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Abstract

The present thesisnplements the methodology dfife Cycle Analysis the production of Substitute
Natural Gs in mainland Greece. The production of substitute natural gas smergirg technology that
providesthe ability to produce substitute fugtreating the potentiato transformthe existing market of
natural gaswhich is used for heating, electtigiproduction, transport, etc. éssible penetration of this
technologypromotes te energyand economidgndependence angrovidesthe ability to store discarded
renewable energy. Thiechnologyhas the effect of redung theimported quantities of Mitural Gasdue
to its replacement byhe domesticallyproduced 8bstitute Natural @Gs.

In order to assesthe energy and environmental footprirBubstitute Natural & plantamplementing
the Life Cycle Analysis methodology,imiite use othe LC/Asoftware Simapro D, Variousscenarios were
examined,considering differenproduction quantiies of carbon dioxide derived each time by different
sourcesunits.

This thesisevaluatesthe differences in energy requirements and greenhouse gas emisbyrike
produced substitute natural gas over time antllizes the estimates for the energy mixf anainland
Greece. It followsa parametric analysis of all the results and comparison of substitute natural gas
production units resulting in thatapplication which has the smallest emonmental impact over time.
Another comparison is made between theiging policyof natural gagransportationand theconsidered
substitute natural gaproduction unitsin mainland Greece.

The first chapterincludesan explanationof all concepts for the production and the conventional
natural gagransportationfrom the place ofmining, the introducedtechnologyof substitute natural gas,
and some advantagesof this technology. The second section is a theoretical review of conventional
production and transporbf natural gas from the countries of origia the mainlandGreece.The process
of producing substitute natural gas is analyzed in deta the third section containingthe required
individual processes fat’s production such as methanation, electrolysis, and the separation of carbon
dioxide from the emissionsThe fourth chaptersets out the methodology of Life Cycle Analysis (LCA)
which was used exportinggsults in our applicationThe fifth chaptercontansa scenariamf conventional
transport of Natural Gas in mainland Greece with high pressure pipelines and applicafi@ubstitute
Natural Gsproduction units there are given the results of this simulatiac@Amethod. Herealsoare the
results ofthe parametric analysis anthe comparisorbetween the applicationsin the final chapterare
providedthe conclusiongrom thissimulation nethod and the parametric analysis. In the Annex there are
tables expoted from the software Simapro @which have beemsed for the graphs in thibesis.
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Products

Natural gas, high pressure GR U 1 MJ

Materials/fuels

Pipeline, natural gas, high pressure distribution network/R}

U 2,59E10 km

Natural gas, production RU, at lodgstance pipeline/RER U | 0,0275 m°

Transport, natural gas, pipeline, long distance/RER U 0,0148 tkm

Emissions to air

Butane 1,57E08 kg

Carbon dioxide, fossil 1,57E08 kg

Ethane 0,000000094 kg

Heat, waste 0,000262 MJ

Mercury 1,57E13 kg

Methane, fossil 0,0000112 kg

NMVOC, nommethane volatile organic compounds, unspecifi

origin 1,57E08 kg

Propane 3,13E08 kg
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0,0148 tkm
Transport, natural
gas, pipeline, long

distance/RER U
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0,017 MU
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Natural gas, high
pressure GR U

00117 MU
Natural gas,
in gas turbine, for
compressor
106%

0.,000306 m3
Natural gas, at

production
offshore/NO U
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Products
Electricity, production mix GR/GR U 2015 1 kwh
Materials/fuels
Electricity, hydropower, at power plant/GR U 0,1217 | kWh
Electricity, lignite, at power plant/GR U 0,37 kWh
Electricity, natural gas, at power plant/UCTE U 0,1713 | kWh
Electricity, oil, at power plant/GR U 0,0725 | kWh
Electricity, at wind power plant/RER U 0,1713 | kWh
Electricity, at cogen ORC 1400kWth, wood, allocation exergy/CH 0,0371 | kWh
Electricity, production mix photovoltaic, at plant/CH U 0,0561 | kWh
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Products
Electricity, production mix GR/GR U 2050 fogimistic scenario 1 kwh
Materials/fuels
Electricity, hydropower, at power plant/GR U 0,0931 | kWh
Electricity, lignite, at power plant/GR U 0,142 kwh
Electricity, natural gas, at pawx plant/UCTE U 0,154 kwh
Electricity, at wind power plant/RER U 0,325 kwh
Electricity, at cogen ORC 1400kWth, wood, allocation exergy/CH 0,0589 | kWh
Electricity, production mix photovoltaic, at plant/CH U 0,227 kwh
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Products

