[Xa kg] [Xs kg]
building, transformation,
multi story, | to industrial
RER area
3
[xam] Chemical plant, [xs ]

organics (GLO)

building, [1 unit] occupation,
hall, industrial area
RER, ! [x7m? a]
[x2m]

Fig. 2.1 Example of inventoring the infrastructure for the production of 1 kg of a chemical

The building and its land use are included in the modules in ecoinvent describing large industrial fur-
naces which are usually located in separate buildings. If one of them is used for the process heat, the
total infrastructure for the furnace including buildings and land use must not be considered again to
avoid double counting. In these cases, the land use and the area of ,,building, hall* for the heat module
is subtracted from the respective data of the chemical production plant.

2.1 Facilities, chemical production

The composition of the facilities of a chemical plant is varying much in function of the chemicals pro-
duced in the respective plant - therefore this facilities module here can be not more than a rough esti-
mate. In European Commission 2001 a chemical production process is divided into five different steps
(Raw material supply and preparation - synthesis - product separation and refinement - product han-
dling and storage - emission abatement). This module here covers all these steps.

2.1.1 Process data

In KAM 2001 there is an example for the weight distribution between pipes (incl. supporting struc-
ture) and unit operation infrastructure. Similar information can be calculated, based on information of
BASF'. Tab. 2.3 summarizes all this information and shows the values used in this study.

Personal communication from R. Wittlinger & K-H. Fischer, BASF Ludwigshafen, 19. September 2002
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Tab. 2.3  Weight of unit operation installations (including storage facilities and pipes)

KAM BASF this study
Unit operations t 1200 5700 4000
Storage (educt, product) t n.a. incl. incl.
Pipes km 24 8 16

In Jungbluth 2007 the material amount and the construction efforts of a distillation unit is shown as
base for the calculation of the infrastructure of a refinery. In fact, European Commission 2001 shows,
that the distillation unit is the most frequently used unit operation within the production of a big vari-
ety of organic chemicals. Its data are therefore taken as basis for the estimation of the composition of
the whole unit operation infrastructure (incl. storage facilities) in this study.

Concerning the efforts for the manufacturing and installation of the different parts, only information
about the production of the distillation unit is available from the above mentioned reference. Accord-
ingly to the infrastructure, we assume again, that these data are representative for the all unit opera-
tions infrastructure. For the installation efforts of the pipes, we assume due to a lack of respective data
half the amount from the distillation unit per kg of pipes.

Furthermore, we assume that the control units (electronic equipment) have about 5% of the weight of
the total unit operation infrastructure. Tab. 2.4 summarizes the composition of the different parts of the
facilities and the respective production efforts. Concerning the electronics equipment, its production
and composition is described in detail in chapter Fehler! Verweisquelle konnte nicht gefunden wer-
den..

Tab. 2.4 material composition and production efforts of the different parts of a chemical facility

. . . supports for . amount

Unit Installations pipes pgipes control unit Total per kg
Material composition *) *) *) *)
Total weight t 4000 [C] 393 [C] 63 [C] 200 [C] 4656
steel t 1661  [A] 262 [B] 45 D] - 1969 4.23E-01  |kg
chromium steel t 1022 [A]l 131 [B] 5 [D] - 1158 2.49E-01 ]kg
rock woll t 38 [A] - - - 38 8.23E-03 |kg
concrete t 1278 [A] - 13 D] - 1291 2.77E01 kg ->inm3:
electronics t - - - 200 [C] 200 4.30E-02 kg
Production efforts
Electricity TJ 92 [A] 5 [c 1 [cl 97 2.08E+01 |mJ
light fuel oil T 21 Al 1 @ 0 [cl 22 4776400 |MI > inkg:
water m3 222364 [A]| 10933 [C]| 1751 [C] 235048 5.05E-02 [m3
chemicals, inorganic t 253 [A] 12 [C] 2 [C] 267 5.74E-02 |kg
brazing solder, Cd-free t 218 [A] 11 [C] 2 [C] 230 4.94E-02 kg

*) Data source: [A]: Jungbluth 2007, [B]: KAM 2001, [C]: assumptions according to text, [D]: assumption, based on
information in KAM 2001

Concerning the transport of the different parts / materials to the chemical plant site, we use due to a
lack of data, an estimated transport distance of 1000 km by lorry. Per kg of facilities this is equal to 1
tkm. The distance is estimated so huge due to the fact that there are only a few companies in Europe,
producing such installations.

2.1.2 Data quality considerations

As already mentioned, this dataset is just a rough estimation. The total weight is based on two sources
— showing already a high variation. Due to the fact that most material data originate from a distillation
unit, the data have a high uncertainty concerning the technological correlation. This may also affect
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the materials used. In general this infrastructure module has a high uncertainty and should only be
seen as an approximation of the infrastructure of chemical facilities.

The resulting data together with their respective uncertainty values for the dataset ,,facilities, chemical
production® are shown in Tab. 2.5.

Tab. 2.5 In-/Outputs and uncertainty information for the dataset “facilities, chemical production”

3702 3703 3706 3707 3708 3709 3792
facilities, . | StandardD
Name Location Unit | chemical UncTer[am[ eviation95 |GeneralComment
production ylype £
Location RER
InfrastructureProcess 1

Unit kg
Ressource Water, unspecified natural origin m3 [ 5.05E-02 14 (4,5,1,1,3,4);, Estimate, mainly frarm Literature
Input from steel, low-alloyved, at plant RER kg 4.23E-01 1.4 (4,5,1,1,3,4}; Estimate, mainly from Literature

14 (4,51,1,3

Technosphere |chromium steel 18/8, at plant RER kg 2.49E-01 Estimate, mainly fram Literature

1
1
1
brazing solder, cadmium free, at plant RER kg 4.94E-02 1 1.4 (4,5,1,1,3,4}; Estimate, mainly from Literature
chemicals inorganic, at plant GLO kg 5.74E-02 1 14 (4,5,1,1,3,4); Estimate, mainly from Literature
rock wool, at plant CH kg 3.23E-02 1 14 (4,5,1,1,3,4); Estimate, mainly from Literature
concrete, sole plate and foundation, at plant CH m3 1.16E-04 1 14 3, Estimate, mainly fram Literature
electronics for contral units RER kg 4.30E-02 1 14 (4,5,1,1,3,4); Estimate, mainly from Literature
electricity, medium voltage, production UCTE, at grid UCTE | KWh| 5.78E+00 1 1.4 (4,5,1,1,3,4%; Estimate, mainly from Literature
heat, light fuel oil, at industrial furnace 1MW RER MJ 4 F7E+DD 1 14 (4,5,1,1,3,4); Estimate, mainly from Literature
transport, lorry 32t RER tkm 1 1 2.09 {4,n.3,n.a,n.a..n.a.n.a.; standard distances
Output facilities, chermnical production RER kg 1
Airemissions [Heat, waste ) 2.0B8E+1 1 1.4 (4,5,1.1,3,4}; Estimate, mainly from Literature

2.2 Electronics for control units
2.2.1 System characterisation

These datasets here describe a typical composition of the equipment for operation/control of technical
processes as well as its final disposal.

Each industrial device (paper machine, distillation column, etc.) has an electrical control unit that is
used in order to operate such a device. The main components of such a control unit are (i) the elec-
tronic parts (usually some mounted PWB), (ii) cables (internal, but also for relying the control unit to
the device) and, (iii) the housing around the whole unit. The dataset here distinguishes between these
various parts. In a separate dataset, the dismantling and disposal activities are summed up.

The meta information for these datasets can be found in Tab. 2.6.

2.2.2 Dataset “electronics for control units”
Life Cycle Inventory

In Frischknecht et al. 1996 an average composition of electronic equipment for energy installations
(photovoltaic) is described as: 14% printed wiring board (PWB), 8% cables, 46% steel (housing, etc.)
and 32% HDPE. Due to a lack of other information, this composition is used in this study for electron-
ics for control units. For the amount of cables it is assumed that 40% are internal cables, 10% the
power consumption cable and 50% cables for the connection with the devices that are operated by this
control unit. The respective plugs are disregarded here.

More details about the so determined composition, together with the used ecoinvent datasets, are
summarized in Tab. 2.7.
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Tab.2.6  Ecoinvent meta information for the datasets of the power supply unit for Desktop PC within the database.

Name electronics for control units dis_posal, electronics for control
units

Location GLO GLO

Infrastructure Process 1 1

Unit kg kg

Dataset Version 2.0 2.0

Included Processes

This module includes the composition of a
typical control unit for devices in the indus-
try. Included are the materials of the dif-
ferent components (housing, cables,
mounted PWB). Process efforts are in-
cluded for the treatment of metals and

This module includes the dismantling of
the electronic control equipment. The in-
cluded processes are: transport to dis-
mantling site and dismantling. The further
treatment itself is not part of this dataset
here.

plastics only.
Amount 1 1
Local Name Elektronik fur technische Anlagen Entsorgung, Elektronik fiir Steuerung
Synonyms

General Comment

The control unit has a composition of 46%
steel (housing), 32% plastics, 14% printed
wiring boards and 8% cables (various

types).

The dismantled control unit has a compo-
sition of 46% steel (housing), 32% plas-
tics, 14% printed wiring boards and 8%
cables (various types).

Start Date 1990 1990
End Date 2005 2005
Data valid for entire 1 1

period

Geography Text Data used has no specific geographical Data used has no specific geographical
origin (literature values). origin (literature values).

Technology Text estimated composition of the electronics manual dismantling of the electronics for
for control units in the industry, based on | control units, assuming that big metal
literature pieces are recycled, big plastic parts in-

cinerated, and that cables and PWB are
recycled through further treatment steps.

Representativeness - -

Production Volume

Unknown

Unknown

Sampling Procedure

own estimations & literature

own estimations & literature

Extrapolations

see Geography and Technology

see Geography and Technology

Uncertainty Adjustments

None

None

Tab. 2.7 Material specification of the dataset “electronics for control unit” (data sources: see text)

Blectronics Used ecoinvent dataset

control unit

kg

Housing, metal part g | 4.60E+02 |steel, low-alloyed, at plant/sheetrolling
Housing, plasticpart | g | 3.22E+02 |polyethylene, HDPE, at plant ¥
cables, internal g | 3.20E+01 |cable, ribbon cable, 20-pin, with plugs, at plant
cables, power supply | m 1.23E-01 |cable, connector for computer, without plugs, at plant
cables, external m | 1.11E+00 |cable, network cable, category5, without plugs, at plant
PWB, mounted g 1.40E+02 |printed wiring board, mixed mounted, unspec., solder mix, at plant

Y including losses due to injection moulding process
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Concerning the processes for the construction, the treatment of metals (by using the dataset for sheet
rolling) resp. the treatment of plastics (by using the dataset for injection moulding) are taken into ac-
count. Further efforts towards the final equipment are due to lack of respective information not in-
cluded here.

For the transport of all these materials to the production site of this control unit, we assume due to a
lack of data, a total transport amount of 200 km by train and 100 km by lorry according to the meth-
odology of ecoinvent (see Frischknecht et al. 2007).

As infrastructure, the module for the mounting of printed wiring boards (dataset “printed wiring board
mounting plant™) is used as a proxy.

Data Uncertainty and Input Data for Database ecoinvent

The uncertainty scores established according to the method used in the ecoinvent project (see
Frischknecht et al. 2007) include reliability, completeness, temporal correlation, geographical correla-
tion, further technological correlation and sample size. The datasets represent a typical composition of
the electronics used for control units of industrial devices, based on literature and own assumptions.
Hence, the uncertainty values are estimated accordingly.

The resulting data together with their respective uncertainty values for the dataset ,,electronics for con-
trol units* is shown in Tab. 2.8.

Tab. 2.8 In-/outputs and uncertainty information for the dataset , electronics for control units*

o 2 &
q § g ﬁ = electronics for %‘ E =
Explanations Name § % § 5 . -g =R GeneralComment
3 ga g 3
£ g (%
Location RER
InfrastructureProcess 0
Unit kg
Technosphere steel, low-alloyed, at plant RER 0 kg 4.60E-1 1| 146 (35,4,1,3,5);approximation from 1 literature source
sheetrolling, steel RER 0 kg 4.60E-1 1| 146 (3,5,4,13,5);approximation from 1 literature source
polyethylene, HDPE, granulate, at plant RER 0 kg 3.22E-1 1| 146 (35,4,13,5);approximation from 1 literature source
injection moulding RER 0 kg 3.20E-1 1| 146 (3,54,13,5);approximation from 1 literature source
cable, ribbon cable, 20-pin, with plugs, at plant GLO 0 kg 3.20E-2 1| 146 (3,54,135);approximation from 1 literature source
cable, connector for computer, without plugs, at plant GLO 0 m 1.23E-1 1 146 (3,54,1,35);approximation from 1 literature source
cable, network cable, category 5, without plugs, at plant GLO 0 m 1.11E+0 1| 146 (3,54,1,3,5); approximation from 1 literature source
printed wiring board, mounted, unspecified, at plant GLO 0 kg 1.40E-1 1| 146 (3,54,13,5);approximation from 1 literature source
transport, lorry >16t, fleet average RER 0 tkm 1.00E-1 1 2.09 (4,5,na,nanana);standard distances
transport, freight, rail RER 0 tkm 2.00E-1 1 2.09 (45,na,na,na,na); standard distances
printed wiring board mounting plant GLO 1 unit 2.08E-7 1| 3.77 (451,354); rough assumption
Outputs electronics for control units RER 0 kg 1.00E+0

2.2.3 Dataset “disposal, electronics for control units”
Life Cycle Inventory

According to, Doka 2007 for the disposal of electronic equipment the following assumption can be
made: Large metal parts (housing, cooling sheets, etc.) can be separated and recycled; most bigger
plastic parts (without the printed wiring board) can be separated and are incinerated in a MSWI; prin-
ted wiring boards are separated and recycled in a copper smelters (more details — see Doka 2007). The
electricity consumption for the dismantling is in the order of 20 to 110 kWh/t of electronic input.
Based on this information, the dismantling of the control units is calculated within this study as fol-
lowing:
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Transport to dismantling facility: For the transport of the whole control unit to the dismantling
facility, an average distance of 100 km (100% lorry) is assumed. This is based on the fact, that
within Switzerland - and due to the WEEE soon also in Europe - quite a close network of disman-
tling companies for electronic scrap exists.

(manual) Dismantling of the control unit: It is assumed that the first dismantling steps are man-
ual steps — hence, no big energy amounts (apart from the electricity for an electric screw driver) are
used in this step. Due to a lack of more precise information, no energy consumption is thus taken
into account for this step here. The control unit is dismantled into the following fractions in this
step: large metal parts (46%), large plastic parts (32%), cables (8%) and PWB (14%).

Further treatment of the different compounds: For the further treatment of the different frac-
tions, the following processes and modules from ecoinvent are used:

Large metal parts: These parts go for recycling to the steel industry. Therefore only the trans-
port has to be considered in this process step — further environmental loads are due to the used
cut-off rules (see Frischknecht et al. 2007) not part of this process step. For this, a distance of
500 km is assumed, 40% by train and 60% by lorry.

Large plastic parts: These parts are incinerated. Therefore, the module "disposal, plastics, in-
dustrial electronics, 15.3% water, to municipal incineration™ is used. Additionally, the transport
from the dismantling site to the incineration has to be considered. As there are quite a lot of
such incineration plants in Switzerland, a distance of 100 km by lorry is assumed.

Cables: The further treatment of cables from electric and electronic devices is described in the
dataset “disposal, treatment of cables”. Hence this dataset is used here. The transport to this fur-
ther treatment is already included in the mentioned module - therefore, no transport is accounted
for in this module here.

PWB: The further treatment of PWB from electric and electronic devices is described in the
dataset “disposal, treatment of printed wiring boards”. Hence this dataset is used here. The
transport to this further treatment is already included in the mentioned module - therefore, no
transport is accounted for in this module here.

Data Uncertainty and Input Data for Database ecoinvent

The uncertainty scores established according to the method used in the ecoinvent project (see
Frischknecht et al. 2007) include reliability, completeness, temporal correlation, geographical correla-
tion, further technological correlation and sample size. The datasets represent a rough estimation of the
dismantling activities for the control units of industrial devices, based on literature and own assump-
tions. Hence, the uncertainty values are estimated accordingly.

The resulting data together with their respective uncertainty values for the dataset ,,disposal, electron-
ics for control units* is shown in Tab. 2.9.
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Tab.2.9 In-/outputs and uncertainty information for the dataset ,,disposal, electronics for control units*

. g 5
: s 28 = dlspo_sal, z 3¢
Explanations Name g % E 5 eIectromcs»for g % ‘é GeneralComment
S g T control units § g
= 5 g
Location RER
InfrastructureProcess 0
Unit kg
Technosphere transport, lorry 32t RER 0 tkm 2.70E-1 1 2.80 |(4,5,1,3,5,5); rough assumption
transport, freight, rail RER 0 tkm 9.20E-2 1 2.80 |(4,5,1,3,5,5); rough assumption
road vehicle plant RER i, unit
disposal, plastic, industr. electronics, 15.3% water, to municipal in. CH 0 kg 3.20E-1 1 1.21 (4,na,na,na,na,na); based on composition of this device
disposal, treatment of cables GLO 0 kg 8.00E-2 1 1.21 (4,na,na,na,na,na); based on composition of this device
disposal, treatment of printed wiring boards GLO 0 kg 1.40E-1 1 1.21 (4,na,nana,na,na); based on composition of this device
Outputs disposal, electronics for control units RER 0 kg 1.00E+0

2.3 Disposal, facilities, chemical production

Like the composition of the facilities of a chemical plant is varying much in function of the chemicals
produced in the respective plant — the dismantling depends much from the produced chemicals and
therefore can vary much. Therefore, this module can only be a very rough estimation.

2.3.1 Process data

For the different parts of the facility no specific information was available — therefore the following
assumptions are used here for the different parts of the facilities (according to Tab. 2.4):

Unit installations: While for concrete it is assumed that 50% are recycled (expressed by the mod-
ule ,,Disposal, building, concrete, not reinforced, to recycling®) and 50% go to final disposal (mod-
ule “Disposal, building, concrete, not reinforced, to final disposal”), rock wool goes completely to
final disposal (module “Disposal, building, mineral wool, to final disposal””). For the metals it is as-
sumed that due to contamination, only 50% of the different steel types can be recycled, while the
other 50% go to a landfill (module “disposal, steel, 0% water, to inert material landfill”).

Pipes and supports: It is assumed that steel can be recycled completely while concrete is assumed
to be 50% recycled (module ,,Disposal, building, concrete, not reinforced, to recycling®) and 50%
to final disposal (module “Disposal, building, concrete, not reinforced, to final disposal”).

Control unit: The detailed dismantling of electronics is described in chapter 2.2.3 - its resulting
module is used for the control unit of the chemical facilities.

Transport: While for concrete and rock wool, all transport amounts are included in the following
disposal modules, for metals the respective transport amount from the dismantling of the facilities
until the recycler, rsp. the landfill of 100 km by lorry is included into this module.

2.3.2 Data quality considerations

The whole module is based on estimations of the author of this part of the study - therefore, the uncer-
tainty is high. All in all, also this is a dataset that represents not more than a rough estimation. The re-
sulting data together with their respective uncertainty values for the dataset ,,disposal, facilities, chemi-
cal production* is shown in Tab. 2.10.
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Tab. 2.10 In-/outputs and uncertainty information for the dataset , disposal, facilities, chemical production”

3702 3703 3706 3707 3708 3709 3792
disposal, | standardD
Hame Location Unit | actities, et eviation95 (GeneralComment
chemical yType
production =
Location RER
InfrastructureProcess 1
Unit kg
Technosphere (transpor, lorry 32t RER | tkm | &70E-02 1 2.08  |i45n.3,1,n.an.a); estimation, based on assumptions
Waste disposal, building, concrete, not reinforced, to final disposal CH kg 1.39E-01 1 15 {5,n.a.,n.a.,n.a,n.a.,n.a.); rough estimation
disposal, building, concrete, not reinforced, to sorting plant CH kg 1.39E-01 1 1 n.a.n.a.n.a na,n.a.) rough estimation
disposal, steel, 0% water, to inert material landfill CH ka 4.48E-01 1 1 n.3.n.3.n.3.n.4.n.a.); rough estimation
disposal, electronics for contral units RER kg 4.30E-02 1 15 {5,n.3.,n.a.,n.a.,n.a.,n.a.); rough estimation
dispasal, building, mineral woal, ta final disposal CH kg 8.23E-03 1 15 (5n.a.na.nana.na)jrough estimation
Qutput disposal, facilities, chemical production RER ka 1

2.4 Liquid storage tank, chemicals, organics
2.4.1 Process

The infrastructure of the liquid storage tank was estimated with help of data from fuel storage tanks.
The storage tank infrastructure for organic chemicals assessed in this inventory includes a storage vol-
ume of 16’000 m® (4 tanks with 4000 m® volume each). Besides the land use and the materials such as
steel, concrete, bitumen and paint, also transport of all the materials to the construction site needed to
be estimated. The energy used during the construction itself was neglected. Concerning the disman-
tling and the waste processes, no contamination of the disposed material was considered. Transport
and the energy demand for dismantling was included in the used disposal processes. The construction
of the storage tanks refers to the storage of organic chemicals and, therefore, no coating or plating of
the inner tank wall of the tank was considered.

2.4.2 Land use and used processes
Land use

The land use was calculated from 3 smaller storage tank sites in Basel with a total storage volume be-
tween 10000 m* and 84'000 m® (Portofbasel 2002). In average a land use of 0.138 m? m™ was calcu-
lated. For the storage volume of 16’000 m® as assessed in this module a total area of 2200 m? was
used. For the time of occupation 50 years were assumed. Further 2 years of occupation as construction
site for construction and dismantling were assumed. The occupation of the area before the occupation
as industrial area is not known (transformation from unknown). Depending on the actual site condi-
tions the land use may vary. For a large fuel storage tank farm a land use of 0.286 m? m™ was calcu-
lated (Monopol Colors 2002). The minimum possible land use for the tank will be around
0.064 m*> m®. The calculated values for the occupation and transformation of the whole site and per kg
of product used in this inventory are given in Tab. 2.11.

Construction materials

The amount of steel used for the construction of fuel storage tanks lies according to Frischknecht et al.
1996 at 18-24 kg m™ storage volume. From data of the dismantling of a tank site with 45 tanks in
Germany with 617°000 m® total storage volume, a steel amount of 26 kg m™ storage volume was cal-
culated (WALTER BAU 2002). For smaller tanks (820 m®) the amount of steel increases to 38 kg m*
storage volume (graysonline 2000). For this inventory the value of 26 kg m™ storage volume was used,
which leads to a total amount of 416 t steel (low alloyed). For the painting of the outer tank wall a to-
tal wall area of 5300 m* and a total coating thickness of 0.18 mm was assumed (WALTER BAU
2002). It was assumed that the life time of the tank will be 50 years and during this time the paint will
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be renewed 3 times. With these assumptions an amount of 2.86 m3 or 4 t paint (approximated with al-
kyd varnish 60% in solvent with an assumed density of 1.4 kg m?) is needed during the life time of the
tank for coating.

For safety reasons the tanks are often surrounded by a concrete wall of about 4 m height. The thickens
of the concrete wall was assumed to be 0.3 m as for regional storage of fuel in Frischknecht et al.
1996. The same thickness was applied for the concrete used for the floor. With the assumed average
land occupation of 2200 m? an amount of concrete of 885 m® was calculated for the whole site (660 m*
for the floor and 225 m* for the walls). The value used in Frischknecht et al. 1996 (200 kg m™ storage
volume or 1455 m? for the whole site) seemed too high and therefore the calculated value was taken
for this inventory. A coating with a bitumen thickness of 5 cm as in Frischknecht et al. 1996 was as-
sumed for floor coating. This leads to a total amount of 110 t bitumen for the coating of the 2200 m?
floor area. For the 225 m® concrete used for the walls a reinforcement with 1.5 vol.-% steel was as-
sumed. This leads to an additional steel demand of 26 t (reinforcing steel).

Transport of building materials

For the transport of the building materials to the construction site the standard distances were used.
For bitumen and paint the values given for plastics was used (200 km rail, 50 km road). This leads to a
transport demand of 22.1 * 10% tkm road and 265.2 * 10° tkm rail for steel, 5.8 * 10° tkm road and
23.3 * 10° tkm rail for bitumen and paint, and 38.9 * 10% tkm road for concrete. For the road transport
a 28 t lorry was used.

Disposal building infrastructure

For the dismantling of the storage tanks the disposal modules for buildings was used. Those processes
were applied to the corresponding amount of concrete, steel, bitumen and paint.

Emissions

In the application of the paint for coating the tank surface (4 t paint, approximated with alkyd varnish
60% in solvent) the solvent will emit which is accounted as 2.7 t NMVOC emissions to air.
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Tab.2.11 Land use and used processes for liquid storage tank, chemicals, organics.

Process, construction, disposal, emissions Unit per Unit ! per m3 of product 2
Concrete, sole plate and foundation, at plant m®  |885 184 * 10°®
Reinforcing steel, at plant kg [26*10° 5.42*10°
Steel, low-alloyed, at plant kg [416*10° |86.7*10°
Alkyd varnish, 60% in solvent, at plant kg [4*10° 0.83*107°
Bitumen, at refinery kg [110*10®° |22.9*10°
Transport, lorry 28t tkm |67 * 10° 14103
Transport, freight, rail tkm [289*10°  [60*1073
NMVOC, non-methane volatile organic compounds, un-  [kg 2.7%10° 0.55* 107
specified origin, low population density

Disposal, building, bulk iron (excluding reinforcement), to (kg 416 * 10° 86.7 * 10
sorting plant

Disposal, building, concrete, not reinforced, to final dis-  [kg 1.45 * 10° 302 * 10°°
posal

Disposal, building, reinforced concrete, to final disposal  [kg 521 * 10° 109 * 10
Disposal, building, paint on metal, to final disposal kg [4*10° 0.83*107°
Disposal, building, bitumen sheet, to final disposal kg [110*10®° [22.9*10°
Transformation, from unknown m?  [|2.2*10° 458 * 10
Transformation, to industrial area, built up m?  [2.2*10° 458 * 10
Transformation, from industrial area, built up m?® [2.2*10° 458 * 10°
Occupation, industrial area, built up m?a [110*10° [22.9*10°
Occupation, construction site m?a |4.4*10° 0.92*10°

' Liquid storage tank for organic chemicals with a storage volume of 16’000 m® (4 tanks with 4'000 m)

2 Calculated for a product throughput of 96’000 m® per year during the whole lifetime (50 years) of the site. Per m®
stored product therefore a share of 208 * 10”° units of the infrastructure is needed.

2.4.3 Data quality considerations

Tab. 2.12 shows the data quality indicators for the inventory of the regional storage infrastructure for
organic chemicals. The uncertainty scores include reliability, completeness, temporal correlation, geo-
graphical correlation, further technological correlation and sample size. Due to the fact that most data
origins from the storage of fuels, there is high uncertainty in the technological correlation. This may
also affect the materials used for the tank wall. Also high uncertainties occur within the disposal of the
tanks after use because processes for buildings were used as approximation and no contamination of
the materials was included. In general this infrastructure module has a high uncertainty and should
only be seen as an approximation of the infrastructure for the regional storage of liquid chemicals.
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Tab.2.12 In-/Outputs for the module “liquid storage tank, chemicals, organics”, location CH

Process output: 1 unit, liquid storage tank, chemicals, organics, CH \ \
Name, Location Value Unit Uncertainty Comment
Type Score St.Dev.

concrete, sole plate and foundation, at plant, CH 8.55E+2|m3 |lognorm  |5,5,2,1,4,5 1.88 |Estimation based on theoretical calculation
reinforcing steel, at plant, RER 2.60E+4|kg lognorm  |5,5,2,1,4,5 1.88 |Estimation based on theoretical calculation
steel, low-alloyed, at plant, RER 4.16E+5|kg lognorm _ |3,5,2,1,3,5 1.40 |Based on data for fuel storage

g alkyd paint, white, 60% in solvent, at plant, RER 4.00E+3|kg lognorm _ 14,5,2,1,4,5 1.68 |Estimation based on data for fuel storage

< |bitumen, at refinery, CH 1.10E+5]kg lognorm _ 14,5,2,1,4,5 1.68 |Estimation based on data for fuel storage

& [transport, freight, rail, CH 2.89E+5|tkm _|lognorm  |4,5,nA,nA,nA,nA 2.09 |Estimated with standard distances for Switzerland

% transport, lorry 28t, CH 6.70E+4|tkm _|lognorm _ |4,5,nA,nA,nA,nA 2.09 |Estimated with standard distances for Switzerland

é dlsposal, building, bulk iron (excluding reinforcement), to 4.16E+5|kg lognorm  [4,5,2,1,4,5 1.68 [Same amount as for material imput

£ [sorting plant, CH

(L |disposal, building, concrete, not reinforced, to final disposal, CH[ 1.45E+6]|kg lognorm  14,5,2,1,4,5 1.68 |Same amount as for material imput
disposal, building, reinforced concrete, to final disposal, CH 5.21E+5]kg lognorm _ 14,5,2,1,4,5 1.68 |Same amount as for material imput
disposal, building, paint on metal, to final disposal, CH 4.00E+3|kg lognorm _ 14,5,2,1,4,5 1.68 |Same amount as for material imput
disposal, building, bitumen sheet, to final disposal, CH 1.10E+5[kg lognorm  14,5,2,1,4,5 1.68 |Same amount as for material imput

& | Transformation, from unknown 2.20E+3]m2 _|lognorm  |4,5,2,1,4,5 1.93 |Based on data for fuel storage

g Transformation, to industrial area, built up 2.20E+3|m2 |lognorm |4,5,2,1,4,5 1.93 |Based on data for fuel storage

& |Occupation, industrial area, built up 1.10E+5|m2a [lognorm |4,5,2,1,4,5 2.37 |Based on data for fuel storage and estimates

& Occupation, construction site 4.40E+3|m2a |lognorm ]4,5,2,1,4,5 2.37 |Based on data for fuel storage and estimates

| NMVOC non-methang volat|le_ organic compounds, unspecified 2.70E+0]kg lognorm  [4,5,2,1,5,5 2.80 |Estimated from data for fuel storage tanks

—r|origin, air, low population density

1) Emissions

2.5 Storage building, chemicals, solid
2.5.1 Process

The infrastructure of the storage building for solid chemicals was estimated with help of data from
storage buildings used for sodium chloride storage in Switzerland. The storage site assessed contains
two building halls and a total floor area of about 6’000 m?. In those buildings 38'000 t of salt (about
30 * 10° m®) are stored. The production capacity of the adjacent plant is 230'000 t per year (Schweizer
Rheinsalinen 1998). This leads to an average storage time of two month assuming that all material is
stored before shipping. Besides land use and construction, also the disposal of the building was con-
sidered. For the dismantling and the waste processes no contamination of the disposed material was
considered. The construction of the storage hall refers to the storage of bulk chemicals, which need no
special caution for storage due to toxic effects or material properties.

2.5.2 Land use and used processes
Land use

Concerning land use, besides the estimated 6’000 m? building floor area additional 3’000 m* were
considered as service area for lorry traffic and loading. The whole area was assumed to be sealed. For
the time of occupation 50 years were assumed. Further two years of occupation as construction site for
construction and dismantling were assumed. The occupation of the area before the occupation as in-
dustrial area is not known (transformation from unknown). Depending on the actual site conditions
and product the land use may vary largely. The calculated values for the occupation and transforma-
tion of the whole site and an estimation per kg of product used in this inventory are given in Tab. 2.13.

Building infrastructure

According to photos in Schweizer Rheinsalinen 1998, the height of the building hall was estimated to
be about 15 m. Due to the fact that the building hall in the inventory “ building, hall, CH” is only 7 m
high, the double floor area was used to assess the amount of building materials. This leads to an over-
estimate of the roof area in this inventory. With these assumptions 12°000 m? of building hall area was
calculated for this inventory. In this building module the disposal of the building is already included
but no land use. No further materials were considered.
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Tab. 2.13 Land use and used processes for storage building, chemicals, solid.

Resource, Use Unit per Unit * per m3 of product ?
Building, hall m? 12 *10° 1.33*10°
Occupation, industrial area, built up m’a  |450 * 10° 50 * 107

Occupation, construction site m’a [18*10° 2*10°
Transformation, from unknown m? g*10° 1*10°
Transformation, to industrial area, built up m? g*10° 1*10°
Transformation, from industrial area, built up m? 9+10° 1+10°

! Bulk storage for chemicals with a storage volume of 38'000 t or 30'000 m® (in 2 halls)

% Calculated for a product throughput of 0.23 Mt or 180'000 m® per year during the whole lifetime (50 years) of the
site. Per m® stored product therefore a share of 111 * 10” units of the infrastructure is needed.

2.5.3 Data quality considerations

Tab. 2.14 shows the data quality indicators for the inventory of the regional storage infrastructure for
bulk chemicals. The uncertainty scores include reliability, completeness, temporal correlation, geo-
graphical correlation, further technological correlation, and sample size. Due to the fact that the data
was estimated only from one storage site for salt production, there is a high uncertainty in the techno-
logical correlation. In general this infrastructure module has a high uncertainty and should only be
seen as an approximation of the infrastructure for the regional bulk chemical storage.

Tab. 2.14 In-/outputs for the module “storage building, chemicals, solid”, location CH

Process output: 1 unit, storage building, chemicals, solid, CH \ [

Name, Location Value Unit Uncertainty Comment
Type Score St.Dev.

1) |building, hall, CH 1.20E+4|m2__ [lognorm _ [4,5,1,2,4,5 1.68 |Estimated with data from 1 site
Transformation, from unknown 9.00E+3|m2 _|lognorm  |4,5,1,1,4,5 1.92 |Estimated with data from 1 site
Transformation, to industrial area, built up 9.00E+3|m2 _|lognorm  |4,5,1,1,4,5 1.92 |Estimated with data from 1 site

§ Transformation, from industrial area, built up 9.00E+3|m2 _|lognorm  |4,5,1,1,4,5 1.92 |Estimated with data from 1 site

5 |Transformation, to unknown 9.00E+3|m2 lognorm 4,5,1,1,4,5 1.92 |Estimated with data from 1 site

093 Occupation, industrial area, built up 4.50E+5|m2a_|lognorm _ 14,5,1,1.4,5 2.37 _|Estimated with data from 1 site

o |Occupation, construction site 1.80E+4|m2a [lognorm 14,5,1,1,4,5 2.37 |Estimated with data from 1 site
1) From technosphere

2.6 Chemical plant, organics

For the infrastructure of the chemical production plant modules for the construction and dismantling of
the buildings and the chemical equipment was used. Further the land use of the plant is also included.
In the module no emissions or wastes from contamination with chemicals is included. The process
chain was assessed as shown in Fig. 2.2.
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Fig. 2.2 Process chain for the infrastructure of a chemical plant

The infrastructure of the chemical plant was assessed using data from the chemical plant sites in Gen-
dorf (Germany) and from the BASF site of Ludwigshafen (Germany). On the Gendorf site 12 compa-
nies produce 1500 different end products with a total amount 1.25 Mt each year. If intermediates are
also included the amount of products rises to 2.05 Mt a™ (Gendorf 2000). The largest company on the
site is Clariant with a share of 58% of the total product output (including intermediates). The produc-
tion includes ethylene glycol, glycol ether, intermediates produced from ethylene oxide. The second
large producer on the site is Vinnolit GmbH with a share of 37% of the total product output. Vinnolit
produces besides chlorine, 1,2-dichloroethane and vinyl chloride also to a smaller amount PVC plas-
tics.

On the other examined site — BASF Ludwigshafen — about 8000 different end products with a total
amount of 9.1 Mt per year are produced (BASF 2001). The whole site is owned by the same company.

The production in both examined sites cover many different (mainly organic) chemical processes and
they were chosen therefore as base for an inventory of the infrastructure of chemical processes. Due to
the high variability of production processes this infrastructure inventory, nevertheless, can only be
used as a rough estimation for chemical processes where no other data is available.

2.6.1 Land use and used processes
Land use

The relevant mass for this study is not the total land use of such a chemical complex due to the fact
that it sorts a huge amount of different products, but the land use for one production unit (that still can
produce several different chemicals) within such a complex. While for the BASF site, the number of
production units is given by the owner, for the Gendorf site — based on information in the environ-
mental statement (Gendorf 2000) — we estimate about 20 production units, producing chemical prod-
ucts. Based on this information, the average land use for one single production unit can be calculated.
Tab. 2.15 summarises the data used and the result achieved.
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Tab. 2.15 land use of a chemical plant (data from BASF 2001; Gendorf 2000)

Gendorf BASF This pro-
ject
Land use, total [ha] 230 711
Land use, built [ha] 115 640 '
Production volume [Mt] 1.25 9.11
No. of production units 207 250
Land use per production unit (built area) [ha] 5.8 2.6 4.2
Sold products per production unit [Mt/a] 0.06 0.04 0.05
Specific land use (built area) [m2 /(t/a) ] 0.9 0.7 0.8
Specific land use (unoccupied area) [m2 [ (t/a) ] 0.9 0.07 0.25

! estimation, based on the air photographie of BASF site Ludwigshafen
2 estimation, based on Gendorf 2000

While for the land use per production unit quite big differences are visible between the two chemical
complexes, the amount of sold product as well as the specific land use are very close to each other.
Further data from Atofina show a big variety concerning the specific land-use in function of the pro-
duced chemicals — ranging from 0.15 m? per t of yearly production for a hydrogen peroxide production
plant (ATOFINA 2000b) up to 3.4 m® per t of yearly production for the production of glues
(ATOFINA 2000a). For this study, the value calculated in Tab. 2.15 is used, as the module is dedi-
cated primary for basic chemicals. The occupation of the area before the occupation as industrial area
is not known (transformation from unknown). Depending on the actual site conditions and production
process the land use may vary largely.

For the total land use the variations are even larger due to surrounding lands belonging to the plant
which can be large in low populated areas. The two sites examined are a typical example — while the
BASF site in Ludwigshafen is situated within the town, the other site is situated in a more rural area —
therefore having more space. This fact can also be seen in the last line of Tab. 2.15. For this study, we
assume a specific unoccupied land-use of 0.25 m%(t/a), or 1.25 ha. Third parameter concerning land
use is the time, that is used to construct and to dismantle the chemical plant. Therefore, we assume
each time 1 year.

Building infrastructure

For the sites of Gendorf and BASF it was estimated with help of pictures that only around 50% of the
built area is occupied by buildings. On the other area production equipment or tanks occupy the area
(without surrounding building structure). Further it was assumed that the building infrastructure con-
tains to 50% building halls and to 50% multiple story buildings with an average height of 15 m. With
his assumptions 1.05 ha of building hall area and 1.58 * 10°> m* of multiple story building volume was
calculated for the whole plant site. It was assumed that the life time of the buildings will be 50 years
and therefore no replacement occurs during the assumed occupation time (production time). The final
dismanteling of the buildings is already included into the used datasets.

Chemical production facilities

The estimation of the amount of production facilities is difficult and uncertain. Big players on the
market for the construction of chemical plants (e.g Linde, Lurghi) were not able to give any informa-
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tion concerning this question. According to information of BASF?, the total weight of a production
unit is about 5'700 t of installations (without foundations), almost 100% of it is some kind of steel.
From data of a methanol plant (Pehnt 2002) an amount of 14700 t for the production facilities can be
deducted. In this case 90% of the weight was metal (mainly steel). Assuming that the remaining 10%
are mainly the foundation, we can calculate for the production unit of BASF a total amount of 6'300 t
including a similar foundation.

For this study, we use value from the BASF plant, means 6’300 t of production facilities, due to the
fact that the BASF plant produces a mix of different chemicals and therefore this data are more repre-
sentative for the various chemical products. For this equipment a life span of 25 years is assumed.
Therefore within the assumed occupation time of 50 years the equipment will be replaced 2 times.
Therefore a value of 12°600 t for the total equipment weight of the whole plant site is used in this
study. For dismantling of the facilities, again the same amount of 12'600 t is used in this study. All
transports are already included in the two modules.

2.6.2 Data quality considerations

As already mentioned, this dataset is just a rough estimation. The total weight is based on two sources
— showing already a high variation. Due to the fact that most material data origins from a distillation
unit, there is high uncertainty concerning the technological correlation. This may also affect the mate-
rials used. In general this infrastructure module has a high uncertainty and should only be seen as an
approximation of the infrastructure of chemical facilities.

The resulting data together with their respective uncertainty values for the dataset ,,facilities, chemical
production® are shown in Tab. 2.16.

Tab. 2.16 Input data and uncertainty values for the dataset ,chemical plant, organics*”

<
c . wn
o - chemical )
Explanation Name T c plant, ) 2 [GeneralComment
3 2 g = 54
S organics 2| =
> [9)
= |8
Location RER g s
InfrastructureProcess 1 3 2
- . < o
Unit unit =) )
Resources Transformation, from unknown m2 5.45E+04 1 |2.58((4,3,1,3,4,4); estimated from two sites
Transformation, to industrial area, built up m2 4.20E+04 1 |2.58((4,3,1,3,4,4); estimated from two sites
Transformation, to industrial area, vegetation m2 1.25E+04 1 |2.58((4,3,1,3,4,4); estimated from two sites
Occupation, industrial area, built up m2a 2.10E+06 1 |2.15((4,3,1,3,4,4); estimated from two sites
Occupation, industrial area, vegetation m2a 6.25E+05 1 |2.15((4,3,1,3,4,4); estimated from two sites
Occupation, construction site m2a 8.40E+04 1 |2.15((4,3,1,3,4,4); estimated from two sites
Input from building, hall, steel construction CH m2 1.05E+04 1 |3.58((4,3,1,3,4,4); estimated from two sites
Technosphere |building, multi-storey RER m3 1.58E+05 1 |3.58((4,3,1,3,4,4); estimated from two sites
facilities, chemical production RER kg 1.26E+07 1 |3.58((4,3,1,3,4,4); estimated from personal information
disposal, facilities, chemical production RER kg 1.26E+07 1 |3.58((4,3,1,3,4,4); estimated from personal information
Output chemical plant, organics RER unit 1

2 Personal communication from R. Wittlinger & K-H. Fischer, BASF Ludwigshafen, 19. September 2002
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3 Energy for production of chemicals
3.1 Heat from unknown source

In case no information is available about the source of the heat energy needed in processes, the fuel
mix of the average steam production in the European chemical industry according to Boustead 1999 is
used. These data are the arithmetic average of all 215 steam plants that have been examined in the
course of Boustead’s work on chemicals and plastics.

The energy content of steam according to Boustead 1999 is 2.75 MJ/kg which corresponds to an over-
all efficiency of 74%. This factor is used to calculate the energy demand for the production of steam
per MJ. (See Tab. 3.1)

Tab. 3.1 Gross energy in MJ required for producing on-site steam. (Boustead 1999)
Fuel type Energy content of delivered fuel [MJ]
For 1 kg of steam | For 1 kg of steam | For 1 MJ of steam | Comments
Boustead 1999 (this project) (this project)
Coal 0.53 0.53 0.19
oil 0.78 0.78 0.28
Gas 1.86 2.2 0.80 Incl. hydrogen
Hydro electricity 0.03 0.03 0.011 37.5%
Nuclear electricity | 0.05 0.05 0.018 62.5%
Lignite <0.01 0 0.00 neglected
Biomass <0.01 0 0.00 neglected
Hydrogen 0.34 0 0.00 Included in gas
Recovered energy |0.13 0 0.00 Not inventoried
Unspecified 0.010 0 0.00
Peat <0.01 0 0.00 neglected
Totals 3.72 3.6 1.31

According to that, the process “heat, unspecific, in chemical plant” is defined. The ecoinvent meta in-
formation is given in Tab. 3.2 and the in- and outputs with their representation in ecoinvent are shown
in Fig. 3.1.
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Tab. 3.2 Meta data of unspecific heat production process

Name heat, unspecific, in chemical plant
Location RER

Infrastructure Process 0

Unit MJ

Data Set Version 2.0

Included Processes

Includes the heat production needed for the production of 1 MJ (=0.3636 kg)
steam from cold water. Does not include the water input because steam is often
used in closed systems.

Amount 1
Local Name Nutzwarme, unspezifisch, in Chemiewerk
Synonyms steam//Dampf

General Comment to reference
function

To be used for heat energy production in average chemical plant.

CAS Number

Start Date 1989
End Date 1997
Data Valid For Entire Period 1

Other Period Text

Geography text Data from Europe

Technology text Average technology in chemical and plastics industry in Europe
Representativeness [%]

Production Volume unknown

Sampling Procedure Literature

Extrapolations none
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General Flow information

Inout Process
P Name
Coal >

c
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~
2
Gas > Y= C_U
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Hydro electricity > o ©
n O
S E
Nuclear electricity > =) o
- C
T O

[}

N

Output

Process heat in
chemical plant

Fig. 3.1

Representation in ecoinvent

Infra
Loca
Remarks Cate gory struc | .
category tion
ture
heating
hard coal No RER
systems
oil heating No RER
systems
natural gas heating No RER
systems
as CH production mix
(60% nuclear, 40% electricity production mix No CH
hydropower)
as CH production mix
(60% nuclear, 40% electricity production mix No CH
hydropower)
steam = 2.75 MJ/kg
or 2.4 MJ/kg (latter . .
chemicals organics No RER

if condensed steam is
reheated)

Modul name in
ecoinvent

hard coal, burned in industrial
furnace 1-10MW

light fuel oil, burned in industrial
furnace 1MW, non-modulating

natural gas, burned in industrial
furnace >100kW

electricity, medium voltage,
production CH, at grid

electricity, medium voltage,
production CH, at grid

heat, unspecific, in chemical
plant

In- and Output flows of "heat, unspecific, in chemical plant" and their representation in ecoinvent

Mean
value

1.93E-01

2.84E-01

8.00E-01

3.03E-03

5.05E-03

1.00E+00

Unit

MJ

MJ

MJ

kwh

kwh

MJ

Source mean
value

Boustead 1999

Boustead 1999

Boustead 1999

Boustead 1999

Boustead 1999

Type

Uncertainty

StDv
95%

1.21

1.21

1.21

1.21

1.21

General
Comment

(1,2,2,1,3,1)

(1,2,2,1,3,1)

(1,2,2,1,3,1)

(1,2,2,1,3,1)

(1,2,2,1,3,1)
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1. Acetaldehyde

1 Acetaldehyde

Author: Margarita Ossés, EMPA St. Gallen
Review: Heiko Kunst, TU Berlin

1.1 Introduction

Acetaldehyde (C,HsO, CAS N° 75-07-0) is a colorless liquid with a pungent, suffocating odor that is
slightly fruity when diluted. Acetaldehyde is completely miscible with water and most organic sol-
vents. The most important chemical and physical properties of acetaldehyde are given in Tab. 1.1.

Synonyms for acetaldehyde: acetic aldehyde, acetylaldehyde, aceteldehyde, aldehyde, ethanal, ethyl
aldehyde.

Tab.1.1 Chemical and physical properties of acetaldehyde (Taken from Chemfinder (2003)).

Property Value Unit Property Value Unit
Molecular weight 44.053 g mol” Melting point -123.5 °C
Vapor Density 1.52 g cm® Boiling point 20.1 °C

The following description of production technology and the use of acetaldehyde are summarised from
Fleischmann 2000.

1.2 Reserves and Resources

Acetaldehyde is produced basically from ethylene. Therefore, the resources available as well as the re-
serves are the same as for this chemical, described in the corresponding chapter.

The worldwide production of acetaldehyde was 1993 1.35 Mio Tons, from what 0.6 Mio Tons corre-
spond to Western Europe. The worldwide production has been nearly constant since the early 1980s,
although in the USA the production of acetic acid from acetaldehyde ceased in 1991.

1.3 Production Technologies and Use
1.3.1 Production technologies for the production of acetaldehyde

Today the most important production process worldwide is the direct oxidation of ethylene. In West-
ern Europe there is also some capacity for the production of acetaldehyde by oxidation of ethanol
(<15%) and hydration of acetylene (2%). In Eastern Europe the hydration of acetylene is even more
important. Only the manufacturing by means of direct oxidation of ethylene (Wacker process) is de-
scribed here.

Nevertheless, ethylene is now the most important starting material for the production of acetaldehyde
and most of the present capacity works by its direct oxidation (Wacker process). One- and two-stage
versions of the process are on stream. In the one-stage method, an ethylene-oxygen mixture reacts
with the catalyst solution. In the two-stage process the reaction is carried out with ethylene and then
with oxygen in two separate reactors. The catalyst solution is alternately reduced and oxidized. At the
same time the degree of oxidation of the catalyst changes alternately. Air is used instead of pure oxy-
gen for the catalyst oxidation.

One-Stage Process

Fig. 1.1 shows the one-stage process. Ethylene and oxygen are charged into the lower part of the reac-
tion tower (a); the catalyst is circulated via the separating vessel (b) by the airlift principle and thor-
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1. Acetaldehyde

oughly mixed with the gas. Reaction conditions are about 130 °C and 400 kPa. An acetaldehyde — wa-
ter vapor mixture, together with unreacted gas, is withdrawn from the separating vessel; from this mix-
ture the reaction products are separated by cooling (c) and washing with water (d); unreacted gas is re-
turned to the reactor. A small portion is discharged from the cycle gas as exhaust gas to prevent accu-
mulation of inert gases in the cycle gas; these inert gases are either introduced as contamination of the
feed gas (nitrogen, inert hydrocarbons) or formed as byproducts (carbon dioxide). A partial stream of
catalyst is heated to 160 °C (m) to decompose byproducts that have accumulated in the catalyst.

Crude acetaldehyde obtained during washing of the reaction products is distilled in two stages. The
first stage (g) is an extractive distillation with water in which lights ends having lower boiling points
than acetaldehyde (chloromethane, chloroethane, and carbon dioxide) are separated at the top, while
water and higher-boiling byproducts, such as acetic acid, crotonaldehyde, or chlorinated acetalde-
hydes, are withdrawn together with acetaldehyde at the bottom. In the second column (i) acetaldehyde
is purified by fractional distillation.

Fig. 1.1 Production of acetaldehyde by means of the direct oxidation of ethylene. One-stage process. (Taken from
Fleischmann (2000): Fig. 2)

:_ig_"lf ends

Exhaust gas
om0

Crude
aldehyde

(99, 8%4) [10%%)

a) Reactor; b) Separating vessel; c) Cooler; d) Scrubber; e) Crude aldehyde tank; f) Cycle-gas compressor; g) Light-ends distillation;
h) Condensers; i) Purification column; I) Product cooler; m) Regeneration

Two-Stage Process

Fig. 1.2 shows the two-stage process. Tubular reactors (a), (d) are used for both “reaction” and “oxida-
tion”. The gases react almost completely in the presence of the catalyst. Reaction of ethylene takes
place at 105 — 110 °C and 900 — 1000 kPa. Catalyst solution containing acetaldehyde is then expanded
in a flash tower (b) by reducing the pressure to atmospheric level. An acetaldehyde — water vapor mix-
ture distills overhead while catalyst is sent via the pump (c) to the oxidation reactor (d), in which it re-
acts with oxygen at about 1000 kPa. As oxidation and reaction are carried out separately, no high-
purity starting gas is required. Generally, air is used instead of oxygen. Oxygen conversion is almost
complete; the exhaust air from (e) can be used as inert gas for plant use. The oxidized catalyst solution
separated from exhaust air in the separator (e) is reused for the reaction with ethylene in (a).

Acetaldehyde — water vapor mixture from the flash tower (b) is preconcentrated in column (f) to 60 —
90 % acetaldehyde by utilizing the heat of reaction. Process water discharged at the bottom of (f) is
returned to the flash tower to maintain a constant catalyst concentration. A portion of the process wa-
ter is used for scrubbing exhaust air (nitrogen from the “oxidation™) in (i) and exhaust gas (inert gas
from the “reaction”) in (k) free of acetaldehyde. Scrubbe rwater then flows to the crude aldehyde col-
umn ().
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1. Acetaldehyde

A two-stage distillation of the crude acetaldehyde follows. In the first stage (1), low-boiling sub-
stances, such as chloromethane, chloroethane and carbon dioxide, are separated. In the second stage
(o), water and higher-boiling byproducts, such as chlorinated acetaldehydes and acetic acid, are re-
moved from acetaldehyde, and the latter is obtained in pure form overhead. Chlorinated acetaldehydes
become concentrated within the column as medium-boiling substances and are discharged laterally.
From this mixture, monochloroacetaldehyde can be obtained as the hemihydrate. Residual byproducts
can be returned to the catalyst for oxidative decomposition. This oxidative self-purification is sup-
ported by thermal treatment of a partial stream of catalyst at about 160 — 165 °C (regeneration, r).

When gas mixtures obtained in naphtha cracking processes are used as raw material, conventional
towers are used as reactors instead of coiled pipes. So far, these processes have not been developed in-
dustrially.

Fig. 1.2 Production of acetaldehyde by means of the direct oxidation of ethylene. Two-stage process. (Taken from
Fleischmann (2000): Fig. 3)
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a) Reactor; b) Flash tower; c) Catalyst pump; d) Oxidation reactor; e) Exhaust-air separator; f) Crude-aldehyde col-
umn; g) Process-water tank; h) Crude-aldehyde container; i) Exhaust-air scrubber; k) Exhaust-gas scrubber; I) Light-
ends distillation; m) Condensors; n) Heater; o) Purification column; p) Cooler; q) Pumps; r) Regeneration

Comparison of the two methods.

In both one- and two-stage processes the acetaldehyde yield is about 95 % and the production costs are
virtually the same. The advantage of using dilute gases in the two-stage method is balanced by higher
investment costs. Generally, the choice of method is governed by the raw material and energy situa-
tions as well as by the availability of oxygen at a reasonable price.

Generation of by-products

The manufacturing of acetaldehyde by direction oxidation of ethylene (one- or two-stage process) gen-
erates also chlorinated hydrocarbons, chlorinated acetaldehydes, and acetic acid as byproducts.

1.3.2 Use

Acetaldehyde is used in the manufacturing of acetic acid, acetic anhydride, acetate esters, pyrine and
pyridine bases, peracetic acid, 1,3-butylene glycol, and others. In 1993 acetic acid production repre-
sented 40% of the worldwide acetaldehyde demand.
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1.4 System characterisation

This report corresponds to the module in the ecoinvent database for the production of 1 kg acetalde-
hyde, at plant, in Europe. For this study the production of acetaldehyde by means of the direct oxi-
dation of ethylene (Wacker process) is considered. All data in the present report are referred to 1
kg acetaldehyde 100%.

The system includes the process with consumption of raw materials, energy, infrastructure and land
use as well as the generation of solid wastes and emissions to air and water. It also includes transporta-
tion of the raw materials and wastes. Because of the lack of data on auxiliaries, no values can be pre-
sented and therefore, the transportation and consumption of auxiliaries are not included.

By-products generated in the manufacturing process are not considered. For the study transient or un-
stable operations like starting-up or shutting-down, are not included, but the production during stable
operation conditions. Storage and transportation of the final product are also not included.

It is assumed that the manufacturing plants are located in an urban/industrial area and consequently the
emissions are categorised as emanating in a high population density area. The emissions into water are
assumed to be emitted into rivers.

It is assumed that 100% of the electricity consumed is converted to waste heat and that 100% of the
waste heat is released to the air.

1.5 Acetaldehyde production process
15.1 Data sources

The source used is von Déniken et al. (1995),a survey from the Swiss Agency for the Environment,
Forests and Landscape (BUWAL). For acetaldehyde, the authors base on literature data for the pro-
duction of ethylene oxide, since they consider that the processes are similar enough. Their literature
sources are Manders (1992)", Pittinger et al. (1993)* and Wells (1991)°.

1.5.2 Raw materials and auxiliaries

von Déniken et al. (1995) indicates a consumption of 6.70 E-01 kg ethylene per kg acetaldehyde pro-
duced. There is no further information available about the amounts of auxiliaries used in the manufac-
turing process.

