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Preface 
 
In the past, the pressures on the world’s natural resources and the environment were not 
as high as they are today. Therefore, the designers of energy-conversion systems strived 
to satisfy two conflicting objectives of their designs; (a) maximising the performance 
efficiency of the systems and (b) minimising their owning costs. By assessing both 
objectives in terms of monetary measures, the design optimisation problem could be 
solved by minimising a “total annualised cost rate” that accounts for the two factors. 
However, design optimisation of present-day energy systems is more challenging due to 
the additional constraints that have to be met, including the effect on the environment, 
and the increasing complexity of the systems themselves. Solving optimisation problems 
of present-day energy-conversion systems would not have been possible without taking 
advantage of the recently developed computer-aided techniques for multi-objective 
optimisation (MOO) and exergoeconomic analyses. This book aims to give senior 
engineering students and young researchers in the field a gentle introduction to these two 
modern tools and show how they can be used to complement one another for design 
optimisation analyses of energy conversion systems.  
 
MOO and exergoeconomics are two different optimisation methodologies. MOO applies 
iterative search methods to optimise the system with predefined objectives and provides 
the engineer with a small set of solutions to select from. Exergoeconomics uses thermo-
dynamics and economics to associate costs to exergy flows and exergy destructions in 
the system and defines a number of exergoeconomic parameters to assess the economic 
performance of the system. Unlike MOO, the result of an exrgogoeconomic analysis is 
not an optimised system, but a set of indicators for setting-up optimisation strategies and, 
therefore, the optimised system depends on the engineer’s interpretation of the 
exergoeconomic results. To improve the accuracy of the method, an advanced 
exergoeconomic method has been developed that splits the rates of exergy destructions 
and associated costs into avoidable and unavoidable and self-generated (endogenous) and 
imported (exogenous) parts and redefines the exergoeconomic parameters accordingly. 
The application of the two methods for design optimisation may pose more questions 
than the answers it gives. Since the two methods are still under development, it is hoped 
that this book provides understandable and applicable answers to these questions if not 
comprehensive and conclusive ones. 
 
This book is the third in a set of three books that adopt the widely available and easy-to-
use spreadsheet application Microsoft Excel as modelling platform. Although the use of 
Excel for thermal-fluid analyses in general and the analyses of energy-conversion 
systems in particular is not a new idea, the present set of books are intended to present a 
comprehensive approach for applying computer-aided methods at all levels of thermo-
fluid analyses including those related to the fundamental courses, design-based courses, 
and research-oriented assignments. To enhance the learning process, the books adopt a 
Learn-By-Examples (LBE) approach that suits the modern learning/teaching techniques 
better than the traditional approach. Many of the examples and cases given in these books 
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are obtained from relevant popular textbooks or based on published research work 
available in the open literature so that reference can be made to these sources for 
additional information if necessary.  
 
The Excel-based modelling platform adopted in the book has four elements; (i) Excel 
with its user-interface and built-in functions, (ii) the Solver add-in that comes with Excel, 
(iii) the integrated Visual Basic for Applications (VBA) programming language, and (iv) 
a multi-substance add-in for fluid properties called Thermax. The first book of this set 
describes the Excel-based modelling platform in more details and applies it for various 
types of basic computer-aided analyses and optimisation of thermal-fluid systems using 
conventional methods. The second book focusses on Thermax and uses it for conducting 
thermodynamic analyses of various types of energy-conversion systems. This third book 
extends the application area of the Excel-based platform by illustrating its adequacy for 
both MOO and exergoeconomic analyses of energy-conversion systems. In this regards, 
the book describes a technique that uses Excel’s Solver with the TOPSIS decision-
making method for conducting MOO analyses. 
 
The first chapter of the book reviews the basic principles of thermoeconomic analyses 
and single-objective optimisation. Chapter 2 and Chapter 3 focus on exergoeconomic 
analysis and MOO methods respectively, and show how they can be applied with the 
Excel-based platform. Chapter 4 deals with exergoeconomic analyses of a two-stage air 
compressor. Chapter 5 and Chapter 6 use Excel-aided models for conducting objective-
guided exergoeconomic analyses and advanced exergo-economic analyses of the simple 
gas-turbine, respectively. Chapter 7 and Chapter 8 deal with MOO analyses of multi-
stage and cascade vapour compression systems, respectively. Chapters 9 introduces the 
Solver-TOPSIS technique and validates its results with those obtained by the MIDACO 
solver.  Chapters 10 and 11 extend the treatment of Chapter 9 by applying the technique 
for MOO analyses of the regenerative gas turbine and the air-bottoming cycle, 
respectively. Chapter 12 concludes the book by presenting an Excel-aided procedure for 
MOO and exergoeconomic analysis of a gas-turbine cogeneration system. Although the 
book is primarily written for educational purposes, it is hoped that it is equally useful for 
practicing engineers with interest in thermal and energy-conversion systems. 
 
Acknowledgements 
The development of Thermax and the writing of this set of books would not have been 
possible without benefitting from the efforts of many academics and researchers who 
have made their publications, data, and software available in the open literature or on 
their websites. I am also indebted to Universiti Putra Malaysia and Universiti Tenaga 
Nasional (Malaysia), the University of Khartoum (Sudan), and the University of 
Technology and Applied Sciences (Oman) for their generous support at different periods 
of my academic career and hope that they find this effort a worthy token of appreciation 
and gratitude. 

  



ix 
 

CONTENTS 
 
1. Introduction                 1 

1.1. Thermoeconomics 2 
1.1.1. Thermoeconomics for product costing 3 
1.1.2. Thermoeconomics for design optimisation 6 
1.1.3. Thermoeconomics for comparing alternative designs 7 

1.2. Single-objective optimisation 7 
1.2.1. Mathematical formulation of the optimisation problem 7 
1.2.2. Optimisation methods and algorithms 9 

1.3. Exergoeconomics and MOO applied to energy-conversion systems 12 
1.4. Closure 17 

References 18 
 
2. Exergoeconomics               23 

2.1. A historical note 24 
2.2. The specific exergy costing (SPECO) method 26 

2.2.1. A general description of the method 26 
2.2.2. Formulation of the cost-balance equations 27 
2.2.3. The auxiliary equations and the fuel/product rules 28 
2.2.4. The exergoeconomic variables 29 
2.2.5. Component aggregations and other considerations 29 

2.3.  Application of SPECO to a simple cogeneration system 29 
2.3.1. The analytical model 30 
2.3.2. Excel implementation validation of the model 32 

2.4.  Exergoeconomic analysis of a cogeneration system with an air preheater 36 
2.4.1. The analytical model 37 
2.4.2. Excel implementation and exergoeconomic analysis 40 

2.5. Exergoeconomic analysis of more complex systems 42 
2.6. Advanced exerogoeconomics and exergoenvironmental analyses 43 

2.6.1. Advanced exerogoeconomics 44 
2.6.2. Exergoenvironmental analyses 44 

2.7. Closure 47 
References 47 

 
3. Multi-objective optimisation            51 

3.1. The multi-objective optimisation problem 52 
3.2. Multi-objective optimisation methods 54 

3.2.1. The Scalarisation approach 54 
3.2.2. The Pareto approach 56 

3.3. MOO algorithms based on the Pareto approach 59 
3.3.1. Elitist and non-elitist algorithms 60 
3.3.2. Termination condition and selection of the best solution 61 

3.4. Multi-objective optimisation by using the MIDACO solver 62 
3.5. Single and dual-objective optimisation of a hot-water generation system 67 



x 
 

3.5.1. The analytical model for least-cost and MOO analyses 68 
3.5.2. Excel implementation and optimisation analyses 70 

3.6. Closure 74 
References 75 

 
4. Multi-objective optimisation and exergoeconomic analysis of a two-stage 

intercooled air compressor            77 
4.1. Description of the TSIAC system 78 
4.2.  The analytical model of the system 79 

4.2.1. The thermodynamic model 79 
4.2.2. The economic model 80 
4.2.3. Excel model 81 

4.3.  Single-objective optimisation of the TSIAC system 82 
4.4. Dual-objective optimisation of the TSIAC system 85 
4.5. Exergoeconomic analysis of the TSIAC system with a single product 88 

4.5.1. The analytical model for the exergoeconomic analysis 88 
4.5.2. Excel model and exergoeconomic analyses 90 

4.6.  Exergoeconomic analysis of the TSIAC system with two products 94 
4.6.1. The modified analytical model for the exergoeconomic analysis 94 
4.6.2. Excel model and exergoeconomic analyses 95  

4.7.  Closure 98 
References 99 

 
5. Objective-guided exergoeconomic optimisation            101 

5.1. System description 102 
5.2. The analytical model 104 

5.2.1. The thermodynamic energetic-analysis model 104 
5.2.2. The thermodynamic exegetic-analysis model 105 
5.2.3. The economic-analysis model 106 
5.2.4. The exergoeconomic-analysis model 107 

5.3. Development and verification of the Excel-aided model 108 
5.4. Objective-guided exergoeconomic analyses 111 
5.5. Closure 118 

References 119 
 

6. The advanced exergoeconomic method and the point of diminishing returns     121 
6.1. The advanced exergoeconomic-analysis method 122 

6.1.1. Avoidable and unavoidable rates of exergy destruction and costs 123 
6.1.2. Avoidable and unavoidable investment costs 124 
6.1.3. The modified effectiveness and modified exergoeconomic factor 124 
6.1.4. Example applications of the method 125 

6.2. Extension of the Excel-aided model for the advanced method 126 
6.2.1. Calculation of the unavoidable exergy destruction rates and costs 126 
6.2.2. Calculation of the avoidable and unavoidable investment costs 129 



xi 
 

6.2.3. Advanced exergoeconomic analysis of the base design 132 
6.3. Endogenous and exogenous exergy destructions and costs 137 

6.3.1. Basic definitions 137 
6.3.2. Application of the endogenous/exogenous analysis method 138 

6.4. Examples of previous advanced exergoeconomic studies 142 
6.5. A view about future development of the advanced exergoeconomic method 

144 
6.6. Closure 146 

References 146 
 
7. 3E optimisation of an innovative two-stage VCR system with R152a and R717    149 

7.1.  Introduction 150 
7.2.  The simple VCR system 152 

7.2.1. The thermodynamic model 152 
7.2.2. The economic model 154 
7.2.3.  Development and validation of the Excel-aided model 155 

7.3.  The conventional two-stage compression VCR system 159 
7.3.1. The thermodynamic model 161 
7.3.2. The total equivalent warming impact (TEWI) 162 
7.3.3. Development of the Excel-aided model 163 

7.4.  The two-stage compression system with heat-recovery 164 
7.4.1. The analytical model 164 
7.4.2. Development of the Excel-aided model 166 

7.5.  Comparison of the conventional and modified systems at various inter-stage 
pressures 166 

7.6.  3E optimisation of the modified system with R152a and R717 by using 
MIDACO 168 

7.7.  Closure 172 
References 172 

 
8. Selection of a suitable refrigerant pair for an improved cascade refrigeration system 

from eight refrigerants with low GWP             175 
8.1. Introduction 176 
8.2. The conventional cascade VCR system 178 

8.2.1. The thermodynamic model 180 
8.2.2. Development and validation of the Excel-aided model of the CCS 182 

8.3. The modified cascade VCR system 184 
8.3.1. Extension of the thermodynamic model 185 
8.3.2. Modification of the Excel-aided model 186 

8.4. Comparing the performance of the refrigerants on the two systems 187 
8.5. 4E optimisation analyses of the modified system 190 

8.5.1. The economic model 190 
8.5.2. The total equivalent warming impact 192 
8.5.3. The Excel-aided model for multiple optimisation analyses 193 



xii 
 

8.5.4. 4E optimisation of the modified system with the best four refrigerant 
pairs 194 

8.6. Closure 197 
References 197 

 
9. A Solver-TOPSIS technique for multi-objective optimisation analyses     199 

9.1. The Solver-TOPSIS technique 200 
9.2. Dual-objective optimisation of a HWG system 201 

9.2.1. Adding the TOPSIS method to the system’s model 202 
9.2.2. Dual-objective optimisation of the HWG system 204 
9.2.3. Effect of the peg solutions on the STT results 208 

9.3. Dual-objective optimisation of a TSIAC system 209 
9.4. 3E optimisation of a two-stage compression VCR system using R152a 214 

9.4.1. Single-objective optimisation analyses by using Solver 215 
9.4.2. 3E optimisation of the two-stage VCR system 216 

9.5. 4E optimisation of a cascade VCR system using R744/R717 219 
9.5.1. Preparation of the extended model for the cascade system 220 
9.5.2. 4E optimisation of the cascade VCR system 221 

9.6. Closure 224 
References 224 

 
10. Dual-objective optimisation analyses of the regenerative gas-turbine      227 

10.1. System description 228  
10.2. The analytical model for the RGT system 230 

10.2.1. The thermodynamic model 230 
10.2.2. The economic model 232 

10.3. Development and validation of the Excel-aided model 233 
10.3.1. The thermodynamic model 234 
10.3.2. The economic model 235 

10.4. Optimisation analysis of the RGT cycle using four decision variables 236 
10.5. Dual-objective optimisation analyses with five and six decision variables 240 

10.5.1. Optimisation analysis using five decision variables 240 
10.5.2. Optimisation analysis using six decision variables 242 

10.6. Optimisation analyses with a prior preference of the objectives 245 
10.7. Optimisation analyses with the GRG Nonlinear method of Solver 248 
10.8. Closure 249 

References 250 
 
11. Dual-objective optimisation analyses of the air-bottoming cycle      251 

11.1.  System description 252 
11.2.  The Excel-aided analytical model 253 

11.2.1. The thermodynamic model 253  
11.2.2. Modelling the gas-to-air heat-exchanger 256 
11.2.3. The economic model 256 



xiii 
 

11.2.4. Excel implementation of the model 258 
11.3. Thermodynamic and economic optimisation by using Solver 259 
11.4. Dual-objective optimisation analysis by using MIDACO 262 
11.5. Dual-objective optimisation analysis by using the STT 264 
11.6. Effect of increasing the number of changing variables 267 

11.6.1. Optimisation analyses with two and seven variables 267 
11.6.2. The optimisation analysis with nine variables 268 
11.6.3. Comparison of the results with different number of changing variables 

272 
11.7. Closure 274 

References 274 
 
12. 3E optimisation and exergoeconomic analysis of a co-generation system      277 

12.1. The CGAM cogeneration system 278 
12.2. The basic analytical model 279 

12.2.1. The thermodynamic model 279 
12.2.2. The economic model 282 
12.2.3. The environmental model 285 

12.3. Preparation of the basic Excel-aided model 286 
12.4. Extending the model for exergoeconomic analyses 288 

12.4.1. The analytical model for exergoeconomic analysis 288 
12.4.2. Extension of the Excel-aided model for exergoeconomic analysis 290 

12.5. Single-objective optimisation analyses by using Solver 292 
12.6. Tri-objective optimisation by using the Solver-TOPSIS technique 295 
12.7. Exergoeconomic analysis of the tri-objective optimised configuration 299 
12.8. Closure 302 

References 302 
 
Appendices                           304 

Appendix A: The VBA functions developed for Chapter 2 and Chapter 7  305 
Appendix B: The TOPSIS method illustrated 309 
Appendix C: Calculation of the costs of electricity and steam for the CGAM 

cogeneration system 314 
 
Exercises              315 
 
Nomenclature              321 
 
Index               323 



Multi-objective optimisation and exergoeconomic analyses of ECSs using Excel  1 
 

 
 
 
 
 
 
 
 
 
 

 1  
 

Introduction  
 

 
 
 
 
 
 

 
  



2  M.M. El-Awad 
 

The design and operation of modern energy supply and conversion systems is becoming 
increasingly challenging because of the complexity of the energy systems themselves as 
well as the complexity of their design and operation requirements. The complexity of the 
systems is due to the use of combined power-generation cycles and multi-stage pressure 
and cascade refrigeration systems instead of the simple systems and the use of 
cogeneration and tri-generation systems and integrated and hybrid systems. The large 
number of components in these systems make the location and evaluation of the system 
losses, which is crucial for minimising the cost of the system’s product(s), more difficult 
[1]. The complexity of the design and operation requirements is due to the fact that fossil-
fuels, which still provide most of the energy needed for meeting the energy demands of 
our industries and transportation systems and our commercial and residential sectors, are 
also the main cause of global warming, air-pollution, acid precipitation, ozone depletion, 
and emission of radioactive substances. In a world evolving with increasing concerns for 
environmental issues the designers and operators of energy systems cannot be satisfied 
with only the technical and economic merits of their systems, but have to consider the 
environmental impact, as well as the health, safety and societal acceptance, as equally 
important design objectives [2]. The difficulty is that not all these design objectives can 
be simultaneously met because some of them are in conflict with one another. 
 