Electricity, production mix GR/GR U 2050-@gitimistic scenario 1 kWh
Materials/fuels

Electricity, hydropower, at power plant/GR U 0,133 kWh
Electricity, natural gas, at power plant/UCTE U 0,176 kWh
Electricity, at wind power plant/RER 0,34 kWh
Electricity, at cogen ORC 1400kWth, wood, allocation exergy/CH 0,083 kWh
Electricity, production mix photovoltaic, at plant/CH U 0,268 kWh
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No Substance Compartment Unit Natural gas, high pressuréR U

Remaining substances kg CO2 eq 0,0000258

1 Carbon dioxide, fossil Air kg CO2 eq 0,0132
2 Methane, fossil Air kg CO2 eq 0,00912
3 Dinitrogen monoxide Air kg CO2 eq 0,0000624
4 Carbon monoxide, f&sil Air kg CO2 eq 0,0000314
[ P ANEYh pS T > w hs " LA T CE > et 1 * h _-A£4%]_h,V'h
b~ Category Substance Unit Total
Raw material inputs Remaining substances MJEq
1 Tree only Gas, natural, in ground MJEq
2 Tree only Qil, crude, in ground MJEq
J"/\hZYhY rl/\B'JB'hCW h‘h'_"‘u‘ 1 h _'g(">5_‘[ﬁg];5"h R Tt
T 1.4 A _ 7 ° AT <T e N hE T oA T fs T > O T T
, A hs =~ >~ ¢ h B B <h , ' " ¥ j h*t s h = ! !
1 - ">04. p_ " 7 7 [ AhSh  Simapfo's = .>AB " wa T, & T A
’ -, A ¢ h 1 ' h h ! ¢S h A, A * 1 B¢ 7" SswA! 1"
Electricity, Electricity, Electricity,
production production mix production mix
mix GR/GR | GR/GR U 2050 fulll GR/GR U 2050 nen
No Substance Compartment Unit U 2015 optimpist scenario | optimpist scenario
Remaining substances kg CO2 eq| 0,004464 0,003071 0,002761
1 Carbon dioxide, fossil Raw kg CO2eq| -0,08676 -0,19404 -0,13788
2 Dinitrogen monoxide Air kg CO2eq| 0,08748 0,19512 0,1386
3 Methane, fossil Air kgCO2eq| 0,6444 0,13392 0,29772
4 Carbon monoxide, fossi Air kg CO2eq| 0,011268 0,007272 0,007956
J”/\hgyhnﬁ"">'wl hB"./\_V\ ‘5’>“C""" 1 ' h _'A‘<&4Q‘]_’V'h’
T & W ARESOfM-bptimistscenariot Ah, w ™ s ht Y B AB T a1 B h O > 1 >

