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List of abbreviations 

 

List of symbols 

Greek letters 

Subscripts 

 

 

APH Air preheater 

CBP Combustion-based process 

Econ Economiser 

HRSG Heat recovery steam generator 

ORC Organic Rankine cycle 

SB Steam boiler 

ST-CHP Steam turbine combined heat and power generation system 

AF Air-fuel mass ratio 

Kt Stodola’s law coefficient 

Ṁ Mass flow rate 

p Pressure 

Ṗ Power 

q̇ Heat transfer rate 

T Temperature 

η Efficiency 

Air Air stream 

Cold Cold-side 

E Electric 

ExGas Exhaust gases stream 

Fuel Fuel stream 

hydr Hydraulic 

in Inlet 

ise Isentropic 

mech Mechanical 

motor Motor 

out Outlet 

Water Water 
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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 CO2,eq/GJ) 

Natural Gas 45.1 12.90 64.1 [1] 

LPG 45.8 27.55 63.0 [1] 

Hydrogen 120.21 35.28 --- 

Electricity --- 32.70781 46.92 [2] 

1 0.117748 €/kWh, 2 0.169 kg CO2,eq/kWh 
 

The LHV values and prices were provided by the industrial stakeholders. 

[1] Diário da República, 2.a série - N.o 122 - 26 de Junho de 2008. n.d. 

[2] Agência Portuguesa do Ambiente. Fator de Emissão da Eletricidade 2024. 
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Validation of new equipment-level model (steam boiler) 

 

Figure 1: Validation of the ST-CHP system model. The relative deviation (RD) is calculated using the associated values in SI units. 
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5 

 

Improvement scenario analysis 

Scenario 1 

 

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

 

 

Figure 3: Complete flowsheet and detailed simulation results of the HRS depicting scenario 2. 
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Table 2 – Comparison of fuel consumption and ORC-generated electricity savings (thus negative values)  
between the base case and both improvement scenarios.  

Energy vector Process 
Flow rate (kg/h) Energy consumption (TJ/year) Cost (M€/year) Emissions (kt CO2,eq/year) 

Base  Scenario 1 Scenario 2 Base  Scenario 1 Scenario 2 Base  Scenario 1 Scenario 2 Base  Scenario 1 Scenario 2 

Natural gas 
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 

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 

LPG 
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 

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 
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Final Heat Recovery System flowsheet and results 

 

 

 

Figure 4: Complete flowsheet and detailed simulation results of the final HRS after optimisation. 
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Combustion-based 
process 4