While the traditional optimisation methods that maximise or minimise a single objective 
function cannot adequately deal with multiple conflicting objectives, the traditional 
energy-based thermo-economic optimisation methods cannot locate and evaluate the 
monetary and environmental costs associated with mass and energy flows in a complex 
energy-conversion system. To be able to deal with these complexities, today’s designers 
of energy-conversion and utilisation systems need to take advantage of two recently 
developed optimisation methods that provide them with the right tools; which are the 
multi-objective optimisation (MOO) methods and the exergoeconomic analysis methods. 
MOO methods enable the designers of energy-conversion systems to find acceptable 
trade-offs between the various conflicting optimisation objectives. The exergoeconomic 
analysis method, or exergoeconomics, combines thermodynamic (exergy) and economic 
principles at component level to provide the designers of complex energy-conversion 
systems with valuable information that cannot be obtained otherwise [3]. MOO and 
exergoeconomics, which are the two main topics of this book, are still subjects of 
intensive research. Before delving into detailed discussions of the two topics in the 
following chapters of the book, it is helpful to review the conventional thermo-economic 
method and the single-objective optimisation methods and give examples of the 
application of MOO and exergoeconomics for the design of energy systems and the 
anticipated benefits of using them. Chapters 2 and 3 show how the two optimisation 
methods can be implemented by using Microsoft Excel as a modelling platform.  
 
1.1. Thermoeconomics 
The design of energy-conversion systems involves the application of principles from 
thermo-fluids (thermodynamics, fluid mechanics, and heat transfer), material science, 
manufacturing, and mechanical design together with principles from engineering 
economics [4]. The term “thermoeconomics” is generally used to refer to this wide area 
of application although it is also used more narrowly to mean “exergoeconomics” [5, 6]. 
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In this book, it is used in the general sense that also includes exergy-based economic 
analyses, while “exergoeconomics” is used to refer to the specific methodologies that 
combine second-law and economic concepts at the component level. Exergoeconomics, 
which itself has now developed from “conventional” to “advanced” [7], provides a 
powerful tool for design optimisation analyses of complex energy-conversion systems, 
while thermoeconomics provides overall measures of the systems’ economic 
performance that can also be used for their optimisation. This section gives a brief 
account of the conventional thermoeconomics by illustrating its applications for product 
costing, design optimisation, and comparison of alternative designs. 
 
1.1.1. Thermoeconomics for product costing 
Estimating the cost of the product(s), which is an important consideration in design 
analyses of energy-conversion systems, can be significantly affected by the technology 
used in the energy-conversion system. For example, heat and electricity can be produced 
independently, or simultaneously via cogeneration or tri-generation. To illustrate the use 
of thermoeconomics for appropriately estimating the product cost of an energy-
conversion system, consider the coal-fired power plant shown on Figure 1.1.  
 

 
Figure 1.1. Schematic of a coal-fired steam-turbine power plant (adapted from [4]) 

 
The main components of the plant are the boiler, the turbine, the condenser, the feed-
water pump, the stack, the natural-draft cooling tower, the cooling-water circulating 
pump, and the electric generator. The plant needs many other auxiliary components 
which are not shown on the figure. Obviously, assigning cost to the electricity produced 
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by the power plant should consider the cost of these equipment and the initial construction 
costs. It should also consider the cost of land and the running costs the main part of which 
is the cost of the fuel (coal). In addition to the above, the cost should also cover the 
various operation and maintenance costs that include the salaries, income taxes, etc. 
 
Now consider the cogeneration system shown on Figure 1.2 that has two principal 
products: electricity and low-pressure steam for use in some process. Determining the 
cost that should be allocated to each product is important to the commercial success of 
cogeneration. If costs are not allocated appropriately for the two products, one product 
may be overpriced (and thus unlikely to be purchased) and the other under-priced (and 
thus unable to recover costs even if in great demand) [1]. Back in 1930s it was thought 
that the fuel cost should be allocated to the steam and the power in proportion to their 
energy content. However, the cogenerated electricity cost determined in this manner, was 
far less expensive than electricity produced in conventional power plants. It was Keenan 
[8] who pointed out that the value of the steam and the electricity rests in the 
“availability” not in their energy and, therefore, it should be used as the basis for 
appropriately apportioning cost associated with the cogeneration of electric power and 
steam for distribution [9]. 

 
Figure 1.2. Schematic of a gas-turbine based cogeneration system (adapted from [10]) 

 
Since the cost of fuel is the main part of the running costs, the exergetic efficiency of the 
power plant should be taken into consideration because a more efficient plant consumes 
less fuel than another plant of a similar size but with less efficiency. For a plant that has 
a single fuel input and produces a single product in the form of electricity, Moran [11] 
introduced the following formula to estimate the unit cost of the product, cw in $/GJ: 
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Where, fc is the unit cost of fuel based on exergy ($/GJ) and b  is the second-law 

efficiency of the plant defined by: 
 

CHE
feb B/W             (1.2) 

 

Where, CHEB  is the chemical exergy flow rate of the fuel, in GJ/s, and eW  is the electrical 

power produced in the same unit as CHEB . kZ in Equation (1.1) is the capital investment 

cost rate of component k ($/s) which is given by: 
 








3600

0 CRFZ
Z k

k
           (1.3) 

 

Where, 
0
kZ  is the initial capital cost of the component, CRF the capital recovery factor, 

   the maintenance factor, and   the annual operating hours. A typical value for  is 1.06 

and the capital recovery factor is calculated from: 
 

    ni/in,iCRF  11          (1.4) 

 
Where i is the interest rate and n is the expected life of the plant in number of years. 
Gorji-Bandpy and Ebrahimian [12] compared the cost estimation by Equation (1.1) to 
those of the more involved SPECO and MOPSA exergoeconomic methods to be 
discussed in Chapter 2. In spite of its simplicity, they showed that the unit cost of 
electricity determined by Equation (1.1) is lower by 15% from that determined by 
SPECO, while that determined by MOPSA is higher by 12%.  
 
1.1.2. Thermoeconomics for design optimisation 
Thermoeconomics can also be used for design optimisation of a whole energy system or 
one of its components. For illustration, consider the heat-recovery steam generator 
(HRSG) of the cogeneration system shown on Figure 1.2. A key design parameter for the 
HRSG is the average temperature difference between the two streams passing through 
the heat exchanger, ΔTave, because the irreversibility in the heat-exchanger is directly 
related to this temperature difference. Increasing ΔTave increases the fuel cost, but 
decreasing it means a larger heat transfer area and a greater capital cost because there is 
an inverse relation between ΔTave and the surface area required for a specified heat 
transfer rate [4]. Figure 1.3 shows the variation of the fuel cost and the capital cost of the 
HRSG with ΔTave. As the figure shows, the value of ΔTave that gives the minimum fuel 
cost corresponds to the maximum capital cost and vice versa. Therefore, ΔTave should be 
selected such that it gives the required trade-off between these two conflicting design 
factors. This can be achieved by minimising the total cost of the HRSG, CTotal, which is 
the sum of the capital cost and the fuel cost.  
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Figure 1.3. Cost curves for a single heat exchanger (adopted from [4]) 

 
Figure 1.3 shows that the total cost of the HRSG exhibits a minimum at the point labelled 
a, but the curve is relatively flat in the neighbourhood of the minimum. Therefore, there 
is a range of ΔTave values that could be considered nearly optimal from the standpoint of 
minimum total cost. If reducing the fuel cost were deemed more important than 
minimising the capital cost, we might choose a design that would operate at point b. Point 
c would be a more desirable operating point if capital cost were of greater concern. Such 
trade-offs are common in design situations [4].  
 
An example of using thermoeconomics to optimise the whole energy-conversion system 
is given by Equation (1.1) which can be the objective function for minimising the unit 
cost of electricity of the coal-fired power plant by determining the initial capital costs of 
the various components from relevant formulae that involve the desired design variables 
of the system. In this case, the optimisation problem becomes: 
 
Minimise  nw x,....,x,x,xfc 321         (1.5) 

 
Where x1 to xn are the relevant design variables like the boiler pressure, the inlet 
temperature and pressure ratio of the turbine, flow rate of the cooling water, etc. 
Saghafifar and Poullikkas [13] conducted a thermoeconomic optimisation of various air 
bottoming cycles by minimising their total operation costs. They used the graphical tools 
provided by MATLAB for optimising the different options, but the algorithms described 
in Section 1.2 for single-objective optimisation can also be used [14,15]. 
 
 
 
1.1.3. Thermoeconomics for comparing alternative designs 
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For comparing alternative designs of energy systems, thermoeconomic can utilise the 
familiar economic indicators such as the Net Present Value (NPV), the Life Cycle Cost 
(LCC), and the Discounted Payback (DPB) period [16]. Al-Falahi et al. [17] considered 
a solar-powered absorption cooling system and compared the economics of the system 
with two types of absorption cycles, water-lithium bromide (H2O-LiBr) and ammonia-
water (NH3-H2O), under the same operating conditions. They used the following formula 
to determine the cumulative thermo-economic cost based on the expenses and exergy 
flows for the two cycles: 
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
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
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
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 3600
1000        (1.6) 

 
where, cp is the thermo-economic product cost ($/GJ), cw is the energy price (~0.065 

$/kWh), totW  is the cycle power (kW), and totZ  is the hourly cost ($/h), while foE  is 

the exergy stream outlet from the system to the user (kW). Their results for a case study 
of 200 TR total cooling load revealed that H2O-LiBr gives lower thermo-economic 
product cost (0.14 $/GJ) compared to the NH3-H2O (0.16 $/GJ).  
 
1.2. Single-objective optimisation 
A broad definition of optimisation is: “a procedure of finding and comparing feasible 
solutions until no better solution can be found.” [18]. With this broad definition, almost 
all engineering design is optimisation [19]. A definition that is more specific to the design 
of energy-conversion systems is given by Bejan et al. [20] which is “the modification of 
the structure and the design parameters of a system to minimise the total levelized cost of 
the system products under boundary conditions associated with available materials, 
financial resources, protection of the environment, and governmental regulations, 
together with the safety, operability, reliability, availability, and maintainability of the 
system”. However, optimising an energy-conversion system that involves numerous 
design parameters is a formidable task that is “easy said than done”. An important aspect 
of the optimisation process is the formulation of the design problem in a mathematical 
format which is acceptable to an optimisation algorithm [21]. There are many 
optimisation algorithms that suit different types of problems and, therefore, the selection 
of the suitable one is another important aspect of the process. These two aspects are 
discussed below. The discussion is limited to single-objective optimisation problems. 
 
1.2.1. Mathematical formulation of the optimisation problem 
Mathematically, the single-objective constrained optimisation problem of minimising an 
objective function f with respect to n design parameters xi (also called optimisation 
variables and decision parameters) is expressed by the following equation [22]: 
 

Minimise:  f(x)        (1.7)
 Subject to:  gj(x)   0  j = 1, m 
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  hk(x) = 0  k = 1, p 

   L
ix    xi 

 U
ix  i = 1, n 

 
In Equation (1.7), f(x) represents the objective (or goal) function, the functions gj(x) and 
hk(x) represent an inequality constraint function and an equality constraint function, 
respectively. The searchable design space is defined by the upper and lower bounds of 

the design variables,  L
ix and  U

ix , which are referred to as the side constraints, and x is 

called a feasible point if it satisfies all the constraints and the feasible region is the set of 
all feasible x values. In the general case, the objective and constraint functions can be 
linear or non-linear and explicit or implicit functions of x. The function and constraints 
can also be continuous, discrete, or Boolean. Note that maximising g(x) corresponds to 
minimising f (x) = –g(x) by the duality principle [18]. Optimisation problems are 
classified as convex or non-convex problems as shown on Figure 1.4.a and 1.4.b, 
respectively. As shown on Figure 1.4.b, more than one optimum (referred to as local or 
relative optima) may exist for non-convex problems.  
 

 
(a)  Convex     (b) Non-convex 

Figure 1.4. Convex and non-convex optimisation objective functions (adapted from 
[22]) 

 
The solution to the optimisation problem specified in Equation (1.7) is to find the 
combination of design variables that results in the best value of the objective function 
while satisfying all the equality functions, inequality functions, and side constraints. With 
respect to an energy-conversion system, the formulation of the optimisation problem in 
a mathematical format involves the selection of objectives, design variables, constraints, 
and models of the system:  
 

1. The objective function represents the performance indicator of the system that is 
to be minimised, e.g., the fuel consumption or the total annualized cost, or 
maximised, e.g., the exergetic efficiency or the annual revenue. 

f1(x) f2(x) 

x x 
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2. The design or decision variables are the set of unknown design parameters such 
the compression ratio of a compressor or a turbine, the inlet temperature of a gas-
turbine, the effectiveness of a heat-exchanger, etc.  

3. The constraints are the conditions that allow the unknown parameters to take on 
certain values but exclude others in order to make the design feasible. For 
example, the maximum pressure ratio of a gas-turbine can be required to be less 
than 16 or the its maximum inlet temperature to be less than 1600K. 

4. The models of system are the thermodynamic model, economic model, 
exergoeconomic model, environmental model, etc. 

 
Figure 1.5 shows the components of the optimisation problem and their alternative forms 
[18]. Different combinations of the optimisation components require different solution 
algorithms.  
 

Figure 1.5. Components of an optimisation problem (adopted from [18]) 
 
1.2.2. Optimisation methods and algorithms 
Optimisation methods, techniques, or algorithms can be classified in many ways 
depending on the following considerations [19]: 
 

• Global or local optimisation 
• Convex or non-convex optimisation 
• Unconstrained or box-constrained optimisation, and other special-case 

constraints 
• Special classes of functions (linear, etc.) 
• Differentiable or non-differentiable functions 
• Gradient-based or derivative-free algorithms 
• Others. 

 
Since it is not possible to provide a thorough description of the many optimisation 
techniques in the limited space available here, the following discussion focuses on the 
techniques that are commonly used in engineering applications. Following Venter [22], 
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the methods are divided into two main groups: local optimisation algorithms and global 
optimisation algorithms. 
 
A. Local optimisation algorithms  
The local algorithms will converge on any of the three optimum points shown on Figure 
1.4.b depending on which one is encountered first. A simple approach for using local 
optimisation algorithms to find the global minima in the design space is to use a multi-
start approach according to which multiple local searches are performed each starting 
from a different starting point. In general, these techniques follow one of the two basic 
ways for determining the optimum solution; (a) a gradient-based differential method or 
(b) a direct search method (non-gradient methods) [18].  
 
