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ABSTRACT: 
 
Micro gas turbines (mGTs) are used in distributed generation and combined heat and power 
systems, but their post-recuperator exhaust often leaves at 200–300 °C and is released without 
further use. This remaining heat can be recovered with a subcritical Organic Rankine Cycle (ORC) 
to produce additional electricity. However, the design is not straightforward because net power 
output, exergy destruction, and specific investment cost cannot all be improved at the same 
time. This thesis aims to identify the best-compromise ORC design for a 240 °C mGT exhaust 
stream using a three-objective NSGA-II optimisation framework. The ORC model was built for 
steady-state operation. It calculates the cycle performance and represents the heat recovery 
unit with separate preheater and evaporator zones. It also includes gas-side pressure-drop 
losses, exergy destruction, and purchased equipment cost. For each feasible design, it gives 
Pnet, TED, and SIC. NSGA-II is used to optimise these objectives through seven decision varia-
bles, including operating pressures, working-fluid mass flow rate, and heat-exchanger geometry. 
Four hydrocarbon fluids are analysed n-pentane, cyclopentane, n-hexane, and n-heptane. The 
final Pareto solutions are then ranked using TOPSIS. n-Pentane is selected as the best-compro-
mise fluid. It gives a Pnet of 15.96 kW, an SIC of €7,169/kW, and an estimated simple payback 
of about 2.7 years at 8,000 h/yr under Belgian household electricity tariffs. Cyclopentane is the 
preferred alternative when minimising TED is more important, giving 22 % lower TED at 87 % of 
n-pentane’s Pnet. Overall, n-pentane is the stronger choice when cost and power are the main 
priorities, while cyclopentane is better when thermodynamic quality is prioritised. 
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TOPSIS, finned-tube heat exchanger, exergy destruction, specific investment cost 

 



Table of Contents 

1 Introduction 1 

1.1 mGT Exhaust Heat Recovery and Technology 1 

1.2 Research Problem 3 

1.3 Aim and Objectives 4 

1.4 Thesis Structure 4 

2 Literature Review 5 

2.1 ORC Systems for Exhaust Heat Recovery 5 

2.2 Working-Fluid Selection 6 

2.2.1 Exergy Efficiency as a Fluid Selection Indicator 8 

2.3 Finned-Tube Evaporator and Preheater Design 8 

2.4 Exergy and Thermo-Economic Indicators 9 

2.5 Multi-Objective Optimization in ORC Studies 10 

2.6 Research Gap 11 

3 ORC Model Development 13 

3.1 Model Scope and Main Assumptions 13 

3.2 System Configuration and Boundary Conditions 14 

3.3 Thermodynamic Cycle Model 16 

3.3.1 Pump Model 16 

3.3.2 Turbine and Generator Model 17 

3.3.3 Condenser and Net-Power Model 17 

3.4 Heat-Duty Separation and Pinch-Point Logic 17 

3.5 Finned-Tube Heat-Exchanger Model 18 

3.5.1 Gas-Side Heat Transfer and Friction 19 

3.5.2 Fin Efficiency and Overall Heat Transfer Coefficient 19 

3.5.3 Single-Phase Liquid Heat Transfer in the Preheater 20 

3.5.4 Two-Phase Boiling Heat Transfer in the Evaporator 21 

3.5.5 NTU-Effectiveness and Iteration 21 

3.6 Pressure Drop and Auxiliary Losses 22 

3.7 Exergy Accounting 23 

3.8 Thermo-Economic Cost Model 23 



3.9 Feasibility Constraints 24 

3.10 Model Validation 25 

3.10.1 Parameter Settings for the Validation Run 25 

3.10.2 Comparison Scope and Acceptance Criteria 26 

3.11 Economic and Environmental Post-Processing 26 

4 Optimization and Decision-Making Framework 28 

4.1 Decision Variables and Search Space 30 

4.2 Objective Functions 31 

4.3 Constraint Handling 31 

4.4 NSGA-II Implementation 32 

4.5 Pareto Filtering and TOPSIS Ranking 32 

5 Results and Discussion 35 

5.1 Model Validation 35 

5.2 Working-Fluid Screening and Selection 36 

5.3 Sensitivity Analysis 37 

5.4 Pareto-Front Analysis 40 

5.5 TOPSIS Best-Compromise Solution 42 

5.6 Further Assessment of the Selected Design 43 

5.7 Economic and Environmental Assessment 46 

6 Conclusion and future work 47 

6.1 Conclusions 47 

6.2 Limitations 48 

6.3 Future Work 48 

Bibliography 51 

Appendix 57 

 

 

 

 

 

 



Nomenclature  

Symbol Description Unit 

CAPEX Capital expenditure (purchased-equipment cost) € 

Ce Electricity retail tariff €/kWh 

CCi TOPSIS closeness coefficient of solution i – 

cp Specific heat capacity J/(kg·K) 

dc Collar diameter m 

di / do Tube inner / outer diameter m 

Ed Exergy destruction rate in component W 

EFgrid Grid electricity emission factor kg CO₂e/kWh 

f Fanning friction factor – 

F Convective enhancement factor – 

h Specific enthalpy J/kg 

hg Gas-side convective heat-transfer coefficient W/(m²·K) 

htp Two-phase boiling heat-transfer coefficient W/(m²·K) 

j Colburn j-factor (gas-side heat transfer) – 

K1, K2, K3 Turton cost correlation coefficients – 

m Fin efficiency parameter m⁻¹ 

M Molecular mass of working fluid kg/kmol 

ṁo ORC working-fluid mass flow rate kg/s 

ṁg Exhaust-gas mass flow rate kg/s 

Nr Number of tube rows – 

Np Number of parallel tubes per row – 

NTU Number of transfer units – 

p Fin pitch m 

Pc Condensation pressure Pa 

Pcrit Critical pressure of working fluid Pa 

Pe Evaporation pressure Pa 

Pf Condenser fan power W 



Ploss Gas-side auxiliary back-pressure power loss W 

Pnet Net electrical power output W 

Pp Pump shaft power W 

Pt Turbine electrical power output W 

q Local wall heat flux W/m² 

Q̇eva Evaporator heat duty W 

Q̇pre Preheater heat duty W 

S Transverse tube spacing m 

SIC Specific investment cost €/kW 

TC Total purchased-equipment cost € 

TED Total exergy destruction (all ORC components) W 

t Fin thickness m 

U Overall heat-transfer coefficient W/(m²·K) 

x Vapor quality – 
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1 Introduction 

Micro gas turbines (mGTs) are small power units, typically in the range of 30 to 200 kW. 

They operate on the Brayton cycle and are used in distribution generation, combining 

heat and power (CHP), and remote power applications. Their small size, low mainte-

nance needs, and fuel flexibility make them a good option for small-scale energy systems 

(Nami et al., 2018). However, even with a recuperator preheating the combustion air, a 

significant part of the fuel energy still leaves the system with exhaust gas. In recuperated 

mGTs, this exhaust usually exits the recuperator at around 200–300 °C and is often re-

leased to the atmosphere, even though it still has useful thermal and economic value 

(Papapetrou et al., 2018; Tudoroiu-Lakavice & Milusheva, 2023). 

This temperature range is relevant in the wider European waste-heat context. Papape-

trou et al. (2018) reported that about 70 % of European industrial waste heat is available 

below 300 °C. Therefore, mGT exhaust is located in the upper part of this low to medium 

temperature range. As shown in Figure 1, the 200–300 °C band is important for several 

European industrial sectors, including food processing, paper, and chemicals. 

 

Figure 1.1: EU industrial waste-heat potential by temperature band across member 
states. The 200–300 °C range includes mGT exhaust and represents a relevant 
medium-temperature recovery opportunity (Tudoroiu-Lakavice & Milusheva, 
2023). 

1.1 mGT Exhaust Heat Recovery and Technology 

The common ways to recover useful energy from mGT exhaust can be categorized into 

heating applications and ORC-based electricity generation. Heating applications use the 



exhaust heat directly for heating by sending it to a district heating (DH) network to supply 

local heat demand. ORC‑based recovery turns the exhaust heat into electricity, which 

can be used on site, sent to the grid, or stored. 

District heating depends strongly on local heat demand. Cornelis and Van Bael (2016) 

showed that heat demand in summer is much lower than in winter in temperate Euro-

pean climates, which reduces the yearly use of an mGT connected to a DH network. 

Connolly et al. (2014) also noted that high DH penetration requires dense pipe infra-

structure, which is often not available at small-scale mGT sites. 

ORC electricity generation avoids this seasonal mismatch. The electricity produced is not 

directly limited by local heating demand, and Tartère and Astolfi (2017) reported that 

electricity-mode ORC plants typically achieve 6,000–8,000 full-load hours per year. In this 

work, the baseline heat source is a standalone recuperated mGT exhaust stream at 

240 °C and 0.9 kg/s, with no specific heat consumer assumed. For this reason, pure elec-

tricity generation using an ORC is considered the most suitable recovery option for this 

work. 

The ORC is a well-established technology for converting low and medium-temperature 

waste heat into electricity on a small scale. Quoilin et al. (2013) reviewed 73 installed 

waste-heat ORC plants and found specific investment costs of 1,500–4,500 €/kW, rising 

for units below 100 kW. Lecompte et al. (2015) concluded that the basic subcritical ORC 

is a practical choice for source temperatures below 350 °C, which fits the 240 °C mGT 

exhaust. Tartère and Astolfi (2017) documented over 700 installed ORC units, confirming 

the technology is commercially mature from small to large scales. At the 10–100 kW 

scale, the main components are the turbine-generator, boiler, condenser, and pump. 

Working-fluid selection determines cycle pressures, turbine design, and heat-exchanger 

sizing. 

The ORC is preferred over other heat-to-power options for three reasons. First, thermo-

electric generators have low efficiency at this temperature level and are not economi-

cally attractive on a large scale. Stirling engines can reach higher efficiencies but require 

precise components and regular maintenance, which is not suitable for remote or semi-

attended mGT operation. The ORC uses mature turbomachinery and heat-exchanger 

components and can be matched to the exhaust temperature through working-fluid se-

lection. Second, it scales to the 10–100 kW range without new technology development. 
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Third, its commercial track record provides a realistic basis for the cost assumptions used 

in this work. 

1.2 Research Problem 

Selecting and optimizing a compact subcritical ORC for mGT exhaust recovery is not 

straightforward, because the working fluid, heat-exchanger design, and system-level ob-

jectives are all closely linked. 

First, there is no single best working fluid. Organic fluids differ in critical temperature, 

condensation pressure, latent heat, safety, and environmental impact. A fluid with a crit-

ical temperature near 240 °C can improve thermal matching and reduce boiler irreversi-

bility (Nami et al., 2018), but may require sub-atmospheric condensation, increasing 

sealing complexity and cost. The Montreal Protocol and EU F-gas policy further restrict 

fluids with high ozone depletion or global warming potential. The fluid must therefore 

be selected by considering thermodynamic performance, pressure practicality, environ-

mental rules, and cost together. 

Second, the heat exchanger strongly affects both performance and economics. Nami et 

al. (2018) showed the evaporator is the dominant source of exergy destruction in gas-

turbine exhaust ORC systems, and Yang et al. (2015) demonstrated that the preheater 

and evaporator must be modelled separately because their heat-transfer mechanisms 

differ significantly. At mGT scale, a larger heat-transfer area improves heat recovery but 

raises cost (Quoilin et al., 2013). Fin pitch, tube spacing, tube count, and row number 

must therefore be treated as design variables. 

Third, the performance indicators conflict. Maximizing net power output (Pnet) favors 

larger exchangers and higher mass flow rates. Minimizing specific investment cost (SIC) 

favors compact designs. Minimizing total exergy destruction (TED) favors smaller tem-

perature differences, which in turn raise costs. Because of these conflicts there is no 

single optimum point but rather there is a set of trade-off solutions. 

This thesis therefore treats the problem as a three-objective optimization problem. The 

objectives are to maximize Pnet, minimize TED, and minimize SIC over seven decision 

variables which are evaporation pressure, condensation pressure, working-fluid mass 

flow rate, fin pitch, tube spacing, tube count, and row number. NSGA-II is applied per 

working fluid and TOPSIS is used to select the best-compromise design. The scope co-



vers steady-state design-point modelling for a fixed exhaust stream at 240 °C and 0.9 

kg/s. The mGT itself is not modelled in detail, meaning the combustion process inside 

the mGT combustor, part-load operation, and dynamic control are all outside the scope 

of this work. Six candidate fluids are screened based on thermodynamic compatibility, 

environmental acceptability, and practical condensation pressure. 