Combustion-based 
process 3

Combustion-based 
process 2

Combustion-based 
process 1

ExGas
purge 1

ExGas
purge 2

ExGas
purge 3

ExGas
purge 4

1298.78 kg/h
40 ºC

552.92 kg/h
40 ºC

9553.91 kg/h
38 ºC

511.34 kg/h
40 ºC

787.44 kg/h
40 ºC

14674.00 kg/h
38 ºC

9553.91 kg/h
300.00 ºC

14674.00 kg/h
300.00 ºC

2745.93 kg/h
38 ºC

10729.90 kg/h
38 ºC

2745.93 kg/h
300.00 ºC

10729.90 kg/h
300 ºC

20.68 kg/h
40 ºC

532.24 kg/h
40 ºC

10065.25 kg/h
350.64 ºC

15461.44 kg/h
476.16 ºC

2766.61 kg/h
411.32 ºC

11262.14 kg/h
421.30 ºC

10234.10 kg/h
330.00 ºC

15124.20 kg/h
338.39 ºC

2663.17 kg/h
356.91 ºC

11531.70 kg/h
329.14 ºC

11531.70 kg/h
94.84 ºC

2663.17 kg/h
95.41 ºC

15124.20 kg/h
94.88 ºC

10234.10 kg/h
94.92 ºC

4890.38 kg/h 
421.30 ºC
To HRSG

1069.96 kg/h 
421.30 ºC
To APH 1

1235.32 kg/h 
421.30 ºC
To APH 2

569.68 kg/h 
421.30 ºC
To APH 3

1128.62 kg/h 
421.30 ºC
To APH 4

589.35 kg/h 
411.32 ºC

To APH 4

100.96 kg/h 
411.32 ºC
To HRSG

773.94 kg/h 
411.32 ºC

To Econ ST-CHP

519.84 kg/h 
411.32 ºC
To APH 1

372.66 kg/h 
411.32 ºC
To APH 2

409.86 kg/h 
411.32 ºC
To APH 3

21.99 kg/h 
476.16 ºC

To APH 3

1317.45 kg/h 
476.16 ºC
To APH 4

1074.02 kg/h 
476.16 ºC
To APH 1

802.65 kg/h 
476.16 ºC
To HRSG

9623.09 kg/h 
476.16 ºC

To Econ ST-CHP

2622.25 kg/h 
476.16 ºC
To APH 2

1191.35 kg/h 
350.64 ºC

To APH 2

1299.69 kg/h 
350.64 ºC
To APH 4

627.54 kg/h 
350.64 ºC

To APH 3

2368.12 kg/h 
421.30 ºC

To Econ ST-CHP

2741.16 kg/h 
350.64 ºC

To Econ ST-CHP

2937.99 kg/h 
350.64 ºC
To HRSG

1267.53 kg/h 
350.64 ºC
To APH 1

2.600 GJ/h

3.994 GJ/h

0.747 GJ/h

2.920 GJ/h

1074.02 kg/h, 476.16 ºC, From CBP 2

519.84 kg/h, 411.32 ºC, From CBP 3

1069.96 kg/h, 421.30 ºC, From CBP 4

4225.10 kg/h, 242.37 ºC, From Econ ST-CHP

2077.67 kg/h, 350 ºC, From HRSG

5885.12 kg/h, 242.37 ºC From Econ ST-CHP

372.66 kg/h, 411.32 ºC, From CBP 3

1235.32 kg/h, 421.30 ºC, From CBP 4

3817.51 kg/h, 350.41 ºC, From HRSG

569.68 kg/h, 421.30 ºC, From CBP 4

459.32 kg/h, 242.37 ºC, From Econ ST-CHP

574.77 kg/h, 350.41 ºC, From HRSG

657.54 kg/h, 350.64 ºC, From CBP 1

4934.55 kg/h, 242.37 ºC, From Econ ST-CHP

2262.03 kg/h, 350.41 ºC, From HRSG

1317.45 kg/h, 476.16 ºC, From CBP 2

1299.69 kg/h, 350.64 ºC, From CBP 1

2262.03 kg/h
350.41 ºC
To APH 4

574.77kg/h
350.41 ºC
To APH 3 3817.51 kg/h 

350.41 ºC
To APH 2

2077.67 kg/h
350.41 ºC
To APH 1

48
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 1

8731.98 kg/h, 402.33 ºC
8731.98 kg/h, 350.41 ºC

0.536 GJ/h

0.875 kW

0.456 GJ/h

19.487 kW

ORC System
Working fluid: NovecTM 649

Flow rate: 5143.92 kg/h

s1
80.33 ºC

9 bar
s2

73.27 ºC
1.01325 bar

s3
52.00 ºC
1.01325 bar

s4
52.09 ºC

9 bar

S1
560.00 ºC

236 bar

S2
29.00 ºC
0.04 bar

S3
28.98 ºC
0.04 bar

S4
30.81 ºC
236 bar

S5
373.43 ºC
236 bar

3.493 GJ/h
18.500 kW

4.979 GJ/h

198.916 kW

27.13 kg/h
38 ºC

1085.39 kg/h
38 ºC 1112.52 kg/h

134.46 ºC

ST-CHP System
Working fluid: Water

Flow rate: 2047.01 kg/h

2368.12 kg/h, 421.30 ºC, From CBP 4

773.94 kg/h, 411.32 ºC, From CBP 3

9623.09 kg/h 476.16 ºC, From CBP 2

2741.16 kg/h, 350.64 ºC, From CBP 1

15506.31 kg/h, 442.91 ºC

4225.10 kg/h
242.37 ºC 
To APH 1

5885.12 kg/h
242.37 ºC 
To APH 2

459.32 kg/h
242.37 ºC  
To APH 3

4934.55 kg/h
242.37 ºC 
To APH 4

15506.31 kg/h, 242.37 ºC

ExGas purge
Econ ST-CHP

2.19 kg/h
242.37 ºC

Mass flow rates (kg/h) of the recirculated heat streams in the superstructure

TotalPurgeEconHRSGAPH 4APH 3APH 2APH 1
To

From

10065.25---2741.162937.991299.69627.541191.351267.53CBP 1

15461.44----9622.39802.651317.4521.992622.251074.02CBP 2

2766.61---773.41100.96589.35409.86372.66519.84CBP 3

11262.14---2367.594890.381128.62569.681235.321069.96CBP 4

8731.980.00------2262.03574.773817.512077.67HRSG

15506.312.19------4934.55459.325885.124225.10Econ

---2.1915506.318731.9811531.702663.1715124.2010234.10Total

SBCBP 4CBP 3CBP 2CBP 1UnitsVariable

27.13532.2420.68787.44511.34kg/hṀ    

3840404040ºCT    

1085.3910729.902745.9314674.009553.91kg/hṀ   

38300300300300ºCT   

1112.52 11262.142766.6115461.4410065.25kg/hṀ     

134.46421.30411.32476.16350.64ºCT     

Steam turbine CHP system – Working fluid: Water (2047.01 kg/h)

S5S4S3S2S1UnitsVariable

373.4330.8128.9829.00560.00ºCT

2362360.040.04236barp

Steam turbinePumpCondenserEconomiserSteam boiler

198.916 kW18.500 kW4.979 GJ/h3.493 GJ/h3.131 GJ/h

ORC system – Working fluid: NovecTM 649 (5143.92 kg/h)

s4s3s2s1UnitsVariable

52.0952.0073.2780.33ºCT

91.013251.013259barp

Vapour turbinePumpCondenserHRSG

19.487 kW0.875 kW0.456 GJ/h0.536 GJ/h
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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. 

Energy vector Process 
Flow rate (kg/h) Energy consumption (TJ/year) Cost (M€/year) Emissions (kt CO2,eq/year) 

Base  Simulation Final Base  Simulation Final Base  Simulation Final Base  Simulation Final 

Natural gas 
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 

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 

LPG 
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 

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 

 