T J/E: 8 A~ hondptimistscenatid» Ah . w ™ s ht R 2 L I L A L
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Electricity, Electricity, production | Electricity, production
production mix mix GR/GR U 2050 | mix GR/GR U 2050 nen
No Substance Compartment Unit | GR/GR 2015 | full-optimpist scenario optimpist scenario
Total of all compartments MJEq | 2,852934106 0,662 1,36
Remaining substances MJEq | 0,661940137 0,000366 0,000374
1 Coal, brown, in ground Raw MJEq 0 0,0095 0,783
Coal, hard, unspecified, in
2 ground Raw MJEq 0 0,0178 0,0182
3 Gas, natural, in ground Raw MJEq | 1,358960935 0,591 0,519
4 QOil, crude, in ground Raw MJEq 0 0,0429 0,0385
[ AhgYh pas "1 s hCws 37 hihh Al A®_° ° >hgonrénewablefdssi)® i h -~ > ¢
<B¢_ ¥~ h h 1 " ¢ h * B ls/\h’[49]“‘ _'/\"5"._ (S
J’ h - h¢h_ . - h "" Tt hy"/\_hl‘h "h".‘/\_h's"s'l‘ _""f.“h {_"’h“ W{_"""v/\s
h = R N 2 R L W Ah L &AM SwAnN
-8 7 ' B Ch ‘:’C'h'Ch“hW"h h‘_'"u_‘whl,"’sl >Y Ah | B
Property Value
Molecular weight 4401
Critical temperature 31.1°C
Critical pressure 73.9 bax
Critical density 467 kg m-
Triple point tem perature -56.5 °C
Triple point pressure 5.18 bar
Boiling (sublim ation) point (1.013 bax) -78.5 °C
as Phase
Gas density (1 013 bar at boiling point) 2814 kg m-
Gas density (@ STP) 1976 kg m~
Specific volum e (@ STP) 0 506 m? kg!'
Cp (@ STP) 00364 kJ (mol' K7
Cw (@ ST 00278 kI (mol!' K-
Cp/Cwv (@ STP) 1.308
Viscosity (@ STP) 13.72 uM s m? (or pPa.5)
Thermal conductivity (8 STF) 14.65 oW (m K
Solubality in water (& STFP) 1.716 wvol val!
Enthalpy (@ STP) 21 .34 kJ mol-
Entropy (@ STFP) 117.2 I mol K-
Entropy of Form ation 213.8 J mal K
Ligpuid Phase
WV apowr pressure (at 20 °C) 58.5 bar
Liquid density (at -20 °C and 19.7 baz) 1032 kg m =
Viscosity (@ STF) 00 M. s m” (or pPa 5
Solid Phase
Density of carbon dioxide snow at freezing point 1562 kg m™*
Latent heat of vaporisation (1 013 bar at sublim ation point) 571.1 kT kg'
[ > Ahch pPY U ¢ w vy '[4;215 > LYY ve Yy v
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Process CO, concentration ~ Number of Emissions % of total CO, Cumulative Average
gt eCOz) IR iiors (%) (ﬂr ::frs:omt::-al
C0O, from fossil fuels or minerals
Power
Coal 12ta 15 2.025 7,984 590.69 59.69 3.94
Matural gas 3 985 750 5.68 65.37 0.77
Matural gas 7to 10 743 752 5.62 70.99 1.01
Fuel oil 8 515 654 4.39 7588 1.27
Fuel oil t] 593 326 243 78.31 0.55
Other fuels* MNA 79 61 0.45 7877 0.77
Hydrogen NA 2 3 0.02 7879 1.27
Natural-gas sweetening
MNA® MNA 50¢ 0.37 79.16
Cement production
Combined 20 1175 932 6.97 86.13 079
Refineries
3tol3 638 798 5.97 92.00 1.25
Iron and steel industry
Integrated steel mills 15 180 6304 4.71 96.81 3.50
Other processes? MA g9 16 0.12 05.02 0.17
Petrochemical industry
Ethylene 12 240 158 1.93 08.85 1.08
Ammoma: process 100 104 113 0.34 9970 0.58
Ammonda: fuel 8 19 5 0.04 99.73 0.26
combustion
Ethylene oxide 100 17 3 0.02 0975 0.15
Other sources
Non-specified N4 o0 33 0.25 100.00 0.37
7.584 13,375 100 1.76
CO; from biomass®
Bioenergy Sto 8 213 73 0.34
Fermentation 100 90 176 0.2
J’ > Ah € h . ecY J’{H ~“hws oY _ ¥ ¢ ’_'h'CJh[ﬂvz]lh - 1 ¢ h