1.3 Aim and Objectives 

The aim of this thesis is to identify the best-compromise subcritical ORC design for mGT 

exhaust heat recovery at 240 °C using a validated forward model, three-objective NSGA-

II optimization, and TOPSIS decision-making. 

The specific objectives are: 

• Develop a steady-state ORC model combining thermodynamic cycle analysis, 

two-zone finned-tube heat-exchanger sizing, exergy accounting, and equipment 

cost estimation. 

• Screen six candidate working fluids based on thermodynamic compatibility, en-

vironmental compliance, and condensation-pressure practicality. 

• Apply NSGA-II to each fluid using three objectives 

• Apply weighted TOPSIS to select the best-compromise design and recommend 

the working fluid. 

1.4 Thesis Structure 

Chapter 2 reviews the relevant literature and identifies the research gap. Chapter 3 de-

velops the ORC model, covering the thermodynamic cycle, two-zone heat exchanger, 

pressure-drop calculation, exergy analysis, cost estimation, and model validation. Chap-

ter 4 presents the NSGA-II optimization method and the TOPSIS decision-making frame-

work. Chapter 5 presents the fluid screening, sensitivity analysis, Pareto results, selected 

design assessment, and Belgian case economic and environmental evaluation. Chapter 

6 gives the main conclusions, limitations, and recommendations for future work. 
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2 Literature Review 

This chapter reviews literature in five areas that are used to build the modelling and 

optimization framework of this study. These include ORC systems for exhaust heat re-

covery, working-fluid selection, finned-tube heat-exchanger design, exergy and thermo-

economic indicators, and multi-objective optimization. The chapter closes by identifying 

the specific research gap the present study addresses. 

2.1 ORC Systems for Exhaust Heat Recovery 

Tchanche et al. (2011) surveyed ORC uses across several heat-source types of waste heat, 

solar, geothermal, and biomass and found that exhaust recovery from engines and gas 

turbines is one of the most active application areas. This is mainly because industrial and 

transport exhaust streams still contain a large amount of unused thermal energy. They 

also noted that a working fluid chosen for a low-temperature geothermal application 

may not be suitable for engine or gas-turbine exhaust, because the temperature range 

is different and the fluid properties must match the heat source. 

Lecompte et al. (2015) compared five ORC cycle configurations and found that the basic 

subcritical cycle gives a reasonable balance between cost and performance when the 

heat source is below 350 °C. This range covers the mGT exhaust temperature used in the 

present work. Sprouse and Depcik (2013) focused on engine-exhaust ORCs and showed 

that the gas-to-liquid heat exchanger is one of the main design challenges. Exhaust gas 

transfers heat poorly compared to liquids, so the heat exchanger needs a large gas-side 

surface area to recover enough energy. However, a large surface area also increases gas-

side pressure drop, and that pressure drop directly reduces the net power output by 

increasing blower work. 

Nami et al. (2018) carried out exergy analysis on gas-turbine exhaust ORC systems and 

found that no matter which working fluid or cycle layout they used, the evaporator con-

sistently accounted for the largest portion of exergy destruction. Yang et al. (2015) ex-

tended this to a diesel-engine exhaust case and modelled the preheater and evaporator 

as two separate zones rather than one combined boiler. This is important because single-

phase liquid heating in the preheater has a much lower heat-transfer coefficient than 

boiling in the evaporator. In their results, the preheater alone accounted for up to 80 % 



of the total heat-transfer surface. Treating the two zones as one boiler led to inaccurate 

estimates for both the required area and where the exergy losses were occurring. 

Taken together, these studies show that the heat exchanger cannot be treated as a back-

ground component in ORC design. Both the thermal performance and the exergy losses 

of the system are strongly shaped by how the heat exchanger is modelled and sized. For 

mGT exhaust recovery, where the gas-side conditions are fixed and the working fluid is 

the main design variable, accurate heat-exchanger modelling is essential. For this reason, 

the present work uses a separate two-zone model for the preheater and evaporator ra-

ther than a single lumped boiler. 

2.2 Working-Fluid Selection 

Choosing a working fluid for an ORC is one of the main challenges in the design process. 

There is no universal best choice. The fluid needs to perform well thermodynamically, 

but it also must work safely, fit within pressure limits, and comply with environmental 

regulations. The main criteria reported in the literature are thermal efficiency, net power 

output, operating pressures, latent heat, heat-transfer behavior, toxicity, flammability, 

ODP, and GWP. No fluid satisfies all these criteria simultaneously. 

Bao and Zhao (2013) gave a widely used classification. They split organic fluids into dry, 

isentropic, and wet types based on the slope of the saturated-vapor line in the T–s dia-

gram. Dry and isentropic fluids are generally preferred in ORC turbines because the va-

por stays superheated or just saturated at the end of expansion, which avoids liquid 

droplets and the blade erosion that comes with them. They also reviewed zeotropic mix-

tures, which can reduce exergy destruction in the boiler by matching the temperature 

glide of the mixture to the heat-source cooling curve. However, the mixture composition 

becomes another variable that must be optimized. Their classification is a useful starting 

point for fluid screening, but they noted that pressure limits, stability, safety, and heat-

exchanger compatibility also need to be checked. 

Saleh et al. (2007) screened 31 organic fluids using the BACKONE equation of state and 

applied pinch analysis to check feasibility. Their main finding was that the fluid giving the 

highest cycle thermal efficiency is not the same as the fluid that recovers the most heat 

from the source. High-boiling dry fluids like pentane and hexane isomers can give good 

thermal efficiency, but the pinch constraint often forces a large temperature gap 
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between the exhaust and the working fluid, which reduces the fraction of exhaust heat 

recovered in the heat exchanger. For waste-heat recovery applications, this is important 

because the aim is to recover as much useful exhaust energy as possible. 

Tchanche et al. (2009) studied 20 fluids for a low-temperature solar ORC using a com-

bined set of thermodynamic, safety, and environmental criteria. R134a ranked highest 

on thermodynamic grounds, but n-butane and isobutane were close behind, with the 

flammability issue as the main drawback. Wang et al. (2011) did something similar for 

engine exhaust recovery and found that older refrigerants like R11, R141b, and R123 

performed slightly better thermodynamically, but R245fa and R245ca became more suit-

able once ODP and GWP limits were applied. 

The pattern across all these screening studies is quite consistent. Fluid rankings change 

significantly when environmental and safety constraints are added. A fluid that looks like 

a strong candidate based on thermal efficiency alone can drop out of consideration when 

factors in GWP limits or flammability are considered. This means fluid screening cannot 

be done in two separate steps thermodynamic first, then environmentally. Both need to 

be considered together from the start, which is the approach taken in the present work. 

Regulations have also changed which fluids are practical for use. The Montreal Protocol 

(UNEP, 2018) phased out many of the older high-ODP refrigerants, and EU F-gas re-

strictions have since pushed further toward fluids with low GWP. These rules have nar-

rowed the field of practical ORC working fluids considerably. The alternatives that remain 

fall into three main groups. Hydrocarbons such as pentane, butane, and their isomers 

have zero ODP and very low GWP, which makes them environmentally favorable, but 

their flammability means that system design and installation need to account for safety 

requirements. HFOs are another option, with low ODP and low GWP, but they have less 

operational history in ORC systems compared to the older refrigerants, so some uncer-

tainty remains about long-term performance. Zeotropic mixtures offer more flexibility 

because the temperature glide can be tuned to match the heat source better, but this 

comes with added complexity in selecting the right composition and in controlling the 

system over time (Bahrami et al., 2022). In practice, none of these groups is clearly su-

perior. The right choice depends on the specific heat-source temperature, the safety 

setup at the installation site, and the regulatory environment. 



2.2.1 Exergy Efficiency as a Fluid Selection Indicator 

One issue in working-fluid comparisons is that thermal efficiency is not always the most 

informative metric. Elahi et al. (2022) showed this when comparing fluids with different 

critical temperatures and pressure levels, thermal efficiency can give a misleading pic-

ture because it only looks at how much of the heat input is converted to work, without 

considering the quality of that heat. 

Exergy efficiency addresses this differently. It compares the actual net power output not 

to the heat input, but to the maximum theoretical work that could be obtained from the 

heat source at its given temperature. A heat source at 240 °C has more useful work po-

tential, more exergy than a source at 100 °C carrying the same amount of energy. If a 

working fluid operates at pressures and temperatures that are not well matched to the 

240 °C source, a large part of that work potential is destroyed in the heat exchanger, 

even if the cycle appears efficient by thermal efficiency standards. 

In practice this means two fluids can have similar thermal efficiencies but quite different 

exergy efficiencies if one fits the exhaust temperature profile better than the other. A 

fluid that achieves high thermal efficiency by working at high condensation pressure and 

small pressure ratio may still destroy more exergy in the boiler than a fluid that matches 

the temperature profile more closely at a lower cycle efficiency. Elahi et al. (2022) con-

firmed this in their multi-fluid comparison, which is why exergy performance is consid-

ered in the present work by using total exergy destruction as one of the optimization 

objectives, together with net power and specific investment cost rather than relying on 

thermal efficiency alone. 

2.3 Finned-Tube Evaporator and Preheater Design 

The heat-exchanger model used in this thesis follows the two-zone approach introduced 

by Yang et al. (2015), who separated the heat-addition section into a preheater zone and 

an evaporator zone. In the preheater, the compressed liquid is heated up to the satura-

tion temperature. In the evaporator, the fluid undergoes phase change at roughly con-

stant temperature. These two zones have quite different heat-transfer characteristics, so 

they need different correlations. Yang et al. (2015) used a j-factor correlation for the gas-

side convection over staggered plate-fin tube banks, the Gnielinski correlation for single-
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phase flow inside the tubes, and the Liu–Winterton superposition model for two-phase 

boiling. These correlations provide the basis for the heat-exchanger modelling approach 

used in the present work. 

Maalouf et al. (2012) studied how individual geometric parameters affect the overall 

performance of a finned-tube ORC evaporator. They found that fin pitch, tube diameter, 

gas-side velocity, and tube-side mass velocity cannot be changed independently by ad-

justing one of them shifts the compactness, the gas-side pressure drops, and the exergy 

losses all at the same time. For a flue-gas inlet of 110 °C, their best design had a fin pitch 

around 3 mm, and wavy fins gave a more compact exchanger than plain fins without 

increasing the pressure drop. Their main conclusion is that heat-exchanger geometry 

needs to be treated as a design variable, not a fixed input. 

Zhang et al. (2021) confirmed this using CFD optimization on a fin-and-tube evaporator. 

They reported meaningful improvements in the area goodness factor and friction char-

acteristics by changing tube and fin geometry, although CFD is too expensive to run in-

side a full ORC system optimization loop. For the present work, geometry parameters 

such as fin pitch, tube spacing, tube count, and row number are included as decision 

variables in the optimization, which is consistent with the direction suggested by all 

three studies. 

2.4 Exergy and Thermo-Economic Indicators 

Standard energy analysis gives net power, heat input, and cycle efficiency, but it does 

not indicate where useful work potential is irreversibly lost. In ORC design this matters 

because components like the evaporator can look fine from an energy balance perspec-

tive while destroying a large fraction of the available exergy. Nami et al. (2018) showed 

this clearly for gas-turbine exhaust systems the evaporator was the largest source of ex-

ergy destruction in every case they studied. Yang et al. (2015) took the next step and 

used exergy destruction rate not just as a diagnostic metric but as a direct optimization 

objective. This means the design process aims to reduce irreversibility, rather than only 

measuring it afterwards. 

On cost, Quoilin et al. (2013) pointed out that below 100 kW, ORC specific investment 

cost is very sensitive to component choices. Custom heat exchangers and expanders can 

account for most of the system cost at this scale, so small changes in geometry or 



working fluid can have a large effect on the overall price. Hettiarachchi et al. (2007) used 

heat-transfer area per unit net power as a cost proxy, which works reasonably well when 

heat-exchanger cost scales with area. Imran et al. (2014) optimized thermal efficiency 

and specific investment cost at the same time using NSGA-II and found that a regenera-

tive ORC configuration improved thermal efficiency by about 1 % but increased specific 

investment cost by around 190 USD/kW. That trade-off is not visible when only one ob-

jective is optimized. 

This indicates there is a broader issue with single-objective optimization in ORC design. 

Net power, exergy destruction, and specific investment cost influence the design in dif-

ferent ways. A design that maximizes net power tends to use large heat exchangers and 

high working-fluid flow rates, which drives up cost. A design that minimizes cost tends 

to use compact heat exchangers, which increases exergy destruction and reduces power. 

A design that minimizes exergy destruction tends to use small temperature differences 

across the heat exchanger, which again requires more area and higher cost. There is no 

single design that is best on all three at once. A suitable way to understand these trade-

offs is to treat all three as simultaneous objectives and examine the full Pareto front, 

which is the approach adopted in this work. 