1.5.3 Energy and transportation
Energy

von Déniken et al. (1995) presents values for consumption of electricity and steam. Based on the latter
(1.20 MJ per kg acetaldehyde), they calculate the consumption of different energy carriers. The infor-
mation regarding consumption of energy as presented in the mentioned source, is shown in Tab. 1.2.

! Manders (1992): Manders E. (1992) Milieumatenstudie voor vier Bouwverven. Technische Universitit Eindhoven, Fakultit
Baukunde, Novem (Hrsg, Nederlandse maatschappij voor energie en milieu bv)

? pittinger et al. (1993): Pittinger C. A. et al. (1993) Environmental Life-Cycle Inventory of Detergent-Grade Surfactant Sourc-
ing and Production. JAOCS, Vol. 70, january.

3 Wells (1991): Wells G. M. ( 1991) Handbook of Petrochemicals and Processes, Gower Verlag.
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Tab. 1.2 Energy consumption for the production of acetaldehyde by means of direct oxidation of ethylene (Taken
from von Daniken et al. 1995)

Value
Input a
(kg™ acetaldehyde)
electricity kWh 5.00 E-02
hardcoal MJ 1.18 E+00
heavy fuel ol MJ 6.92 E-01
light fuel oil MmJ 1.55 E-01
natural gas MJ 1.76 E+00

Transportation

No information is available in the source consulted concerning transportation of raw materials, auxilia-
ries or solid wastes. Therefore, for raw materials the following standard distances as defined in
Frischknecht et al. (2007) are used: 100 km by lorry 32t and 600 km by train. For the transportation of
the different wastes produced within the process it is assumed that they are sent to landfill and, again,
standard distances are used: 10 km by lorry to disposal site. Additionally, it is assumed that this lorry
has a capacity of 32 tonnes in order to facilitate the calculations. No estimation of transport amounts
can be made for auxiliaries because there are no values even for consumption. Tab. 1.3 summarises the
total transport amounts for the production of 1 kg acetaldehyde.

Tab. 1.3 Total transport amounts for the production of acetaldehyde by means of direct oxidation of ethylene.

(tkm. kg™ acetaldehyde) lorry train
raw material 6.70 E-02 4.02 E-02
auxiliaries nd nd
waste to disposal sites 1.21 E-04 0
Total transports 6.71 E-02 4.02 E-01

nd: no data available

1.5.4 Infrastructure and land use

There is no information available about infrastructure and land-use of acetaldehyde plants. Therefore,

in this study, the infrastructure is estimated based on the module "chemical plant, organics", that has a

built area of about 4.2 ha and an average output of 50'000 t/a. For more details about this infrastructure

{nodule, see chapter 2.7 in part I of this report. For this study, the estimated value is 4.00 E-10 unit. kg’
chemical.

1.5.5 Emissions to air and water

von Diniken et al. (1995) presents values for specific process emissions. Emissions arised by the use
of the different energy carriers are included in the correspondig modules and therefore are not further
discussed here. Tab. 1.4 shows the information concerning process emissions into air and into water,
as presented in the mentioned source.
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Tab. 1.4 Process emissions to air and water from the production process of acetaldehyde by means of direct oxida-
tion of ethylene (Taken from von Daniken et al. 1995)

Value
Process emissions * 1
(kg™ acetaldehyde)

Emissions to air

Hydrocarbons kg 1.09 E-02
Dust kg 3.00 E-06
SO2 kg 1.00 E-06
NOx kg 2.40 E-04
(6]0) kg 4.00 E-05
Emissions to water

BOD kg 1.60 E-03
COoD kg 2.70 E-03
Suspended solids kg 1.40 E-05
Dissolved solids kg 1.10 E-04
Hydrocarbons kg 5.00 E-05
Chrome I kg 0.02 E-05

1
: Emissions corresponding to the use of energy carriers are not included.

Dust is reported as Particulates and the value is splitted in the three fractions in use in ecoinvent data-
base: Particulates, < 2.5 um; Particulates, > 2.5 um and < 10 um and Particulates, > 10 um. It is as-
sumed that each fraction contributes with 33.3% to the total. Emission to air of unspecified hydrocar-
bons is reported as “Hydrocarbons, aliphatic, alkanes, unspecified* since this is most approximated
module available in ecoinvent database.

For ecoinvent database, it is assumed that 100% of the electricity consumed is converted to waste heat
and that 100% of the waste heat is released to the air. Basing on this assumption and doing the neces-
sary conversion from kWh to MJ is done according to Frischknecht et al. (2007). Thus, considering
the energy input of 5.00 E-02 kWh. kg™ acetaldehyde, the value of waste-heat taken for this study is
1.80 E-01 MJ kg acetaldehyde.

1.5.6 Wastes

von Déniken et al. 1995 mentions the generation of 1.21 E-02 kg solid waste per kg acetaldehyde
manufactured. For this study, solid waste is reported as “disposal, municipal solid waste, 22.9 %water,
to sanitary landfill“, due to lack of further information about the composition of the wastes mentioned.
This is considered the most appropriate among the different modules available in the database.

1.6 Data quality considerations

The uncertainty scores include reliability, completeness, temporal correlation, geographical correla-
tion, further technological correlation and sample size. The values are an estimation based on values
corresponding to the manufacture of another chemical. This leads to high uncertainty scores.

The transport and infrastructure data are two further areas with much higher uncertainties. Due to a
complete lack of data, assumptions based on Frischknecht et al. (2007) (transport) resp. the very gen-
eral module of an organic chemical plant are used.

Tab. 1.5 summarises the input and output data as well as the uncertainties used for the production of
acetaldehyde. The values are given for the production of 1 kg of 100% acetaldehyde. Additionally, the
most important fields of the ecospold meta information from this dataset are listed in chapter 1.9.

ecoinvent report No. 8 -6 -



1. Acetaldehyde

Tab. 1.5 Input-/Output-data for the production of acetaldehyde (expressed per kg acetadehyde produced)
R
s 3
Explanation Name| & £ [eESRee S |Generalcomment
3 = at plant § =
- =
> | @
-
Location RER £ ]
InfrastructureProcess 0 § %
Unit kg S| &
Input from ethylene, average, at plant RER kg 6.70E-1 1 1.34|(3,5,3,3,1,5); data from surveyin literature (von Daniken etal. 1995)
Technosphere |electricity, medium voltage, production UCTE, at grid UCTE kWh 5.00E-2 1 1.34{(3,5,3,3,1,5); data from survey in literature (von Daniken etal. 1995)
hard coal, burned in industrial furnace 1-10MW RER MJ 1.18E+0 1 1.34|(3,5,3,3,1,5); data from surveyin literature (von Déaniken etal. 1995)
heat, heavy fuel oil, atindustrial furnace 1MW RER MJ 6.92E-1 1 1.34|(3,5,3,3,1,5); data from surveyin literature (von Déniken etal. 1995)
heat, light fuel oil, atindustrial furnace 1MW RER MJ 1.55E-1 1 1.34{(3,5,3,3,1,5); data from surveyin literature (von Daniken etal. 1995)
natural gas, burned in industrial furnace >100kW RER MJ 1.76E+0 1 1.34(3,5,3,3,1,5); data from surveyin literature (von Déaniken etal. 1995)
transport, lorry 32t RER tkm 6.71E-2 1 ]12.05|(4,na,na,na,na,na); standard distances
transport, freight, rail RER tkm 4.02E-1 1 2.05 |(4,na,na,na,na,na); standard distances
chemical plant, organics RER unit 4.00E-10 1 |[3.96((4,1,5,3,5,4); estimation
disposal, municipal solid waste, 22.9% water, to sanitary landfill CH kg 1.21E-2 1 [1.34(3,5,3,3,1,5); estimation
Output acetaldehyde, at plant RER kg 1.00E+0
airemission Heat, waste MJ 1.80E-1 1 [1.34(3,56,3,3,1,5); calculated from electricity input
Hydrocarbons, aliphatic, alkanes, unspecified kg 1.09E-2 1 [2.12(3,5,3,3,1,5); data from surveyin literature (von Déniken etal. 1995)
Particulates, < 2.5 um kg 1.00E-6 1 3.12|(3,5,3,3,1,5); data from surveyin literature (von Daniken etal. 1995)
Particulates, > 2.5 um, and < 10um kg 1.00E-6 1 12.12|(3,5,3,3,1,5); data from surveyin literature (von Daniken etal. 1995)
Particulates, > 10 um kg 1.00E-6 1 11.65((3,5,3,3,1,5); data from surveyin literature (von Daniken etal. 1995)
Sulfur dioxide kg 1.00E-6 1 1.34|(3,5,3,3,1,5); data from surveyin literature (von Déaniken etal. 1995)
Nitrogen oxides kg 2.40E-4 1 1.34|(3,5,3,3,1,5); data from surveyin literature (von Déaniken etal. 1995)
Carbon monoxide, fossil kg 4.00E-5 1 12.12|(3,5,3,3,1,5); data from surveyin literature (von Daniken etal. 1995)
water emission (BODS5, Biological Oxygen Demand kg 1.60E-3 1 1.65|(3,5,3,3,1,5); data from surveyin literature (von Déniken etal. 1995)
COD, Chemical Oxygen Demand kg 2.70E-3 1 1.651(3,5,3,3,1,5); data from survey in literature (von Daniken etal. 1995)
Suspended solids, unspecified kg 1.40E-5 1 [1.65](3,5,3,3,1,5); data from surveyin literature (von Déniken etal. 1995)
Solved solids kg 1.10E-4 1 1.65|(3,5,3,3,1,5); data from surveyin literature (von Déaniken etal. 1995)
Hydrocarbons, unspecified kg 5.00E-5 1 1.651(3,5,3,3,1,5); data from survey in literature (von Daniken etal. 1995)
Chromium, ion kg 1.40E-5 1 15.13((3,5,3,3,1,5); data from surveyin literature (von Daniken etal. 1995)

1.7 Cumulative Results and Interpretation

Results of the cumulative inventory can be downloaded from the database.

1.8 Conclusions

An average European dataset for the production of acetaldehyde for the year 2000 is established. The
dataset is in accordance with the present quality guidelines of the ecoinvent project and is based on a
report covering the European industry, based on statistics from the first half of the 1990s. The data are
thus of a reasonable quality and can be used in quite a broad context.
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1.9 EcoSpold Meta Information

ReferenceFunction
Geography

ReferenceFunction
ReferenceFunction
ReferenceFunction
ReferenceFunction
ReferenceFunction

ReferenceFunction
TimePeriod
TimePeriod
TimePeriod
TimePeriod
Geography
Technology

Representativeness
Representativeness
Representativeness
Representativeness

Representativeness

Name acetaldehyde, at plant

Location RER

InfrastructureProcess 0

Unit kg

LocalName Acetaldehyd, ab Werk

Synonyms Ethanal

GeneralComment The process considered is the production of acetaldehyde

by means of direct oxidation of ehtylene. Manufacturing
process starting with ethylene is considered, plus
consumption of energy, infrastructure and land use, as
well as generation of solid wastes and emissions into air
and water. Transport of the raw materials and solid wastes
is included. No by-product is generated in the process.
Transportation and consumption of auxiliaries are not
included due to the lack of data. Transport and storage of
the final product are not included. Transient or unstable
operations are not considered, but the production during
stable operation conditions. Emissions to air are
considered as emanating in a high population density
area. Emissions into water are assumed to be emitted
into rivers. Solid wastes are assumed to be sent to
landfill. Inventory refers to 1 kg 100% acetaldehyde. All
numbers in the source used (von Daniken et al. 1995) are
taken from the manufacturing of ethylene oxide, as an
approximation.

CASNumber 75-07-0

StartDate 1995-12

EndDate 1995-12

DataValidForEntirePeriod 1

OtherPeriodText literature bases on data from the 1990s.

Text

Text The literature source used bases on numbers taken from

the manufacture of ethylene oxide, as an approximation. It
is not known how representative are these values for the
European acetaldehyde industry

Percent

ProductionVolume unknown

SamplingProcedure see technology

Extrapolations Transports based on standard distances of Ecoinvent.
Infrastructure: proxy module used (chemical plant,
organics)

UncertaintyAdjustments none
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2. Acetic acid

2 Acetic acid

Author: Hans-Jorg Althaus, EMPA Dibendorf
Review: Heiko Kunst, Berlin

2.1 Introduction

Acetic acid, CH;COOH, CAS 64-19-7, is a colourless, corrosive liquid. It has a pungent odour and is a
dangerous vesicant. It is found in dilute solutions in many plant and animal systems. Vinegar (4—12%
acetic acid solutions produced by the fermentation of wines) has been known for more than 5000
years.

The major producers of synthetic acid are currently the United States, Western Europe, Japan, Canada,
and Mexico. The total capacity in these countries is close to 4x10° t/a and production is 3x10° t/a.
(Aguli6 (1997))

Tab.2.1 Chemical and physical properties of acetic acid

Property Value Unit

Molecular weight 60.05 g mol’

Specific gravity 1.042 kg m™ at 26.21 °C
Heat of combustion, lower heating value (LHV) 14.6 MJ kg'1

2.2 Use of acetic acid

Acetic acid has a broad spectrum of applications. Over 60% of the acetic acid produced goes into
polymers derived from either vinyl acetate, or cellulose. Most of the poly(vinyl acetate) is used in
paints and coatings, or used for making poly(vinyl alcohol) and plastics. Cellulose acetate is used to
produce acetate fibres. Acetic acid and acetate esters are used extensively as solvents.

2.3 Systems characterisation
“Acetic acid at plant” represents the Monsanto technology.

M. Overcash provides flow data from a theoretically modelled process because no production data are
available.

2.4 Acetic acid, at plant
2.4.1 Process

Today, most industrial production of acetic acid is by the Monsanto process, in which carbon monox-
ide reacts with methanol under the influence of a rhodium complex catalyst at 180 °C and pressures of
3-4 MPa. The older BASF process uses a cobalt catalyst. It operates at 250 °C and 70 MPa, is slower
than the Monsanto process and the yield is lower. Recently BP has started producing acetic acid using
the Cativa process, which uses a promoted iridium catalyst package instead of the rhodium complex.
(Jones (2000)) The other conditions are similar to the Monsanto process. The main overall reaction for
all the technologies is:

CH;0H + CO - CH;COOH  AH =-0.1386 MJ
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The Monsanto process with rhodium carbonyl catalyst and iodide promoters operates with methanol
efficiency of 94 to 99% and carbon monoxide efficiency of 90 to 99%". The methanol loss is due to
side reactions with propionic acid as the main product. The carbon monoxide is lost in the reaction
with water to carbon dioxide and hydrogen. Thus the following equations are used to calculate the
amount of inputs needed:

CH;0H + CO - CH;COOH

0.005 CH;0H + 0.005 CH;COOH -> 0.005 CH;CH,COOH + 0.005 H,O

0.11 CO+0.11 H,O = 0.11 CO, + 0.11 H,

1.01 CH;0OH + 1.11 CO + 0.105 H,0 - CH3;COOH +0.005 CH;CH,COOH + 0.11 CO, + 0.11 H,

Fig. 2.1 shows the production process.

= = Off-gas
9 1 (Js | (s i (s
]

f b C d e
Carbaon |___"
monoxide .| _ .
Methanol ™ ¢ r ——— Acetic acid

| T | L‘:"T—-— Side-products

Fig.2.1  Simplified process of acetic acid production in the Monsanto process. (Agulio (1997))
a) Reaction system, b) Light ends column, c¢) Drying column, d) Heavy ends column, e) Finishing column, f)
Scrubber system, g) Distillation receiver

Carbon monoxide and methanol react in (a) to produce acetic acid. The reaction and purification sys-
tem vent gases are combined and scrubbed (f) to recover light ends, including organic iodides, for re-
cycle to the reactor. Crude acetic acid is sent to a light-ends column (b). The overhead light ends and
the residue are sent back to the reaction system (a), while acetic acid is removed as a side stream and
sent to the drying column (c), where water is removed by conventional distillation. The overhead of
the drying column, which is an acetic acid-water mixture, is sent back to the reaction system. The dry
acetic acid from the base of the drying column is sent to column (d), where propionic acid is separated
as a heavy end. Overhead acetic acid is sent to a finishing column (e) to produce high-purity acetic
acid as a vapour side stream. Overhead and residue from the finishing towers are recycled.

Fig. 2.2 gives an overview of the in- and output flows and

Tab. 2.2 shows the ecoinvent meta data of the process.

*94.3% and 99.2% methanol and carbon monoxide efficiency from personal communication with Prof. M. Overcash, Dept. of
Chemical engineering, North Carolina State University, USA, 29.10.2002
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24.1.1 Inputs

To produce 1 kg (16.653 mol) of acetic acid 0.505 kg methanol, 0.481 kg carbon monoxide and 0.154
kg water is needed. Practically a methanol solution in water will be used instead of pure methanol and
pure water.

24.1.2 Products

The resulting acetic acid is of 98% purity. The propionic acid (6.17 g/kg) and the hydrogen (3.66 g/kg)
generated as by-products of the reaction are assumed to be used as fuel in the plant. Therefore these
are not taken into account. Thus only the main product is considered relevant.

24.1.3 Process heat

The heat of reaction (138.6 kJ/mol) is more than high enough to provide the energy to heat the inputs
to the reaction temperature. The distillation however needs additional steam (1.45MJ/kg)’.

24.1.4 Electricity
5.7E-2 kWh/kg electricity is used for compressors, fans and pumps’.
2.4.15 Catalysts

Rhodium is a platinum group element. Due to a very high price, the loss has to be minimised. The rho-
dium catalyst can be lost due to formation of the insoluble Rhl; in the CO deficient areas of the plant.
(Jones (2000))

Because of the presumably very low consumption of the catalyst and because no suitable LCI data are
available, the use of catalyst is neglected in the LCI.

2.4.2 Emissions

24.2.1 Waste heat

The electricity consumed is considered as waste heat emission.

2422 Emissions to air

The off-gas contains CO,, CO, H, and VOC. It can be assumed that part of it is used as fuel or flared.
24.2.3 Emissions to water

The acetic acid contained in waste water is diluted, neutralised, and then degraded biologically. The
waste water might be heavy metal contaminated from the catalyst. For the lack of information, no wa-
ter emissions are taken account of. The amount of waste water is calculated (mass balance).

2424 Emissions to soil

The process induces no direct soil emissions. Indirect emissions (e.g. via waste treatment) are not
taken account of.

2425 Spent catalysts

The catalyst waste is neglected because the catalyst input is neglected too.

2.4.3 Transport

The standard distances and means of transport (Frischknecht et al. 2003) are assumed for the transpor-
tation of the input materials to the production plant.

5 Personal communication, Ben Painter, Titanwood, 14.9.2006
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2.4.4 Infrastructure

The unspecific chemical production plant is taken into account to consider the infrastructure for the
process (cf. part I, Chapter 2.7).

2.5 Data quality considerations

Data are derived from theoretical knowledge of the production process. No measured data have been

available.

While the masses of inputs and products are believed to be quite accurate, the energy consumption is a

rough estimate.

Tab.2.2 Meta data of acetic acid production process

Name acetic acid, 98% in H20, at plant
Location RER

Infrastructure Process 0

Unit kg

Data Set Version 2.0

Included Processes

Production including refining.

Amount 1
Local Name Essigsaure, 98% in H20, ab Werk
Synonyms Ethansaure

General Comment to refer-
ence function

Theoretical data from process analysis. Only the most important flows are taken
into account. Energy demand is calculated.

CAS Number 64-19-7
Start Date 1997
End Date 2000

Data Valid For Entire Period

1

Other Period Text

Geography text

Technology text

The process stands for the Monsanto process in which methanol reacts with car-
bon monoxide under the influence of a rhodium catalyst. It is assumed that 50% of
the off-gas is burned as fuel, thus VOC emissions are reduced and CO2 is higher.

Representativeness [%]

Production Volume

Unknown

Sampling Procedure

Theoretical model

Extrapolations

None
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Input

General Flow information

Process
Name

Methanol

Carbon monoxide

water

rhodium compounds
catalyst;

methyl iodide
(promotor)

Steam

Electricity

[ 2 R I T 7

Cooling water

[

Transport rail

Transport lorry >

Infrastructure (plant)
[unite]

Fig. 2.2

acetic acid, 98% in H20, at plant

L 2 T T T N

¥

Output

Waste heat

Acetic acid

Hydrogen

Methanol to air

Methane to air

Carbon monoxide
to air

Carbon dioxide

Waste water

Propionic acid
(byproduct)

Hydrogen
(byproduct)

Acetic acid, at
plant

Remarks

not inventoried

not inventoried

standard distance for
raw material

transport
standard distance for

raw material
transport

50% used as fuel -->
not inventoried
50% used as fuel -->
not inventoried
50% used as fuel -->
not inventoried
50% used as fuel -->
not inventoried

calculated from mass waste

balance

used as fuel --> not
inventoried
used as fuel --> not
inventoried

Representation in ecoinvent

Infra
Sub Loca
Cate gory struc .
category tion
ture
chemicals organics No GLO
chemicals inorganics No RER
water supply  production No RER
chemicals organics No RER
electricity production mix No UCTE
resource in water
ti rt .
ranspo train No RER
systems
transport No RER
systems
chemicals organics Yes RER
air unspecified
air unspecified
air unspecified
air unspecified
air unspecified
air unspecified
air unspecified
wastewater No cH
management | treatment
chemicals organics No RER

In- and Output flows of the acetic acid production process

Unit | Source mean value

Modul name in Mean
ecoinvent value
methanol, at plant 5.05E-01 kg
carbon monoxide, CO, at plant 4.81E-01 kg
water, decarbonised, at plant 1.54E-01 kg
n.A.
n.A.

;e;ntt, unspecific, in chemical 1.45E+00/ M3
o s 0| s
transport, freight, rail 5.92E-01 tkm
:/aer:;;;oert, lorry >16t, fleet 9.86E-02 tkm
chemical plant, organics 4.00E-10 unit
Heat, waste 2.05E-01 MJ
Acetic acid 5.00E-03 kg
Hydrogen 2.96E-04 kg
Methanol 2.53E-03 kg
Methane, fossil 4.99E-03 kg
Carbon monoxide, fossil 6.32E-03 kg
Carbon dioxide, fossil 3.71E-02 kg
L e e sosna

6.17E-03 kg

3.37E-03 kg
acetic acid, 98% in H20, at plant 1.00E+00 kg

M. Overcash, personal
communication
M. Overcash, personal
communication
M. Overcash, personal
communication

B. Painter, Titanwood,
personal communication
B. Painter, Titanwood,
personal communication
B. Painter, Titanwood,
personal communication

estimate

estimate

estimate

calculated

M. Overcash, personal
communication
M. Overcash, personal
communication
M. Overcash, personal
communication
M. Overcash, personal
communication
M. Overcash, personal
communication
M. Overcash, personal
communication

calculated

calculated

calculated

Uncertainty information

Tvpe StDv
YPE 1 g5m
1 1.45
1 1.45
1 1.45
1 2.56
1 2.56
1 2.56
1 3.22
1 3.22
1 4.25
1 2.56
1 3.22
1 3.22
1 3.22
1 3.22
1 2.79
1 2.56
1 2.56
1 2.79
1 2.79

General
Comment

(4,2,4,2,3,5)
(4,2,4,2,3,5)

(4,2,4,2,3,5)

(5,5,5,5,5,5)
(5,5,5,5,5,5)

(5.5,5,5,5,5)

(5,5,5,5,5,5)

(5,5,5,5,5,5)
(5,5,5,5,5,5)
(5,5,5,5,5,5)
(5,5,5,5,5,5)
(5,5,5,5,5,5)
(5,5,5,5,5,5)
(5,5,5,5,5,5)
(5,5,5,5,5,5)

(5,5,5,5,5,5)

(5.5,5,5,5,5)

(5,5,5,5,5,5)

(5,5,5,5,5,5)
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2.6 Cumulative Results and Interpretation

Results of the cumulative inventory can be downloaded from the database.
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3 Acetone

Author: Mike Chudacoff, Chudacoff Oekoscience, Zurich
Roland Hischier, Empa, St. Gallen (Changes 2007)
Review: Heiko Kunst, TU Berlin
Last Changes: 2007

3.1 Introduction

This chapter describes the production of acetone. This chemical is used primarily for the production of
methylmethacrylate and methyl acrylate (polymers for reins, glazing panels etc.).

Synonyms for acetone: 2-propanone, dimethyl ketone

3.2 Reserves and resources of acetone

Acetone is an organic chemical compound. It is produced primarily from cumene by oxidation.

3.3 Characterisation of acetone

Acetone, C3H¢O, is a colorless volatile liquid with a sweetish odor. Its molecular weight is 58.08
g/mol. Acetone melts at -94.7 °C, and boils just above 56°C. It is soluble in water, ethyl alcohol and
ether. Acetone is flammable and its vapor may cause flash fires when ignited. Acetone will react
strongly with oxidizing agents (Wells (1999)).

3.4 Production and use of acetone

Worldwide production of acetone in 2001 was 4.1 million tonnes, valued at about $2 billion, accord-
ing to www.manufacturing.net. According to the same source, world consumption of acetone in 2001
was 3.8 million tonnes, reports SRI. The U.S. and Western Europe accounted for around 60% of this
amount; Japan and other Asian countries accounted for 27%. The global average annual growth rate in
acetone consumption between 2001 and 2006 is estimated to be ca. 4 %.

According to Wells (1999), just over a quarter of acetone consumption is used for methyl methacrylate
and methyl acrylate. Roughly another quarter is used for surface coatings and in the manufacture of
cellulose acetate fiber. The third most important use is for the production of chemical solvents such as
methyl isobutyl ketone, diacetone alcohol and others. A growing outlet is for the production of
Bisphenol A.

Major plants are located in Germany, the Netherlands, Italy, the US, South Africa, Japan and Taiwan.
Major producers include Shell Chemical, Enichem and Sasol, among others.

3.5 System characterization

Acetone and phenol are co-products and their production and demand are intertwined. Both chemicals
are produced primarily via the oxidation of cumene, according to Wells (1999). Cumene, also known
as isopropyl benzene, is produced from benzene and propylene.

3.5.1 Production of cumene (Wells, 1999)

Propylene and benzene are mixed and reacted using a catalyst. Reaction temperature is kept at 200 —
250 °C, with a pressure range of 15-35 bar. A high benzene concentration suppresses side reactions.
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The reactor gases are used to heat incoming feed. Cumene is distilled; heavy bottoms contain di- and
triisopropylbenzene,

C(,H@ + CHzZCHCHg, > C6H5CH(CH3)2 (1)
Cumene has basically only one outlet, the manufacture of acetone and phenol.

1.5.2 Production of acetone by oxidation of cumene (Wells (1999))

Cumene is oxidised to cumene hydroperoxide (2) which is split to form phenol and acetone (3), using
sulphuric acid. The reaction mixture is cooled and residual acid is neutralized. Acetone, together with
some alpha-methylstyrene and cumene is recovered, the acetone is then purified by distillation.

CsHsCH(CHs), + 0, > CgHsC(CH;),00H ©)

CsH5C(CH3),O0H > C4HsOH (phenol) + CH3;COCH; (acetone) 3)

Wells (1999) indicates that 2300 kg of cumene are required to produce 1000 kg of acetone with a yield
0f 90%. The production of the co-product phenol is not included in this figure.

3.5.2 Production of acetone by dehydrogenation of isopropyl alcohol (Wells
(1999))

Another major production route for acetone, is by dehydrogenation of isopropyl alcohol. Isopropyl
alcohol or isopropanol, can be produced by two production routes, both of which entail the hydration
of propylene.

CH;CH=CH, + H20 > (CH;),CHOH (4)

The isopropyl is heated until it is in the vaport phase and then reacted via catalyst. The reaction takes
place at 300-450°C and at 2-3 bar. The exit gases containing isopropyl alcohol, acetone and hydrogen
are cooled. Acetone is obtained by distillation.

(CH3),CHOH - CH;COCH; + H, &)
The yield is reported to be 90 — 95% (Wells (1999))

3.6 Life cycle Inventory for acetone

The production process for acetone was assessed with data from PlasticsEurope (Boustead (2005-07)),
which assumes that acetone stems from the oxidation of cumene, i.e. the isopropyl alcohol production
route is not included in this inventory. The data stem from 1992 to 2001 and account for three produc-
tion sites in Europe. Due to the fact that this dataset is cumulated it was not possible to use the other
processes modelled in econvent to obtain a transparent process chain. The data was nevertheless used
because it represents a high share of the European production of this type of chemicals. The transfor-
mation for the data as given in Boustead (2005-07) to the data format in ecoinvent is described in de-
tail in the methodology part of the plastics part in Hischier (2007).

Within the module assessed here there are only the resources and emissions considered which are
given in the data source. Therefore no land use could be included and no direct soil emissions within
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the process chain are stated. For each waste type used in the original dataset, an appropriate waste
process from the ecoinvent modules was included.

3.7 Data quality considerations

Tab. 3.1 to Tab. 3.3 summarize the resulting data of the acetone production in Europe. According to
the methodological remarks in Hischier (2007), these data contain no uncertainty information. Addi-
tionally, the most important fields of the ecospold meta information from this dataset are listed in
chapter 3.12.

Tab. 3.1 Input data and functional unit outflow of the dataset for acetone production in Europe (colours according to
explanations in Hischier (2007))
Explanation 401 Name = . a.cetone, ﬁ\‘ GeneralComment
S |liquid, at plant &
o | 8
> ]
Bl g
662 Location RER 8 s
493 InfrastructureProcess 0 E g
403 Unit kg S| %

Resources Qil, crude, in ground kg | 5.88E-01 Uncertainty for LCI results cannot be determined
Gas, natural, in ground Nm3| 9.43E-01 Uncertainty for LCl results cannot be determined
Coal, hard, unspecified, in ground kg 9.25E-02 Uncertainty for LCI results cannot be determined
Coal, brown, in ground kg 3.27E-06 Uncertainty for LCI results cannot be determined
Peat, in ground kg 1.94E-04 Uncertainty for LCl results cannot be determined
Wood, unspecified, standing m3 6.98E-07 Uncertainty for LCI results cannot be determined
Energy, potential (in hydropower reservoir), converted MJ 1.38E-01 Uncertainty for LCI results cannot be determined
Uranium, in ground kg 4.03E-06 Uncertainty for LCI results cannot be determined
Energy, gross calorific value, in biomass M 1.13E-01 Uncertainty for LCl results cannot be determined
Barite, 15% in crude ore, in ground kg 2.31E-06 Uncertainty for LCI results cannot be determined
Aluminium, 24% in bauxite, 11% in crude ore, in ground kg 1.92E-06 Uncertainty for LCI results cannot be determined
Clay, bentonite, in ground kg 1.38E-04 Uncertainty for LCl results cannot be determined
Anhydrite, in ground kg 1.38E-05 Uncertainty for LCl results cannot be determined
Calcite, in ground kg 3.59E-03 Uncertainty for LCl results cannot be determined
Clay, unspecified, in ground kg 1.38E-09 Uncertainty for LCl results cannot be determined
Chromium, 25.5 in chromite, 11.6% in crude ore, in ground kg 1.30E-10 Uncertainty for LCI results cannot be determined
Copper, 0.99% in sulfide, Cu 0.36% and Mo 8.2E-3% in crude ore, in ground kg 1.04E-06 Uncertainty for LCl results cannot be determined
Dolomite, in ground kg 6.08E-06 Uncertainty for LCI results cannot be determined
Iron, 46% in ore, 25% in crude ore, in ground kg 4.97E-04 Uncertainty for LCI results cannot be determined
Feldspar, in ground kg 9.61E-17 Uncertainty for LCl results cannot be determined
Manganese, 35.7% in sedimentary deposit, 14.2% in crude ore, in ground kg 6.41E-07 Uncertainty for LCl results cannot be determined
Fluorspar, 92%, in ground kg 2.91E-07 Uncertainty for LCl results cannot be determined
Granite, in ground kg 6.26E-15 Uncertainty for LCI results cannot be determined
Gravel, in ground kg 1.83E-06 Uncertainty for LCI results cannot be determined
Cinnabar, in ground kg 1.41E-07 Uncertainty for LCl results cannot be determined
Magnesite, 60% in crude ore, in ground kg 2.43E-16 Uncertainty for LCl results cannot be determined
Nickel, 1.98% in silicates, 1.04% in crude ore, in ground kg 2.14E-11 Uncertainty for LCI results cannot be determined
Olivine, in ground kg 4.67E-06 Uncertainty for LCl results cannot be determined
Lead, 5.0% in sulfide, Pb 3.0%, Zn, Ag, Cd, In, in ground kg 3.97E-07 Uncertainty for LCl results cannot be determined
Phosphorus, 18% in apatite, 12% in crude ore, in ground kg 1.34E-04 Uncertainty for LCI results cannot be determined
Sylvite, 25 % in sylvinite, in ground kg 1.74E-07 Uncertainty for LCl results cannot be determined
TiO2, 95% in rutile, 0.40% in crude ore, in ground kg 5.07E-33 Uncertainty for LCI results cannot be determined
Sulfur, in ground kg 2.39E-03 Uncertainty for LCl results cannot be determined
Sand, unspecified, in ground kg 4.96E-04 Uncertainty for LCI results cannot be determined
Shale, in ground kg 3.91E-05 Uncertainty for LCI results cannot be determined
Sodium chloride, in ground kg 7.55E-02 Uncertainty for LCl results cannot be determined
sodium nitrate, in ground kg 7.29E-16 Uncertainty for LCl results cannot be determined
Talc, in ground kg 2.20E-27 Uncertainty for LCl results cannot be determined
Zinc, 9.0% in sulfide, Zn 5.3%, Pb, Ag, Cd, In, in ground kg 1.57E-08 Uncertainty for LCI results cannot be determined
Water, unspecified natural origin m3 3.10E-03 Uncertainty for LCl results cannot be determined
Water, river m3 1.04E-04 Uncertainty for LCI results cannot be determined
Water, salt, ocean m3 3.31E-04 Uncertainty for LCI results cannot be determined
Water, well, in ground m3 1.96E-10 Uncertainty for LCl results cannot be determined
Water, cooling, unspecified natural origin m3 7.87E-02 Uncertainty for LCI results cannot be determined
disposal, facilities, chemical production kg 1.42E-05 Uncertainty for LCl results cannot be determined

Input from disposal, hard coal mining waste tailings, in surface backfill kg 1.95E-02 Uncertainty for LCl results cannot be determined

Technosphere disposal, municipal solid waste, 22.9% water, to municipal incineration kg 2.59E-03 Uncertainty for LCl results cannot be determined
disposal, average incineration residue, 0% water, to residual material landfill kg 7.32E-03 Uncertainty for LCl results cannot be determined
disposal, wood untreated, 20% water, to municipal incineration kg 9.18E-06 Uncertainty for LCI results cannot be determined
disposal, plastics, mixture, 15.3% water, to municipal incineration kg 8.22E-05 Uncertainty for LCI results cannot be determined
disposal, hazardous waste, 0% water, to underground deposit kg 4.23E-03 Uncertainty for LCl results cannot be determined

Output acetone, liquid, at plant | kg 1.00E+00
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Tab. 3.2 Emission to air data for acetone production in Europe (colours according to explanations in Hischier (2007))

= X
Explanation 401 Name g quji(z:ftaotnpel’am ‘é:,‘ GeneralComment

@ g

el

> 3

18

662 Location RER 8 s

493 InfrastructureProcess 0 E E

403 Unit kg S| %

Air emission Heat, waste MJ 2.90E+01 Uncertainty for LCl results cannot be determined
Particulates, > 10 um kg 1.88E-04 Uncertainty for LCl results cannot be determined
Particulates, > 2.5 um, and < 10um kg 2.52E-04 Uncertainty for LCI results cannot be determined
Particulates, < 2.5 um kg 1.47E-04 Uncertainty for LCI results cannot be determined
Carbon monoxide, fossil kg 1.87E-03 Uncertainty for LCI results cannot be determined
Carbon monoxide, biogenic kg 2.88E-06 Uncertainty for LCI results cannot be determined
Carbon dioxide, fossil kg 1.79E+00 Uncertainty for LCl results cannot be determined
Carbon dioxide, biogenic kg 2.75E-03 Uncertainty for LCl results cannot be determined
Sulfur dioxide kg 6.87E-03 Uncertainty for LCl results cannot be determined
Hydrogen sulfide kg 1.67E-08 Uncertainty for LCl results cannot be determined
Nitrogen oxides kg 4.59E-03 Uncertainty for LCI results cannot be determined
Ammonia kg 9.71E-09 Uncertainty for LCI results cannot be determined
Chlorine kg 2.00E-08 Uncertainty for LCI results cannot be determined
Hydrogen chloride kg 4.97E-05 Uncertainty for LCl results cannot be determined
Fluorine kg 1.36E-10 Uncertainty for LCI results cannot be determined
Hydrogen fluoride kg 1.87E-06 Uncertainty for LCl results cannot be determined
NMVOC, non-methane wolatile organic compounds, unspecified origin kg 3.52E-03 Uncertainty for LCI results cannot be determined
Aldehydes, unspecified kg 8.35E-05 Uncertainty for LCI results cannot be determined
Lead kg 1.86E-09 Uncertainty for LCI results cannot be determined
Mercury kg 1.35E-08 Uncertainty for LCI results cannot be determined
Sulfate kg 1.49E-12 Uncertainty for LCl results cannot be determined
Dinitrogen monoxide kg 7.14E-09 Uncertainty for LCI results cannot be determined
Hydrogen kg 6.38E-05 Uncertainty for LCI results cannot be determined
Ethane, 1,2-dichloro- kg 1.09E-10 Uncertainty for LCI results cannot be determined
Ethene, chloro- kg 4.00E-10 Uncertainty for LCI results cannot be determined
Halogenated hydrocarbons, chlorinated kg 4.29E-09 Uncertainty for LCl results cannot be determined
Cyanide kg 7.64E-19 Uncertainty for LCl results cannot be determined
Methane, fossil kg 1.71E-02 Uncertainty for LCI results cannot be determined
Methane, biogenic kg 2.63E-05 Uncertainty for LCI results cannot be determined
Hydrocarbons, aromatic kg 2.66E-05 Uncertainty for LCI results cannot be determined
Hydrocarbons, aliphatic, alkanes, cyclic kg 1.62E-06 Uncertainty for LCI results cannot be determined
Carbon disulfide kg 4.65E-11 Uncertainty for LCI results cannot be determined
Methane, dichloro-, HCC-30 kg 5.64E-11 Uncertainty for LCl results cannot be determined
Copper kg 1.71E-09 Uncertainty for LCl results cannot be determined
Arsenic kg 8.14E-11 Uncertainty for LCI results cannot be determined
Cadmium kg 2.04E-11 Uncertainty for LCI results cannot be determined
Silver kg 5.63E-12 Uncertainty for LCI results cannot be determined
Zinc kg 2.56E-10 Uncertainty for LCI results cannot be determined
Chromium kg 8.90E-07 Uncertainty for LCI results cannot be determined
Selenium kg 1.95E-13 Uncertainty for LCI results cannot be determined
Nickel kg 1.62E-06 Uncertainty for LCI results cannot be determined
Antimony kg 3.88E-14 Uncertainty for LCI results cannot be determined
Ethene kg 2.26E-06 Uncertainty for LCl results cannot be determined
Dioxins, measured as 2,3,7,8-tetrachlorodibenzo-p-dioxin kg 5.28E-32 Uncertainty for LCl results cannot be determined
Benzene kg 5.40E-06 Uncertainty for LCl results cannot be determined
Toluene kg 9.15E-07 Uncertainty for LCI results cannot be determined
Xylene kg 3.78E-07 Uncertainty for LCI results cannot be determined
Benzene, ethyl- kg 3.05E-07 Uncertainty for LCl results cannot be determined
Styrene kg 5.40E-08 Uncertainty for LCI results cannot be determined
Propene kg 1.67E-06 Uncertainty for LCI results cannot be determined
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Tab. 3.3 Emission to water data for acetone production in Europe (colours according to explanations in Hischier

(2007))
Explanation 401 Name 'E . a.cetone, ﬁ\‘ GeneralComment
S |liquid, at plant o)
@ g
el
> 3
|8
662 Location RER 8 s
493 InfrastructureProcess 0 E g
403 Unit kg S| %

Water emission COD, Chemical Oxygen Demand kg 4.35E-04 Uncertainty for LCI results cannot be determined
BODS5, Biological Oxygen Demand kg 2.04E-05 Uncertainty for LCI results cannot be determined
Lead kg 3.64E-10 Uncertainty for LCI results cannot be determined
Iron, ion kg 3.88E-08 Uncertainty for LClI results cannot be determined
Sodium, ion kg 7.12E-03 Uncertainty for LCl results cannot be determined
Acidity, unspecified kg 1.05E-06 Uncertainty for LCI results cannot be determined
Nitrate kg 2.67E-06 Uncertainty for LCI results cannot be determined
Mercury kg 3.71E-09 Uncertainty for LCI results cannot be determined
Ammonium, ion kg 1.93E-06 Uncertainty for LCI results cannot be determined
Chloride kg 2.55E-03 Uncertainty for LCI results cannot be determined
Cyanide kg 4.71E-11 Uncertainty for LCl results cannot be determined
Fluoride kg 4.88E-09 Uncertainty for LCI results cannot be determined
Sulfide kg 1.01E-09 Uncertainty for LCl results cannot be determined
Hydrocarbons, unspecified kg 7.67E-04 Uncertainty for LCI results cannot be determined
Suspended solids, unspecified kg 6.23E-04 Uncertainty for LCl results cannot be determined
Oils, unspecified kg 1.12E-05 Uncertainty for LCl results cannot be determined
Chlorinated solvents, unspecified kg 1.24E-06 Uncertainty for LCI results cannot be determined
Chlorine kg 1.19E-09 Uncertainty for LCI results cannot be determined
Phenol kg 5.66E-07 Uncertainty for LCI results cannot be determined
Solved solids kg 1.18E-03 Uncertainty for LCI results cannot be determined
Phosphorus kg 1.34E-04 Uncertainty for LCI results cannot be determined
Nitrogen kg 4.14E-06 Uncertainty for LCI results cannot be determined
Sulfate kg 7.24E-03 Uncertainty for LCI results cannot be determined
Ethane, 1,2-dichloro- kg 1.81E-12 Uncertainty for LCI results cannot be determined
Ethene, chloro- kg 7.61E-12 Uncertainty for LCI results cannot be determined
Potassium, ion kg 5.24E-09 Uncertainty for LCI results cannot be determined
Calcium, ion kg 7.51E-06 Uncertainty for LCl results cannot be determined
Magnesium kg 4.10E-09 Uncertainty for LCI results cannot be determined
Chromium, ion kg 9.91E-13 Uncertainty for LCI results cannot be determined
Chlorate kg 2.02E-05 Uncertainty for LCI results cannot be determined
Bromate kg 4.84E-10 Uncertainty for LCI results cannot be determined
TOC, Total Organic Carbon kg 4.34E-05 Uncertainty for LCI results cannot be determined
AOX, Adsorbable Organic Halogen as CI kg 2.90E-12 Uncertainty for LCI results cannot be determined
Aluminum kg 4.12E-07 Uncertainty for LCI results cannot be determined
Zinc, ion kg 1.52E-08 Uncertainty for LCI results cannot be determined
Copper, ion kg 1.14E-07 Uncertainty for LCl results cannot be determined
Nickel, ion kg 8.30E-08 Uncertainty for LCI results cannot be determined
Carbonate kg 1.45E-04 Uncertainty for LCl results cannot be determined
Arsenic, ion kg 2.21E-10 Uncertainty for LCI results cannot be determined
Cadmium, ion kg 1.56E-13 Uncertainty for LCI results cannot be determined
Manganese kg 1.88E-12 Uncertainty for LCI results cannot be determined
Tin, ion kg 6.74E-15 Uncertainty for LCI results cannot be determined
Strontium kg 2.28E-09 Uncertainty for LCl results cannot be determined
Silicon kg 4.75E-20 Uncertainty for LCI results cannot be determined
Benzene kg 4.52E-19 Uncertainty for LCl results cannot be determined
Molybdenum kg - Uncertainty for LCl results cannot be determined

3.8 Cumulative results and interpretation

Results of the cumulative inventory for this substance can be downloaded from the database.

3.9 Conclusions

The inventory data used in this process does not give transparency on the processes used and alloca-
tions made due to the use of cumulated data. Therefore, many emissions especially soil emissions are
not accounted. Because of the cumulated data also no land occupation and land transformation could
be included in the dataset. This leads to an incompleteness of the dataset, which has to be considered
when using it. Also the uncertainty of the data used could not be determined for those datasets. Never-
theless the data refers on a large share of the European production and should therefore be representa-
tive for the production of this chemical.
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3.10 EcoSpold Meta Information

ReferenceFunction
Geography
ReferenceFunction

ReferenceFunction
ReferenceFunction

ReferenceFunction
ReferenceFunction

ReferenceFunction
ReferenceFunction

ReferenceFunction
TimePeriod
TimePeriod
TimePeriod
TimePeriod
Geography

Technology

Representativeness
Representativeness

Representativeness

Representativeness
Representativeness

401
662
493
403
402

404
490

491
492

502
601
602
603
611
663

692

722
724

725

726
727

Name

Location
InfrastructureProcess
Unit
IncludedProcesses

Amount
LocalName

Synonyms
GeneralComment

CASNumber

StartDate

EndDate
DataValidForEntirePeriod
OtherPeriodText

Text

Text

Percent
ProductionVolume

SamplingProcedure

Extrapolations
UncertaintyAdjustments

acetone, liquid, at plant

RER

0

kg

Aggregated data for all
processes from raw
material extraction until
delivery at plant

1

Aceton, flissig, ab
Werk

Data are from the Eco-
profiles of the European
plastics industry
(PlasticsEurope). Not
included are the values
reported for: recyclable
wastes, amount of air /
N2 /02 consumed,
unspecified metal
emission to air and to
water, mercaptan
emission to air,
unspecified CFC/HCFC
emission to air, dioxin to
water. The amount of
"sulphur (bonded)" is
assumed to be included
into the amount of raw oil.

67-64-1

1992

2001

1

time to which data refer
3 European plants (NL,
D)

production by oxidation
of cumene

worldwide 4.1 Mt in
2001

literature values based
on company survey
no extrapolation

none
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3.12EcoSpold Meta Information

ReferenceFunction

Geography

ReferenceFunction
ReferenceFunction
ReferenceFunction

ReferenceFunction
ReferenceFunction

ReferenceFunction
ReferenceFunction

ReferenceFunction
TimePeriod
TimePeriod
TimePeriod
TimePeriod
Geography

Technology

Representativeness
Representativeness

Representativeness

Representativeness
Representativeness

Name

Location
InfrastructureProcess
Unit
IncludedProcesses

Amount
LocalName

Synonyms
GeneralComment

CASNumber

StartDate

EndDate
DataValidForEntirePeriod
OtherPeriodText

Text

Text

Percent
ProductionVolume

SamplingProcedure

Extrapolations
UncertaintyAdjustments

acetone, liquid, at plant

RER

0

kg

Aggregated data for all
processes from raw
material extraction until
delivery at plant

1
Aceton, flissig, ab
Werk

Data are from the Eco-
profiles of the European
plastics industry (APME).
Notincluded are the
values reported for:
recyclable wastes,
amountofair/N2 /02
consumed, unspecified
metal emission to air and
to water, mercaptan
emission to air,
unspecified CFC/HCFC
emission to air. The
amount of"sulphur
(bonded)"is assumed to
be included into the
amount of raw oil.

67-64-1

1996

1996

1

time to which data refer
3 European plants (NL,
D)

production by oxidation
of cumene

worldwide 4.1 Mt in
2001

literature values based
on company survey

no extrapolation
none
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4 Acetylene

Author: Hans-Jorg Althaus, EMPA Dibendorf
Review: Heiko Kunst, Berlin

4.1 Introduction

Acetylene, ethyne, C;H,, CAS 74-86-2 is the simplest hydrocarbon with a triple bond. The most im-
portant properties are given in Tab. 4.1.

Tab.4.1 Chemical and physical properties of acetylene (Passler et al. (1997), Bach et al. (1999))

Property Value Unit

Molecular weight 26.03 g mol”

Heating value 51.2 MJ/kg

Specific gravity 1.17 kg m™ at 0 °C and 101.3 kPa

4.2 Use of acetylene

Due to the high temperature of oxyacetylene flames, acetylene is mainly used in the processing of
meals. It is e.g. used in welding, cutting, brazing, soldering, surfacing, flame spraying, heating, hard-
ening, straightening, cleaning, pickling, rust removal, and decarbonizing.

Acetylene used to be an important starting material for many chemical processes. In recent years how-
ever, it was more and more substituted by other olefins.

4.3 Systems characterisation

Most of the acetylene in western Europe is produced by the partial oxidation of natural gas. 5.9 m3
natural gas and 5.3 kg oxygen is needed to produce 1 kg of acetylene (yield 30%). The inputs are fed
to a special furnace where they react to acetylene at 1500 °C. The gas mixture is cooled after the oxi-
dation. Some soot can be washed out by the cooling water. The rest is retained in electro filters. The
cool gas contains about 8% acetylene. The other gases, mostly CO and H,, are either used as feedstock
for other processes or burned. (Frischknecht (1999))

4.4 Acetylene, at regional storehouse
4.4.1 Process

In this study we assume that natural gas is used as feedstock and as fuel. 1.315 of the 4.7 kg natural
gas input is used as feedstock. Thus 3.385 kg can be used as fuel. We assume that the burning process
is similar to the burning of natural gas in industrial furnaces.

Fig. 6.2 gives an overview of the in- and output flows and
Tab. 6.2 shows the meta data of the process.
4411 Inputs

Oxygen and natural gas are the only feedstock inputs considered. The oxygen is assumed to be pro-
duced at the acetylene production site.
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441.2 Products

Acetylene is only about 8% of the produced gas. The other reaction products are separated and used
outside the system boundaries.

44.1.3 Process heat

Burning a part of the natural gas input provides the process heat. This part of the natural gas is inven-
toried as "natural gas, burned in industrial furnace"

4.4.1.4 Electricity

Electricity is used for compressors, fans and the electrofilter. A consumption of 0.001 MJ per kg
acetylene is assumed.

4.4.2 Emissions
4421 Waste heat

The heat of the electricity consumed is considered as waste heat emissions. The heat of reaction is al-
ready considered in the "natural gas, burned in industrial furnace" module.

4422 Emissions to air

The gases other then acetylene are assumed either to be recovered and used or to be burned substitut-
ing natural gas. Thus the emission of these gases is not accounted for. The only direct air emission is
acetylene.

4423 Emissions to water

Water might be used for cooling. It might be polluted by soot during the process. For a lack of infor-
mation, water emissions are not taken into account.

4424 Emissions to soil

The process induces no direct soil emissions. Indirect emissions (e.g. via waste treatment) are not
taken account of.

4.4.3 Transport

There are only few acetylene producers in Europe. Thus for the transports of the acetylene to the re-
gional storage in Switzerland 600 km of rail and 50 km of lorry transports is assumed. Twice the mass
of the acetylene is used in the calculation to account for the bottles in which acetylene is transported.

4.4.4 Infrastructure

The unspecific chemical production plant is taken into account to consider the infrastructure for the
process (cf. part I, Chapter 2.7).

4.5 Data quality considerations

Data are derived from theoretical knowledge of the production process. No measured data have been
available.

While the masses of inputs and products are believed to be quite accurate, the energy consumption is a
rough estimate. No direct emissions except for acetylene are taken into account. This, of course is an
underestimation.
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This dataset is of poor quality and must not be used in systems where acetylene plays an important
role.

Tab. 4.2 Meta data of "acetylene, at regional storehouse"

Name acetylene, at regional storehouse
Location CH

Infrastructure Process 0

Unit kg

Data Set Version 2.0

Included Processes production and transport to Switzerland
Amount 1

Local Name Acetylen, ab Regionallager

Synonyms Ethin//ethyne

Theoretical data from process analysis. Only the most important flows are taken
into account. Electricity demand is estimated. Not to be used for systems where
acetylene plays an important role.

General Comment to refer-
ence function

Start Date 1991

End Date 2003

Data Valid For Entire Period | 1

Other Period Text

Geography text Production in western Europe

Technology text Par.tial oxidation of natural gas. The flue gas is assumed to be cleaned with elec-
trofilters.

Representativeness [%]

Production Volume Unknown

Sampling Procedure Theoretical model

Extrapolations None

Uncertainty Adjustments None
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General Flow information

Representation in ecoinvent

Uncertainty information

Infra .
Process Sub Loca Modul name in Mean Source mean StDv = General
Input Output Remarks | Cate gory struc | . . Unit Type
Name category ture tion ecoinvent value value 95% @ Comment
oxygen > chemicals inorganics No RER oxygen, liquid, at plant 5.30E+00 kg Frischknecht 1999 1 1.27 (3,3,3,2,1,5,3)
natural gas — natural gas production No RER nf:ltur_al gas, at long-distance 1.68E-03 Nm3 Frischknecht 1999 1 1.27 (3,3,3,2,1,5,3)
(feedstock) (U pipeline
heatil tural , bl d in industrial .
natural gas (fuel) »>| C natural gas | ound No Rep |aturalgas, bumedinindustrial |y 6oe 013 |Frischknecht 1099 1 127 1(3,3,3,2,1,5,1)
o) systems furnace >100kW
el 600 km rail, 50
. ’ t t . . . . . 4,5,n.A.,n.A.,n.
transport rail > 8 q) km _Iorry to s;z:?:sr train No RER transport, freight, rail 1.20E+00 tkm estimation 1 2.09 (A.,n;.,S)n n
o regional storage.
=) = Twice the mass to t t t rt, | 20-28t, fleet 4,5,n.A.,n.A
transport lorry > o ©) account for the ranspor road No CH ransport, forry £0-26t, Tlee 1.00E-01 tkm estimation 1 2.09 (4.5.0-A.nAN.
N bottles systems average A.n.A.,5)
r o
- ()] — for pumps, . . . electricity, medium voltage, . .
Electricit lectricit t N TE 2.78E-04 kWh timat 1 2. 2
ectricity c o filters, .. electricity production mix o uc production UCTE, at grid 8l estimation 56 (5,5,5,5,5,5,2)
Infrastruct lant =)
[:r;iz]ruc ure (plant) > 2 [7p]) chemicals organics Yes RER ' chemical plant, organics 4.00E-10 unit estimation 1 4.25 (5,5,5,5,5,5,9)
5 waste heat erc;m electricity | i, unspecified Heat, waste 1.00E-03MJ | estimation 1 2.56 (5,5,5,5,5,5,13)
% acetylen to air air unspecified Ethyne 1.00E-02 kg Frischknecht 1999 1 3.22 (5,5,5,5,5,5,23)
tyl t
ace_ vien, & chemicals organics No CH acetylene, at regional storehouse ~ 1.00E+00 kg
regional storage
Fig. 4.1 In- and Output flows of "acetylene, at regional storehouse" process
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4.6 Cumulative Results and Interpretation

Results of the cumulative inventory for this substance can be downloaded from the database.
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5 Acrylic Acid

Author: Roland Hischier and Rainer Zah, EMPA St. Gallen
Review: Heiko Kunst, TU Berlin
Last Changes: 2006

5.1 Introduction

Acrylic acid (C;H40,, CAS-No. 79-10-7) is a colourless, slightly water soluble liquid with an acrid
odour. It belongs to the carboxylic acids. The acid may be transported stabilised with inhibitors (such
as hydroquinone derivatives) to prevent polymerisation. Functionally acrylic acid may be regarded as
a derivative of ethylene in which one hydrogen atom has been replaced with a carboxyl group, al-
though this is not the basis of its synthesis. The chemical and physical properties (see Tab. 5.1) of the
polymers can be modified through controlled variation in the selection and balance of the monomers,
the extent of cross-linking and molecular mass. This flexibility is complemented by high resistance to
chemical and environmental degradation, strength, clarity, and being readily available in high purity
forms (Haussinger et al. (2000)).