B ht B CYRY SBa®rAimo Ch S ht
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CQ compression | CQ separation industrial
Impact category Unit 2015 sources 2015
Non renewable, fossil MJEq 0,308 6,5
Nonrenewable, nuclear MJEq 0,00366 0,0802
Renewable, biomass MJEq 0,0289 0,609
Renewable, wind, solar, geothe MJEq 0,113 2,39
Renewable, water MJEq 0,0177 0,375
ANTYh QA " 18" how h - h "oyt 1tjhe YOS AL @@ . oW AT >T2015 hC
[49]
ﬂm‘h_‘l B ¢ - Y >- hw ™ | A ,‘4/\,15/\ h Ah , w’
L AB ' : >~ ' B ' T VS ¥ hoAC h ¢ h
{'h“"‘>5 T "I_M,ph"/\“m':‘h”cu:"hlf‘"__"““
Simapro
CQindustrial | CQ industrial sources| CQ industrial
Impact category Unit sources 2015 Hnpn [nr |az2dNOSa
abiotic depletion kg Sb eq 0,00422 0,000787 0,00195
kg CFa1l
ozone layer depletion (ODP) eq 1,5E08 1,13E08 9,97E09
kg 1,4DB
human toxicity eq 0,179 0,0538 0,0938
kg 1,4DB
fresh water aquatic ecotox. eq 0,0997 0,00678 0,0419
kg 1,4DB
marine aquatic ecotoxicity eq 696 28,1 279
kg 1,4DB
terrestrial ecotoxicity eq 0,00161 0,000179 0,000416
photochemical oxidation kg C2H4 0,0001 1,22E05 3,89E05
acidification kg SO2 eq 0,0025 0,000244 0,00095
kg PO4-
eutrophication eq 0,000111 8,46E05 9,12E05
I’/\hc:nhﬁ‘l"’y>'wl hs”+/\1_‘ﬁ‘_"m’}“hﬂj"*“>' Ch‘CQ“B/\ ¢‘h\‘>5"
NN CEIN
CQ lignite CQ lignite plant CQ lignite plant
Impact category Unit plant 2015 HApNn [ nr Hnpn 1
abiotic depletion kg Sb eq 0,00565 0,00978 0,00838
ozone layer depletion (ODP) | kg CF€ll eq -1,7£08 -1,2E08 -1,1E08
human toxicity kg 1,4DB eq 0,193 0,344 0,296
fresh water aquatic ecotox. kg 1,4DB eq 0,185 0,297 0,255
marine aquatic ecotoxicity kg 1,4DB eq 1330 2130 1830
terrestrial ecotoxicity kg 1,4DB eq 0,000334 0,00206 0,00177
photochemical oxidation kg C2H4 0,000121 0,000227 0,000195
acidification kg SO2 eq 0,00336 0,00607 0,00522
eutrophication kg PO4-eq 6,93E05 0,000101 9,27E05
J”/\hgyhn‘.“"’>",W/l\ _h‘B\ ‘B'>"C"’C‘Q‘>B.l_‘ﬁh__"/\/\C‘hvy“>k5\<“.l/\’_
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CQ lignite 2015 | CQ lignite 2050f n | CQ lignite 2050
Impact category Unit sep. and comp.| 70% sep. and comp.| 1 usep. and comp.
abiotic depletion kg Sb eq 0,0118 0,0109 0,0112
kg CFE
ozone layer depletion (ODP) 11 eq 5,16E09 4,23E09 3,88E09
kg 1,4DB
human toxicity eq 0,454 0,421 0,432
kg 1,4DB
fresh water aquatic ecotox. eq 0,33 0,307 0,316
kg 1,4DB
marineaquatic ecotoxicity eq 2340 2170 2230
kg 1,4DB
terrestrial ecotoxicity eq 0,00269 0,00232 0,00238
photochemical oxidation kg C2H4 0,000267 0,000245 0,000252
kg SO2
acidification eq 0,00701 0,00643 0,00661
kg PO4-
eutrophication eq 0,00023 0,000224 0,000226
J”/\hI.‘OYIIrlC“’>‘WI hs =, A M ‘5’>"(.‘""" 1 ' h A 1Y ho,,

[49]