2.5 Multi-Objective Optimization in ORC Studies 

Because of ORC performance objectives conflict, single-objective optimization will al-

ways produce a design that has been over-optimized for one aspect at the expense of 

the others. Pareto-based methods avoid this by finding all non-dominated solutions at 

once, giving the designer a complete picture of the available trade-offs rather than just 

one point on that surface. 

Hu et al. (2021) reviewed 122 multi-objective ORC optimization studies and found that 

roughly 75 % used only two objectives, and just 16 % used three. NSGA-II appeared in 

66 % of all the studies, making it by far the most commonly used algorithm. Hu et al. 

(2021) also noted that most studies only varied system-level variables like evaporation 

and condensation pressure. Few studies included component-level geometry such as 

heat-exchanger fin or tube parameters or working-fluid identity in the same optimization 

problem. This integration of multiple design levels is still relatively uncommon, and it is 

one contribution of the present work. 
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NSGA-II, developed by Deb et al. (2002), sorts the population into non-domination lev-

els, preserving the best solutions across generations through elitist selection, and main-

taining diversity using crowding distance which does not need any user-defined sharing 

parameters. Imran et al. (2014) and Wang et al. (2013) both used NSGA-II for ORC 

thermo-economic optimization and confirmed it handles conflicting objectives well in 

practice. 

Once a Pareto front is obtained, a decision-making method is needed to select one de-

sign. Behzadian et al. (2012) reviewed TOPSIS across 266 published applications, ranks 

alternatives by how close they are to the ideal solution and how far they are from the 

anti-ideal solution. It is straightforward to apply, can be applied directly to the objective 

values without needing assumptions about the shape of the Pareto front, and the final 

ranking can be adjusted by changing the weights assigned to each objective. 

2.6 Research Gap 

The reviewed literature establishes that ORC systems are well suited to medium-temper-

ature exhaust heat recovery (Tchanche et al., 2011; Lecompte et al., 2015; Sprouse & 

Depcik, 2013); that working-fluid selection requires balancing thermodynamic, environ-

mental, safety, and pressure constraints (Bao & Zhao, 2013; Saleh et al., 2007; Elahi et 

al., 2022; UNEP, 2018; Tchanche et al., 2009; Wang et al., 2011; Bahrami et al., 2022); 

that separated two-zone finned-tube heat-exchanger models with geometric variables 

substantially improve design accuracy compared to lumped models (Yang et al., 2015; 

Maalouf et al., 2012; Zhang et al., 2021); that net power, exergy destruction, and specific 

investment cost capture complementary and partially conflicting performance aspects 

(Quoilin et al., 2013; Nami et al., 2018; Elahi et al., 2022; Hettiarachchi et al., 2007; Imran 

et al., 2014); and that NSGA-II with TOPSIS is an established and validated approach for 

multi-objective ORC optimization (Behzadian et al., 2012; Imran et al., 2014; Wang et al., 

2013). 

No reviewed study fully addresses the present mGT exhaust recovery problem. Imran et 

al. (2014) and Wang et al. (2013) used lumped heat-exchanger models and omitted ex-

ergy destruction; Yang et al. (2015) used a two-zone model with exergy objectives but 

covered a single refrigerant and excluded SIC; Hu et al. (2021) confirmed that three-ob-

jective combined thermo-economic–energetic optimization with geometric decision 



variables remains uncommon. Within the reviewed literature, no study simultaneously 

combines a 240 °C mGT exhaust source, three objectives (Pnet, TED, SIC), a two-zone 

finned-tube model with geometric variables, and Pareto comparison across multiple hy-

drocarbon working fluids. The present work addresses this gap.
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3 ORC Model Development 

This chapter presents the ORC model used in multi-objective optimization. It covers the 

physical system, thermodynamic cycle calculations, two-zone finned-tube heat-ex-

changer model, gas-side pressure-drop terms, exergy accounting, equipment cost 

model, and feasibility constraints. For each feasible design, the model calculates three 

outputs: net electrical output Pnet, total exergy destruction TED, and specific investment 

cost SIC. These are the three objectives used by NSGA-II. The seven decision variables 

are evaporation pressure Pe, condensation pressure Pc, working-fluid mass flow rate ṁo, 

fin pitch p, tube spacing S, number of parallel tubes per row Np, and number of tube 

rows Nr. Figure 3.1 shows the calculation sequence used in the model. The chapter also 

explains the validation procedure based on Yang et al. (2015), using the same main heat-

exchanger correlations. Full geometry expressions, correlation coefficients, and cost 

data are in Appendix A. 

 

Figure 3.1: Sequential modelling framework of the ORC model. The seven decision vari-
ables pass through the thermodynamic, heat-exchanger, pressure-drop, ex-
ergy, and cost sub-models to return Pnet, TED, and SIC. 

3.1 Model Scope and Main Assumptions 

The ORC model is developed for steady-state, steady-flow conditions. This approach is 

common for preliminary ORC sizing and design comparison (Quoilin et al., 2013; 

Lecompte et al., 2015). Connecting pipework is assumed to be adiabatic, and heat losses 

from component surfaces are neglected. Enthalpy changes are therefore only calculated 



for the main ORC components. The model is vali-dated with a published ORC result in 

Section 3.10. The numerical results of this check are reported in Chapter 5. 

The heat-addition section is split into sensible preheater and a saturated evaporator, ra-

ther than being treated as a single lumped boiler. In the preheater, the organic fluid is 

compressed liquid heated from the pump outlet to the saturated-liquid state at Pe. In 

the evaporator, it boils at nearly constant saturation temperature. Yang et al. (2015) 

showed that combining these two zones into one averaged heat-transfer coefficient 

leads to significant errors in area estimation. The two-zone approach also allows the 

pinch-point location and the preheater gas outlet temperature to be calculated sepa-

rately, which is needed for the acid dew-point check. The mGT itself is not modelled in 

detail. It is treated as a fixed exhaust source with known temperature, pressure, and 

mass flow rate. 

3.2 System Configuration and Boundary Conditions 

The ORC system is represented as a basic subcritical cycle connected to the post-recu-

perator exhaust of a recuperated micro gas turbine, as shown in Figure 3.2. The working 

fluid leaves the condenser as saturated liquid at State 1, is compressed from Pc to Pe by 

the pump, and enters the heat-addition section at State 2. Heat addition is split into two 

zones: the preheater raises the compressed liquid to saturated liquid at State 2′, and the 

evaporator provides the latent heat to reach saturated vapor at State 3. The vapor then 

expands through the turbine to Pc, giving the actual outlet State 4. The condenser rejects 

the remaining heat and returns the fluid to State 1. 
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Figure 3.2 Schematic of the subcritical ORC and corresponding T–s diagram. 

A basic subcritical cycle is chosen rather than a supercritical layout. Lecompte et al. 

(2015) showed that the subcritical cycle gives the best cost-to-performance balance for 

heat sources below 350 °C, which includes the 240 °C mGT exhaust used here. For a 

small-scale waste-heat recovery system at this temperature level, the subcritical layout 

is the more practical choice. 

The turbine inlet is fixed at saturated vapor with no superheating. For dry and isentropic 

fluids, this avoids unnecessary boiler area while keeping vapor-phase expansion 

throughout the turbine (Saleh et al., 2007). State 1 is defined by saturated-liquid prop-

erties at Pc, State 2′ by saturated-liquid properties at Pe, and State 3 by saturated-vapor 

properties at Pe. Organic-fluid properties are calculated using CoolProp (Bell et al., 

2014). Exhaust-gas properties are calculated from the temperature-dependent correla-

tions in Appendix A. 

The exhaust stream is set to a design-point condition of 240 °C, 1.05 × 105 Pa, and 0.9 

kg/s. These values are used to represent the post-recuperator exhaust of a Turbec T100-

class mGT. These values are based on experimental data provided for the 100 kW micro 

gas turbine dataset from the Thermal Engineering and Combustion Unit at UMONS. The 

average temperature and mass-flow values of the flue gas are 240 °C and 0.9 kg/s. The 

dead state is To = 284.15 K and Po = 101 325 Pa. Component efficiencies are assumed 

with fixed values at ηt = 0.70 for the turbine, ηp = 0.70 for the pump, ηg = 0.98 for the 

generator, and ηfan = 0.80 for the condenser fan. These are conservative estimates for 

small-scale ORC performance (Quoilin et al., 2013). 



The condensation temperature is kept at least 50 °C for air-cooled operation, and the 

preheater gas outlet must stay above 70 °C to avoid acid dew-point corrosion (Yang et 

al., 2015; Bahrami et al., 2022). The boiler tubes have fixed outer and inner diameters of 

12.7 mm and 10.7 mm, and the fins are 0.3 mm thick, made of stainless steel. These tube 

and fin dimensions are fixed geometric inputs, not decision variables. The geometric de-

cision variables are fin pitch p, tube spacing S, number of parallel tubes per row Np, and 

number of tube rows Nr. These four variables are optimized for the exhaust-side heat-

recovery section. The condenser geometry is not optimized. The condenser is modelled 

as a simplified air-cooled unit with a fixed overall heat-transfer coefficient, and a pre-

scribed air-side pressure drop. This simplified condenser model is sufficient for estimat-

ing condenser duty, fan power, and cost, because the optimization focuses on the ex-

haust-side heat-recovery section rather than detailed condenser geometry. Equipment 

costs are taken from Turton et al. (2008) (2001 base year) and updated to 2024 using the 

CEPCI index. 

3.3 Thermodynamic Cycle Model 

The energy balances below are based on the state-point definitions and efficiency values 

given in Section 3.2. 

3.3.1 Pump Model 

The pump is modelled as an adiabatic component that compresses saturated liquid from 

Pc to Pe. The isentropic outlet enthalpy h2s is found at Pe for constant entropy s1. The 

actual pump power ẇp is calculated using the pump isentropic efficiency ηp = 0.70 

(Cooper, 1984): 

ℎ2𝑠 = ℎ(Pe, 𝑠1) (3.1) 

ℎ2 = ℎ1 +
ℎ2𝑠 − ℎ1

𝜂𝑝
 (3.2) 

𝑃𝑝 = 𝑚̇𝑜(ℎ2 − ℎ1) (3.3) 

Because the pump outlet is subcooled liquid at Pe, heat addition starts with sensible 

preheating before boiling begins. 
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3.3.2 Turbine and Generator Model 

The turbine receives saturated vapor at State 3 and expands it to Pc. The actual turbine 

outlet state is calculated using the turbine isentropic efficiency ηt = 0.70. The electrical 

power Pt is then found using the generator efficiency ηg = 0.98 (Yang et al., 2015; Cooper, 

1984): 

ℎ4𝑠 = ℎ(Pc, 𝑠3) (3.4) 

ℎ4 = ℎ3 − 𝜂𝑡(ℎ3 − ℎ4𝑠) (3.5) 

𝑊𝑡 = 𝑚̇𝑜(ℎ3 − ℎ4) (3.6) 

𝑃𝑡 = 𝜂𝑔𝑊𝑡 (3.7) 

3.3.3 Condenser and Net-Power Model 

The condenser removes the heat Q̇c needed to return the turbine outlet vapor at State 

4 to saturated liquid at State 1. Condenser fan power Pf and the gas-side auxiliary blower 

penalties Ploss,e and Ploss,p are all subtracted from the turbine electrical output to give net 

power (Nami et al., 2018; Yang et al., 2015): 

𝑄𝑐 = 𝑚̇𝑜(ℎ4 − ℎ1) (3.8) 

𝑃𝑓 =
𝑚̇𝑎

𝜌𝑎
 
𝛥𝑃𝑎,cond

𝜂fan
 (3.9) 

P𝑛𝑒𝑡 = 𝑃𝑡 − 𝑃𝑝 − 𝑃𝑓 − 𝑃loss,𝑒 − 𝑃loss,𝑝 (3.10) 

The terms Ploss,e and Ploss,p are the hydraulic powers needed to move the exhaust gas 

through the evaporator and preheater against the gas-side pressure drop. They repre-

sent the back-pressure load on the mGT exhaust. Subtracting them in Eq. (3.10) means 

that adding rows or closing fin pitch to improve heat recovery can also reduce Pnet 

through higher backpressure. For this reason, heat-exchanger geometry is included in 

the optimization. 

3.4 Heat-Duty Separation and Pinch-Point Logic 

The total heat input is divided into an evaporation duty Q̇e and a preheating duty Q̇p. 