Gradient-based methods 
As their name indicates, these techniques use calculus to search for the optimum solution 
by calculating the derivatives of the objective function and constraints. Examples of these 
methods are: the steepest descent method, Newton’s method, and the conjugate gradients 
method [19]. Most local optimisation algorithms are gradient-based and the techniques 
are widely used for solving a variety of optimisation problems in engineering because 
they are efficient (in terms of the number of function evaluations required to find the 
optimum), can solve problems with large numbers of design variables, and require little 
problem-specific parameter tuning [22]. However, apart from being only able to locate a 
local optimum, these algorithms also have several drawbacks that include their difficulty 
of solving discrete optimisation problems, their complex algorithms that are difficult to 
implement efficiently, and their susceptibility to numerical noise. 
 
Direct (Non-gradient based) methods 
These methods use only function values at different points to perform a search and do 
not use the derivatives of the function. Examples of these methods are: Hooke-Jeeves 
method and Powell’s conjugate direction method [18]. However, these methods are most 
suitable for simple problems involving a relatively small number of variables. 
 
B. Global optimisation algorithms  
It is important to note that no algorithm can guarantee convergence on a global optimum 
in the general sense and most algorithms only guarantee a local optimum [19,22]. 
However, global optimisation algorithms have a much better chance of finding the global 
or near global optimum than the local optimisation algorithms. Global optimisation 
algorithms are classified as either evolutionary algorithms or deterministic algorithms. 
The following discussion focuses on the evolutionary optimisation algorithms which 
have become very popular in engineering analyses over the last two or three decades for 
both single-objective and multi-objective optimisation [23]. These methods are inspired 
by some phenomena in nature and, unlike the local techniques where a single design point 
is updated (typically using gradient information) from one iteration to the next, they do 
not require any gradient information. Instead, they make use of a set of design points 
(generally referred to as a population) to find the optimum design point. A number of 
evolutionary algorithms have been developed, but the two most popular and more 
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established algorithms are the Genetic Algorithm (GA) [24], which was inspired by 
Darwin’s principle of survival of the fittest, and the Particle Swarm Optimisation (PSO) 
algorithm [25], which was based on a simplified social model. The following descriptions 
shed more light on these two algorithms.  
 
Genetic algorithm 
GAs are computerised search and optimisation algorithms based on the mechanics of 
natural selection and natural genetics [26]. They combine survival of the fittest among 
string structures and a systematic information exchange guided by random operators to 
form a sensible search procedure. Beginning with a randomly created population of string 
structures, each string is evaluated and a better population is created by operating on the 
current population using three operators: reproduction, cross over and mutation. The 
reproduction operator selects the good strings in the population and forms the mating 
pool. The cross over operator selects two strings from the mating pool at random and 
exchanges some portions of the strings. The mutation operator changes the string locally 
to create a better string with a small probability. The population is then evaluated and 
tested for termination. Successive populations are repeatedly operated by the three 
operators till the termination criteria are attained. The flowchart shown in Figure 1.6 
presents the general overview of a genetic algorithm [27]. 
 

Figure 1.6. Flow chart of a genetic algorithm [27] 
 
 
 
The main components of the genetic algorithm are defined below [27]: 
 
Gene: Variables of optimisation 

Definition of objective function and variables 

Generating initial population 
 

Evaluate objective for each chromosome 
 

Selection 

Crossover 

Mutation 

Convergence checking 

Done 
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Chromosome: An array of genes that is passed on the objective function 
Individual: A possible result, a single member of a population that consists of a 

chromosome and its objective function 
Population: A group of individuals 
Generation: One iteration of the genetic algorithm 
GA operators:  Selection, crossover and mutation 
Selection: The process of choosing parents for reproduction (usually based on 

fitness) 
Crossover: An operator that forms a new chromosome from two parent 

chromosomes by combining part of the information from each 
Mutation: A reproduction operator that randomly alters the values of genes in a 

parent chromosome 
Reproduction: Generation with the GA operators or the creation of offspring 
 
Particle swarm optimisation 
PSO is based on simulation of social behaviour of birds flocking or fish schooling 
[22,23]. It is a stochastic method that does not use operators inspired by natural evolution 
for creating a new population, but depends on the exchange of information between the 
individuals, called particles, in the population, called swarm. Each particle of the swarm 
is treated as a point in a hyper space through which the particles fly with two essential 
capabilities: their memory of their own best position (local best) and knowledge of their 
global or their neighbourhood’s best (global best). The basic concept of the algorithm lies 
in accelerating each particle toward its local best and global best. The performance of 
each particle is measured by a fitness function. The convergence is influenced by the 
inertia weight which is used to control the impact of previous velocity on current velocity. 
A suitable value of the inertia weight is to be used for creating a balance between the 
local and global exploration ability of the swarm thereby providing the best solution. 
 
Advantages and drawbacks of evolutionary algorithms 
Evolutionary GA and PSO algorithms are well suited for discrete optimisation problems 
and have the advantage of being extremely robust, have an increased chance of finding a 
global or near global optimum, and they are easy to implement. The big drawbacks 
associated with these algorithms are their high computational cost, poor constraint-
handling abilities, problem-specific parameter tuning and limited problem size. 
 
1.3. Exergoeconomics and MOO applied to energy-conversion systems 
A large number of research papers have been published in recent years relevant to the 
application of exergoeconomics and MOO for energy-conversion systems. Since a 
comprehensive review of all these efforts is not possible here, the following short review 
aims to give examples that demonstrate the applications of the two methodologies for 
energy-conversion systems and their anticipated benefits. Most of the papers cited below 
have been obtained from open online journals, research-exchange platforms (Academia 
[28], Researchgate [29], Engineering archive [30] and Elsevier SSRN preprint services 
[31]) or from conference proceedings that are available at the internet, e.g. [32]. The 
given examples relate to the following five types of energy-conversion systems: 
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- Conventional power plants 
- Cogeneration and tri-generation systems 
- Integrated and hybridised systems 
- Low-grade waste heat recovery 
- Industrial refrigeration systems and processes 

 
Conventional power plants 
In their analysis to optimise the operating parameters of a gas turbine power plant that 
produces 140 MW of electricity, Gorji-Bandpy and Goodarzian [33] used a genetic 
algorithm. They defined their objective functions for optimisation so as to minimise a 
total cost function and maximise an exergetic efficiency and the decision variables were 
the compressor pressure ratio, compressor isentropic efficiency, turbine isentropic 
efficiency, combustion products temperature, air mass flow rate, and fuel mass flow rate. 
The results of their thermoeconomic analysis showed the deep relation of the unit cost on 
the change of the operating parameters of the gas turbine power plant. They showed that 
the cost of the final product was 9.78% lower compared to the base case and this was 
achieved with 8.77% increase in the total capital investment.  
 
Shamoushaki et. al. [34] performed exergy and exergoeconomic analysis and 
optimisation of a gas turbine cycle by using three algorithms: NSGA-II, MOPSO and 
MOEA-D. Two objective functions were considered: the total cost rate and the exergy 
efficiency. The optimal solution obtained by NSGA-II, which was the lowest total cost 
rate (1.922 US$/s) was 30% less than MOPSO algorithm and 6.2% less than MOEA-D 
algorithm. Also, the exergy efficiency obtained by the NSGA-II algorithm was about 
55.1% which was 12% greater than MOPSO algorithm and 10% greater than MOEA-D 
algorithm. After overall comparison of the performance of these algorithms, the results 
showed that the performance of the NSGA-II algorithm was better than those of the two 
other algorithms. Shamoushaki and Ehyaei [35] performed exergy, economic and 
environmental analysis as well as multi-objective optimisation of Aliabad Katoul power 
plant by using the NSGA-II algorithm. Two objective functions were considered which 
were the total cost rate and the environmental impact cost. Optimisation of the objective 
functions was done in two modes of the cycle; with and without an air preheater. The 
results showed that the existence of air preheater reduces both objective functions. For 
the optimised cycle without air preheater, the amount of total cost rate and environmental 
cost rate were about 30% and 33%, respectively, higher than those of the cycle with air 
preheater. Also, exergy losses of the various components illustrated that the combustion 
chamber has the maximum rate of exergy destruction (about 73%).  
 
Cogeneration and tri-generation systems 
Ghaebi et al. [3] conducted exergoeconomic optimisation of a tri-generation system for 
cooling, heating and power purposes which was made up of an air compressor, 
combustion chamber, gas turbine, dual pressure heat recovery steam generator and 
absorption chiller. The design parameters they selected for their study were the air 
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compressor pressure ratio, gas turbine inlet temperature, pinch point temperature in the 
dual pressure heat recovery steam generator, pressure of steam that enters the generator 
of the absorption chiller, process steam pressure, and evaporator of the absorption chiller 
chilled water outlet temperature. For the economic model, they adopted the total revenue 
requirement (TRR) method and defined the cost of the total system product as the single 
objective function. For the optimisation method they used a GA technique. Compared to 
the base design, their results show that the total product cost was reduced by about 15 
percent after the exergoeconomic optimisation.  
 
Baghernejad et al. [36] also developed a model for analysing a solar tri-generation system 
that produces electricity, heating and cooling according to the exergetic, economic and 
environmental targets. They used the GA optimisation toolbox of MATLAB for multi-
objective optimisation of the tri-generation system with the two objectives of maximising 
the exergetic efficiency of the system while minimising its unit costs of productions. The 
optimisation process led to 26.34% increase in the exergetic efficiency and 11.5% 
decrease of the unit cost of products compared to the base design. The application of 
optimisation process shows that exergoeconomic analysis improved significantly the 
total performance of the tri-generation system in a way that fuel cost, exergy destruction 
cost and environmental impacts (CO2 emissions cost) are reduced by 24.17%, 38.87% 
and 24.17%, respectively.  
 
In a more recent study, Nondy and Gogoi [37] comprehensively assessed two gas turbine-
based combined cooling, heating, and power (CCHP) systems taking the system cost rate 
and normalised CO2 emissions as objective functions. They used the NSGA-II algorithm 
to perform MOO of both systems by considering six decision variables which were the 
air-compressor pressure ratio, the isentropic efficiencies of the air-compressor and gas-
turbine, the air-preheater outlet temperature, the steam-turbine inlet pressure, and the 
pinch point temperature difference. Their study demonstrated the significant 
improvements in system performance and environmental impact achieved through MOO 
since both systems achieved around 8–9 % reduction in system cost rates and around 1.5–
2 % reduction in the normalised CO2 emissions. Their study, which also highlights the 
need for trade-offs amongst the key design variables particularly the pressure ratio and 
isentropic efficiency of the air compressor, offers valuable insights into the performance, 
efficiency, and optimisation potential of CCHP systems. 
 
Integrated and hybridised systems 
Babaelahi and Lotfalipour [38] presented an innovative solar-geothermal integrated 
system for power generation and water desalination. By harnessing renewable solar and 
geothermal energy, their system offers a sustainable solution for energy, water, and 
environmental challenges. Their study incorporated exergy-based economic and 
environmental assessments and the emergy concept [39,40] to quantify the total available 
energy required, enabling a comprehensive sustainability evaluation. Through multi-
objective optimisation using genetic algorithms, the system’s design and operational 
parameters were optimised to enhance exergy efficiency, economic emergy performance, 
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and environmental emergy performance simultaneously. To identify optimal operating 
points balancing energy efficiency, economic feasibility, and environmental impact, the 
optimisation framework considered turbine inlet conditions, pressures, and desalination 
configurations. The results demonstrated significant improvements of up to 23.49% in 
exergy efficiency, 25.97% in economic emergy performance, and 16.04% in 
environmental emergy performance compared to the baseline system.  
 
Benet et al. [26] studied the application of GA techniques to the design of hybridised 
marine power plants aiming to find compromised solutions between the hybridisation of 
emerging technologies and the use of alternative fuels. According to them, the 
combination of new technologies such as fuel cells with the conventional internal 
combustion engines, gas turbines and/or batteries can enhance the efficiency of the 
resulting hybridised power plants compared to the conventional engines installed on-
board ships while the use of alternative fuels, such as hydrogen, methanol or ammonia, 
to power the ships can reduce the carbon footprint of the vessels. However, hybridisation 
and the use of alternative fuels require several variables to be taken into account 
concurrently such as efficiency, reliability, flexibility, space requirements, mass, and 
investment and maintenance costs. According to them, multi-objective optimisation helps 
the decision-maker to select the most suitable components for the power plant and 
determine their capacities according to the set of requirements that must be met.  
 
Low-grade waste heat recovery 
Recovery of low-grade waste heat in industrial processes is an essential energy 
management topic. The organic Rankine cycle (ORC), which has the benefits of being 
energy-efficient, enabling investment savings, and being ecologically friendly, is crucial 
in recycling energy from low-temperature waste heat. Both the application of the 
optimum cycle design and the provision of optimum working conditions are the issues 
that need to be focused on efficiently using energy. Küçük and Kılıç [41] performed 
energy, exergy, and exergoeconomic analysis of four different ORC configurations 
operating with renewable or low grade waste heat. The solution of the multi-objective 
optimisation problem was realised with the Taguchi-Grey Relational Analysis (TGRA) 
method. The best thermodynamic and exergoeconomic performance result was 
calculated for the configuration of ORC with Feed Fluid Heater-Internal Heat Exchanger 
(IHE–FFH–ORC). As a result of the optimisation process, the thermal and exergy 
efficiencies, the total system cost and the unit cost of produced electricity for the IHE–
FFH–ORC power system were calculated as 22.6% and 73.5%, 1.06 $/h, 0.039 $/kWh, 
respectively. The payback period was 2.9 years. 
 
Behzadi et al [42] performed energy, exergy, and exergoeconomic analysis of an 
integrated system for Tehran's waste-to-energy (WtE) power plant coupled with an ORC. 
By conducting a parametric thermodynamic study of the essential parameters (moisture 
content, pinch point temperature differences of the heat-recovery of gasifiers (HROG), 
steam generator's superheat temperature difference, and steam turbine inlet pressure), 
they identified R123 as working fluid that gives the best system performance for the 
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ORC. By implementing the waste-heat-recovery system into the WtE plant with R123, 
the energy and exergy efficiencies would increase from 17.27% to 19.51% and 14.49%–
16.36%, respectively. Their exergy analysis revealed that the gasifier and steam generator 
were the main source of exergy destruction in the overall system. They also conducted a 
multi-objective optimisation based on genetic algorithm using MATLAB software to find 
the optimum point with respect to exergy efficiency and total product unit cost as the 
objective functions. The analysis showed that the exergy efficiency and total product unit 
cost at the optimum point were 19.61% and 24.65 $/GJ, respectively. 
 
Keyvan Bahlouli [43] conducted a parametric study for a combined cycle that combines 
a gas turbine-modular helium reactor (GT-MHR) and two organic Rankine cycles 
operated from the GT-MHR waste heat. The aim of their study was to reveal the 
influences of decision parameters on the performance and total cost of the cycle. In order 
to optimise the system from both thermodynamic and economic aspects, they applied a 
multi-objective optimisation strategy the purpose of which was to maximise the exergy 
efficiency and to minimise the total cost rate of the system. The decision variables in the 
optimisation process they selected were the compressor pressure ratio, temperatures of 
inlet turbine and evaporators, temperature difference in the evaporator and degree of 
superheat at the inlet of the ORC turbines. After optimisation, they found that the exergy 
efficiency reached 50.20% compared to 49.84% of the base case and the capital expense 
was approximately reduced by 2.4%.  
 
