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Growing awareness of environmental issues related to heat and electrical energy 

production has led to sustained research efforts to find ways to reduce fossil energy 

consumption and increase renewable energy usage. Future energy scenarios envisage 

solar, wind, and hydro conversion as meeting the majority of energy demand. However, 

these scenarios also include the role of thermal conversion, since fuels for thermal power 

plants can be readily stored and energy output easily controlled. This dissertation 

investigates promising technologies that retain the advantages of thermal conversion 

while using more sustainable fuels. 

Fluidized bed combustion of biomass possesses multiple advantages as compared to the 

alternative combustion technologies, such as stoker firing. Conversion of electricity to 

fuels by means of water electrolysis and methanation reactors for example, or power-to-

fuels, is expected to be a part of a sustainable and environmentally friendly energy system 

of the future. Due to their origin, the power-to-fuels products, such as synthetic natural 

gas, are ideally suited to gas turbines or internal combustion engines. In recent years, a 

significant amount of research has been conducted on humidified gas turbines, which, it 

has been calculated, can exceed the efficiency of internal combustion engines and even 

outperform the combined-cycle gas turbines in terms of electrical efficiency while 

requiring less expensive equipment. In view of their clear potential, fluidized bed steam 

generation and humidified gas turbines have been selected for analysis as prospective 

thermal energy conversion processes of the future. 

The Second Law analysis has become an integral part of energy systems analyses due to 

its ability to quantify the degree of usefulness of the energy. The Second Law analysis, 

or exergy analysis, also quantifies the amount of degradation of available energy in each 

component of the system, which is particularly useful in examining the development 

potential of the system. Exergy related phenomena of fluidized bed furnaces and 

humidified gas turbines are identified and analyzed as a central part of this work. It is 

found that the irreversibility in the fluidized bed steam generation is inherently associated 

with the technology and only major technological modifications can significantly 

improve the Second Law efficiency. Second Law analysis of humidified gas turbine 

points out that humidification is rather a means of recuperating waste heat than improving 

the Second Law efficiency. 

Keywords: exergy analysis, humidified gas turbine, circulating fluidized bed combustion 
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Nomenclature 

𝐴, �̅�, 𝑎 Helmholtz free energy, total, molar specific, J, J/mol 

mass specific    J/kg  

𝐵 second virial coefficient   m3/mol 

𝐶 third virial coefficient   (m3/mol)2 

 number of components in a phase equilibrium - 

𝐶𝑝, 𝑐�̅�, 𝑐𝑝 heat capacitiy in constant pressure, total,  J/K 

 molar specific, mass specific  J/(mol K), J/(kg K) 

𝐶𝑣, 𝑐�̅�, 𝑐𝑣 heat capacity in constant volume, total,  J/K 

molar specific, mass specific,  J/(mol K), J/(kg K) 

𝐸 ideal cell voltage   J/C 

𝐹 general function of several variables  - 

degrees of freedom in a phase equilibrium - 

Faraday constant   C/mol 

𝑓, 𝑓i fugacity, fugacity of component i in a mixture Pa, Pa 

𝐺, �̅�, 𝑔 Gibbs free energy, total, molar specific, mass specific J, J/mol, J/kg 

 Generation    - 

𝐻, ℎ̅, ℎ Enthalpy, total, molar specific, mass specific J, J/mol, J/kg 

 heat transfer coefficient   W/(m2 K) 

𝑘H Henry’s constant   Pa 

𝑀 molar mass    kg/mol 

�̇� mass flow rate   kg/s  

𝐧 vector of normal-distributed random numbers  - 

𝑁 number of moles   mol 

NP number of parents (population size)  - 

𝑃 number of phases in a phase equilibrium  - 

𝑝 pressure    Pa 

𝐩 vector of normal-distributed random numbers  - 

𝑝𝑎 tuning parameter in cuckoo search  - 

𝐪 vector of normal-distributed random numbers  - 

�̅�, 𝑅 universal gas constant, specific gas constant J/(mol K), J/(kg K) 

𝑆, �̅�, 𝑠 Entropy, total, molar specific, mass specific J, J/mol, J/kg  

𝐬 step size vector    - 

trial vector     - 

𝑇 temperature    K 

𝑈, �̅�, 𝑢 internal energy, total, molar specific, mass specific J, J/mol, J/kg  
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𝑉, �̅�, 𝑣 volume, total, molar specific, mass specific m3, m3/mol, m3/kg 