Both are calculated from the working-fluid enthalpy change across each zone. The 



exhaust-side energy balance uses a mean specific heat capacity from the correlations in 

Appendix A: 

𝑄𝑒 = 𝑚̇𝑜(ℎ3 − ℎ2′) (3.11) 

𝑄𝑝 = 𝑚̇𝑜(ℎ2′ − ℎ2) (3.12) 

𝑄𝑔 = 𝑚̇𝑔𝑐𝑝,𝑔(𝑇𝑔,in − 𝑇𝑔,out) (3.13) 

The evaporator is solved first, from the hot exhaust inlet. The preheater uses the gas 

temperature leaving the evaporator as its inlet. This follows the physical exhaust flow 

direction and ensures the hottest gas is used where it has the highest thermodynamic 

value. The two-zone split also makes the pinch-point location visible. If the limiting tem-

perature approach is near the cold end, the preheater length and gas outlet temperature 

control heat recovery. If it is inside the evaporation zone, the boiling temperature and 

exhaust inlet temperature are the main controlling variables (Yang et al., 2015). 

3.5 Finned-Tube Heat-Exchanger Model 

The heat exchanger is modelled by splitting the thermal resistances into three parts. Gas 

side, tube wall, and working-fluid side. Figure 3.3 shows the staggered finned-tube ar-

rangement. The transverse tube spacing S, longitudinal spacing Sl, tube outer diameter 

do, fin pitch p, and fin thickness t together define the gas-flow geometry, external heat-

transfer area, and pressure-drop path. Full geometry expressions are in Appendix A. 

 

Figure 3.3: Staggered finned-tube heat-exchanger geometry used for the preheater and 
evaporator model. 

The Reynolds, Prandtl, and Nusselt numbers are used for the exhaust side, the single-

phase organic side, and the liquid-only term in the boiling correlation. 
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𝑅𝑒 =
𝜌𝑉𝐿𝑐

𝜇
=

𝐺𝐿𝑐

𝜇
 (3.14) 

𝑃𝑟 =
𝑐𝑝𝜇

𝑘
 (3.15) 

ℎ =
𝑁𝑢 𝑘

𝐿𝑐
 (3.16) 

For internal tube flow, the characteristic length Lc is the tube inner diameter di. For the 

gas-side correlation, Lc is the collar diameter dc. 

3.5.1 Gas-Side Heat Transfer and Friction 

The gas side dominates the overall thermal resistance because its heat-transfer coeffi-

cient is much lower than the liquid or boiling coefficient inside the tubes. The plain-fin 

correlation of Wang et al. (2000), based on experimental data for staggered tube banks, 

gives the Colburn j factor and Fanning friction factor f as functions of Reynolds number, 

fin pitch, tube spacing, and row count: 

𝑗 = 0.086 𝑅𝑒𝑎1𝑁𝑟
𝑎2 (

𝑝

𝑑𝑐
)

𝑎3

(
𝑝

𝑑ℎ
)

𝑎4

(
𝑝

𝑆
)

−0.93

 (3.17) 

𝑓 = 0.0267 𝑅𝑒𝑏1 (
𝑆

𝑆𝑙
)

𝑏2

(
𝑝

𝑑𝑐
)

𝑏3

 (3.18) 

𝑁𝑢𝑔 = 𝑗 𝑅𝑒𝑔  𝑃𝑟𝑔
1/3

 (3.19) 

The coefficient groups a1–a4 and b1–b3 are listed in Appendix A, Section A.3. The gas-side 

heat-transfer coefficient is then found from Eq. (3.19) using Eq. (3.16), with Lc equal to 

the collar diameter dc. Since the evaporator is solved row by row, the mean gas-side 

coefficient is corrected by a row-weighting factor to account for how heat transfer 

changes through the tube bank (Chea and Elbel (2021); Halici et al. (2001)). These factors 

are in Appendix A, Section A.4. For Nr ≥ 5 the factor levels off, so the correlation remains 

valid across all Nr values used in the optimization.  

3.5.2 Fin Efficiency and Overall Heat Transfer Coefficient 

The fin efficiency ηf for circular annular fins is found using the modified-Bessel-function 

expression given in Appendix A. This gives more accurate results than the simpler tanh 

approximation at the fin radius ratios used here (Hettiarachchi et al., 2007; Imran et al., 



2014). The Schmidt equivalent-radius method is used to convert the hexagonal fin ar-

rangement to an equivalent annular geometry (Schmidt, 1949). 

The overall surface efficiency ηo accounts for the mix of bare tube areas and finned areas 

on the gas side. It is defined as: 

𝜂𝑜 =
(𝐴𝑔𝑏𝑎𝑟𝑒  +  𝜂𝑓𝐴𝑔𝑓𝑖𝑛)

𝐴𝑔𝑡𝑜𝑡𝑎𝑙

 (3.20) 

where Agfin is the fin surface area and Ag,total is the total gas-side area. The overall thermal 

resistance has three series terms gas-side convection over the bare and finned surfaces, 

tube-wall conduction, and working-fluid convection (Imran et al., 2014; Wang et al., 

2000): 

1

𝑈
=

𝐴𝑔,total

ℎ𝑜𝐴𝑜
+

𝐴𝑔,totalln(𝑑𝑜/𝑑𝑖)

2𝜋𝑘𝑚𝐿𝑁𝑡
+

1

𝜂𝑜ℎ𝑔
 (3.21) 

 (Eq. (3.20) is applied in both preheater and evaporator. In the preheater, ho is the single-

phase liquid coefficient. In the evaporator, it is replaced by the local two-phase boiling 

coefficient htp.  

3.5.3 Single-Phase Liquid Heat Transfer in the Preheater 

For laminar flow (Re < 2300), the thermally developing Sieder–Tate expression is used 

because organic liquids can carry a significant bulk-to-wall viscosity gradient that the 

simpler Dittus–Boelter form ignores (Imran et al., 2014; Sieder & Tate, 1936): 

𝑁𝑢lam = 1.86 (
𝑅𝑒 𝑃𝑟 𝑑𝑖

𝐿
)

1/3

(
𝜇

𝜇𝑤
)

0.14

 (3.22) 

For turbulent flow (Re > 3000), the Gnielinski correlation is used because it accounts for 

friction and gives reliable results across the Reynolds-number range typical for ORC fluids 

(Gnielinski, 1976): 

𝑓 = (0.79ln𝑅𝑒 − 1.64)−2 (3.23) 

𝑁𝑢turb =
(𝑓/8)(𝑅𝑒 − 1000)𝑃𝑟

1 + 12.7(𝑓/8)1/2(𝑃𝑟2/3 − 1)
 (3.24) 

In the transition zone (2300 < Re < 3000), the Nusselt number is linearly interpolated 

between the laminar and turbulent values to avoid sudden jumps in the heat-transfer 

coefficient during optimization: 
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𝑁𝑢 = 𝑁𝑢lam,2300 +
𝑅𝑒 − 2300

700
(𝑁𝑢turb,3000 − 𝑁𝑢lam,2300) (3.25) 

3.5.4 Two-Phase Boiling Heat Transfer in the Evaporator 

Boiling in the evaporator involves forced convective evaporation, which increases with 

vapor quality as the liquid film gets thinner, and nucleate boiling, which depends on local 

heat flux and reduced pressure. The Liu–Winterton correlation (Liu & Winterton, 1991) 

adds both contributions using a root-sum-square form. Yang et al. (2015) used the same 

correlation for a finned-tube ORC evaporator in engine exhaust recovery, which gives a 

direct connection to the model validation in Section 3.10. The evaporator is solved row 

by row. For each row, the average vapor quality is used to find the local two-phase coef-

ficient htp: 

ℎ𝑡𝑝 = [(𝐹ℎ𝑐𝑏)2 + (𝑆𝑏ℎ𝑛𝑏)2]1/2 (3.26) 

ℎ𝑐𝑏 = 0.023
𝑘𝑙

𝑑𝑖
𝑅𝑒𝑙

0.8𝑃𝑟𝑙
0.4 (3.27) 

ℎ𝑛𝑏 = 55 𝑃𝑟
0.12𝑞2/3[−log10(𝑃𝑟)]−0.55𝑀−0.5 (3.28) 

𝐹 = [1 + 𝑥‾𝑃𝑟𝑙 (
𝜌𝑙

𝜌𝑣
− 1)]

0.35

 (3.29) 

𝑆𝑏 = [1 + 0.055𝐹0.1𝑅𝑒𝑙
0.16]−1 (3.30) 

In Eq. (3.28), Pr is the reduced pressure Pe/Pcrit and M is the molecular mass. The Cooper 

pool-boiling form is used because it does not need surface roughness data, which is not 

known at the design stage (Cooper, 1984). In Eq. (3.29), Prl is the liquid Prandtl number 

from Eq. (3.15). The local heat flux per row is: 

𝑞 =
𝑄𝑖

𝜋𝑑𝑖𝐿𝑖𝑁𝑝
 [W/m2] (3.31) 

After each row, the solver updates the gas temperature, vapor quality, heat flux, fin effi-

ciency, overall U, NTU, heat duty, and pressure drop before going to the next row. 

3.5.5 NTU-Effectiveness and Iteration 

The NTU-effectiveness method is used because it calculates the heat transfer in each 

zone without needing to fix the outlet temperatures first. This is useful during 



optimization, where many candidate designs are tested (Wang et al., 2000; Turton et al., 

2018). The number of transfer units is: 

𝑁𝑇𝑈 =
𝑈𝐴𝑔,total

𝐶min
 (3.32) 

In the evaporator, the organic fluid evaporates at nearly constant temperature, so Cr ap-

proaches zero and the effectiveness simplifies to: 

𝜀𝑒 = 1 − exp(−𝑁𝑇𝑈) (3.33) 

𝑄𝑖 = 𝜀𝑒𝐶min(𝑇𝑔,in,𝑖 − 𝑇sat) (3.34) 

In the preheater, both streams change temperature. The NTU-effectiveness expression 

for this case is given in Appendix A. The tube length in each zone is found by bisection, 

adjusting the length until the NTU-calculated duty matches the enthalpy-based duty 

from Eqs. (3.11)– (3.12) within a relative error of 10-3. 

3.6 Pressure Drop and Auxiliary Losses 

Any design with more rows or smaller fin pitch improves heat recovery but also increases 

gas-side flow resistance, creating a back-pressure load on the mGT exhaust. The associ-

ated auxiliary power Ploss is modelled as the hydraulic work needed to push the exhaust 

gas through the heat exchanger against the total gas-side pressure drop ΔPg. It is the 

back-pressure penalty subtracted in Eq. (3.10), not a separately driven blower. Frictional 

and minor losses follow standard compact heat-exchanger expressions: 

𝛥𝑃fric =
𝐺𝑔

2

2𝜌𝑔
 𝑓 (

𝐴𝑔,total

𝐴𝑔,flow
) (3.35) 

𝛥𝑃minor =
𝐺𝑔

2

2𝜌𝑔

(𝐾𝑐 + 𝐾𝑒) (3.36) 

𝛥𝑃𝑔 = 𝛥𝑃fric + 𝛥𝑃minor (3.37) 

𝑃loss =
𝑚̇𝑔

𝜌𝑔
𝛥𝑃𝑔 (3.38) 

Equations (3.35)–(3.38) are applied separately to the evaporator and preheater, giving 

Ploss,e and Ploss,p, both of which appear in Eq. (3.10). The friction factor f is from Eq. (3.18); 

Kc and Ke are the entrance contraction and exit expansion coefficients (Kays and London 

(1998)). 
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3.7 Exergy Accounting 

Energy analysis tracks heat and work transfers but does not show where useful work 

potential is lost. Exergy accounting is used here to identify where irreversibility occurs in 

the ORC components. TED is defined as the sum of internal component exergy destruc-

tions within the ORC boundary. Exhaust-stack exergy and discharged cooling-air exergy 

are treated as external losses and are not included in TED. The dead state is T₀ = 284.15 

K and P₀ = 101 325 Pa. 

The exergy of the exhaust is calculated using an ideal-gas approximation. At any exhaust-

gas state k (Bahrami et al., 2022; Bejan et al. (1996)): 

𝐸𝑥𝑔𝑘 = 𝑚̇𝑔(𝑐𝑝,𝑔 [(𝑇 − 𝑇0) − 𝑇0ln (
𝑇

𝑇0
)] + 𝑅𝑔𝑇0ln (

𝑃

𝑃0
)) (3.39) 

For any adiabatic heat exchanger with no work interaction, exergy destruction is calcu-

lated from entropy generation: 

𝐸𝑑,HX = 𝑇0(𝑚̇hot𝛥𝑠hot + 𝑚̇cold𝛥𝑠cold) (3.40) 

Equation (3.40) is applied separately to the evaporator, preheater, and condenser. For 

the evaporator, the two streams are the exhaust gas and the organic fluid between States 

2′ and 3. For the preheater, they are the exhaust gas and the organic fluid between States 

2 and 2′. For the condenser, they are the organic fluid between States 4 and 1, and the 

cooling air between States 7 and 8. 