Industrial refrigeration systems and processes  
Keshtkar and Talebizadeh [44] conducted optimisation analyses of a two stage-cascade 
refrigeration system based on exergetic, economic, and environmental considerations. In 
their analyses, they considered R134a and R744 as the refrigerants in the high and the 
low temperature circuits, respectively. Initially, they used single-objective exergetic and 
economic strategies to evaluate the system’s performance with different effective 
parameters so as to indicate the optimum operation conditions. As would be expected, 
the exergetic and economic single-optimisation analyses lead to higher exergetic 
efficiency and lower cost, respectively, compared to the base design. Then, they 
conducted a multi-objective exergetic and economic optimisation analysis by using the 
genetic algorithm with a decision-making strategy based on the Pareto frontier using 
TOPSIS method. Compared to the base design, the MOO analysis increased the total 
system cost and the exergetic efficiency by 28.6% and 99.5%, respectively, and reduced 
the compressors work by 46.6%.  
 
Cooling towers are needed for refrigeration systems in power plants and large 
commercial buildings for removing the heat emitted by these systems to the environment. 
The world-wide concerns regarding the environmental wear and water scarcity calls for 
mitigating the impact of the systems in which the cooling towers are coupled with 
compression chillers. According to Nedjah et al. [45], one way for doing so is to 
maximise the energy efficiency of the industrial processes. Therefore, they proposed the 
application of MOO algorithms to find out the optimal operational set-points of the 
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refrigeration system. To find the best trade-offs that simultaneously maximise the cooling 
tower’s effectiveness and minimise the global power requirement of the system while 
respecting operational constraints for the safe operation of the equipment, they applied 
two algorithms; PSO and TRIBES. They also compared two different models of the 
refrigeration system so that the best algorithm and the best equipment model for the 
refrigeration system could be selected. One of the configurations they studied achieved 
an energy efficiency factor of 1.78, which yields a power savings of 9.48%, with a 
reduction of tower effectiveness by only 5.32%. 
 
To address the problem of global climate change, Mei et. al. [46] developed a novel 
configuration of H2S concentrator adopting pressure drop method and self-stripping 
method in dual-stage Selexol process of integrated gasification combined cycle. By using 
exergoeconomic analysis they found that the total product specific cost and total 
exergoeconomic factor of the process were 48.54 $/hr and 7.84%. They also carried out 
a multi-objective optimisation of the model by using the NSGA-II algorithm in 
conjunction with Aspen Plus to get the optimal operating conditions according to three 
targets for actual operation. The multi-objective optimisation results revealed that the 
optimal point between CO2 capture efficiency and total exergy efficiency was such that 
CO2 capture efficiency was 93.13% and the total exergy efficiency was 26.09%. Jovijari 
et al. [47] conducted exergy, exergoeconomic, and exergoenvironmental analysis of a 
natural gas liquid recovery process and Amid et al. [48] conducted exergetic, 
exergoeconomic, and exergoenvironmental aspects of an industrial-scale molasses-based 
ethanol production plant.  
 
1.4. Closure 
This chapter reviews the conventional methodologies of thermoeconomic analysis and 
single-objective optimisation as a background for discussing exergooeconomic analysis 
and multi-objective optimisation in the following chapters of the book. To relate to the 
discussions of the two newly-developed methods, the chapter focusses on exergy-based 
costing instead of the traditional energy-based one and on the evolutionary optimisation 
methods instead of the traditional deterministic ones. The chapter also gives examples of 
applying the two methods in various types of energy-conversion systems. Chapter 2 and 
Chapter 3 discuss the exergoeconomic analysis method and multi-objective optimisation 
in more details and give simple examples that show how the tools provided by the Excel-
based modelling platform can be used for conducting them. Since the two methods are 
still subjects of intensive research and it is not possible to describe all the methods and 
techniques with each main methodology, the two chapters focus on the techniques that 
are mostly used in optimisation analyses of energy-conversion systems; which are the 
SPECO (Specific exergy costing) method and the genetic algorithms.   
 
Chapters 4 through 6 deal with exergoeconomic analyses of energy-conversion systems. 
Chapter 4 applies the method for assessing the economic benefit of utilising the hot water 
that exits the intercooler of a two-stage intercooled air compressor. The method is applied 
for the system by considering two options. In the first option the system has one product, 
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which is the compressed air, while in the second option the hot water generated by the 
intercooler is considered as a second product. Chapter 5 illustrates the use of 
mathematical optimisation methods for conducting objective-guided exergoeconomic 
analyses by considering the simple gas turbine, while Chapter 6 illustrates the use of 
advanced exergoeconomic analysis method and discusses the difficulties associated with 
applying the method.   
 
Both Chapter 7 and Chapter 8 deal with multi-objective optimisation analyses of vapour-
compression refrigeration systems. Chapter 7 presents an Excel-aided model for MOO 
analyses of an innovative two-stage compression VCR system that incorporates an 
intercooler after the first-stage compressor. A tri-objective optimisation analysis of the 
system is conducted with R152a and R717 to maximise its exergetic efficiency and 
minimise its capital investment and the total equivalent warming index (TEWI). Chapter 
8 deals with the selection of a suitable refrigerant pair for an improved cascade VCR 
system that incorporates a flash-tank in the low-temperature circuit and an intercooler in 
the high-temperature circuit. The performance of the system is compared with twelve 
pairs of eight refrigerants of low global-warming potentials (GWP) and four-objective 
optimisation analyses are conducted for the four pairs with best performance to maximise 
the COP and exergetic efficiency and minimise the total annualised cost and TEWI. 
 
All the MOO analyses presented in Chapters 3 through 8 involve a maximum of four 
design variables and, therefore, could be conducted by using the free version of the 
MIDACO solver [49] that limits the number of changing variables to four. In order to 
conduct MOO analyses with more changing variables, Chapter 9 presents a technique for 
using Excel’s Solver with the TOPSIS method for MOO analyses with a priori preference 
of the objectives without limiting the number of design variables. The applicability of the 
Solver-TOPSIS technique is demonstrated in this chapter by applying it to the same 
systems considered in Chapters 3, 4, 7, and 8. Chapters 10 and 11 illustrate the generality 
of the technique by applying it for conducting dual-objective optimisation analyses of the 
regenerative gas-turbine and the air-bottoming cycle, respectively. Chapter 10 also shows 
that the technique can be applied by both solution methods offered by Solver. Chapter 12 
concludes the book by describing an Excel-aided model for MOO and exergoeconomic 
analyses of the CGAM gas-turbine co-generation system [51].  
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Exergoeconomics appropriately combines thermodynamic evaluations based on an 
exergy analysis with economic principles at the level of system components to provide 
the designer of an energy system with information that is not obtainable by regular energy 
or exergy analysis and economic analysis [1,2]. By measuring exergy destruction in the 
components of an energy system, the exergy analysis identifies the causes, locations and 
magnitudes of the inefficiencies [3,4] and by applying the concept of cost to exergy and 
exergy losses the economic principles allow the costs of the flows and equipment of any 
plant and, therefore, the cost of the final product to be calculated [5]. Since exergo-
economics associates costs to internal exergy flows, it can be applied to evaluate the 
impact of thermodynamic inefficiencies on the cost formation process and the final 
products’ costs and can be used for optimising variables of specific components as well 
as optimising the system as a whole [6]. The method is continuously improved so as to 
maximise its accuracy and expand its area of applicability. This chapter introduces the 
basic method and shows how it can be applied with the Excel-based modelling platform 
in design analyses of energy-conversion systems by considering simple cogeneration 
systems. Falling short of providing a more comprehensive and up-to-date discussion, the 
chapter gives a brief account of applying the method to more complex systems and 
outlines two of its recent developments which are the advanced exergoeconomic and 
exergo-environmental analyses methods. 
 
2.1. A historical note 
Recalling the history of exergy-based thermoeconomics helps us to understand how the 
current state of the art has been reached and anticipate future developments of the method. 
An important step in this respect is the acceptance of using exergy-based costing instead 
of energy-based costing. According to dos Santos et al. [7], the idea of associating the 
exergy (availability) of the final products of an energy system with their respective costs 
is due to Keenan [8] who developed a steam chart for second law analysis back in 1932. 
However, the use of second-law concepts in industry was initially resisted and the early 
studies on the second law analysis methodologies and exergy costing started in both 
Europe and America independently only in the late 1950s. According to Sciubba [5], the 
first association of economic value to exergy is due to Rant who, in 1955, stated that 
“Exergy is the part of energy having value” and that “energy without exergy is valueless”. 
 
In the 1960s and 1970s, a great number of publications by various scientists established 
the theoretical foundations of the exergy-based methodology. In the US, Tribus and 
Evans [9] studied desalination processes by exergy analysis, for which they coined the 
word ‘‘thermoeconomics’’. Their work marked the beginning of a concrete formulation 
of the methodology. The book published by Georgescu-Roegen [10] in 1971 is often cited 
as the pioneering reference in the field of thermoeconomics. In Europe, Bergmann and 
Schmidt [11] assigned costs to the exergy destruction in each component of a steam 
power plant and optimised feed water heaters in 1965. Szargut [12] analysed a simple 
cogeneration plant by using an exergy costing procedure and introduced an ecological 
cost coefficient (ECC) into the literature in 1967.  
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The 1980s witnessed a rapid expansion of the methodology and its applications in design 
and optimisation analyses of thermal systems. Two research trends in exergoeconomic 
analyses were followed during this decade one of which is the exergoeconomic 
accounting approach, which is a continuation of the work by Obert and Gaggioli [13], 
and the other is the Lagrangian‐based approach first introduced by Evans and Tribus [14]. 
The weakness of the calculus methods has limited the application of the Lagrangian‐
based method to complex systems. Therefore, there have been no new progresses or 
interesting applications of these methods in recent years compared to the accounting 
methods that do not have these limitations. The term ‘‘exergoeconomics’’ itself was first 
proposed in 1984 by Tsatsaronis [1] as an unambiguous characterisation of the 
combination of economics and exergy concepts that enables not only the inefficiencies 
to be evaluated, but also the costs associated with them and the investment expenditures 
required to reduce them. Tsatsaronis also introduced other fundamental exergoeconomic 
terms such as “Fuel” and “Product” and the rules associated with them. 
 
The most important contributions to exergoeconomic analysis were done in the 1990s 
during which a number of methods were proposed. Frangopoulos proposed the 
Thermoeconomic Functional Analysis (TFA), Von Spakovsky proposed the Engineering 
Functional Analysis (EFA), Lozano and Valero proposed the Theory of Exergy Cost 
(TEC), while Tsatsaronis and co-workers proposed the methods that finally became the 
specific exergy costing (SPECO) method. In 1994, the CGAM problem was defined to 
compare the results of these four methodologies [15]. In 1998, Kim et al. [16] introduced 
the Modified Productive Structure Analysis (MOPSA) method which was subsequently 
developed by Kwon et al. [17] and Kwak et al. [18]. The exergoeconomic methods that 
have been developed since the late 1980s can be ordered as follows: 
 

(a) Thermoeconomic functional analysis (TFA) 
(b) Last-in-first-out principle (LIFO) 
(c) Engineering functional analysis (EFA) 
(d) Theory of exergy cost (TEC) 
(e) Exergy economic approach (EEA)  
(f) Specific exergy costing (SPECO)  
(g) Modified productive structure analysis (MOPSA)  
(h) Structural theory of thermoeconomics (STT)  
(i) Exergy-cost-energy-mass analysis (EXCEM)  

 
The late 1990s also witnessed the use of fuzzy logic and genetic algorithm methods in 
optimisation analyses of energy systems. Since the beginning of this century 
exergoeconomic analyses have been widely applied to many energy systems such as 
power plants, combined heat and power production or cogeneration facilities and there 
have been further developments in the field such as the development of advanced 
exergoeconomics [19] and emergy-based exergoeconomics [20]. More detailed relevant 
historical accounts can be found in [5,7,21-24]. A review of the current state and future 
developments of exergoeconomics is given by Valero-Delgado and Torres [25]. 
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2.2. The specific exergy costing (SPECO) method 
The main hypothesis of exergoeconomics is that costs are transported with the exergy 
carriers in a thermal system, which can be physical and/or productive. All the exergo-
economic methodologies are built from this hypothesis with the following objectives [6]:  
 

(a) To identify the location, magnitude and real sources of thermodynamic losses 
(destroyed exergy and exergetic losses) in the thermal system; 

(b) To calculate the cost associated to exergetic losses and destroyed exergy in any 
plant component; and  

(c) To analyse the cost formation of each product separately in those thermal systems 
which produce more than one product. 

 
The various exergoeconomic methodologies differ in the way they deal with the three 
above objectives. The following discussion focusses on the most widely applied method 
in the recent literature, which is the SPECO method. 
 
2.2.1. A general description of the method 
The SPECO method was initially developed by Tsatsaronis and Winhold [26], but 
Lazzaretto and Tsatsaronis [27] later proposed a simpler, more systematic and more 
general method that establishes a direct link between the fuel and product definitions for 
a component and the corresponding costing equations. Figure 2.1 shows a schematic of 
this method [20,28].  
 

 
Figure 2.1. Schematic of the SPECO method (adopted from [20]) 

 
The method follows the four main steps described below [1,27,28]:  
 

1- Identification of exergy streams: Refers to the application of the mass and energy 
conservation expressions as well as the exergy balance, respectively, to each 
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all entering streams 
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Levelized capital investment, and 
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component of the system. In this step, all the entering and exiting exergy streams 
of each component are identified and calculated in the power unit; kW, MW, etc. 

2- Definition of fuel and product for each component. The product is what we desire 
from a component, in terms of exergy, and the fuel is the required exergy to 
generate the product. Exergy differences (exergy additions to or removals from 
a stream) should be applied to all exergy streams associated with a change of 
physical exergy and to some exergy streams associated with the conversion of 
chemical exergy. 

3- Identification of cost rate balance equations. Exergy costing involves cost 
balance usually formulated for each component separately. A cost balance 
applied to the kth system component shows that the sum of cost rates associated 
with all existing exergy stream equals the sum of cost rates of all entering exergy 
streams, plus the appropriate charges due to capital investment and operating and 
maintenance expenses (all having the same unitary exergy cost).  

4- Evaluation of the exergoeconomic variables and product cost. The 
exergoeconomic variables are used to assess the performance of the various 
components and identify the components where improvement is worthy. 
 

2.2.2. Formulation of the cost-balance equations 
The cost balance for a thermal system is usually performed at a steady state for each of 
the system components as a control volume [2,28]. For component k of the system that 
receives a heat transfer (q) and generates power (w) the equation is written as follows: 
 

  
e i

kk,qk,ik,wk,e ZCCCC                       (2.1) 

 
where the suffices i and e refer to the feed (input) and product (output) streams, 

respectively, C  refers to an exergy stream cost rate (in $ per hour), and kZ represents 

non-exergy-related costs (in $ per hour), which is mainly the rate of the component’s 
initial cost. The meaning of each exergy stream cost in Equation (2.1) is as follows: 
 

kiC ,
  = Input exergy stream 

   keC ,
  = Output exergy stream 

kwC ,
  = Work exergy stream 

kqC ,
  = Heat exergy stream 

 
In Equation (2.1), the work cost is treated as an output cost while the heat stream cost is 
treated as an input cost. Cost balances are generally written such that all terms are 

positive. C is related to the corresponding exergy flow E  by: 
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iii EcC                          (2.2) 

 
where ci denotes the average cost of stream i per unit of exergy, e.g., $/kJ. Note that the 
input exergy cost of each component is equal to the output rate of previous component. 
Therefore, the unknown quantity in the component equation is the product’s exergy cost.  
 
2.2.3. The auxiliary equations and the fuel/product rules 
The number of streams entering and exiting the system components are usually more than 
the number of components in the system and, therefore, additional auxiliary relations are 
needed. These relations are obtained by using the F(fuel) and P(product) rules. Figure 
2.2 shows the fuel and product exergy streams for three common components of energy-
conversion systems, which are the compressor, turbine, and heat-exchanger.  
 