Impact category Unit CQbiomass2015| CQoA2Yl aa HnpgCQoA2YIl aa
abiotic depletion kg Sb eq -0,00254 -0,000316 -0,00107
ozone layer depletion kg CFE
(ODP) 11 eq -6,4E09 -4,05E09 -3,16E09
kg 1,4
human toxicity DB eq -0,0232 0,058 0,0321
fresh water aquatic kg 1,4
ecotox. DB eq -0,0575 0,0028 -0,02
kg 1,4
marine aquatic ecotoxicity DB eq -439 -6,25 -169
kg 1,4
terrestrial ecotoxicity DB eq -0,000611 0,00032 0,000165
photochemical oxidation | kg C2H4 -0,0000496 0,00000739 -0,00000989
kg SO2
acidification eq -0,000964 0,0005 0,0000418
kg PO4
eutrophication -eq 0,000206 0,000223 0,000219
[PAhNSY MM >"w  hs > A T  CwQ>BSChHhT YA hh™ ' " A" Y whyph
g A 4491~
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CQ biomass plant| CQ biomass plant | CQ biomass plant
Impact category Unit 2015 HNpn [ nr Haopn 1 ¢
abiotic depletion kg Sb eq 0,0111 0,00222 0,00522
ozone layer depletion (ODP)| kg CFdl eq 4,18E08 3,25E08 2,9E08
human toxicity kg 1,4DB eq 0,55 0,226 0,33
fresh water aquatiecotox. kg 1,4DB eq 0,264 0,0237 0,114
marine aquatic ecotoxicity kg 1,4DB eq 1810 82,9 731
terrestrial ecotoxicity kg 1,4DB eq 0,00459 0,000882 0,0015
photochemical oxidation kg C2H4 0,000273 4,65E05 0,000115
acidification kg SO2 eq 0,00711 0,00138 0,0031
eutrophication kg PO4-eq 0,000563 0,000496 0,000512
AR SY n™MHT > W he " oA 7 fs T > o T Y Sthe YA h
C e A n 449~
CQ biomass | CQ lignite plant CQ industrial
Impact category Unit plant 2015 2015 sources 2015
abiotic depletion kg Sb eq 0,0111 0,0118 0,00422
ozone layer depletion (ODP) kg CFa1 eq 4,18E08 5,16E09 1,508
human toxicity kg 1,4DB eq 0,55 0,454 0,179
fresh water aquatic ecotox. kg 1,4DB eq 0,264 0,33 0,0997
marine aquatic ecotoxicity kg 1,4DB eq 1810 2340 696
terrestrial ecotoxicity kg 1,4DB eq 0,00459 0,00269 0,00161
photochemical oxidation kg C2H4 0,000273 0,000267 0,0001
acidification kg SO2 eq 0,00711 0,00701 0,0025
eutrophication kg PO4-eq 0,000563 0,000231 0,000111
AN S TRMe-w hs T A T fE>TCr Yt h YA L h
Pcvshyh oy <t A e ey s A
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SNG indstry SNG industry greece SNG industry
Impact category Unit greece 2015 Hnpn [ ny INBESOS w
abiotic depletion kg Sb eq 0,00257 0,000478 0,00119
kg CFa1l
ozone layer depletion (ODP eq 9,16E09 6,96E09 6,13E09
kg 1,4DB
human toxicity eq 0,108 0,0315 0,0559
kg 1,4DB
fresh water aquatic ecotox. eq 0,0606 0,0039 0,0253
kg 1,4DB
marine aquatic ecotoxicity eq 424 16,8 170
kg 1,4DB
terrestrial ecotoxicity eq 0,000981 0,000106 0,000251
photochemical oxidation kg C2H4 0,000061 7,37E06 2,36E05
acidification kg SO2 eq 0,00152 0,000148 0,000578
kg PO4-
eutrophication eq 6,73E05 5,15E05 5,55E05
CAh SIS Tmmo W hs T AT ‘B'SN@r*'r:vblhhf\vy\---b,"'ﬁ]h4h--ch‘
SNG lignite SNG lignite {bD ftAIYAQ
Impact category Unit Hnpn 1 2015 70%
abiotic depletion kg Sb eq 0,00166 0,00296 0,000998
ozone layer depletion (ODP) kg CF€ll eq 5,81E09 8,66E09 6,59E09
human toxicity kg 1,4DB eq 0,0732 0,122 0,0503
fresh water aquatic ecotox. | kg 1,4DB eq 0,0394 0,0724 0,0193