𝐸𝑑,turb = 𝑚̇𝑜[(ℎ3 − ℎ4) − 𝑇0(𝑠3 − 𝑠4)] − 𝑊𝑡 (3.41) 

𝐸𝑑,𝑝𝑢𝑚𝑝 =  𝑃𝑝 −  𝑚̇𝑜[(ℎ2 − ℎ1) − 𝑇0(𝑠2 −  𝑠1)] (3.42) 

𝐸𝑑,gen = 𝑊𝑡 − 𝑃𝑡 (3.43) 

𝐸𝑑,fan = 𝑃𝑓 − 𝑚̇𝑎[(ℎ𝑓,𝑜𝑢𝑡 − ℎ𝑓,𝑖𝑛) − 𝑇0(𝑠𝑓,𝑜𝑢𝑡 −  𝑠𝑓,𝑖𝑛)] (3.44) 

𝑇𝐸𝐷 = 𝐸𝑑,evap + 𝐸𝑑,pre + 𝐸𝑑,turb + 𝐸𝑑,gen + 𝐸𝑑,cond + 𝐸𝑑,fan + 𝐸𝑑,pump (3.45) 

Equations (3.41)–(3.44) calculate the irreversibility in the turbine, pump, generator, and 

fan. Equation (3.45) adds to the heat-exchanger exergy destructions to give TED. 

3.8 Thermo-Economic Cost Model 

Equipment costs are estimated using Turton et al. log-quadratic correlations (Turton et 

al., 2008), a widely used method for preliminary equipment cost estimation. Heat 



exchangers are scaled by total heat-transfer area, and the pump and turbine are scaled 

by power. The coefficients K1, K2, K3, and the material factor Fm for stainless-steel con-

struction are given in Appendix A. 

log10(𝐶𝑝,2001) = 𝐾1 + 𝐾2log10(𝑋) + 𝐾3[log10(𝑋)]2 (3.46) 

𝐶𝑝 = 𝐹𝑚 𝐶𝑝,2001 (
𝐶𝐸𝑃𝐶𝐼2024

𝐶𝐸𝑃𝐶𝐼2001
) (3.47) 

T𝐶 = 𝐶evap + 𝐶pre + 𝐶cond + 𝐶turb + 𝐶pump (3.48) 

𝑆𝐼𝐶 =
T𝐶

𝑃net
 (3.49) 

More heat-exchanger areas increase both equipment cost and heat recovery but also 

raises blower losses. This non-monotonic relationship between TC and Pnet is why SIC is 

included as an optimization objective rather than being calculated after the optimiza-

tion. 

3.9 Feasibility Constraints 

Eight constraints are checked for each set of input variables. If any constraint fails, the 

model returns a penalty. The penalty values are given in Chapter 4.  

• Pe > Pc positive turbine expansion pressure ratio. 

• 0 < Pe/Pcrit < 1 strictly subcritical; boiling correlations are invalid above the critical 

point. 

• p > t fin pitch must exceed fin thickness to form a physically open gas passage. 

• S > do + 1 mm minimum tube clearance to prevent geometric overlap and gas-

side blockage. 

• Tsat(Pc) ≥ 50 °C minimum condensation temperature, consistent with the conden-

ser design basis. 

• Tgp,out ≥ 70 °C conservative acid dew-point safeguard for the preheater gas outlet 

(Yang et al., 2015). 

• Pnet > 0 net electrical output must be positive after all parasitic deductions. 

• Ed ≥ 0 for all components negative exergy destruction violates the second law. 
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3.10 Model Validation 

Before the model is used in the optimization, it is compared against the published diesel-

engine ORC results of Yang et al. (2015). The study by Yang et al. (2015) is used as the 

validation reference because it uses the same main heat-transfer correlations as the 

present model. First, both use the same three correlations Wang et al. (Wang et al., 

2000), Gnielinski (1976), and Liu–Winterton (1991) therefore the comparison mainly 

checks the implementation, not the choice of correlations. Second, both use the same 

performance indicators power output per unit heat-exchanger area POPA (kW/m²) and 

total exergy destruction rate EDR (kW). Third, both apply a subcritical non-superheated 

ORC with first- and second-law analysis. Fourth, Yang et al. (2015) report a full Pareto 

front in POPA–EDR space, which allows the comparison to go beyond a single operating 

point. 

Compared with Yang et al. (2015), the present work applies this modelling approach to 

a lower-temperature mGT exhaust source, evaluates multiple hydrocarbons working flu-

ids, uses heat-exchanger geometry as decision variables, adds SIC as a third objective, 

and uses NSGA-II with TOPSIS for decision-making. 

3.10.1 Parameter Settings for the Validation Run 

For the validation, the main mGT model settings are replaced with those of the diesel-

engine ORC case from Yang et al. (2015). This is not a separate design study. The working 

fluid, exhaust conditions, geometry, and decision variables are only changed for this 

comparison. The main model settings are restored afterwards. The two performance 

indicators used by both models are: 

𝑃𝑂𝑃𝐴 =
P𝑛𝑒𝑡

𝐴popa
 [kW/m2] (3.50) 

𝐸𝐷𝑅 = 𝑇𝐸𝐷 [kW] (3.51) 

Table 3.1 lists all settings applied for the validation run. 

 

 



Table 3.1: Parameter settings for the Yang et al. [9] validation run. 

Parameter Main model  Validation run 

Working fluid 4 Organic fluids R245fa 

Exhaust inlet temperature 513 K 667 K 

Exhaust mass flow rate 0.9 kg/s 0.36 kg/s 

Acid dew-point limit  343 K 393 K 

Ambient temperature  284.15 K  291.15 K 

Tube outer/inner diameter 12.7/10.7 mm 25/20 mm 

Fin thickness 0.3 mm 1.0 mm 

Pump isentropic efficiency 0.70 0.65 

Design variables Pe, Pc, 𝑚̇𝑜, p, S, Np, Nr Pe and Tcond 

In the validation run, the working-fluid mass flow rate is not optimized directly. 

3.10.2 Comparison Scope and Acceptance Criteria 

Yang et al. (2015) did not include pipe pressure drops or component heat losses. The 

present model does include condenser fan power, generator conversion loss, and gas-

side blower penalties. To account for this, two comparison levels are used. The detailed 

model keeps all auxiliary losses. The gross model removes them to match the scope of 

Yang et al. (2015). 

For the gross comparison, the target relative errors are below 5 % for net power and 

thermal efficiency, and below 10 % for EDR. The Pareto front comparison checks that 

both models show the same trade-off direction in POPA–EDR space. Small differences 

due to the different property libraries (CoolProp (Bell et al., 2014) versus REFPROP (Lem-

mon et al., 2018)) are expected. The validation results are presented and discussed in 

Section 5.1. 

3.11 Economic and Environmental Post-Processing 

After TOPSIS selects the best design, a set of additional indicators are calculated to show 

its practical value. These are not objective functions and do not influence the optimiza-

tion or the TOPSIS ranking. They are calculated from the final selected design. 

Annual electricity output is the product of net power and assumed operating hours hop 

= 8,000 h/yr, based on continuous mGT operation: 
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𝐸ORC = P𝑛𝑒𝑡ℎop (3.52) 

The ORC thermal efficiency compares net electrical output to the total heat absorbed in 

the preheater and evaporator: 

𝜂ORC =
P𝑛𝑒𝑡

𝑄̇pre + 𝑄̇eva

 (3.53) 

Avoided CO₂ emissions are estimated by assuming the ORC output replaces Belgian grid 

electricity, using an emission factor of EFgrid = 0.13173 kg CO₂e/kWh (AIB Belgian residual 

mix 2024 (European Environment Agency, 2024)): 

𝐶𝑂2,avoided = P𝑛𝑒𝑡ℎop𝐸𝐹grid (3.54) 

Capital expenditure is specific investment cost multiplied by net power: 

𝐶𝐴𝑃𝐸𝑋 = 𝑆𝐼𝐶 × P𝑛𝑒𝑡 (3.55) 

To calculate the simple payback period, the following assumptions are used. Electricity 

revenue grows at re = 3 %/yr and O&M cost, set at 3 % of CAPEX following ORC waste-

heat-recovery practice (Quoilin et al., 2013), grows at inflation rate i = 2 %/yr: 

 

∑[𝑃netℎop𝐶𝑒(1 + 𝑟𝑒)𝑦−1 − 0.03 𝐶𝐴𝑃𝐸𝑋(1 + 𝑖)𝑦−1]

𝑁

𝑦=1

− 𝐶𝐴𝑃𝐸𝑋 ≥ 0 (3.56) 

The Belgian household electricity price Ce = 0.3499 €/kWh (Eurostat H2 2025 (Eurostat, 

2025)) is used as the revenue estimate.  



4 Optimization and Decision-Making Framework 

Chapter 3 developed the ORC model that calculates Pnet, TED, and SIC for each feasible 

design. This chapter explains how these outputs are used in the optimization and in the 

final design selection step. It covers the decision variables and their bounds, the three 

objective functions, how constraints are handled, the NSGA-II settings, the Pareto filter-

ing step, and the TOPSIS ranking. 

The problem needs more than one objective because the design targets do not all im-

prove in the same direction. A larger heat-transfer area recovers more heat and reduces 

exergy destruction, but it raises cost and gas-side pressure drop. A lower condensation 

pressure can increase turbine work, but for some fluids it leads to sub-atmospheric con-

denser operation. A higher evaporation pressure increases the turbine enthalpy drop 

but can reduce the boiler temperature difference and make the heat exchanger longer. 

Because these effects pull against each other, there is no single best design. Three ob-

jectives are therefore used maximize Pnet, minimize TED, and minimize SIC and NSGA-II 

(Deb et al., 2002) is applied to find the Pareto front. 

NSGA-II is chosen because it finds a set of non-dominated solutions in one run without 

combining the objectives into a single weighted value. This is useful since the balance 

between cost, exergy, and power is easier to analyses the trend once the full Pareto front 

is available.  

Figure 4.1 shows the calculation flow. NSGA-II creates candidate designs and sends each 

one to the ORC model, which checks feasibility, solves the thermodynamic cycle, sizes 

the two-zone heat exchanger, applies gas-side pressure-drop penalties, and returns the 

three objective values. NSGA-II ranks the population by non-dominated sorting and 

crowding distance, then applies tournament selection, crossover, and mutation to create 

the next generation. After the final generation, the Pareto front is identified and TOPSIS 

selects one design for working fluid. 
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Figure 4.1: NSGA-II and TOPSIS calculation workflow. The inner loop links the evolution-
ary operators with the ORC model. TOPSIS is applied only to the final non-
dominated set. 



4.1 Decision Variables and Search Space 

The seven decision variables are evaporation pressure Pe, condensation pressure Pc, 

working-fluid mass flow rate ṁo, fin pitch p, tube spacing S, number of parallel tubes per 

row Np, and number of tube rows Nr. These variables affect the thermodynamic cycle, 

heat-transfer area, gas-side pressure drop, exergy destruction, and equipment cost. Ta-

ble 4.1 gives the initial search bounds used before fluid-specific OAT refinement. 

Table 4.1: Global decision-variable bound structure used before fluid-specific OAT refine-
ment. 

Variable Lower bound Upper bound Type 

Pe 400 kPa 0.95 × Pcrit Continuous 

Pc Psat(50 °C) 200 kPa Continuous 

ṁₒ (kg/s) 0.10 0.30 Continuous 

p (mm) 2.0 9.0 Continuous 

S (mm) 24.0 40.0 Continuous 

Np 5 40 Integer 

Nr 2 8 Integer 

 

The bounds were set from physical limits, operating requirements, and preliminary 

model checks. The upper bound for Pe is 0.95 × Pcrit of the working fluid, which keeps 

the cycle subcritical and within the valid range of the boiling correlations. The upper 

bound for Pc is 200 kPa, above which the turbine pressure ratio becomes too small for 

useful power recovery. The mass flow rate is limited to 0.30 kg/s based on preliminary 

heat-balance checks with the 240 °C exhaust above this value, many designs fail the 

pinch-point or gas-outlet-temperature limits. Fin pitch (2.0–9.0 mm) and tube spacing 

(24.0–40.0 mm) are within the practical range for compact gas-to-liquid heat exchangers 

reported in the literature (Yang et al., 2015; Maalouf et al., 2012). Np is capped at 40 to 

avoid an impractically wide exchanger, and Nr is capped at 8 to avoid excessive gas-side 

pressure drop; preliminary checks showed only small gains in Pnet beyond these values 

while cost and pressure drop continued to rise. 