 
Figure 2.2. Cost rates associated with fuel and product and auxiliary thermoeconomic 

relations for compressor, turbines and heat-exchangers (adopted from [2]) 
 
Since the compressor has only one exit exergy stream, it does not require any auxiliary 
equation. However, both the turbine and heat-exchanger can have more than one exiting 
stream and, therefore, need auxiliary equations as shown on the figure. As a rule, n - 1 
auxiliary relations are required for components with n exiting exergy streams. Solution 
of the resulting cost rate balance equations formulated for all the system components 
simultaneously yields the unknown cost rates from which the associated unit costs of the 
exiting exergy streams can be calculated. These are then used to determine the fuel and 
product costs of all the system components and the cost of exergy destruction in each 
component. In order to utilise this data for optimising specific components as well as 
optimising the system as a whole, the method defines a number of exergoeconomic 
variables as discussed in the following subsection.   
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2.2.4. The exergoeconomic variables  
A number of exergoeconomic variables are defined by the exergoeconomic method to 
measure the cost effectiveness of exergy utilisation by the components of the thermal 
system being considered or find a trade‐off between the investment cost and the 
component’s efficiency [2,5]. The most commonly used variables are [2]: 
 

The unit costs of the input (fuel):  kFkFkF ECc ,,, /                (2.3.a) 

 

The unit costs of the output (product):  kPkPkP ECc ,,, /                (2.3.b) 

 

The cost rate of exergy destruction:  kDkFkD EcC ,,,
                (2.3.c) 

 

The exergoeconomic factor:  
kDk

k
k

CZ

Z
f

,





               (2.3.d) 

 

The relative cost difference:   
kF

kFkP
k c

cc
r

,

,, 
                (2.3.e) 

 
2.2.5. Components aggregation and other considerations  
The application of the SPECO method outlined in the above discussion omits a number 
of other considerations. In some cases, the available data might not be sufficient to treat 
each component of the system individually and components aggregation becomes 
necessary. However, the level at which the cost balances are formulated affects the results 
of the analysis. The accuracy of the results is also affected by separating the costing of 
chemical exergy and physical exergy or treating the four components of the physical 
exergy (mechanical, thermal, potential and kinetic) separately. Yet another consideration 
is the costing associated with the rejection of exergy (exergy loss) from a system to its 
surroundings. Bejan et al. [2] give a more detailed description of the method and its 
application to the CGAM benchmark cogeneration system. Applications of the method 
for the analysis and optimisation of complex cogeneration and tri-generation plants are 
described by, e.g., Mohammed [20], Zhao [21], Al-Sulaiman [28], and Çolpan [29]. 
 
2.3. Application of SPECO to a simple cogeneration system 
To illustrate the application of the SPECO method by using Excel, consider the simple 
cogeneration system given in [2] that consists of a boiler and a steam turbine as shown 
on Figure 2.3. The feed water enters the boiler at 52 bars and 25oC to be heated to 
466.1oC, but the pressure drops to 50 bars. The mass flow rate of the steam is 26.151 

kg/s. To simplify the analysis, the rate of exergy input ( inE ) is fixed at 100 MW, exergy 

destruction in the boiler ( b,DE ) at 60 MW, exergy of the effluents ( outE ) at 5 MW, and 

exergy flow rate of the superheated steam entering the turbine ( 2E ) at 35 MW.  
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Figure 2.3. Schematic of a simple cogeneration system (adapted from Bejan et al. [2]) 

 
The polytropic efficiency of the turbine is 80% and the cost of fuel cF = $4.0/GJ. The cost 

rate of the boiler ( bZ ) is taken as $0.3/s and the cost rate of the turbine ( tZ ) is given by: 

 

10
020

W
.Z t


   [$/s]                      (2.4) 

 
where W is the power produced by the turbine in MW at the specified back pressure. An 
Excel-based model of the system will be developed to determine the power produced and 
the unit exergy costs of the power and steam and the results will be compared with those 
given by Bejan et al. [2] at various values of the back pressure.  
 
2.3.1. The analytical model 
The enthalpy of the low-pressure steam exiting the turbine is determined from: 
 

  tshhhh  3223           (2.5) 

 
Where h3s is the enthalpy after an assumed isentropic expansion in the turbine and ηt is 
the isentropic efficiency of the turbine. The turbine’s power ( eW ), in MW, is given by: 

 

  100032 /hhmW se             (2.6) 

 

The rate of exergy destruction in the turbine ( t,DE ), in MW, is given by: 

 

t,DE   1000230 /ssmT s          (2.7) 
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Effluents 

LP Steam 
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Feed Water 1 
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=100 MW 

 
 
/GJ 

4 
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= 5 MW 

= 60 MW 
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Applying Equation (2.1), the cost rate balance equations for the two components of the 
system, the boiler and turbine, are given by Equations (2.8) and (2.9), respectively:  
 

outbin CCZCC   21         (2.8) 

 

wt CCZC   32               (2.9) 

 

Given the cost of fuel cF, the cost rate inC  is determined from:   

 

inFin EcC                 (2.10) 

 
Since the cost of feed water and that of the combustion products are both zero, 
 

01 C            (2.11) 

 

0outC          (2.12) 

 
Substituting from Equations (2.11) and (2.12) and rearranging, Equation (2.8) becomes: 
 

bin ZCC  2               (A) 

 
Rearranging Equation (2.9), it becomes: 
 

tw ZCCC   32             (B) 

 

There are three unknown cost rates, 2C , 3C , and wC , but only two equations and, 

therefore, one auxiliary equation is needed. By applying the rule c3 = c2 to the turbine, 
the following auxiliary equation is obtained:  
    

2233 E/CE/C           (2.13) 

 
Rearranging the equation: 
 

2233 CE/EC                    (C) 

 
The solution of Equations (A), (B), and (C) determines the three unknown exergy cost 
rates. The application of the exergoeconomic method for this simple case is rather 
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straightforward, but the accuracy of the results depends on the model’s estimation of the 

turbine’s power ( eW ) and rate of exergy destruction in the turbine ( t,DE ). 

 
2.3.2. Excel implementation and validation of the model 
Figure 2.4 shows the Excel sheet developed for the cogeneration system. The left side of 
the sheet stores the given data, the middle part performs the thermodynamic calculations, 
and the part on the right side deals with the exergoeconomic calculations. The formula 

bar reveals the formula that calculates the cost rate 2C  based on Equation (A). By using 

Thermax functions for the properties of water to determine the enthalpy and entropy 
values h2, s2, h3, and s3, the sheet calculates the power produced “We” from Equation 
(2.6) and the rate of exergy destruction in the turbine “ED_t” from Equation (2.7). The 

values of the four cost rates FC , 2C , 3C  and wC  are determined by direct substitution 

in Equations (2.10), (A), (B, and (C). The unit costs are then obtained by dividing the 
product cost rate with corresponding exergy flow rate ($/GJ) or mass flow rate ($/kg).  
 

 
Figure 2.4. The Excel sheet for thermodynamic and exergoeconomic analyses of the 

simple cogeneration system 
 
Figures 2.5 to 2.9 compare the results obtained by the present model at values of the back 
pressure between 40 bar to 1 bar with those given by Bejan et al. [2]. Figure 2.5 that 
shows the model’s estimations (Model) for T3 shows that the temperature agrees well 
with the reference data (Ref [2]) at high values of the pressure, but the model’s 
estimations slightly deviate from the reference values as the back pressure decreases. 
Figure 2.4 shows that the present model estimated the steam at the back pressure of 1 bar 
to leave at 99.7oC, which is slightly superheated, whereas Ref. [2] estimated it to leave at 
99.61oC; which is the saturation temperature at 1 bar.  
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Figure 2.5. Variation of the LP steam exit temperature (T3) with the back pressure 

 

 
Figure 2.6. Variation of the turbine power with the back pressure, P3 

 

 
Figure 2.7. Variation of the rate of exergy destruction in the turbine with P3 
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Figure 2.8. Variation of the unit exergy cost of the power produced with P3 

 

 
Figure 2.9. Variation of the unit exergy cost of low-pressure steam with P3 

 
Figures 2.6 and 2.7 show that both the turbine’s power and rate of exergy destruction 
decrease as the back pressures is increased. Comparing the model’s estimations to those 
of Ref. [2], the two figures also show close agreements with the corresponding reference 
values at high values of P3, but the accuracy deteriorates as the back pressure decreases 
specially for the rate of exergy destruction. Figures 2.8 and 2.9 show the variation of the 
unit exergy cost of the power produced and that of the low-pressure steam with the back 
pressure. While unit exergy cost of the power produced decreases by increasing the back 
pressure, that of the steam increases. Compared to the values given by Ref. [2], the cost 
of steam is predicted well by the present model for all values of the back pressure, but 
the model considerably overestimates the cost of power at the low pack-pressure values 
because of its overestimation of the turbine’s rate of exergy destruction.  
 
To improve the model’s accuracy, a user-defined function was written with VBA that 
divides the expansion process in the steam turbine into five consecutive stages instead of 
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a single stage. The VBA function, which is listed in Appendix B, is called “Expansion” 
and can be used to return the value of either T3, h3, s3, or x3. Figure 2.10 shows the 
modified sheet that uses the UDF with the back pressure specified as 1 bar and the 
formula bar in the figure reveals the formula in cell E5 that calls the function to determine 
the value of the temperature T3.  
 

 
Figure 2.10. The improved Excel sheet of the simple cogeneration system 

 
As the formula bar in Figure 2.10 shows, the VBA function requires five input 
parameters, which are the values of the inlet pressure P2 in kPa, the inlet temperature T2 
in oC, the back pressure P3 in kPa, the isentropic efficiency of the turbine ηt as a fraction, 
and a string variable that indicates the required property, i.e., “T” for T3, “h” for h3, “s” 
for s3, or “x” for x3. As Figure 2.10 shows, the model now estimates the steam at the back 
pressure of 1 bar to leave at 99.61oC, which is the saturation temperature at 1 bar. Figures 
2.11 and 2.12 compare the estimations of the modified model (Model2) with those of the 
original model (Model1) and those of Bejan et al. (Ref [2]) for the rate of exergy 
destruction in the turbine and the unit exergy cost of the power produced, respectively. 
The figures show that the UDF has considerably improved the model’s estimation of the 
two parameters. Therefore, it is reasonable to assume that the model’s accuracy can be 
improved further by dividing the expansion process into more than five stages, but the 
task of making the required modification to the UDF is left as an exercise (Exercise 2.1). 
 
The simplified case considered in this section allowed the basic calculations of the 
SPECO method to be performed with Excel by avoiding the complexities of the system 
and the analytical model. However, the method is usually applied to systems with 
numerous elements while determining the exergy values as well. The following section 
presents a more realistic application of the method by adding an air-preheater to the 
simple cogeneration system. 
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Figure 2.11. Variation of the rate of exergy destruction in the turbine with P3 

 

 
Figure 2.12. Variation of the unit exergy cost of the power produced with P3 

 
2.4. Exergoeconomic analysis of a cogeneration system with an air preheater 
Figure 2.13 shows a co-generation system that adds an air-preheater to the simple system 
considered in the previous section. As for the simple system, the feed water enters the 
boiler at 52 bars and 25oC to be heated to 50 bars and 466.1oC and the mass flow rate of 
the steam is 26.151 kg/s. The air at the atmospheric condition enters the preheater before 
going to the boiler that burns coal. The mass flow rate of air is 60,000 kg/s. The polytropic 
efficiency of the turbine, ηt, is 80%, the effectiveness of the air preheater, ε, is 75%, the 
combustion efficiency, ηcc, is 94%, and pressure losses in the two sides of the air preheater 

are 4% of the corresponding inlet pressure. The cost rate of purchasing the boiler ( bZ ) is 

$0.3/s and that of the turbine ( tZ ) is given by Equation (2.4). Based on typical costs of 

cogeneration systems [2], the cost rate of the air preheater is taken as $0.004/s. Table 2.1 
gives additional data needed for analysing the system. Note that T7 is specified at 765K, 
which is higher than the temperature of the superheated steam by 25K. 
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Figure 2.13. Schematic of the co-generation system with an air preheater 

 
Table 2.1. The physical data of the improved cogeneration system  

Parameter Value 
T5 [K] 298.15 
P5 [bar] 1.15 
T7 [K] 765 
Cost of coal (cF) [$/GJ] 4.0 
LHV of coal (graphite) [kJ/kg] 32,770 
Exergy of coal (graphite) [kJ/kmol] 404,589 

 
It is required to determine the power produced by the system at a back pressure of 9 bars 
and the corresponding unit exergy costs for the power and the steam and to determine 
which of the three system components deserves further investment so as to improve its 
performance and minimise the products’ costs. 
 
2.4.1. The analytical model 
In general, the analysis follows the procedure described in the previous section, but the 
rate of exergy input, exergy of the effluents, and the rates of exergy destruction in the 
boiler and the air preheater are not predetermined but calculated by the model itself. The 
basic assumptions in the model’s formulation are: 
 

1. The system operates at steady state.  
2. The kinetic and potential energy effects are negligible.  
3. The feedwater and air enter the system with negligible exergy costs, i.e., c1 = c5 =0.  
4. The environment is at T0 = 298 K and P0 = 101.3 kPa 

 
As for the simple cogeneration system, the enthalpy at state 3 is determined from: 
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  tshhhh  3223         (2.17) 

 
Where h3s is the enthalpy after an isentropic process to the back pressure and ηt is the 
isentropic efficiency of the turbine. The temperature at state 6 is determined as follows: 
 

 5756 TTTT           (2.18) 

 
The enthalpy at state 8 is determined from the following energy balance: 
 

   faa mmhhmhh   /5678        (2.19) 

 
Where am  and fm are the mass flow rates of the air and the fuel, respectively.  

 
The power of the turbine, in MW, is then calculated from: 
 

  100032 /hhmW s           (2.20) 

 
Where sm  is the mass flow rate of the steam.  

 
The heat input, in MW, and the rate of fuel consumption, in kg/s, are calculated from: 
 

     10006712 /hhmhhmQ asin                  (2.21.a) 

 

ccinf /LHV/Qm 1000                  (2.21.b) 

 
Where LHV is the lower heating value of the fuel (which is treated as pure graphite) and 
ηcc is the combustion efficiency. Note that the mass flow rate the combustion products 
has been ignored in Equation (2.21.a) so as to simplify the model.  
 