Synonyms for Acrylic acid: 2-Propenoic acid; Acroleic Acid; Acrylate; Ethylenecarboxylic acid; pro-
pene acid; Propenoic acid; Vinylformic Acid.

Tab.5.1 Chemical and physical properties of acrylic acid Chemfinder (2002).

Property Value Unit Property Value Unit
Molecular weight 7206 |g mol”’ Melting point 13.5 °C
Density (at 30°C) 1.040 | Gem™ Boiling point 141 °C
Water solubility >=10 g/100 ml Flash point 48 °C

5.2 Production Technologies and Use
5.2.1 Production process

In the past, acrylic acid was produced by a variety of different processes. Today, most of the commer-
cial acrylic acid is manufactured by the oxidation of propylene (ACTED-Consultants (1995);
Haussinger et al. (2000)). Two production processes can be distiguished:

Single-step propylene oxidation: The yield in the single-step process is at best approximately 50-
60%. Another drawback is the limited lifetime of the catalyst, which is a multicomponent system
composed of polyvalent oxides with molybdenum oxide as main component and tellurium oxide as
promotor. The disadvantages of this process lead to the development of the two-step process.

CH,=CHCHjs; (propylene) + 3/2 O, — CH,=CHCO,H (acrylic acid) + H,O (1.1)

Two-step propylene oxidation: The limited life of the catalyst has promoted a two stage manufac-
turing process via acrolein using two catalysts. The first stage is the oxidation of propylene to ac-
rolein using a bismuth molybdate catalyst in a strongly exothermic reaction (at about 370°C). In the
second stage, the acrolein gas is passed over a molybdenum vanadium oxide catalyst that is also
exothermic (at about 270°C - about 100°C cooler than the first stage). The crude acrylic acid is
then cooled to about 80°C, absorbed in water (30 to 60% concentration) and extracted with organic
solvent or water (depending on the concentration).

CH,=CHCHj; (propylene) + O, — CH,=CHCHO (acrolein) + H,O (1.2)
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CH,=CHCHO + 1/20, — CH,=CHCO,H (acrylic acid) (1.3)

In a subsequent step, acrylic acid is separated from the large volume of water present in the ab-
sorber effluent. This purification runs either by distillation from the solvent or by removing from
water with added inhibitors to minimise the formation of polymers. Conversion rates of up to 90
per cent are achievable at commercial scales of production depending on technology, catalysts and
conditions.

5.2.2 Production technology

A technical grade of acrylic acid may be produced by a simple distillation to produce a grade of acid
suitable for the manufacture of acrylic esters, but unsuitable for polymerisation. For esters, whose
manufacture is normally integrated with an acrylic acid plant, the purification step is undertaken after
the esterification process. A typical process flow diagram of a single-step destillation plant is shown in
Fig. 5.1.

propylene D—> o
)

air ‘) , ’O incinerator

steam O—» Recycle

Compressor Waste Water
:I Condenser
| waste
/\ /“\ ... ¥ cooling water G water
< ': Light-Gasf——H |-,
Separator . . .
Acrylic Acid P | Acrylic Acid
Reactor Tower
cooling water —>':
Acrylic Acid
Reboiler
low-pressure steam ‘O acrylic
acid

Fig. 5.1 Process flow diagram for acrylic acid production.

A high purity form (often referred to as glacial acrylic acid) is produced by a second distillation or
crystallisation that reduces aldehyde impurities (especially furfural) which inhibit polymerisation. Dif-
ferent grades of glacial acrylic acid are available with flocculants requiring higher purity levels than
dispersants and some other applications.

Though all based on the same principle, there are different catalysts, conditions and systems to pro-
duce acrylic acid with variation in production efficiencies and the quality of finished product. There is
only limited technology available to produce acrylic acid. Most manufacturing plants use the Japanese
Nippon Shokubai process (including Rohm and Haas) and another licensor is Mitsubishi Yuka. BASF
however, the largest scale manufacturer of acrylic acid and esters, does not release its technology. It is
worth noting that technical difficulties have been reported as for example during 1995, Idemetsu Pet-
rochemical Company, and the Sumitomo Chemical Company failed to operate above two-thirds capac-
ity after adding to plant capacity.
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5.2.3 Use of acrylic acid

The annual world production of acrylic acid is about 2.4 million tonnes and is growing at about 4%
per year (Dieterle (2001); Haussinger et al. (2000)). Acrylic acid is a versatile chemical that can be es-
terified, aminated or otherwise modified and polymerised to complex molecular arrangements to suit
requirements. This characteristic enables a broad range of reactions for providing performance charac-
teristics to a range of polymers. The esters are produced by reacting acrylic acid with alcohols espe-
cially ethanol, methanol and butanol that may be saponified, converted to other esters or amides by
aminolysis (Haussinger et al. (2000)).

Acrylates are derivatives of acrylic acid (such as methyl and ethyl acrylate) whose properties have
been sufficiently modified to enable of acrylic acid to be used in different media as emulsion and solu-
tion polymers. As emulsions, these products may be used as coatings, finishes and binders leading to
applications in paints, adhesives, and polishes with solutions used for industrial coatings. Two-third of
the world's production of acrylic acid is used to produce acrylic esters (acrylates) primarily for use in
emulsions and solution polymers for latex-based paints, coatings, adhesives and textiles.

Polymers of acrylic acid can be produced as superabsorbent materials (e.g. for dipers), and soluble as a
replacement for phosphates in detergents. Both of these represent fast growing applications for acrylic
acid. The chemical and physical properties of the polymers can be modified through controlled varia-
tion in the selection and balance of the monomers, the extent of cross-linking and molecular mass.
This flexibility is complemented by high resistance to chemical and environmental degradation,
strength, clarity, and being readily available in high purity forms.

5.3 Systems characterization

Propylene is the only feedstock used in acryl acid plants installed since 1970 and most of commercial
acrylic acid is now produced by the acrolein process using two different catalysts. Thus, the dataset of
the ecoinvent project is also based on the two-step propylene oxidation. The functional unit for the in-
ventory is 1 kg of liquid acrylic acid. As process location Europe (RER) is used.

In the production process the main raw materials, an approximation of the production energy and es-
timations for the emissions to water and air are included. This module represents therefore only a
rough estimation of the process requirements and should be used only for processes where the impact
of acrylic acid is not considered to be high.

5.4 Acrylic acid, at plant (RER)
541 Process

This dataset includes a rough estimation of the production process of acrylic acid by the two-step oxi-
dation out of propylene. Main input data are taken from a Australian report (ACTED-Consultants
(1995)), while the emissions to air and water were estimated using mass balance. It was assumed that
wastewater is treated in a internal waste water treatment plant. In order not to neglect the process en-
ergy demand those values were approximated with data from a large chemical plant site (Gendorf
(2000)). Due to these approximations the uncertainty within the results of this inventory is quite large.
The overall reaction for the production of dimethyl ether can be formulated as follows:

2CH2:CHCH3 + 02 e CHZZCHCHO + Hzo (11)

CH,=CHCHO + 20, — CH,=CHCO,H (1.2)

A typical flow scheme for the industrial production of dimethyl ether is shown in Fig. 5.1 above.
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5.4.2 Resources
Raw materials and Chemicals

For the production of acrylic acid out of propylene, ACTED-Consultants (1995) mentions the follow-
ing inputs (assuming a yield of 90%):

Propylene: 0.63 kg
Ethyl acetate: 0.01 kg
Hydroquinone: 0.002 kg
Catalyst: 0.0003 kg

Out of the documents for a “companion project for curriculum” of the West Verginia University
(Schaeiwitz & Turton (1998)) reports an input of 0.853 kg propylene. This data source contains no
further indications about the input amounts of this process. As this dataset is quite a rough estimation,
for the ecoinvent project the higher value is chosen.

Energy

According to ACTED-Consultants (1995), a natural gas amount of 0.23 MJ/kg acrylic acid is needed.
There is no further energy consumption indicated in this data source nor in other data sources exam-
ined. But usually, electricity is needed to run the process auxiliaries and the wastewater treatment. In
accordance with other chemicals in the ecoinvent project, an electricity amount of 1.2 MJ/kg is used
here — based on the electricity consumption of a large chemical plant site in Germany producing
2.05 Mt a (intermediates included) of different chemicals (Gendorf (2000)).

Water use

There was no information available on the amount of cooling water used within the plant, although
there has to be a respective use. In order not to neglect the process cooling water demand this value
was approximated with data from an large chemical plant site in Germany producing 2.05 Mt a™ (in-
termediates included) of different chemicals (Gendorf (2000)). In this plant in total an average of
24 kg water per kg of product were used for. This value was used in this inventory as approximation
for the cooling water consumption of the ethanolamines production. According to the ongoing IPPC
activities of the European Commission, the cooling water demand may reach 86 kg kWh™' for an once
through cooling system, which would lead to a cooling water demand of 48 kg per kg product for the
assumed process heat demand of 2 MJ. For other cooling systems (closed circuit) the cooling water
demand would be much smaller. For this inventory a value of 0.024 m® cooling water per kg product
was used.

Schaeiwitz & Turton (1998) indicates a water consumption (only process water!) of 0.41 kg/kg acrylic
acid produced. Due to a lack of more information, this value is used here.

Transport

Standard distances and means according to Frischknecht et al. (2007) are used for all input materials
due to the fact that no information is available in Miiller & Hiibsch (2000).
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5.4.3 Emissions
Waste heat

It was assumed that 100% of the electricity consumed is converted to waste heat. It was assumed that
100% of the waste heat is released to the air.

Emissions to air

Schaeiwitz & Turton (1998) contains information about the complete gas outflow from the acrylic acid
production. It is assumed here that this outflow is incinerated on-site in order to recover the energy
content. Thus, the final outflow into the ambient air is CO2, N2 and water vapour. For this process a
complete combustion of the excess propylene flow in this incineration flow is assumed. Diffuse losses
of pgopylene across the complete production plant are in the order of 0.001 g/kg of produced acrylic
acid”.

Emissions to water

According to the information in Schaeiwitz & Turton (1998), the waste water stream is only polluted
with acetic acid and is supposed to go to a wastewater treatment plant (WWTP). Thus, for this study,
the amount of wastewater is taken from the study of Schaeiwitz & Turton (1998) and is represented by
the dataset “treatment, seawage, to wastewater treatment, class 2” due to a lack of more precise infor-
mation.

Solid wastes

Solid wastes were neglected in this inventory. A summary of all values used in this inventory here for
acrylic acid is given in Tab. 5.2.

8 Personal Communication from Consulting Company of Chemical Industry
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Tab.5.2 Energy demand, resource demand and emissions for the production of acrylic acid

[per kg acrylic acid] Remark

INPUTS

propylene kg | 8.53E-01 |according to Schaeiwitz et al. 1998
ethyl acetate ! kg | 1.00E-02 |according to Australian study
hydrochinone kg | 2.00E-03 |dito

catalyst 2 kg | 3.00E-04 |dito

Water, unspecified kg | 4.10E-01 |according to Schaeiwitz et al. 1998
Electricity, medium voltage kWh| 3.33E-01 |estimation

Natural gas, burned in industrial furnace >100kW MJ | 2.30E-01 |according to Australian study
Water, cooling, unspecified m3 | 2.40E-02 |estimation

Transport, by train tkm | 5.19E-01 |standard distances & means
Transport, by lorry tkm | 8.65E-02 |standard distances & means
chemical plant, organics unit | 4.00E-10 |approximation for infrastructure
OUTPUTS

waste heat, to air MJ | 1.20E+00 [calculated from electricity input
carbon dioxide, fossil, to air kg | 7.37E-01 |Schaeiwitz et al. 1998 & incineration propylene
nitrogen, to air kg | 4.73E+00 |according to Schaeiwitz et al. 1998
oxygen, to air kg | 2.66E-01 |according to Schaeiwitz et al. 1998
propylene, to air kg | 1.00E-06 |personal communication

acetic acid, to water kg | 2.88E-04 |according to Schaeiwitz et al. 1998
waste water (amount) kg | 3.33E+00 |according to Schaeiwitz et al. 1998

' shown as “chemicals organic, unspecified, at plant (GLO)”

% shown as “chemicals inorganic, unspecified, at plant (GLO)”

5.4.4 Infrastructure

For the infrastructure of the production plant no information was available. It was assumed that the
importance of the infrastructure is low and therefore the module “chemical plant, organics” was used
as approximation. For this module with a production capacity of 50'000 t per year and a plant life time
of 50 years, an amount of 4 * 10™' units per kg dimethyl ether was included.

5.5 Data quality considerations

Tab. 5.3 shows the data quality indicators for the inventory of the acrylic acid production (Location
RER). The uncertainty scores include reliability, completeness, temporal correlation, geographical cor-
relation, further technological correlation and sample size.

The data in the inventory of the acrylic acid production has a quite a uncertainty, because only few
data of the production processes were available. The highest uncertainties exist for the emissions. Due
to missing data these values are based mainly on assumptions and approximations. Further uncertainty
occurs from possibly missing auxiliary materials and further emissions or wastes. Also for the infra-
structure only an approximation was used because of missing data. Additionally, the most important
fields of the ecospold meta information from this dataset are listed in chapter 5.8.
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Tab. 5.3 Input/Output and uncertainty values for the process “acrylic acid, at plant (RER)”
s
Explanation Name 3 E (aSikiecicies X GeneralComment
g =] plant o
- =
o -g
2| s
21z
|8
Location RER o I
InfrastructureProcess 0 3 g
Unit kg 5 @
Resources Water, cooling, unspecified natural origin m3 2.40E-02 1 11.88((5,5,1,1,4,5); data based on estimation by big chemical plant
Water, unspecified natural origin m3 4.10E-04 1 11.42|(3,5,2,5,3,5); data from 1 US source
Input from propylene, at plant RER kg 8.53E-01 1 [1.42/(3,5,2,5,3,5); data from 1 US source
Technosphere |chemicals organic, at plant GLO kg 1.20E-02 1 [1.42](3,5,2,5,3,5); data from 1 Australian source
chemicals inorganic, at plant GLO kg 3.00E-04 1 [1.42](3,5,2,5,3,5); data from 1 Australian source
electricity, medium voltage, production UCTE, at grid UCTE kWh 3.33E-01 1 11.42|(3,5,2,5,3,5); data from 1 Australian source
natural gas, burned in industrial furnace >100kW RER MJ 2.30E-01 1 11.42|(3,5,2,5,3,5); data from 1 Australian source
transport, freight, rail RER tkm 5.19E-01 1 12.09((4,5,na,na,na,na); standard distances
transport, lorry <16t, fleet average RER tkm 8.65E-02 1 [2.09|(4,5,na,na,na,na); standard distances
chemical plant, organics RER unit 4.00E-10 1 [3.77|(4,5,1,3,5,4); estimation
Output acrylic acid, at plant RER kg 1
Air emission Heat, waste MJ 1.20E+00 1 [1.42](3,5,2,5,3,5); caculated from input
Carbon dioxide, fossil kg 7.37E-01 1 ( ); calculated, based on data from 1 US source
Propene kg 1.00E-06 1 7 |( ); data from personal communication
Water emission |Acetic acid kg 2.88E-04 1 13.16{(3,5,2,5,3,5); data from 1 US source

5.6 Cumulative results and interpretation

Results of the cumulative inventory for this substance can be downloaded from the database.

5.7 Conclusions

The inventory for acrylic acid is based on a general literature source (Ullmann), estimations and as-
sumptions. The unit process raw data are meant to be used as background information if acrylic acid is
used for a product in small amounts. Therefore these data can only give an approximation. They are
not reliable enough for direct comparison of this material with other, alternative products.
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5.8 EcoSpold Meta Information

ReferenceFunction

Geography

ReferenceFunction
ReferenceFunction
ReferenceFunction

ReferenceFunction
ReferenceFunction
ReferenceFunction
ReferenceFunction

ReferenceFunction
TimePeriod
TimePeriod
TimePeriod
TimePeriod
Geography

Technology

Representativeness
Representativeness

Representativeness
Representativeness

Representativeness

Name

Location
InfrastructureProcess
Unit
IncludedProcesses

Amount
LocalName
Synonyms
GeneralComment

CASNumber

StartDate

EndDate
DataValidForEntirePeriod
OtherPeriodText

Text

Text

Percent
ProductionVolume

SamplingProcedure
Extrapolations

UncertaintyAdjustments

acrylic acid, at plant

RER

0

kg

Raw materials and
chemicals used for
production, transport of
materials to
manufacturing plant,
emissions to air and
water from production,
estimation of energy
demand and
infrastructure of the
plant (approximation).
Solid wastes omitted.

1
Acrylsaure, ab Werk

The functional unit
represent 1 kg of liquid
acrylic acid. Large
uncertainty of the
process data due to
weak data on the
production process and
missing data on
process emissions.

79-10-7
2000
2000

1

Data used has no
specific geographical
origin (stoechiometry).
Average europenan
processes for raw
materials, transport
requirements and
electricity mix used.

Production from
propylene by two-step
oxidation process with a
process yield of 90%.
Inventory bases on an
two general reports
about the theoretical
production of acrylic
acid.

worldwide production
2.4 Mt (End of 90s)
literature

see technology and
geography

none
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6 Adipic acid

Author: Hans-Jorg Althaus, EMPA Dibendorf
Review: Heiko Kunst, Berlin

6.1 Introduction

Adipic acid, hexanedioic acid, 1,4-butanedicarboxylic acid, C¢H004, CAS 124-04-9, is the most sig-
nificant commercially of all the aliphatic dicarboxylic acids. Appearing in nature in only minor
amounts, it is synthesised on a very large scale world-wide. (Davis (1997)) Global adipic acid produc-
tion is estimated to be 2.2x106 t. (Anonymous (1996))

Tab.6.1 Chemical and physical properties of adipic acid

Property Value Unit

Molecular weight 146.14 g mol”

Melting point 152.1 °C

Specific gravity 1085 kg m™ at 170 °C
Bulk density (depending on particle size) 600 — 700 kg m*

Adipic acid is isolated as colourless, odourless crystals having an acidic taste. It is very soluble in
methanol and ethanol, soluble in water and acetone, and very slightly soluble in cyclohexane and ben-
zene. Adipic acid crystallises as monoclinic prisms from water, ethyl acetate, or acetone - petroleum
ether. Solubility in water increases rapidly with temperature.

6.2 Use of adipic acid

The primary use of adipic acid is in the production of nylon 66 polyamide.

6.3 Systems characterisation

The process is modelled theoretically because no production data are available.

6.4 Adipic acid, at plant
6.4.1 Process

Essentially all production of adipic acid is derived from the nitric acid oxidation of a mixture of cyclo-
hexanone — cyclohexanol (KA mixture) which is produced by the oxidation of cyclohexane. The reac-
tor, controlled at 60 — 80 °C and 0.1 — 0.4 MPa, is charged with the recycled nitric acid stream, the KA
feed material, and makeup acid containing 50 — 60 % nitric acid and copper — vanadium catalyst. The
reaction is very exothermic (6.280 MJ/kg). Adipic acid is obtained in greater than 90 % yield. Nitro-
gen oxides, carbon dioxide, and some lower dicarboxylic acids are the major by-products, as well as
oxidation products arising from impurities in the KA intermediate.

The nitric acid oxidation step produces three major waste streams: an off-gas containing oxides of ni-
trogen and CO2, water containing traces of nitric acid and organics from the water removal column;
and a dibasic acid purge stream containing adipic, glutaric and succinic acids.

To calculate the amount of KA mixture and nitric acid needed in the production of adipic acid, the fol-
lowing simplified reaction formula is used:

0.733 C¢H;,0 + 0.367 C¢H;00 + 2 HNO; = C¢H;¢04 + N,O + 2 H,O + 7.23 H,
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Fig. 6.1 shows the production process.

Off-
gas  H0
r__ Hp0 f
| —
b | r & Product
d C g = to
J { refining
* + Air Byproduct
I'{ﬁul [ — — " removal,
HNO5,Cu,V catalyst
recovery

Fig. 6.1 Simplified process of nitric acid oxidation of cyclohexanone -cyclohexanol. (Davis (1997))
A) Reactor, b) Optional cleanup reactor, ¢c) NO2 bleacher, d) Nitric acid absorber, €) Concentrator, f) Crystal-
lizer g) Filter or centrifuge

Fig. 6.2 gives an overview of the in- and output flows and

Tab. 6.2 shows the meta data of the process.

6.4.1.1 Inputs

1.1 mol of KA mixture (cyclohexanol/cyclohexanone = 2/1) and 2 mol of nitric acid are needed per
mol adipic acid. Per kg adipic acid (6.843 mol) this corresponds to 0.503 kg cyclohexanol, 0.246 kg
cyclohexanone and 0.431 kg nitric acid (100%).

6.4.1.2 Products

Beside the main product, adipic acid, only the di-nitrogen oxide (0.301 kg/kg) is regarded as relevant.
The other reaction products are separated and used outside the system boundaries.

6.4.1.3 Process heat

The heat of reaction (6.280 MJ/kg) is more than high enough to provide the energy to heat the inputs
to the reaction temperature. Distillation however needs a lot of thermal energy.

6.4.1.4 Electricity

Electricity is used for compressors, fans and pumps. A consumption of 7.95E-4 kWh per kg adipic
acid is assumed.

6.4.1.5 Catalysts

The copper and vanadium catalysts are recovered from and reused in the reaction. Because of the pre-
sumably very low consumption of the catalyst and because no suitable LCI data are available, the use
of catalyst is not taken into account in the LCI.

6.4.2 Emissions
6.4.2.1 Waste heat

The heat of reaction and the electricity consumed are considered as waste heat emissions.
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6.4.2.2 Emissions to air

301 g nitrous oxide is produced per kg adipic acid produced. (300 gN,O/kg according to [Emission in-
ventory Guidebook, B4521-1]). According to EPA’, the N,O emissions from the increasing adipic acid
production in the USA have been decreased by 51% since 1990 due to the use of abatement technolo-
gies by the 3 major producers (40% of world production). Two of them are using catalytic destruction
of N,O (destruction factor 90 — 95%), the 3rth is using thermal destruction (destruction factor 98 —
99%). (Anonymous (2001))

In this project, we assume that 80% of the N,O produced in the reaction is destructed by abatement
technologies.

6.4.2.3 Emissions to water

The adipic acid contained in waste water is diluted, neutralised, and then degraded biologically. The
waste water might be heavy metal contaminated from the catalyst. For the lack of information, no wa-
ter emissions are taken account of.

6.4.2.4 Emissions to soil

The process induces no direct soil emissions. Indirect emissions (e.g. via waste treatment) are not
taken account of.

6.4.2.5 Spent catalysts

The catalyst waste is neglected because the catalyst input is neglected too.

6.4.3 Transport

The standard distances and means of transport from Frischknecht et al. (2007b) are assumed for the
transportation of the input materials to the production plant.

6.4.4 Infrastructure

The unspecific chemical production plant is taken into account to consider the infrastructure for the
process (cf. part I, Chapter 2.7).

6.5 Data quality considerations

Data are derived from theoretical knowledge of the production process. No measured data have been
available.

While the masses of inputs and products are believed to be quite accurate, the energy consumption is a
rough estimate. No direct emissions except for N,O are taken into account. This, of course is an un-
derestimation of them.

7 http://www.epa.gov/globalwarming/emissions/national/n20.html, accessed 10.09.2002
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Tab. 6.2 Metadata of adipic acid production process
Name adipic acid, at plant
Location RER

Infrastructure Process 0

Unit kg

Data Set Version 2.0

Included Processes

Production including refining (to 99%).

Amount 1
Local Name Adipinsaure, ab Werk
Synonyms Hexandisaure

General Comment to refer-
ence function

Theoretical data from process analysis. Only the most important flows are taken
into account. Energy demand is estimated. More than 80% of the total production
is by this process.

CAS Number 124-04-9
Start Date 1997
End Date 2001

Data Valid For Entire Period

1

Other Period Text

Geography text

Technology text

Nitric acid oxidation of cyclohexanol / cyclohexanone mixture (2:1) to adipic acid.
Abatement of N2O emissions is assumed to reduce the emissions by 80%.

Representativeness [%)]

Production Volume

2.2 million tons per year

Sampling Procedure

Theoretical model

Extrapolations

None
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General Flow information

Representation in ecoinvent

Uncertainty information

Infra .
Process Loca Modul name in Mean Source mean StDv | General
Input Output Remarks | Cate gory struc | . . uUnit Type
Name category ture tion ecoinvent value value 95% = Comment
loh 1/
cyconexano > chemicals organics No RER | cyclohexanol, at plant 7.49E-01 kg calculated 1 1.45 (4,2,4,2,3,5,3)
cyclohexanone
nitric acid chemicals inorganics No RER nitric acid, 50% in H20, at plant 4.31E-01 kg calculated 1 1.45 (4,2,4,2,3,5,3)
catalyst > not inventoried
heat, unspecific, in chemical personal
Steam > chemicals organics No RER i P ! 3.13E+01 MJ communication, M. 1 1.38 (4,5,2,3,1,5,1)
] plant
Overcash
c ersonal
© electricity, medium voltage, P
electricity > — electricity production mix No UCTE . ) 1.06E+00 kWh communication, M. 1 1.38 (4,5,2,3,1,5,2)
o production UCTE, at grid Overcash
cooling water > = resource in water Water, cooling, unspecified 1.00E-02m3 | estimate 1 256 |(5,5,5.5,5,5.4)
CU natural origin
- standard distance transport
Transport rail > for raw material s stesm train No RER transport, freight, rail 7.08E-01 tkm estimate 1 3.22 (5,5,5,5,5,5,5)
(&) transport 4
@©
standard distance transport transport, lorry >16t, fleet
Transport lorry > ) for raw material P road No RER port, y ! 1.18E-01 tkm estimate 1 3.22 (5,5,5,5,5,5,5)
b systems average
o transport
Infrastructure (plant =
[:nria;;ruc ure (plant) > g chemicals organics Yes RER ' chemical plant, organics 4.00E-10 unit estimate 1 4.25 (5,5,5,5,5,5,9)
= |Waste heat air unspecified Heat, waste 3.81E+00 MJ calculated 1 1.38 (4,5,2,3,1,5,14)
= |H2 as byproduct |[not inventoried calculated
= |Dinitrogen oxide air unspecified Dinitrogen monoxide 6.02E-02 kg calculated 1 1.73 1 (4,2,4,2,3,5,31)
Adipi i t
> p:je:r,:lc acid, a chemicals organics No RER adipic acid, at plant 1.00E+00 kg
Fig. 6.2 In- and Output flows of the adipic acid production process
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6.6 Cumulative Results and Interpretation

Results of the cumulative inventory for this substance can be downloaded from the database.
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7 Air Separation

Author: Alex Primas, ETHZ
(Additions: Christian Capello ETHZ)
Review: Roland Hischier, EMPA St. Gallen

7.1 Introduction

The main components of air are nitrogen and oxygen, but it also contains smaller amounts of water
vapour, argon, carbon dioxide and very small amounts of other gases (e.g. noble gases). The purifica-
tion and liquefaction of various components of air, in particular oxygen, nitrogen and argon, is an im-
portant industrial process.

Nitrogen (N,) constitutes 78.09% by volume of the air. It is colourless, odourless, and tasteless. Nitro-
gen is often used as an "inert" gas due to its non-reactive nature with many materials. Commercial ni-
trogen is produced by different air separation processes as cryogenic liquefaction and distillation, pres-
sure swing adsorption (PSA) and membrane separation.

Oxygen (O,) constitutes 20.95% by volume of the air. Liquid oxygen is pale blue. The principal use of
oxygen stems from its strong oxidising properties. Oxygen is produced by air separation processes that
use either cryogenic liquefaction and distillation or separation with vacuum swing adsorption (VSA).

Argon (Ar) is a monatomic, chemically inert gas composing slightly less than 0.93% by volume of the
air. Argon is colourless, odourless, tasteless, non-corrosive, non-flammable, and non-toxic. Argon is
the most abundant and most used of the noble gases. Commercial argon is the product of cryogenic air
separation.

Cryogenic distillation accounts for approximately 85% of nitrogen and over 95% of oxygen produc-
tion. It is the preferred supply mode for high volume and high purity requirements (Praxair 2002).
Cryogenic air separation is currently the most efficient and cost-effective technology for producing
large quantities of oxygen, nitrogen, and argon as gaseous or liquid products (Smith & Klosek 2001).
Therefore in this inventory only the production of liquefied nitrogen, oxygen and argon by cryogenic
air separation was investigated.

The most important physical properties of dry air, oxygen, nitrogen and argon used in this inventory
are given in Tab. 7.1.

Tab. 7.1  Physical properties of dry air, oxygen, nitrogen, argon, krypton and xenon

Property Unit Air Oxygen Nitrogen Argon
Molecular weight g mol”  |28.96 32.00 28.01 39.95
Specific gravity ' kg Nm™ |1.293 1.429 1.250 1.784
Normal boiling point K 78.9 90.18 77.35 87.28
Specific gravity 2 kgm? |874 1141 808.9 1403

' At 273.15 K and 0.1013 MPa (Cerbe & Hoffmann 1990)
2 At normal boiling point (Flynn 1997)

For the liquefaction process the functional unit is 1 kg of liquefied air in this inventory.

For the allocated products in this inventory, the functional unit is 1 kg of liquefied oxygen, 1 kg of
liquefied nitrogen or 1 kg of liquefied argon respectively.
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7.2 Reserves and resources of material

Besides the air needed as a resource the major input for the liquefying process is the electricity to
compress the inlet air, which normally comprises 95% of the utility costs of a cryogenic air separation
plant.

The assessment of the process for Europe gives an uncertainty within the relevant electricity mix. For
the unspecified location in Europe (Location: RER) the UCPTE production mix was used. For a spe-
cific location, the use of a regional supply mix can lead to large differences in impact due to the differ-
ent electricity production.

In this inventory the air and its components were not taken into account as a resource. In some plants
the amount of processed air (in Nm®) can be up to 5 times larger than the derived liquid products
(Cryogenmash 2001). In these plants, the waste gas stream is naturally also much larger (in order to
obtain the mass balance).

7.3 Use of material / product

Liquid nitrogen, produced by the cryogenic air separation process, finds wide use as a refrigerant in
applications such as cryogenic grinding of plastics and food freezing. Gaseous nitrogen is used in the
chemical and petroleum industries for storage tank blanketing and vessel inerting applications, in the
food industries to pack oxidisable foods and by the electronics and metals industries for the inert prop-
erties.

The major commercial uses of oxygen are in metal manufacturing, metal fabricating, and in health ser-
vices. Oxygen is also used extensively in the chemical industry and in the pulp and paper industry.

Argon is the most abundant and most used of the noble gases. Its chief use is in metallurgy, where it
provides an inert atmosphere in which hot metals can be worked. Because argon is very un-reactive, it
prevents chemical reactions of the very hot metal being welded or forged.

7.4 Systems characterization

The production of liquid gases from air was assessed by the process of cryogenic air separation. The
process chain was assessed as shown in Fig. 7.1.

The following processes were modelled:
Cryogenic air separation (Location: RER)

Allocation of liquefied air to products liquid oxygen, at plant (Location: RER); liquid nitrogen, at
plant (Location: RER); liquid argon, crude, at plant (Location: RER)

Purification of crude argon to: liquid argon, pure, at plant (Location: RER)

Air separation plant (infrastructure module)

The liquefaction process of air represents an average cryogenic air separation process. For this proc-
ess, electricity as process energy is needed. Air as main resource for air liquefaction was not accounted
as resource because of its inexhaustibility and the short recycling time of the withdrawn products (es-
pecially for argon and nitrogen, less for oxygen). A resource of minor importance is cooling water.

As output of the cryogenic air separation liquid air is derived, which is allocated to the three products
liquid oxygen, liquid nitrogen and liquid crude argon.

Emissions to the air are already included in the preceding processes especially in the electricity pro-
duction and are therefore not considered here. The separated CO, and water vapour from the separa-
tion process were not accounted as emissions. The reason is that these components were already con-
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tained in the air input, so that they do not represent effective emissions. The waste heat considered in
the liquefaction process is calculated as waste heat of the used electricity only. As wastewater, there is
the unevaporated share of the make-up cooling water, but it was not listed because only minor emis-
sions from this source were expected.

) ) Resources Emissions -
Water, cooling, unspecified —* — | Waste heat, to air
Air separation, - Released cooling water
Electricity, medium voltage, cryogenic, RER | T (not considered)
production UCTE, at grid, RER
Energy {
Air separation plant, RER
Infrastructure
Allocation
Argon, crude, I Nitrogen, liquid,
e B S e—
liquid, at plant, at plant, RER
RER

Oxygen, liquid, at
- plant, RER

Processes Emissions

Hydrogen, liquid, at plant, RER

Waste heat, to ai
— ™ Argon, liquid, at [ ™ aste heat, fo air
plant, RER

Electricity, medium voltage, I———

production UCTE, at grid, RER
*— Air separation plant, RER

Infrastructure

Fig. 7.1 Process chain for the production of liquid oxygen, liquid nitrogen and liquid argon

No transportation process and loss of liquefied gases during storage and transportation was included
because the system border is considered at the plant gate and not at the consumer process.

For the transport of liquefied gases to a customer in Switzerland the average distance from the plant to
the customer is 150 km. Normally there are two customers serviced with one transport of 10°000 Nm®
liquefied gas ®. Therefore a one-way distance for one customer, or per 5’000 Nm’ can be assumed as
100 km.

8 Personal communication, Heinz Peyer, Carbagas AG, 2001.
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7.5 Air separation, cryogenic
7.5.1 Process

As output of the cryogenic air separation there are three products: liquid oxygen, liquid nitrogen and
liquid crude argon. The assumed process includes no gaseous co-products. In reality gaseous products
are also processed if there is a demand at the production site. Also the extraction of noble gases from
the liquid gases (e.g. Xenon and Krypton from the liquid oxygen) was not considered in this inven-
tory. The investigated cryogenic air separation process leads to liquid products in the following qual-

1ty:
Liquid oxygen: min. 99.6 wt-%
Liquid nitrogen: min. 99.9995 wt-%

Liquid argon, crude: 96-98 wt-%

An air pre-treatment section downstream of the air compression (0.7 MPa) and after cooling removes
process contaminants, including water, carbon dioxide, and hydrocarbons. The air is then cooled to
cryogenic temperatures and distilled into oxygen, nitrogen, and, optionally, argon streams. Alternate
compressing and expanding the recycled air can liquefy most of it.

Numerous configurations of heat exchange and distillation equipment can separate air into the re-
quired product streams. These process alternatives are selected based on the purity and number of
product streams, required trade-offs between capital costs and power consumption, and the degree of
integration between the air separate unit and other facility units. This process requires very compli-
cated heat integration techniques because the only heat sink for cooling or condensation is another
cryogenic stream in the process.

Since the boiling point of argon is between that of oxygen and nitrogen, it acts as an impurity in the
product streams. If argon were collected and separated from the oxygen product, an oxygen purity of
less than 95% by volume would result (Barron & Randall 1985). On the other hand, if argon were col-
lected with the nitrogen product, the purity of nitrogen would not exceed 98.7% by volume. To
achieve higher purities of oxygen and nitrogen the elimination of argon is necessary.

Commercial argon is the product of cryogenic air separation, where liquefaction and distillation proc-
esses are used to produce a low-purity crude argon product. Fig. 7.2gives a simplified scheme of the
cryogenic air separation process.

Blectricity Cooling
w ater
Liquid N,,
recycle gas at plant
i »
Liquid Ar,
N2 crude,
at plant
T
P
Alr ! Distilation | " Feat
Heat Exchange
| Compressor | g Excr?:nge - Liquid O,,
02 at plant
P
T
CO,, H,0, Released Waste
w aste gas cooling heat
w ater

Fig. 7.2 Simplified process of cryogenic air separation
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7.5.2 Resources
Electricity

Cryogenic air separation plants require large quantities of electricity. The amount of electricity needed
per kilogram of liquefied product depends on the applied process, which is selected based on the pu-
rity and number of product streams required.

The specific energy consumptions of gaseous nitrogen generators range from 0.1-0.3 kWh Nm™ de-
pending on capacity and pressure. Producing a liquid product from the distillation system requires 2-3
times the power of producing a gaseous product. The cycle must also efficiently recover the refrigera-
tion contained in the pumped product stream. Plants with nitrogen loops reach a specific energy con-
sumption for liquid nitrogen of 0.8 kWh Nm™. Cold cascades with separate or mixed loops are used in
large liquefaction units and have a specific energy consumption for liquid nitrogen of
0.5-0.6 kWh Nm™ (Ullmann 2001, Cap. 4.1).

The value of 0.5 kWh kg™ for liquid O, and N, (Frischknecht et al. 1996, Tab. A35.1) bases besides
Ullmann on Boustead & Hancock 1979 which presents for liquid nitrogen a value of
0.76 kWh kg"'and for liquid oxygen values between 0.26 kWh kg” and 1.17 kWh kg™'. Some values
seem too low and represent rather the production of gaseous nitrogen and oxygen, which has a much
lower electricity demand (0.2 kWh kg™") than the liquid products (Ullmann 2001).

For an ideal process with reversible pre-cooling, the power consumption for air liquefaction would be
0.194 kWh kg™'. The best value obtained lies at 0.8 kWh kg™ for air liquefaction (Flynn, 1997, p. 322).
New production plants need 0.6 kWh kg oxygen’. This corresponds approximately to the value for
liquefied air at optimal production circumstances of 0.8 kWh Nm™, whereas under non-optimal condi-
tions (part load) the power consumption reaches 1.2 to 1.5 kWh Nm>, which equals 0.9 to 1.2
kWh kg of liquefied product'®. AGA [AGA, 1998 #100] cites the energy consumption for liquid gas
production of a modern plant to be slightly below 1 kWh Nm™ (0.77 kWh kg™"). For small plants with
a capacity for liquefied products from 1000-6000 kg h™' the energy consumption was derived from the
manufacturers technical data sheets. For these plants the energy consumption lies in a range from 0.7
to 1 kWh per kg of liquefied product (Cryogenmash 2001;Cosmodyne 2001).

An average energy consumption of 0.8 kWh kg™ liquid air was assumed for this inventory. This value
equals the energy consumption of larger plants under average operating circumstances. It covers also
the energy consumption of smaller plants under optimal operating circumstances. The lower value (0.5
kWh kg™) for a large separation plant given by Ullmann 2001 seems very optimistic for a real plant
operation. This value was assumed as best case for the power consumption of a large plant. As worst
case the value of 1.2 kWh kg was taken, which represents power consumption under unfavourable
part load conditions.

For an unspecified location within Europe the UCTE production mix was used. This leads to a high
uncertainty when the liquefied air is used for an inventory of a process in a specific location (e.g. food
industry in Switzerland). For further precision of the process assessed, the electricity module has to be
replaced by a more specific one (local electricity mix). For larger plants with a power consumption of
several MW the use of medium voltage electricity is applicable. For small plants also power supply
with low voltage (380 V, 50 Hz) would be possible. For this inventory, medium voltage electricity was
used, because large plants have the main production share of the liquefied air products in Europe. A
summary of the values used is given in Tab. 7.2.

9 Personal communication, Nicolas Zennaro, AGA, 2001.

10 personal communication, Richard Troxler, Pangas AG Switzerland, 16.01.2002.
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Cooling water

The main cooling circuit is assumed as an open recirculating system with a cooling tower. There will
be need for replacement of water due to evaporation and blow down.

A small air separation plant (1000-2000 kg d™') has a cooling water demand (circulating) of 0.12 to
0.16 m® per kg liquefied product (Cosmodyne 2001). Assumed that the make up of cooling water ac-
counts to 1-3% of the circulating flow (IPPC 2000), the demand for make up water is 1.2-4.8 kg per
kg liquefied product. This value is assumed to be valid also for larger plants. According to Recknagel
et al. 1997 (p. 1805) a maximal cooling water make up of 3 kg h™' is necessary to cool 1 kW of gener-
ated waste heat. Calculated with the average produced waste heat, a cooling water make up of 2.7 kg
per kg of liquefied product would be necessary. This value corresponds to the value calculated from
the available plant data. The range of required cooling water make up was assumed to be between
1.2 kg and 4.8 kg per kg of liquefied product.

7.5.3 Emissions
Waste heat

It was assumed, that 100% of the electricity consumed is converted to waste heat (2.88 MJ kg). In
addition, the liquefied gases take up 0.4 MJ kg-1 waste heat. This amount is not considered in the in-
ventory because the cooling ability of the liquid gases in the process where these are used is also not
considered (as negative waste heat). The range of waste heat from the electricity use was assumed to
be between 1.8 MJ and 4.32 MJ waste heat per kg of liquefied air.

It was assumed that 100% of the waste heat is released to the air mainly through evaporation in the
cooling tower.

Emissions to air

The released waste gas containing the unextracted impurities of the air (mainly H,O and CO,) and the
water vapour of the cooling tower were not counted as emissions (see Section 1.4). No other emissions
to the air were considered. The main source of air emissions is the electricity production process.

Wastewater

From the input of cooling water the unevaporated part is released as wastewater. According to the as-
sumptions for the cooling water about 33% of the cooling water make up will be lost due to spray
losses (Recknagel et al. 1997, p. 1805). The other 66% will evaporate in the cooling tower. This means
that 0.9 kg water per kg of liquefied product will leave the cooling system as wastewater. The values
for the assumed range of released wastewater were calculated similarly. The range of wastewater ef-
fluents was assumed to be between 0.4 kg and 1.6 kg per kg of liquefied product.

This wastewater contains small amounts of treatment chemicals used for scaling- and fouling inhibi-
tion. The water pollution due to the use of these chemicals was not considered in this inventory.
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Tab. 7.2 Energy demand, Resource demand and emissions for cryogenic air separation.

Resource, Emission Unit [per kg liquefied air [Range; per kg liquefied air
Electricity, medium voltage, kwh (0.8 05-1.2

production UCTE, at grid
Air (containing N, O,, Ar) ? kg 1

Water, cooling, unspecified m® 2.7*10° 1.2*10°-4.8*10°
natural origin

Waste heat to air® MJ 2.88 1.8-4.32

Cooling water vapour to air* kg 1.8 08-32
Wastewater from cooling * kg 0.9 04-1.6

Conversion factor from Nm? to kg for air: 1 Nm® = 1.293 kg

' Assumed as average electricity consumption for a large air separation plant. Value also valid for small air separa-
tion plants at optimal operation point (plant size > 1000 kg h™).

2 Air as resource was neglected in the inventory.
8 Only waste heat from electricity use considered. Waste heat from reaction in preceding processes considered.
* Not considered in the inventory. Emissions to water from released cooling water neglected.

7.5.4 Infrastructure

The land use is already included in the infrastructure process of the production facility and therefore
not considered separately. The infrastructure of the air separation plant refers to an annual production
of 80'000 t liquid product and a plant lifetime of 20 years. Therefore the infrastructure has to be di-
vided by a production of 1.6 Mt. With this product output an infrastructure value of 0.63 * 10” units
per kg of liquefied product were calculated.

7.6 Allocated products of cryogenic air separation

An important step in the process chain is the allocation of the burdens on to the products “nitrogen,

liquid, at plant”, “oxygen, liquid, at plant” and “argon, crude, liquid, at plant”. For this allocation a
plant design without gaseous nitrogen, oxygen or argon products was assumed.

The first step was to determine the necessary amount of energy to liquefy each of the three gases. For
this first allocation step it was assumed, that the thermodynamic efficiency of the cooling and liquefy-
ing process is for all three gases the same. Therefore the allocation factors were calculated from the
heat of vaporisation and the specific heat capacity. In reality there will be some difference in the ther-
modynamic efficiency for the three gases within the liquefaction process (COP of the compression and
expansion cycles). These differences are specific to the used plant design and were neglected in this
inventory.

Because in most plants there are possibilities to change the production outputs between nitrogen and
oxygen in a wide span, the process output used for the allocation values represent only one possibility.
Changes in the proportion of the outputs however do not greatly influence the allocated burdens per kg
of product. The calculated difference between the two extreme production modes (max. O,, and max.
N,) is in the order of 5% of the allocated value.

In the production mode with a maximum liquid O, output (around 80 wt-% O, of total liquid product)
also the liquid argon output reaches a maximum (around 3 wt-% Ar of total liquid product). The liquid
N, output is the lowest in this mode and the remaining N, is released as waste gas or gaseous product,
which is not considered in this inventory. In the production mode with a maximum liquid N, output
(around 90 wt-% N, of total liquid product) there is no liquid argon output and the liquid O, output
reaches a minimum. For this inventory the generated output of liquid oxygen, nitrogen and crude ar-
gon (in wt-% of total liquid output) was assumed to be equal to the concentration (by weight) in the
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air. This assumed output lies nearer to a possible maximum N, output than to a maximum O, output of
the plant. The calculated allocation factors are presented in Tab. 7.3.

The theoretical energy needed for liquefaction is highest for nitrogen due to the low boiling point and
lowest for argon due to the low heat capacity. According to the assumed product output per kg lique-
fied air (0.231 kg O,, 0.755 kg N,, 0.014 kg Ar) the allocation factors calculated from the heat of va-
porisation and the specific heat for cooling to the boiling point are 22.2 % for O,, 76.9 % for N,, and
0.9 % for Ar. Referred to a liquid output of 1 kg this allocation leads to an electricity consumption of
0.769 kWh for O,, 0.815 kWh for N,, and 0.518 kWh for Ar (calculated with a electricity demand of
0.8 kWh per kg of liquefied air). These allocation factors were also applied to the cooling water de-
mand, because the demand of cooling water is linked with the energy demand of the plant. As ap-
proximation the same factors were also used to allocate the infrastructure processes.

Tab. 7.3 Calculated allocation factors for liquid air production. Allocation to liquid O, N, and crude Ar

Liquid gas Lyt cp AT®  |aH Process |Allocation [Allocated energy
output [factor * consumption °
kikg? |kIkg'K |K kI kgt |kg % kwh kg™
Oxygen 212.9 0.915 202.97 [398.58 ]0.231 22.2 0.769
Nitrogen 198.3 1.039 215.80 [422.45 ]0.755 76.9 0.815
Crude argon |161.6 0.520 205.87 |268.71 0.014 0.9 0.518
Total Output |- - - 414.92 1.000 100.0 0.800

Process output according to by weight concentration of O,, N> and Ar in the air (100% conversion to liquids).

' Heat of vaporization at normal boiling point. Data from Flynn 1997.

2 Specific heat capacity ¢, at 273 K. Data from Cerbe & Hoffmann 1990; temperature dependence of ¢, neglected.
® Difference between 293 K and boiling point of gas

* Referenced to assumed process output

® Calculated as allocated energy demand per 1kg of liquid output (0.8 kWh per kg energy demand for liquefaction)

7.7 Argon, liquid, pure, at plant
7.7.1 Process

Pure commercial argon (99.999% Ar) is purified from crude argon (96-98% Ar, 2-4% O,, <1% N,) in
further rectification columns and catalytic removal of the remaining oxygen impurities with hydrogen.

The crude argon is heated in a heat exchanger and compressed to 4-6 bar. Then the deoxygenating of
the stream with hydrogen takes place and the stream is cooled from 950 °C to 15 °C. After further
cooling in the heat exchanger, pure argon is separated from excess hydrogen in a distillation column.

It is also possible to pass the crude argon through further rectifying columns and achieve an impurity
of only 10 ppm without the use of hydrogen ''. In this case the consumption of hydrogen would be
negligible, but the electricity demand will probably be significant. This alternative purification process
was not considered in this inventory. Fig. 7.3 gives a simplified scheme of the purifying process for
crude argon.

As resource hydrogen (Process: hydrogen, liquid, at plant, RER) is used to purify the liquefied crude
argon. For further compressing, distilling and cooling, electricity (process: electricity, medium volt-
age, production UCTE, at grid) was used. The transport of the hydrogen to the plant was neglected.

! personal communication, Richard Troxler, Pangas AG Switzerland, 16.01.2002.
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As output of the purifying unit liquid argon with a purity of 99.999% is derived. The functional unit of
the process is 1 kg liquid argon.

Hydrogen * Electricity

#

Liquid Ar, crude, Heat Liquid Ar, pure,
at Plant catalytic O, Exchange at Plant
1 removal [— —
H20, Waste
waste gas heat

Fig. 7.3 Simplified purification process of crude argon

7.7.2 Resources
Electricity

The energy required for the purification step of crude argon is needed for the catalytic removal of the
oxygen impurities and further cooling and distilling of the pure argon. According to Cornelissen &
Hirs 1998 the additional energy consumption in the argon purifying unit will be around 0.667 MJ per
kg of liquid argon (exergy loss due to the purification step). Thereof 75% or 0.5 MJ kg™ is needed as
hydrogen (gross calorific value) used to remove the oxygen impurities. The remaining 0.167 MJ kg™
are used for further process steps (compressing, distillation, heat exchanger losses) and are accounted
as additional power consumption in this inventory.

Hydrogen

For the purifying of crude argon according to Cornelissen & Hirs 1998 approximately 0.5 MJ hydro-
gen per kg liquid argon is needed to remove the oxygen impurities. Calculating with a gross calorific
value (HHV) of 127.6 MJ per kg hydrogen a demand of 0.004 kg H, per kg purified argon was calcu-
lated. In Tab. 7.4 a summary of the values used is given.

7.7.3 Emissions
Waste heat

The waste heat considered in this process is calculated as waste heat of the energy used. 100% of the
electricity consumed is converted to waste heat. In total there is 0.167 MJ waste heat generated per kg
of pure liquid argon. It was assumed that 100% of the waste heat is released to the air. In Tab. 7.4 a
summary of the values used is given.
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Emissions to air, water

The small amount of waste gas containing mainly H,O, N, and non-oxidized H, was neglected. Other
emissions to the air and to the water were not considered.

Tab. 7.4 Resources and emissions for argon purification

Resource, emission Unit per kg Ar (purified)

Hydrogen, liquid, at plant kg 0.004

Electricity, medium voltage, production UCTE, at grid kWh 0.0464

Waste heat, to air MJ 0.167

2Waste heat from electricity use.

7.7.4 Infrastructure

There was no data on the additional infrastructure demand for the argon-purifying step. For the addi-
tional infrastructure needed for this step, 30% of the value of the other liquid products was estimated.
With this assumption an infrastructure value of 0.2 * 10” units per kg of purified argon was calcu-
lated.

7.8 Air separation plant
7.8.1 Process

The infrastructure of the air separation plant contains besides the aluminium for the column and cold
resistant steel for the piping also low-alloyed steel and various other materials in the compressors,
cladding and other components. The plant described in this inventory refers to a medium sized plant
with an output of 10’000 kg per hour of liquid products (80'000 t per year). Besides the infrastructure
in this module also the land use of the plant is included. This module is only a rough approximation
for the infrastructure and land use of an air separation plant. The process chain was assessed as shown
in Fig. 7.4.

Waste
process

Dismantling, facilities, chemical
production, RER

Occupation:

Processes industrial area, built up
construction site

A

Aluminium, 0% recycling at plant, ‘
RER Air separation
plant, RER

Transformation:
from unknow n to industrial area,
- built up

—

Facilities, chemical production, RER

Land use

Fig. 7.4 Process chain for the infrastructure of an air separation plant
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7.8.2 Land use and infrastructure
Infrastructure

The infrastructure of the air separation plant contains besides cold resistant steel and aluminium for the
piping and the column also low-alloyed steel and various other materials in the compressors and other
components. The weight of the equipment is largely dependent of the size of the plant. For small
plants with an output of 100 kg liquefied product per hour a plant weight of 8-10 t is common (Stirling
2002). For very large plants the specific weight (referred to the output per hour) of the plant is esti-
mated to be more than 10 times smaller (Messer Griesheim 2000). For this inventory an amount of
10 kg per kg hourly production output was assumed. This leads to a total plant weight of 100 t. 10% of
the total weight was accounted as aluminium for the column. The rest was assumed to be a similar ma-
terial composition as used for the production facilities in the chemical industry. This amount was as-
sessed with the process “facilities, chemical production”. In this process the transports to the construc-
tion site are already included. For the aluminium used in the construction the standard distances for
Europe of 200 km rail (2000 tkm) and 100 km road (1000 tkm, lorry 32 t) were applied for these
transports.

For the disposal it was assumed that the aluminium column is recycled and therefore no disposal proc-
ess was included for this part. For the rest of the plant the process “Dismantling, facilities, chemical
production” was applied. The values used for the infrastructure are given in Tab. 7.5.

Land use

Also the land use of the air separation plant depends on the size of the plant. For small plants with an
output of 100 kg liquefied product per hour a space requirement of 0.3 m” per kg hourly production is
reported (Stirling 2002). For larger plants with an output of 3000 kg liquefied product per hour the
space requirement lowers to 0.2 m” per kg hourly production (Cosmodyne 2001). For very large plants
the land use was estimated to be about 0.1 m* per kg hourly production. For this inventory an average
amount of 0.1 m?® per kg hourly production output was assumed. This leads to a total area occupied by
the plant of 1000 m*. The whole site was accounted as “industrial area, built up”. For the time of oc-
cupation 20 years were assumed as plant lifetime. Furthermore, one year of occupation as construction
site for construction and dismantling was assumed. The occupation of the area before the occupation
as industrial area is not known (transformation from unknown). The values used for the infrastructure
are given in Tab. 7.5.

Tab. 7.5 Land use and infrastructure of the air separation plant.

Resource, Use Unit per unit ! per kg of product
Aluminium, 0% recycling kg 10 * 10° 6.25* 10°
Facilities, chemical production kg 90 * 10° 56.3* 10°
Dismantling, facilities, chemical production kg 90 * 10° 56.3 * 10®
Transport, freight, rail, RER tkm 2*10° 1.25*10°
Transport, lorry 32t, RER tkm 1*10° 0.625* 10®
Occupation, industrial area, built up m? a 20*10° 12.5*10°
Occupation, construction site m?a 1+*10° 0.625 * 10°®
Transformation, from unknown m? 1+*10° 0.625 * 10°®
Transformation, to industrial area, built up m? 1*10° 0.625* 10°

' Air separation plant with a liquid product output of 0.08 Mt a” or 0.8 Mt during the whole lifetime (20 years) of the
site. Per kg of liquid product therefore a share of 625 * 107 units of the infrastructure is needed.
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7.9 Data quality considerations

Tab. 7.6 shows the data quality indicators for the inventory of liquefied gas production in Europe
(oxygen, nitrogen, argon). Tab. 7.8 shows the data quality indicators for the inventory of pure argon
production. Tab. 7.9 shows the data quality indicators for the infrastructure of the air separation plant.
The uncertainty scores include reliability, completeness, temporal correlation, geographical correla-
tion, further technological correlation and sample size.

The most important data for the production of liquefied gases is the electricity demand. This data was
derived from different sources and shows a quite large range depending on plant size and production
mode. The used electricity mix refers to an average European production. Therefore for a specific lo-
cation of the air separation plant large differences may occur when using a local supply mix.

The allocation used is based on a theoretical (ideal) energy demand for cooling and liquefaction of the
gases. The uncertainty in using those and not other (more specific) allocation rules is of importance
but cannot be quoted as a data uncertainty. The allocation factors used for the three gases are shown in
Tab. 7.7.

The cooling water demand is based on assumptions concerning the operation of the cooling circuit and
has therefore higher uncertainties. The highest uncertainties exist for the data concerning the argon pu-
rifying. Depending on the process used in a plant and the purity required the amount of energy and
hydrogen may vary largely.

In general the infrastructure data has a high uncertainty: Because of missing specific data approxima-
tions were used in this inventory. Especially uncertain is the infrastructure for the argon-purifying
step, which was only roughly estimated.