Np and Nr are integer variables, but NSGA-II works with continuous values. They are 

treated as continuous variables during crossover and mutation, then rounded to the 
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nearest integer before being used in the model calculation. This implementation keeps 

the genetic operators unchanged while ensuring that only integer tube counts and row 

numbers are evaluated. 

Before the main NSGA-II run, a one-at-a-time (OAT) sensitivity analysis is carried out by 

changing one variable at a time while holding the others fixed. This identifies the useful 

search range for each fluid and avoids spending evaluations in clearly infeasible or low-

performance regions. 

4.2 Objective Functions 

The three objectives are Pnet from Eq. (3.10), TED from Eq. (3.45), and SIC from Eq. 

(3.49). They each measure a different aspect of ORC performance and partly conflict with 

each other. 

Pnet is the net electrical output after subtracting pump power, condenser fan power, 

and gas-side pressure-drop penalties. It is the main measure of useful energy recovery. 

SIC is the specific investment cost in €/kW and stops the optimizer from selecting over-

sized heat exchangers that give only small power gains at high cost. Quoilin et al. (2013) 

showed that at sub-100 kW scale, heat exchangers and expanders dominate total system 

cost, making SIC a sensitive indicator at this scale. TED is the total exergy destruction 

across all ORC components, and it reflects the second-law quality of the design. Nami et 

al. (2018) found that the evaporator accounts for the largest share of exergy destruction 

in gas-turbine exhaust ORC systems, so TED is a useful second-law objective at this ex-

haust temperature. 

Because NSGA-II is implemented in minimization form, the objective vector is written as: 

F(x) = [SIC(x),  TED(x),  −P𝑛𝑒𝑡(x)] (4.1) 

where x is the seven-variable design vector. Minimizing −Pnet is equivalent to maximiz-

ing Pnet. 

4.3 Constraint Handling 

The eight feasibility conditions from Section 3.9 are checked inside the ORC model. If any 

condition fails, the model returns penalty objective values high SIC, high TED, and low 

Pnet without completing the remaining calculations. This gives infeasible candidates a 

poor non-domination rank and they are dropped during selection. 



A penalty approach is used because some feasibility checks depend on results from the 

ORC model itself. The pinch point, gas outlet temperature, exergy balance, and NTU it-

eration are all calculated during model evaluation. There is no straightforward way to 

correct an infeasible design before evaluation, so penalty rejection is simpler and con-

sistent with common constraint-handling practice in evolutionary algorithms (Deb et al., 

2002). 

4.4 NSGA-II Implementation 

NSGA-II is run through the RHEIA framework (Coppitters et al., 2020), which handles 

population management and genetic operators. The ORC model is connected as an ex-

ternal evaluator. Three features of NSGA-II are important here. Non-dominated sorting 

separates the population into ranked layers, with Rank 1 being the current Pareto-front 

estimate. Elitist selection keeps the best solutions from one generation to the next. 

Crowding distance spreads solutions across the front so that low-cost, low-exergy-de-

struction, and high-power designs all stay in the population. 

The settings used are population size 20, evaluation budget 800, crossover probability 

0.90, mutation probability 0.10 per variable, and distribution index η = 0.20. The starting 

population is seeded by Latin Hypercube Sampling within the OAT-refined bounds, giving 

a broad spread of initial designs.  

The same settings are applied separately to n-pentane, cyclopentane, n-hexane, and n-

heptane, each using its own OAT-refined pressure bounds. The only thing that differs 

between fluids is the saturation-dependent pressure limits. Differences in results there-

fore come from fluid properties and heat-transfer behavior, not from the optimization 

setup. 

4.5 Pareto Filtering and TOPSIS Ranking 

After the final generation, penalty solutions are removed and the non-dominated set is 

identified by comparing all feasible designs. A design stays on the Pareto front if no other 

feasible design has lower SIC, lower TED, and higher Pnet at the same time. 

TOPSIS (Hwang & Yoon, 1981) is applied separately to each fluid’s Pareto set. The deci-

sion matrix is built from the Pareto-front values of SIC, TED, and Pnet, then normalized 
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by the Euclidean norm of each column to remove differences in units and scale. The 

weights used are wSIC = 0.40, wPnet = 0.35, and wTED = 0.25. 

These weights reflect the priorities of a small-scale mGT waste-heat recovery system. SIC 

gets the highest weight (0.40) because cost per kW is the main practical constraint for 

small ORC systems (Quoilin et al., 2013). A design that is too expensive per kilowatt is 

unlikely to be installed even if it performs well thermodynamically. Pnet gets 0.35 be-

cause recovering useful electricity is the primary purpose of the system. TED gets 0.25 

as a thermodynamic quality indicator which is important for comparing designs, but less 

directly tied to project economics than cost or power.  

TOPSIS defines an ideal best point which indicate the lowest SIC, lowest TED, and highest 

Pnet in the Pareto set and an ideal worst point with the opposite values. Each design is 

scored by its closeness coefficient: 

𝐶𝐶𝑖 =
𝐷𝑖

−

𝐷𝑖
+ + 𝐷𝑖

− (4.2) 

where Di⁺ and Di⁻ are the weighted Euclidean distances to the ideal best and ideal worst 

points. The design with the highest CCi is selected as the best compromise design for 

that fluid. 
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5 Results and Discussion 

This chapter presents the results of the ORC model and optimization. It starts with model 

validation to check the calculation method before applying it to the working fluids. The 

chapter then discusses fluid screening, OAT sensitivity analysis, NSGA-II Pareto fronts, 

and TOPSIS selection. These steps show how the working fluids behave and how the 

main decision variables affect net power, exergy destruction, and specific investment 

cost. The selected n-pentane design is then examined using the T–s diagram, the three-

dimensional Pareto front, the component exergy split, and the economic and environ-

mental indicators. 

5.1 Model Validation 

Before the optimization results are presented, the ORC model is compared with the pub-

lished study of Yang et al. (2015). This check is done to make sure the model gives rea-

sonable results before it is used for the four working fluids. The comparison uses POPA 

and EDR, because these are the main indicators reported by Yang et al. (2015). The vali-

dation setup and acceptance criteria are described in Section 3.10. The results fall within 

these limits, and the model is accepted as suitable for the main mGT exhaust optimiza-

tion. 

The comparison is made at an evaporation pressure of 2.4 MPa and a condensation tem-

perature of 298.15 K. Two versions of the present model are used. The first version re-

moves the main auxiliary losses to match the assumptions of Yang et al. (2015). The sec-

ond version is the full model used in this thesis, which includes condenser fan power, 

generator conversion loss, and gas-side pressure-drop penalties. 

Table 5.1 shows the results. With Yang-compatible assumptions, the model gives 13.61 

kW net power, compared with 13.84 kW in Yang et al. (2015) a difference of only 1.6 %. 

POPA is also close: 0.746 kW/m² for the present model and 0.740 kW/m² in the refer-

ence. When the full detailed model is used, the differences are larger because of the 

extra losses. Net power drops to 9.20 kW and thermal efficiency to 8.77 %. This shows 

that the core ORC cycle calculation matches the published result well, and the larger 

differences in the detailed case come from the additional loss terms that Yang et al. 

(2015) did not include. 



 

Table 5.1: Validation comparison with Yang et al. (2015). 

Parameter Unit Yang et al. 

[9] 

compati-

ble model 

Error Detailed 

model 

Error 

POPA kW/m² 0.740 0.746 +0.8 % 0.680 −8.1 % 

TED kW 33.10 34.12 +3.1 % 35.72 +7.9 % 

Pnet kW 13.84 13.61 −1.6 % 9.20 −33.5 % 

Efficiency % 13.33 12.98 −2.6 % 8.77 −34.2 % 

 

Figure 5.1 compares the POPA–EDR Pareto fronts. The detailed model gives lower POPA 

and higher EDR than Yang et al. (2015), which is expected given the extra losses included. 

Both fronts show the same trade-off direction: as POPA increases, EDR also increases. 

The present model reproduces the same trade-off behavior as the reference study. The 

validation results are within the acceptance criteria. The model is therefore considered 

suitable for the main mGT exhaust optimization. 

 

Figure 5.1: POPA–EDR Pareto-front comparison between the present model with Yang 
et al. (2015). 

5.2 Working-Fluid Screening and Selection 

The ORC model uses saturated vapour at the turbine inlet with no superheating. Expan-

sion must therefore remain in the vapor region throughout, which restricts candidates 
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to dry or isentropic fluids whose saturated-vapor curves slope positively in the T–s dia-

gram. 

 

Figure 5.2: Temperature–entropy saturation diagram of the six candidate fluids against 
the 240 °C mGT exhaust source temperature. 

Figure 5.2 shows that n-pentane, cyclopentane, n-hexane, and n-heptane all have suita-

ble saturated-vapor curves and are kept for optimization. R141b and R123 are removed 

because of their ODP and regulatory restrictions, as discussed in Section 2.2. 

The T–s diagram also helps explain why the four fluids behave differently in the optimi-

zation. Cyclopentane and n-hexane have critical temperatures of 238.6 °C and 234.7 °C, 

close to the 240 °C exhaust source. This allows them to evaporate near the source tem-

perature, which reduces the boiler temperature mismatch and the exergy destruction 

identified by Nami et al. (2018) as the main ORC irreversibility. n-Pentane (critical tem-

perature 196.6 °C) works at higher evaporation pressure with an above-atmospheric 

condensation pressure. This leads to good power and cost performance but requires a 

longer liquid preheating zone before evaporation. n-Heptane (critical temperature 

267.0 °C) can match the source temperature, but it needs near-vacuum condensation, 

which can create sealing difficulties and higher condenser cost. 

5.3 Sensitivity Analysis 

A one-at-a-time (OAT) sensitivity analysis was done before the NSGA-II run. Each variable 

was changed one at a time while the others were held at representative values. The aim 



was to find the useful search range for each fluid and avoid spending the 800 model 

evaluations in regions that are clearly infeasible or give poor objective values. 

     a 

 

       b 

 

      c 

 

 

Figure 5.3: OAT sensitivity of the four retained hydrocarbons to (a) working-fluid mass 
flow rate ṁo, (b) evaporation pressure Pe, and (c) condensation pressure Pc, 
showing the corresponding effect on Pnet, total cost TC, and SIC. 

Figure 5.3 shows that Pe, Pc, and ṁo have the strongest effect on the objectives. The 

geometric variables mainly affect cost and gas-side pressure drop and are shown in Ap-

pendix B. 

For the mass-flow-rate sweep, SIC first drops and then rises for all four fluids. At low ṁo, 

raising mass flow rate increases Pnet faster than cost, therefore SIC falls. After a certain 
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point, more heat-exchanger areas are needed but the power gain becomes smaller, for 

this reason SIC rises again. The SIC minimum is near 0.20 kg/s for n-pentane and around 

0.13 kg/s for cyclopentane and n-hexane. TED increases steadily with mass flow rate be-

cause more heat is transferred through the components. 

For the evaporation-pressure sweep, n-pentane responds most strongly. Higher Pe in-

creases the turbine pressure ratio and vapor density at the same time therefore the 

evaporator area per unit duty falls while Pnet grows and SIC drops. Cyclopentane and n-

hexane show a smaller improvement at high Pe because they get close to the critical 

region, where the boiler temperature difference shrinks and the heat exchanger must 

grow to absorb the same duty. n-Heptane shows very little response because its useful 

pressure range is narrow. 

For the condensation-pressure sweep, Pnet reduces as turbine outlet pressure rises for 

all fluids. 

Table 5.2: Fluid-specific refined NSGA-II bounds from the OAT sensitivity analysis. 

Fluid Pe (bar) Pc (bar) ṁo (kg/s) p (mm) S (mm) Np Nr 

n-Pen-

tane 

24–30 1.6–3.0 0.20–0.26 3–6 30–40 18–40 3–8 

Cyclo-

pentane 

17–28 1.04–3.0 0.13–0.18 3–5 32–40 30–40 4–8 

n-Hex-

ane 

12–22 0.54–3.0 0.13–0.18 3–6 30–40 25–40 4–8 

n-Hep-

tane 

4–7 0.19–0.80 0.16–0.22 3–6 30–40 16–40 3–8 

 

The bounds are different for each fluid. n-Pentane uses the highest evaporation pressure 

and mass flow rate because its best designs use high turbine pressure ratios at above-

atmospheric condensation. Cyclopentane and n-hexane operate at lower mass flow 

rates because they match the source temperature better. n-Heptane is limited to a nar-

row low-pressure range because its high critical temperature forces very low condensa-

tion pressures to keep a useful expansion ratio. 



