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Basic information on the involved energy vectors

Table 1 — Lower heating value, price and equivalent CO2 emission factor
of all the energy vectors used in the case study.

Energy vector LHV (MJ/kg) Price (€/GJ) EF (kg CO2eq/GJ)
Natural Gas 45.1 12.90 64.1[1]
LPG 45.8 27.55 63.0 [1]
Hydrogen 120.21 35.28
Electricity 32.7078! 46.92 [2]

10.117748 €/kWh, 20.169 kg COz2eq/kWh

The LHV values and prices were provided by the industrial stakeholders.
[1] Diario da Republica, 2.a série - N.o 122 - 26 de Junho de 2008. n.d.

[2] Agéncia Portuguesa do Ambiente. Fator de Emissao da Eletricidade 2024.



Validation of new equipment-level model (steam boiler)
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Figure 1: Validation of the ST-CHP system model. The relative deviation (RD) is calculated using the associated values in Sl units.
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Improvement scenario analysis
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77310 kg
34403 6C
210731 Kg/h, 335,90 °C, From CBP 1 Ail heats
S o rimcres 9 i -£ o
P —— ] e .-”‘u ExGas purge
2 vz G roncers g o " -C;{-C APH ST-CHP
Y- &) Ambient air ST-CHP. = o
we T e <
st sisass -u ExGas purge steam boiler
38°C 143.02°C > -
Hydrogen ’_‘}
fuel
e Steam turbine i
Steam turbine CHP system — Working fluid: Water (2047.01 kg/h) Steam boiler 236 bar 198916 W 0.0 bar
Condenser
Variable Units s1 s2 s3 s4 sa ST-CHP
EY e s3 579 G
T oc 560.00 29.00 28.98 30.81 236 bar 28800
004 bar
b bar 236 0.04 0.04 236 ST-CHP System }_..._Q_
Working fluid: Water
Steam boiler Condenser Pump Steam turbine Flow rate: 2047.01 kg/h Pump
ST-CHP
4.206 GJIh 4979 GJh 18.500 kw 198.916 kW 18.500 kW
as 15000 kg
05
orh FrmrisTcre HRSG ,a
ORC system — Working fluid: Novec™ 649 (52998 kg/h) R sovan e .
yst g ( g/h) D e a0 o v ol ExGas purge
Variable Units s1 s2 s3 s4 D_?‘“ g, HRSG
o
T °C 76.59 73.09 52.00 52.02 H somen T e
2 52.02°C Pump g
p bar 3 1.01325 1.01325 9 5 3bar ORC
§ 2
HRSG Condenser Pump Vapour turbine H s1 ] sk 8
H 7650 °C R
5.099 GJ/h 4.679 GJ/h 2.243 KW 99.353 kKW H 3bar s2 101325 bar
Vapour turbine 73,06 o
99.353 kW 1.01325 bar.
:;\}_{’fn Condenser ORC System
< g ORC Working fluid: Novec™ 649
4679 G Flow rate: 52.998 t/h
JrUp—
[
o=
YYY e
e -
purg 200 kg ‘“””e"e"‘ﬁz‘wx Y Variable Units cBP1 CBP 2 cBP3 cBP4 sB
G 96.17%C 2 fer
- | Meer kg/h 537.61 827.79 2372 549.32 52.64
s
Ambient air 50" atscin = oy Ja0rgn Truel oC 40 40 40 40 38
cBP1 = “iii“.;i.. ‘?iii':l‘
sar01 g Magr kg/h 1004470 1542592 314975 1107429 210552
gt " P
0% Combustion-based ‘iii‘ém.- Tair oC 175 175 225 225 300
process1
pp— Mexgas kg/h 1058231 1625371 317343 1162361 2158.16
[V — Toxcas °c 335.90 455.89 365.05 400.92 143.02
Natural gas Frpe——
[ e
136840 kgh YYY o= & _—
ExGas  40°C Y e i = Mass flow rates (kg/h) of the recirculated heat streams in the superstructure
. A 22
‘_ w863°C e | e 'm-m“ %’\ APH1  APH2  APH3  APH4  HRSG sﬁ?:‘:w Purge | Total
asorign | e < |
Ambient air e 2170 G CBP1 1050 1625 450 1600 3750 210731  — | 1058231
oep2 s l‘
w7786 CBP2 1506 2470 684 2432 5700 337171 - 1625371
GCombustion-based
process2 cBP3 378 585 162 576 1350 12247 3173.43
prm—
o CBP4 1176 1820 504 1792 4200 213161 11623.61
Fr P
VY ey . HRSG 0.00 0.00 000 000 000 15000 | 15000
rrd b3
P o | Yooy
ExGas sl o L ] e 000 0.00 0.00 000 000 - 7738.10 | 7733.10
purge 3 1800 kgh Air preheater 3 ‘f <o
K ok 317347 k|
sdeco poes e e Total 4200 6500 1800 6400 15000 773310 2273310| -
= o v T AP G
Ambient air *'*5e0¥" 0608 Gam =
cBP3 = o !.
23.72 kg/h Tosne APH
40°C Combustion-based Variable  Units APH1  APH2 APH3  APH4 HRSG  griope
process3 .
PR Mexgas kg/h 4200 6500 1800 6400 15000  7733.10
e Meoid kg/h 1004470 1542592 314975 1107429 52998  2047.01
PG o
Tixgasn oc 40545 40545 40545 40545 40545  409.47
| — e o excas)
573,04 kg YYY == o a— Teaasout oc 96.17 98.63 95.46 99.03 110 344,03
BxCas e R
purge 4 - airproneators ' <8 iy Teoldin oc 38.00 38.00 38.00 38.00 52.02 38
6— 99030 e T < i Teoldout oC 175 175 225 225 76.59 300
e T o
\aths Ty S .
Amblent air BN o aan S VR G GJh 1.416 2174 0.608 2138 5.009 0573
CBPa
549.32 kg
00
Combustion-based
process4.