Tab. 7.6 In-/Outputs for the module “air separation, cryogenic, at plant”, location RER

Process output: 1 kg, air separation, cryogenic, RER \ \
Name, Location Value Unit Uncertainty Comment
Type Score St.Dev.
—~|electricity, medium voltage, production UCTE, at grid, UCT| 8.00E-1|kWh |lognorm |3,4,1,1,1.4 1.19E+0|Data from different sources and literature
“ [air separation plant, RER 6.30E-10{unit_]lognorm _ 15,5,1,3,3,5 3.36E+0[Estimated from data of small plants
& |Water, cooling, unspecified natural origin 2.70E-3|m3__|lognorm  [3,4,1,1,4,4 1.55E+0|Assumtions of technology used for cooling
& |Heat, waste, to air, low population density 2.88E+0[MJ |lognorm |3,4,1,1,1,4 1.19E+0|Calculated from electricity use
oxygen, liquid, at plant, RER 2.31E-1]kg -|not applicable -|Uncertainty not applicable for allocated product
nitrogen, liquid, at plant, RER 7.55E-1]kg -|not applicable -|Uncertainty not applicable for allocated product
< [argon, crude, liquid, at plant, RER 1.40E-2|kg -|not applicable -|Uncertainty not applicable for allocated product
1) From technospere; 2) Ressources; 3) Emissions; 4) Products of multi output process

n o now

Tab. 7.7 Allocation factors used for products “oxygen, liquid”, “nitrogen, liquid”, “argon, crude, liquid”

Allocation factor for products of cryogenic air separation: oxygen, liquid; nitrogen, liquid; argon, crude, liguid; at plant, RER
Name, Location Unit Allocation factor used Comment
Oxygen _|Nitrogen |Argon

~|electricity, medium voltage, production UCTE, at grid, UCTI% 22.2 76.9 0.9]| The allocation factors were calculated from the

* [air separation plant, RER % 22.2 76.9 0.9|heat of vaporisation and the specific heat

& '|Water, cooling, unspecified natural origin % 22.2 76.9 0.9|capacity multiplied with the temperature

& |Heat, waste, to air, low population density % 22.2 76.9 0.9]difference from 20°C to the boiling point.

< |Allocated amount kg 2.31E-1 7.55E-1 1.40E-2|Product output according to concentration in air
1) From technospere; 2) Ressources; 3) Emissions; 4) Products of multi output process
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Tab. 7.8 In-/Outputs for the module “argon, liquid, at plant”, location RER

Process output: 1 kg, argon, liquid, at plant, RER ] ]
Name, Location Value Unit Uncertainty Comment
Type Score St.Dev.
electricity, medium voltage, production UCTE, at grid, UCT| 4.64E-2|kWh [lognorm [4,5,1,3,5,5 2.15E+0|Data from 1 literature reference estimated
hydrogen, liquid, at plant, RER 4.00E-3|kg lognorm  14,5,1,3,5,5 2.15E+0|Data from 1 literature reference estimated
—_ 1 0,
- argon, crude, liquid, at plant, RER 1.03E+0|kg lognorm  |not applicable 1.02E+0 S;Ifglitgg from Ar concentration of 97%, Value
air separation plant, RER 2.00E-10{unit_|lognorm  |5,5,1,3,5,5 4.00E+0|Rough estimate
' |Heat, waste, to air, low population density 1.67E-1{MJ  |lognorm  |4,5,1,3,5,5 2.15E+0]|Calculated from electricity use
1) From technospere; 2) Emissions

Tab.7.9 In-/Outputs for the module “ air separation plant”, location RER

Process output: 1 unit, air separation plant, RER ] ]
Name, Location Value Unit Uncertainty Comment
Type Score St.Dev.
aluminium, primary, at plant, RER 1.00E+4]kg lognorm _ 15,5,1,3,3,5 1.68E+0|Estimated from data of small plants
facilities, chemical production, RER 9.00E+4|kg lognorm  15,5,1,3,3,5 3.36E+0|Estimated from data of small plants
disposal, facilities, chemical production, RER 9.00E+4|kg lognorm _ 15,5,1,3,3,5 3.36E+0[Estimated from data of small plants
transport, freight, rail, RER 2.00E+3|tkm _|lognorm  |4,5,nA,nA,nA,nA | 2.09E+0|Estimated with standard distances for Europe
= |transport, lorry 32t, RER 1.00E+3|tkm _[lognorm  ]4,5,nA,nA,nA,nA | 2.09E+0|Estimated with standard distances for Europe
Occupation, industrial area 2.00E+4[m2a |lognorm ]4,5,1,3,3,5 1.73E+0|Estimated from data of small plants
Occupation, construction site 1.00E+3|m2a_|lognorm |4,5,1,3,3,5 1.73E+0|Estimated from data of small plants
Transformation, from unknown 1.00E+3|m2 _[lognorm  [4,5,1,3,3,5 2.19E+0|Estimated from data of small plants
| Transformation, to industrial area, built up 1.00E+3|m2 [lognorm [4,5,1,3,3,5 2.19E+0|Estimated from data of small plants
1) From technospere; 2) Ressources

7.10Cumulative results and interpretation

Results of the cumulative inventory for this substance can be downloaded from the database.

7.11Conclusions

The production of liquefied gases is determined largely by the impact of the electricity used. For fur-
ther precision of the data it would be necessary to divide the process into processes with different plant
sizes and main output products. Also the source mix of the electricity production should be adapted to
the specific location of the inventory.

In the data used for this inventory the allocation between liquid and gaseous outputs are not stated. For
the calculation of the allocation factors it was assumed that no gaseous product is desired and therefore
only liquid outputs are accounted. For the use of pure gaseous nitrogen and oxygen the production en-
ergy needed is much smaller (in order of 0.1-0.3 kWh per Nm®). In future work, modules should be
provided also for gaseous products, as used, e.g., in steel production.
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8 Alkyds

Author: Hans-Jorg Althaus, EMPA Dibendorf
Review: Heiko Kunst, Berlin

8.1 Introduction

Alkyd resins are polyesters made by the polymerisation of three types of monomers:
1. Polyols
2. Polybasic acids

3. Fatty acids or triglyceride oils
Because of the distinctive properties, alkyd resins often are classified separately from other polyesters.

Terminology relating to alkyd resins has changed considerably over the years ant thus can be confus-
ing. The ASTM defines an alkyd as "a synthetic resin made from polyhydric alcohols and polybasic
acids; generally modified with resins, fatty oils, or fatty acids". For this LCI the slightly narrower and
more exact definitions from (Jones (1997)) have been adopted:

Tab. 8.1  Definition of alkyd resins (Jones (1997))

Types of monomer Terminology
Polyol
Poly(t: ° - . } Polyester resins Alkvd resins
olybasic acids
Y - y Modified alkyd resins
Fatty acids
Others

The most common polyol and polybasic acid used for alkyd resin production are glycerol and phthalic
anhydride.

Because alkyd resins are a large and diverse family, several sub-classifications often are used.

There are two broad groupings according to the fatty acid type.
1. Drying alkyds contain enough unsaturated fatty acids to make curing by oxygen possible.

2. Non-drying alkyds contain lower levels of unsaturated fatty acids and are not polymerised appre-
ciably with oxygen.

Another classification called "oil length" groups alkyd resins by the amount of oil or fatty acid present,
as follows:

Tab. 8.2: ,Oil length classification of alkyd resins according to (Jones (1997))

Oil length % Oil or fatty acids | Typical use
. Industrial stoving finishes, wood paints
Short oil alkyd 3545 (combined with other resins)
Medium oil alkyd 46-55 Industrial coatings
Long oil alkyd 56-70 Architectural paints
Very long oil alkyd >70 Architectural paints
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Alkyd paints are basically composed of alkyd resin, solvent, pigments, additives such as wetting, anti-
settling and anti-skinning agents and dryers.

Water-borne alkyd paints for architectural use are emulsions with a solids content of 40 — 60%. The
size of the emulsified particles is in the range of 5 — 15 um. The content of emulsifiers has to be kept
low to obtain good water resistance and drying behaviour. (Kiichenmeister (1997))

Solvent-born long oil alkyd paints most commonly use white spirit (mineral spirit) as solvent. Solids
contents may reach 80%. The concentrated resin solution is further diluted to bring the paint in a
ready-for-use state. (Kiichenmeister (1997))

8.2 Use of alkyds

The largest use of alkyds (>95%) is for surface coatings (paints, enamels, lacquers, and varnishes) in
which the resins function as binders. Alkyd resins account for ca. 45% of the global paint raw material
production. These are very versatile coating binders, and are used extensively in architectural, indus-
trial, and special purpose coatings. It is estimated that about one third of all organic coatings applied
world-wide use alkyds as a primary binder, and perhaps another one fourth of all coatings contain
smaller amounts of alkyds. (Jones (1997))

8.3 Alkyd resin, long oil, 70% in white spirit, at plant
8.3.1 Solvent process

Alkyd resin is produced in a condensation polymerisation. The water generated in this reaction has to
be removed because the esterification reaction is highly reversible. In commercial processes this is
usually done by adding a few percent of un-reactive, water-immiscible solvent (usually xylene) to the
formulation. Tab. 8.3 gives the material in- and outputs for a ,,typical* long oil alkyd resin and Fig. 8.1
shows a possible reactor configuration. The stirred alkyd polymerisation mass will boil vigorously at
about 250 °C. The xylene vapours form an azeotrope with water and carry it out of the reactor through
a "partial condenser" usually operated at about 100 °C. Thus water vapour escapes, but most of the xy-
lene and almost all of the monomers condense and are returned to the reactor.

For the mass flows the information from (Jones (1997)) is used while the energy consumption given in
(von Déniken & Chudacoft (1995)) is adjusted to the functional unit in this LCI. No specific data are
available for the heat energy generation. Therefore the unspecific heat production in chemical plants is
used. No information was found about the inert gas input that can be expected form Fig. 8.1.

Fig. 8.2 gives an overview of the in- and output flows and Tab. 8.4 shows the meta data of the process.

8.3.2 Waste / Emissions

8.3.2.1 Waste heat

The heat of the electricity consumed is considered as waste heat emission to air.
8.3.2.2 Liquid / solid waste

The liquid and solid organic waste of the process is assumed to be burned for heat generation and thus
is not balanced.

8.3.2.3 Emissions to air

The VOC emissions of the process are assumed to be burned for heat generation and thus are not bal-
anced.
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8.3.24 Emissions to water

There are no emissions to water from the process. The reaction water is removed as steam. Eventual
water emissions from cleaning etc. are not considered.

8.3.2.5 Emissions to soil

The process induces no direct soil emissions. Indirect emissions (e.g. via waste treatment) are not
taken account of.

8.3.3 Transport

The standard distances and means of transport (Frischknecht et al. 2003) are assumed for the transpor-
tation of the input materials to the production plant.

8.3.4 Infrastructure

The unspecific chemical production plant is taken into account to consider the infrastructure for the
process (cf. part I, Chapter 2.7).
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Fig. 8.1 Reactor and overhead for alkyd resin production (Jones (1997))
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Tab. 8.3: Inputs and products for a typical long oil alkyd resin in white spirit (70% resin w/w)

in white spirit, incl. solvent) [kg]

(Jones calculated calculated (von Daniken |Used for 1 kg
(1997)): Data |from (Jones |from (Jones |& Chudacoff | "alkyd resin,
per 0.582 kg |(1997)) per kg |(1997)) per kg [(1995)): Data |long oil, 70%
alkyd resin resin in white |"alkyd resin, |per kg resin in in white
(100% yield) |spirit (incl. 70% in white |white spirit spirit, at
white spirit) spirit"-output  [(incl. white plant"
spirit)
Soybean fatty acid [kg] 0.349 0.631 0.442 0.460 0.631
Pentaeritol [kg] 0.126 0.227 0.159 0.142 0.227
Phthalic anhydride [kg] 0.148 0.268 0.187 0.153 0.268
| |Theoretical yield of resin [kg] 0.582 1.053 0.737 - 1.053
n|Practical yield of resin (yield fac- - 1.000 0.700 - 1.000
p [tor: 0.95) [kg]
U|Xylene (4% of polymerisation - 0.045 0.032 - 0.045
t Imass) [kq]
White Spirit [kg] - 0.429 0.300 0.280 0.429
Electricity [kWh/kg] 0.015 0.021
Heat energy [MJ/kg] 3.110 4.443
Water [kg] 0.040 0.073 0.051 - 0.073
OXylene (0.97 returned to the re- - 0.044 0.031 - 0.044
Ulactor) [kg]
U \Waste / Emissions (from mass - 0.054 0.038 - 0.054
P balance) [kg]
;J Total Product (alkyd resin, 70% - 1.429 1.000 1.000 1.429

The output “Waste / Emissions” is not inventoried as such (details see 8.3.2). The reference function is the alkyd
resin without the solvent. Therefore the product output including the solvent is more than 1 kg
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Tab. 8.4  Metadata of the production process of long oil alkyd resin in white spirit (70% w/w)
Name alkyd resin, long oil, 70% in white spirit, at plant
Location RER

Infrastructure Process 0

Unit kg

Data Set Version 2.0

Included Processes

Transport of raw materials and production of resin. Packaging is neglected.

Amount

1

Local Name

Alkydharz langolig, 70% in Reinbenzin, ab Werk

Synonyms

General Comment to refer-
ence function

Alkyds are a large and diverse family of polyesters. Long oil alkyds are often used
in architectural paints. This dataset stands for one specific long oil alkyd and
should not be used for other alkyds if its contribution to the overall result is im-
portant. The data quality is not sufficient to allow for e.g. a comparative assess-
ment of different binders of paints.

CAS Number
Start Date 1995
End Date 2001

Data Valid For Entire Period

1

Other Period Text

Geography text

Technology text

The dataset models the commonly used solvent process. It assumes the use of
soybean oil as fatty acid, phthalic anhydride as polybasic acid and Pentaeritol as
polyol.

Representativeness [%)]

Production Volume

Unknown

Sampling Procedure

A "typical" alkyd is chosen and its raw material consumption is calculated. Energy
data are taken from the one source that is known.

Extrapolations

None
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General Flow information

Input

Process
Name

Soybean fatty acid >

Pentaeritol >

Phthalic anhydride >

Xylene >
White Spirit >
Transport rail >
Transport lorry >

Electricity [kWh/kg] |2

Heat energy [MJ/Zkg] |2

Infrastructure (plant) | =

alkyd resin, long oil, 70% in white

spirit, at plant

L 72 T

Output

waste heat

water

xylene recovered

other outputs

Alkyd resin

Fig. 8.2

Remarks

4% of polymerisation
mass

standard distance
for raw material
transport
standard distance
for raw material
transport

as steam to air -->
not inventoried

not inventoried

recycled as fuel -->
not inventoried
weight including
solvent = 1.43 kg

Sub
Cate gory
category
chemicals organics
chemicals organics
chemicals organics
chemicals organics
paintings production
transport .
train

systems
transport

P road
systems
electricity production mix
chemicals organics
chemicals organics
air unspecified
paintings production

Representation in ecoinvent

Infra
struc
ture

No
No

No

No

No

No

No

No
No

Yes

Loca
tion

RER
RER

RER

RER

RER

RER

RER

UCTE
RER

RER

RER

Modul name in
ecoinvent

soya oil, at plant
penta-erythritol, at plant

phthalic anhydride, at plant

xylene, at plant

white spirit, at plant

transport, freight, rail

transport, lorry >16t, fleet
average

electricity, medium voltage,
production UCTE, at grid
heat, unspecific, in chemical
plant

chemical plant, organics

Heat, waste

alkyd resin, long oil, 70% in white

spirit, at plant

In- and Output flows of the production process of long oil alkyd resin in white spirit (70% w/w)

Mean
value

Unit

6.31E-01 kg
2.276-01 kg

2.68E-01 kg

4.50E-02 kg

4.29E-01 kg

9.60E-01 tkm

1.60E-01 tkm

2.14E-02 KWh
4.44E+00 MJ
4.00E-10 unit
7.71E-02 MJ
7.31E-02 kg
4.37E-02 kg
5.40E-02 kg

1.00E+00 kg

Source mean
value

Jones 1997
Jones 1997

Jones 1997

Jones 1997

calculated

estimate

estimate
von Déniken &
Chudacoff 1995

von Déniken &
Chudacoff 1995

estimate
calculated
calculated
estimate

calculated

Uncertainty information

Type

StDv
95%

1.73
1.73

1.73

1.73

1.73

3.22

3.22

1.29
1.29
4.25

1.29

General
Comment

(4,5,5,2,3,5,3)
(4,5,5,2,3,5,3)

(4,5,5,2,3,5,3)

(4,5,5,2,3,5,3)

(4,5,5,2,3,5,3)

(5,5,5,5,5,5,5)

(5,5,5,5,5,5,5)

(3,4,3,3,3,1,2)
(3,4,3,3,3,1,1)
(5,5,5,5,5,5,9)

(3.4,3,3,3,1,19)
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8.4 Alkyd paint, white, 60% in solvent, at plant
8.4.1 Production

The paint is produced by physical mixing the alkyd resin with the pigments, auxiliary products and the
solvent (white spirit). The raw materials needed are calculated from a typical composition of a solvent-
borne white paint.

The type and amount of the pigments used depends on the colour of the paint. Inorganic pigments usu-
ally are metal oxides. Metals like Fe, Cr, Al, Ti, Zn, Mo, Pb and even Cd are used. The most important
organic pigments are the azo pigments but the metal-complex pigments are also widely used.

White paint usually uses TiO,, which probably is one of the more environmental friendly pigments.

8.4.2 Inputs

Since the alkyd resin solution in ecoinvent already contains some solvent (white spirit), the solvent in-
put necessary to reach the solvent content in the paint is calculated as the difference of the amount of
solvent in the paint minus the amount of solvent in the resin. (see Tab. 8.5). The yield of the process is
98.5% (see 8.4.3).

Tab. 8.5 Input of raw materials for solvent-born paint production

Composition of paint [Composition of alkyd resin |Input of raw materials®
(Streitberger (1997)) [solution in ecoinvent

Solid content 60%

IAlkyd resin solution 41%

Alkyd resin 29% 70%

Pigment 30% 30%

Auxiliaries 1% 1%

Solvent (white spirit) 40% 30% 28%

1 kg "alkyd resin ... in white spirit" in ecoinvent corresponds to 1.43 kg alkyd resin solution. Thus
only 0.7 times the amount of alkyd resin solution is inventoried as "alkyd resin ... in white spirit".

Beside the material inputs, electricity for the pumps, mills and mixers is needed. It is assumed that
twice the amount consumed in the resin fabrication, i.e. 0.0428 kWh/kg is needed.

Fig. 8.3 gives an overview of the in- and output flows and Tab. 8.6 shows the ecoinvent meta data of
the process.

8.4.3 Waste / Emissions

8.4.3.1 Waste heat

The heat of the electricity consumed is considered as waste heat emission to air.
8.4.3.2 Liquid / solid waste

It is assumed that 1% of the material input has to be disposed as waste.

8.4.3.3 Emissions to air

It is assumed that 1% of the total solvent evaporates to air.

8.4.3.4 Emissions to water

There are no emissions to water from the process.
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8.4.35 Emissions to soil

The process induces no direct soil emissions. Indirect emissions (e.g. via waste treatment) are not
taken account of.

8.4.4 Transport

The standard distances and means of transport (Frischknecht et al. 2003) are assumed for the transpor-
tation of the input materials to the production plant.

8.4.5 Infrastructure

The unspecific chemical production plant is taken into account to consider the infrastructure for the
process (cf. part I, Chapter 2.7).

Tab. 8.6 Metadata of the production process of alkyd paint, white, 60% in solvent, at plant

Name alkyd paint, white, 60% in solvent, at plant

Location RER

Infrastructure Process 0

Unit kg

Data Set Version 2.0

Included Processes Transport of raw materials and production of paint. Packaging is neglected.
Amount 1

Local Name Alkydharzlack, weiss, 60% in Losemittel, ab Werk

Synonyms

Alkyd paints can be made of many different resins. This dataset stands for one
specific long oil alkyd as used in architectural paints of white colour and should not
be used for other alkyds if it's contribution to the overall result is important. The
data quality is not sufficient to allow for e.g. a comparative assessment of different

General Comment to refer-
ence function

paints.
CAS Number
Start Date 1995
End Date 2001

Data Valid For Entire Period | 1

Other Period Text

Geography text

Technology text Physical mixing of inputs.
Representativeness [%)]

Production Volume Unknown

A "typical" solvent-borne white alkyd paint is chosen and its raw material consump-

Sampling Procedure tion is calculated. Energy data are estimated.

Extrapolations None
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General Flow information

Input Process
P Name
Alkyq resin, in >
solution
Pigment > c
Auxilaries > §
Solvent > o )
© =
Transport rail > Q,; E
- O
Transport lorry > 'g g
Electricity > E E
Infrastructure (plant) | 2 = 0
- < =
© o
- ?
)
X
@

Fig. 8.3

Output

waste heat

solvent to air

waste to tratment

solventborne

alkyd paint

Remarks

weight including
solvent = 0.42 kg

standard distance
for raw material
transport
standard distance
for raw material
transport

Cate gory

paintings
chemicals
chemicals
paintings

transport
systems

transport
systems

electricity
chemicals
air
air

waste
management

paintings

Sub
category

production
inorganics
organics

production

train

road

production mix
organics
unspecified

unspecified

hazardous
waste
incineration

production

Representation in ecoinvent

Infra
struc
ture

No

No
No

No

No

No

No

Yes

No

No

Loca

tion

RER
RER

GLO

RER

RER

RER

UCTE

RER

CH

RER

Modul name in
ecoinvent

alkyd resin, long oil, 70% in white
spirit, at plant

titanium dioxide, production
mix, at plant

chemicals organic, at plant

white spirit, at plant

transport, freight, rail

transport, lorry >16t, fleet
average

electricity, medium voltage,
production UCTE, at grid

chemical plant, organics

Heat, waste

Hydrocarbons, aliphatic, alkanes,
unspecified

disposal, paint remains, 0%
water, to hazardous waste
incineration

alkyd paint, white, 60% in
solvent, at plant

In- and Output flows of the production process of alkyd paint, white, 60% in solvent, at plant

Mean
value

Unit

2.94E-01 kg
3.05E-01 kg

1.02E-02 kg

2.80E-01 kg

6.09E-01 tkm

1.02E-01 tkm

4.28E-02 kWh

4.00E-10 unit
1.08E-01 MJ

4.00E-03 kg

1.10E-02 kg

1.00E+00 kg

Source mean
value

calculated

calculated
calculated

calculated

estimate

estimate

estimate

estimate
calculated

estimate

estimate

Uncertainty information

StDv = General
Type 0

95% = Comment
1 1.73 (4,5,5,2,3,5,3)
1 1.73 (4,5,5,2,3,5,3)
1 1.73 (4,5,5,2,3,5,3)
1 1.73 (4,5,5,2,3,5,3)
1 3.22 (5,5,5,5,5,5,5)
1 3.22 (5,5,5,5,5,5,5)
1 1.93 (5,5,5,2,3,5,2)
1 4.25 (5,5,5,5,5,5,9)
1 1.93 (5,5,5,2,3,5,14)
1 3.22 (5,5,5,5,5,5,23)
1 2.56 (5,5,5,5,5,5,6)
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8.5 Alkyd paint, white, 60% in water, at plant
8.5.1 Production

To make alkyd resins miscible with blends of water and organic solvent it is necessary to attach hy-
drophilic sites to the polymer molecule. The most common way to do so is to place acidic carboxy
groups on the molecule and then to "salt" the resin with a base, usually ammonia or an amine. A repre-
sentative method using a two-stage process involving trimellitic anhydride is shown in Fig. 8.4. Other
ways are to copolymerise hydrophilic polyethylene oxide segments into the resin, to emulsify hydro-
phobic alkyds with conventional surfactants, and to prepare transparent micro-emulsions. (Jones
(1997))

Trimethylol propane (277) + tall oil fatty acid (456)

250°C
+ igophthalic acid (264) — alkyd (913)

+ HyO (84)
193%C
Alkyd (913) + trimellitic anhydride (87) —
i
alkyd—OC COOH
HOOC Soisl

Fig. 8.4 Production of water-reducible alkyd resins (mass part in parenthesis) (Jones (1997))

Trimethylol propane (CH;CH,C(CH,OH);) is a colourless, crystalline, trivalent alcohol, made by
the base-catalyzed aldol addition of butyraldehyde with formaldehyde followed by Cannizzaro re-
action of the intermediate 2,2-bis(hydroxymethyl)butanal with additional formaldehyde and at least
a stoichiometric quantity of base.

Tall oil is a by-product of the Kraft process for pulping softwoods (paper production). The tall oil
fatty acids, primarily Cig types, are similar in composition to those derived from soybean oil.

Phthalic acid (CgHgQ,) is formed as a by-product in the manufacture of phthalic anhydride. It forms
colourless, monoclinic crystals that melt at ca. 210 °C and are converted into phthalic anhydride
with the elimination of water.

The preparation of trimellitic anhydride (CoH4O5) is best achieved by the liquid-phase catalytic oxi-
dation of 1,2,4-trimethylbenzene (pseudocumene) with air.

The paint is produced by physical mixing the water-reducible alkyd resin with the pigments, auxiliary
products and water. The raw materials needed are calculated from a typical composition of a solvent-
borne white paint.

The type and amount of the pigments used depends on the colour of the paint. Inorganic pigments usu-
ally are metal oxides. Metals like Fe, Cr, Al, Ti, Zn, Mo, Pb and even Cd are used. The most important
organic pigments are the azo pigments but the metal-complex pigments are also widely used.

White paint usually uses TiO,, which probably is one of the more environmental friendly pigments.

ecoinvent report No. 8 - 68 -



8. Alkyds

8.5.2 Inputs

The material inputs for the production of water-reducible alkyd resin are inventoried according to the
information in Fig. 8.4. The inputs are normalised to 1 kg assuming yield of 95%. The resin is mixed
with the amount of water necessary to increase the water content to 40%. The material inputs are
shown in Tab. 8.7.

Tab. 8.7 material inputs for the production of water-reducible alkyd paint

Preparation of water-reducible alkyd resin |Preparation of alkyd paint, 60% in water
Amount |[kg/kg Amount |[kg/kg
[% (w/w)] |paint] [% (w/w)] |paint]
Inputs Inputs
trimethylol propane 25.55% 0.0835 alkyd resin 28.00% 0.2828
tall oil fatty acid 42.07% 0.1374 pigment 30.00% 0.3030
isophthalic acid 24.35% 0.0795 auxilaries 2.00% 0.0202
trimellitic anhydride 8.03% 0.0262 water 40.00% 0.3766
Output Output
alkyd resin 86.60% 0.2828 alkyd paint 99.00% 1.0000
water 8.40% 0.0274 waste 1.00% 0.0101
waste 5.00% 0.0163

Beside the material inputs, electricity for the pumps, mills and mixers is needed. It is assumed that the
amount consumed corresponds to the amount consumed in the solvent-borne resin and paint fabrica-
tion, i.e. 0.0642 kWh/kg is needed.

Also the heat energy consumption is assumed to correspond to the amount consumed in the solvent-
borne resin and paint fabrication, i.e. 4.44 MJ/kg is needed.

Fig. 8.5 gives an overview of the in- and output flows and Tab. 8.8 shows the ecoinvent meta data of
the process.

8.5.3 Waste / Emissions

8.5.3.1 Waste heat

The heat of the electricity consumed is considered as waste heat emission to air.
8.5.3.2 Liquid / solid waste

The liquid and solid organic waste of the alkyd production process is assumed to be burned for heat
generation and thus is not balanced. 1% of the input for the paint production is assumed to be disposed
as waste.

8.5.3.3 Emissions to air

The VOC emissions of the alkyd production process are assumed to be burned for heat generation and
thus are not inventoried. As the solvent for the paint production is water, no VOC emissions are inven-
toried.

8.5.3.4 Emissions to water

Eventual water emissions from cleaning etc. are not considered.
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8.5.3.5 Emissions to soil

The process induces no direct soil emissions. Indirect emissions (e.g. via waste treatment) are not
taken account of.

8.5.4 Transport

The standard distances and means of transport (Frischknecht et al. 2003) are assumed for the transpor-
tation of the input materials to the production plant.

8.5.5 Infrastructure

The unspecific chemical production plant is taken into account to consider the infrastructure for the
process (cf. part I, Chapter 2.7).

8.6 Data quality considerations

Most data are derived from theoretical knowledge of the production process. Energy data are reported
as measurement in one plant in western Europe without further information.

Alkyd resins can be produced from many different inputs. Thus neither the specific inputs nor the
amounts are fixed. The inputs inventoried are described as the most commonly used.

The overall data quality is poor. The data can be used to include alkyd resins in the LCA of e.g. a
building but they should not be used to compare different types of coatings.
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Tab. 8.8 Metadata of the production process of alkyd paint, white, 60% in solvent, at plant
Name alkyd paint, white, 60% in H20, at plant

Location RER

Infrastructure Process 0

Unit kg

Data Set Version 2.0

Included Processes

Transport of raw materials and production of paint. Packaging is neglected.

Amount 1
Local Name Alkydharzlack, weiss, 60% in H20, ab Werk
Synonyms water-reducible//wasserloslich

General Comment to refer-
ence function

Alkyd paints can be made of many different resins. This dataset stands for one spe-
cific long oil alkyd as used in architectural paints of white colour and should not be
used for other alkyds if it's contribution to the overall result is important. The data
quality is not sufficient to allow for e.g. a comparative assessment of different paints.

CAS Number
Start Date 1995
End Date 2001

Data Valid For Entire Period

1

Other Period Text

Geography text

Technology text

The dataset models the commonly used process for water-reducible alkyd resin pro-
duction. Paint production is done by physical mixing of resin, water and pigments.

Representativeness [%)]

Production Volume

Unknown

Sampling Procedure

A "typical" water-reducible white alkyd paint is chosen and its raw material consump-
tion is calculated. Energy data are estimated.

Extrapolations

None
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Input

General Flow information

Process
Name

Tall oil fatty acid

Trimethylol propane

Isophthalic acid

Trimellitic anhydrid

Pigment

Auxilaries

Water

Transport rail

Transport lorry

Electricity [kWh/kg]

Heat energy [MJ/Zkg]

Infrastructure (plant)

Fig. 8.5

L2 T

v

>

>

alkyd paint, white, 60% in H20, at plant

Output

= |reaction waste

waste heat

waste to tratment

water-reducible

alkyd paint

Remarks

Soybean oil as proxy

Pentaeritol as proxy

Phthalic anhydride
as proxy

recycled as fuel -->
not inventoried

standard distance
for raw material
transport
standard distance
for raw material
transport

Sub
Cate gory
category

chemicals organics
chemicals organics
chemicals organics
paintings production
chemicals inorganics
chemicals organics
water supply | production
transport .

train
systems
transport

P road

systems
electricity production mix
chemicals organics
chemicals organics
air unspecified

hazardous
waste

waste
management . .

incineration
paintings production

Representation in ecoinvent

Infra
struc
ture

No
No
No

No

No
No

No

No

No

No

No

No

No

Loca
tion

RER
RER

RER

RER

RER
GLO

RER

RER

RER

UCTE

RER

RER

CH

RER

Modul name in
ecoinvent

soya oil, at plant
penta-erythritol, at plant

phthalic anhydride, at plant

white spirit, at plant

titanium dioxide, production
mix, at plant

chemicals organic, at plant

water, decarbonised, at plant

transport, freight, rail

transport, lorry >16t, fleet
average

electricity, medium voltage,
production UCTE, at grid

heat, unspecific, in chemical
plant

chemical plant, organics

Heat, waste

disposal, paint remains, 0%
water, to hazardous waste
incineration

alkyd paint, white, 60% in H20,
at plant

In- and Output flows of the production process of alkyd paint, white, 60% in solvent, at plant

Mean
value

Unit

1.37€-01 kg
8.356-02 kg
7.95€-02 kg
2.62E-02 kg
8.156-03 kg
3.03E-01 kg
2.026-02 kg

3.77E-01 kg

3.90E-01 tkm

6.50E-02 tkm

6.43E-02 kWh

4.44E+00 MJ

4.00E-10 unit

2.31E-01 MJ

1.01E-02 kg

1.00E+00 kg

Source mean
value

Jones 1997
Jones 1997
Jones 1997
Jones 1997

estimate

estimate, based on
Jones 1997
estimate, based on
Jones 1997

calculated

estimate

estimate

estimate, based on von
Déniken & Chudacoff
1995

estimate, based on von
Déniken & Chudacoff
1995

estimate

calculated

estimate

Uncertainty information

StDv = General
Type S

95% = Comment
1 1.73 (4,5,5,2,3,5,3)
1 1.73 (4,5,5,2,3,5,3)
1 1.73 (4,5,5,2,3,5,3)
1 1.73 (4,5,5,2,3,5,3)
1 1.73 (4,5,5,2,3,5,3)
1 1.73 (4,5,5,2,3,5,3)
1 1.73 (4,5,5,2,3,5,3)
1 3.22 (5,5,5,5,5,5,5)
1 3.22 (5,5,5,5,5,5,5)
1 1.29 (3,4,3,3,3,1,2)
1 1.29 (3,4,3,3,3,1,1)
1 4.25 ((5,5,5,5,5,5,9)
1 1.93 (5,5,5,2,3,5,14)
1 2.56 (5,5,5,5,5,5,6)
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8.7 Cumulative Results and Interpretation

Results of the cumulative inventory for this substance can be downloaded from the database.
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9 Allylic chloride

Author: Roland Hischier, EMPA St. Gallen
Review: Heiko Kunst, TU Berlin

9.1 Introduction

Allylic chloride (CH,=CH-CH,CI, CAS-No. 107-05-1) is at room temperature a colourless, mobile liq-
uid that has a penetrating, pungent odour. For this inventory the functional unit is 1 kg liquid allylic
chloride. The most important chemical and physical properties of allylic chloride used in this inven-
tory are given in Tab. 9.1.

Synonyms for allylic chloride: allyl chloride, 3-chloropropene

Tab.9.1 Chemical and physical properties of allylic chloride (according to Krahling et al. (2000))

Property Unit Value Remarks
Molecular weight 76.53 g mol”

Boiling point 44 .4 °C at normal pressure
Melting point -134 °C at normal pressure

9.2 Reserves and Resources of material

The production of allylic chloride is made by high temperature chlorination of propene (for more de-
tails see chapter 9.3). Therefore, all further discussion of resources can be found within the respective
chapter about these two substances — here in this report for chlorine rsp. in Hischier (2007) for pro-
pene.

9.3 Use of material / product

According to Krihling et al. (2000), the most important use of allylic chloride is its function as an in-
termediate in the production of epichlorhydrin. Besides this, allylic chloride is also a starting material
for the production of a variety of different chemicals — e.g. glycerol, esters like phthalic or carboxylic
acids or allyl ethers.

From the worldwide production in the order of 850 kt in 1997, more than 90% — about 800 kt — were
used for the production of epichlorhydrin, and only the remaining rest was used for other applications
(Kréhling et al. (2000)).

9.4 Systems characterization

In the production process for allylic chloride the main raw materials, an approximation of the produc-
tion energy and estimations for the emissions to water and air are included. This module represents
therefore only a rough estimation of the process requirements and should be used only for processes
where the impact of allylic chloride is not considered to be high.

For this inventory the functional unit is 1 kg of liquid allylic chloride. As process location Europe
(RER) is used. A typical process flow scheme for the production of allylic chloride is shown in Fig.
9.1.
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Hydrochloric T
acid (329%)

Propene q Low boilers

Dichlorides

High boilers

Fig. 9.1 Process chain for the production of allylic chloride (Fig.1 out of Kréhling et al. (2000) — showing liquid pro-
pene storage [a], evaporator [b], the actual reactor [c], cooler [d], the different distillation steps [e] - [h], flue
gas cleaning equipement [i] — [n])

According to Krahling et al. (2000), liquid propene is vaporized and preheated to 350 — 400°C. Then
this gas is feed into the reactor together with gaseous chlorine. There, at about optimal conditions,
chlorine reacts completely. Following to the reaction chamber are a serie of distillation steps, aiming
in separating the product (allylic chloride) from unreacted substances and the in parallel synthesised
by-products (mainly dichlorides like 1,2-dichloropropane and hydrogen chloride). The first step —
called prefractionator — removes gaseous hydrogen chloride as well as unreacted substances (propene).
In the further distillation steps the different by-products are separated from allylic chloride. The re-
moved gaseous mixture is separated into liquid hydrogen chloride (by adding water) and propene. The
latter one is washed with sodium hydroxide and then re-liquified and goes back to the beginning of the
process scheme.

9.5 Allylic chloride, at plant (Location: RER)
9.5.1 Process

This dataset includes a rough estimation of the production process for allylic chloride. Due to missing
production data this inventory bases on stoechiometric calculations. The emissions to air and water
were estimated using mass balance. It was assumed that the waste water is treated in a internal waste
water treatment plant. In order not to neglect the process energy demand those values were approxi-
mated with data from a large chemical plant site (Gendorf (2000)). Due to these approximations the
uncertainty within the results of this inventory is large.

The chlorination reaction for the production of allylic chloride can be formulated as follows:
CHZZCHCH3 + C12 —> CH2-CHCH2C1 + HCI (91)

As already mentioned above, besides the main reaction several other reactions lead to the production

of different by-products. The two most important reactions are leading to the production of 1,2-

dichloropropane rsp. cis-/trans-1,3-dichloropropene:

CHZZCHCH3 + C12 —> CH3-CHC1-CH2C1 (92)

CICH,-CHCH, + Cl, — CH,CI-CH=CHCl + HCI 9.3)
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Further reactions of already chlorinated propane with additional chlorine — according to eq.1.3 — can
lead to even higher chlorinated substances.

The yield of the different reactions — all of them are exothermic — is strongly depending from the ac-
tual temperature in the reaction chamber as well as the ratio of propene and chlorine feed in. As a gen-
eral rule it can be said that the reaction temperature has to be at least 250 - 300°C (as below the pro-
duction of 1,2-dichloropropane is the dominating reaction). Additionally, the more propene the less
by-products are formed with the inconvenient that the cost of processing propene rises accordingly.

For this study, a propene : chlorine ratio of 3 is assumed, with a preheating temperature for the pro-
pene to 300°C (Krahling et al. (2000)). The reaction time is quite short — e.g. chlorine reacts com-
pletely at such temperatures within a few seconds. Therefore, a yield of 99% is assumed for chlorine.
Concerning the propene input, an amount equal 101% of the stoechiometric amount is used, as the ex-
cess propene goes back within the process (closed circle) — 101% as losses (see chapter 9.5.3) are also
taken into account here.

After removing the excess propene together with the produced hydrogen chloride, Kréahling et al.
(2000) indicates the distribution to the different products as 80% allylic chloride, 3% other monochlo-
rides, 16% dichlorides (e.g. 1,2-dichloropropane) and 1% trichlorides. Therefore it is assumed in this
study a distribution of the dichlorides to 50% 1,2-dichloropropane and 50% cis/trans-1,3-dichloro-1-
propene. All these further substances are accounted for as by-products and not as co-product due to the
fact that the process is regultated accordingly to an optimum output of allylic chloride.

9.5.2 Resources
Energy

Electricity is needed to run the process auxiliaries and the waste water treatment. Fossil fuel is needed
to generate the desired heat for the preheating and the distillation of the product. There was no infor-
mation available on the amount of energy used for the production process. In order not to neglect the
process energy demand those values were approximated with data from an large chemical plant site in
Germany producing 2.05 Mt a” (intermediates included) of different chemicals (Gendorf (2000)). The
values for the energy consumption per kg of product of this plant (3.2 MJ kg') were used as approxi-
mation for the energy consumption of the allylic chloride production. This total energy demand con-
tains a split of 50% natural gas, 38% electricity and 12% steam from external energy sources. For this
inventory all energy used for heat or steam was assumed to be natural gas. For this inventory an
amount of 2 MJ kg™ natural gas and 1.2 MJ kg™ electricity was used. A summary of the values used
is given in Tab. 9.2.

Raw materials and Chemicals

According to the above listed distribution of the different by-products, the production of 1 kg allylic
chloride produces also 37.5g of further monochlorides, 200g of dichlorides and 12.5g of trichlorides.
For a production of all these products, the following stoechiometric inputs are needed (yield 100%):

propene, CH,=CH-CHj3: 648.669 g (15.445 mol)
chlorine, Cl,: 1172.061 g (16.517 mol)

For the production a yield of 99% for chlorine was used according to the explications above. For pro-
pene, according to the text above, 101% of the stoechiometric amount goes into the process. There-
fore 655.155 g propene and 1183.900 g chlorine are considered as raw materials in this inventory. A
summary of the values used is given in Tab. 9.2.

Besides chlorine and propene, the cleaning and feeding back of excess propene needs sodium hydrox-
ide as a cleaning agent. Assuming that 0.5% of the produced hydrogen chlorine remains in the excess
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propene, a stoechiometric amount of 3.155 g NaOH is needed. For this study it is assumed that NaOH
is added with an excess of 25%, leading to an input amount of 3.944 g NaOH.

Water use

There was no information available on the amount of cooling water used within the plant. In order not
to neglect the process cooling water demand this value was approximated with data from an large
chemical plant site in Germany producing 2.05 Mt a™ (intermediates included) of different chemicals
(Gendorf (2000)). In this plant in total an average 24 kg water per kg of product were used for. This
value was used in this inventory as approximation for the cooling water consumption of the allylic
chloride production.

For the process water amount, due to a lack of data, an amount of 25% of the cooling water amount is
assumed here — leading to an input of 6 kg water per kg allylic chloride.

Transport and Infrastructure

As there is no information about the transport amounts, standard distances and means according to
Frischknecht et al. (2007) are used for the different raw materials.

For the infrastructure of the production plant no information was available. It was assumed that the
importance of the infrastructure is low and therefore the module “chemical plant, organics” was used
as approximation. For this module with a production capacity of 50'000 t per year and a plant life time
of 50 years, an amount of 4 * 10™'" units per kg allylic chloride was included.

9.5.3 Emissions
Waste heat

It was assumed, that 100% of the electricity consumed, i.e. 1.2 MJ per kg allylic chloride is converted
to waste heat. It was assumed that 100% of the waste heat is released to the air.

Emissions to air

There was no data available on process emissions to air for the production of allylic chloride. As ap-
proximation the air emissions occurring from the purge vent, the distillation vent and fugitive emission
sources were estimated to 0.2% of the raw material input as well as 0.5% of the produced hydrogen
chloride.

This assumption leads to air emissions of 1.297 g propene, 2.368 g chlorine and 2.850 g hydrogen
chloride.

Emissions to water

The remaining amount of unreacted chlorine was assumed to leave the production process with the
waste water. From propene an amount of 0.8% is assumed to leave in the waste water (while the ex-
cess amount is recovered). Further emissions to water are hydrogen chloride (assuming that again
0.5% of HCI are emitted) and the total amount of sodium hydroxide input. All these assumptions lead
to a pollution of the waste water with 9.565 g chlorine, 2.850 g hydrogen chloride, 3.944 g of sodium
hydroxide and 5.189 g propene.

Further it was assumed that this waste water is treated in a internal waste water plant. The removal ef-
ficiency for propene was assumed with 90% leading to emissions of 0.519 g propene per kg product in
the treated water. The carbon contained in the removed propene was accounted as CO, emissions to air
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(14.678 g CO, per kg product). NaOH, HCI and Cl, are supposed to leave the plant as the respective
ions - i.e. as 2.268 g Na" and 12.415 g CI". The values for COD, BOD, TOC and DOC used in this in-
ventory were calculated from the amount of propene in the treated waste water assuming a carbon
conversion of 96% for COD. For the calculation of the values for BOD and DOC the worst case sce-
nario BOD = COD and TOC = DOC was used. A summary of the values used in this inventory is
given in Tab. 9.2.

Solid wastes

Solid wastes occurring during the production of allylic chloride were neglected in this inventory.

Tab.9.2 Energy demand, Resource demand and emissions for the production of allylic chloride.

[per kg allyl chloride] Remark

INPUTS

propene kg 0.655 |stoechiometric calc., 101%
chlorine kg 1.184 [stoechiometric calc., 99% yield
sodium hydroxide kg 0.004 |stoechiometric calc., 25% excess
Electricity, medium voltage kWh| 0.333 |estimation

Natural gas, burned in industrial furnace >100kW MJ 2 estimation

Water, cooling, unspecified m3 | 2.40E-02 |estimation

Water, unspecified m3 | 1.20E-02 |estimation

transport by train tkm | 1.11E+00 |standard distances

transport by lorry, 32t tkm | 1.84E-01 |standard distances

chemical plant, organics unit| 4.00E-10 [approximation for infrastructure
OUTPUTS

waste heat, to air MJ | 1.20E+00 |calculated from electricity input
propene, to air kg | 1.30E-03 |estimated as 0.2% of input
chlorine, to air kg | 2.37E-03 |estimated as 0.2% of input
hydrogen chloride, to air kg | 2.85E-03 |estimated as 0.5% of produced amount
carbon dioxide, fossil, to air kg | 1.47E-02 |from waste water treatment
propene, to water kg | 5.19E-04 |calculated from mass balance
chloride ions, to water kg | 1.24E-02 |calculated from mass balance
sodium ions, to water kg | 2.27E-03 |calculated from mass balance
COD, BOD kg | 1.70E-03 |calculated from water emissions
TOC, DOC kg | 4.44E-04 |calculated from water emissions

9.6 Data quality considerations

Tab. 9.3 shows the data quality indicators for the inventory of allylic chloride production (Location
RER). The uncertainty scores include reliability, completeness, temporal correlation, geographical cor-
relation, further technological correlation and sample size.

The data in the inventory of the allylic chloride production has a high uncertainty, because only few
data of the production processes were available. Therefore the data for the used materials was assessed
with stoechiometric calculations and the energy demand was estimated by using an average chemical
process as approximation. The highest uncertainties exist for the process energy demand and the emis-
sions. Due to missing data these values are based mainly on assumptions and approximations. Espe-
cially the uncertainty in the emission data is of importance for the quality of the dataset. Further uncer-
tainty occurs from possibly missing auxiliary materials and further emissions or wastes. Smaller un-
certainties are given for the raw material demand because it is only dependant on the yield-factor used
for the stoecheometric calculations. Also for the infrastructure only an approximation was used be-
cause of missing data.
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Additionally, the most important fields of the ecospold meta information from those datasets are listed
in 9.9.

Tab. 9.3 Input/Output and uncertainty for the process “allylic chloride, at plant (RER)”

s H allylic §
Explanation Name s £ | chloride, at & GeneralComment
S plant o | 2
= <
2|3
z |3
5 h=]
Location RER | s
InfrastructureProcess 0 R ?5
Unit kg S| &
Resource Water, cooling, unspecified natural origin m3 2.40E-02 1 [1.88 (5,5,1,1,4,5); estimated with data from a large chem. plant
Water, unspecified natural origin m3 1.20E-02 1 11.88 (5,5,1,1,4,5); estimated with data from a large chem. plant
Input from propylene, at plant RER kg 6.55E-01 1 |1.21]| (4,na,na,na,na,na); estimation based on process yield 90-99.8%
Technosphere |chlorine, liquid, production mix, at plant RER kg 1.18E+00 1 |1.21]| (4,na,na,na,na,na); estimation based on process yield 90-99.8%
sodium hydroxide, 50% in H20, production mix, at plant RER kg 4.00E-03 1 |1.21]| (4,na,na,na,na,na); estimation based on process yield 90-99.8%
electricity, medium voltage, production UCTE, at grid UCTE kWh 3.33E-01 1 11.88 (5,5,1,1,4,5); estimated with data from a large chem. plant
heat, natural gas, atindustrial furnace >100kW RER MJ 2.00E+00 1 11.88 (5,5,1,1,4,5); estimated with data from a large chem. plant
chemical plant, organics RER unit 4.00E-10 1 1377 (4,5,1,3,5,4); estimation
transport, freight, rail RER tkm 1.11E+00 1 [2.09 (4,5,na,na,na,na); standard distances
transport, lorry 32t RER tkm 1.84E-01 1 [2.09 (4,5,na,na,na,na); standard distances
Output allylic chloride, at plant RER kg 1
Air emission Heat, waste MJ 1.20E+00 1 1.88 (5,5,1,1,4,5); calculated from electricity input
Carbon dioxide, fossil kg 1.47E-02 1 1.88| (5,5,na,na4,5); estimated from mass balance and WWTP effic.
Propene kg 1.30E-03 1 [2.32 (5,5,na,na,na,5); estimation
Chlorine kg 2.37E-03 1 (232 (5,5,na,na,na,5); estimation
Hydrogen chloride kg 2.85E-03 1 (232 (5,5,na,na,na,5); estimation
\Water emission |BODS5, Biological Oxygen Demand kg 1.70E-03 1 (211 (5,5,na,na,4,5); estimated from mass balance and WWTP effic.
COD, Chemical Oxygen Demand kg 1.70E-03 1 (211 (5,5,na,na,4,5); estimated from mass balance and WWTP effic.
DOC, Dissolved Organic Carbon kg 4 .44E-04 1 (211 (5,5,na,na,4,5); estimated from mass balance and WWTP effic.
TOC, Total Organic Carbon kg 4 .44E-04 1 (211 (5,5,na,na,4,5); estimated from mass balance and WWTP effic.
Propene kg 5.19E-04 1 3.55| (5,5,na,na4,5); estimated from mass balance and WWTP effic.
Chloride kg 1.24E-02 1 (211 (5,5,na,na,4,5); estimated from mass balance and WWTP effic.
Sodium, ion kg 2.27E-03 1 (211 (5,5,na,na,4,5); estimated from mass balance and WWTP effic.

9.7 Cumulative results and interpretation

Results of the cumulative inventory can be downloaded from the database.

9.8 Conclusions

The inventory for allylic chloride is based on a general literature source (Ullmann), estimations and
assumptions. The unit process raw data are meant to be used as background information if allylic chlo-
ride is used for a product in small amounts. Therefore these data can only give an approximation. They
are not reliable enough for direct comparison of this material with other, alternative products.
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9.9 EcoSpold Meta Information

Name

allylic chloride, at plant

Location RER
InfrastructureProcess 0
Unit kg

IncludedProcesses

Raw materials and
chemicals used for
production, transport of
materials to
manufacturing plant,
estimated emissions to
air and water from
production (incomplete),
estimation of energy
demand and
infrastructure of the
plant (approximation).
Solid wastes omitted.

Amount

1

LocalName

Allylchlorid, ab Werk

Synonyms

GeneralComment

The functional unit
represent 1 kg of liquid
allylic chloride. Large
uncertainty of the
process data due to
weak data on the
production process and
missing data on
process emissions.

CASNumber 107-05-1
StartDate 000
EndDate 000

DataValidForEntirePeriod

1

OtherPeriodText

date of published
literature

Text

Data used has no
specific geographical
origin (stoechiometry).
Average europenan
processes for raw
materials, transport
requirements and
electricity mix used.

Text

Production from
propene and chlorine
with a process yield of
99% for chlorine
(propene is added as
101% of stoechiometric
amount). Inventory
bases on
stoechiometric
calculations. The
emissions to air (0.2
wt.% of raw material
input) and water were
estimated using mass
balance. Treatment of
the waste water in a
internal waste water
treatment plant
assumed (elimination
efficiency of 90% for C).

Percent

ProductionVolume

SamplingProcedure

Process data based on
stoechiometric
calculations of few
literature sources.
Energy demand based
on approximation from
large chemical plant.
Process emissions
based on estimations
only.

Extrapolations

UncertaintyAdjustments
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10Aluminium fluoride and cryolite

Author: Roland Hischier, EMPA St. Gallen
Review: Heiko Kunst, TU Berlin

10.1Introduction

Aluminium fluoride (AlF;, CAS-No. 7784-18-1) as well as cryolite (AlF; 3NaF, CAS-No. 15096-52-
3) are almost exclusively used within the aluminium production. According to Mollard (2000), more
than 95% of the two substances are used in the baths for electrolytic aluminium production.

Aluminium fluoride with a molecular weight of 83.92 g/mol is at room temperature a white solid. Un-
der atmospheric pressure conditions, AlF; has no boiling and melting point — instead it has a sublima-
tion point at around 1275°C.

Cryolite is the most important fluoroaluminate used in industry. Like the simple aluminium fluoride, it
is a solid — having a molecular weight of 209.94 g/mol — with monoclinic crystalline structure. The
melting point of this substance is about 1010°C.

10.2Reserves and Resources of material

The production of aluminium fluoride as well as cryolite is made out of aluminium oxides and hydro-
fluoric acid (for more details see chapter 10.4). Therefore, all further discussion of resources can be
found within the respective chapter about these two substances — in Jungbluth (2007) for hydrofluoric
acid rsp. in Classen et al. (2007) for aluminium oxide.

10.3Use of material / product

As already mentioned in the introduction, almost all of these two substances is used in the electrolysis
cells for the production of aluminium (Mollard (2000)). From aluminium fluoride up to 15-20 kg/t alu-
minium are used. Cryolite — although it is the principal constituent of the electrolysis bath for the alu-
minium production — is used in much less quantities (around 4-10 kg/t aluminium).

Other uses of the two substances — although they are of much less importance — are the use in special
glasses for optical purposes, in ceramics and as protector of baths for the refining of light metals.
Cryolite is furthermore also used as filler in resins and grinding wheels.

The worldwide production of aluminium fluoride was in 1990 in the order of 700 kt — for cryolite no
similar numbers were available.

10.4Systems characterization
10.4.1 Aluminium fluoride

In the production process for aluminium fluoride the main raw materials, an approximation of the pro-
duction energy and estimations for the emissions to water and air are included. This module represents
therefore only a rough estimation of the process requirements and should be used only for processes
where the impact of aluminium fluoride is not considered to be high.

For this inventory the functional unit is 1 kg of solid aluminium fluoride. As process location Europe
(RER) is used. For the production two different processes are possible — the hydrofluoric acid process
and the fluosilicic acid process. As the first one is only very few used — in this study it is assumed that
aluminium fluoride is produced only by the fluosilicic acid process. A typical process flow scheme for
the production of aluminium fluoride according to this process is shown in Fig. 10.1.
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Fig. 10.1 Process chain for the production of aluminium fluoride (Fig.5 out of Mollard (2000) — showing H2SiF6 stor-
age tank [a], reactor [b], alumina hopper [c], silica filter [d], crystallizer [e], trihydrate filter [f], drier [g],
cooler [h], finished product storage hopper [i] and weak mother liquor storage tank [j])

According to Mollard (2000), alumina trihydrate is dissolved either batchwise or continuous in flu-
osilicic acid, preheated to 60°C. After 20 minutes the reaction is complete and the by-product silica is
filtered off. The remaining AlF; solution is put into stirred tanks for 5 to 8 hours where the crystalliza-
tion takes place.

10.4.2 Cryolite

In the production process for cryolite the main raw materials, an approximation of the production en-
ergy and estimations for the emissions to water and air are included. This module represents therefore
only a rough estimation of the process requirements and should be used only for processes where the
impact of cryolite is not considered to be high.

For this inventory the functional unit is 1 kg of solid cryolite. As process location Europe (RER) is
used. For its production, like for aluminium fluoride, two different processes are possible too — the hy-
drofluoric acid as well as the fluosilicic acid technique. Mollard (2000) doesn’t contain any informa-
tion concerning the split between the different techniques — therefore, in this study it is assumed that
all cryolite is produced by the hydrofluoric acid process. There, in a first reaction alumina trihydrate is
dissolved batchwise in hydrofluoric acid during an hour at 70°C. In a second step, cryolite is precipi-
tated by adding sodium hydroxide, sodium carbonate or sodium chloride. In this study, an input of so-
dium hydroxide is used.

10.5Aluminium fluoride, at plant (Location: RER)
10.5.1 Process

This dataset includes a rough estimation of the production process for aluminium fluoride. Due to
missing production data this inventory bases on stoechiometric calculations. The emissions to air and
water were estimated using mass balance. It was assumed that the waste water is treated in a internal
waste water treatment plant. In order not to neglect the process energy demand those values were ap-
proximated with data from a large chemical plant site (Gendorf (2000)). Due to these approximations
the uncertainty within the results of this inventory is large.
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According to chapter 10.4.1, all aluminium fluoride in this study is produced by the fluosilicic acid
process. The overall reaction can be summarized as:

H,SiFs +ALO;3H,0 — 2AIF; + SiO, + 4H;O (10.1)

10.5.2 Resources
Energy

There was no information available on the amount of energy used for the production process. In order
not to neglect the process energy demand those values were approximated with data from an large
chemical plant site in Germany producing 2.05 Mt a™ (intermediates included) of different chemicals
(Gendorf (2000)). The values for the energy consumption per kg of product of this plant (3.2 MJ kg™)
were used as approximation for the energy consumption of the aluminium fluoride production. This
total energy demand contains a split of 50% natural gas, 38% electricity and 12% steam from external
energy sources. For this inventory all energy used for heat or steam was assumed to be natural gas. For
this inventory an amount of 2 MJ kg™ natural gas and 1.2 MJ kg™ electricity was used. A summary of
the values used is given in Tab. 10.1.