5.4 Pareto-Front Analysis 

NSGA-II was run separately for each working fluid using the refined bounds from Table 

5.2. Each run used 800 model evaluations and took about 3.2 hours. After the run, the 

non-dominated solutions were identified as the Pareto front. 

a 

 
b 

 
c 

 

Figure 5.4: Two-dimensional projections of the NSGA-II Pareto front (a) Pnet–SIC, (b) 
Pnet–TED, and (c) TED–SIC. 
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In the Pnet–SIC graph n-pentane is clearly separated from the other three fluids. Its Pa-

reto front covers SIC from €7,159 to €7,700/kW and Pnet from 15.43 to 16.63 kW. The 

range is narrow only €541/kW over 1.2 kW of power, and no solution from the other 

fluids reaches a SIC below €8,169/kW. The near-flat curve means that extra heat-ex-

changer investment gives proportional power gains without a large cost increase. As Pe 

rises, vapor density increases and evaporator volume per unit duty falls, so total cost 

stays stable while Pnet continues to grow. The cost advantage comes with a higher TED: 

n-pentane must heat the working fluid as single-phase liquid from about 50 °C to 

188.6 °C before boiling starts, so 79 % of the total boiler duty falls into a zone where the 

fluid and exhaust temperatures are far apart. This accumulates exergy destruction re-

gardless of heat-exchanger size, which is why n-pentane's entire Pareto curve sits in the 

highest TED band in the Pnet–TED projection. 

Cyclopentane behaves differently. In the Pnet–SIC graph its curve is long and curved 

steep at the low-SIC end and flattening toward the maximum Pnet. This happens because 

raising Pe toward its critical temperature of 238.6 °C narrows the boiler temperature 

difference and forces the heat exchanger to grow steeply. A €6,100/kW cost spread gives 

only a 1.6 kW Pnet gain, so extra area gives diminishing returns at the high-Pe end. In 

the Pnet–TED graph cyclopentane stays in the lowest TED band at all power levels (TED 

from 15.44 to 20.97 kW). Its balanced heat-duty split keeps boiler entropy generation 

consistently lower than any other fluid at a given Pnet. In the TED–SIC graph its curve is 

nearly diagonal, showing a clear trade-off where more area reduces TED and raises SIC 

at roughly constant Pnet. 

n-Hexane reaches the lowest TED in the study at 15.19 kW, but only at Pnet of about 

4.17 kW and SIC of €19,238/kW. Its curve runs into the high-SIC, low-power corner, which 

means TED-minimizing designs are too expensive to be practical. n-Heptane reaches 

Pnet of about 15.30 kW at SIC up to €14,183/kW but carries TED of 25.31 kW at that 

point. Its near-vacuum condensation constraint limits the achievable TED floor to about 

19.15 kW within the search bounds. Moving from minimum TED to maximum Pnet raises 

SIC substantially while reducing TED only a little, which shows the limitation comes from 

the condensation pressure constraint, not from insufficient heat-exchanger area. 



The three pareto fronts together show that n-pentane is the stronger option when cost 

and power are the main priorities, and cyclopentane is stronger when thermodynamic 

quality matters more. 

5.5 TOPSIS Best-Compromise Solution 

TOPSIS was applied to the final Pareto set of each fluid using the weights from Section 

4.5: wSIC = 0.40, wPnet = 0.35, wTED = 0.25. Cost gets the highest weight because it is 

the main barrier to adoption at sub-100 kW scale (Quoilin et al., 2013). Net power gets 

the second weight because recovering useful electricity is the main purpose of the ORC. 

TED is kept as a thermodynamic quality indicator but gets a lower weight because project 

decisions at this scale are more strongly driven by cost and power. 

Table 5.3: TOPSIS-selected operating variables. 

Fluid Pe (bar) Pc (bar) ṁo (kg/s) p (mm) S (mm) Np Nr 

n-Pentane 29.83 1.61 0.250 3.3 38 27 4 

Cyclopentane 21.63 1.05 0.175 3.4 32 31 6 

n-Heptane 6.45 0.19 0.192 3.3 33 20 5 

n-Hexane 20.17 0.57 0.167 3.3 36 27 6 

Table 5.4: TOPSIS-selected performance indicators. 

Fluid Pnet (kW) TED (kW) SIC (€/kW) Total cost (€) 

n-Pentane 15.96 26.52 7,169 114,390 

Cyclopentane 13.94 20.58 8,498 118,470 

n-Heptane 13.96 24.13 9,107 127,174 

n-Hexane 13.45 21.90 10,084 135,630 

The heat-duty split explains n-pentane's higher TED. At Pe = 29.83 bar, n-pentane boils 

at 188.6 °C but condensates near 50 °C. As a result, 102.5 kW of the 130.3 kW total boiler 

duty about 79 % goes into single-phase liquid preheating over a 138 K temperature span. 

In this zone the working fluid and exhaust temperatures are far apart, which generates 

entropy. This is the main cause of the elevated TED, not the evaporation pressure level. 

Cyclopentane's more balanced split (55.7 kW preheater, 41.9 kW evaporator) gives bet-

ter source matching and explains its much lower TED. 
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Figure 5.5: TOPSIS best-compromise results for the four working fluids.  

Cyclopentane gives the lowest practical TED and would be the better choice if exergy 

quality is more important than cost. A weight sensitivity check confirms that n-pentane 

stays preferred under cost- and power-dominant weighting, but cyclopentane becomes 

the better option when TED gets the dominant weight. At that point, cyclopentane gives 

87 % of n-pentane's Pnet at 19 % higher SIC. n-Pentane is taken forward for the detailed 

assessment. 

5.6 Further Assessment of the Selected Design 

The selected design is the TOPSIS-ranked n-pentane case Pe = 29.83 bar, Pc = 1.61 bar, 

ṁo = 0.250 kg/s, p = 3.3 mm, S = 38 mm, Np = 27, Nr = 4. It is examined using the T–s 

diagram, the three-dimensional Pareto front, and the component exergy split. 

The T–s diagram confirms the cycle is physically valid. The working fluid is pumped from 

State 1 (saturated liquid) to State 2, heated as single-phase liquid to the saturated-liquid 

boundary at State 2′, evaporated to saturated vapor at State 3 (188.6 °C), expanded to 

State 4 (about 105 °C, superheated), and condensed back to State 1.  



 

Figure 5.6: T–s diagram of the TOPSIS-selected n-pentane ORC cycle with labelled state 
points. 

The actual turbine specific work of about 76.4 kJ/kg against the isentropic value of 109.2 

kJ/kg confirms the 70 % turbine efficiency. The exhaust leaves the preheater at 101.2 °C, 

which is above the 70 °C acid dew-point limit, and the condenser rejects 112.9 kW to 

cooling air. 

 

Figure 5.7: Three-dimensional n-pentane Pareto front with the TOPSIS-selected solution 
(red star) highlighted. 
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Figure 5.7 shows that TOPSIS design is a member of the non-dominated set. It is shown 

at the high-Pnet, low-SIC end of the three-dimensional front. Moving toward lower TED 

from this point would reduce Pnet and raise SIC, which does not match the TOPSIS 

weights. The TED of 26.52 kW puts it near the high-TED end of the n-pentane front. 

 

Figure 5.8: Exergy split for the selected n-pentane design, normalized to total exhaust-
gas exergy input. 

Of the 60.89 kW of available exhaust-gas exergy, 27.03 % is converted to net electrical 

power. The condenser (26.62 %) and stack loss (22.89 %) together account for nearly half 

the input. The condenser rejects heat across a log-mean temperature difference of 28.4 

K, and the stack carries residual exergy that cannot be recovered without violating the 

pinch-point or acid dew-point constraints. These are structural limits set by the air-

cooled condenser and the minimum stack temperature. The turbine accounts for 

11.27 % of exergy destruction, the preheater for 9.11 % (from the 138 K liquid heating 

span), the evaporator for 2.32 % (small because n-pentane at 29.83 bar boils only 51 K 

below the exhaust inlet), and the pump for 0.76 %. 

The thermal efficiency is 12.25 % against a total boiler heat input of 130.3 kW. This is 

within the expected range for small ORC systems using a 200–250 °C heat source (Quoilin 

et al., 2013; Tartère & Astolfi, 2017).  The exergy split shows that the largest improve-

ment opportunities are in the condenser and stack losses, but reducing these would 

need larger heat-exchanger area and higher cost. This is the same cost–power–exergy 

trade-off shown by the Pareto fronts. 



5.7 Economic and Environmental Assessment 

The economic and environmental indicators are calculated after the TOPSIS selection. 

They are not objective functions and did not affect the optimization or the TOPSIS rank-

ing. The selected n-pentane design has Pnet = 15.96 kW and CAPEX = €114,390. The 

assumptions are Belgian household electricity price €0.3499/kWh (Eurostat, 2025), grid 

emission factor 0.13173 kg CO₂e/kWh (European Environment Agency, 2024), and 8,000 

operating hours per year. 

The system produces 127.7 MWh/yr. Displacing this output avoids about 16.8 tCO₂e/yr. 

The modest figure reflects Belgium's already low-carbon electricity mix.  

First-year electricity revenue is €44,675. After O&M costs of 3 % of CAPEX (€3,432), the 

net first-year cash inflow is about €41,244. With revenue growing at re = 3 %/yr and O&M 

at i = 2 %/yr, the cumulative cash flow turns positive in year 3, giving a payback of about 

2.7 years. The result is therefore a favorable estimate, not a guaranteed industrial return. 

The cyclopentane TOPSIS design (Pnet = 13.94 kW, SIC = €8,498/kW) produces about 

111.5 MWh/yr and has an estimated payback of about 3.2 years under the same as-

sumptions. The 22 % reduction in TED compared with n-pentane comes at the cost of 

about six additional months of payback. Overall, n-pentane is the better choice when 

cost and power matter most, and cyclopentane is better when exergy quality is the main 

priority. 
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6 Conclusion and future work 

6.1 Conclusions 

This thesis investigated a subcritical ORC for recovering electricity from the post-recu-

perator exhaust of a 240 °C micro gas turbine. The work focused on selecting a working 

fluid and operating design that gives a good balance between net power output, total 

exergy destruction, and specific investment cost. To do this, a three-objective NSGA-II 

optimization method was combined with a two-zone finned-tube heat-exchanger model 

and TOPSIS decision-making. 

Six candidate fluids were first screened. R141b and R123 were removed because of their 

ODP and regulatory restrictions. The four retained fluids were n-pentane, cyclopentane, 

n-hexane, and n-heptane. All four meet the dry-fluid requirement for saturated-vapor 

turbine inlet operation. Cyclopentane and n-hexane match the 240 °C exhaust source 

better and therefore give lower exergy destruction. n-Pentane works at higher evapora-

tion pressure and has above-atmospheric condensation pressure, which is more practi-

cal. n-Heptane needs near-vacuum condensation, which makes it less attractive. 

The OAT sensitivity analysis showed that evaporation pressure, condensation pressure, 

and working-fluid mass flow rate have the strongest effect on the results. The geometric 

variables mainly affect equipment cost and gas-side pressure-drop losses. The OAT re-

sults were used to reduce the search space before the NSGA-II runs. 

The Pareto fronts showed a clear difference between the fluids. n-Pentane gave the best 

cost and power performance, with a minimum SIC of €7,159/kW and a maximum Pnet 

of 16.63 kW. Cyclopentane gave the lowest TED at comparable power levels because of 

its better thermal match with the exhaust source.  

TOPSIS was applied using weights of 0.40 for SIC, 0.35 for Pnet, and 0.25 for TED. With 

these weights, n-pentane was selected as the final compromise design. The selected 

points has Pe = 29.83 bar, Pc = 1.608 bar, and ṁo = 0.2496 kg/s. It gives Pnet = 15.96 kW, 

SIC = €7,169/kW, and TED = 26.52 kW. 

The exergy split showed that the condenser and stack are the largest loss locations, with 

26.6 % and 22.9 % of the available exhaust-gas exergy. Turbine losses account for 11.3 %, 

and preheater irreversibility accounts for 9.1 %. At 8,000 operating hours per year, the 



selected n-pentane design produces about 127.7 MWh/yr. Under the Belgian household 

electricity tariff assumption, it avoids about 16.8 tCO₂e/yr and gives an estimated simple 

payback of 2.7 years. 

Overall, n-pentane is recommended when cost and net power are the main priorities. It 

gives the lowest SIC, the highest Pnet, and a practical condensation pressure. Cyclopen-

tane remains the better option when lower exergy destruction is more important than 

minimum cost. The final working-fluid choice therefore depends on the design priority. 