marine aquatic ecotoxicity | kg 1,4DB eq 270 508 127
terrestrial ecotoxicity kg 1,4DB eq 0,000352 0,00104 0,000216
photochemical oxidation kg C2H4 3,45E05 6,95E05 1,93E05
acidification kg SO2 eq 0,000868 0,00175 0,000465
eutrophication kg PO4-eq 6,24E05 7,35E05 5,86E05
AN SMETm>Tw o s A v s SN@ T oAt h s aAs R, en ok
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SNG biomass | SNG biomass 205( SNG biomass 205
Impactcategory Unit 2015 nr 71 Ey lwu
abiotic depletion kg Sb eq 0,00292 0,000552 0,00135
kg CFa1l
ozone layer depletion (ODP eq 1,05E08 8,04E09 7,1E09
kg 1,4DB
human toxicity eq 0,127 0,0403 0,068
kg 1,4DB
fresh water aquatic ecotox. eq 0,069 0,00477 0,029
kg 1,4DB
marine aquatic ecotoxicity eq 481 19,6 193
kg 1,4DB
terrestrial ecotoxicity eq 0,00113 0,000142 0,000306
photochemical oxidation kg C2H4 6,98E05 9,13E06 2,75E05
acidification kg SO2 eq 0,00176 0,000201 0,000688
kg PO4-
eutrophication eq 9,05E05 7,26E05 7,71E05
A SS e w . hs AT ‘B’SNG’I"*"’?Vy\hlnh_J‘/\"‘>h[4?]hjl,
SNG biomass SNG industry SNG lignite
Impact ategory Unit 2015 2015 2015
abiotic depletion kg Sb eq 0,00292 0,00257 0,00296
ozone layer depletion (ODP)| kg CF€1 eq 1,05E08 9,16E09 8,66E09
human toxicity kg 1,4DB eq 0,127 0,108 0,122
fresh water aquatic ecotox. | kg 1,4DB eq 0,069 0,0606 0,0724
marine aquatic ecotoxicity | kg 1,4DB eq 481 424 508
terrestrial ecotoxicity kg 1,4DB eq 0,00113 0,000981 0,00104
photochemical oxidation kg C2H4 6,98E05 0,000(%51 6,95E05
acidification kg SO2 eq 0,00176 0,00152 0,00175
eutrophication kg PO4-eq 9,05E05 6,73E05 7,35E05
ZNLURYA (RS I Y E R A ST Y > A he T L ASNGTH C ¥ sy SBT3
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SNG biomass 205( SNG industry 2050, SNG lignite
Impact category Unit 1 v lwv HApn |
abiotic depletion kg Sb eq 0,00135 0,00119 0,00166
kg CFeL1
ozone layer depletion (ODP] eq 7,1E09 6,13E09 5,81E09
human toxicity kg 14-DB eq 0,068 0,0559 0,0732
fresh water aquatic ecotox. | kg 1,4DB eq 0,029 0,0253 0,0394
marine aquatic ecotoxicity | kg 1,4DB eq 193 170 270
terrestrial ecotoxicity kg 1,4DB eq 0,000306 0,000251 0,000352
photochemical oxidation kg C2H4 2,75E05 2,36E05 3,45E05
acidification kg SO2 eq 0,000688 0,000578 0,000868
eutrophication kg PO4-eq 7,71E05 5,55E05 6,24E05
[ 2 AhSY 1 omiyS oA BS T Y > A hs " ASNGTh ¥ K SH T
‘5/\h”[49]‘ 1
SNG biomasg050 SNG industry | SNG lignite2050
Impactcategory Unit Jnr Tz 2050 nr T fnr Tm
abiotic depletion kg Sb eq 0,000552 0,000478 0,000998
ozone layer depletion (ODP) kg CFa1 eq 8,04E09 6,965-09 6,59E09
human toxicity kg 1,4DB eq 0,0403 0,0315 0,0503
fresh water aquatic ecotox. kg 1,4DB eq 0,00477 0,0039 0,0193
marine aquatic ecotoxicity kg 1,4DB eq 19,6 16,8 127
terrestrial ecotoxicity kg 1,4DB eq 0,000142 0,000106 0,000216
photochemical oxidation kg C2H4 9,13E06 7,37E06 1,93E05
acidification kg SO2 eq 0,000201 0,000148 0,000465
eutrophication kg PO4-eq 7,26E05 5,15E05 5,86E05
[7ADSY L omdF T LA ST ST A he " U ASNGT N ¢ ¥ sE SN W3 VU Ty opupTah
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