The rates of exergy destruction in the boiler ( b,DE ), the turbine ( t,DE ), and the air 

preheater ( aph,DE ) are determined from: 

 

72961 EEEEEE b,D
                  (2.22.a) 

 

432 EEEE t,D
                   (2.22.b) 

 

8675 EEEEE aph,D
                  (2.22.c) 

 



Multi-objective optimisation and exergoeconomic analyses of ECSs using Excel  39 
 

The cost rate balance equations for the cogeneration system are as follows:  
 
Boiler: 
 

72961 CCZCCC b
         (2.23) 

 
Turbine: 
 

432 CCZC t
                 (2.24) 

 
Air preheater: 
 

8675 CCZCC aph
              (2.25) 

 
The above three equations can be rearranged as follows: 
 

79612 CZCCCC b
                   (E) 

 

423 CZCC t
               (F) 

 

8657 CCZCC aph
              (G) 

 
Since the cost of coal (cF) is known and the costs of the feed water and inlet air are 
assumed to be negligible (c1 = c5 = 0), the relevant cost rates of the exergy streams at 
states 9, 1, and 5 are calculated or specified as follows: 
 

99 EcC F
                           (H) 

 

01 C                             (I) 

 

05 C                            (J) 

 
Three auxiliary equations are needed which are obtained by applying the rules, c4 = c2, c7 

= c6, and c8 = c7. These yield the following equations: 
 

  2244 CE/EC               (K) 

 

  7766 CE/EC               (L) 
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  7788 CE/EC                (M) 

 
2.4.2. Excel implementation and exergoeconomic analysis 
The Excel-aided model of this cogeneration system has been developed as a workbook 
that consists of three sheets. Figure 2.14 shows the first sheet of the model that calculates 
the temperatures T2, T6, and T8 and enthalpy values of the different streams by using 
Thermax property functions for air and water. The data part on the left side of the sheet 
stores the values of the specified pressures and temperatures, the mass flow rate of the 
air (ma) and that of the feed water (mw), and the turbine’s isentropic efficiency (η_t). 
Other specified data (ε, ηcc, LHV, fuelE ) are stored in column E. The sheet calculates the 

heat input (Qin), rate of fuel consumption (mf), and power produced (W). As the figure 
shows, for the specified value of the back pressure (P_3) of 9 bars the power produced 
by the system is 9.592 MW, which is 2.7% more than the 9.34 MW produced by the 
simple system at the same back pressure. The bottom three cells of column K determine 
the rates of exergy destruction in the three system components.  
 

 
Figure 2.14. The first sheet of the model for the co-generation system 

 
The second sheet of the model shown on Figure 2.15 calculates the exergy of the nine 
streams and their cost rates. The data part of this sheet shows the equipment cost rates of 
the three components of the system (Z_b, Z_aph, and Z_t) and the values of the dead-
state reference temperature (T0) and pressure (P0). The sheet calculates the physical and 
chemical exergy values of the various streams and the corresponding exergy flow rates 
in MW. Note that the exergy of the effluents has been reduced by the air preheater from 
12.38 MW at state 7 to 1.57 MW at state 8. The sheet solves the cost rate equations (E) 
to (M) to determine the unknown cost rates by using the iterative solution option of Excel. 
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This option makes it unnecessary to assemble the equations in a matrix form. The formula 

bar shows the equation for 7C , which is Equation (G).  

 

 
Figure 2.15. The second sheet of the model for the cogeneration system 

 
The third sheet of the model shown on Figure 2.16 copies from Sheet 2 the values of the 
flow rates of exergy at the nine streams and the corresponding cost rates to calculate the 
values of their unit exergy costs which are then used to determine the product unit cost 

(cP), the fuel cost (cF), and the cost rate of exergy destruction ( DC ) for the three system 

components. The formula bar shows the calculation of cF for the boiler. The sheet also 
copies from Sheet 2 the cost rates Z of the system components in its column K to 
calculate the values of the summation ZC D

   and the exergoeconomic factor f. 

 

 
 

Figure 2.16. Sheet 3 of the model for the cogeneration system 
 
The exergoeconomic evaluation of the system is based on the values of the 
exergoeconomic factors obtained for its three components. From exergoeconomic 
consideration, the most important component is the one that has the highest value of the 



42  M.M. El-Awad 
 

variable ZCD
  . Table 2.2 ranks the three components of the cogeneration system 

according to their ZCD
   values. Having a high value of ZCD

  , but a low value of f 

by a component means that the greater part of the product cost in the component is due 
to exergy destruction and loss. The table figures show that the boiler has the highest value 

of ZCD
  , but its exergetic factor is also the highest. The component with the lowest f 

is the turbine (typical values of f for turbines are up to 75% [2]). Although the highest 
rate of exergy destruction occurs in the boiler, it is the turbine that deserves more 
investment to improve its performance according to its value of f. Note that the value of 
f for the air preheater, which is 86.47%, is higher than usual (typical f values for air 
preheaters are less than 55%) and, therefore, the investment in this component can be 
reduced. However, this is unlikely to make a significant impact because of the low cost 
of the air preheater compared to the turbine and the boiler.  
 

Table 2.2. Exergoeconomic performance of the cogeneration system components 

 
DC   

($/s) 
Z  

($/s) 
ZCD
    

($/s) 

f 
 (%) 

Typical f 
 (%) [2] 

Boiler 0.0002 0.300 0.300 99.92  

Turbine 0.0254 0.019 0.045 43.03 35-75 

Air preheater 0.0002 0.001 0.001 86.47 <55 

 
2.5. Exergoeconomic analysis of more complex systems 
The simplified cases considered in the two previous sections were intended to explain the 
methodology of exergoeconomic analysis and its application with Excel. Obviously, the 
method is more useful when the analysed system is more complex and includes more 
components. Figure 2.17 shows a schematic diagram of a combined cycle power plan 
(CCPP) that consists of a simple Brayton cycle and a simple Rankine cycle. Baghernejad 
and Anvari-Moghaddam [30] conducted exergoeconomic and environmental analyses of 
this system and two modified configurations of the CCPP. Table 2.3 shows their results 
for this system which they called Configuration 1. The table lists the system components 

in the order of their ZCD
  values since the most important component from 

exergoeconomic consideration is the one that has the highest value of this variable. As 

can be seen from this table, the highest value of ZCD
  belongs to the combustion 

chamber followed by the steam generator and steam turbine. The table shows that the 
combustion chamber also has the lowest exergoeconomic factor which means that its 
exergy destruction cost prevails over its initial cost. These results indicate that the 
combustion chamber is the component that deserves greater attention since improving its 
performance will improve that of the whole system. It is quite possible to enhance the 
performance of the combustion chamber by more investment and by adopting a more 
effective design. According to Baghsheikhi et al. [31], the factors that greatly affect the 
combustion process are the excess air ratio and the incoming air temperature. Reduction 
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of the air–fuel ratio and the use of preheated air improve the efficiency of the combustion 
process. More sophisticated methods, such as premixed combustion or staged 
combustion can also be used to reduce the thermodynamic irreversibilities in the process. 
It is also possible to optimise the thermal insulation so as to minimise heat losses, which 
subsequently minimises entropy generation and increases the overall efficiency. The 
table shows that the total exergoeconomic factors for the whole systems is only 7.53% 
which indicates that the total exergy destruction cost rate has a significantly higher share 
than the initial equipment cost rate. Therefore, the use of system components with higher 
initial cost that can improve the system’s performance is justifiable since. 

 
Figure 2.17. Schematic diagram of the simple CCPP (adopted from [30]) 

 
Table 2.3. Exergoeconomic analysis of the simple CCPP (Configuration 1) [30] 
 

DC  ($/h) Z  ($/h) ZCD
   ($/h) f  (%) 

Combustion chamber 11,758 27.69 11,785.69 0.23 
Steam generator 2174 240 2,414.00 9.94 
Steam turbine 1641 340.6 1,981.60 17.19 
Gas turbine 1175 275.3 1,450.30 18.98 
Compressor 830.8 500.2 1,331.00 37.58 
Condenser 916.5 121 1,037.50 11.66 
Pump 18.52 4.38 22.90 19.15 
Total system 18,513.82 1509.17 20,022.99 7.53 

 
2.6. Advanced exergoeconomics and exergoenvironmental methods 
The application of the exergoeconomic method for analysing and optimising various 
energy systems has revealed its strength and limitations and sparked the development of 
advanced exergoeconomic analyses methods and exergoenvironmental analyses 
methods. In what follows, brief overviews of these two methods are given. 
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2.6.1. Advanced exergoeconomics 
One of the limitations of the conventional exergoeconomic method described above is 
that it do not reecognise that part of the exergy destruction in an energy-conversion 
system can be avoided by enhancement efforts, but part of it is unavoidable due to 
technological and economical limitations. The method also does not  account for the 
interactions between the components toward contributing to the ineffciencies of thermal 
systems. Due to these limitations, the results of the conventional exergoeconomic 
analysis methods cannot reveal the real potential for improving effciency of the system 
components and can even be misleading [21,32-36]. Advanced exerogoeconomic 
methods address these limitations by splitting the exergy destruction in a component of 
a thermal system into avoidable and unavoidable and endogenous and exogenous-exergy 
portions. The avoidable and unavoidable portions can be combined with the endogenous 
and exogenous portions for further splitting as follows:  
 

(a) avoidable endogenous-exergy destruction,  
(b) unavoidable endogenous-exergy destruction,  
(c) avoidable exogenous-exergy destruction and  
(d) unavoidable exogenous-exergy destruction.  

 
With the above categorisation of energy-destructions, advanced exergy and exergo-
economic analyses have the ability of establishing interdependencies among the 
components of thermal systems and uncovering the real potential of improvement which 
is essential when a complex thermal system with many components is being analysed 
[33]. According to Zhao [23] and Fellah [34,35], the concept of the endogenous/ 
exogenous exergy destruction increases our understanding of the interaction between 
system components, and makes the optimisation strategy of the overall system, which 
may be misled by mutually affected components, more convenient. Therefore, the 
concept can help engineers to decide whether an alteration should be made to a particular 
component or to the other components of the system. Chapter 6 shows how the Excel-
based modelling platform can be used for conducting the advanced exergoeconomic 
analysis method by considering the simple gas turbine. 
 
2.6.2. Exergoenvironmental analyses  
In addition to the depletion of energy other scarce natural resources, energy-related 
activities cause degradation of the environment. In order to take these effects into 
consideration, the scope of exergoeconomics had to broaden by the development of 
exergo-environmental analysis methods [37-40]. This subsection outlines two types of 
these methods, which are the conventional exergoenvironmental analysis method and the 
emergy-based exergoecono-environmental analysis method. 
  
Conventional exergo-environmental analysis 
This method combines exergy analyses with Life Cycle analysis (LCA) for evaluating 
the environmental impact of component's lifecycle on pollutant formation. The method 
defines the highest environmental impact caused by component inefficiencies and 
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lifetime pollutants and assesses the possible improvements of process's environmental 
impacts [41]. The structure of the method is analogous to that of the conventional 
exergoeconomic analysis as shown on Figure 2.18.  
 

 
Figure 2.18. Structure of the exergoenvironmental analysis (adopted from [42]) 

 
The method consists of the following five main steps: 
 

- After defining the goal and scope and modelling the energy conversion process starts 
the first major step which is the exergy analysis that determines all material and 
energy streams connecting the components and crossing the system boundaries as 
inputs and outputs.  

- In the second step the environmental impact rate jB  of each material and fuel stream 

is determined by applying the method of life cycle assessment.  
- In the third step the analysis assigns the results of the LCA to the corresponding 

exergy streams by relating the environmental impact rate jB of each material and 

energy stream to its exergy content jE . The result is the specific environmental 

impact bj (expressed in Eco-indicator points per exergy unit).  
- On the basis of the exergy and environmental impact rates and the specific 

environmental impacts of every exergy stream in the process, the 
exergoenvironmental variables can be calculated for every process component. The 
variables are developed in analogy to the exergoeconomic variables defined in [2]. 

- Exergoenvironmental evaluation. 
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Emergy-based exergo-econoenvironmental analysis  
Exergoeconomic and exergoenvironmental analyses sometimes lead to different 
dimensions/scales and different conclusions. In order to harmonise the dimensions/scales 
of these analyses, Aghbashlo and Rosen [43] suggested to translate the monetary terms 
of exergoeconomic analysis and environmental impact scores of exergoenvironmental 
analysis into emergy values. Emergy refers to the amount of available energy required, 
either directly or indirectly, to generate a given output flow or storage of energy or 
service, expressed as solar equivalent joules (sej) [42]. Aghbashlo and Rosen [20] also 
suggested expressing all energetic and non-energetic process inputs in terms of sej. 
Aghbashlo and Rosen [43] then introduced a new methodology based on the emergy 
concept according to which a new parameter called exergetic ecological emergy/financial 
emergy ratio is determined and used for deriving emergy-based exergo-
econoenvironmental balances for an energy system by combining it with exergy cost 
concepts. The methodology is applied in four main steps:  
 

- First, the energy system is formulated and analysed using the exergy method.  
- Second, exergy cost theory is applied to determine unit exergy costs of all 

streams and unit exergy production costs of all components.  
- Third, the exergetic ecological emergy/financial emergy ratio of all components 

and exogenous exergy streams are computed using data available in the literature.  
- In the fourth step, the exergetic ecological emergy/financial emergy ratios of all 

streams are calculated using the SPECO approach [2,27].  
 
Nourpour et al. [44] investigated an integrated solar combined cycle system (ISCCS) by 
applying conventional and advanced analysis of the system using exergy, exergo-
economic, and exergoenvironmental analysis. Table 2.4, which is extracted from their 
data, shows the first and second components to be given priority of improvement based 
on each method of analysis. Among the six methods, the table shows that only the three 
advanced exergy-based analyses gave the priority to the same components and in the 
same order. Another interesting remark is that the first-priority component according to 
these methods is not the combustion chamber, as suggested by conventional exergetic 
and exergoenvironmental methods [2,28,30], but the low-pressure economiser.  
 

Table 2.4. Outcomes of the eight analyses conducted by Nourpour et al. [44] 
 First priority Second priority 
Exergetic analysis  CC SF 
Exergoeconomic analysis  SF ST 
Exergoenvironmental analysis CC ST 
Advanced exergetic analysis LPECO SEVA 
Advanced exergoeconomic analysis LPECO SEVA 
Advanced Exergoenvironmental analysis LPECO SEVA 

Abbreviation: CC: Combustion Chamber, LPECO: Low Pressure Economiser, SEVA: 
Solar Evaporator, SF: Solar Field, ST: steam turbine  
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2.7. Closure 
This chapter introduces the exergoeconomic analysis method by focussing on the SPECO 
method that adopts the accounting approach to formulate a set of cost-rate equations 
associated with the exergy streams entering and exiting the components of a thermal 
system based on which a number of exergoeconomic variables can be formulated and 
used to analyse the cost formulation process in each component. The chapter illustrates 
the use of the Excel-based platform for conducting the SPECO method by considering 
two simplified cogeneration systems that highlight the basic concepts related to the 
method, but also shows how the method could be used to deal with a more complex 
system, which is a combined-cycle power plant, that involves a compressor and a 
condenser in addition to the turbine, combustion chamber, and heat-exchanger. Finally, 
the chapter gives brief accounts of the more advanced exergoeconomics and exergo-
environmental methods.  
 
It should be mentioned that the application of the SPECO method may involve a number 
of other considerations that have not been addressed adequately here such as the costing 
of exergy loss streams, treatment of dissipative elements, effect of aggregation level in 
applying exergy costing, and others. Some of these issues are considered in the following 
chapters, but more information is given in [1,2]. With respect to the tools provided by 
Excel for performing the exergoeconomic analysis method, the chapter illustrates the use 
of its iterative solution option for solving the algebraic system of equations generated by 
the method and the use of VBA to develop an additional user-defined function needed to 
improve the accuracy of the thermodynamic model.  
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In the real-world, decisions need to be taken in the presence of trade-offs between two or 
more conflicting objectives. In engineering design, economics, finance, and logistics, for 
example, this is called multi-objective optimisation (MOO). MOO, in which a number of 
objective functions are to be minimised or maximised, is also referred to as vector 
optimisation because a vector of objectives is involved instead of a single objective [1]. 
In the past, MOO problems were usually cast and solved as single-objective optimisation 
(SOO) problems because of the lack of suitable solution methodologies. The limitation 
of this approach is that the optimisation objectives can be of different kinds or scales, 
which make it difficult to formulate the problem as a single objective function. 
Fortunately, the recent advances in the fields of applied mathematics, operational 
research, and digital computer technology have enabled the required solution methods to 
be developed [2]. This chapter discusses the scalarisation and the Pareto approaches to 
MOO and illustrates the application of the two approaches by using the Excel-based 
modelling platform, Excel’s own solver, and the MIDACO solver [3]. 
 