Raw materials

According to the above shown reaction equations - the following stoechiometric inputs are needed
(yield 100%) for the production of 1.0 kg of aluminium fluoride:

fluosilicic acid, H,SiFs: 587.883 g (5.954 mol)
Alumina trihydrate, Al,O; 3 H,O: 928.554 g (5.954 mol)

For the production a yield of 98% for the overall reaction is used. Furthermore it is assumed that flu-
osilicic acid is 100% from the recovery of fluorine in the phosphate industry — and therefore enters
into this dataset here without any environmental load (according to the methodology of the study) and
is therefore not shown as input. Thus 947.505 g alumina trihydrate is considered as the only raw mate-
rial input in this inventory. As there is only anhydrous alumina available within the ecoinvent data-
base, this input here is approximated by the same molar amount of alumina — i.e. 619.438 g. The pro-
duced water is part of the waste water leaving the production. A summary of the values used is given
in Tab. 10.1.

Water use

There was no information available on the amount of cooling water used within the plant. In order not
to neglect the process cooling water demand this value was approximated with data from an large
chemical plant site in Germany producing 2.05 Mt a™ (intermediates included) of different chemicals
(Gendorf (2000)). In this plant in total an average of 24 kg water per kg of product were used for. This
value was used in this inventory as approximation for the cooling water consumption of the aluminium
fluoride production.

For the process water amount, due to a lack of data, an amount of 50% of the cooling water amount is
assumed here — leading to an input of 12 kg water per kg aluminium fluoride.

Transport and Infrastructure

As there is no information about the transport amounts, standard distances and means according to
Frischknecht et al. (2007) are used for the different raw materials.
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For the infrastructure of the production plant no information was available. It was assumed that the
importance of the infrastructure is low and therefore the module “chemical plant, organics” was used
as approximation. For this module with a production capacity of 50'000 t per year and a plant life time
of 50 years, an amount of 4 * 10™'° units per kg cryolite was included.

10.5.3 Emissions
Waste heat

It was assumed, that 100% of the electricity consumed, i.e. 1.2 MJ per kg aluminium fluoride is con-
verted to waste heat. It was assumed that 100% of the waste heat is released to the air.

Emissions to air

There was no data available on process emissions to air for the production of aluminium fluoride. As
approximation the air emissions were estimated to 0.2% of the raw material input (without alumina).
This assumption leads to air emissions of 1.751 g fluosilicic acid.

Emissions to water

From the remaining amount of unreacted fluosilicic acid it is assumed that 80% are staying within the
production site in the weak mother liquor and only the remaining 20% of the unreacted substance are
to leave the production process with the waste water, leading to a pollution of the waste water with
3.151 g fluosilicic acid. It is assumed that the waste water treatment will not recover this substance and
thus, 3.151 g fluosilicic acid are leaving in the waste water.

Solid wastes

Solid wastes occurring during the production of aluminium fluoride were neglected in this inventory.

Tab. 10.1 Energy demand, Resource demand and emissions for the production of aluminium fluoride.

[per kg aluminium fluoride] Remark

INPUTS

fluosilicic acid kg 0.600 [not shown in dataset

alumina trihydrate kg | 9.48E-01 [shown as 0.619 kg alumina in dataset

Water, cooling, unspecified m3 | 2.40E-02 |estimation

Water, process, unspecified m3 | 1.20E-02 |estimation

Electricity, medium voltage kWh| 0.333 |estimation

Natural gas, burned in industrial furnace >100kW MJ 2 estimation

transport by train tkm | 7.31E-01 |calculated with standard distances

transport by lorry tkm | 1.22E-01 |calculated with standard distances

chemical plant, organics unit| 4.00E-10 |[approximation for infrastructure

OUTPUTS

waste heat, to air MJ | 1.20E+00 |calculated from electricity input

fluosilicic acid, to air kg | 1.75E-03 |estimated as 0.2% of input

fluosilicic acid, to water kg | 3.15E-03 |estimated, assuming 20% of unreacted
substance in waste water
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10.5.4 Data quality considerations

Tab. 10.2 shows the data quality indicators for the inventory of aluminium fluoride production (Loca-
tion RER). The uncertainty scores include reliability, completeness, temporal correlation, geographical
correlation, further technological correlation and sample size.

The data in the inventory of the aluminium fluoride production has a high uncertainty, because only
few data of the production processes were available. Therefore the data for the used materials was as-
sessed with stoechiometric calculations and the energy demand was estimated by using an average
chemical process as approximation. The highest uncertainties exist for the process energy demand and
the emissions. Due to missing data these values are based mainly on assumptions and approximations.
Especially the uncertainty in the emission data is of importance for the quality of the dataset. Further
uncertainty occurs from possibly missing auxiliary materials and further emissions or wastes. Smaller
uncertainties are given for the raw material demand because it is only dependant on the yield-factor
used for the stoecheometric calculations. Also for the infrastructure only an approximation was used
because of missing data.

Additionally, the most important fields of the ecospold meta information from this dataset are listed in
chapter 10.9.

Tab. 10.2 Input/ Output and uncertainty for the process “aluminium fluoride, at plant (RER)”

s . aluminium i
Explanation Name E g fluoride, at & GeneralComment
S plant o |2
| s
S
18
Location RER s | s
InfrastructureProcess 0 R %
Unit kg S| 5
Resources Water, cooling, unspecified natural origin m3 2.40E-02 1 1.88 (5,5,1,1,4,5); estimated with data from a large chem. plant
Water, unspecified natural origin m3 1.20E-02 1 1.88 (5,5,1,1,4,5); estimated with data from a large chem. plant
aluminium oxide, atplant RER kg 6.19E-01 1 |1.21]4,na,na,na,na,na); estimation based on process yield 90-99.8%
electricity, medium voltage, production UCTE, at grid UCTE kWh 3.33E-01 1 11.88| (55,1,1,4,5); estimated with data from a large chem. plant
heat, natural gas, atindustrial furnace >100kW RER M 2.00E+00 1 1188 (55,1,1,4,5); estimated with data from a large chem. plant
chemical plant, organics RER unit 4.00E-10 1 13.77 (4,5,1,3,5,4); estimation
transport, freight, rail RER tkm 7.31E-01 1 12.09 (4,5,na,na,na,na); standard distances
transport, lorry 32t RER tkm 1.22E-01 1 12.09 (4,5,na,na,na,na); standard distances
Output aluminium fluoride, at plant RER kg 1
Airemission |Heat, waste MJ 1.20E+00 1 [1.88 (5,5,1,1,4,5); calculated from electricity input
Fluosilicic acid kg 1.75E-03 1 ]2.32 (5,5,na,na,na,5); estimation
water emission|Fluosilicic acid kg 3.15E-03 1 |3.55|(5,5,na,na,4,5); estimated from mass balance and WWTP effic.

10.6Cryolite, at plant (Location: RER)
10.6.1 Process

This dataset includes a rough estimation of the production process for cryolite. Due to missing produc-
tion data this inventory bases on stoechiometric calculations. The emissions to air and water were es-
timated using mass balance. It was assumed that the waste water is treated in a internal waste water
treatment plant. In order not to neglect the process energy demand those values were approximated
with data from a large chemical plant site (Gendorf (2000)). Due to these approximations the uncer-
tainty within the results of this inventory is large.

According to chapter 10.4.2, all cryolite is produced by the hydrofluoric acid process, using sodium
hydroxide for the precipitation. The overall reaction can be summarized as:

12 HF + Al,0; 3 H,O + 6 NaOH — 2 AlF; 3NaF + 12 H,O (10.2)
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10.6.2 Resources
Energy

There was no information available on the amount of energy used for the production process. In order
not to neglect the process energy demand those values were approximated with data from an large
chemical plant site in Germany producing 2.05 Mt a™ (intermediates included) of different chemicals
(Gendorf (2000)). The values for the energy consumption per kg of product of this plant (3.2 MJ kg™)
were used as approximation for the energy consumption of the cryolite production. This total energy
demand contains a split of 50% natural gas, 38% electricity and 12% steam from external energy
sources. For this inventory all energy used for heat or steam was assumed to be natural gas. For this
inventory an amount of 2 MJ kg™ natural gas and 1.2 MJ kg™ electricity was used. A summary of the
values used is given in Tab. 10.3.

Raw materials

According to the above shown reaction equations - the following stoechiometric inputs are needed
(yield 100%) for the production of 1.0 kg of cryolite:

Hydrofluoric acid, HF: 571.878 g (28.580 mol)
Alumina trihydrate, A1203 . 3 H20: 371.440 g (2.382 mol)
Sodium hydroxide, NaOH: 571.592 g (14.290 mol)

For the production a yield of 98% for the overall reaction is used. Therefore 583.549 g hydrofluoric
acid, 379.020 g alumina trihydrate and 583.257 g sodium hydroxide are considered as raw materials in
this inventory. As there is only anhydrous alumina available within the ecoinvent database, this input
here is approximated by the same molar amount of alumina — i.e. 247.787 g. The produced water is
part of the waste water leaving the production. A summary of the values used is given in Tab. 10.3.

Water use

There was no information available on the amount of cooling water used within the plant. In order not
to neglect the process cooling water demand this value was approximated with data from an large
chemical plant site in Germany producing 2.05 Mt a™ (intermediates included) of different chemicals
(Gendorf (2000)). In this plant in total an average of 24 kg water per kg of product were used for. This
value was used in this inventory as approximation for the cooling water consumption of the cryolite
production.

For the process water amount, due to a lack of data, an amount of 25% of the cooling water amount is
assumed here — leading to an input of 6 kg water per kg cryolite.

Transport and Infrastructure

As there is no information about the transport amounts, standard distances and means according to
Frischknecht et al. (2007) are used for the different raw materials.

For the infrastructure of the production plant no information was available. It was assumed that the
importance of the infrastructure is low and therefore the module “chemical plant, organics” was used
as approximation. For this module with a production capacity of 50'000 t per year and a plant life time
of 50 years, an amount of 4 * 10™'° units per kg cryolite was included.
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10.6.3 Emissions
Waste heat

It was assumed, that 100% of the electricity consumed, i.e. 1.2 MJ per kg aluminium fluoride is con-
verted to waste heat. It was assumed that 100% of the waste heat is released to the air.

Emissions to air

There was no data available on process emissions to air for the production of aluminium fluoride. As
approximation the air emissions occurring from the purge vent, the distillation vent and fugitive emis-
sion sources were estimated to 0.2% of the HF input.

This assumption leads to air emissions of 1.167 g hydrofluoric acid.

Emissions to water

The remaining amount of un-reacted hydrofluoric acid as well as sodium hydroxide was assumed to
leave the production process with the waste water, leading to a pollution of the waste water with
10.504 g hydrofluoric acid and 10.499 g sodium hydroxide. As both substances are dissolved in water,
a waste water treatment plant is not assumed here — thus, the process releases 9.979 g F and 6.037 g
sodium ions in the leaving water.

Solid wastes

Solid wastes occurring during the production of aluminium fluoride were neglected in this inventory.

Tab. 10.3 Energy demand, Resource demand and emissions for the production of cryolite

[per kg cryolite] Remark

INPUTS

hydrofluoric acid kg 0.584 [stoechiometric calc., 98% yield
alumina trihydrate kg 0.379 |shown as 0.248 kg alumina in dataset
sodium hydroxide kg | 5.83E-01 |stoechiometric calc., 98% yield
Electricity, medium voltage kWh| 0.333 |estimation

Natural gas, burned in industrial furnace >100kW MJ 2 estimation

Water, cooling, unspecified m3 | 2.40E-02 |estimation

Water, process, unspecified m3 | 1.20E-02 |estimation

transport by train tkm | 8.49E-01 |calculated with standard distances
transport by lorry tkm | 1.41E-01 |calculated with standard distances
chemical plant, organics unit| 4.00E-10 |[approximation for infrastructure
OUTPUTS

waste heat, to air MJ | 1.20E+00 |calculated from electricity input
hydrofluoric acid, to air kg | 1.17E-03 |estimated as 0.2% of input
fluoride, to water kg | 9.98E-03 |calculated from mass balance
sodium ions, to water kg | 6.04E-03 |calculated from mass balance

10.6.4 Data quality considerations

Tab. 10.4 shows the data quality indicators for the inventory of cryolite production (Location RER).
The uncertainty scores include reliability, completeness, temporal correlation, geographical correla-
tion, further technological correlation and sample size.
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The data in the inventory of the cryolite production has a high uncertainty, because only few data of
the production processes were available. Therefore the data for the used materials was assessed with
stoechiometric calculations and the energy demand was estimated by using an average chemical proc-
ess as approximation. The highest uncertainties exist for the process energy demand and the emissions.
Due to missing data these values are based mainly on assumptions and approximations. Especially the
uncertainty in the emission data is of importance for the quality of the dataset. Further uncertainty oc-
curs from possibly missing auxiliary materials and further emissions or wastes. Smaller uncertainties
are given for the raw material demand because it is only dependant on the yield-factor used for the
stoecheometric calculations. Also for the infrastructure only an approximation was used because of
missing data. Additionally, the most important fields of the ecospold meta information from this data-
set are listed in chapter 10.9.

Tab. 10.4 Input/Output and uncertainty for the process “ cryolite, at plant (RER)”

s X
Explanation Name % £ GRS, &l 3 GeneralComment
] =) plant ° _5
3 S ]
23
2| a
5 =]
Location RER | s
InfrastructureProcess 0 R E
Unit kg S| &
Resource Water, cooling, unspecified natural origin m3 2.40E-02 1 [1.88 (5,5,1,1,4,5); estimated with data from a large chem. plant
Water, unspecified natural origin m3 1.20E-02 1 11.88 (5,5,1,1,4,5); estimated with data from a large chem. plant
Input from sodium hydroxide, 50% in H20, production mix, at plant RER kg 5.83E-01 1 |1.21]| (4,na,na,na,na,na); estimation based on process yield 90-99.8%
Technosphere |hydrogen fluoride, at plant GLO kg 5.84E-01 1 11.21| (4,na,na,na,na,na); estimation based on process yield 90-99.8%
aluminium oxide, at plant RER kg 2.48E-01 1 1.21]| (4,na,na,na,na,na); estimation based on process yield 90-99.8%
electricity, medium voltage, production UCTE, at grid UCTE kWh 3.33E-01 1 11.88 (5,5,1,1,4,5); estimated with data from a large chem. plant
heat, natural gas, atindustrial furnace >100kW RER MJ 2.00E+00 1 11.88 (5,5,1,1,4,5); estimated with data from a large chem. plant
chemical plant, organics RER unit 4.00E-10 1 [3.77 (4,5,1,3,5,4); estimation
transport, freight, rail RER tkm 8.49E-01 1 [2.09 (4,5,na,na,na,na); standard distances
transport, lorry 32t RER tkm 1.41E-01 1 [2.09 (4,5,na,na,na,na); standard distances
Output cryolite, at plant RER kg 1
Air emission Heat, waste MJ 1.20E+00 1 1.88 (5,5,1,1,4,5); calculated from electricity input
Hydrogen fluoride kg 1.17E-03 1 [2.32 (5,5,na,na,na,5); estimation
Water emission [Sodium,ion kg 6.04E-03 1 (211 (5,5,na,na,4,5); estimated from mass balance and WWTP effic.
Fluoride kg 9.98E-03 1 (211 (5,5,na,na,4,5); estimated from mass balance and WWTP effic.

10.7 Cumulative results and interpretation

Results of the cumulative inventory for both substances can be downloaded from the database.

10.8Conclusions

The inventories for aluminium fluoride and cryolite are based on a general literature source (Ullmann),
estimations and assumptions. The unit process raw data are meant to be used as background informa-
tion if these substances are used for a product in small amounts. Therefore these data can only give an
approximation. They are not reliable enough for direct comparison of these materials with other, alter-
native products.
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10.9Ecospold Meta Information

ReferenceFunction

Geography

ReferenceFunction
ReferenceFunction
ReferenceFunction

ReferenceFunction
ReferenceFunction
ReferenceFunction
ReferenceFunction

ReferenceFunction
TimePeriod
TimePeriod
TimePeriod
TimePeriod

Geography

Technology

Representativeness
Representativeness
Representativeness

Representativeness
Representativeness

Name

Location
InfrastructureProcess
Unit
IncludedProcesses

Amount
LocalName
Synonyms
GeneralComment

CASNumber

StartDate

EndDate
DataValidForEntirePeriod
OtherPeriodText

Text

Text

Percent
ProductionVolume
SamplingProcedure

Extrapolations
UncertaintyAdjustments

aluminium fluoride, at
plant

RER

0

kg

Raw materials and
chemicals used for
production, transport of
materials to
manufacturing plant,
estimated emissions to
air and water from
production (incomplete),
estimation of energy
demand and
infrastructure of the
plant (approximation).
Solid wastes omitted.

1
Aluminiumfluorid, ab

The functional unit
represent 1 kg of solid
aluminium fluoride.
Large uncertainty of the
process data due to
weak data on the
production process and
missing data on
process emissions.

7784-18-1

2000

2000

1

date of published
literature

Data used has no
specific geographical
origin (stoechiometry).
Average europenan
processes for raw
materials, transport
requirements and
electricity mix used.

Production by the
fluosilicic acid process.
Alumina trihydrate is
dissolved in fluosilicic
acid and then
crystallization takes
place in a stirred tank.
The overall process
yield is of 98%.
Inventory bases on
stoechiometric
calculations. The
emissions to air (0.2
wt.% of raw material
input) and water were
estimated using mass
balance. Treatment of
the waste water in a
internal waste water
treatment plant

Process data based on
stoechiometric
calculations of few
literature sources.
Energy demand based
on approximation from
large chemical plant.
Process emissions
based on estimations
only.

none

cryolite, at plant

RER

0

kg

Raw materials and
chemicals used for
production, transport of
materials to
manufacturing plant,
estimated emissions to
air and water from
production (incomplete),
estimation of energy
demand and
infrastructure of the
plant (approximation).
Solid wastes omitted.

1
Kryolith, ab Werk

The functional unit
represent 1 kg of solid
cryolite. Large
uncertainty of the
process data due to
weak data on the
production process and
missing data on
process emissions.

15096-52-3
2000

2000

1

date of published
literature

Data used has no
specific geographical
origin (stoechiometry).
Average europenan
processes for raw
materials, transport
requirements and
electricity mix used.

Production by the
hydrofluoric acid
technique. In a first
step, alumina trihydrate
is leached by
hydrofluoric acid - in the
second step cryolite is
precipitated by adding
sodium hydroxide. The
overall process yield is
of 98%. Inventory bases
on stoechiometric
calculations. The
emissions to air (0.2
wt.% of HF input) and
water were estimated
using mass balance.

Process data based on
stoechiometric
calculations of few
literature sources.
Energy demand based
on approximation from
large chemical plant.
Process emissions
based on estimations
only.
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11Ammonia

Author: Margarita Ossés, EMPA St. Gallen
Review: Heiko Kunst, TU Berlin

11.1Introduction
Ammonia (NH;, CAS-No. 7664-41-7) is a colourless gas with a penetrating, pungent suffocating

odour detectable at 17 ppm. When under pressure it is a liquid. It is hygroscopic and soluble in water
(89.9 g/L at 0°C). The most important chemical and physical properties are summarised in Tab. 11.1.

Synonyms for ammonia: anhydrous ammonia, liquid ammonia.

Tab. 11.1 Chemical and physical properties of ammonia (Chemfinder 2002).

Property Value Unit Property Value Unit
Molecular weight 17.0304 g mol” Melting point -77.73 °C
Density (at 20°C) 0.6818 gcm? Boiling point -33.34 °C

The following descriptions of reserves and resources, production technology and the use of nitric acid
are summarised from EFMA (2000) and Bakemeier et al. (1985).

11.2Reserves and Resources

Ammonia is produced basically from air and gas according the steam reforming process. With the par-
tial oxidation process the basic raw materials are liquid nitrogen on one side and on the other, residual
oils or coal, highly viscous hydrocarbons or plastic wastes. The resources available as well as the re-
serves are in the case of the steam reforming process depend only on the reserves of natural gas. If
considering the partial oxidation, the production depends on other manufacturing processes with their
own specific dynamics.

Based on the known resources of fossil fuel, it is likely that natural gas will predominate as feedstock
for the production of ammonia for the next 50 years at least. In a long-term perspective, 50 to 100
years from now, coal may take over as feedstock, based on world reserves and consumption rate.

11.3Production Technologies and Use
11.3.1 Production technologies for ammonia

According to EFMA (2000), two main types of production processes for ammonia synthesis gas are
currently in operation in Europe:

= Steam reforming of natural gas or other light hydrocarbons (natural gas liquids, liquefied petro-
leum gas, naphtha) and

= Partial oxidation of heavy fuel oil or vacuum residue
Coal gasification and water electrolysis are no longer in use in the European ammonia industry.

The ammonia synthesis process is principally independent of the type of synthesis gas production
process, but synthesis gas quality influences the loop design and operation conditions.
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Conventional Steam Reforming

About 85% of world ammonia production is based on steam reforming concepts. A block diagram of
the conventional steam reforming process is shown in Fig. 11.1. (In some cases, a separate auxiliary
boiler is required)

The theoretical process conversions, based on methane feedstock, are given in the following approxi-
mate formulae:

0.88CH; + 1.26Air + 1.24H,0 — 0.88CO2 + N, + 3H,
N2+3H2 — 2NH3

Various feedstocks are available, but most of the ammonia plants use natural gas to supply hydrogen.
The use of alternate feedstocks, such as naphtha, fuel oil and coal has been evaluated, but natural gas
is the most convenient.

Desulphuration of the feedstock is the first step in the ammonia manufacturing process. The sulphur
concentration is reduced to below 0.1 ppm to avoid adverse effects on the reformer catalysts. Desul-
phuration is typically performed using a cobalt molybdenum catalyst and then a pelletised zinc oxide
bed. Zinc sulphide remains in the adsorption bed. The hydrogen for the reaction is usually recycled
from the synthesis section.

The gas from the desulphuriser is mixed with process steam coming from an extraction turbine, and
the steam/gas mixture is then heated further in the convection section before entering the primary re-
former. This consists of a large number of high-nickel chromium alloy tubes filled with nickel-
containing reforming catalyst. In the primary reformer the gas yields hydrogen and carbon monoxide,
under high temperature and pressure. Since this reaction is highly endothermic, additional heat is re-
quired. This is achieved by burning natural gas or other gaseous fuel in burners of a radiant box con-
taining the tubes. After supplying the necessary high level heat to the reforming process, this gas has a
surplus of heat content. (Only about 50-60% of the fuel’s heat value is used in the process itself). This
surplus is recovered for its reuse in the production process.

Only 30 to 40% of the hydrocarbon feed are reformed in the primary reformer because of the chemical
equilibrium at the actual operating conditions. The temperature must be raised to increase the conver-
sion. This is done in the secondary reformer by internal combustion of part of the gas with the process
air, which also provides the nitrogen for the final synthesis gas.

After being cooled, the gas enters a two stage converter called shift section, where the carbon monox-
ide (CO) in the process gas undergoes a conversion to carbon dioxide (CO,). The removal of the CO is
important for the efficiency of the process. In the high temperature shift converter the CO present in
the gas reacts with steam, thereby producing CO, and hydrogen. The gas is cooled and enters the low
temperature shift converter, where additional CO is removed. The converters use iron oxide/chromium
oxide- and copper oxide/zinc oxide-based catalysts. At this point, the process gas contains mainly H,,
N,, CO, and the excess process steam. The gas is cooled and most of the excess steam is condensed
before it enters the CO, removal system. Minor amounts of amines, formic acid and acetic acid could
be present in the condensate. All these components are stripped from the condensate and/or recycled if
using BAT techniques. The heat released during cooling/condensation is further used in the production
process.

Since CO, adversely affects the catalyst used in ammonia synthesis it is removed from the gas stream
through scrubbing with monoethanolamine, activated diethanolamine or hot potassium carbonate solu-
tion (chemical absorption process). Instead of the mentioned process, physical absorption can also be
used. Physical solvents are glycol dimethylethers (selenexol), propylene carbonate and others. The lig-
uor is regenerated using steam stripping.

The next step is methanation. The small amounts of CO and CO, remaining in the gas are poisonous
for the ammonia synthesis catalyst and must be removed by conversion to methane (CHy) in the
methanator. Methane is formed by a reaction between H, and trace amounts of CO and CO, present in
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the gas, with the reaction occurring in the presence of a nickel catalyst. The purified gas is comprised
at this point of H,, nitrogen and small quantities of argon, CH4 and helium. This gas is then com-
pressed and routed to the synthesis operation.

The compressed gas enters the ammonia converter, where ammonia is synthesised by reacting H, and
N; in the presence of an iron catalyst. In order to attain the necessary high pressures, small plants use
reciprocating compressors, while larger plants implement centrifugal machines for gas compression.
Modern ammonia plants use centrifugal compressors for synthesis gas compression, usually driven by
steam turbines, with the steam being produced in the ammonia plant. The refrigeration compressor,
needed for condensation of product ammonia, is also usually driven by a steam turbine.

Only 10 to 20 % of the gas is converted to ammonia per pass in the converter due to unfavourable
equilibrium conditions. The ammonia that is formed is separated from the recycle gas by cool-
ing/condensation, and the reacted gas is substituted by the fresh make-up synthesis gas, thus maintain-
ing the loop pressure. In addition, extensive heat exchange is required due to the exothermic reaction
and the large temperature range in the loop.

Conventional reforming with methanation as the final purification step produces a synthesis gas con-
taining inerts (CH,4 and argon) in quantities that does not dissolve in the condensed ammonia. The ma-
jor part of these inerts is removed by taking out a purge stream from the loop. The purge gas is
scrubbed with water to remove ammonia before being used as fuel or before being sent for hydrogen
recovery.

In most ammonia plants and in order to achieve an efficient ammonia condensation, vaporising am-
monia is used as a refrigerant (instead of water or air) to achieve sufficiently low ammonia concentra-
tions in the gas recycled to the converter. The ammonia vapours are liquefied after recompression in
the refrigeration compressor.

Production of Carbon Dioxide

Carbon Dioxide is a by-product generated according to a stoichiometric conversion and may be recov-
ered for down stream uses.

Other steam reforming processes

The excess air steam reforming process is similar to the conventional, but just more efficient. The
features diverging from conventional steam reforming are: decreased firing in the primary reformer,
increased process air flow to the secondary reforming, cryogenic final purification and lower synthesis
gas inert level.

The heat exchange autothermal reforming was 1999 mostly at the pilot stage, with only two manu-
facturing plants operating such process. Instead of using the heat of the two reformer outlet gas just to
raise steam (what is wasteful from a thermodynamic point of view), it is recycled to the process itself.
This is achieved by using this heat in a newly developed primary reformer thus eliminating the fired
furnace.

ecoinvent report No. 8 -94 -



11. Ammonia

Natural gas

'

Zn0 —» Desulphurisation — ZnS
i
H.0, — Primary reformer — Flue-gas
Fuel
Y
Air, —— Secondary reformer — Heat
Power
i
Shift conversion —* Heat
¥
Heat, Condensate
Power CO; removal ™ co,
¥
Methanation
\d
Power —» Compression
¥
Power —= Ammonia synthesis Heat,
y Purge/flash gas
NH;

Fig.11.1 Ammonia production with conventional steam reforming. (Taken from Fig. 1, EFMA (2000))

11.3.2 Partial oxidation

The partial oxidation process is used for the gasification of heavy feedstocks such as residual oils and
coal. Extremely viscous hydrocarbons and plastic wastes may also be used as fractions of the feed.
Thus, the partial oxidation process offers an alternative for future utilisation of such wastes. A block
diagram of the partial oxidation process is shown in Fig. 11.2

An air separation unit is required for the production of oxygen for the partial oxidation step. The ni-
trogen is added in the liquid nitrogen wash to remove impurities from the synthesis gas and to get the
required hydrogen/nitrogen ratio in the synthesis gas.

The partial oxidation gasification is a non-catalytic process taking place at high pressure and tempera-
ture. The simplified reaction pattern is:

-CH,- + 0.50, — CO + n/2H,
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Fig.11.2 Ammonia production with partial oxidation. (Taken from Fig. 2, EFMA (2000))

Carbon dioxide, methane and some soot are formed in addition. The sulphur compounds in the feed
are converted to hydrogen sulphide. Mineral compounds in the feed are transformed into specific
ashes. The process gas is freed from solids by water scrubbing after waste heat recovery and the soot is
recycled to the feed. The ash compounds are drained with the process condensate and/or together with
a part of the soot. The heavy metals are recovered. The hydrogen sulphide in the process gas is sepa-
rated in a selective absorption step and reprocessed to elementary sulphur in a Claus unit.

The shift conversion usually has two high temperature shift catalyst beds with intermediate cooling.
Steam for the shift conversion is supplied partially by a cooler-saturator system and partially by steam
injection.

CO, is removed by using an absorption agent that might be the same as that in the sulphur removal
step. Residual traces of absorption agent and CO, are then removed from the process gas, before final
purification by a liquid nitrogen wash. In this unit practically all the impurities are removed and nitro-
gen is added to give the stoichiometric hydrogen to nitrogen ratio.

The ammonia synthesis is quite similar to that used in steam reforming plants, but simpler and more
efficient, due to the high purity of synthesis gas from liquid nitrogen wash units and the synthesis loop
not requiring a purge.
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No major improvements are to be expected concerning process efficiency and plant investment costs.
However, partial oxidation will continue to be interesting in the future, due to its feedstock flexibility.
The separation and disposal of the soot and especially the ashes are necessary to adapt to deteriorating
residue qualities or alternative raw material sources.

Production of Carbon Dioxide

Carbon Dioxide is a by-product generated according to a stoichiometric conversion and may be recov-
ered for down stream uses.

11.3.3 Product storage and loading

The ammonia product is stored in large atmospheric tanks at a temperature of —28 °C or in large
spheres maintained at pressures up to 20 atm at ambient temperatures.

11.3.4 Use
Based on value, synthetic ammonia is one of the most important chemical products worldwide.

The most important use for ammonia is as a supply of vital agricultural nitrogen for crops. It is either
applied as a fertiliser directly or it is used as a feedstock in the manufacture of urea, ammonium nitrate
or nitric acid.

The industrial use of ammonia as a nitrogen source has consumed an increasingly greater share of total
ammonia production, amounting now to about 20% of world output. Virtually all nitrogen used in the
chemical industry enters the process as ammonia. The major uses of industrial ammonia-nitrogen , in
part after conversion into nitric acid, are the manufacture of plastics and fibres. Other important appli-
cations are the manufacture of explosives, hydrazine, amines, amides, nitriles, and other organic nitro-
gen compounds serving as intermediates for dyes and pharmaceuticals. The most important products
manufactured from ammonia are nitric acid, urea, sodium cyanide and sodium carbonate.

Ammonia is used in the area of environmental protection to remove SO, and NOy from steam boiler
flue gases. The resulting ammonium sulphate (and sometimes ammonium nitrate) is marketed as a fer-
tiliser product. Liquid ammonia has a considerable importance as a solvent. Ammonia is also used in
the nitriding of steel. It is also still used as a refrigerant in industrial and commercial refrigeration and
air-conditioning installations.

Ammonia is an inexpensive and easily managed starting material for manufacturing protective gas
mixtures for chemical products and for metal-working processes. It is also used for manufacturing hy-
drogen and is even proposed for use in energy-related applications

11.4System Characterisation

This report refers to four modules in Ecoinvent database. The first referes to 1 kg liquid ammonia,
steam reforming, at plant, in Europe; the second module is 1 kg liquid ammonia, partial oxida-
tion, at plant, in Europe. The third refers to 1 kg liquid ammonia, average, at regional storehouse,
in Europe and the fourth, to 1 kg liquid ammonia, average, at regional storehouse, in Switzerland.

For the first and second modules the production of liquid ammonia with the steam reforming process
and with the partial oxidation process, respectively, is considered. With the corresponding datasets
generated for these processes, a third dataset ,,average liquid ammonia“ is prepared making a balanced
average according the share of the mentioned production processes to the total European ammonia
production.

All data are referred to 1 kg 100% liquid ammonia.
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According to EFMA (2000) the typical plants considered for this study are the steam reforming plant
and the partial oxidation plant as shown in Figure 1.1 and Figure 1.2, respectively.

In regard to to the production capacity in the manufacturing plants, EFMA (2000) considers 1500 t.d"'
a standard capacity. Capacities of 1800 t.d"' and above are common for new plants.

The system in both production processes includes the consumption of raw materials, auxiliaries, en-
ergy, infrastructure and land use as well as the generation of solid wastes and emissions to air and wa-
ter. It also includes the transportation of raw materials, auxiliaries and wastes. Storage and transporta-
tion of the final product is not included in the first modules “at plant“, but in the modules “at regional
storehouse®. The relationship between the four modules in Ecoinvent in regard to the production and
storage of ammonia is shown in Fig. 11.3.

Carbon dioxide is the by-product generated in the manufacturing process.

For the study transient or unstable operations like starting-up or shuttings-down, are not included, but
the production during stable operation conditions. The ammonia plant may stand-alone or integrated
with other plants on the site, e.g. a urea plant, but such integration is not considered in this study.

It is assumed that the manufacturing plants are located in an urban/industrial area and consequently the
emissions are categorised as emanating in a high population density area. The emissions into water are
assumed to be emitted into rivers. Solid wastes are assumed to be sent to landfill.

ammonia ammonia, ammonia,
producti- liquid, liquid,
on, steam at regional
steam reforming, storchouse,
reforming. at plant. in Switzerland
ammonia,
liquid.
average
at plant
ammonia ammonia, Ammonia,
producti- liquid, liquid,
on, partial at regional
partial oxidation, storehouse,
oxidation. at plant. in Europe

Fig.11.3 Relationship between the four modules in Ecoinvent in regard to the production and storage of ammonia

11.5Ammonia Production Processes
11.5.1 Ammonia, steam reforming
Data sources

Main data sources for this study are EFMA (2000) and Frischknecht (1999). Additional sources are
Davis (1999), Patyk (1997) and Dones et al. (2007). UNEP (1998) is taken into account for plausibil-
ity checks and comparison reasons.

EFMA (2000) is a report on the best available techniques (BAT) for nitric acid production prepared in
response to the proposed EU Directive on Integrated Pollution Prevention and Control (IPPC Direc-
tive). It considers basically the state-of-the-art of ammonia production in Europe. The document repre-
sents therefore a summary of information about present state as well as future improvements possible
of the ammonia industry. The booklet was reviewed and updated by EFMA experts drawn from mem-
ber companies. Nevertheless, no precise information about the origin of the data is available and there-
fore this is reflected in the uncertainty values. This source provides with average data from the indus-
try as well as with achievable limits when using BAT.
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Frischknecht (1999) is a Swiss survey providing with a life cycle assessment on ammonia, basing on
literature (principally EFMA (1995)'%) and own calculations. The survey analysis the production of
ammonia in Europe by means of steam reforming and partial oxidation. The disadvantage of this high
reliable source is that many of the numbers from EFMA (1995) are already updated.

Patyk (1997) analyses the material flow and the energy balance of different fertilisers, considering the
situation in Germany, East Europe and the EU by analysing a broad spectrum of sources, like govern-
ment reports, and diverse literature. Based on these sources and on his own calculations he presents
tables with values for inputs and outputs from different fertiliser production processes. The disadvan-
tage of this very complete source is that most of the information proceed from literature and not from
recent data from nitric acid plants. Another feature from this survey is that it considers the burning of
fuels and the corresponding emissions generated. For ammonia Patyk (1997) considers different litera-
ture data from Ullmann (1985), Ecoinvent (1994)", Uhde (1991)", Uhde (1994)", Worrel (1994)"
and EFMA (1995), as well as personal communications. For this study his data referred to the EU are
analysed.

UNEP (1998) has the purpose of “providing guidelines®. The survey contains typical values based on
BAT. The sources of information are not mentioned. Therefore, the values presented in this source are
considered principally reference values.

Davis (1999) is a Compilation of Life Cycle Inventories of different fertiliser products used in Sweden
and Western Europe. This survey provides with data based on measurements at manufacturing plants
and considers also literature data. The chapter for ammonia bases mainly on data from Kongshaug
(1998)"", EFMA (1995) and Ullmann (1985), as well as on personal communications. The data for
Western Europe from this source are analysed. In the appendix it gives values for inputs and outputs
of the manufacturing of ammonia, but considering also the extraction of hydrocarbons. Therefore, the
appendix is not taken into account.

When information in the data sources is presented in ranges of values an average is taken and the am-
plitude of the range is indicated in the form of percent variability (+%).

Raw materials and auxiliaries

The most relevant raw materials for the production of liquid ammonia by means of steam reforming
are natural gas, air and water. Consumption of natural gas is considered in the next chapter.

In regard to auxiliaries, EFMA (2000) indicates for a BAT manufacturing plant a consumption of 3.00
E-05 kg solvents per kg ammonia produced (+ 30%). This source mentions also the consumption of
usual treatment additives and regeneration agents at the boiler feedwater preparation units. No values
are presented.

EFMA (1995): European Fertilizer Manufacturers” Association (1995) Production of Ammonia. Best Available Techniques
for Pollution Prevention and Control in the European Fertilizer Industries. Booklet N°1. Brussel

Ecoinvent (1994): Baumann T., Frischknecht R., Granicher H.-P., Hofstetter P., Knoepfel 1., Ménard M., Sprecher F. (1994)
Okoinventare fiir Energiesysteme: Grundlagen fiir den dkologischen Vergleich von Energiesystemen und den Einbezug von
Energiesystemen in Okobilanzen fiir die Schweiz. Im Auftrag des Bundesamtes fiir Energiewirtschaft und des Nationalen
Energie-Forschungs-Fonds NEDD, Bern.

Uhde (1991): Uhde GmbH (1991) Energy-Efficient Ammonia Produktion. Enginering News 3-91, Dortmund.

Uhde (1994): Uhde GmbH (1994) Uhde’s Ammonia Technology. Dortmund.

Worrel (1994): Worrel E. and Blok K. (1994) Energy Savings in the Nitrogen Fertilizer Industry in the Netherlands. Energy
19/2. 195-209.

Kongshaug (1998): Kongshaug G (1998) Energy Consumption and Greenhouse Gas Emissions in Fertilizer Production.
Hydro-Agri Europe, Norway. EFMA (European Fertilizer Manufacturers’ Association) Seminar on EU Legislation and the
Legislation Process in the EU relative to Fertilizer, Prague, October 19-21 1998.
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Catalysts based on cobalt-molybdenum, nickel, iron oxide/chromium oxide and copper oxide/zinc ox-
ide are also mentioned (see also Section 1.3.1). Frischknecht (1999) mentions an average catalysts
consumption of 3.50 E-04 kg per kg ammonia produced. In ecoinvent database there is no existing
module for such catalysts as used in the ammonia production. Therefore, the input of catalyst is re-
ported as “nickel, 95% at plant* as an approximation.

Tab. 11.2 gives an overview of the information about the consumption of water and air in the different
sources used.

Tab. 11.2 Water and air consumption for the production of ammonia by means of steam reforming.

Input (kg 100% NH;)|  UNEP 1998 EFMA 2000 This study
water m*| 1.10E-03" 1.10 E-03 1.10 E-03
(£ 40%) (£ 40%)
air kg | 1.10 E+00%?® 1.00 E+00 ® 1.50 E+00
(* 40%)2 , | 1s0E+00"
1'6&%% ’ 2.00 E+00 °

When a value is an average of data from the source, the amplitude of the range of the original values is indicated as (+%)

Is variable, depending on operation of process condensate recycle. Cooling water is not included, variable from site to site. Value

is the same for conventional- and excess air reforming
Cooling air is not included. It is variable from site to site.
3 . . .
For conventional air reforming.
4 . .
For excess air reforming.

5
For autothermal reforming.

Frischknecht (1999), basing on EFMA (1995), presents the same values for air and water consumption
as EFMA (2000), and consequently is not included in the table. It seems that UNEP (1998) also bases
on EFMA (1995).

Energy and transportation

The production of ammonia is a very energy demanding process. The heat demand has dropped sig-
nificantly during the last thirty years but the process is still very energy consuming.

According to EFMA (2000), the total energy consumption for the production of ammonia in a modern
steam reforming plant is 40-50% above the thermodynamic minimum. More than a half of the excess
consumption is due to compression losses. The practical minimum consumption is assumed to be
about 130% of the theoretical minimum. The process and energy systems are integrated to improve
overall energy efficiency. Steam reforming ammonia plants have a high-level surplus heat available
for steam production in the reforming, shift conversion and synthesis sections, and in the convection
section of the primary reformer. Most of this waste heat is used for high-pressure steam production for
use in turbines for driving the main compressors and pumps and as process steam extracted from the
turbine system. A modern steam reforming ammonia plant can be made energetically self-sufficient if
necessary, but usually a small steam export and electricity import are preferred.

EFMA (2000) states an energy requirement of 3.15 E+01 MJ LHV (Lower Heating Value) per kg NH;
for a stand-alone plant with no energy export and no energy import except for feedstock and fuel.
Based on literature and personal communications, Patyk (1997) considers 3.30 E+01 MJ.kg" NH; an
average value for energy consumption in the steam reforming process in Western Europe. Davis
(1999) mentions an average energy consumption of 3.21 E+01 MJ for the production of ammonia cur-
rently in Western Europe by means of the steam reforming process, basing on data from Kongshaug
(1998). Frischknecht (1999) considers 3.10 E+01 MJ LHV per kg NH; as an average input value.
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UNEP (1998) states a total energy input of 3.35 E+01 MJ HHV (Higher Heating Value) per kg ammo-
nia produced (+ 5%). This value corresponds for a stand-alone plant with no energy export and no en-
ergy import except for feedstock and fuel. According to this source, where auto-production of steam is
insufficient and power is imported, the total energy consumption might be less.

In regard to steam export, EFMA (2000) states that modern steam reforming processes can be de-
signed with no steam export or with some export of low/medium pressure steam if this can be fa-
vourably used on site. Steam export is usual in excess air reforming processes where the process air
compressor is driven by a gas turbine, and in cases when electric power is used for driving one or
more of the main compressors. Process with gas heated primary reforming may be designed for zero
steam export even with some power import or gas turbine drive.

Concerning the energy demand and production of ammonia by means of steam reforming, Tab. 11.3
gives an overview of the reported energy balance in the different sources available.

Tab. 11.3 Energy inputs and outputs for the production of ammonia by means of steam reforming.

Input . kg™ 100% NH UNEP 1998 EFMA 2000 * Davis 1999 Frischknecht 1999 This study

Natural gas MJ 2.45 E+01 "2 2.21 E+01 2° 2.50 E+01* 2.34 E+01
2.60 E+01 "3 2.34 E+01 35
248 E+01°°
Electricity KWh 6.94 E-02° 6.94 E-02
fuel MJ 8.10 E+00 "2 6.00 E+00 * 8.10 E+00
(+ 10%)
6.30 E+00 "3
(+ 15%)
5.40 E+00 "&7
(+ 30%)

When a value is an average of data from the source, the amplitude of the range of the original values is indicated as (+%)
Values preceded with ,— correspond to outputs

Value corresponds to a stand-alone plant with no energy export and no energy import except for feedstock and fuel.
For conventional steam reforming.

For excess air reforming.

Values correspond to Lower Heating Value.

For a modern plant.

For autothermal reforming.

©® N O g b~ WON -

The uncertainty is mainly due to the type of compressor drives.

Reported in the source as 0.25 MJ (conversion is done, considering 1 kWh = 3.6 MJ, according to Frischknecht et al. 2003b).Data from Van
Balken 1998 ",

The values presented by EFMA (2000) are taken, even if Frischknecht (1999) presents higher con-
sumption values and although according to a conservative criterion, the latter could be seen as more
appropriate. The reason for taking the numbers of EFMA (2000) is that Frischknecht (1999) considers
actually BAT wvalues too, only that these values -taken from EFMA (1995) - are older. EFMA (1995)
presents lower numbers for consumption of energy than the following edition, i.e. EFMA (2000). This
can be explained by five years of technology development and improvement of the environmental per-
formance in the ammonia industry.

An average of the numbers from EFMA (2000) is used for this study, because it is not known how the
different processes contribute currently to the overall production. Consequently, it is not possible to
make a balancing average. On one hand, the most common process is presumably the conventional
steam reforming. On the other hand, if only the values reported for this process were taken, the aver-

Van Balken H. (1998) Issue Manager, Technology, Environment and Safety, European Fertilizer Manufacturers’Association
(EFMA). Personal communication.
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age would show the best environmental performance possible. In turn, if an average is made, this re-
sulting value reflects a slight lower environmental performance, probably closer to the real situation in
the industry.

For this study, it is assumed that the fuel used in the production process is heavy fuel oil. In Ecoinvent
database, heavy fuel oil is reported in kg. Thus, the amount of consumption of heavy fuel oil is 1.97 E-
01 kg. kg™ NH; (1kg heavy fuel oil = 41.2 MJ, according to Frischknecht et al. (2007b))

In Ecoinvent database natural gas is reported in cubic meters (m’). Therefore, a conversion from MJ to
m’ is done, considering that 1 m® gas represents 36.3 MJ (Frischknecht et al. (2007b)). The value for
Ecoinvent thus, is 6.45 E-01 m® natural gas per kg NH; produced.

Concerning transportation of raw materials and auxiliaries, no information about distances is available
in the examined data sources. Therefore, for all raw materials and auxiliaries, standard distances as de-
fined in Frischknecht et al. (2007b) were used: 100 km by lorry 32t and 600 km by train. For the trans-
portation of the different wastes produced within the process it is assumed that they are sent to landfill
and, again, standard distances are used: 10 km by lorry to disposal site. Additionally, it is assumed that
this lorry has a capacity of 32 tonnes in order to facilitate the calculations of the total transport
amounts for the database.

Tab. 11.4 summarises the total transport amounts for the production of 1 kg of ammonia by means of
steam reforming.

Tab. 11.4 Total transport amounts for the production of ammonia by means of steam reforming.

(tkm. kg 100% NH;) lorry train
raw material 0 0
auxiliaries 3.80 E-05 2.28 E-04
waste to disposal sites 2.00 E-06 0
Total transports 4.00 E-05 2.28 E-04

Infrastructure and land-use

There is no information available about infrastructure and land-use of nitric acid plants. Therefore, in
this study, the infrastructure is estimated based on the module "chemical plant, organics", that has a
built area of about 4.2 ha and an average output of 50'000 t/a. For more details about this infrastructure
module, see chapter 2.7 in part I of this report. This estimated value is 4.00 E-10 unit. kg™ chemical.

Production of Carbon Dioxide

EFMA (2000) mentions a production of 1.23 E+00 kg CO, .kg"' NHj for partial oxidation of residual
oils (£5%). This value is also mentioned in Frischknecht (1999), quoting EFMA (1995). UNEP (1998)
presents the same number, apparently basing on EFMA (1995) too. The value does not include the
CO;, in the flue gases. The variability depends on the degree of air reforming.

Emissions to air and water

According to EFMA (2000), the production of ammonia is relatively clean compared to many other
chemical processes. During the normal operation of a reforming plant, only the NO, and CO, emis-
sions have to be considered. Generally the emissions from modern ammonia plants have little envi-
ronmental impact.
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According to the mentioned source, there is no emission of waste-heat, since this is virtually recycled
in the process.

Emissions to air

The most important environmental impact owing to ammonia production is a large consumption of
fossil fuel and emissions of fossil CO,; as a consequence. The flue gas leaving the convection section is
one of the main sources of emissions from the plant.

The following are the sources of emissions to air in the steam reforming process, according to EFMA
(2000):

Flue-gas from the primary reformer

Vent gas from CO, removal

Breathing gas from oil buffers (sales/compressors)
Fugitive emissions (from flanges, stuffing boxes, etc.)
Purge and flash gases from the synthesis section

Non-continuous emissions (venting and flaring)

All the sources consulted mention the same emissions: mainly CO,, NOy, with small amounts of CO
and SO,, being the latter highly dependent on the type of fuel used. UNEP (1998) mentions also fugi-
tive emissions of light hydrocarbons, H, and NHj, that can occur due to leaks from flanges, stuffing
boxes, maintenance work and catalyst handling.

The recovery of CO, for its further use reduces the emissions very considerably, but it depends on the
needs of downstream facilities.

Emissions to water

According to EFMA 2000, pollution problems related to water may occur during normal operation due
to process condensates or due to the scrubbing of waste gases containing ammonia. Without treatment
process, condensate can contain up to 1.00 E-03 kg of NH; and 1.00 E-03 kg methanol per kg. More
than 95% of the dissolved gases can be recovered by stripping with process steam and are recycled to
the process. The stripped condensate can be re-used as boiler feedwater make-up after treatment by ion
exchange. Total recycle is obtained in this way. In some cases the process condensate is used for feed-
gas saturation and thus recycled to the process. Usually the ammonia absorbed from purge and flash
gases is also recovered. Thus, emissions into water from the production during normal operation can
be fully avoided. All available information about emissions to air and water is summarised in Tab.
11.5
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Tab. 11.5 Emissions to air and water of the production of ammonia by means of steam reforming.

(kg.kg™ 100% NH3) UNEP EFMA Frischknecht This study
1998 2000 1999

Emission to air
NO, (as NO,)' 9.50 E-04 ' 1.00 E-03° 1.00 E-03 1.00 E-03

( 40%) 4.50 E-04 °

9.00 E-04 7
N,O 1.48 E-05
CHy, fossil 1.2 E-05 1.2 E-05
CO,, fossil 5.00 E-01 %3 5.00 E-01%° 1.46 E+00 1.46 E+00
4.50 E-012*

(+ 10%)
CO, fossil <3.00E-05" <3.00 E-05° 8.40 E-05 8.40 E-05
SOx as SO, <1.00 E-05" <1.00 E-05° 3.00 E-06 1.00 E-05
Particulates 1.20 E-06 1.20 E-06
NMVOC, unspecified 1.80 E-05 1.80 E-05
Emission to water
NH; or NH, (as N) 1.00 E-04 *7 1.00 E-04

When a value is an average of data from the source, the amplitude of the range of the original values is indicated as (+%)
The value is the same for conventional- and excess air reforming

Value corresponding only to the CO2 in the flue gas. The CO2 recovered for its further use is not included.
3

For conventional air reforming.
4

For excess air reforming.

Typical emissions levels in a steam reforming plant with process condensate recycling. (Condensate recycled of 1.20 E+00 kg

CO, kg™ NH3)
Achievable values for new ammonia plants using BAT.
7
Achievable values for existing ammonia plants using BAT.

For the emissions, the highest value is taken, considering EFMA (2000) and Frischknecht (1999).
Both present values corresponding to a mix of fuel plus process emissions. For NOx, the highest value
reported by EFMA 2000 is taken. The same value is presented in Frishknecht 1999. Also for SO, the
number from EFMA 2000 is taken. This number, reported as maximal value is taken as an average
value, according to a conservative criterion. For CHy, CO,, CO and Particulates, the values from
Frischknecht are used. Particulate matter is reported in ecoinvent database in three fractions: Particu-
lates, < 2.5 um; Particulates, > 2.5 um and < 10 um and Particulates, > 10 um. According to Ber-
dowski et al. (2002) and considering that the values of particulates correspond principally (99%) to the
burning of heavy fuel oil, it is assumed that the distribution is 71% for the first mentioned fraction,
15% for the second and 14% for the last. On this base, the corresponding value for each fraction is
calculated. Therefore, the following values are used in this study:

8.52 E-07 kg Particulates (< 2.5 um) kg NH;,
1.80 E-07 kg Particulates (> 2.5 um and < 10 um) .kg"' NH3, and
1.68 E-07 kg Particulates (> 10 um) .kg"' NHj.

Additional emissions from the burning of fuels are estimated from the inventories of the respective
heating systems in Dones et al. (2007). The respective procedure is described in chapter 5.2 of the pa-
per & board part in Hischier (2007). Tab. 11.6 summarises the calculated data for these additional air
emissions based on the fuel mix used here.
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Tab. 11.6 Additional air emissions from the fuel mix used for ammonia from steam reforming process

[per kg product] Total [per kg product] Total [per kg product] Total

Heat, waste MJ | 3.47E+01 [|Cobalt kg | 2.67E-07 [[Pentane kg | 2.81E-05
Carbon dioxide, biogenic kg - Copper kg | 3.97E-07 [[Phenol kg -
Carbon dioxide, fossil kg | 1.94E+00 |[Dinitrogen monoxide kg | 1.53E-05 ||Phenol, pentachloro- kg

Carbon monoxide, biogenic kg - Dioxins, measured as 2,3,7,8-tetrachlo kg | 4.35E-15 [|Phosphorus kg

Carbon monoxide, fossil kg | 1.06E-04 ||Ethane kg - Polonium-210 kBq

Nitrogen oxides kg | 1.23E-03 ||Ethanol kg | 2.43E-06 ||Potassium kg
Particulates, < 2.5 um kg | 2.88E-04 ||Ethene kg - Potassium-40 kBq -
Particulates, > 10 um kg | 8.10E-05 |[Ethyne kg - Propane kg | 4.92E-06
Particulates, > 2.5 um, and < 10um kg | 4.05E-05 ||Fluorine kg - Propene kg -
Sulfur dioxide kg | 3.25E-03 ||Formaldehyde kg | 5.99E-06 ||Propionic acid kg | 4.68E-07
Acetic acid kg | 8.37E-06 |[Hydrocarbons, aliphatic, alkanes,unsp kg | 4.86E-06 ||Radium-226 kBq -
Acetaldehyde kg | 1.24E-06 |[Hydrocarbons, aliphatic, unsaturated | kg | 2.43E-07 ||Radium-228 kBq

Acetone kg | 1.22E-06 |[Hydrocarbons, aromatic kg | 1.22E-06 [|Radon-220 kBq

Ammonia kg | 8.10E-08 |[Hydrogen chloride kg | 1.17E-05 [[Radon-222 kBq

Aluminum kg - Hydrogen fluoride kg | 1.17E-06 [[Scandium kg -
Antimony kg - Hydrogen sulfide kg - Selenium kg | 9.72E-08
Arsenic kg | 1.05E-07 |[lodine kg - Silicon kg -
Barium kg - Iron kg | 1.46E-06 [[Sodium kg | 6.08E-06
Benzene kg | 9.36E-06 ||Lead kg | 4.62E-07 ||Strontium kg -
Benzene, ethyl- kg - Lead-210 kBq - Thallium kg

Benzene, hexachloro- kg - Magnesium kg - Thorium kg
Benzo(a)pyrene kg | 461E-10 |[Manganese kg - Thorium-228 kBq

Berryllium kg - Mercury kg | 1.92E-09 [|Thorium-232 kBq

Boron kg - Methane, biogenic kg - Tin kg

Bromine kg - Methane, fossil kg | 7.11E-05 ||Titanium kg -
Butane kg | 1.64E-05 |[Methanol kg | 4.13E-06 ||Toluene kg | 4.92E-06
Calcium kg | 6.48E-07 |[Molybdenum kg | 1.30E-07 [|Uranium kg -
Cadmium kg | 2.67E-07 |[m-Xylene kg - Uranium-238 kBq -
Chlorine kg - Nickel kg | 5.27E-06 [[Vanadium kg | 2.11E-05
Chromium kg | 1.28E-07 ||NMVOC, non-methane volatile organic « kg - Xylene kg -
Chromium VI kg | 1.30E-09 [|PAH, polycyclic aromatic hydrocarbons kg | 2.39E-07 ||Zinc kg | 3.24E-07

Solid wastes

EFMA (2000) indicates that the BAT ammonia process does not normally produce solid wastes. The
sources consulted report on the generation of spent catalysts and molecular sieves. They state that
these wastes are of minor importance since they are often recycled to a large extent.