Figure 2: Complete flowsheet and detailed simulation results of the HRS depicting scenario 1.



Scenario 2
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Figure 3: Complete flowsheet and detailed simulation results of the HRS depicting scenario 2.



Table 2 — Comparison of fuel consumption and ORC-generated electricity savings (thus negative values)
between the base case and both improvement scenarios.

Flow rate (kg/h) Energy consumption (TJ/year) Cost (M€/year) Emissions (kt COzeqlyear)
Energy vector Process
Base Scenario 1 Scenario 2 Base Scenario 1 Scenario 2 Base Scenario 1 Scenario 2 Base Scenario 1 Scenario 2
CBP 1 569.00 537.61 537.61 200.78 189.70 189.70 2.590 2.447 2.447 12.87 12.16 12.16
Natural gas
CBP 2 876.00 827.79 827.79 309.11 292.10 292.10 3.987 3.768 3.768 19.81 18.72 18.72
CBP 3 37.00 23.72 23.72 13.26 8.50 8.50 0.365 0.234 0.234 0.84 0.54 0.54
LPG
CBP 4 596.00 549.32 549.32 213.57 196.84 196.84 5.884 5.423 5.423 13.44 12.40 12.40
Hydrogen ST-CHP 57.60 52.64 36.45 54.17 49.51 34.28 1.911 1.747 1.209
Electricity ORC -2.74 -2.74 -0.089 -0.089 -0.13 -0.13
Subtotal (fuels) 790.89 736.65 721.42 14.738 13.619 13.082 46.97 43.82 43.82
Total (all energy vectors) 14.738 13.530 12.993 46.97 43.69 43.69




Final Heat Recovery System flowsheet and results
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Figure 4: Complete flowsheet and detailed simulation results of the final HRS after optimisation.



Table 3 — Comparison of fuel consumption and ORC-generated electricity savings (thus negative values)
between the base case the base case, scenario 2 simulation results and final HRS.

Flow rate (kg/h) Energy consumption (TJ/year) Cost (M€/year) Emissions (kt COz.eqlyear)
Energy vector Process
Base Simulation  Final Base Simulation  Final Base Simulation Final Base  Simulation Final
CBP 1 569.00 537.61 511.34 200.78 189.70 180.43 2.590 2.447 2.328 12.87 12.16 11.57
Natural gas
CBP 2 876.00 827.79 787.44 309.11 292.10 277.86 3.987 3.768 3.584 19.81 18.72 17.81
CBP 3 37.00 23.72 20.68 13.26 8.50 7.41 0.365 0.234 0.204 0.84 0.54 0.47
LPG
CBP 4 596.00 549.32 532.24 213.57 196.84 190.72 5.884 5.423 5.254 13.46 12.40 12.02
Hydrogen ST-CHP 57.60 36.45 27.13 54.17 34.28 25.52 1.911 1.209 0.900
Electricity ORC -2.74 -0.53 -0.089 -0.017 -0.13 -0.03
Subtotal (fuels) 790.89 721.42 681.94 14.738 13.082 12.270 46.97 43.82 41.86
Total (all energy vectors) 14.738 12.993 12.253 46.97 43.69 41.83