3.1. The multi-objective optimisation problem 
As an example multi-objective optimisation problem, consider the following problem 
that requires two simple functions f1 and f2 to be minimised simultaneously [3]: 
 

1f (x,y) = (x – 0)2 + (y – 0)2   0 x 1; 0 y 1              (3.1.a) 

 

2f (x,y) = (x – 1)2 + (y – 1)2   0 x 1; 0 y 1              (3.1.b) 

 
The two functions f1 and f2 involve two variables, x and y, (called decision variables) the 
values of which are restricted to be between 0 to 1. Figure 3.1 shows Excel’s surface plots 
of the two functions that shows their variation with x and y. The figure shows that the 
minimum value for f1 is at (0,0), while that for f2 is at (1,1). Therefore, the solution to this 
optimisation problem is not to find a single point at which the values of both functions 
are minimum, but to find a point, or points, that give the best trade-off between the two. 

  
(a)  f1      (b) f2 

Figure 3.1. Surface plots of the two functions f1 and f2 in Equation (3.1) 
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The general multi-objective optimisation problem (MOOP) can be stated as follows [1]: 
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There are M objective functions f(x) = (f1(x), f2(x), ..., fM(x))T considered in the above 
formulation each of which can either be minimised or maximised. The terms gj(x) and 
hk(x) are called constraint functions. Associated with the problem are J inequality and K 
equality constraints. The inequality constraints are treated as 'greater-than-equal-to' 
types, but the above formulation also takes care of 'less-than-equal-to' type inequality 
constraint. The last set of constraints are called variable bounds, restricting each decision 

variable xi to take a value within a lower bound,  L
ix , and an upper bound,  U

ix .  

 
A solution x that does not satisfy all of the (J + K) constraints and all of the 2N variable 
bounds stated above is called an infeasible solution, while any solution x that satisfies all 
constraints and variable bounds is called a feasible solution. Multi-objective optimisation 
problems have multiple feasible solutions because of the multiplicity of conflicting 
objectives, the complexity of the objective functions, and the constraints. The set of all 
feasible solutions is called the feasible region, S. An important difference between SOO 
problems and MOO problems is that the objective functions in a MOOP constitute a 
multi-dimensional space which is called the objective space, Z [1]. For each solution x in 
the usual decision variable space, there exists a point in the objective space denoted by 
f(x) = z = (z1, z2, ... , zM)T. The mapping takes place between an n-dimensional solution 
vector and an M-dimensional objective vector. Figure 3.2 illustrates these two spaces for 
the bi-objective optimisation problem expressed by Equation (3.1).  

 
Figure 3.2. A graphical representation of the feasible decision space and objective space for 

Equation (3.1) 
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3.2. Multi-objective optimisation methods  
There are two approaches for solving MOO problems [4,5]: 
 

1. The scalarisation approach (the weighted sum method) 
2. The Pareto approach 

 
Considering the variety of the methods involved in the two approaches, only brief 
descriptions are given here. It is hoped that the discussion provides sufficient leading 
threads for the readers interested in a more in-depth study of this topic.  
 
3.2.1. The Scalarisation approach  
The scalarisation approach combines the multi-objective functions into a single function 
using weights before optimisation such that a weight for an objective is proportional to 
the preference factor assigned to that particular objective. Referring to Equation (3.1), 
the mathematical formulation of the scalarisation approach is as follows: 
 
     y,xfwy,xfwy,xF 2211          (3.3) 

 
Where, w1 and w2 are weights of the objective functions as defined by the user in 
proportion to the relative importance of the objective. Therefore, this approach is called 
a preference-based multi-objective optimisation. Let’s apply this approach to solve the 
bi-objection problem given by Equation (3.1) by giving the two functions equal weights. 
With this preference choice, i.e., w1 = w2 =1, Equation (3.3) takes the following form:  
 
     y,xfy,xfy,xF 21           (3.4) 

 
Figure 3.3 shows an Excel sheet that calculates the values of F at the various values of x 
and y. The figure shows that the minimum value for F is 1, which occurs at (0.5,0.5). The 
corresponding values of both objective functions, f1 and f2, are equal to 0.5.  
 

 
Figure 3.3. Values of the scaled function F at the various values of x and y 

 
Scalarisation enables the problem to be solved by using a single-objective solver. Figure 
3.4 shows an Excel sheet prepared for this purpose in which the first objective function, 
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f1, is stored in cell B3, while the second function, f2, is stored in cell B4. The function 
ribbon shows the first function stored in B3. The variables x and y are stored in cells D3 
and D4, respectively. Excel’s Solver can now be used to minimise the function F, stored 
in cell D6, by changing the values of cells D3 and D4. Figure 3.5 shows Solver’s set-up 
and Figure 3.6 shows the solution obtained with the GRG Nonlinear method of Solver. 
As the figure shows, the obtained solution is the point (0.5,0.5) at which F = 1.0. 
 

 
Figure 3.4. Excel sheet for solving the single-objective problem by using Solver 

 

 
Figure 3.5. Solver’s set-up for solving the single-objective problem 

 



56  M.M. El-Awad 
 

 
Figure 3.6. Solver’s solution of the single-objective problem 

 
A single solution to this problem could be obtained because the problem applies no 
constraints. Constraints are one of the reasons why MOOPs have multiple solutions. To 
see the effect of adding a constraint to the present problem let’s assume that we are only 
interested in the solutions for which: 
 
  21.y,xF             (3.5) 

 
With this condition, the solutions marked red on Figure 3.3 become infeasible. The eight 
points marked blue on the figure have the lowest value of F. Therefore, any one of these 
points is an optimum solution. Figure 3.7 shows Solver’s set-up for solving the 
optimisation problem subject to the constraint specified by Equation (3.5) and Figure 3.8 
shows the solution obtained. As the figure shows, Solver’s solution is the point 
(0.724,0.724) at which 1f  = 1.047, 2f = 0.153, and F = 1.2. To find multiple optimal 

solutions with this method one chooses a different weight vector and solves the resulting 
single-objective optimisation problem again. Simplicity is the main advantage of this 
approach, but its disadvantages are that it is difficult to set the weight vectors to obtain 
an optimal solution in a desired region in the objective space. Moreover, these methods 
cannot find certain optimal solutions in the case of a nonconvex objective space as shown 
on Figure 3.9 [1,6]. 
 
3.2.2. The Pareto approach 
This is the approach that has become commonly used for solving MOO problems 
particularly in engineering design. The name Pareto refers to the Italian economist who 
first introduced the “dominance” concept which is the central idea of the approach. In the 
single-objective optimisation problem, the superiority of a solution over other solutions 
is easily determined by comparing their objective function values. In the Pareto approach 
there are dominated solutions and non-dominated solutions and the goodness of a solution 
is measured according to its dominance as determined by the dominance test [6]. 
According to this concept, solution S1 dominates solution S2, if: 
 

1. Solution S1 is no worse than S2 in all objectives 
2. Solution S1 is strictly better than S2 in at least one objective 
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Figure 3.7. Solver’s set-up for solving the constrained single-objective problem 

 

 
Figure 3.8. Solver’s solution of the constrained single-objective problem 

  
Figure 3.9. The scalarisation approach applied to convex and nonconvex problems [6]) 
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The set of solutions that pass the test are called the Pareto optimal solutions, Pareto-
optimal set, Pareto efficient set, or the non-inferior" solutions. As an example, consider 
a problem that involves two objective functions f1 and f2 and requires f1 to be maximised 
and f2 to be minimised simultaneously for which five solutions are shown on Figure 3.10. 
Table 3.1 shows the conclusions that can be made when solution 1 is compared to the 
other four solutions. Similar comparisons show that solution 3 dominates solutions 2 and 
4, but not 5. The three solutions 1, 2, and 4 are dominated solutions, while the other two 
solutions 3 and 5 are non-dominated solutions. Therefore, the dominance test has reduced 
the number of solutions that are potential optima from five to two, but the selection of 
the best solution among these two solutions requires additional information. 

 
Figure 3.10. Illustration of the dominance test (adopted from [1]) 

 
Table 3.1. Application of the dominance test to Solution 1 shown on Figure 3.10 

First solution Second solution Dominant solution 
1 2 1 
1 3 3 
1 4 Neither 
1 5 5 

 
As a real-world example, consider the case of a passenger willing to buy an air ticket to 
a certain destination with two objectives: to save money and get the shortest flying time. 
Table 3.2 lists five available options [7]. Two cases are obvious: if the passenger’s budget 
is limited and if he/she has to catch-up with an important appointment. In the first case 
the passenger will most probably go for Ticket A and in the second case Ticket E is the 
best option. Otherwise, the passenger will weigh the different options. Ticket A is cheaper 
than ticket B, but the journey takes a longer time. So, we can’t judge which one is better 
without knowing the relative importance of travel time versus price. However, ticket C 
is better than ticket B in both objectives and there is no reason for choosing B instead of 
C. Therefore, we can say that C dominates B. Similarly, E dominates D. Out of the five 
options, tickets B and D are dominated solutions and need not be considered further. The 
three remaining options A, C, and E have trade-offs associated with travelling time versus 
price and none of them is superior over the others without further information.  
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Table 3.2. A passenger’s options for buying an air ticket [7] 
Ticket Travel time (hours) Price ($) 
A 10 1700 
B 9 2000 
C 8 1800 
D 7.5 2300 
E 6 2200 

 
Figure 3.11 shows a graphical representation of the two objective functions (Flight time 
and Price) for the travelling-passenger problem. The figure shows the feasible region, 
dominated solutions, non-dominated solutions, and the Pareto front.  
 

1. Feasible region: The set of all feasible objective functions (A, B, C, D, and E) 
2. Dominated solutions: The solutions that lie inside the line (D and B).  
3. Non-dominated solutions: The set of all the solutions that are not dominated by 

any member of the solution set (A, C, and E).  
4. Pareto front: The boundary defined by the set of all non-dominated solutions. 

 
It should be noted that multiple Pareto optimal solutions exist only if the problem 
objectives are conflicting to each other. In the case of non-conflicting objectives, the 
Pareto front becomes a single point. 
 

 
Figure 3.11. The objective space for the travelling-passenger problem 

 
3.3. MOO algorithms based on the Pareto approach 
The answer to a MOOP is set of solutions that define the best trade-off between 
competing objectives [6]. Therefore, the solution method to a MOOP should provide a 
variety of optimal solutions that trade the various objectives differently. The decision-
maker can then decide the best solution among the set of optimal solutions. A multi-
objective optimisation algorithm that cannot find a diverse set of solutions to a problem 
in each simulation run is as good as a single-objective optimisation algorithm that can at 
best find one solution in one run [1]. A multi-objective optimisation algorithm that adopts 
the Pareto approach has two tasks: 
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1. To find a set of solutions as close as possible to the Pareto-optimal front.  
2. To find a set of solutions as diverse as possible so as to be assure of having a 

good set of trade-off solutions among objectives. 
 
The two tasks are somewhat orthogonal to each other and, therefore, the achievement of 
one goal does not necessarily mean the achievement of the other goal. Therefore, an 
efficient MOO algorithm must work on satisfying both of them. Explicit or implicit 
mechanisms to emphasise convergence to the optimal solution while maintaining a 
diverse set of solutions must be introduced in the MOO algorithm. Because of these dual 
tasks, MOO algorithms are more difficult to develop than SOO algorithms.  
 
The need to identify as many solutions as possible within the Pareto-optimal range often 
represents a problem for classical optimisation techniques [8,9]. Therefore, most MOO 
methods use evolutionary algorithms (EAs). The main advantage of EAs, when applied 
to solve MOO problems, is their ability to generate sets of solutions (in a single run) that 
allow computation of an approximation of the entire Pareto front. Among EAs, the most 
popular algorithms are genetic algorithms (GAs) although some schemes based on 
particle swarm optimisation and simulated annealing are significant.  
 
3.3.1. Elitist and non-elitist algorithms  
By maintaining and continually improving a population of solutions, a GA can search for 
many non-dominated solutions in every run. However, even for GAs, the two tasks 
mentioned above cannot be achieved by adopting simple and naive approaches. The 
simplest possible multi-objective GA is the vector evaluated GA (VEGA) originally 
suggested by David Schaffer in 1984 [1] which is a straightforward extension of a single-
objective GA to suit multi-objective optimisation. A schematic diagram of the VEGA is 
shown on Figure 3.12.  

Figure 3.12. Schematic of a VEGA (adopted from [1]) 
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VEGA modified the simple tripartite genetic algorithm by performing independent 
selection cycles according to each objective. However, the algorithm suffers from its bias 
towards individual objectives. Although the first task of multi-objective optimisation was 
fulfilled by VEGA, the second task of maintaining a good spread of solutions in the 
obtained front was not entirely accomplished.  
 
In order to have the ability to produce diverse non-dominated solutions in each iteration, 
the more recent multi-objective EAs use an elite-preserving operator for preserving and 
using previously found best solutions in subsequent generations [1,6]. These algorithms 
are called elitist MOO solvers. As the name suggests, an elite-preserving operator favours 
the elites of a population by giving them an opportunity to be directly carried over to the 
next generation. Elitist multi-objective EAs proved to be faster than the non-elitist 
algorithms. In addition to an overall increase in performance, there is another advantage 
of using elitism which is that the statistics of the population-best solutions cannot degrade 
with generations. Deb [1] describes a number of ways to introduce elitism in multi-
objective EAs. Few elitist GA algorithms exist today of which the Non-Dominated 
Sorting Genetic Algorithm-II (NSGA-II) and its extended version NSGA-III have 
become standard algorithms [1,10,11,12].  
 
3.3.2. Termination condition and selection of the best solution  
The use of GAs in MOO guarantees that none of the generated solutions is dominated by 
another, but does not guarantee that the Pareto optimal solution has been reached. So, 
when should an algorithm stop generating new populations? Most GAs commonly 
terminate when either a maximum number of generations has been produced or a 
satisfactory fitness level has been reached for the population. If the algorithm has 
terminated due to a maximum number of generations, a satisfactory solution may or may 
not have been reached [11]. A typical setting of the solver parameters is shown on Table 
3.3 based on the data given by Keshtkar and Talebizadeh [12] who used the NSGA-II 
algorithm for a MOO of a R744/R134a cascade refrigeration system (CRS) with two 
objective functions; minimising the total cost rate and maximising the exergy efficiency 
of the system. Figure 3.13 shows the Pareto front obtained for the CRS system by using 
the NSGA-II solver.  
 
Table 3.3. A typical setting of the NSGA-II parameters for an optimisation process [12] 

Setting parameters Value 
Population size 500 
Maximum number of generations 400 
Maximum function tolerance 10-3 
Probability of crossover 90% 
Probability of mutation 1% 
Number of crossover points 2 
Selection process Tournament 
Tournament size 2 
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Since the Pareto front contains the best solution family of the problem, selecting the best 
single point considering the trade-offs is not a trivial task [5]. In fact, without further 
information, all the solutions are equally acceptable. Therefore, MOO methods need to 
have some tools to analyse the solution space and make the optimal choice relevant to 
the problem. In this regard, the methods can use one of the decision-making techniques 
to select the best optimum solution among the non-dominated solutions [13]. 
Ganjehkaviri et al. [11] used the concept of equilibrium point, while Keshtkar and 
Talebizadeh [12] used the TOPSIS method [14].  
 