UNEP (1998) mentions an achievable value of 1.00 E-04 kg spent catalyst per kg ammonia produced,
when using BAT. For solid wastes generated at a BAT plant, EFMA (2000) presents a value of 2.00
E-04 kg. kg”' NHs. This last value is taken for this study, according to a conservative criterion.

For this study, solid waste is reported as “disposal, municipal solid waste, 22.9 %water, to sanitary
landfill, due to lack of further information about the composition of the wastes mentioned. This is
considered the most appropriate among the different modules available in the database.

11.5.2 Ammonia, partial oxidation
Data sources

Similar sources like for ammonia, steam reforming (see chapter 11.5.1)

Raw materials and auxiliaries

In regard to consumption of water and air, EFMA reports a consumption of 1.20 E-03 m’ water and
4.00 E+00 kg air per kg ammonia produced. Cooling water and cooling air are not included in these
numbers, being variable from site to site. Frischknecht (1999), basing on EFMA (1995), presents the
same values as EFMA (2000). UNEP (1998) mentions also the same values, seeming to base on
EFMA (1995) too.
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In regard to auxiliaries, the same numbers for solvents are considered as for steam reforming (3.00 E-
05 kg. kg NH?).

Energy and transportation

As for steam reforming, the process and energy systems are integrated to improve overall energy effi-
ciency. Auxiliary boilers are required if the compressors are steam-driven.

Davis (1999) mentions an average energy consumption of 4.10 E+01 to 4.90 E+01 MJ for the produc-
tion of ammonia in Western Europe by means of the partial oxidation process, basing on data from
Kongshaug (1998). UNEP (1998) states a total energy input of 4.20 E+01 MJ (HHV Value) per kg
ammonia produced (+ 7%), including in this value the import of power and/or auxiliary steam. Patyk
(1997) considers 3.63 E+01 MJ.kg"' NH; an average value for energy consumption in the partial oxi-
dation process. Frischknecht (1999) considers 3.10 E+01 MJ LHV .kg' NH; as an average input
value. The partial oxidation has a steam deficit if all compressors are steam-driven (EFMA (2000)).

Concerning the energy demand and production of the production of ammonia by means of partial oxi-
dation, Tab. 11.7 gives an overview of the reported energy balance in the different sources available.

Tab. 11.7 Energy inputs and outputs for the production of ammonia by means of partial oxidation.

Input ) kg-l 100% NH3 UNEP 1998 EFMA 2000 Frischknecht This StUdy
1999
FEEDSTOCK  MJ 3.20 E+01 2.88 E+01' 3.20 E+01° 2.88 E+01
Electricity MJ 8.00 E-01° 7.20 E-01*
fuel MJ 7.20 E+00 2 7.20 E+00 ® 6.48 E+00 *
(£ 25%)

When a value is an average of data from the source, the amplitude of the range of the original values is indicated as (%)
Values preceded with ,—* correspond to outputs

For a modern plant. Value corresponds to Lower Heating Value.

2
Value corresponds to a stand-alone plant with no energy export and no energy import except for feedstock and fuel. Value corre-
sponds to Lower Heating Value.

Lower Heating Value.
4
Assuming that 10% of the energy (7.20 E+00 MJ.kg™") is imported as electricity and 90% from fuel.

The values presented by EFMA (2000) are taken, even if Frischknecht (1999) presents higher con-
sumption values and according to a conservative criterion, the latter could be seen as more appropriate.
The reason for taking the numbers of EFMA (2000) is that Frischknecht (1999) considers actually
BAT values too, only that these values -taken from EFMA (1995) — are older. EFMA (1995) presents
lower numbers for consumption of energy than the following edition, i.e. EFMA (2000). This can be
explained by five years of technology development and improvement of the environmental perform-
ance in the ammonia industry.

For this study, it is assumed that both the feedstock and the fuel are heavy fuel oil. Both values are
added.

Taking into consideration that sometimes an electricity import is necessary, and in concordance with
Frischknecht (1999), it is assumed that 10% of the overall amount of energy provided by the fuel cor-
responds to electricity consumption and 90% to heavy fuel oil. Consequently, the value for fuel from
EFMA is taken (7.20 E+00 MJ), but only 90% is reported as heavy fuel oil consumption and the re-
maining 10% is reported as energy supplied as electricity.

For heavy fuel oil, a conversion is necessary in order to report it in kg in Ecoinvent database. Thus, the
value for Ecoinvent is 8.57 E-01 kg fuel oil per kg ammonia produced. This is the result of adding
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28.8 MJ fuel oil for feedstock and 6.48 MJ for fuel (90% of 7.20 MJ), and converting the resulting
value into kg, considering 1 kg fuel oil = 41.2 MJ, according to Frischknecht et al. (2007b).

A conversion is also necessary for electricity, since in Ecoinvent database this input is reported in
kWh. Thus, the value for Ecoinvent is 2.00 E-01 kWh kg ammonia produced (1 kWh = 3.6 MJ, ac-
cording to Frischknecht et al. (2007b)).

In regard to transportation, the same considerations and assumptions as for steam reforming ammonia
are to be taken into account. Tab. 11.8 summarises the total transport amounts for the production of 1
kg of ammonia by means of steam reforming.

Tab. 11.8 Total transport amounts for the production of ammonia by means of partial oxidation.

(tkm. kg 100% NH;) lorry train
raw material 0 0
auxiliaries 3.00 E-06 1.80 E-05
waste to disposal sites 2.00 E-06 0
Total transports 5.00 E-06 1.80 E-05

Infrastructure and land use

Same considerations as for ammonia, steam reforming.

Production of Carbon Dioxide

EFMA (2000) mentions a production of 2.30 E+00 kg CO, .kg"' NHj; for partial oxidation of residual
oils (= 15%). This value is also mentioned in Frischknecht (1999), quoting EFMA (1995). UNEP
(1998) presents the same number, apparently basing on EFMA (1995) too. The value does not include
the CO, in the flue gases.

Emissions to air and water

According to EFMA (2000), the production of ammonia is relatively clean compared to many other
chemical processes. Generally the emissions from modern ammonia plants have little environmental
impact. In partial oxidation plants with oil-fired auxiliary boilers the emission of SO, are of relevance,
but using low sulphur fuel oil can reduce it.

Emissions to air

According to EFMA (2000), the partial oxidation process has the same emission sources as described
for the reforming process except for the primary reformer flue-gas. A partial oxidation plant may also
have auxiliary boiler(s) for power steam production if more efficiently off-site produced power is not
available. The fuel to the auxiliary boiler/superheater together with possible scrubbing equipment de-
termines the amount of CO, in the flue-gas. Tail gas from sulphur recovery will also contain sulphur
oxides. This means that the CO, emission from partial oxidation plants is higher than in the reformer
flue-gas. Other additional emissions may be H,S, methanol, CO and dust traces. NO, emission de-
pends on operational parameters at the primary reformer and the nitrogen content of the fuel. Excess
nitrogen is usually vented.

When using steam-driven compressors, the flue-gas from the auxiliary boilers is the main source of
emissions. These are mainly SO,, NO, and CO,. The site emissions are very low if the compressors
are driven by imported electric power (EFMA (2000))
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UNEP (1998) states that the emissions to air vary depending on the fuel and feedstock, and recovery
procedures. The emissions of CO, are highly dependent on the type of fuel. According to this source,
fugitive emissions of light hydrocarbons, H,, NH;, CO and CO, can occur due to leaks from flanges,
stuffing boxes, maintenance work and catalyst handling.

The recovery of CO, for its further use reduces the emissions very considerably, but it depends on the
needs of downstream facilities.

In regard to sulphur- containing emissions, EFMA (2000) states that in BAT partial oxidation most
(87-95%) of the sulphur content of the feed to the gasifier is recovered in the Claus unit.

Emissions to water

Same considerations as for steam reforming. For partial oxidation, EFMA (2000) mentions addition-
ally that soot and ash removal may cause pollution problems if not properly handled. Soot from gasifi-
cation in partial oxidation is usually recovered and recycled to the process. Traces of soot and slag are
emitted to water. All available information about emissions to air and water is summarised in Tab.
11.9.

Tab. 11.9 Emissions to air and water of the production of ammonia by means of partial oxidation.

(kg.kg™ 100% NHs) UNEP EFMA Frischknecht This study
1998 2000 1999
Emission to air
NO, (as NOy) 4.50 E-04 1.20 E-03 1.20 E-03
9.00 E-04 2
N.O 5.49 E-05
CHy, fossil 2.20 E-05 2.20 E-05
CO,, fossil 2.34 E+00 2.34 E+00
CO, fossil < 1.30 E-04 2.20 E-04 2.20 E-04
SOx as SO, 2.00 E-03 1.26 E-02 1.26 E-02
(+ 100%)
Particulates 4.60 E-04 4.60 E-04
H,S 1.40 E-06 1.40 E-06
Methanol 4.00 E-04 4.00 E-04
NMVOC, unspecified 2.20 E-05 2.20 E-05
Emission to water
NH; or NH, (as N) 1.00 E-04 "2 1.00 E-04

When a value is an average of data from the source, the amplitude of the range of the original values is indicated as (%)
1

Achievable values for new ammonia plants using BAT.
2

Achievable values for existing ammonia plants using BAT.

The same criteria for the election of values are used as for steam reforming. According to Berdowski
et al. 2002 and considering that the values of particulates correspond to the burning of heavy fuel oil,
it is assumed that the distribution is 71% for the first mentioned fraction, 15% for the second and 14%
for the last. On this base, the corresponding value for each fraction is calculated. Therefore, the fol-
lowing values are used in this study:

3.27 E-04 kg Particulates (< 2.5 um) kg NH;,
6.90 E-05 kg Particulates (> 2.5 um and < 10 um) .kg™' NHs, and
6.44 E-05 kg Particulates (> 10 um) .kg™' NHj.
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Additional emissions from the burning of fuels are estimated from the inventories of the respective
heating systems in Dones et al. (2007). The respective procedure is described in chapter 5.2 of the pa-
per & board part in Hischier (2007). Tab. 11.10 summarises the calculated data for these additional air
emissions based on the fuel mix used here.

Tab. 11.10 Additional air emissions from the fuel mix used for ammonia from partical oxidation process

[per kg product] Total [per kg product] Total [per kg product] Total

Heat, waste MJ | 3.88E+01 |[Cobalt kg | 1.17E-06 [[Pentane kg -
Carbon dioxide, biogenic kg - Copper kg | 1.73E-06 [[Phenol kg

Carbon dioxide, fossil kg | 2.75E+00 |[Dinitrogen monoxide kg | 5.65E-05 ||Phenol, pentachloro- kg

Carbon monoxide, biogenic kg - Dioxins, measured as 2,3,7,8-tetrachlo kg | 1.59E-14 [|Phosphorus kg

Carbon monoxide, fossil kg | 2.47E-04 ||Ethane kg - Polonium-210 kBq

Nitrogen oxides kg | 3.53E-03 ||Ethanol kg | 1.06E-05 [|Potassium kg
Particulates, < 2.5 um kg | 1.24E-03 ||Ethene kg - Potassium-40 kBq -
Particulates, > 10 um kg | 3.53E-04 |[Ethyne kg - Propane kg | 1.06E-06
Particulates, > 2.5 um, and < 10um kg | 1.77E-04 ||Fluorine kg - Propene kg -
Sulfur dioxide kg | 141E-02 ||Formaldehyde kg | 1.59E-05 ||Propionic acid kg

Acetic acid kg | 2.12E-05 |[Hydrocarbons, aliphatic, alkanes, unsp kg | 2.12E-05 ||Radium-226 kBq
Acetaldehyde kg | 5.30E-06 |[Hydrocarbons, aliphatic, unsaturated | kg | 1.06E-06 ||Radium-228 kBq

Acetone kg | 5.30E-06 |[Hydrocarbons, aromatic kg | 5.30E-06 [|Radon-220 kBq

Ammonia kg | 3.53E-07 |[Hydrogen chloride kg | 5.08E-05 |[Radon-222 kBq

Aluminum kg - Hydrogen fluoride kg | 5.08E-06 [[Scandium kg -
Antimony kg - Hydrogen sulfide kg - Selenium kg | 4.24E-07
Arsenic kg | 4.59E-07 |[lodine kg - Silicon kg -
Barium kg - Iron kg | 6.36E-06 [[Sodium kg | 2.65E-05
Benzene kg - Lead kg | 2.01E-06 ||Strontium kg -
Benzene, ethyl- kg - Lead-210 kBq - Thallium kg

Benzene, hexachloro- kg - Magnesium kg - Thorium kg
Benzo(a)pyrene kg | 9.89E-10 |[Manganese kg - Thorium-228 kBq

Berryllium kg - Mercury kg | 5.30E-09 [|Thorium-232 kBq

Boron kg - Methane, biogenic kg - Tin kg

Bromine kg - Methane, fossil kg | 1.06E-04 ||Titanium kg -
Butane kg - Methanol kg | 1.80E-05 ||Toluene kg | 1.06E-06
Calcium kg | 2.82E-06 |[Molybdenum kg | 5.65E-07 [|Uranium kg -
Cadmium kg | 1.17E-06 |[m-Xylene kg - Uranium-238 kBq -
Chlorine kg - Nickel kg | 2.30E-05 [|Vanadium kg | 9.18E-05
Chromium kg | 5.58E-07 ||NMVOC, non-methane volatile organic « kg - Xylene kg -
Chromium VI kg | 5.65E-09 [|PAH, polycyclic aromatic hydrocarbons kg | 2.05E-08 ||Zinc kg | 1.41E-06

Solid wastes

Same considerations as for steam reforming. The same value as for steam reforming is taken (2.00 E-
04 kg. kg™ NH3), according to EFMA (2000).

In partial oxidation plants, sulphur is recovered in the Claus unit and can be used as a feedstock in sul-
phuric acid units. The ash can be upgraded and used as an ore substitute.

11.6Average European Ammonia

According to IFA (2003), about three quarters of world ammonia production is based on natural gas.
(This proportion is 85% if excluding the numerous small, coal-burning plants in China). The men-
tioned resource reports a world annual production of 141 Mt. 1989, from which 12.7 Mt. corresponds
to Europe. Frischknecht (1999) mentions for the production in 1990 in Western Europe a value of 13,5
Mt.

According to Frischknecht (1999), in Western Europe 72% steam and 13% naphtha were used in the
year’s 1982/1983 for the production of ammonia. For this study, and in concordance to Frischknecht
(1999), it is assumed that a representative distribution of the production means for Europe is 85%
steam reforming and 15% partial oxidation (of heavy fuel oil)

The modules ammonia at storehouse refere to an average ammonia and base on the balanced averages
from the numbers of both process discussed, considering that steam reforming ammonia contributes
with 85% and partial oxidation with 15% to the average value. For the uncertainties scores, the ones
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corresponding to steam reforming are used, since the relevance of this process -and therefore of its
numbers- is higher.

11.7Ammonia at Regional Storehouse

For the modules concerning ammonia at regional storehouses, both in Europe and in Switzerland,
transportation and storage of the final product ammonia is considered.

According to EFMA (2000), in a refrigerated storage, the cold losses are balanced by recompressing
and recondensing the evaporated ammonia. During recompression, some inerts containing also traces
of ammonia cannot be condensed but must be flared or scrubbed with water. Small continuous emis-
sions may thus occur, in addition to minor non-continuous emissions during loading operations. Nev-
ertheless, no values regarding emissions related to the storage or transportation of ammonia are avail-
able in the sources consulted. Thus, only additional transportation is taken into consideration for the
modules at regional storehouse but no other inputs or outputs.

For transportation and due to the lack of data, standard distances as presented in Frischknecht et al.
(2007b) are used: 50 km by lorry 32t and 600 km by train. Thus, for the transportation of 1 kg liquid
ammonia to a regional storehouse in Europe, 1.00 E-O1 tkm by lorry 32t and 6.00 E-01 tkm by rail are
used. If considering a Swiss regional lager, the values are 5.00 E-02 tkm by lorry 28t and 6.00 E-01
tkm by rail per kg liquid ammonia.

11.8Data Quality Considerations

The uncertainty scores include reliability, completeness, temporal correlation, geographical correla-
tion, further technological correlation and sample size.

Most of the used data for the principal emissions and for energy consumption are extracted from
EFMA (2000). The main concern in regard to EFMA (2000) is that it does not mention on how many
different sample points the different values given are based, if these are measures or estimations and to
what period of time these correspond. All the mentioned factors leads to higher uncertainty scores.
Other outputs, as well as numbers for catalysts consumption are taken from Frischknecht (1999). This
source bases on literature (principally EFMA (1995)) and own calculations. The disadvantage of this
high reliable source is that many of the numbers from EFMA (1995) are already updated.

The transport and infrastructure data are two further areas with much higher uncertainties. Due to a
complete lack of data, assumptions based on Frischknecht et al. (2007b) (transport) resp. the very gen-
eral module of an organic chemical plant are used. The module analysed corresponds to Europe. How-
ever, the data used for this study correspond not only to whole Europe but also to the EU or Western
Europe. This lack of representativeness is reflected in the uncertainty scores.

Tab. 11.11 and Tab. 11.12 summarise the input and output data as well as the uncertainties used for
the production of ammonia by means of steam reforming and partial oxidation, respectively. The val-
ues are given for the production of 1 kg of 100% liquid ammonia.

Tab. 11.13 and Tab. 11.14 show the inputs and outputs data as well as the uncertainties related to the
transportation and storage of liquid ammonia to a regional storehouse in Europe and in Switzerland,
respectively. As mentioned above, a balanced average has been calculated considering that steam re-
forming contributes with 85% and partial oxidation with 15% to the total. The values are given for the
production of 1 kg of 100% liquid ammonia.
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Tab. 11.11 Input- / Output-data for the ammonia production by means of steam reforming (expressed per kg ammonia

produced)

[l
5 _ | ammonia,steam |2 |&
Explanation Name § g reforming, liquid, |'® E § GeneralComment
s at plant s 22
£ 9|82
Sa|lh®
Location RER
InfrastructureProcess 0
Unit kg
Resources Water, unspecified natural origin m3 1.10E-3 1 [1.24](3,2,1,1,1,5); data from survey from literature (EFMA 2000)
Inputfrom solvents, organic, unspecified, at plant GLO kg 3.00E-5 1 11.24](3,2,1,1,1,5); data from survey from literature (EFMA 2000)
Technosphere [nickel, 99.5%, atplant GLO kg 3.50E-4 1 11.26(3,2,3,1,1,5); data from survey from literature (Frischknecht 1999)
natural gas, high pressure, atconsumer RER MJ 2.34E+1 1 [1.24](3,2,1,1,1,5); data from survey from literature (EFMA 2000)
heavy fuel oil, at regional storage RER kg 1.97E-1 1 [1.24(3,2,1,1,1,5); data from survey from literature (EFMA 2000)
electricity, medium voltage, production UCTE, at grid UCTE kWh 6.94E-2 1 [1.22](2,2,2,1,1,5); data from survey from literature (Davis 1999)
transport, lorry 32t RER tkm 4.00E-5 1 ]2.05((4,na,na,na,na,na); Standard distances
transport, freight, rail RER tkm 2.28E-4 1 |2.05](4,na,na,na,na,na); Standard distances
chemical plant, organics RER unit 4.00E-10 1 |[3.96|(4,1,5,3,54); Estimation
disposal, municipal solid waste, 22.9% water, to sanitary landfill CH kg 2.00E-4 1 ]1.24](3,2,1,1,1,5); data from survey from literature (EFMA 2000)
OUTPUTS ammonia, steam reforming, liquid, at plant RER kg 1.00E+0
water emission [Nitrogen kg 1.00E-4 1 [1.58](3,2,1,1,1,5); data from survey from literature (EFMA 2000)
air emission Nitrogen oxides kg 1.00E-3 1 [1.58](3,2,1,1,1,5); data from survey from literature (EFMA 2000)
Methane, fossil kg 1.20E-5 1 [1.59](3,2,3,1,1,5); data from survey from literature (Frischknecht 1999)
Carbon dioxide, fossil kg 1.46E+0 1 11.26(3,2,3,1,1,5); data from survey from literature (Frischknecht 1999)
Carbon monoxide, fossil kg 8.40E-5 1 15.08(3,2,3,1,1,5); data from survey from literature (Frischknecht 1999)
Sulfur dioxide kg 1.00E-5 1 [1.24(3,2,1,1,1,5); data from survey from literature (EFMA 2000)
Heat, waste MJ 3.47E+1 1 [1.26](3,2,3,1,1,5); calculated, based on fuel & electricity input
Particulates, <2.5 um kg 2.88E-4 1 13.32(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Particulates, > 10 um kg 8.10E-5 1 [1.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Particulates, > 2.5 um, and < 10um kg 4.05E-5 1 [2.29)(2,5,2,1,4,5), estimation, based on industrial heating modules of energy carriers used
Acetic acid kg 8.37E-6 1 11.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Acetaldehyde kg 1.24E-6 1 [1.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Acetone kg 1.22E-6 1 [1.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Ammonia kg 8.10E-8 1 [1.88](2,5,2,1,4,5), estimation, based on industrial heating modules of energy carriers used
Arsenic kg 1.05E-7 1 11.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Benzene kg 9.36E-6 1 [1.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Benzo(a)pyrene kg 4.61E-10 1 11.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Butane kg 1.64E-5 1 [3.32](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Calcium kg 6.48E-7 1 [3.32](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Cadmium kg 2.67E-7 1 15.37(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Chromium kg 1.28E-7 1 15.37(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Chromium VI kg 1.30E-9 1 15.37((2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Cobalt kg 2.67E-7 1 [5.37)(2,5,2,1,4,5), estimation, based on industrial heating modules of energy carriers used
Copper kg 3.97E-7 1 15.37(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Dinitrogen monoxide kg 1.53E-5 1 [1.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Dioxins, d as 2,3,7 8-tetr 120-p-dioxin kg 4.35E-15 1 [1.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Ethanol kg 2.43E-6 1 [1.88](2,5,2,1,4,5), estimation, based on industrial heating modules of energy carriers used
Formaldehyde kg 5.99E-6 1 11.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Hydrocarbons, aliphatic, alkanes, unspecified kg 4.86E-6 1 11.88((2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Hydrocarbons, aliphatic, unsaturated kg 2.43E-7 1 1.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Hydrocarbons, aromatic kg 1.22E-6 1 [1.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Hydrogen chloride kg 1.17E-5 1 11.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Hydrogen fluoride kg 1.17E-6 1 [1.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Iron kg 1.46E-6 1 15.37((2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Lead kg 4.62E-7 1 [5.37](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Mercury kg 1.92E-9 1 15.37(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Methanol kg 4.13E-6 1 11.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Molybdenum kg 1.30E-7 1 |5.37((2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Nickel kg 5.27E-6 1 [5.37](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
PAH, polycyclic aromatic hydrocarbons kg 2.39E-7 1 [1.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Pentane kg 281E-5 1 [1.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Propane kg 4.92E-6 1 [1.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Propionic acid kg 4.68E-7 1 11.88((2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Selenium kg 9.72E-8 1 15.37(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Sodium kg 6.08E-6 1 15.37((2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Toluene kg 4.92E-6 1 [1.88](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Vanadium kg 2.11E-5 1 [5.37](2,5,2,1,4,5), estimation, based on industrial heating modules of energy carriers used
Zinc kg 3.24E-7 1 15.37](2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
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Tab. 11.12 Input- / Output-data for the ammonia production by means of partial oxidation (expressed per kg ammonia

produced)
- ammonia, 2
Explanation Name % E partisl % GeneralComment
g =) oxidation, 2| =
- liquid, at plant | 2> S
> | @
18
Location RER s | s
InfrastructureProcess 0 § %
Unit kg S| &
Water, unspecified natural origin m3 1.20E-3 1 1.24((3,2,1,1,1,5); data from survey from literature (EFMA 2000)
Input from solvents, organic, unspecified, at plant GLO kg 3.00E-5 1 1.24{(3,2,1,1,1,5); data from survey from literature (EFMA 2000)
Technosphere [heavyfuel oil, at regional storage RER kg 8.57E-1 1 1.24(3,2,1,1,1,5); data from survey from literature (EFMA 2000)
electricity, medium voltage, production UCTE, at grid UCTE | kWh 2.00E-1 1 1.26 ((3,2,3,1,1,5); data from survey from literature (Frischknecht 1999)
transport, lorry 32t RER tkm 5.00E-6 1 |2.05|(4,na,na,na,na,na); Standard distances
transport, freight, rail RER tkm 1.80E-5 1 |2.05|(4,na,na,na,na,na); Standard distances
chemical plant, organics RER unit 4.00E-10 1 [3.96((4,1,5,3,5,4); Estimation
disposal, municipal solid waste, 22.9% water, to sanitary landfill CH kg 2.00E-4 1 1.24(3,2,1,1,1,5); data from survey from literature (EFMA 2000)
Output lammonia, partial oxidation, liquid, at plant RER kg 1.00E+0
water emission |Nitrogen kg 1.00E-4 1 1.58(3,2,1,1,1,5); data from survey from literature (EFMA 2000)
air emission Nitrogen oxides kg 1.20E-3 1 1.59(3,2,3,1,1,5); data from survey from literature (Frischknecht 1999)
Methane, fossil kg 2.20E-5 1 1.59(3,2,3,1,1,5); data from survey from literature (Frischknecht 1999)
Carbon dioxide, fossil kg 2.34E+0 1 1.26 |(3,2,3,1,1,5); data from survey from literature (Frischknecht 1999)
Carbon monoxide, fossil kg 2.20E-4 1 15.08((3,2,3,1,1,5); data from surveyfrom literature (Frischknecht 1999)
Sulfur dioxide kg 1.26E-2 1 1.26((3,2,3,1,1,5); data from survey from literature (Frischknecht 1999)
Hydrogen sulfide kg 1.40E-6 1 11.59((3,2,3,1,1,5); data from surveyfrom literature (Frischknecht 1999)
Methanol kg 4.00E-4 1 1.59((3,2,3,1,1,5); data from survey from literature (Frischknecht 1999)
Heat, waste MJ 3.96E+1 1 [1.26 {(3,2,3,1,1,5); calculated, based on fuel & electricity input
Particulates, < 2.5 um kg 1.24E-3 1 3.32((2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Particulates, > 10 um kg 3.53E-4 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Particulates, > 2.5 um, and < 10um kg 1.77E-4 1 1229((2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Acetic acid kg 2.12E-5 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Acetaldehyde kg 5.30E-6 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Acetone kg 5.30E-6 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Ammonia kg 3.53E-7 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Arsenic kg 4.59E-7 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Benzo(a)pyrene kg 9.89E-10 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Calcium kg 2.82E-6 1 [3.32((2,5,2,1,4,5), estimation, based on industrial heating modules of energy carriers used
Cadmium kg 1.17E-6 1 [5.37((2,5,2,1,4,5), estimation, based on industrial heating modules of energy carriers used
Chromium kg 5.58E-7 1 [5.37((2,5,2,1,4,5), estimation, based on industrial heating modules of energy carriers used
Chromium VI kg 5.65E-9 1 [5.37((2,5,2,1,4,5), estimation, based on industrial heating modules of energy carriers used
Cobalt kg 1.17E-6 1 5.37(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Copper kg 1.73E-6 1 [5.37((2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Dinitrogen monoxide kg 5.65E-5 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Dioxins, das 2,3,7,8 i p-dioxin kg 1.59E-14 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Ethanol kg 1.06E-5 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Formaldehyde kg 1.69E-5 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Hydrocarbons, aliphatic, alkanes, unspecified kg 2.12E-5 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Hydrocarbons, aliphatic, unsaturated kg 1.06E-6 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Hydrocarbons, aromatic kg 5.30E-6 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Hydrogen chloride kg 5.08E-5 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Hydrogen fluoride kg 5.08E-6 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Iron kg 6.36E-6 1 [5.37((2,5,2,1,4,5), estimation, based on industrial heating modules of energy carriers used
Lead kg 2.01E-6 1 [5.37((2,5,2,1,4,5), estimation, based on industrial heating modules of energy carriers used
Mercury kg 5.30E-9 1 [5.37((2,5,2,1,4,5), estimation, based on industrial heating modules of energy carriers used
Molybdenum kg 5.65E-7 1 [5.37((2,5,2,1,4,5), estimation, based on industrial heating modules of energy carriers used
Nickel kg 2.30E-5 1 5.37 ((2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
PAH, polycyclic aromatic hydrocarbons kg 2.05E-8 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Propane kg 1.06E-6 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Selenium kg 4.24E-7 1 [5.37((2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Sodium kg 2.65E-5 1 [5.37((2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Toluene kg 1.06E-6 1 1.88(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Vanadium kg 9.18E-5 1 [5.37((2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used
Zinc kg 1.41E-6 1 [5.37(2,5,2,1,4,5); estimation, based on industrial heating modules of energy carriers used

Tab. 11.13 Input- / Output-data for liquid ammonia at

regional storehouse, Europe’. (expressed per kg ammonia pro-

duced)
S
E . | ammonia, liquid, g’:»
Explanation Name © = at regional © -2 |GeneralComment
[3) ] [=% T
S storehouse 2 =
> [
£18
Location RER g S
InfrastructureProcess 0 o | 2
. [= s
Unit kg S| &
Input from ammonia, steam reforming, liquid, at plant RER kg 8.50E-1 1 12.11((3,1,1,1,3,5); estimation based on literature
Technosphere |ammonia, partial oxidation, liquid, at plant RER kg 1.50E-1 1 12.11((3,1,1,1,3,5); estimation based on literature
transport, lorry 32t RER tkm 1.00E-1 1 |2.05|(4,na,na,na,na,na); Standard distances
transport, freight, rail RER tkm 6.00E-1 1 |2.05((4,na,na,na,na,na); Standard distances
Output ammonia, liquid, at regional storehouse RER kg 1

' Balanced average of values for steam reforming (85%) and partial oxidation (15%).
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Tab. 11.14 Input- / Output-data for liquid ammonia at regional storehouse, Switzerland®. (expressed per kg ammonia

produced)
< ammonia, 2
S - - 2
Explanation Name s c I|qu'|d, o o |2 GeneralComment
g =) regional 2|8
- storehouse | 5 |3
z |a
: s |2
Location CH t |S
InfrastructureProcess 0 § <
Unit kg S |68
Input from ammonia, steam reforming, liquid, at plant RER kg 8.50E-1 1 12.11((3,1,1,1,3,5); estimation based on literature
Technosphere |ammonia, partial oxidation, liquid, at plant RER kg 1.50E-1 1 12.11((3,1,1,1,3,5); estimation based on literature
transport, lorry 32t RER tkm 1.00E-1 1 2.05|(4,na,na,na,na,na); Standard distances
transport, freight, rail RER tkm 6.00E-1 1 ]2.05((4,na,na,na,na,na); Standard distances
Output ammonia, liquid, atregional storehouse CH kg 1

' Balanced average of values for steam reforming (85%) and partial oxidation (15%).

11.9 Cumulative Results and Interpretation

Results of the cumulative inventory for this substance can be downloaded from the database.

11.10Conclusions

Average European datasets for the production of ammonia by both production ways (steam reforming
and partial oxidation) for the year 2000 are established. Furthermore, datasets representing a weighted
mix of the different technologies are established as well (“at regional storage” — datasets).

All these datasets are in accordance with the present quality guidelines of the ecoinvent project and are
based on a report covering the European industry, based on statistics from the area 1995 to 2000. The
data are thus of a good quality and can be used in a very broad context.
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11.11EcoSpold Meta Information

ReferenceFunction Name ammonia, steam reforming, liquid, ammonia, partial oxidation, liquid, at ammonia, liquid, at regional ammonia, liquid, at regional
at plant plant storehouse storehouse
Geography Location RER RER RER CH
unction Process 0 0 0 0
ReferenceFunction Unit kg kg kg kg
{ LocalN: Ammoniak, Dampfreformierung, Ammoniak, Partielle Oxidation, Ammoniak, Durchschnitt, fiissig, ab’ A iak, Durchschnitt, fliissig, abl
flissig, ab Werk flissig, ab Werk Regionallager Regionallager
ReferenceFunction Synonyms
ReferenceFunction GeneralComment Maunfacturing process starting with |Maunfacturing process starting with |average of numbers for steam average of numbers for steam
natural gas, air and electricity is heavy fuel oil, air and electricity is  reforming (85%) and partial reforming (85%) and partial
considered, plus auxiliaries, energy, considered, plus auxiliaries, energy, oxidation of heavy fuel oil (15%) oxidation of heavy fuel oil (15%)
transportation, infrastructure and transportation, infrastructure and
land use, as well as wastes and land use, as well as wastes and
emissions into air and water. emissions into air and water.
Transport of the raw materials, Transport of the raw materials,
auxiliaries and wastes is included,  auxiliaries and wastes is included,
transport and storage of the product transport and storage of the product
are not included. Carbon Dioxide is  are not included. Carbon Dioxide is
the byproduct generated. Transcient the byproduct generated. Transcient
or unstable operations are not or unstable operations are not
considered, but the production considered, but the production
during stable operation conditions.  during stable operation conditions.
Emissions to air are considered as |[Emissions to air are considered as
emanating in a high population emanating in a high population
density area. Emissions into water  density area. Emissions into water
are assumed to be emitted into are assumed to be emitted into
rivers. Values are taken principally rivers. Values are taken principally
from EFMA 2000 and Frischknecht |from EFMA 2000 and Frischknecht
1999 (see report). Inventory refers to | 1999 (see report). Inventory refers to
1 kg 100% ammonia, liquid, at 1 kg 100% ammonia, at plant.
alant
ReferenceFunction CASNumber 7664-41-7 7664-41-7 7664-41-7 7664-41-7
TimePeriod StartDate 2000-12 2000-12 2000-12 2000-12
TimePeriod EndDate 2000-12 2000-12 2000-12 2000-12
TimePeriod DataValidForEntirePeriod 1 1 1 1
TimePeriod OtherPeriodText Values based on reports from 1995 Values based on reports from 1995 Values based on reports from 1995 Values based on reports from 1995
and 2000, and on literature with data and 2000, and on literature with data and 2000, and on literature with data and 2000, and on literature with data
from unknown date. from unknown date. from unknown date. from unknown date.
Geography Text European average values European average values European average values European average values
Technology Text mostly present state of the art mostly present state of the art mostly present state of the art mostly present state of the art
technology used in european technology used in european technology used in european technology used in european
ammonia production plants ammonia production plants ammonia production plants ammonia production plants
Representativeness Percent
Representativeness ProductionVolume unknown unknown unknown unknown
Representativeness SamplingProcedure see OtherPeriodText see OtherPeriodText see OtherPeriodText see OtherPeriodText
Representativeness Extrapolations Transports based on standard Transports based on standard Transports based on standard Transports based on standard
distances of Ecoinvent. distances of Ecoinvent. distances of Ecoinvent. distances of Ecoinvent.
Infrastructure: proxy module used Infrastructure: proxy module used
(chemical plant, organics) (chemical plant, organics)
Representativeness UncertaintyAdjustments none none none none
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12Ammonium bicarbonate

Author: Margarita Ossés, EMPA St. Gallen
Review: Heiko Kunst, TU Berlin

12.1Introduction

Ammonium bicarbonate (NH;HCO;, CAS-N° 1066-33-7) is a white powder with a faint odour of am-
monia. It is soluble in water. The most important chemical and physical properties of ammonium bi-
carbonate are given in Tab. 12.1.

Synonyms for ammonium bicarbonate: acid ammonium carbonate, ammonium acid carbonate, ammo-
nium hydrogen carbonate, carbonic acid, monoammonium salt.

Tab.12.1 Chemical and physical properties of ammonium bicarbonate *

Property Value Unit
Formula weight 79.06
Specific gravity 1.586

11.9 (0° C) g/100 mL
59.2 (60° C) g/100 mL
Density 1.586 g/cm3
': Taken from Chemfinder (2003) and Weston (2000)

Solubility in water

The following description of production technology and use of ammonium bicarbonate are summa-
rised from Wostbrock (2000), Weston (2000) and Chemfinder (2003).

12.2Reserves and Resources

Ammonium bicarbonate is produced basically from ammonia and carbon dioxide. Therefore, the re-
sources available as well as the reserves are the same as for the production of these two chemicals, de-
scribed in the corresponding chapter. The world annual production in 1997 was estimated at ca.
100’000 Tons, almost half of which was produced in the Western hemisphere and the remainder in
Asia.

12.3Production Technologies and Use
12.3.1 Production technologies for the production of ammonium bicarbonate

Ammonium bicarbonate is best produced in aqueous solution, be it continuously or batch. The process
is relatively easy to control. The following equation describes the exothermic reaction forming ammo-
nium bicarbonate:

NHi(g) + COxg) + H,O() S NHHCOs(s) AH=- 126.5kJ /mol

The heat of reaction must be removed, while the residence time, concentration, and temperature profile
have to be controlled to yield large, easily separable crystals. The crystallization is the critical stage in
the process.

The flow diagram of a continuous process is shown in Fig. 12.1. Ammonia is added to the mother lig-
uor, which is kept cool, to achieve the desired NH; concentration of slightly above 10 wt %. Carbon
dioxide is added and allowed to react in an absorption column. The resulting solution, which has been
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warmed by the reaction, is cooled indirectly in a crystallizer. The crystal suspension is withdrawn,
thickened in hydrocyclones, and passed to a centrifuge, where the solid is separated. This solid is
pneumatically dried, cooled, and conditioned. The mother liquor is recycled.

The process variants of individual producers usually differ in the absorption/crystallization equipment,
and this also results in different particle size distributions.

Central Gas
waste  cleaning
']

:

e | |
¥

Ammanium
bicarbonate

E

~L,

ad

a) Gas absorption, b) Crystallization, c) Centrifugation, d) Thickening, e) Drying

Fig. 12.1 Production of ammonium bicarbonate (Taken from Wostbrock (2000): Fig. 15)

Ammonium bicarbonate is produced as both food and standard grade and the available products are
normally very pure. Although purification is possible by sublimation at low temperatures, it is more
economical to prepare the desired product directly by using ammonia and carbon dioxide of high pu-
rity.

12.3.2 Use

Ammonium bicarbonate is mainly used as an expanding agent for certain baked goods; it is also used
in buffer solutions for neutralization of acids when additional anions are undesirable. Further uses in-
clude an ammonization agent for the humic acid in turf, a nitrogen source for yeast cultures, and blow-
ing agents for foam rubber and poly (vinyl chloride). Minor uses include smelling salts and formalde-
hyde binders in laminates. Ammonium hydrogencarbonate is also used in the production of textiles,
ceramics, pigments, and leather.

12.4System characterisation

This report corresponds to the module in the ecoinvent database for the production of 1 kg ammo-
nium bicarbonate, at plant, in Europe. All data are referred to 1 kg ammonium bicarbonate
100%.

The system includes the process with the consumption of raw materials, energy, infrastructure and
land use, as well as the generation of heat waste. Because of the lack of data on auxiliaries, emissions
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and solid wastes, no values can be presented and therefore, the transportation and consumption of aux-
iliaries, the generation of emissions (other than heat waste) and solid wastes are not included.

Transportation of the raw materials is not included, since it is assumed that the ammonium bicarbonate
plant produces also the most relevant raw materials or is very close to the corresponding plants. It also
does not include transportation of the final product formaldehyde. There are no by-products generated
in the production process.

For the study transient or unstable operations like starting-up or shutting-down, are not included, but
the production during stable operation conditions. Storage is also not included.

It is assumed that the manufacturing plants are located in an urban/industrial area and consequently the
emissions are categorised as emanating in a high population density area. The emissions into water are
assumed to be emitted into rivers.

It is assumed that 100% of the electricity consumed is converted to waste heat and that 100% of the
waste heat is released to the air.

12.5Ammonium bicarbonate production process

12.5.1 Data sources

Data regarding consumption of energy have been provided by a European manufacturing company for
a previous study of the Swiss Federal Laboratories for Materials Testing and Research (EMPA) in the
early nineties. This numbers are confidential. Nevertheless, the company is probably not representa-
tive because of its size and operating conditions. This information is therefore taken only because of
the lack of information in literature and is classified with very low reliability.

12.5.2 Raw materials and auxiliaries

The information provided by the manufacturing company does not include consumption of raw mate-
rials and auxiliaries. Therefore, for this study, consumption of raw materials is estimated basing on the
stoechiometry of the reaction forming ammonium bicarbonate. For the calculations an operational ef-
ficiency of 95% is assumed, in concordance with Frischknecht et al. (2007).

Thus, for this study, the estimated values regarding consumption of raw materials for the production of
1 kg ammonium bicarbonate are 2.27 E-01 kg NHj3, 5.86 E-01 kg CO, and 2.40 E-01 kg H,O.

12.5.3 Energy and transportation

For the production of 1 kg ammonium bicarbonate, the European manufacturing company consulted
reports a consumption of 1.162 MJ electricity (medium voltage, production UCTE, at grid). Since
electricity is reported in kWh in ecoinvent database, the necessary conversion is done according to
Frischknecht et al. (2007). Thus, the value reported is 3.23 E-01 kWh per kg ammonium bicarbonate
manufactured.

In regard to transportation, no information about distances is available in the examined data source. It
is assumed that the production takes place in the same plant where ammonia is manufactured, or very
close, so that the transportation of raw materials is not relevant.

12.5.4 Infrastructure and land use

There is no information available about infrastructure and land-use of ammonium bicarbonate plants.
Therefore, in this study, the infrastructure is estimated based on the module "chemical plant, organ-
ics", that has a built area of about 4.2 ha and an average output of 50'000 t/a. For more details about

ecoinvent report No. 8 - 118 -



12. Ammonium bicarbonate

this infrastructure module, see chapter 2.7 in part I of this report. Thus, for this study, the estimated
value is 4.00 E-10 unit. kg™ chemical.

12.5.5 Emissions and Wastes

The information provided by the manufacturing company does not include generation of wastes or
emissions to air and water.

For ecoinvent database, it is assumed that 100% of the electricity consumed is converted to waste heat
and that 100% of the waste heat is released to the air. Thus, the value of waste-heat taken for this study
is 1.162 MJ per kg ammonium bicarbonate manufactured.

12.6 Data quality considerations

The uncertainty scores include reliability, completeness, temporal correlation, geographical correla-
tion, further technological correlation and sample size. Data for consumption of energy of a very low
reliability. Values for consumption of raw materials are estimations. This leads to high uncertainty
scores.

Infrastructure data have also high uncertainty scores. Due to a complete lack of data, assumptions
based on the very general module of an organic chemical plant are used.

Tab. 12.2 summarises the input and output data as well as the uncertainties used for the production of
ammonium bicarbonate. The values are given for the production of 1 kg of 100% ammonium bicar-
bonate.

Tab.12.2 Input-/ Output-data for the production of ammonium bicarbonate (expressed per kg ammonium bicarbonate

produced)
S
= f o
o - ammonium @
Explanation Name T IS bicarbonate, at o | 2 |GeneralComment
o =] = kS
S plant 2| s
> 3
£E(8
Location RER e 5
InfrastructureProcess 0 § <
Unit kg S| d
Resources Water, unspecified natural origin m3 2.40E-1 1 1.21 |(4,na,na,na,na,na); estimation on stoechiometry
Input from ammonia, liquid, at regional storehouse RER kg 2.27E-1 1 1.21 |(4,na,na,na,na,na); estimation on stoechiometry
Technosphere |carbon dioxide liquid, at plant RER kg 5.86E-1 1 1.21 |(4,na,na,na,na,na); estimation on stoechiometry
electricity, medium voltage, production UCTE kWh 3.23E-1 1 12.17|((3,5,4,5,5,5); data from a manufacturing company
chemical plant, organics RER unit 4.00E-10 1 13.96((4,1,5,3,54); estimation
Output ammonium bicarbonate, at plant RER kg 1
airemission Heat, waste RER MJ 1.16E+0 1 |2.17 (3,5,4,5,5,5); data from a manufacturing company

12.7Cumulative Results and Interpretation

Results of the cumulative inventory for this substance can be downloaded from the database.

12.8Conclusions

The inventory for ammonium bicarbonate is based on a general literature source (Ullmann), estima-
tions and assumptions. The unit process raw data are meant to be used as background information if
ammonium bicarbonate is used for a product in small amounts. Therefore these data can only give an
approximation. They are not reliable enough for direct comparison of this material with other, alterna-
tive products.
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12.9EcoSpold Meta Information

ReferenceFunction
Geography

ReferenceFunction
ReferenceFunction
ReferenceFunction
ReferenceFunction

ReferenceFunction

ReferenceFunction
TimePeriod
TimePeriod
TimePeriod
TimePeriod
Geography

Technology

Representativeness
Representativeness
Representativeness
Representativeness

Representativeness

Name

Location
InfrastructureProcess
Unit

LocalName
Synonyms

GeneralComment

CASNumber

StartDate

EndDate
DataValidForEntirePeriod
OtherPeriodText

Text

Text

Percent
ProductionVolume
SamplingProcedure
Extrapolations

UncertaintyAdjustments

ammonium bicarbonate, at plant

RER

0

kg

Ammoniumbicarbonat, ab Werk
Ammoniumhydrogencarbonat //
Doppeltkohlensaures Ammonium

Manufacturing process is considered with
consumption of raw materials, energy, as well
as infrastructure and land use. Transport of the
raw materials is included. No by-product is
generated in the process. Auxiliaries, solid
wastes, emissions to air and water (excepting
emission of waste-heat) are not included due to
the lack of data. Transport and storage of the
final product are not included. Transcient or
unstable operations are not considered, but the
production during stable operation conditions.
Inventory refers to 1 kg 100% amonium
bicarbonate. Data for consumption of energy
have been provided by a manufacturer.
Consumption of raw materials is estimated on
stoechiomtry assuming an efficiency of 95%.
The literature source used is von Daniken et al.
1995.

1066-33-7

1995-12

1995-12

1

Values based on data from the early 1990s.
Data concerning energy have been provided by a
European manufacturing company. No further
information is available on the location and
characteristics of this manufacturer. Therefore,
the representativeness of these values for the
European ammonium bicarbonate industry is
unknown.

unknown

unknown

see geography

Consumption of raw materials: estimation on
stoechiometry (for an efficiency of 95%).
Infrastructure: proxy module used (chemical
plant, organics)

none
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13Ammonium carbonate

Author: Roland Hischier, EMPA St. Gallen
Review: Heiko Kunst, TU Berlin

13.1Introduction

Ammonium carbonate ((NH,),CO;, CAS-No. 506-87-6) — crystallizes according to Wostbrock et al.
(2000) as flat, columnar, prismatic crystals rsp. as elongated flakes. By melting at 316.2 K, ammonium
carbonate is immediately decomposed into ammonium carbamate (NH,CO,NH,) and ammonium ses-
quicarbonate ((NH4),CO;2NH4HCO;H,0). For this inventory the functional unit is 1 kg anhydrous,
solid ammonium carbonate flakes. The most important chemical and physical properties of anhydrous
ammonium carbonate used in this inventory are given in Tab. 13.1.

Tab. 13.1 Chemical and physical properties of ammonium carbonate (according to Weston (2000))

Property Unit Value |Remarks
Molecular weight 96.09 g mol”
Melting point 43 °C at normal pressure

13.2Reserves and Resources of material

The production of ammonium carbonate is made out of ammonia and carbon dioxide (for more details
see chapter 13.4). Therefore, all further discussion of resources equals to the discussion about ammo-
nia (see ammonia in chapter 11 within this report here).

13.3Use of material / product

According to Weston (2000) and Wostbrock et al. (2000), ammonium carbonate is used in a variety of
different fields — e.g. it is the principal ingredient of smelting salts, in the manufacturing process of
catalysts, as blowing agent for foam out of rubber or plastics, as additive in photographic developers,
as well as in medicinal purposes or as leavening agent.

In 1997, the worldwide production capacity of ammonium carbonate was in the order of 7 kt.

13.4Systems characterization

In the production process for ammonium carbonate the main raw materials, an approximation of the
production energy and estimations for the emissions to water and air are included. This module repre-
sents therefore only a rough estimation of the process requirements and should be used only for proc-
esses where the impact of ammonium carbonate is not considered to be high. For this inventory the
functional unit is 1 kg of anhydrous solid ammonium carbonate. As process location Europe (RER) is
used.

According to Weston (2000) ammonium carbonate is produced by passing carbon dioxide into an ab-
sorption column containing aqueous ammonia solution and causing distillation. By condensation of
ammonia, carbon dioxide and water vapors solid mass of crystals are formed.
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13.5Ammonium carbonate, at plant (Location: RER)
13.5.1 Process

This dataset includes a rough estimation of the production process for ammonium carbonate. Due to
missing production data this inventory bases on stoechiometric calculations. The emissions to air and
water were estimated using mass balance. It was assumed that the waste water is treated in a internal
waste water treatment plant. In order not to neglect the process energy demand those values were ap-
proximated with data from a large chemical plant site (Gendorf (2000)). Due to these approximations
the uncertainty within the results of this inventory is large.

The mentioned production way for ammonium carbonate, can be summarized within the following
overall stoechiometric reaction equation:

CO, + 2NH; + H0 —  (NH,)CO; (13.1)

13.5.2 Resources
Energy

There was no information available on the amount of energy used for the production process. In order
not to neglect the process energy demand those values were approximated with data from an large
chemical plant site in Germany producing 2.05 Mt a™ (intermediates included) of different chemicals
(Gendorf (2000)). The values for the energy consumption per kg of product of this plant (3.2 MJ kg™)
were used as approximation for the energy consumption of the ammonium carbonate production. This
total energy demand contains a split of 50% natural gas, 38% electricity and 12% steam from external
energy sources. For this inventory all energy used for heat or steam was assumed to be natural gas. For
this inventory an amount of 2 MJ kg™ natural gas and 1.2 MJ kg™ electricity was used. A summary of
the values used is given in Tab. 13.2.

Raw materials and Chemicals

According to the above shown final reaction equation - the following stoechiometric inputs are needed
(yield 100%) for the production of 1.0 kg of ammonium carbonate:

carbon dioxide, CO;: 457.904 g (10.407 mol)
ammonia, NH;: 353.835 g (20.814 mol)
water, H,O: 187.324 g (10.407 mol)

For the production a yield of 95% for the overall reaction is assumed. Therefore 482.004 g carbon di-
oxide, 372.458 g ammonia and 197.184 g water are considered as raw materials in this inventory. A
summary of the values used is given in Tab. 13.2.

Water use

There was no information available on the amount of cooling water used within the plant. In order not
to neglect the process cooling water demand this value was approximated with data from an large
chemical plant site in Germany producing 2.05 Mt a™' (intermediates included) of different chemicals
(Gendorf (2000)). In this plant in total an average 24 kg water per kg of product were used for. This
value was used in this inventory as approximation for the cooling water consumption of the ammo-
nium carbonate production.
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Transport and Infrastructure

As there is no information about the transport amounts, standard distances and means according to
Frischknecht et al. (2007) are used for the different raw materials.

For the infrastructure of the production plant no information was available. It was assumed that the
importance of the infrastructure is low and therefore the module “chemical plant, organics” was used
as approximation. For this module with a production capacity of 50'000 t per year and a plant life time
of 50 years, an amount of 4 * 10™'° units per kg ammonium carbonate was included.

13.5.3 Emissions
Waste heat

It was assumed, that 100% of the electricity consumed, i.e. 1.2 MJ per kg ammonium carbonate is
converted to waste heat. It was assumed that 100% of the waste heat is released to the air.

Emissions to air

There was no data available on process emissions to air for the production of ammonium carbonate.
As approximation the air emissions occurring in the different stages of the production were estimated
to 0.2% of the raw material input (carbon dioxide and ammonia).

This assumption leads to air emissions of 0.964 g carbon dioxide and 0.745 g ammonia.

Emissions to water

The remaining amount of unreacted raw materials was assumed to leave the production process with
the wastewater. This assumption leads to a pollution of the waste water with 23.136 g carbon dioxide
and 17.878 g of ammonia per kg product.

Further it was assumed that this wastewater is treated in an internal wastewater plant. For the ammonia
within the waste water a removal efficiency for NH4-N of 70% and for total N of 50% was assumed.
The remaining emissions to water were considered as ammonium (NH,) and nitrate (NOs). The nitro-
gen emitted to air (N,) and remaining in the sewage sludge was neglected. This assumptions lead to
emissions of 5.679 g NH, and 13.04 g NO; per kg product in the treated water. The amount of CO?2 is
assumed to be dissolved 100% in water in form of H2CO3. It leaves the WWTP unchanged. There-
fore, 32.601 g H,COs; are leaving. The values for TOC and DOC used in this inventory were calcu-
lated from this amount of H,COs; in the treated waste water. For the calculation of the values for the
worst case scenario TOC = DOC was used. COD and BOD are assumed to be zero. A summary of the
values used in this inventory is given in Tab. 13.2.

Solid wastes

Solid wastes occurring during the production of ammonium carbonate were neglected in this inven-
tory.
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Tab. 13.2 Energy demand, Resource demand and emissions for the production of ammonium carbonate.

[per kg ammonium carbonate] Remark

INPUTS

carbon dioxide kg 0.482 |stoechiometric calc., 95% yield
ammonium kg 0.372 |stoechiometric calc., 95% yield
Water, unspecified kg 0.197 |stoechiometric calc., 95% yield
Electricity, medium voltage kWh| 0.333 |estimation

Natural gas, burned in industrial furnace >100kW MJ 2 estimation

Water, cooling, unspecified m3 | 2.40E-02 |estimation

Transport, by train tkm | 8.54E-02 |standard distances & means
Transport, by lorry tkm | 4.27E-02 |standard distances & means
chemical plant, organics unit | 4.00E-10 [approximation for infrastructure
OUTPUTS

waste heat, to air MJ | 1.20E+00 |calculated from electricity input
ammonium, to air kg | 7.45E-04 |estimated as 0.2% of input
carbon dioxide, fossil, to air kg | 9.64E-04 |estimated as 0.2% of input
ammonium ion, to water kg | 5.68E-03 |calculated from water emissions
nitrate, to water kg | 1.30E-02 |calculated from water emissions
TOC, DOC kg | 6.31E-03 |calculated from water emissions

13.6 Data quality considerations

Tab. 13.3 shows the data quality indicators for the inventory of ammonium carbonate production (Lo-
cation RER). The uncertainty scores include reliability, completeness, temporal correlation, geo-
graphical correlation, further technological correlation and sample size.