6.2 Limitations 

The model used in this thesis is a steady-state design-point model. It does not include 

part-load operation, start-up behaviour, or seasonal changes in ambient temperature. 

The turbine and pump isentropic efficiencies are fixed at 0.70, so they do not change 

with pressure ratio, mass flow rate, or working fluid. 

The model was checked against published ORC modelling results and component-level 

correlations from Yang et al. [9], but no experimental validation of the full integrated 

system was carried out. 

The cost calculation uses the Turton et al. [36] purchased-equipment-cost correlations 

updated to 2024 using CEPCI. It does not include installation, piping, control systems, 

civil works, commissioning, permitting, or safety equipment. For this reason, SIC should 

be read as a comparative cost indicator, not as a full project cost. 

The payback calculation uses Belgian household electricity prices. This gives a favourable 

case because these prices include taxes and network charges. The result should not be 

treated as a guaranteed industrial return.  

6.3 Future Work 

• Future work should include part-load and annual performance modelling. This 

would allow the ORC to be tested under changing exhaust temperature, exhaust 

mass flow rate, and ambient temperature. 

• The ORC could also be studied in CHP mode. Adding useful heat recovery from 

the condenser may make cyclopentane more attractive because of its lower ex-

ergy destruction. 
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• Hydrocarbon safety should be studied before practical use. This should include 

charge minimisation, ventilation, leak detection, hazardous-zone classification, 

and compliance with safety standards. 

• Finally, experimental validation is recommended. A small test rig using n-pentane 

under controlled exhaust conditions would help check the predicted Pnet, TED, 

SIC, and component losses. 
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Appendix 

Appendix A  Model Parameters, Correlations 

This appendix gathers the fixed model parameters, geometric definitions, heat-transfer 

correlations, cost coefficients, and feasibility checks used by the ORC forward evaluator.  

Appendix A.1  Exhaust-Gas Property Correlations 

The exhaust gas is represented by polynomial property correlations evaluated at the lo-

cal mean gas temperature.  

𝜌𝑔(𝑇𝑔) = 1.14 × 10−6𝑇𝑔
2 − 1.77 × 10−3𝑇𝑔 + 1.0614 [kg/m3] (A.1) 

𝑐𝑝,𝑔(𝑇𝑔) = 0.246𝑇𝑔 + 1000.6 [J/(kg ⋅ K)] (A.2) 

𝑘𝑔(𝑇𝑔) = 7.32 × 10−5𝑇𝑔 + 0.0233 [W/(m ⋅ K)] (A.3) 

𝜇𝑔(𝑇𝑔) = 3.94 × 10−8𝑇𝑔 + 1.76 × 10−5 [Pa ⋅ s] (A.4) 

Appendix A.2  Finned-Tube Geometry 

The staggered tube bank uses transverse pitch St = S and longitudinal pitch Sl = S sin(60°). 

The total number of tubes is Nt = Np Nr and the collar diameter is dc = do + 2t. The follow-

ing expressions define the gas-passage and heat-transfer areas used in both preheater 

and evaporator calculations. 

𝜎𝑔 = (
𝑝 − 𝑡𝑓

𝑝
) (

𝑆 − 𝑑𝑜

𝑆
) (A.5) 

𝐴𝑚 = (
𝑆 − 𝑑𝑜

2
) (𝑝 − 𝑡𝑓) (A.6) 

𝐴𝑤 = [𝑆𝑆𝑙 −
𝜋𝑑𝑜

2

4
+

𝜋𝑑𝑜(𝑝 − 𝑡𝑓)

2
] 𝑁𝑟 (A.7) 

𝑑ℎ =
4𝐴𝑚

𝐴𝑤/𝐿flow
, 𝐿flow = 𝑆𝑙𝑁𝑟 (A.8) 

𝐴𝑔,front = 𝑆(𝑁𝑝 + 0.5)𝐿, 𝐴𝑔,flow = 𝜎𝑔𝐴𝑔,front (A.9) 



𝐴𝑔,bare = 𝑁𝑡𝜋𝑑𝑜𝐿 (1 −
𝑡𝑓

𝑝
) (A.10) 

𝐴𝑔,fin =
2𝐿

𝑝
[𝑆(𝑁𝑝 + 0.5)𝑆𝑙𝑁𝑟 −

𝑁𝑡𝜋𝑑𝑜
2

4
] (A.11) 

𝐴𝑔,total = 𝐴𝑔,bare + 𝐴𝑔,fin (A.12) 

Appendix A.3  Wang et al. Gas-Side Coefficient Expressions 

The gas-side Colburn j factor and friction factor are defined in Chapter 3. The geometry-

dependent coefficient groups used in those correlations are listed here to keep the main 

chapter readable. 

𝑎1 =  −0.361 −  0.042
𝑁𝑟

ln(𝑅𝑒)
+  0.158 ln [𝑁𝑟 (

𝑝

𝑑𝑐
)

0.41

] (A.13) 

𝑎2 =  −1.224 −
0.076 (

𝑆𝑙
𝑑ℎ)

1.42

ln(𝑅𝑒)
 

(A.14) 

𝑎3 =  −0.083 +  0.058
𝑁𝑟

ln(𝑅𝑒)
 (A.15) 

𝑎4 =  −5.735 +  1.21 ln (
𝑅𝑒

𝑁𝑟
) (A.16) 

𝑏1 =  −0.764 +  0.739 (
𝑆

𝑆𝑙
) +  0.177 (

𝑝

𝑑𝑐
) −

0.00758

𝑁𝑟
 (A.17) 

𝑏2 =  −15.689 +
64.021

ln(𝑅𝑒)
 (A.18) 

𝑏3 =  1.696 −
15.695

ln(𝑅𝑒)
 (A.19) 

Appendix A.4  Annular Fin Efficiency and Row Weighting 

The equivalent annular fin radius is calculated using Schmidt’s approximation, and the 

fin efficiency is evaluated using the exact modified-Bessel-function expression. Row-wise 

gas-side heat-transfer multipliers account for wake development and row-to-row varia-

tion through the tube bank. 

𝑟𝑒 =  1.27 (
𝑆

2
) [(

𝑆𝑙

𝑆
) −  0.3]

1
2

,    𝑟𝑜 =
𝑑𝑐

2
 (A.20) 
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𝑚 =  [
2ℎ𝑔

𝑘𝑓 𝑡𝑓
]

1
2

 (A.21) 

𝜂𝑓 =  {
2𝑟𝑜

[𝑚(𝑟𝑒2 −  𝑟𝑜2)]
} × {

[𝐼1(𝑚𝑟𝑒)𝐾1(𝑚𝑟𝑜) −  𝐾1(𝑚𝑟𝑒)𝐼1(𝑚𝑟𝑜)]

[𝐼0(𝑚𝑟𝑜)𝐾1(𝑚𝑟𝑒) +  𝐾0(𝑚𝑟𝑜)𝐼1(𝑚𝑟𝑒)]
} (A.22) 

𝜂𝑜 =
(𝐴𝑔𝑏𝑎𝑟𝑒  +  𝜂𝑓𝐴𝑔𝑓𝑖𝑛)

𝐴𝑔𝑡𝑜𝑡𝑎𝑙

 (A.23) 

ℎ𝑔, 𝑖 =  𝐹𝑖 ℎ𝑔 (A.24) 

𝐹𝑖 =
𝑁𝑟𝑅𝑖

∑ 𝑅𝑘
𝑁𝑟
𝑘=1

 (A.25) 

Table A.1. Row weighting factors for the gas-side heat-transfer multiplier. 

Row factor 1 2 3 4 ≥5 

Rk 1.00 0.60 0.55 0.53 0.52 

Appendix A.5  Preheater Effectiveness Relation 

The preheater contains sensible heat transfer on both sides. The following finite-capac-

ity-rate relation is used during the preheater length iteration, where the calculated heat 

duty is matched to the enthalpy-based preheating duty. 

𝐶𝑟 =
𝐶min

𝐶max
 (A.26) 

𝜀𝑝 = 1 − exp {
𝑁𝑇𝑈0.22

𝐶𝑟

[exp(−𝐶𝑟𝑁𝑇𝑈0.78) − 1]} (A.27) 

Appendix A.6  Purchased-Equipment Cost Coefficients 

Table A.2. Purchased-equipment cost correlation coefficients and material factors. 

Component Size 

parameter X 

K1 K2 K3 Fm Unit of X 

Evaporator Ag,total 4.3247 −0.3030 0.1634 1.12 m² 

Preheater Ag,total 4.3247 −0.3030 0.1634 1.12 m² 

Condenser Ac 4.3247 −0.3030 0.1634 1.12 m² 

Pump Pp 3.3892 0.0536 0.1538 1.50 kW 

Turbine Pt 2.2476 1.4965 −0.1618 1.00 kW 

  



Appendix B  Full OAT Sensitivity Plots for Geometric Variables 

The full geometric OAT plots are collected here because p, S, Np, and Nr mainly affect 

cost and pressure-drop behaviour rather than the thermodynamic cycle states.  
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Figure B.1. OAT sensitivity of the geometric decision variables for the four selected hy-

drocarbons: (a) fin pitch p, (b) tube spacing S, (c) number of tubes per row Np, and (d) 

number of tube rows Nr. For each variable, Pnet, TC, and SIC are shown while all other 

variables are fixed at their base-case values.  

 

Appendix C  Full Three-Dimensional Pareto Fronts 
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The three-dimensional Pareto fronts show the simultaneous trade-off among SIC, TED, 

and Pnet for each retained hydrocarbon. The red star marks the TOPSIS-selected best-

compromise design within each fluid-specific Pareto set. 
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Figure C.1. Three-dimensional Pareto fronts for the four selected hydrocarbon working 

fluids: (a) n-pentane, (b) cyclopentane, (c) n-hexane, and (d) n-heptane. Each plot 

shows the trade-off between SIC, TED, and Pnet, with the TOPSIS-selected best-com-

promise point highlighted. 

 

 

Appendix D: Python/RHEIA Implementation Notes 



This appendix summarizes the Python/RHEIA implementation used to run the NSGA-II 

optimization. Only the essential implementation files and optimization settings are re-

ported here; the complete scripts are provided electronically with the thesis. 

D.1 Implementation files 

The optimization workflow consists of the ORC evaluator, a RHEIA case-description file, 

a design-space file, and a run script. The ORC evaluator developed in Chapter 3 calculates 

the thermodynamic cycle, heat-exchanger performance, gas-side pressure-drop penal-

ties, exergy destruction, and cost indicators. RHEIA calls this evaluator during the NSGA-

II optimization. 

Table D.1. Main implementation files. 

File Purpose 

orc_model.py ORC forward evaluator returning SIC, TED, and Pnet 

case_description.py Connects the ORC evaluator to the RHEIA case structure 

design_space.csv Defines lower and upper bounds of the seven decision varia-

bles 

run_optimization.py Launches the NSGA-II optimization 

Post_Process.py Removes penalty solutions, extracts Pareto fronts, applies 

TOPSIS, and saves plots 

The RHEIA case-description file links the optimization framework to the ORC evaluator 

through a single import statement. 

Listing D.1. RHEIA case-description interface. 

from rheia.CASES.MGT_ORC.orc_model import evaluate 

The evaluator receives the seven-variable design vector and returns the objective values 

used by NSGA-II. The full evaluator source code is not repeated in the thesis because the 

model equations and correlations are already documented in Chapter 3 and Appendix 

A. 

D.2 NSGA-II optimization settings 

The optimization was launched using the RHEIA optimization module. The initial popu-

lation was generated automatically using Latin Hypercube Sampling, and the run was 

stopped after a fixed evaluation budget. The settings used in the run script are shown in 

Listing D.2. 

Listing D.2. RHEIA NSGA-II optimisation setup. 
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import rheia.OPT.optimization as rheia_opt 

 

dict_opt = { 

    "case": "MGT_ORC", 

    "objectives": {"DET": (-1, -1, 1)}, 

    "population size": 20, 

    "stop": ("BUDGET", 800), 

    "results dir": "results_1", 

    "x0": ("AUTO", "LHS"), 

    "cx prob": 0.9, 

    "mut prob": 0.1, 

    "eta": 0.2, 

    "n jobs": 1 

} 

 

rheia_opt.run_opt(dict_opt) 

The objective setting (-1, -1, 1) represents the three-objective formulation used in Chap-

ter 4: SIC and TED are minimized, while Pnet is maximized. The population size is 20, and 

the total budget is 800 objective-function evaluations. A crossover probability of 0.9 and 

mutation probability of 0.1 are used. The complete optimization and post-processing 

scripts are retained as supplementary electronic files. 
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