 
Figure 3.13. Pareto optimal front from multi-objective optimisation of a cascade 

refrigeration system (adopted from [12]) 
 

3.4. Multi-objective optimisation by using the MIDACO solver 
MOO solvers are still in the research and development stage and, therefore, not many of 
them are available for use with general-purpose software like Excel [15]. Fortunately, the 
developers of MIDACO (Mixed Integer Distributed Ant Colony Optimization) have 
made a limited version of the software publicly available for Excel and several 
programming languages including VBA and Fortran [16,17]. The solver, which has been 
created by the European Space Agency (ESA) in collaboration with EADS Astrium for 
space applications, implements an evolutionary hybrid algorithm for solving constrained 
mixed-integer non-linear problems restricted by equality and/or inequality constraints. It 
treats the problem as a black-box and can be used to solve single and multi-objective 
optimisation problems with up to thousands of variables and hundreds of objectives. 
However, the limited version of the solver allows only four changing variables to be 
considered in the analysis. In spite of this limitation, the solver can still be used for many 
multi-objective optimisation analyses that are met in general engineering practice.  
 
Excel’s free version of the MIDACO Solver is available at [3] as a Zip file called 
"MIDACO.zip". To illustrate the use of the solver, the zip file also contains a normal 
Excel file called “example” for solving the bi-objective optimisation problem expressed 
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by Equation (3.1). Since this problem involves only two changing variables; x and y, the 
limited version of MIDACO is adequate for solving it. After downloading and unzipping 
the file, it should be stored in a folder called "MIDACO" directly under "C:\". Open the 
"MIDACO" folder located at "C:\MIDACO" and open the "example.xlsx" file. The Excel 
sheet shown on Figure 3.4 is a slightly modified version of the sheet in this file. The steps 
of using MIDACO to solve the bi-objective optimisation problem are as follows [3]: 
 

Step 1: Within Excel, click File -> Open and select "Midaco.xlam" 
Step 2: Enable Macros if prompted by Excel 
Step 3: Open MIDACO-Solver Add-In from the Excel Ribbon. Figure 3.14.a 

shows the sheet at this step. Clicking the “Add-ins” tap, the MIDACO 
solver will appear on the left side of the sheet as shown on Figure 3.14.b. 

Step 4: Clicking the MIDACO-Solver, the User Form shown on Figure 3.15 will 
appear.  

 

 
 (a) 

 

 
(b) 

Figure 3.14. Activation of the MIDACO solver by the example Excel sheet  
 
Figure 3.15 shows the two functions (3.1.a) and (3.1.b) added as objectives to be 
minimised and the variables x and y specified as “Continuous from 0 to 1”. No constraint 
has been specified for this problem. Clicking on the “Run MIDACO-Solver” button will 
activate the solver to search for the solution and when it meets the termination criterion, 
the form shown on Figure 3.16 will appear giving some information about the solution. 
As Figure 3.16 shows, the solution has been terminated after 10,000 evaluations, which 
is the maximum value set by default, after which 324 Pareto points have been found by 
the solver. To keep the solution, select the “Accept” button. Rejecting the solution will 
keep the initial values of the functions unchanged. MIDACO automatically stores the 
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data of the solution’s Pareto front in a plain text file called 
“MIDACO_PARETOFRONT”. 
 

 
Figure 3.15. MIDACO set-up form for solving Equation (3.1) without a constraint 

 

 
Figure 3.16. The solution termination form of MIDACO  
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To plot the Pareto front, a plotting tool, called PlotTool, can be downloaded from [18]. 
Figure 3.17 shows the Pareto front generated by this tool for the solution of the problem 
and the selected optimal solution. Figure 3.18 shows the solution selected by MIDACO 
out of the 324 Pareto optimal solutions. The solution, which is x = 0.5064, y =0.4939, is 
very close to the anticipated solution, which is (0.5,0.5).  

 
Figure 3.17. The Pareto front generated by MIDACO’s plotting tool for the 

unconstrained Equation (3.1) 
 

 
Figure 3.18. The solution selected by MIDACO for the unconstrained Equation (3.1) 

 
Let’s now use MIDACO to solve the constrained problem that has multiple solutions. 
Figure 3.19 shows the modified set-up that adds the constraint specified by the inequality 
Equation (3.5) to the set-up show on Figure 3.15. Figure 3.20 that shows the termination 
form of the solver shows that the solution has been terminated also after 10,000 
evaluations after which the solver found 184 Pareto optimal solutions. Figure 3.21 shows 
the Pareto front for the solution of the constrained problem and Figure 3.22 shows the 
solution selected by MIDACO out of the 184 Pareto optimal solutions, which is: 1f  = 
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0.612 and 2f = 0.588. Note this solution is different from that obtained earlier by using 

Solver, which is 1f  = 1.047 and 2f = 0.153. Figure 3.21, which also shows the solution 

obtained by Solver, confirms what has been mentioned earlier regarding the limitation of 
the scalarisation approach with respect to nonconvex optimisation problems.  
 

 
Figure 3.19. MIDACO set-up form for solving the constrained Equation (3.1) 

 

 
Figure 3.20. Solution termination form of MIDACO for the constrained Equation (3.1) 
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Figure 3.21. The Pareto front generated for the constrained Equation (3.1) 

 

 
Figure 3.22. The solution selected by MIDACO for the constrained Equation (3.1) 

 
3.5. Single and dual-objective optimisation of a hot-water generation system 
Figure 3.23 shows a hot-water generation system described by Li and Priddy [19] that 
uses a high-pressure (HP) steam heater and a low-pressure (LP) steam heater to raise the 
temperature of a pressurised stream of water from 65oC to 150oC. Because of the different 
pressure levels, the two heaters have different initial and steam costs and, therefore, 
determining the optimum intermediate temperature between the two heaters, Tx, poses a 
design optimisation problem. Li and Priddy [19] provided the following data: 
 

Water flow rate ( m )   180,000 kg/hr 
Steam pressure of low-pressure heater  350 kPa (138.86oC)  
Steam pressure of high-pressure heater  550 kPa (155.46oC) 
Overall heat transfer coefficient (U)  10220.667 kJ/hr-m2-oC 
Low-pressure heater surface cost   $108.7/m2 

SOO by Solver 
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High-pressure heater surface cost   $109.8/m2 
Annual fixed charge rate (β)   20% 
Total number of operation hours  2000 hours per year 

 

 
Figure 3.23. Schematic of the hot-water generation system  

(adapted from Li and Priddy [19]) 
 
Li and Priddy [19] performed a conventional energy-based thermoeconomic analysis to 
determine the value of Tx that minimises the total annualised cost of the system, Ctotal. 
The present analysis compares the outcome of a single-objective optimisation analysis of 
the system that minimised Ctotal with that of a dual-objective optimisation analysis that 
simultaneously minimised the total initial cost, Cinitial, and the total steam cost, Csteam. 
While the SOO analysis adopts the scalarisation approach of multi-objective 
optimisation, the dual-objective analysis adopts the Pareto approach. The steam costs per 
unit of energy used by Li and Priddy [19] for the LP steam and the HP steam in $/Btu 
have been replaced in the present analysis by the following costs in $/kJ: 
 

Cost of the LP steam, clps = 5.687 x10-7 $/kJ 
Cost of the HP steam, chps = 5.725 x10-7 $/kJ  

 
3.5.1. The analytical model for least-cost and MOO analyses 
Using the notation of Figure 3.23, the rates of heat transfer in the two heaters are: 
 

 wixplp TTCmQ                                 (3.6.a) 

 

 xwophp TTCmQ                                   (3.6.b) 

 
Where, m is the mass flow rate of water and the subscripts hp and lp refer to the HP 
heater and the LP heater, respectively.  
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The total cost of steam (Csteam) is the sum of the steam costs in the two heaters and the 
total annualised initial cost (Cinitial) is the sum of the initial costs of the two heaters: 
 
Csteam = Cs,lp + Cs, hp                   (3.7.a) 
 
Cinitial = Ci,lp + Ci, hp                   (3.7.b) 
 
Where, Cs is the annual steam cost ($/year) and Ci is the annualised initial cost ($/year). 
The annual steam costs for the two heaters are given by: 
 

3600.QcC lp,slpslp,s
                               (3.8.a) 

 
3600.QcC hp,shpshp,s

                               (3.8.b) 

 
Where, clps and chps are the steam costs in the low-pressure heater and the high-pressure 
heater, respectively, in $/kJ, and τ is the number of operating hours per year.  
 
The initial cost of each heater (Ci) is the product of its heat transfer surface area (A) and 
its unit cost per square metre (b). If an annual fixed charge rate β is applied, the annual 
relative cost of the heater becomes: 
 

 AbC i                                   (3.9) 

 
The heat transfer surface areas of the two heaters are determined by using the log-mean 
temperature difference method [20]. Accordingly, the surface area of the low-pressure 
heater (Alp) is given by: 
 

lplmlplplp TUQA ,/                                  (3.10) 

 
Where, ΔTlm is the log-mean temperature difference. For the low-pressure heater: 
 

 2,1,

2,1,
, /ln lplp

lplp
lplm TT

TT
T




                               (3.11) 

 
Where, 
 

 xslplp TTT  1,
                             (3.12.a) 

 
 wislplp TTT  2,

                             (3.12.b) 

 
Combining Equations (3.9), (3.10), and (3.11) gives: 
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                               (3.13) 

 
Similarly, the annual relative cost for the high-pressure heater is given by: 
 

 
2,1,

2,1,
,

/ln..

hphp

hphp

hp

hphp
hpi TT

TT

U

Qb
C
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

                               (3.14) 

 
Where, 
 

 woshphp TTT  1,
                           (3.15.a) 

 
 xshphp TTT  2,

                            (3.15.b) 

 
The total annualised cost of the system (Ctotal) is given by: 
 
Ctotal = Csteam + Cinitial                               (3.16) 

 
3.5.2. Excel implementation and optimisation analyses 
Figure 3.24 shows the Excel sheet developed for applying the above model. The left part 
of the sheet shows the specified system’s data. The sheet determines the saturation 
temperatures for the low-pressure and high-pressure steams by using Thermax functions 
in cells G6 and J6 and calculates for the specified value of the intermediate temperature 
in cell G3 the steam and initial costs of the two heaters and the total relative cost of the 
system. The initial costs of the two heaters are based on their heat-transfer areas and the 
formula bar reveals the use of Equation (3.10) to calculate the area of the LP heater. The 
three cells J18, J19, and J20 that store the three costs are the objective cells for the single-
objective and dual-objective optimisation analyses. For the specified value of the 
intermediate temperature, Tx, of 65oC, Figure 3.24 shows that all the heating load is 
carried by the HP steam heater. Therefore, both the steam cost and the initial cost are 
those of the HP heater alone. As Tx increases, the share of the LP heater increases. Figure 
3.25 shows the variation of the system’s costs with Tx in the range 65oC < Tx < 135oC. 
The figure shows that the lowest steam cost Csteam is obtained when the LP heater assumes 
the maximum possible share of the heating load, but the lowest initial cost Cinitial is 
achieved when the HP heater takes the largest share of the load. As the figure shows, 
Csteam decreases steadily with Tx, Cinitial increases exponentially with Tx, but Ctotal passes 
through minimum values of Tx in the range 75oC < Tx < 95oC.  
 
The conflict between the changes in the total combined steam cost and the total combined 
initial cost of the system as Tx is increased is clearly shown by Figure 3.25. Therefore, 
determining the value of Tx that simultaneously minimises both costs is a dual-objective 
optimisation problem and solving the problem by minimising the total relative cost is 
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essentially an adoption of the scalarisation approach which can be applied by using 
Solver or MIDACO. Figure 3.26 shows the set-up of the MIDACO solver for the SOO 
analysis of the HWG system that minimised its total relative cost by varying Tx between 
65 and 135oC. Figure 3.27 shows the solution determined by MIDACO according to 
which the intermediate temperature is 79.7oC and the total relative cost is 78,122 $/y.  
 

 
Figure 3.24. Excel sheet for the hot-water generation system 

 

  
Figure 3.25. Variation of the system’s combined steam cost, combined initial cost, and 

total combined cost with the intermediate temperature Tx 
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Figure 3.26. MIDACO’s set-up for minimising the total cost of the system 

 

 
Figure 3.27. MIDACO’s solution for minimising the total cost of the system 

 
Figure 3.28 shows MIDACO’s set-up for the dual-objective optimisation analysis that 
simultaneously minimised Csteam and Cinitial. Figure 3.29 shows the Pareto front and Figure 
3.30 shows the selected solution for this optimisation analysis according to which the 
intermediate temperature is 117.6oC and the total relative cost is 78,422 $/y. Although 
the difference in the values obtained by the two solutions for the total relative costs is a 
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meagre 0.384%, the difference between their Tx values is significant. To confirm that this 
difference is due to the optimisation approach and not the solver’s algorithm, a third 
solution was obtained by using the GRG Nonlinear method of Solver. Table 3.4 compares 
the various costs associated with the three optimised solutions. 
 

 
Figure 3.28. MIDACO’s set-up for the dual-objective optimisation 

 
Figure 3.29. Pareto front for MIDACO’s dual-objective solution 

SOO by Solver 
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Figure 3.30. MIDACO’s solution for the dual-objective optimisation 

 
Table 3.4. The system costs as determined by the two single-objective analyses and the 

dual-objective optimisation analysis 

Cost 
SOO 

Solver 
SOO 

MIDACO 
Dual-

objective 
Deviation 

% 

Steam cost for the LP heater [$/y] 12,662.4 12,662.4 45,185.2 256.8 

Steam cost for the HP heater 60,830.69 60,830.69 28,090.61 -53.82 

Initial cost for the LP heater 357.573 357.573 1,998.7 459.0 

Initial cost for the HP heater 4,271.637 4,271.637 3,147.637 -26.31 

The total of steam cost 73,493.09 73,493.09 73,275.78 -0.296 

The total initial cost 4,629.21 4,629.21 5,146.339 11.17 

The total relative cost 78,122.3 78,122.3 78,422.12 0.384 
 
The figures of Table 3.4 show that the two SOO solutions gave identical results. The 
higher value of Tx obtained by the dual-objective optimised solution compared to the 
single-objective optimised solutions indicates that it increased the size of the LP heater 
at the expense of the HP heater. The table figures show that steam cost and initial cost of 
the LP heater were increased by 256.8% and 459.0%, respectively, while those of the HP 
heater were reduced by 53.82% and 26.31%, respectively. Since, the total relative cost of 
the system produced by single-objective and bi-objective solutions are very close, it can 
be concluded that the two solutions provide two options for the designer to select from 
based on other considerations.  
 
3.6. Closure 
This chapter discusses multi-objective optimisation and illustrates the application of the 
scalarisation and Pareto approaches by using the Excel-based modelling platform. The 
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chapter illustrates the two approaches by considering a simple mathematical problem that 
involves two objective functions f1(x,y) and f2(x,y) and a more practical case of a hot-
water generation system that incorporates two steam heaters with different pressure levels 
and, therefore, different initial and steam costs. Since the two objectives involved in the 
HWG system are of the same kind, viz. costs, it was possible to cast the optimisation 
problem as a single-objective optimisation problems and solve it by using Excel’s solver. 
However, the solution of the bi-objective problem by using the Pareto approach required 
a MOO solver which was achieved by using the free version of MIDACO solver. 
 
In general, MOO analyses do not require their objectives to be of the same kind like the 
two examples considered here. In fact, MOO methods are more useful when considering 
objectives of different kinds and different scales such as thermodynamic, economic, and 
environmental-impact factors. In this case, the use of MOO algorithms that adopt the 
Pareto approach and apply evolutionary methods becomes necessary. Although the free 
version of MIDACO allows only four changing variables to be used, it is still adequate 
for dealing with practical optimisation analyses of various types of energy-conversion 
systems as shown in the following chapters of the book. Chapter 9 presents a technique 
that allows MOO analyses with any practical number of design variables to be conducted 
with Excel’s Solver by utilising the TOPSIS decision-making method [14].  
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