The data in the inventory of the ammonium carbonate production has a high uncertainty, because only
few data of the production processes were available. Therefore the data for the used materials was as-
sessed with stoechiometric calculations and the energy demand was estimated by using an average
chemical process as approximation. The highest uncertainties exist for the process energy demand and
the emissions. Due to missing data these values are based mainly on assumptions and approximations.
Especially the uncertainty in the emission data is of importance for the quality of the dataset. Further
uncertainty occurs from possibly missing auxiliary materials and further emissions or wastes. Smaller
uncertainties are given for the raw material demand because it is only dependant on the yield-factor
used for the stoecheometric calculations. Also for the infrastructure only an approximation was used
because of missing data. Additionally, the most important fields of the ecospold meta information
from this dataset are listed in chapter 13.9.
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Tab. 13.3 Input/ Output and uncertainty for the process “ammonium carbonate, at plant (RER)”

wn
s = ammonium @
Explanation Name K g carbonate,at [ & % GeneralComment
= plant Pl
- > 3
218
Location RER e g
InfrastructureProcess 0 3 e
Unit kg S|z s
Resources Water, cooling, unspecified natural origin m3 2.40E-02 1 1.88 ((5,5,1,1,4,5); estimated with data from a large chem. plant
Water, unspecified natural origin m3 1.97E-04 1 [1.88((55,1,1,4,5); estimated with data from a large chem. plant
Input from carbon dioxide liquid, at plant RER kg 4.82E-01 1 |1.21(4,na,na,na,na,na); estimation based on process yield 90-99.8%
Technosphere [ammonia, liquid, atregional storehouse RER kg 3.72E-01 1 |1.21|(4,na,na,na,na,na); estimation based on process yield 90-99.8%
heat, natural gas, atindustrial furnace >100kW RER MJ 2.00E+00 1 1.88(5,5,1,1,4,5); estimated with data from a large chem. plant
electricity, medium voltage, production UCTE, at grid UCTE kWh 3.33E-01 1 1.88 ((5,5,1,1,4,5); estimated with data from a large chem. plant
transport, lorry 32t RER tkm 4.27E-02 1 [2.09((4,5,na,na,na,na); standard distances
transport, freight, rail RER tkm 8.54E-02 1 |2.09 ((4,5,na,na,na,na); standard distances
chemical plant, organics RER unit 4.00E-10 1 13.77|(4,5,1,3,5,4); estimation
Output ammonium carbonate, at plant RER kg 1
Air emission Heat, waste MJ 1.20E+00 1 1.88((5,5,1,1,4,5); calculated from electricity input
Ammonia kg 7.45E-04 1 12.32|(5,5,na,na,na,5); estimation
Carbon dioxide, fossil kg 9.64E-04 1 1.88(5,5,na,na,4,5); estimated from mass balance and WWTP effic.
Water emission |Ammonium, ion kg 5.68E-03 1 |3.55((5,5,na,na,4,5); estimated from mass balance and WWTP effic.
Nitrate kg 1.30E-02 1 |3.55((5,5,na,na,4,5); estimated from mass balance and WWTP effic.
DOC, Dissolved Organic Carbon kg 6.31E-03 1 12.11](5,5,na,na,4,5); estimated from mass balance and WWTP effic.
TOC, Total Organic Carbon kg 6.31E-03 1 [2.11((5,5,na,na,4,5); estimated from mass balance and WWTP effic.

13.7Cumulative results and interpretation

Results of the cumulative inventory can be downloaded from the database.

13.8Conclusions

The inventory for ammonium carbonate is based on a general literature source (Ullmann), estimations
and assumptions. The unit process raw data are meant to be used as background information if ammo-
nium carbonate is used for a product in small amounts. Therefore these data can only give an ap-
proximation. They are not reliable enough for direct comparison of this material with other, alternative
products.
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13.9EcoSpold Meta Information

Name

ammonium carbonate,

at plant
Location RER
InfrastructureProcess 0
Unit kg

IncludedProcesses

Raw materials and
chemicals used for
production, transport of
materials to
manufacturing plant,
estimated emissions to
air and water from
production (incomplete),
estimation of energy
demand and
infrastructure of the
plant (approximation).
Solid wastes omitted.

Amount

1

LocalName

Ammoniumcarbonat, ab
Werk

Synonyms

GeneralComment

The functional unit
represent 1 kg of solid,
anhydrous ammonium
carbonate flakes. Large
uncertainty of the
process data due to
weak data on the
production process and
missing data on
process emissions.

CASNumber 506-87-6
StartDate 000
EndDate 000

DataValidForEntirePeriod

1

OtherPeriodText

date of published
literature

Text

Data used has no
specific geographical
origin (stoechiometry).
Average europenan
processes for raw
materials, transport
requirements and
electricity mix used.

Production from carbon
dioxide and ammonia
with a process yield of
95%. Inventory bases
on stoechiometric
calculations. The
emissions to air (0.2
wt.% of raw material
input) and water were
estimated using mass
balance. Treatment of
the waste water in a
internal waste water
treatment plant
assumed (elimination
efficiency of 90% for C).

Percent

ProductionVolume

worldwide capacity
(1997): 7 kt

SamplingProcedure

Process data based on
stoechiometric

Extrapolations

UncertaintyAdjustments

none
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14 Asbestos

Author: Roland Hischier, EMPA St. Gallen
Review: Heiko Kunst, TU Berlin
Last Changes: 2007

14.1 Introduction

Asbestos is a name for a variety of different, naturally occurring minerals. All of them are hydrated
silicates that have a crystalline structure. Within them, two different types can be distinguished — am-
phibole (with a SiO4 structure) and serpentine (with a layered silicate structure). More than 90% of the
worldwide asbestos production is crysotile - the only form of the latter type (Chissick (2000)). All fur-
ther discussion here concerns only this type of asbestos minerals.

Crysotile (CAS-No. 12001-29-5) has the chemical formula Mg;[Si,05](OH),. It is also called white
asbestos. Like the other forms of asbestos, this material has a low thermal conductivity, is incombus-
tible in air and can be separated into filaments. Due to their great tensile strengh and thermal stability,
asbestos fibres can even be spun into yarn (Chissick (2000)).

14.2 Resources and use of material

World leading producer of asbestos is Russia, followed by Canada, China, Brazil and Zimbabwe. In
Europe, according to Euromines (2003), only in Greece asbestos is still mined. Concerning its use,
some 3000 different uses are known — from paper and board, passing by asbestos cement pipes, roof-
ing products and heat shields, to ‘fireproof” textiles (Chissick (2000)).

14.3 Systems characterization

In the production process for asbestos in this study the main raw materials, an approximation of the
production efforts (land-use, infrastructure, energy) and estimations for emissions based on similar
processes are included. This module represents therefore only a rough estimation of the process re-
quirements and should be used only when the impact of asbestos is not considered to be high.

As most economic way for the mining of chrysotile, open-pit mining has been proved. E.g. in Canada,
about 95% of all asbestos ore is mined in open-pit operations by drilling and blasting operations
(Chissick (2000)). This mining operation is followed by a cascade of different steps so that the asbes-
tos fibres end up either in loose bags or pressure packed in 45-kg units. Within these different steps,
the following main operation can be distinguished:

Removal of waste rock and overburden and primary crushing;
Secondary crushing, screening and drying;

Shaking equipment for separation of freed fibres from the rock (repeated after further crushing and
screening of the remaining material.

For this study, a production of asbestos by open-pit mining is assumed. Then the extracted material is
separated from other minerals, followed by crushing and the shaking/aspiration process of the fibres.
The functional unit for the inventory is 1 kg of fibrous asbestos, loose packed into multiwall paper
bags. As process location Canada (CA) is used in this process.
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14.4 Asbestos, crysotile type, at plant (Location: GLO)

Main data source for the asbestos production is Chissick (2000). As this mentioned source contains no
quantitative information, process data from similar processes within this study are used as a first ap-
proximation for the asbestos production:

- Mining: the data for the mining operation are taken from limestone mining (Kellenberger et al.
(2007)). As resource “crysotile, in ground” is used and due to a lack of respective information, an
overall yield of 90% for crysotile is assumed in this project. All further information is taken 1:1
from limestone mining.

- Crushing: again, the data from limestone crushing are used as a first approximation. Therefore, the
data are taken from the dataset “primary crushing of limestone” in Kellenberger et al. (2007).

- Milling: also therefore, data from the limestone production are used as first approximation.

Tab. 14.1 Input and output data for the production of 1 kg of asbestos (crysotile type)

Materials / Energy / Emissions per kg Remarks
asbestos
Input
chrysotile, in ground kg 1.11E+00 [assuming a yield of 90%
occupation, mineral extraction site m2a| 8.48E-05 |[estimation, based on limestone production
transformation, to mineral extraction site m2 6.52E-06 |dito
transformation, from forest m2 6.52E-06 [dito
recultivation, imestone mine m2 6.52E-06 |dito
water, well, in ground m3 2.93E-05 |dito
blasting kg 7.73E-05 |dito
diesel, burned in building machine MJ 1.80E-02 |dito
light fuel oil, low sulphur, burned in boiler 100 kw MJ 3.59E-03 |[dito
heat, light fuel oil, atindustrial furnace MJ 8.98E-02 [dito
mine, limestone unit| 5.25E-11 |[dito
industrial machine, heavy, unspecified, at plant kg 2.31E-04 [dito
conveyor belt, at plant m 2.78E-08 [dito
electricity, medium voltage, UCTE mix kWh | 3.25E-02 [amountaccording to limestone production
Output
waste, heat 1.17E-01 |calculated from electricity input
particulates, > 10 um kg 1.21E-04 |estimation, based on limestone production
particulates, > 2.5 um and <10 um kg 4.78E-05 |[dito
particulates, <2.5 um kg 8.87E-06 |dito

14.5 Data quality considerations

The uncertainty scores established according to the method used in this study (see Frischknecht et al.
(2007)) include reliability, completeness, temporal correlation, geographical correlation, further tech-
nological correlation and sample size. Here data from limestone production are used as an approxima-
tion for the asbestos production and therefore especially reliability, completeness and further techno-
logical correlation have high values, resulting in a high uncertainty for the whole process. Addition-
ally, the most important fields of the ecospold meta information from this dataset are listed in chapter
14.8.
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Tab. 14.2 Input/ Output and uncertainty for the process “asbestos, crysotile type, at plant (GLO)"
o §
S &
- asbestos, |5 3
Explanations Name g crysotile type, at § % § GeneralComment
plant 8 s
c =4
5 4
Location GLO
InfrastructureProcess 0
Unit kg
Technosphere blasting kg 7.73E-5 1 1.40 (4,3,1,3,3,5); approximation with data from lime production
electricity, medium voltage, production UCTE, at grid kWh 3.25E-2 1 1.40 (4,3,1,3,3,5); approximation with data from lime production
diesel, burned in building machine MJ 1.80E-2 1 1.40 (4,3,1,3,3,5); approximation with data from lime production
light fuel oil, burned in boiler 100kW, non-modulating MJ 3.59E-3 1 1.40 (4,3,1,3,3,5); approximation with data from lime production
heat, light fuel oil, at industrial furnace 1MW MJ 8.98E-2 1 1.40 (4,3,1,3,3,5); approximation with data from lime production
industrial machine, heavy, unspecified, at plant kg 2.31E-4 1 3.10 (4,3,1,3,3,5); approximation with data from lime production
conveyor belt, at plant m 2.78E-8 1 3.10 (4,3,1,3,3,5); approximation with data from lime production
recultivation, limestone mine m2 6.52E-6 1 3.10 (4,3,1,3,3,5); approximation with data from lime production
mine, limestone unit 5.25E-11 1 3.10 (4,3,1,3,3,5); approximation with data from lime production
resources Water, well, in ground m3 2.93E-5 1 1.40 (4,3,1,3,3,5); approximation with data from lime production
Occupation, mineral extraction site m2a 8.48E-5 1 1.70 (4,3,1,3,3,5); approximation with data from lime production
Transformation, to mineral extraction site m2 6.52E-6 1 220 (4,3,1,3,3,5); approximation with data from lime production
Transformation, from forest m2 6.52E-6 1 220 (4,3,1,3,3,5); approximation with data from lime production
Chrysotile, in ground kg 1.11E+0 1 1.40 (4,3,1,3,3,5); overall yield of 90% assumed
emission to air Heat, waste MJ 1.17E-1 1 1.40 (4,3,1,3,3,5); approximation with data from lime production
Particulates, > 10 um kg 1.12E-4 1 1.70 (4,3,1,3,3,5); approximation with data from lime production
Particulates, > 2.5 um, and < 10um kg 4.78E-5 1 220 (4,3,1,3,3,5); approximation with data from lime production
Particulates, < 2.5 um kg 8.87E-6 1 3.10 (4,3,1,3,3,5); approximation with data from lime production
Output asbestos, crysotile type, at plant kg 1.00E+0

14.6 Cumulative results and interpretation

Results of the cumulative inventory can be downloaded from the database.

14.7 Conclusions

The inventory for asbestos is based on estimations and assumptions, starting with the dataset for lime-
stone. The unit process raw data are meant to be used as background information if asbestos is used for
a product in small amounts. Therefore these data can only give an approximation. They are not reliable
enough for direct comparison of this material with other, alternative products.
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14.8 EcoSpold Meta Information
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0
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Raw materials,
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consumption for
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1
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ab Werk
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2000

1
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European average.
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see technology
none
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15Bitumen sealing

Author: Roland Hischier, EMPA St. Gallen
Review: Hans-Jorg Althaus, EMPA Dibendorf

15.1Introduction
The following explications are based mainly on the respective chapter in Weibel & Stritz (1995).

Other (specific) types of bitumen sealing are included in the ecoinvent Database and reported on in
Kellenberger et al. (2007)

According to Weibel & Stritz (1995), bitumen sealing tracks have to be protected against a natural
ageing due to the fact that they are exposed to oxygen in air. Such a protection is usually made by
covering the tracks with gravel. For the laying of the sealing tracks, two different techniques can be
used — a casting technique and a welding technique.

In the ecoinvent project, a bitumen sealing with the technical properties described in Tab. 15.1 is taken
as an example.

Tab. 15.1 Chemical and physical properties of bitumen sealing (according to information in Weibel & Stritz (1995))

Property Unit Value
Density kg m? 1160
Heat conductivity W mK’ 0.17
Vapour conductivity Mg mhPa™ 2.810°

15.2Reserves and Resources of Material

The production of bitumen sealing is made out of different materials, whereof the main materials are
based on oil (for more details see chapter 2.7). Therefore, all further discussion of resources can be
found within the oil chapter in the respective report (Dones et al. (2007)).

15.3Systems Characterization

The quantitative information for the production process of bitumen sealing is based mainly on infor-
mation from one Swiss producer. They represent the situation of 1992 — since then several changes
within the production line have taken place, but no respective numbers are available. According to ex-
perts, these new technologies feature ameliorations in the fields of energy consumption, emissions as
well as the general working conditions. Thus, the module here represents only a first estimation of the
process requirements and should be used accordingly.

For this inventory the functional unit is 1 kg of bitumen sealing. As process location Europe (RER) is
used. A typical process flow scheme for the production of bitumen sealing is shown in Fig. 15.1.
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Fig.15.1 Process chain for the production of bitumen sealing (according to Fig. 9.1 in Weibel & Stritz (1995))

According to Weibel & Stritz (1995), in a first step the carrier material (e.g. a polyethylene fleece) is
preheated and aired (at a temperature of 165 — 195 °C) and in the next step it is dipped into the bitu-
men bath. This second step is situated in the so-called impregnate ladle at about 180°C. Further mate-
rials added in the beginning here are a filler as well as Preventol B2 (a herbicide). While the latter one
avoids root penetration across the sealing, the first one enforces the weatherproof capacities, the me-
chanical stiffness as well as the flowing affinity in case of higher temperatures.

The third step — the descattering — aims in a better protection against UV radiation as well as against
an intrusion of air oxygen. Therefore, talcum as well as silicon sand or shale is added. Before the seal-
ing material can be winded, measured and packed, a cooling tunnel is passed to cool down the sealing
track.

15.4Bitumen sealing, at plant (Location: RER)
15.4.1 Resources
Raw Materials and Chemicals

According to Weibel & Stritz (1995), the production of 1 kg of bitumen sealing requires the materials
summarized in Tab. 15.2. These values are based on the information from one Swiss producer and are
valid for the production situation until 1993 (see also remarks in chapter 15.3). Due to a lack of more
recent information, these data are nevertheless used within this study here.
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Tab. 15.2 raw material and chemicals consumption for the production of 1 kg bitumen sealing (data from Weibel &
Stritz (1995))

Input Amount Unit |Remarks

descattering material 6.00E-02 kg [shown as 80% talcum and 20% silica sand
bitumen 6.30E-01 kg |-

elastomer 7.00E-02 kg [shown as "polystyrene, general purpose"
filler 1.80E-01 kg [shown as "quicklime, milled, loose"

paper 2.31E-03 kg [shown as "paper, woodfree, uncoated"
preventol B2 8.00E-03 kg [shown as unspecified "chemicals, organic"
shrink material 2.49E-03 kg [shown as "packaging film, LDPE"

carrier 6.00E-02 kg [shown as "fleece"

packaging (cartonboard) 1.04E-02 kg [shown as "solid bleached board (SBB)"
Energy

According to Weibel & Stritz (1995), the production of 1 kg of bitumen sealing requires the different
energy carriers summarized in the following table. These values are based on the information from one
Swiss producer and are valuable for the production situation until 1993 (see also remarks in chapter
15.3). Due to a lack of more recent information, these data are nevertheless used within this study
here.

Tab. 15.3 energy consumption for the production of 1 kg bitumen sealing (data from Weibel & Stritz (1995))

Input Amount Unit |Remarks

gas 9.30E-03 MJ |shown as "heat, natural gas, at industrial furnace >100kW"
oil 9.23E-01 MJ |shown as "heat, heavy fuel oil, at industrial furnace TMW"
electricity 5.40E-02 MJ |shown as UCTE mix

Water use

In Weibel & Stritz (1995) is no information on the water consumption. For this study it is assumed,
that the cooling tunnel uses water as heat transporting medium. Therefore, in order not to neglect the
cooling water demand of the process, this value was approximated with data from a large chemical
plant site in Germany producing 2.05 Mt a™ (intermediates included) of different chemicals (Gendorf
(2000)). In this plant in total an average of 24 kg water per kg of product were used for. This value
was used in this inventory as approximation for the cooling water consumption of the bitumen sealing
production.

For the process itself, it is assumed that no water is used.

Transport and Infrastructure

According to Weibel & Stritz (1995), the production of 1 kg of bitumen sealing is connected with the
transport amounts summarized in Tab. 15.4. These values are based on the information from one
Swiss producer and are valuable for the production situation until 1993 (see also remarks in chapter
15.3). Due to a lack of more recent information, these data are nevertheless used within this study
here.
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Tab. 15.4 transport efforts for the production of 1 kg bitumen sealing (data from Weibel & Stritz (1995))

Input Amount Unit |Remarks
transport on the road 3.23E-01 tkm |shown as "transport, lorry 32t"
transport on the rail 2.72E-01 tkm |shown as "transport, freight, rail"

For the infrastructure of the production plant no information was available. It was assumed that the
importance of the infrastructure is low and therefore the module “chemical plant, organics” was used
as approximation. For this module with a production capacity of 50'000 t per year and a plant life time
of 50 years, an amount of 4 * 10™'° units per kg bitumen sealing was included.

15.4.2 Emissions
Waste heat

It was assumed, that 100% of the electricity consumed, i.e. 0.054 MJ per kg bitumen sealing is con-
verted to waste heat. It was assumed that 100% of the waste heat is released to the air.

Emissions to air / water

In Weibel & Stritz (1995) no process specific emissions to air or to water are mentioned — only a ref-
erence to the emissions included in the fuels / materials is made. Therefore, in this study, no process
specific emissions are assumed.

Solid wastes

According to Weibel & Stritz (1995), the production of 1 kg of bitumen sealing produces the different
amounts of waste summarized in the following table. These values are based on the information from
one Swiss producer and are valuable for the production situation until 1993 (see also remarks in chap-
ter 15.3). Due to a lack of more recent information, these data are nevertheless used within this study
here.

Tab. 15.5 waste amount of the production of 1 kg bitumen sealing (data from Weibel & Stritz (1995))

Input Amount Unit |Remarks
bitumen residues 3.77E-03 kg [shown as "disposal, bitumen, to sanitary landfill"
unspecified waste to landfill 9.54E-06 kg [shown as "disposal, municipal waste, to sanitary landfill"

15.5Data quality considerations

Tab. 15.6 shows the data quality indicators for the inventory of bitumen sealing production (Location
RER). The uncertainty scores include reliability, completeness, temporal correlation, geographical cor-
relation, further technological correlation and sample size.

The data in the inventory of the bitumen sealing production has a quite high uncertainty, because they
are out of date (representing the beginning of 90s) and based on a different geographical area (one
Swiss company, used as representative for European average). A higher uncertainty exists for the cool-
ing water demand. Due to missing data its value is based mainly on assumptions and approximations.
Also for the infrastructure only an approximation was used because of missing data. Further uncer-
tainty occurs from possibly missing auxiliary materials and further emissions or wastes. Additionally,
the most important fields of the ecospold meta information from this dataset are listed in chapter 15.8.
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Tab. 15.6 Input/ Output and uncertainty for the process “bitumen sealing, at plant (RER)”

S
s I bitumen 3
Explanation Name 'E g sealing, at ° é GeneralComment
E plant g g
> | @
S
Location RER gls
InfrastructureProcess 0 ; s
Unit kg S | &
[Resources Water, cooling, unspecified natural origin m3 2.40E-02 1 11.88((5,5,1,14,5); estimated with data from a large chem. Plant
Input from malusil, at plant RER kg 4.80E-02 1 [1.35((2,4,3,3,3,5); data from 1 Swiss company
Technosphere |[silica sand, atplant CH kg 1.20E-02 1 [1.35((2,4,3,3,3,5); data from 1 Swiss company
bitumen, at refinery RER kg 6.30E-01 1 |1.35((2,4,3,3,3,5); data from 1 Swiss company
polystyrene, general purpose, GPPS, at plant RER kg 7.00E-02 1 [1.35((2,4,3,3,3,5); data from 1 Swiss company
quicklime, milled, loose, at plant CH kg 1.80E-01 1 [1.35((2,4,3,3,3,5); data from 1 Swiss company
paper, woodfree, uncoated, at regional storage RER kg 2.31E-03 1 |1.35((2,4,3,3,3,5); data from 1 Swiss company
chemicals organic, at plant GLO kg 8.00E-03 1 [1.35((2,4,3,3,3,5); data from 1 Swiss company
packaging film, LDPE, at plant RER kg 2.49E-03 1 [1.35((2,4,3,3,3,5); data from 1 Swiss company
fleece, polyethylene, at plant RER kg 6.00E-02 1 [1.35((2,4,3,3,3,5); data from 1 Swiss company
solid bleached board, SBB, at plant RER kg 1.04E-02 1 11.35((2,4,3,3,3,5); data from 1 Swiss company
heat, natural gas, atindustrial furnace >100kW RER MJ 9.30E-03 1 11.35((2,4,3,3,3,5); data from 1 Swiss company
heat, heavy fuel oil, atindustrial furnace 1MW RER MJ 9.23E-01 1 [1.35((2,4,3,3,3,5); data from 1 Swiss company
electricity, medium voltage, production UCTE, at grid UCTE kWh 1.50E-02 1 [1.35((2,4,3,3,3,5); data from 1 Swiss company
transport, lorry 32t RER tkm 3.23E-01 1 12.12((2,4,3,3,3,5); data from 1 Swiss company
transport, freight, rail RER tkm 2.72E-01 1 12.12((2,4,3,3,3,5); data from 1 Swiss company
chemical plant, organics RER unit 4.00E-10 1 [3.77|(4,5,1,3,5,4); estimation
disposal, bitumen, 1.4% water, to sanitary landfill CH kg 3.77E-03 1 11.35((2,4,3,3,3,5); data from 1 Swiss company
disposal, municipal solid waste, 22.9% water, to municipal incineration CH kg 9.54E-06 1 1.351(2,4,3,3,3,5); data from 1 Swiss company
Output bitumen sealing, at plant RER kg 1
Air emission Heat, waste MJ 5.40E-02 1 11.35((2,4,3,3,3,5); calculated from electricity input

15.6 Cumulative results and interpretation

Results of the cumulative inventory can be downloaded from the database.

15.7Conclusions

An average European dataset for the production of bitumen sealing for the year 2000 is established.
The dataset is in accordance with the present quality guidelines of the ecoinvent project and is based
on a former LCI report about construction materials. The dataset of bitumen sealing is based on infor-
mation from one Swiss company and refers to the beginning of 1990s. The data are thus of a reason-
able quality and can be used in quite a broad context.
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16 Borates, borax and boric acid

Author: Roland Hischier, EMPA St. Gallen
Review: Heiko Kunst, TU Berlin
Last changes: 2007

16.1 Introduction

Boron, the fifth element in the periodic table, does not occur in nature in its elemental form. Rather,
boron combines with oxygen as a salt or ester of boric acid. There are more than 200 minerals that
contain boric oxide but relatively few that are of commercial significance. In fact, three minerals rep-
resent almost 90% of the borates used by industry: tincal (a sodium borate), ulexite (a sodium—calcium
borate) and colemanite (a calcium borate). Boron is according to Smith (2000) the fifth element in the
periodic table and the only non-metallic element that is electron-deficient. It can be found in our earth
crust at an average concentration of only about 10 ppm.

The mineral tincal (Na,B40; 10H,0) is also called “natural borax” and is one of the two sodium bo-
rates with economic relevance. The other one is the mineral kernite (Na,B,O; - 4H,0). Here in this
study, borax is synonym for the anhydrous borax form (Na,B;0O;, CAS-No. 1330-43-4), also called
disodium tetraborate.

Calcium borates are besides sodium borates the most important sources of borates. According to Smith
(2000), colemanite (CAS-No. 12291-65-5) is the most widely occurring calcium borate. It has the
composition of 2Ca0 " 3B,0; 5H,0 that can be written also as Ca,Bs0;;  5H,0.

Boric acid exists according to Smith (2000) in two different forms — in a trihydrate form as orthoboric
acid (H;BO;, CAS-No. 10043-35-3) or in a monohydrate form as metaboric acid (HBO,, CAS-No.
13460-50-9). As only the first mentioned form is of economic interest and importance, within this
study boric acid is synonym for orthoboric acid. It crystallizes at room temperature as solid in form of
odourless, white, waxy platelets. For this inventory the functional unit is 1 kg of boric acid (active
substance). The inventory refers to technical grade anhydrous boric acid (99.9% boric acid). The most
important chemical and physical properties of boric acid used in this inventory are given in Tab. 16.1.
Synonyms for boric acid: trihydrate, orthoboric acid.

Tab.16.1 Chemical and physical properties of orthoboric acid (according to Chemfinder (2002))

Property Unit Value Remarks
Molecular weight 61.832 [gmol”

Boiling point 300 °C at normal pressure
Melting point 171 °C at normal pressure

16.2 Reserves and Resources of material

Large and therefore economic interesting amounts of boron containing minerals can be found only at
few places over the whole world. Most of these sites have been volcanic active sites in the past. Ac-
cording to Smith (2000) are the Californian as well as the Turkish boron mines the most important
ones worldwide. The production of boric acid is made from borate minerals and brines (Smith (2000)).
As borate minerals, in Europe colemanite from Turkey is used while in the United States mainly so-
dium borate minerals (borax, kernite) are taken therefore.
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16.3 Use of material / product

Most important customer for the boron companies is the glass industry. According to Lyday (2000),
glass industry was in 2000 consuming in the United States 76% of all boron - Smith (2000) reports
that in Europe about half of the boron is used by the glass industry. Other uses — all of them only of
minor importance — are e.g. agricultural fertilizers, soaps and detergents.

According to Smith (2000), boric acid is used in about the same situations like boric oxides. In gen-
eral, boric oxide are used largely in the glass and ceramic industry, while boric acid is more likely to
be used e.g. as fire retardants, as fertilizer, as cleaning and bleaching agent or even as corrosion inhibi-
tor.

The total boron production in 1999 is estimated to about 4.4 Mt — whereof the United States are pro-
duction about 1.2 Mt and the Turkey estimated 1.4 Mt (Lyday (2000)). In 1982, according to Smith
(2000), the worldwide production of boric oxides and acids was in the order of 950 kt. Thereof, more
than half of it is from the United States and another about one third is from Turkey — the two main
producing countries. More recent production numbers of boric acid were not available.

16.4 Systems characterization
The whole boron system in this study is interlinked according to Fig. 16.1.
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5 1 Borate Mini Borate Mini 5
orate Mining orate Mining 3
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8 3
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1 1
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Fig.16.1 The system of boron processes within this study

Therefore, in this study here four different modules are established — as there are:
The extracted minerals: “Sodium borates, at plant (US)* and “Calcium borates, at plant (TR)*
The anhydrous borax module: “Borax, anhydrous, powder, at plant (GLO)*

The boric acid module: “Boric acid, anhydrous, powder, at plant (RER)”

The two modules of extracted minerals are assumed to represent an open-pit mining extraction fol-
lowed by a primary as well as a secondary crusher step (according to information in Smith (2000) and
Azapagic & Clift (1999)). In this study, the raw material, the use of energy and auxillaries as well as
emissions to air and water are based on similar processes of other minerals. This module represents
therefore only a rough estimation of the process requirements and should be used only when the im-
pact of the different borates minerals is not considered to be high. For these inventories, the functional
unit is 1 kg of sodium borates rsp. calcium borates. As process location — according with the reserves —
the US (United States) is used for sodium borates and TR (Turkey) is used for calcium borates.
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For the production process of the anhydrous borax module, an approximation of the main raw materi-
als, an approximation of the production energy and estimations for the emissions to water and air are
included. This module represents therefore only a rough estimation of the process requirements and
should be used only for processes where the impact of boric acid is not considered to be high. For this
inventory the functional unit is 1 kg of anhydrous borax. As process location GLO is used.

In the production process for boric acid the main raw materials, an approximation of the production
energy and estimations for the emissions to water and air are included. This module represents there-
fore only a rough estimation of the process requirements and should be used only for processes where
the impact of boric acid is not considered to be high. For this inventory the functional unit is 1 kg of
solid boric acid. As process location Europe (RER) is used.

16.5 Sodium borates, at plant (Location: US)
16.5.1 Process

For this study, the sodium borate extraction of Rio Tinto Borax in Boron (California, USA) is taken as
example where the extraction happens by open pits mining. According to Rio Tinto Borax (2001), the
pit has a size of 1 x 1.5 miles (around 3.9 km?) and a depth of up to 700 feet. Mining activities extract
about 3 Mio t of mine ore. The content of borax within the mined ore is not reported. Thereof, accord-
ing to Lyday (2000), a production of 570 kt of boron was achieved. The mine is assumed to be used
during 75 years.

All further process data for the mining activities are taken from the iron mining process (see Classen et
al. (2007)). As a first approximation for the two above mentioned crushing steps, data from crushing
and from milling (for the secondary crushing) from limestone are used in form of the dataset “primary
crushing of limestone” and “milling of limestone” in Kellenberger et al. (2007). As there is no infor-
mation available about the efficiency of the whole borate extraction chain, an overall yield of 80% is
assumed here. All in all, this results in the input and output data shown in Tab. 16.2.

Tab. 16.2 Input and Output data for the production of 1 kg of sodium borates

per kg
Materials / Energy / Emissions sodium Remarks

borates
Input
borax, in ground kg 1.25E+00 |Assumption: overall yield of 80%
water, well, in ground m3 | 2.93E-05 |[estimation, based on crushing of limestone
occupation, mineral extraction site m2a| 7.06E-03 [estimation, based on data from californian boron mine
transformation, to mineral extraction site m2 9.42E-05 |dito
transformation, from forest m2 9.42E-05 |dito
recultivation, iron mine m2 9.42E-05 |dito
blasting kg 2.71E-04 |estimation, based on iron ore extraction
diesel, burned in building machine MJ | 2.55E-02 |dito
light fuel oil, burned in boiler 100kW, non-modulatini. MJ 3.00E-03 |estimation, based on limestone crushing & milling
electricity, medium voltage, UCTE mix kWh| 3.39E-02 |estimation, based on extraction, crushing & milling
heat, light fuel oil, atindustrial furnace MJ 8.98E-02 |estimation, based on limestone milling
mine, iron unit | 8.33E-13 |estimation, based on iron ore extraction
industrial machine, heawy, unspecified, at plant kg 2.31E-04 |estimation, based on limestone crushing & milling
conveyor belt, at plant m 2.78E-08 |estimation, based on crushing of imestone
Output
waste, heat 1.22E-01 |calculated from electricity input
particulates, > 10 um kg 1.45E-03 |estimation, based on extraction & crushing
particulates, > 2.5 um and <10 um kg 1.31E-03 |dito
particulates, <2.5 um kg 1.45E-04 |[dito
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16.5.2 Data uncertainty and input data for database ecoinvent

The uncertainty scores established according to the method used in this study (see Frischknecht et al.
(2007)) include reliability, completeness, temporal correlation, geographical correlation, further tech-
nological correlation and sample size. Here data from iron mining and limestone crushing/milling are
used as an approximation for the sodium borates production and therefore especially reliability, com-
pleteness and further technological correlation have high values, resulting in a high uncertainty for the
whole process. Additionally, the most important fields of the ecospold meta information from this da-
taset are listed in chapter 16.11.

Tab. 16.3 Input data and uncertainty values for the dataset , sodium borates, at plant (US)"

o §
Explanations Name z SEEMMm ereiiDs, E 8 °\u: GeneralComment
=] atplant 2 Eo
g ¥
=N
Location us
InfrastructureProcess 0
Unit kg
Technosphere recultivation, iron mine m2 9.42E-5 1 3.80 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
blasting kg 2.71E-4 1 210 |(4,3,1,3,5,5); approximation with data from iron mining & lime treatment
electricity, medium voltage, production UCTE, at grid kWh 3.39E-2 1 210 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
diesel, burned in building machine MJ 2.55E-2 1 210 (4,3,1,3,55); approximation with data from iron mining & lime treatment
light fuel oil, burned in boiler 100kW, non-modulating MJ 3.00E-3 1 2.10 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
heat, light fuel oil, at industrial furnace 1MW MJ 8.98E-2 1 210 |(4,3,1,3,5,5); approximation with data from iron mining & lime treatment
mine, iron unit 8.33E-13 1 3.80 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
industrial machine, heavy, unspecified, at plant kg 2.31E4 1 3.80 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
conveyor belt, at plant m 2.78E-8 1 3.80 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
resources Water, well, in ground m3 2.93E-5 1 2.10 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
Occupation, mineral extraction site m2a 7.06E-3 1 2.30 |(4,3,1,3,5,5); approximation with data from iron mining & lime treatment
Transformation, to mineral extraction site m2 9.42E-5 1 2.80 |(4,3,1,3,5,5); approximation with data from iron mining & lime treatment
Transformation, from forest m2 9.42E-5 1 2.80 |(4,3,1,3,5,5); approximation with data from iron mining & lime treatment
Borax, in ground kg 1.25E+0 1 210 (4,3,1,3,55); estimated based on overall yield of 80%
emission to air Heat, waste MJ 1.22E-1 1 2.10 |(4,3,1,3,5,5); approximation with data from iron mining & lime treatment
Particulates, > 10 um kg 1.45E-3 1 2.30 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
Particulates, > 2.5 um, and < 10um kg 1.31E-3 1 2.80 |(4,3,1,3,5,5); approximation with data from iron mining & lime treatment
Particulates, <2.5um kg 1.45E-4 1 3.80 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
Output sodium borates, at plant kg 1.00E+0

16.6 Calcium borates, at plant (Location: TR)
16.6.1 Process

The world biggest calcium borates production is in Turkey, situated in four different provinces in the
western part of the country — south of the axe Istambul — Ankara. As there is no quantitative informa-
tion available about the Turkish mining activities, for this study, the data from sodium borates extrac-
tion of Rio Tinto Borax in Boron (California, USA) is taken as a first approximation. Like described in
chapter 16.5, most of the values therefore are taken from the iron mining process, described in Classen
et al. (2007) — only the land use (and transformation) numbers are specific for calcium borates.

For the further processing, similar to sodium borates, it is assumed for calcium borates that two me-
chanical steps follow - therefore, data from crushing and from milling of limestone are used in form of
the dataset “primary crushing of limestone” and “milling of limestone” in Kellenberger et al. (2007).
Again, due to a lack of further information, an overall yield of 80% is assumed for calcium borate. All
in all, this results in the input and output data shown in Tab. 16.4.
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Tab. 16.4 Input and Output data for the production of 1 kg of calcium borates

per kg
Materials / Energy / Emissions calcium Remarks

borates
Input
colemanite, in ground kg 1.25E+00 |Assumption: overall yield of 80%
water, well, in ground m3 2.93E-05 |estimation, based on crushing of limestone
occupation, mineral extraction site m2a| 7.06E-03 |estimation, based on data about sodium borates
transformation, to mineral extraction site m2 | 9.42E-05 |dito
transformation, from forest m2 | 9.42E-05 |dito
recultivation, iron mine m2 9.42E-05 |dito
blasting kg 2.71E-04 |estimation, based on iron ore extraction
diesel, burned in building machine MJ 2.55E-02 |dito
light fuel oil, burned in boiler 100kW, non-modulatini. MJ 3.00E-03 |estimation, based on limestone crushing & milling
electricity, medium voltage, UCTE mix kWh| 3.39E-02 [estimation, based on extraction, crushing & milling
heat, light fuel oil, atindustrial furnace MJ | 8.98E-02 |estimation, based on limestone milling
mine, iron unit | 8.33E-13 |estimation, based on iron ore extraction
industrial machine, heavy, unspecified, at plant kg 2.31E-04 |estimation, based on limestone crushing & milling
conveyor belt, at plant m 2.78E-08 |estimation, based on crushing of limestone
Output
waste, heat 1.22E-01 |[calculated from electricity input
particulates, > 10 um kg 1.45E-03 |estimation, based on extraction & crushing
particulates, > 2.5 um and <10 um kg 1.31E-03 |dito
particulates, < 2.5 um kg 1.45E-04 [dito

16.6.2 Data uncertainty and input data for database ecoinvent

The uncertainty scores established according to the method used in this study (see Frischknecht et al.
(2007)) include reliability, completeness, temporal correlation, geographical correlation, further tech-
nological correlation and sample size. Here data from iron mining and limestone crushing/milling are
used as an approximation for the calcium borates production and therefore especially reliability, com-
pleteness and further technological correlation have high values, resulting in a high uncertainty for the
whole process. Additionally, the most important fields of the ecospold meta information from this da-
taset are listed in chapter 16.11.

Tab. 16.5 Input data and uncertainty values for the dataset ,calcium borates, at plant (TR)"

=
B oE
:
Explanations Name E calm:rtnp::aonrtates, § % fg\o GeneralComment
g 2
=
Location TR
InfrastructureProcess 0
Unit kg
Technosphere recultivation, iron mine m2 9.42E-5 1 3.80 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
blasting kg 2.71E-4 1 210 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
electricity, medium voltage, production UCTE, at grid kWh 3.39E-2 1 210 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
diesel, burned in building machine MJ 2.55E-2 1 210 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
light fuel oil, burned in boiler 100kW, non-modulating MJ 3.00E-3 1 2.10 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
heat, light fuel oil, atindustrial furnace 1MW MJ 8.98E-2 1 210 (4,3,1,3,55); approximation with data from iron mining & lime treatment
mine, iron unit 8.33E-13 1 3.80 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
industrial machine, heavy, unspecified, at plant kg 2.31E-4 1 3.80 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
conveyor belt, at plant m 2.78E-8 1 3.80 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
resources Water, well, in ground m3 2.93E-5 1 210 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
Colemanite, in ground kg 1.25E+0 1 210 (4,3,1,3,5,5); estimated overall yield of 80%
Occupation, mineral extraction site m2a 7.06E-3 1 230 (4,3,1,3,55); approximation with data from iron mining & lime treatment
Transformation, to mineral extraction site m2 9.42E-5 1 280 (4,3,1,3,55); approximation with data from iron mining & lime treatment
Transformation, from forest m2 9.42E-5 1 280 (4,3,1,3,55); approximation with data from iron mining & lime treatment
emission to air Heat, waste MJ 1.22E-1 1 2.10 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
Particulates, > 10 um kg 1.45E-3 1 2.30 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
Particulates, > 2.5 um, and < 10um kg 1.31E-3 1 2.80 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
Particulates, < 2.5 um kg 1.45E-4 1 3.80 (4,3,1,3,5,5); approximation with data from iron mining & lime treatment
Outputs calcium borates, at plant kg 1.00E+0
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16.7 Borax, anhydrous, at plant (Location: GLO)
16.7.1 Process

According to Sahin & Bulutcu (2002), anhydrous borax is produced by dehydration of hydrated so-
dium tetraborates (e.g. sodium borates like tincal or kernite) in three different ways — melting, azeo-
tropic distillation or in a fluidized bed. In the first case — the most used technique in industry -, a rotary
kiln is used in a first step for a partial dehydration before, in a second step, large fusion furnaces are
used to eliminate completely all remaining water. By cooling down slowly, crystalline forms can be
achieved as end result. This dataset here is assumed to represent this melting technique.

None of the examined sources contains quantitative information about the input of energy and the re-
sulting emissions, therefore, the following assumptions are used for this dataset:

Material input: Stoechiometric calculated amount of sodium borates, assuming a 50:50 split of
tincal and kernite and a yield of 98% for the overall reaction. This means a total amount of 1705.01
g of sodium borates. For cooling it is assumed, as the cooling reaction is slow, that air is used and
therefore, no water input (neither as cooling nor as process water) is included.

Energy input: As a first approximation, the energy consumption of filament glass fibre production
is used due to the fact that borates containing glasses are used for these fibres. According to
European Commission (2000), the average input of energy to the furnace is for these fibres 11.2 to
23 G/t of produced fibres. Therefore, a value of 17 MJ/kg of borax is used here. It is assumed that
it is 80% natural gas and 20% electricity.

Transport and infrastructure: As there is no information about the transport amounts, it is as-
sumed that the dehydration happens usually close to the mining site — therefore a transport of 50
km by lorry is assumed here. For the infrastructure of the production plant no information was
available. It was assumed that the importance of the infrastructure is low and therefore the module
“glass production site” was used as a first approximation. For this module with a production capac-
ity of 160’000 t per year and a plant life time of 50 years, an amount of 1.25 * 10" units per kg
anhydrous borax was included.

Emissions to air and water: The air emissions from the energy production are already included in
the used energy datasets. Electricity consumption is shown — according to the methodology of the
study — as waste heat to air. Concerning process emissions, the reaction produces water vapour, but
no quantitative information is available and therefore, process emissions were neglected within this
inventory.

Solids: No information about solid wastes occurring during the production of anhydrous borax is
available and therefore they were neglected in this inventory.

Tab. 16.6 Input and Output data for the production of 1 kg of anhydrous borax

[per kg borax, anhydrous] Remark

INPUTS

sodium borates kg 1.705 [stoechiometric calc., 98% yield
Electricity, medium voltage kWh| 0.9444444 |estimation, from glass furnace
Natural gas, burned in industrial furnace >100kW MJ 13.6 estimation, from glass furnace
transport by lorry tkm | 8.53E-02 [based on assumed distance of 50 km
glass production site unit | 1.25E-10 |approximation for infrastructure
OUTPUTS

waste heat, to air MJ | 3.40E+00 |calculated from electricity input
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16.7.2 Data uncertainty and input data for database ecoinvent

The uncertainty scores established according to the method used in this study (see Frischknecht et al.
(2007)) include reliability, completeness, temporal correlation, geographical correlation, further tech-
nological correlation and sample size. Here data from iron mining and limestone crushing/milling are
used as an approximation for the calcium borates production and therefore especially reliability, com-
pleteness and further technological correlation have high values, resulting in a high uncertainty for the
whole process. Additionally, the most important fields of the ecospold meta information from this da-
taset are listed in chapter 16.11.

Tab. 16.7 Input data and uncertainty values for the dataset ,borax, anhydrous, at plant (RER)"

c Borax, <
’ 2 = hyd o
Explanation Name © £ anerous, & GeneralComment
g =) powder, at ° H
— plant o | &
el
> | @
18
Location RER R
InfrastructureProcess 0 1% 5
o c | S
Unit kg S 17
Input from sodium borates, at plant us kg 1.71E+00 1 1.21|4,na,na,na,na,na); estimation based on process yield 90-99.8%
Technosphere [electricity, medium voltage, production UCTE, at grid UCTE kWh 9.44E-01 1 11.88| (55,1,1,4,5); estimated with data from a large chem. plant
heat, natural gas, atindustrial furnace >100kW RER mJ 1.36E+01 1 1188 (55,1,1,4,5); estimated with data from a large chem. plant
glass production site RER unit 1.25E-10 1 13.77 (4,5,1,3,5,4); estimation
transport, lorry 32t RER tkm 8.53E-02 1 ]2.09 (4,5,na,na,na,na); assumed distance of 50 km
Output Borax, anhydrous, powder, at plant RER kg 1
Air emission Heat, waste MJ 3.40E+00 1 1.88 (5,5,1,1,4,5); calculated from electricity input

16.8 Boric acid, at plant (Location: RER)
16.8.1 Process

According to Smith (2000), the most modern boric acid plant works in California. There the crushed
borate minerals are reacted with sulphuric acid at about 100°C. The solution is nearly saturated with
sodium sulphate — thus, the liquid is filtered, removing boric acid as a solid. The produced sodium sul-
phate is partly returned to the reactor, while the remaining sodium sulphate is removed as solid rsp.
from the effluent stream. Also in Europe, sulphuric acid is used, there for the reaction with crushed
colemanite minerals. As by-product in this case, gypsum (CaSQO,) is produced. In this study here, only
the latter production way is taken into account.

The dataset established here includes a rough estimation of the production process for boric acid. Due
to missing production data this inventory bases on stoechiometric calculations. The emissions to air
and water were estimated using mass balance. It was assumed that the waste water is treated in a inter-
nal waste water treatment plant. In order not to neglect the process energy demand those values were
approximated with data from a large chemical plant site (Gendorf (2000)). Due to these approxima-
tions the uncertainty within the results of this inventory is large.

The examined production way for boric acid can be summarized within the following reaction equa-
tion:

(2CaO ’ 3B203 ' SHZO) + 2H,SO, — 3 (B203'3H20) + 2 CaSOq, (161)

16.8.2 Resources
Energy

There was no information available on the amount of energy used for the production process. In order
not to neglect the process energy demand those values were approximated with data from an large
chemical plant site in Germany producing 2.05 Mt a™ (intermediates included) of different chemicals
(Gendorf (2000)). The values for the energy consumption per kg of product of this plant (3.2 MJ kg™)
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were used as approximation for the energy consumption of the boric acid production. This total energy
demand contains a split of 50% natural gas, 38% electricity and 12% steam from external energy
sources. For this inventory all energy used for heat or steam was assumed to be natural gas. For this
inventory an amount of 2 MJ kg™ natural gas and 1.2 MJ kg™ electricity was used. A summary of the
values used is given in Tab. 16.8.

Raw materials and Chemicals

According to the above shown reaction equation - the following stoechiometric inputs are needed
(yield 100%) for the production of 1 kg of boric acid :

Colemanite, 2Ca0O 3B,0; 5H,0: 1870.839 g (5.391 mol)
Sulphuric acid, H,SO,4: 1057.146 g (10.782 mol)

For the production a yield of 95% for the overall reaction out of borate minerals is used (see chapter
2.7). Therefore 1969.305 g calcium borates and 1113.069 g sulphuric acid are considered as raw mate-
rials in this inventory. A summary of the values used is given in Tab. 16.8.

Water use

There was no information available on the amount of cooling water used within the plant. In order not
to neglect the process cooling water demand this value was approximated with data from an large
chemical plant site in Germany producing 2.05 Mt a™ (intermediates included) of different chemicals
(Gendorf (2000)). In this plant in total an average 24 kg water per kg of product were used for. This
value was used in this inventory as approximation for the cooling water consumption of the boric acid
production.

No information about process water consumptions are available. According to the information in
Smith (2000), it is assume in this study that no additional process water input takes place — the water
content originates from the input of sulphuric acid. Therefore in this study no input of process water is
added to this dataset here.

Transport and Infrastructure

As there is no information about the transport amounts, standard distances and means according to
Frischknecht et al. (2007) are used for the different raw materials. This approximation is possible due
to the fact that all Turkish boron mines are in the western part of the country.

For the infrastructure of the production plant no information was available. It was assumed that the
importance of the infrastructure is low and therefore the module “chemical plant, organics” was used
as approximation. For this module with a production capacity of 50'000 t per year and a plant life time
of 50 years, an amount of 4 * 10™'° units per kg boric acid was included.

16.8.3 Emissions
Waste heat

It was assumed, that 100% of the electricity consumed, i.e. 1.2 MJ per kg boric acid is converted to
waste heat. It was assumed that 100% of the waste heat is released to the air.
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Emissions to air

There was no data available on process emissions to air for the production of boric acid. As approxi-
mation the air emissions occurring in the different stages of the production were estimated to 0.2% of
the raw material input (without the calcium borates where no air emissions are assumed to occur). The
assumption leads to air emissions of 2.226 g sulphuric acid.

Emissions to water

There is no input of process water. According to Smith (2000), the remaining liquid is recycled to the
reactor and therefore no lost to the nature occurs.

By products and solid wastes

As by product, gypsum is produced within this process. Its amount is not taken further into account
here as the process has the primary objective of boric acid production. No information about solid
wastes occurring during the production of boric acid is available and therefore they were neglected in
this inventory.

Tab. 16.8 Energy demand, Resource demand and emissions for the production of boric acid.

[per kg boric acid] Remark

INPUTS

calcium borates kg 1.969 |stoechiometric calc., 95% yield
sulphuric acid kg | 1.11E+00 |stoechiometric calc., 95% yield
Electricity, medium voltage kWh| 0.333 |estimation

Natural gas, burned in industrial furnace >100kW MJ 2 estimation

Water, cooling, unspecified m3 | 2.40E-02 |estimation

transport by train tkm | 7.19E-01 |calculated with standard distances
transport by lorry tkm | 1.20E-01 |calculated with standard distances
chemical plant, organics unit | 4.00E-10 [approximation for infrastructure
OUTPUTS

waste heat, to air MJ | 1.20E+00 |calculated from electricity input
sulphuric acid, to air kg | 2.23E-03 |estimated as 0.2% of input

16.8.4 Data quality considerations

Tab. 16.9 shows the data quality indicators for the inventory of boric acid production (Location RER).
The uncertainty scores include reliability, completeness, temporal correlation, geographical correla-
tion, further technological correlation and sample size.

The data in the inventory of the boric acid production has a high uncertainty, because only few data of
the production processes were available. Therefore the data for the used materials was assessed with
stoechiometric calculations and the energy demand was estimated by using an average chemical proc-
ess as approximation. The highest uncertainties exist for the process energy demand and the emissions.
Due to missing data these values are based mainly on assumptions and approximations. Especially the
uncertainty in the emission data is of importance for the quality of the dataset. Further uncertainty oc-
curs from possibly missing auxiliary materials and further emissions or wastes. Smaller uncertainties
are given for the raw material demand because it is only dependant on the yield-factor used for the
stoecheometric calculations. Also for the infrastructure only an approximation was used because of
missing data. Additionally, the most important fields of the ecospold meta information from this data-
set are listed in chapter 16.11.
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Tab. 16.9 Input/ Output and uncertainty for the process “boric acid, at plant (RER)”

s boric acid, <
Explanation Name = £ iR, S GeneralComment
S =) powder, at ° ‘g
-~ plant 2 (&
S
185
Location RER s | s
InfrastructureProcess 0 1% E
Unit kg S|a
[Resources Water, cooling, unspecified natural origin m3 2.40E-02 1 1.88 (5,5,1,1,4,5); estimated with data from a large chem. plant
Input from calcium borates, at plant RER kg 1.97E+00 1 |1.21]4,na,na,na,na,na); estimation based on process yield 90-99.8%
Technosphere [sulphuric acid, liquid, at plant RER kg 1.11E+00 1 |1.21]4,na,na,na,na,na); estimation based on process yield 90-99.8%
electricity, medium voltage, production UCTE, at grid UCTE kWh 3.33E-01 1 1188 (55,1,1,4,5); estimated with data from a large chem. plant
heat, natural gas, atindustrial furnace >100kW RER MJ 2.00E+00 1 |1.88| (5,5,1,1,4,5); estimated with data from a large chem. plant
chemical plant, organics RER unit 4.00E-10 1 13.77 (4,5,1,3,5,4); estimation
transport, freight, rail RER tkm 7.19E-01 1 12.09 (4,5,na,na,na,na); standard distances
transport, lorry 32t RER tkm 1.20E-01 1 12.09 (4,5,na,na,na,na); standard distances
Output boric acid, anhydrous, powder, at plant RER kg 1
Airemission |Heat, waste M 1.20E+00 1 1188 (5,5,1,1,4,5); calculated from electricity input
Sulfate kg 2.23E-03 1 232 (5,5,na,na,na,b); estimation

16.9 Cumulative results and interpretation

Results of the cumulative inventory of the various substances can be downloaded from the database.

16.10Conclusions

The inventories for the various B-containing substances are based on general literature (e.g. Ullmann),
estimations and assumptions. The unit process raw data are meant to be used as background informa-
tion if one of these substances is used for a product in small amounts. Therefore these data can only
give an approximation. They are not reliable enough for direct comparison of these materials with
other, alternative products.
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16.11EcoSpold Meta Information

ReferenceFunction

Geography

ReferenceFunction
ReferenceFunction
ReferenceFunction

ReferenceFunction
ReferenceFunction

ReferenceFunction
ReferenceFunction

ReferenceFunction
TimePeriod
TimePeriod
TimePeriod
TimePeriod

Geography

Technology

Representativeness

Representativeness
Representativeness

Representativeness

Representativeness

Name

Location
InfrastructureProcess
Unit
IncludedProcesses

Amount
LocalName

Synonyms
GeneralComment

CASNumber

StartDate

EndDate
DataValidForEntirePeriod
OtherPeriodText

Text

Text

Percent

ProductionVolume
SamplingProcedure

Extrapolations
UncertaintyAdjustments

sodium borates, at plant calcium borates, at

us

0

kg

Raw materials,
machineries and energy
consumption for
production, estimated
emissions to air from
production and
infrastructure of the site
(approximation). No
water emissions.

1
Natriumborate, ab Werk

The functional unit
represent 1 kg of
sodium borates. Large
uncertainty of the
process data due to
weak data on the
production process.

2000

2000

1

date of published
literature

Data used represent
conditions in California
(USA).

Data approximated with
data from iron mining as
well as lime crushing
and milling. Land-use
data based on
conditions for sodium
borates mining in
California (USA).

see technology
none

plant

RER

0

kg

Raw materials,
machineries and energy
consumption for
production, estimated
emissions to air from
production and
infrastructure of the site
(approximation). No
water emissions.

1
Calciumborate, ab Werk

The functional unit
represent 1 kg of
calcium borate. Large
uncertainty of the
process data due to
weak data on the
production process.

12291-65-5

2000

2000

1

date of published
literature

Data used represent
conditions in Turkey.

Data approximated with
data from iron mining as
well as lime crushing
and milling. Land-use
data based on
conditions for sodium
borates.

see technology
none

Borax, anhydrous,
powder, at plant

RER

0

kg

Raw materials and
chemicals used for
production, transport of
materials to
manufacturing plant,
estimated emissions to
air and water from

production (incomplete),

estimation of energy
demand and
infrastructure of the
plant (approximation).
Solid wastes omitted.

1
Borax, Pulver,
wasserfrei, ab Werk

The functional unit
represent 1 kg of
anhydrous borax
powder. Large
uncertainty of the
process data due to
weak data on the
production process and
missing data on
process emissions.

1330-43-4

2000

2000

1

date of published
literature

Data used has no
specific geographical
origin (stoechiometry).
Average europenan
processes for raw
materials, transport
requirements and
electricity mix used.

Production out of
sodium borates by
melting technology,

using a rotary kiln and a

subsequent fusion
furnace. The overall
process yield is

assumed as 98%. Input

amount bases on
stoechiometric
calculations. The
energy consumption is
estimated based on
filament glass
production in Europe.

Process data based on
stoechiometric
calculations of few
literature sources.
Energy demand based
on approximation from
other sector (glass
production).

none

boric acid, anhydrous,
powder, at plant

RER

0

kg

Raw materials and
chemicals used for
production, transport of
materials to
manufacturing plant,
estimated emissions to
air from production and
energy demand as well
as estimation of
infrastructure of the
plant (approximation).
Solid wastes omitted.

1
Borséaure, Pulver,
wasserfrei, ab Werk

The functional unit
represent 1 kg of solid
anhydrous boric acid
(industrial grade). Large
uncertainty of the
process data due to
weak data on the
production process and
missing data on
process emissions.

10043-35-3

"2000

"2000

1

date of published
literature

Data used has no
specific geographical
origin (stoechiometry).
Average europenan
processes for raw
materials, transport
requirements and
electricity mix used.

Production from
colemanite minerals
(calcium borates) with
the aid of sulphuric
acid, having a process
yield of 95%. Inventory
bases on
stoechiometric
calculations. The
emissions to air (0.2
wt.% of raw material
input) were estimated.

Process data based on
information in just one
literature source.
Process emissions
based on mass balance
estimations.

none

ecoinvent report No. 8

-151 -




16. Borates, borax and boric acid

16.12References
Azapagic & Clift (1999)

Chemfinder (2002)

Classen et al. (2007)

Azapagic A. and Clift R. (1999) Life Cycle Assessment as a Tool for Im-
proving Process Performance: A Case Study on Boron Products. In: Int J
LCA, 4(3), pp. 133 - 142.

Chemfinder (2002) Chemfinder.com - Database & Internet Searching.
Download of August 20, 2002 from
http://chemfinder.cambridgesoft.com/.

Classen M., Althaus H.-J., Blaser S., Doka G., Jungbluth N. and
Tuchschmid M. (2007) Life Cycle Inventories of Metals. Final report
ecoinvent data v2.0 No.10. EMPA Diibendorf, Swiss Centre for Life Cy-
cle Inventories, Diibendorf, CH, Online-Version under:
www.ecoinvent.ch.

European Commission (2000) European Commission (2000) Integrated Pollution Prevention and

Frischknecht et al. (2007)

Gendorf (2000)

Kellenberger et al. (2007)

Lyday (2000)

Rio Tinto Borax (2001)

Sahin & Bulutcu (2002)

Smith (2000)

Control (IPPC) - Reference Document on Best Available Techniques in
the Glass Manufacturing Industry. Institute for Prospective Technological
Studies, Sevilla

Frischknecht R., Jungbluth N., Althaus H.-J., Doka G., Dones R.,
Hischier R., Hellweg S., Nemecek T., Rebitzer G. and Spielmann M.
(2007) Overview and Methodology. Final report ecoinvent data v2.0, No.
1. Swiss Centre for Life Cycle Inventories, Diibendorf, CH, Online-
Version under: www.ecoinvent.ch.

Gendorf (2000) Umwelterklarung 2000, Werk Gendorf. Werk Gendorf,
Burgkirchen as pdf-File under:
http://www.gendorf.de/pdf/umwelterklaerung2000.pdf

Kellenberger D., Althaus H.-J., Jungbluth N. and Kiinniger T. (2007) Life
Cycle Inventories of Building Products. Final report ecoinvent data v2.0
No. 7. Swiss Centre for Life Cycle Inventories, Empa - TSL, Diibendorf,
CH, Online-Version under: www.ecoinvent.ch.

Lyday P. A. (2000) Boron. In: Minerals Yearbook, Vol . I, Metals & Min-
erals. U.S. Geological Survey, Reston as pdf-File under:
http://minerals.usgs.gov/minerals/pubs/

Rio Tinto Borax (2001) 2000 Social and Environmental Report. U.S. Bo-
rax Inc., Valencia (California, USA) as pdf-File under: www.borax.com

Sahin O. and Bulutcu A. N. (2002) Production of high bulk density an-
hydrous borax in fluidized bed granulator. In: Chemical Engineering and
Processing, 41, pp. 135 - 141 as pdf-File under:
http://www.sciencedirect.com.

Smith R. A. (2000) Boric Oxide, Boric Acid, and Borates. In: Ullmann's
Encyclopedia of Industrial Chemistry, Sixth Edition, 2003 Electronic Re-
lease (ed. Haussinger P., Leitgeb P. and Schmiicker B.), 6 th Electronic
Release Edition. Wiley InterScience, New York, Online-Version under:
http://www.mrw.interscience.wiley.com/ueic/ull_search_fs.html.

ecoinvent report No. 8

-152 -



17. 1-Butanol

171-Butanol

Author: Margarita Ossés, EMPA St. Gallen
Review: Heiko Kunst, TU Berlin

17.1Introduction

1-Butanol (C4H;¢0, CAS-N° 71-36-3) is a colorless liquid with a strong, characteristic odour. The
most important chemical and physical properties of 1-butanol are given in Tab. 17.1.

Synonyms for 1-butanol: n-butanol, butyl alcohol, n-butil alcohol.

Tab.17.1 Chemical and physical properties of 1-butanol (Taken from Chemfinder 2003)

Property Value Unit
Boiling point 117.6 °C
Melting point -89 °C
Solubility in water 6.32 g/100mL
Vapor density 26
Density 0.81 g/cm®

The following description of production technology and use of butanol are summarised from Hahn
(2000).

17.2Reserves and Resources

1-butanol is produced basically from propylene. Therefore, the resources available as well as the re-
serves are the same as for the production of propylene, described the corresponding chapter. Both in
the industrialized countries and worldwide, there is considerable excess capacity for the manufacture
of 1-butanol (Hahn (2000)).

17.3Production Technologies and Use
17.3.1 Production technologies for the production of 1-butanol

Of the many available processes for the preparation of 1-butanol, the following have achieved indus-
trial importance: Propylene hydroformylation (oxo synthesis), Reppe synthesis and Crotonaldehyde
hydrogenation.

Oxo Synthesis

This is the most important process for the manufacture of 1-butanol and 2-methyl-1-propanol. It con-
sists on hydroformylation of propylene with subsequent hydrogenation of the aldehydes formed.

In the oxo reaction carbon monoxide and hydrogen are added to a carbon—carbon double bond in the
liquid phase in the presence of catalysts (hydrocarbonyls or substituted hydrocarbonyls of Co, Rh, or
Ru). In the first reaction step aldehydes are formed with one more C-atom than the original olefins.
For olefins with more than two C-atoms, isomeric aldehyde mixtures are normally obtained. There are
several variations of the hydroformylation process, the differences being in the reaction conditions
(pressure, temperature) as well as the catalyst system used. Catalytic hydrogenation of the aldehydes
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leads to the formation of the corresponding alcohols. As only primary alcohols can be obtained via the
oxo synthesis, it is not possible to produce 2-butanol and 2-methyl-2-propanol by this process.

Reppe Process.

Another process to produce 1-butanol (and also 2-methyl-2-propanol) on a commercial scale is the
carbonylation of propylene developed by Reppe. In this process, olefins, carbon monoxide, and water
are made to react under pressure in the presence of a catalyst. The difference between this process and
the classic Co-catalyzed hydroformylation is that at low temperature and low pressure alcohols are
formed directly from the olefin. Nevertheless, the Reppe process has not been as successful as propyl-
ene hydroformylation with Co catalysts. This can be attributed to the more expensive process technol-

ogy.

Hydrogenation of Crotonaldehyde

Until the mid 1950s the manufacture of 1-butanol based on acetaldehyde was the preferred process.
Various gas- and liquid-phase processes have proved their value for the hydrogenation of crotonalde-
hyde to 1-butanol. Copper catalysts are particularly useful. With the development of the oxo synthesis,
however, it has lost its importance and is no longer in use.

17.3.2 Use

1-Butanol is used principally in the field of surface coating. It is used either directly as a solvent for
varnishes or it is converted into derivatives which then serve as solvents or monomer components. In
the USA in particular, but also in the Federal Republic of Germany and Belgium, 1-butanol is used for
the manufacture of butylamines. 1-Butanol has numerous applications also in the plastics and textile
sector. It is used as a coagulation bath for spinning acrylic fibers and in the dyeing of poly(vinyl alco-
hol) fibers.

17.4System characterisation

This report corresponds to the module in the ecoinvent database for the production of 1 kg 1-butanol,
at plant, in Europe. For this study the production of 1-butanol by means of 0x0-synthese is consid-
ered. All data are referred to 1 kg 1-butanol 100%.

The system includes the process with consumption of raw materials, energy, infrastructure and land
use, as well as the generation of solid wastes and emissions to air and water. It also includes the trans-
portation of the raw materials and wastes. Because of the lack of data on auxiliaries, no values can be
presented and therefore, the transportation and consumption of auxiliaries are not included. The sytem
also does not include transportation of the final product 1-butanol. There are no by-products generated
in the production process.

For the study transient or unstable operations like starting-up or shutting-down, are not included, but
the production during stable operation conditions. Storage is also not included.

It is assumed that the manufacturing plants are located in an urban/industrial area and consequently the
emissions are categorised as emanating in a high population density area. The emissions into water are
assumed to be emitted into rivers.

It is assumed that 100% of the electricity consumed is converted to waste heat and that 100% of the
waste heat is released to the air.
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17.51-Butanol production process

17.5.1 Data sources

The data source for this study is von Déniken et al. (1995), a survey from the Swiss Agency for the
Environment, Forests and Landscape (BUWAL). The module refering to 1-butanol bases on literature
(Chauvel et al. (1986)") for the consumption of energy and raw materials. For the emissions arised by
the process the authors take, as an approximation, data from literature for the manufacturing of acetic
acid by means of oxidation of liquid gas (Franklin (1989)*) presented.The reason is that both proc-
esses are similar.

17.5.2 Raw materials and auxiliaries

According to von Diniken et al. (1995), 7.20 E-01 kg propylene, 7.80 E-01 m® synthesis gas and 3.00
E-02 kg hydrogen are required for the manufacturing of 1 kg 1-butanol. Concerning the water con-
sumption, Chauvel et al. (1986) reports an amount of 0.11 m® cooling water and 0.001 m® process wa-
ter per kg 1-butanol produced.

17.5.3 Energy and transportation

The information on consumption of energy for the manufacturing of 1-butanol as presented in von
Daniken et al. (1995), is shown in Tab. 17.2.

Tab.17.2  Consumption of energy in the production of 1-butanol (Taken from von Déniken et al. (1995))

Input (kg™ 100% 1-butanol)
electricity kWh 1.50 E-01
hardcoal MJ 2.10 E+00
heavy fuel oil MJ 1.30 E+00
light fuel oil MJ 2.80 E-01
natural gas MJ 3.20 E+00

1
: only gas for fuel. Syhntesis gas used as raw material is not included.

In regard to transportation of raw materials and wastes, no information about distances is available in
the examined data source. Therefore, for the raw materials, standard distances as defined in
Frischknecht et al. (2007) are used: 100 km by lorry 32t and 600 km by train for propylene (standard
values for transportation of etylene are taken). For synthesis gas and hydrogen, standard numbers for
transportation of gases are used: 50 km by lorry 32t and 100 km by train. For the transportation of the
solid wastes it is assumed that they are sent to landfill and, again, standard distances are used: 10 km
by lorry to disposal site. Additionally, it is assumed that this lorry has a capacity of 32 tonnes in order
to facilitate the calculations. Transport amounts related to auxiliaries cannot be estimated since there
are even no values for consumption of auxiliaries.

Tab. 17.3 summarises the total transport amounts for the production of 1 kg of 100% 1-butanol.

19 Chauvel et al. (1986): Chauvel et al. (1986) Precedes de petrochimie — characteristiques techniques et economiques. Band 1.
Institut Francais de Petrole, Editions Technip.

2% Franklin (1989): Franklin Associates, Ltd. (1989) The comparative energy and environmental impacts of soft drink delivery
systems 1987 to 1995.
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Tab. 17.3 Total transport amounts and means for the production of 1-butanol.

(tkm. kg™ 100% 1-butanol) lorry train
raw material 7.22 E-02 4.35 E-01
auxiliaries nd nd
waste to disposal sites 7.20 E-06 0
Total transports 7.22 E-02 4.35 E-01

nd: no data available

17.5.4 Infrastructure and land use

There is no information available about infrastructure and land-use of butanol plants. Therefore, in this
study, the infrastructure is estimated based on the module "chemical plant, organics", that has a built
area of about 4.2 ha and an average output of 50'000 t/a. For more details about this infrastructure
module, see chapter 2.7 in part I of this report. Thus, for this study, the estimated value is 4.00 E-10
unit. kg chemical.

17.5.5 Emissions to air and water

von Déniken et al. (1995) presents values for specific process emissions. Emissions arised by the use
of the different energy carriers are included in the correspondig modules and therefore are not further
discussed here. Tab. 17.4 shows the information concerning emissions into air and into water, as pre-
sented in the mentioned source.

Tab. 17.4 Process emissions to air and water from the production process of 1-butanol by means of the oxo-synthesis
(Taken from von Déniken et al. (1995))

Value

Process emissions * 4
(kg™ 100% 1-butanol)

Emissions to air

Hydrocarbons kg 3.91 E-03
Emissions to water

BOD kg 1.04 E-03
COD kg 3.62 E-03
Suspended solids kg 1.22 E-03
Hydrocarbons kg 4.00 E-04

1 L . . .
: Emissions corresponding to the use of energy carriers not included.

For ecoinvent database, it is assumed that 100% of the electricity consumed is converted to waste heat
and that 100% of the waste heat is released to the air. Basing on this assumption and the necessary
conversion from kWh to MJ is done according to Frischknecht et al. (2007). Thus, considering the en-
ergy input of 1.50 E-01 kWh. kg butanol, the value of waste-heat taken for this study is 5.40 E-01
MJ kg butanol. Emission to air of unspecified hydrocarbons is reported as “Hydrocarbons, aliphatic,
alkanes, unspecified since this is most approximated module available in ecoinvent database.
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17.5.6 Wastes

According to von Déniken et al. (1995), 7.20 E-04 kg solid wastes arise by the manufacturing of 1 kg
1-butanol. There is no further information about the substances included in this solid waste. For this
study, solid waste is reported as “disposal, municipal solid waste, 22.9 %water, to sanitary landfill®,
due to the above mentioned lack of information. This is considered the most appropriate among the
different modules available in the database.

17.6Data quality considerations

The uncertainty scores include reliability, completeness, temporal correlation, geographical correla-
tion, further technological correlation and sample size. Data presented in von Déniken et al. 1995 for
consumption of energy and raw materials base on literature and might be updated. Values for emis-
sions are estimations on a similar production process. The mentioned factors lead to higher uncertainty
scores.

The transport and infrastructure data are two further areas with much higher uncertainties. Due to a
complete lack of data, assumptions based on Frischknecht et al. (2007) (transport) resp. the very gen-
eral module of an organic chemical plant are used. This lack of representativeness is also reflected in
the uncertainty scores.

Tab. 17.5 summarises the input and output data as well as the uncertainties used for the production of
butanol. The values are given for the production of 1 kg of 100% butanol. Additionally, the most im-
portant fields of the ecospold meta information from this dataset are listed in chapter 17.9.

Tab. 17.5 Input-/ Output-data for the production of 1-butanol (expressed per kg 100% 1-butanol produced)

B
5 E
Explanation Name 5 £ |butanol,1-at] -2 |GeneralComment
8 2 plant 2| s
3 Sz
2¢
Location RER e o]
InfrastructureProcess 0 § g
Unit kg S| 5
Resources Water, cooling, unspecified natural origin m3 1.10E-1 1 [1.34((3,5,3,3,1,5); data from surveyin literature (Chauvet 1986)
Water, unspecified natural origin m3 1.00E-3 1 [1.34((3,5,3,3,1,5); data from surveyin literature (Chauvet 1986)
Gas, natural, in ground | Nm3 7.80E-1 1 [1.34((3,5,3,3,1,5); data from surveyin literature (Chauvet 1986)
Input from propylene, at plant RER kg 7.20E-1 1 [1.34](3,5,3,3,1,5); data from surveyin literature (von Daniken etal. 1995)
Technosphere |hydrogen, liquid, at plant RER kg 3.00E-2 1 11.34((3,5,3,3,1,5); data from survey in literature (von Daniken etal. 1995)
electricity, medium voltage, production UCTE, at grid UCTE kWh 1.50E-1 1 [1.34((3,5,3,3,1,5); data from surveyin literature (von Daniken etal. 1995)
hard coal, burned in industrial furnace 1-10MW RER MJ 2.10E+0 1 [1.34](3,5,3,3,1,5); data from surveyin literature (von Daniken etal. 1995)
heat, heavy fuel oil, atindustrial furnace 1MW RER MJ 1.30E+0 1 11.34((3,5,3,3,1,5); data from survey in literature (von Daniken etal. 1995)
heat, light fuel oil, atindustrial furnace 1MW RER MJ 2.80E-1 1 [1.34((3,5,3,3,1,5); data from survey in literature (von Daniken etal. 1995)
natural gas, burned in industrial furnace >100kW RER MJ 3.20E+0 1 [1.34](3,5,3,3,1,5); data from surveyin literature (von Daniken etal. 1995)
transport, lorry 32t RER tkm 7.22E-2 1 12.05((3,5,3,3,1,5); data from surveyin literature (von Daniken etal. 1995)
transport, freight, rail RER tkm 4.35E-1 1 |2.05|(4,na,na,na,na,na); standard distances
chemical plant, organics RER unit 4.00E-10 1 |3.96 |(4,na,na,na,na,na); standard distances
disposal, municipal solid waste, 22.9% water, to sanitary CH kg 7.20E-4 1 12.29|(4,1,5,3,5,4); estimation
Output butanol, 1-, at plant RER kg 1
air emission Heat, waste MJ 5.40E-1 1 [1.34((3,5,3,3,1,5); calculated from electricity input
Hydrocarbons, aliphatic, alkanes, unspecified kg 3.91E-3 1 12.35((3,5,3,3,4,5); data from surveyin literature (von Daniken etal. 1995)
water emission [BODS5, Biological Oxygen Demand kg 1.04E-3 1 11.90((3,5,3,3,4,5); data from survey in literature (von Daniken et al. 1995)
COD, Chemical Oxygen Demand kg 3.62E-3 1 11.90((3,5,3,3,4,5); data from surveyin literature (von Daniken et al. 1995)
Suspended solids, unspecified kg 1.22E-3 1 11.90(3,5,3,3,4,5); data from surveyin literature (von Daniken etal. 1995)
Hydrocarbons, unspecified kg 4.00E-4 1 11.90(3,5,3,3,4,5); data from survey in literature (von Daniken etal. 1995)

17.7Cumulative Results and Interpretation

Results of the cumulative inventory for this substance can be downloaded from the database.

17.8Conclusions

An average European dataset for the production of butanol for the year 2000 is established. The data-
set is in accordance with the present quality guidelines of the ecoinvent project and is based on a re-

ecoinvent report No. 8 - 157 -



17. 1-Butanol

port covering the European industry, based on statistics from the first half of the 1990s. The data are

thus of a reasonable quality and can be used in quite a broad context.

17.9EcoSpold Meta Information

ReferenceFunction
Geography

ReferenceFunction
ReferenceFunction
ReferenceFunction
ReferenceFunction
ReferenceFunction

ReferenceFunction
TimePeriod
TimePeriod
TimePeriod
TimePeriod
Geography

Technology

Representativeness
Representativeness
Representativeness
Representativeness

Representativeness

401
662
493
403
490
491
492

502
601
602
603
611
663

692
722
724
725
726

727

Name

Location
InfrastructureProcess
Unit

LocalName
Synonyms
GeneralComment

CASNumber

StartDate

EndDate
DataValidForEntirePeriod
OtherPeriodText

Text

Text

Percent
ProductionVolume
SamplingProcedure
Extrapolations

UncertaintyAdjustments

butanol, 1-, at plant

RER

0

kg

Butanol, 1-, ab Werk
Butylalkohol

The process considered is the production of 1-
butanol by means of hydroformylation of
propylene (oxo sinthesis). Manufacturing
process starting with propylene is considered,
plus consumption of energy, infrastructure and
land use, as well as generation of solid wastes
and emissions into air and water. Transport of
the raw materials and solid wastes is included.
No by-product is generated in the process.
Transportation and consumption of auxiliaries are
not included due to the lack of data. Transport
and storage of the final product are not included.
Transcient or unstable operations are not
considered, but the production during stable
operation conditions. Emissions to air are
considered as emanating in a high population
density area. Emissions into water are assumed
to be emitted into rivers. Solid wastes are
assumed to be sent to landfill. Inventory refers to
1 kg 100% 1-butanol. In the source used (von
Daniken et al. 1995) numbers for emissions are
taken from the manufacturing of acetic acid, as
an approximation.

71-36-3

1995-12

1995-12

1

literature bases on data from the 1990s.

In the literature source used, the numbers for
emissions arisen by the production of butanol
have been taken from the manufacture of acetic
acid, as an approximation. It is not known how
representative are these values for the European
butanol industry

unknown

unknown

see geography

Transports based on standard distances of
Ecoinvent. Infrastructure: proxy module used
(chemical plant, organics)

none
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18Butyl acrylate

Author:
Review:

Margarita Ossés, EMPA St. Gallen
Heiko Kunst, TU Berlin

18.1Introduction

Butyl acrylate, also called n- butyl acrylate, (C;H;,0,, CAS-N° 141-32-2) is a colourless liquid. It is
slightly soluble in water. The most important chemical and physical properties of butyl acrylate are
given in Tab. 18.1.

Tab. 18.1 Chemical and physical properties of butyl acrylate (Taken from Chemfinder 2003)

Property Value Unit
Molecular weight 128.1706
Boiling point 145 °C
Melting point -64.6 °C
Solubility in water <0.1 (at20°C) | g/100mL
Density 0.894 glem®

18.2System characterization

This report corresponds to the module in the ecoinvent database for the production of 1 butyl acry-
late, at plant, in Europe. For this study, and according to von Déniken et al. (1995), the production
of butyl acrylate by means of the esterification of acrylic acid with methanol is considered. All data
are referred to 1 kg butyl acrylate 100%.

The system includes the process with the consumption of raw materials, energy, infrastructure and
land use as well as the generation of solid wastes and emissions to air and water. It also includes the
transportation of the raw materials and wastes. Because of the lack of data on auxiliaries, no values
can be presented and therefore, the transportation and consumption of auxiliaries are not included.

The system does not include transportation of the final product 1-butanol. There are no by-products
generated in the production process.

For the study transient or unstable operations like starting-up or shutting-down, are not included, but
the production during stable operation conditions. Storage is also not included.

It is assumed that the manufacturing plants are located in an urban/industrial area and consequently the
emissions are categorised as emanating in a high population density area. The emissions into water are
assumed to be emitted into rivers.

It is assumed that 100% of the electricity consumed is converted to waste heat and that 100% of the
waste heat is released to the air.
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18.3Butyl acrylate production process

18.3.1 Data sources

The data source for this study is von Déniken et al. (1995), a survey from the Swiss Agency for the
Environment, Forests and Landscape (BUWAL). The module refering to butyl acrylate bases on litera-
ture (Chauvel et al. (1986)*") for the consumption of energy. For raw materials, it bases on a personal
communication in 1992 of Akzo, a coating manufacturer. For the emissions arised by the process the
authors take, as an approximation, data from literature for the manufacturing of dimetylterephthalate
by means of the esterification of terephthalat acid with methanol (Franklin (1989)**) presented. The
reason is that both processes are similar.

18.3.2 Raw materials and auxiliaries

von Diniken et al. (1995) presents values for consumption of raw materials based on data provided by
the manufacturing company Akzo, as mentioned above. According to this information source, 5.70 E-
01 kg butanol and 5.90 E-01 kg acrylic acid are required for the manufacturing of 1 kg butyl acrylate.

Concerning the water consumption, Chauvel et al. (1986) reports an amount of 0.2m’ cooling water
and 0.015 m® process water per kg butyl acrylate produced.

18.3.3 Energy and transportation

The information regarding consumption of energy for the manufacturing of butyl acrylate as presented
in von Déniken et al. (1995), is shown in Tab. 18.2. This source bases on literature data on consump-
tion of electricity and termal process energy. Basing on the latter, the authors calculate the consump-
tion of different energy carriers.

Tab.18.2  Consumption of energy in the production of butyl acrylate (Taken from von Daniken et al. (1995))

Input (kg™ 100% butyl acrylate)
electricity kWh 3.00 E-02
hardcoal MJ 5.13 E+00
heavy fuel oil MJ 3.02 E+00
light fuel oil MJ 6.80 E-01
natural gas MJ 7.67 E+00

In regard to transportation of raw materials and wastes, no information about distances is available in
the examined data source. Therefore, for the raw materials, standard distances as defined in
Frischknecht et al. (2007) were used: 100 km by lorry 32t and 600 km by train. For the transportation
of the solid wastes it is assumed that they are sent to landfill and, again, standard distances are used:
10 km by lorry to disposal site. Additionally, it is assumed that this lorry has a capacity of 32 tonnes in
order to facilitate the calculations. Transport amounts related to auxiliaries cannot be estimated since
there are no values even for consumption of auxiliaries.

2l Chauvel et al. (1986): Chauvel et al. (1986) Precedes de petrochimie — characteristiques techniques et economiques. Band II.
Institut Francais de Petrole, Editions Technip.

22 Franklin (1989): Franklin Associates, Ltd. (1989) The comparative energy and environmental impacts of soft drink delivery
systems 1987 to 1995.
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Tab. 18.3 summarises the total transport amounts for the production of 1 kg of 100% butyl acrylate.

Tab. 18.3 Total transport amounts and means for the production of butyl acrylate.

(tkm. kg™ 100% butyl acrylate) lorry train
raw material 1.16 E-01 6.96 E-01
auxiliaries nd nd
waste to disposal sites 2.80 E-06 0
Total transports 1.16 E-01 6.96 E-01

nd: no data available

18.3.4 Infrastructure and land use

There is no information available about infrastructure and land-use of butyl acrylate plants. Therefore,
in this study, the infrastructure is estimated based on the module "chemical plant, organics", that has a
built area of about 4.2 ha and an average output of 50'000 t/a. For more details about this infrastructure
module, see chapter 2.7 in part I of this report. Thus, for this study, the estimated value is 4.00 E-10
unit. kg™ chemical.

18.3.5 Emissions to air and water

von Déniken et al. (1995) presents values for specific process emissions. Emissions arised by the use
of the different energy carriers are included in the correspondig modules and therefore are not further
discussed here. Tab. 18.4 shows the information concerning process emissions into air and into water,
as presented in the mentioned source.

Tab. 18.4 Process emissions to air and water from the production process of 1-butanol by means of the oxo-synthesis
(Taken from von Daniken et al. (1995))

Value

Process emissions * 1
(kg™ 100% butyl acrylate)

Emissions to air

Hydrocarbons kg 3.03 E-03
Dust kg 2.30 E-04
Sulphuric dioxide kg 1.95 E-03
Nitrogen oxides kg 3.50 E-04
Emissions to water

BOD kg 1.90 E-04
COD kg 8.87 E-04
Suspended solids kg 2.60 E-04

1
: Emissions corresponding to the use of energy carriers are not included.

Dust is reported as Particulates and the value is splitted in the three fractions in use in ecoinvent data-
base: Particulates, < 2.5 um; Particulates, > 2.5 um and < 10 um and Particulates, > 10 um. It is as-
sumed that each fraction contributes with 33.3% to the total. Emission to air of unspecified hydrocar-
bons is reported as “Hydrocarbons, aliphatic, alkanes, unspecified* since this is most approximated
module available in ecoinvent database.
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For ecoinvent database, it is assumed that 100% of the electricity consumed is converted to waste heat
and that 100% of the waste heat is released to the air. Basing on this assumption the necessary conver-
sion from kWh to MJ is done according to Frischknecht et al. (2007). Thus, considering the energy in-
put of 3.00 E-02 kWh, the value of waste-heat taken for this study is 1.08 E-01 MJ per kg butyl acry-
late manufactured.

18.3.6 Wastes

According to von Déniken et al. (1995), 2.80 E-04 kg solid wastes arise by the manufacturing of 1 kg
butyl acrylate. For this study, solid waste is reported as “disposal, municipal solid waste, 22.9 %water,
to sanitary landfill“, due to lack of further information about the composition of the wastes mentioned.
This is considered the most appropriate among the different modules available in the database.

18.4Data quality considerations

The uncertainty scores include reliability, completeness, temporal correlation, geographical correla-
tion, further technological correlation and sample size. Data for consumption of energy base on litera-
ture and might be somewhat updated. Values for emissions are estimations on a similar production
process. The mentioned factors lead to higher uncertainty scores. Data refering to consumption of raw
materials have been provided by a manufacturing company, but since there is no information about
this company and the background of these values, it is difficult to asess the uncertainty of the data.

The transport and infrastructure data are two further areas with much higher uncertainties. Due to a
complete lack of data, assumptions based on Frischknecht et al. (2007) (transport) resp. the very gen-
eral module of an organic chemical plant are used. This lack of representativeness is also reflected in
the uncertainty scores.

Tab. 18.5 summarises the input and output data as well as the uncertainties used for the production of
butyl acrylate. The values are given for the production of 1 kg of 100% butyl acrylate. Additionally,
the most important fields of the ecospold meta information from this dataset are listed in chapter 18.7.

Tab. 18.5 Input-/ Output-data for the production of butyl acrylate (expressed per kg 100% butyl acrylate)

ES
5 e
Explanation Name k= £ |butylacrylate, [ 2 |GeneralComment
2 2 at plant <
23
Location RER gl s
InfrastructureProcess 0 § -‘%
Unit kg S| a
Resources Water, cooling, unspecified natural origin m3 2.00E-1 1 11.34(3,5,3,3,1,5); data from surveyin literature (Chauvet 1986)
Water, unspecified natural origin m3 1.50E-2 1 [1.34((3,5,3,3,1,5); data from surveyin literature (Chauvet 1986)
Input from butanol, 1-, at plant RER kg 5.70E-1 1 11.34(3,5,3,3,1,5); data from surveyin literature (von Daniken et al. 1995)
Technosphere |acrylic acid, at plant RER kg 5.90E-1 1 11.34((3,5,3,3,1,5); data from surveyin literature (von Daniken et al. 1995)
electricity, medium voltage, production UCTE, at grid UCTE  kWh 3.00E-2 1 [1.34((3,5,3,3,1,5); data from surveyin literature (von Déniken etal. 1995)
hard coal, burned in industrial furnace 1-10MW RER M 5.13E+0 1 11.34((3,5,3,3,1,5); data from surveyin literature (von Daniken et al. 1995)
heat, heavy fuel oil, atindustrial furnace 1MW RER MJ 3.02E+0 1 [1.34((3,5,3,3,1,5); data from surveyin literature (von Daniken etal. 1995)
heat, light fuel oil, at industrial furnace 1MW RER MJ 6.80E-1 1 11.34(3,5,3,3,1,5); data from surveyin literature (von Daniken et al. 1995)
natural gas, burned in industrial furnace >100kW RER MJ 7.67E+0 1 [1.34((3,5,3,3,1,5); data from surveyin literature (von Daniken etal. 1995)
transport, lorry 32t RER tkm 1.16E-1 1 |2.05 |(4,na,na,na,na,na); standard distances
transport, freight, rail RER tkm 6.96E-1 1 ]2.05((4,na,na,na,na,na); standard distances
chemical plant, organics RER unit 4.00E-10 1 [3.96((4,1,5,3,5,4); estimation
waste disposal, municipal solid waste, 22.9% water, to sanitary landfill CH kg 2.80E-4 1 12.29(3,5,3,3,1,5); data from surveyin literature (von Daniken et al. 1995)
Output butyl acrylate, at plant RER kg 1.00E+0
air emission Heat, waste mJ 1.08E-1 1 11.34((3,5,3,3,1,5); calculated from electricity input
Particulates, < 2.5 um kg 7.67E-5 1 13.34((3,5,3,3,4,5); data from surveyin literature (von Daniken et al. 1995)
Particulates, > 2.5 um, and < 10um kg 7.67E-5 1 [2.35((3,5,3,3,4,5); data from surveyin literature (von Déniken etal. 1995)
Particulates, > 10 um kg 7.67E-5 1 11.90((3,5,3 ); data from surveyin literature (von Déniken et al. 1995)
Sulfur dioxide kg 1.95E-3 1 [1.90((3,5,3,3,4,5); data from surveyin literature (von D&niken etal. 1995)
Nitrogen oxides kg 3.50E-4 1 11.90(3,5,3,3,4,5); data from surveyin literature (von Daniken et al. 1995)
Hydrocarbons, aliphatic, alkanes, unspecified kg 3.03E-3 1 12.35((3,5,3,3,4,5); data from surveyin literature (von Daniken etal. 1995)
water emission [BODS, Biological Oxygen Demand kg 1.90E-4 1 11.90((3,5,3,3,4,5); data from surveyin literature (von Déniken et al. 1995)
COD, Chemical Oxygen Demand kg 8.87E-4 1 1.90 {(3,5,3,3,4,5); data from surveyin literature (von Daniken et al. 1995)
Suspended solids, unspecified kg 2.60E-4 1 [1.90((3,5,3,3,4,5); data from surveyin literature (von Daniken etal. 1995)
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18.5Cumulative Results and Interpretation

Results of the cumulative inventory for this substance can be downloaded from the database.

18.6Conclusions

An average European dataset for the production of butanol for the year 2000 is established. The data-
set is in accordance with the present quality guidelines of the ecoinvent project and is based on a re-
port covering the European industry, based on statistics from the first half of the 1990s. The data are
thus of a reasonable quality and can be used in quite a broad context.

18.7EcoSpold Meta Information

ReferenceFunction Name butyl acrylate, at plant

Geography Location RER

ReferenceFunction InfrastructureProcess 0

ReferenceFunction Unit kg

ReferenceFunction IncludedProcesses The process considered is the production of butyl
acrylat by means of the esterification of acrylic acid
with metanol

ReferenceFunction Amount 1

ReferenceFunction LocalName Butylacrylat, ab Werk

ReferenceFunction Synonyms

ReferenceFunction GeneralComment The process considered is the production of butyl
acrylat by means of the esterification of acrylic acid.
Manufacturing process is considered with
consumption of raw materials, energy, infrastructure
and land use, as well as generation of solid wastes
and emissions into air and water. Transport of the raw
materials and solid wastes is included. No by-product
is generated in the process. Transportation and
consumption of auxiliaries are not included due to the
lack of data. Transport and storage of the final product
are not included. Transcient or unstable operations are
not considered, but the production during stable
operation conditions. Emissions to air are considered
as emanating in a high population density area.
Emissions into water are assumed to be emitted into
rivers. Solid wastes are assumed to be sent to landfill.
Inventory refers to 1 kg 100% butyl acrylate. In the
source used (von Daniken et al. 1995) numbers for
emissions are taken from the manufacturing of
dimetylerephthalate, as an approximation.

ReferenceFunction CASNumber 141-32-2

TimePeriod StartDate 1995-12

TimePeriod EndDate 1995-12

TimePeriod DataValidForEntirePeriod 1

TimePeriod OtherPeriodText literature bases on data from the 1990s.

Geography Text In the literature source used, the numbers for process
emissions have been taken from the manufacture of
dimetylerephthalate, as an approximation. Data
concerning consumption of raw materials and energy
base on information provided by a coating
manufacturing company (Akzo). It is not known how
representative are these values for the European butyl
acrylat industry

Technology Text unknown

Representativeness Percent

Representativeness ProductionVolume unknown

Representativeness SamplingProcedure see geography

Representativeness Extrapolations Transports based on standard distances of Ecoinvent.
Infrastructure: proxy module used (chemical plant,
organics)

Representativeness UncertaintyAdjustments none
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19Calcium carbide

Author: Roland Hischier, EMPA St. Gallen
Review: Heiko Kunst, TU Berlin

19.1Introduction

Calcium carbide (CaC,, CAS-No. 75-20-7) is in its pure composition a colourless and odourless solid.
But as the industrial grade is not a pure CaC,-solid, it is commonly known as a grey to brownish black
solid that has an odour similar to phosphine. For this inventory the functional unit is 1 kg of sold in-
dustrial grade calcium carbide. The most important chemical and physical properties of calcium car-
bide used in this inventory are given in Tab. 19.1.

Synonyms for calcium carbide: -

Tab.19.1 Chemical and physical properties of calcium carbide (according to Langhammer (2000))

Property Unit Value Remarks
Molecular weight 64.10 g mol”

Melting point 2160 °C at normal pressure
Decomposition temperature 2500 °C at normal pressure

According to Langhammer (2000), four different modification of calcium carbide are known —
whereof phase I (tetragonal, stable from 25 to 440°C) is the mainly used commercial form.

19.2Reserves and Resources of material

The production of calcium carbide is made out of quicklime and carbonaceous materials like e.g. coke
or anthracite by using an electrothermic furnace. Therefore, all further discussion of resources can be
found within the respective chapter about the limestone chain (Kellenberger et al. (2007)) rsp. about
coal (Dones et al. (2007)), showing information for coke and anthracite.

19.3Use of material / product

According to Langhammer (2000), calcium carbide is used in three different cases: the production of
acetylene (widely used as welding gas), the production of cyanamide (a fertilizer) and third, in the iron
and steel industry as a desulphurization agent. This latter application is getting more and more impor-
tant — as calcium carbide allows reducing the sulphur content in the steel melt from around 0.2% to
0.001%. In 1997, around 100 kt of calcium carbide were used in the European iron and steel industry.

Concerning its production, calcium carbide was at its top in the 60s, when the world production was in
the order of 10 Mt. Since then, the annual amount declined steadily — reaching around 4.9 Mt in 1990.
Besides the total production amount, also the main producing area changed within these 30 years.
While in the 60s Western Europe was the biggest producer (accounting for almost one third of the to-
tal production), Asia and Africa have taken over this position in 1990, being responsible together for
43% of the total production.

ecoinvent report No. 8 - 166 -



19. Calcium carbide

19.4Systems characterization

In the production process for calcium carbide the main raw materials, an approximation of the produc-
tion energy and estimations for the emissions to air are included. This module represents therefore
rather a rough estimation of the process requirements and should be used only for processes where the
impact of calcium carbide is not considered to be high.

The whole process is operated within a furnace. No further steps are needed. For this inventory the
functional unit is 1 kg of solid industrial-grade calcium carbide (80% calcium carbide in calcium ox-
ide, Ca0). As process location Europe (RER) is used.

19.5Calcium carbide, at plant (Location: RER)
19.5.1 Process

The overall reaction for the production of calcium carbide can be formulated as follows:

CaO + 3C — CaC, + CO (19.1)

The whole reaction is very strongly endothermic and therefore, the reaction energy has to be brought
in from external energy sources. Thus, carbonaceous material is melted with CaO in a short electro-
thermic shaft furnace. According to Langhammer (2000) this reaction has a economic sufficient reac-
tion rate only at temperatures above 1600°C — while at temperatures above 2000°C undesirable side
reactions get more and more important. Therefore, most furnaces operate nowadays at temperatures
between 1800 and 2100°C, resulting in the production of technical-grade calcium carbide (80% pu-
rity).

For this study, a modern large calcium carbide furnace with traditional self-baking Soderberg elec-
trodes is assumed.

19.5.2 Resources

According to Langhammer (2000), such a modern calcium carbide furnace requires per tonne calcium
carbide 950 kg lime (94% CaO), 550 kg coke (dry, 10% fly ash) as well as 20 kg electrode materials.
The energy demand for this process is in the order of 3'100 kWh electricity. Based on this information,
the resources and the energy consumption can be established for the dataset of calcium carbide within
this study here.

Energy

For the electricity consumption, the above mentioned amount of 3.1 kWh per kg calcium carbide is
used. The amount is shown as average European electricity, using the UCTE-mix. A summary of the
values used is given in Tab. 19.2.

Raw materials and Chemicals

According to the above listed amounts, an input of 0.55 kg coke and 0.893 kg CaO (94% of 0.95 kg
lime, according to the indication in Langhammer (2000)) is used per kg of produced calcium carbide.
For the electrode material (0.02 kg per kg produced CaC,), coke is used as a first approximation within
this study. A summary of the values used is given in Tab. 19.2.
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Water use

There was no information available on the amount of cooling water used within the plant. In order not
to neglect the process cooling water demand this value was approximated with data from an large
chemical plant site in Germany producing 2.05 Mt a™' (intermediates included) of different chemicals
(Gendorf (2000)). In this plant in total an average of 24 kg water per kg of product were used for. This
value was used in this inventory as approximation for the cooling water consumption of the calcium
carbide production.

It is assumed that no process water is used within the production of calcium carbide.

Transport and Infrastructure

As there is no information about the transport amounts, standard distances and means according to
Frischknecht et al. (2007) are used for the different raw materials.

For the infrastructure of the production plant no information was available. As a first approximation,
the infrastructure of the glass production (dataset “glass production site (RER)”) is used here — due to
the fact that this process here uses a furnace similar to the glass production. For this module with a
production capacity of 160'000 t per year and a plant life time of 50 years, an amount of 1.25 * 10"
units per kg calcium carbide was included.

19.5.3 Emissions
Waste heat

It was assumed, that 100% of the electricity consumed, i.e. 3.1 kWh per kg calcium carbide is con-
verted to waste heat. It was assumed that 100% of the waste heat is released to the air.

Emissions to air

According to Langhammer (2000), the furnace gas have an average composition of 85 vol-% CO,
10.5% H,, 1.5% CO,, 0.5% CH,4 and 2.5% N,. About the amount of furnace gas emissions, no infor-
mation is given in this source — therefore, its amount is calculated by using mass balance principles for
the amount of carbon monoxide. For the carbon monoxide emissions, the reaction equation above
shows, that per mol of calcium carbide, 1 mol of carbon monoxide is produced. This leads for the pro-
duction of 1 kg of calcium carbide to an emission of 436.817 g carbon monoxide (15.6 mol). For this
study — as a first approximation — the 85 vol-% CO are equal to 436.82 g or 0.411 m’. This leads to the
following further emissions: 3.880 g H,, 12.192 g CO,, 1.480 g CH4 and 12.854 g N,. In accordance
with the methodology of the study, nitrogen is not included into the dataset.

Emissions to water

Water is used only in the form of cooling water within this production process. Therefore, no water
emissions are taken into account in this study here.

Solid wastes

Solid wastes occurring during the production of calcium carbide were neglected in this inventory.
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Tab.19.2 Energy demand, Resource demand and emissions for the production of calcium carbide.

[per kg calcium carbide] Remark

INPUTS

coke kg 0.550 |according to Langhammer 2000
CaO (quicklime) kg 0.893 |according to Langhammer 2000
electrode material (coke) kg 0.020 |according to Langhammer 2000
Electricity, medium voltage kWh 3.1 according to Langhammer 2000
Water, cooling, unspecified m3 | 2.40E-02 |estimation

transport by train tkm | 8.78E-01 [standard distances

transport by lorry, 32t tkm | 1.46E-01 [standard distances

chemical plant, organics unit [ 4.00E-10 |approximation for infrastructure
OUTPUTS

waste heat, to air MJ | 1.12E+01 |calculated from electricity input
carbon monoxide, fossil, to air kg | 4.37E-01 |according to Langhammer 2000 & mass balance
carbon dioxide, fossil, to air kg | 1.22E-02 |calculated from CO emissions
hydrogen, to air kg | 3.88E-03 |calculated from CO emissions
nitrogen, to air kg | 1.29E-02 [calculated from CO emissions
methan, fossil, to air kg | 1.48E-03 |calculated from CO emissions

19.6 Data quality considerations

Tab. 19.3 shows the data quality indicators for the inventory of calcium carbide production (Location
RER). The uncertainty scores include reliability, completeness, temporal correlation, geographical cor-
relation, further technological correlation and sample size.

The data in the inventory of the calcium carbide production has quite a high uncertainty, because only
few data (input of material and energy) of the production processes were available. The highest uncer-
tainties exist for the emissions to air. Due to missing information these values are based on an ap-
proximation, passing by mass balance calculations. Further uncertainty occurs from possibly missing
auxiliary materials and further emissions or wastes. Also for the infrastructure only an approximation
was used because of missing data.

Additionally, the most important fields of the ecospold meta information from those datasets are listed
in chapter 19.9.

Tab. 19.3 Input/Output and uncertainty for the process “calcium carbide, at plant (RER)”

§ 5| camie 5
Explanation Name T c . & GeneralComment
8 =3 technical ° &
— grade, at plant o ©
S| 3
|8
Location TR s | s
InfrastructureProcess 0 3 %
Unit kg 5| @
Resource Water, cooling, unspecified natural origin m3 2.40E-02 1 [1.88] (55,1,14,5); estimated with data from a large chem. plant
Input from quicklime, milled, loose, at plant CH kg 8.93E-01 1 |1.21]4,na,na,na,na,na); estimation based on process yield 90-99.8%
Technosphere |hard coal coke, at plant RER M 1.79E+01 1 |1.21 |[4,na,na,na,na,na); estimation based on process yield 90-99.8%
electricity, medium voltage, production UCTE, at grid UCTE | kWh 3.10E+00 1 [1.88] (5,5,1,14,5); estimated with data from a large chem. plant
chemical plant, organics RER unit 4.00E-10 1 13.77 (4,5,1,3,5,4); estimation
transport, freight, rail RER tkm 8.78E-01 1 [2.09 (4,5,na,na,na,na); standard distances
transport, lorry 32t RER tkm 1.46E-01 1 12.09 (4,5,na,na,na,na); standard distances
Output calcium carbide, technical grade, at plant TR kg 1
Air emission Heat, waste MJ 1.12E+01 1 11.88 (5,5,1,1,4,5); calculated from electricity input
Carbon dioxide, fossil kg 1.22E-02 1 1.88|(5,5,na,na,4,5); estimated from mass balance and WWTP effic.
Carbon monoxide, fossil kg 4.37E-01 1 |5.63 (5,5,na,na,na,5); estimation
Hydrogen kg 3.88E-03 1 [2.32 (5,5,na,na,na,5); estimation
Methane, fossil kg 1.48E-03 1 12.32 (5,5,na,na,na,5); estimation
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19.7 Cumulative results and interpretation

Results of the cumulative inventory can be downloaded from the database.

19.8Conclusions

The inventory for calcium carbide is based on a general literature source (Ullmann), estimations and
assumptions. The unit process raw data are meant to be used as background information if calcium
carbide is used for a product in small amounts. Therefore these data can only give an approximation.
They are not reliable enough for direct comparison of this material with other, alternative products.
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19.9Ecospold Meta Information

Name

calcium carbide,
technical grade, at plant

Location TR
InfrastructureProcess 0
Unit kg

IncludedProcesses

Raw materials and
chemicals used for
production, transport of
materials to
manufacturing plant,
estimated emissions to
air from production and
energy demand as well
as estimation of
infrastructure of the
plant (approximation).
Solid wastes omitted.

Amount

1

LocalName

Calciumcarbid,

Synonyms

GeneralComment

The functional unit
represent 1 kg of solid
industrial grade calcium
carbide. Large
uncertainty of the
process data due to
weak data on the
production process and
missing data on
process emissions.

CASNumber

75-20-7

StartDate

000

EndDate

000

DataValidForEntirePeriod

1

OtherPeriodText

date of published
literature

Text

Data used has no
specific geographical
origin (stoechiometry).
Average europenan
processes for raw
materials, transport
requirements and
electricity mix used.

Text

Production from coke
and quicklime in a
furnace with self-baking
Sdéderberg electrodes
(assumed to be coke as
well). Inventory bases
on information from
literature. The
emissions to air are
calculated according to
mass balance, while the
composition is from
literature.

Percent

ProductionVolume

SamplingProcedure

Process data based on
information in just one
literature source.
Process emissions
based on mass balance
estimations.

Extrapolations

UncertaintyAdjustments
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20Carbon black

Author: Roland Hischier, EMPA St. Gallen
Review: Heiko Kunst, TU Berlin
Last Changes: 2006

20.1 Introduction

In the production of printing colors, carbon black or soot is used as the pigment in the black color. In
fact, carbon black is according to Dannenberg & Paquin (2000) a generic term for an important family
of products used mainly in the rubber industry. Carbon black is a very fine powder, having a high sur-
face area and being composed mainly out of carbon. For this inventory here the functional unit is 1 kg
solid carbon black.

20.2 Resources and use of material

From the worldwide carbon black production the rubber tire industry is the most important consumer
with about 70% of the world production. Another 20% are consumed for other rubber products than
tires — and only the remaining 10% are non-rubber applications, like e.g. the use of black pigments for
printing colors.

The worldwide production capacity of carbon black was in 1996 arround 8 Mt (Voll & Kleinschmit
(2002)). Thereof, North America represents around 1.8 Mt, Western Europe about 1.3 Mt, South East
Asia and Australia around 2.6 Mt and Eastern Europe including Russia 1.5 Mt. Within Western
Europe, most important producers are Germany (277 kt capacity) and France (280 kt).

20.3 Systems characterization

Tail gas
[to energy Exhaust
recaveryl air

Gas
Water —
Air

[fluffy)

Carbon black
{pellets]

Fig. 20.1 Overview of oil-furnace production process for black carbon (Fig. 56 out of Voll & Kleinschmit (2002) — with
Furnace black reactor [a], Heat exchanger [b], cyclone [c], Bag filter [d], Carbon black outlet to pneumatic
conveying system [e], Tail gas blower [f], Collector [g], Exhaust air filter [h], Blower for the pneumatic con-
veying air [i], Fluffy black storage tank [j], Pelletizer [k], Dryer drum [I], Conveying belt [m] and storage tank
for carbon black pellets [n])

The most important production process used nowadays is the oil-furnace process — other processes like
e.g. thermal or acetylene carbon black processes are only of minor interests and therefore not further
examined within this study here. The examined oil-furnace process is, according to Voll & Klein-
schmit (2002) and Dannenberg & Paquin (2000) a partial combustion process of liquid aromatic resid-
ual hydrocarbons. Fig. 20.1 shows a schematic flow diagram of this production process.
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The principle here is to atomize the feedstock into the reactor, where it is decomposed into carbon
black and hydrogen due to the fact that the oxygen available is not sufficient for a combustion of all
this input. The reactor temperature is in the order of 1200 to 1900 °C, achieved through the combus-
tion of natural gas and of the unreacted feedstock. After the decomposition, a fast quenching has to be
done to avoid the loss by reaction of carbon black with carbon dioxide and water. The further process-
ing consists mainly of drying and separation from other substances like e.g. tail gases through a filter
system. For this inventory the functional unit is 1 kg of solid carbon black. As process location Europe
(RER) is used.

20.4 Carbon black, at plant (Location: RER)

For the carbon black production, Voll & Kleinschmit (2002), Dannenberg & Paquin (2000) and
Frischknecht et al. (1996) are used as main data sources. The latter one is based mainly on data from
two Dutch carbon black production sites, described in Zevenhoven-Onderwater & Matthijsen (1992).

According to Voll & Kleinschmit (2002) the yield of a carbon black furnace is in the order of 40 to
65% depending also on the form of carbon black. For this study, a yield of 65% is used.

Tab. 20.1 shows the reported input and output values from the different sources (Dannenberg &
Paquin (2000) contains no quantitative information) as well as the values used in this study.

Tab.20.1 Input and output data for the production of 1 kg of carbon black
Frisch- Voll 2002, | Voll 2002, | This study |Remarks
knecht type At type B!
1996
Input
air m3 4.86 5.40 5.13 notincluded into input data
natural gas m3 0.24 0.29 0.27 as heat, from industrial furnace
Heawy fuel oil kg | 1.10E-02 -
crude oil kg 1 1.66 2.00 1.81 Assuming a vyield of 65%
Output
Emissions to air
waste heat MJ 5.18E+01 [59% of energy content of input
moisture kg (25 - 40%) -
nitrogen kg (40 - 50%) - Tail gas flow is used as input
carbon dioxide, fossile kg (3-5%) - into the internal energy
carbon monoxide, fossile kg (5 - 10%) - production unit and incinerated.
hydrogen kg (5-10%) -
SOx from process kg 0.0031 3.30E-03 |fotal of combustion and
SOx from combustion kg | 2.00E-04 process emissions
NOx from process kg 0.001 1.05E-03 total of combustion and
NOx from combustion kg | 5.00E-05 process emissions
carbon black, from additional process emission,
process kg 0.001 1.008-03 reported as PM2.5
PAH from process kg | 1.00E-06 1.00E-06 [additional process emission
carbon dioxide, fossile kg 1.97E+00 |calculated from mass balance
carbon monoxide, fossile |kg 8.30E-04 v_vorste case, according to legal
limits
Emissions to water
QOil and grease, total kg | 2.40E-05 - no water use within process
nitrogen, total kg | 1.30E-05 - no water use within process

! A: Semireinforcing Carbon Black, B: Reinforcing Carbon Black

The values for this study are established thereby according to the following argumentation:
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Input: An average value from the two different types of carbon black reported in Voll & Klein-
schmit (2002) is used for the input of natural gas (reported as “heat, from industrial furnace”). The
feedstock input (as crude oil) is calculated from the assumed yield of 65% and a C-content of 85%
for the crude oil. Due to a lack of more précis information, the dataset “crude oil, at production on-
shore (RME)” is used for the complete input amount. In accordance with the general methodology
of this study, the input of air is not further taken into account.

Water: It is assumed in this study that this process has no water consumption — nor for the process
nor for cooling systems — instead the cooling medium used here is air. Thus, no emissions into wa-
ter are reported in this dataset.

Waste heat: According to Dannenberg & Paquin (2000), 59% of the energy input are leaving the
plant in form of waste heat emissions — thus in this study, 59% of the input energy amount of gas
and oil is reported as “waste heat, to air”.

Emissions into air: The tail gas, that leaves the process, has according to Voll & Kleinschmit
(2002) an average composition of 35 vol-% water, 45% nitrogen, 5% carbon dioxide, 7.5% carbon
monoxide as well as 7.5% hydrogen. There is no information about the amount (kg or m®) of tail
gas that is produced per kg of carbon black. According to the different references used here, the tail
gas is used internally for energy production. By this incineration process, all CO should theoreti-
cally be transformed into CO, (by a complete combustion process), while parts of the nitrogen are
transformed into NO,. Due to a lack of actual information about the various emissions, the follow-
ing values are used here:

NOy & SO,: sum of values reported in Frischknecht et al. (1996) are used — representing
the emissions from the process as well as those from the internal energy plant;

CO: According to Zevenhoven-Onderwater & Matthijsen (1992), the limitation for CO in
the waste air stream is about 100 mg/m?, resulting in a emission of 0.83 g/kg carbon black®;

CO,: Out of the mass balance (assuming a C-content of 85% in the crude oil), a total CO,
emission of 1.97 kg/kg carbon black can be calculated;

Further emissions: values from Frischknecht et al. (1996) are used.

Infrastructure and Transport: Due to a lack of specific data, for the input of crude oil a transport
distance of 500 km by lorry is assumed, and for the infrastructure the dataset "chemical plant, or-
ganics" is used.

20.5 Data quality considerations

The uncertainty scores established according to the method used in this study (see Frischknecht et al.
(2007)) include reliability, completeness, temporal correlation, geographical correlation, further tech-
nological correlation and sample size. The material/energy data are based on information from litera-
ture, while the emission values are based on information from two Dutch plants. For the transports and
the infrastructure, estimations are used and therefore the uncertainy is higher. Additionally, the most
important fields of the ecospold meta information from those datasets are listed in chapter 20.8.

! A tail gas stream of 8.3 dm®/kg of carbon black produced is calculated, based on mass balance (assuming a C content of 85%
in the crude oil used).
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Tab. 20.2 Input/Output and uncertainty for the process “carbon black, powder, at plant (RER)”

5 R
2 = I
Explanation Name T =g CEUEe LR, % GeneralComment
5 2 at plant 5
- 8| s
[ >
2|8
5 o
Location GLO e _rg
InfrastructureProcess 0 2 =
- c |8
Unit kg S 7]
Input from crude oil, at production onshore RME kg 1.81E+00 1 [1.24] (2,4,2,1,15); Based on aassumed yield of 65% (by C-content of 85%)
Technosphere |heat, natural gas, atindustrial furnace >100kwW RER MJ 2.70E-01 1 (124 (2,4,2,1,1,5); Data from Ullmann's about two types of carbon black
chemical plant, organics RER unit 4.00E-10 1 [3.77 (4,5,1,3,5,4); estimation
transport, lorry <16t, fleet average RER tkm 9.05E-01 1 [2.09 (4,5,na,na,na,na); standard distances
Output Carbon black, at plant GLO kg 1
Air emission Heat, waste MJ 5.18E+01 1 1138 (4,3,1,3,3,5); approximation based on Ullmann's
Carbon dioxide, fossil kg 1.97E+00 1 (138 (4,3,1,3,3,5); calculated from mass balances
Carbon monoxide, fossil kg 8.30E-04 1 [6.57 (4,3,1