𝑤 mass fraction  - 

velocity m/s 

𝑊 humidity ratio - 

𝑔 gravitational acceleration m/s2 

𝑥 general variable - 

𝐱 solution vector of decision variable values - 

mole fraction in liquid phase - 

𝑦 mole fraction in vapor phase - 

𝑧 height coordinate m 

number of electrons in an electrochemical reaction mol 

compressibility factor - 

Greek Letters 

𝛼 dimensionless Helmholtz free energy - 

𝛽 ratio of chemical exergy to calorific value - 

Lévy exponent - 

𝛾 dimensionless Gibbs free energy - 

uniform-distributed random variable - 

𝛿 dimensionless density - 

휀 residual/error  - 

uniform-distributed random variable - 

𝜖 void fraction - 

𝜂 isentropic efficiency - 

𝜇 chemical potential J/mol 

𝜈 stoichiometric coefficient of chemical reaction - 

𝜋 dimensionless pressure - 

𝜌 density kg/m3 

𝜏 dimensionless temperature  - 

𝛷 heat rate W 

𝜑, �̂�i fugacity coefficient, fugacity coefficient in a mixture - 

𝛹,𝜓,𝜓 flow exergy, total, molar specific, mass specific J, J/mol, J/kg 

Parameters of equations of state that appear only in Table 3.1 are defined in the 

references. 

Parameters of heat capacity correlations of quartz in Equation 4.6 and Equation 4.7 are 

defined by Hemingway (1987).  
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1 Introduction 

According to the Sustainable Development Framework by United Nations, besides of 

being reliable and affordable, energy systems should be cleaner and based on renewable 

resources to a greater extent than in the current situation. The promotion of efficiency 

improvement world-wide is stated as an important goal in the Sustainable Development 

Framework as well (UN, 2020). In order to meet the criteria set by the UN, energy systems 

need to be analyzed for inefficiencies and the inefficient or polluting technologies have 

to be replaced. The Second Law analysis provides better understanding than the First Law 

analysis which part of an energy conversion process is inefficient. Combustion using 

atmospheric air for example is rather inefficient in terms of Second Law efficiency and 

other, more reversible, means of chemical conversion should be developed to replace it. 

Even though contemporary combustion-based energy conversion is a source of 

atmospheric emissions, the fuels of combustion-based conversion can be stored and the 

power output can be easily controlled and therefore, it is likely that thermal conversion 

will be a part of future energy systems as well. Since 2004, an increasing trend can be 

observed in studies published on the topic of what kind of energy system could operate 

using renewable energy resources only and how such energy systems could be 

implemented in various geographical regions (Hansen, Breyer and Lund, 2019). Besides 

wind, hydro and solar technologies, future energy scenarios include thermal conversion 

of fuels into electricity due to the storage capability of fuels. In a 100% renewable energy 

scenario for Denmark, the only occurring fuels are biomass and waste (Lund, 2010; Lund 

and Mathiesen, 2009; Ostergaard et al. 2010). The generation portfolios of the Australian 

100% renewable scenario by Elliston, MacGill, and Diesendorf (2013) and the Chinese 

renewable systems by Liu et al. (2011) include bio gas-fired gas turbines as a significant 

part of the dispatchable generation capacity as well. Economic modeling of the Australian 

renewable portfolio supports the feasibility of a 100% renewable energy system (Elliston 

et al. 2016). Yue et al. (2020), in their completely renewable energy scenario for Ireland, 

include biomass and power-to-fuels products as major contributors. Zappa, Juninger and 

van den Broek (2019) mention fluidized bed combustion-based conversion and biogas-

fired gas turbines as the only fuel-to-electricity conversion methods of the European 

100% renewable energy system in 2050. Focus of this work is set on studying the 

improvement potential of fluidized bed combustion-based steam generation and gas 

turbines, since that technology is projected to be one of the major contributors in future 

energy systems. 

The most optimistic future scenarios related to the feasibility of power-to-fuels solutions 

predict that solar and wind technologies coupled with synthetic methane plants may 

become affordable in the near future and that these technologies can, in theory, cover 

global energy demand (Bogdanov and Breyer, 2016; Breyer et al., 2011; Plessmann et al, 

2014). Methanation process converting carbon dioxide and hydrogen stream into methane 

and supplying high pressure steam with the process heat is proven technology (Global 

syngas, 2020a). However, many authors of 100% renewable energy system scenarios 

such as Blakers, Lu, and Stocks (2017), Trainer (2017) and Zappa et al. (2019) regard the 
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potential of such power-to-gas applications as uncertain or excessively expensive. While 

wind and solar photovoltaic electricity generation is growing rapidly (IEA 2020a, IEA 

2020b), to date, the commercial production of power-to-fuels products is insignificant. 

However, coal conversion to higher grade fuels is proven technology for instance in 

Dakota Great Plains SNG plant (Global Syngas, 2020b). The plant includes water-gas-

shift and methanation intermediate processes required in power-to-fuels applications, thus 

partially proving their large-scale, continuous operation capability. Electricity generation 

from biogas, in turn, has grown over the past two decades (IEA 2020c). No matter if 

power-to-fuels products emerge into the energy market or not, the gas turbine cycle 

remains a significant part of contemporary energy systems and an important technology 

in the thermal dispatchable sector of future energy systems. Therefore, the efficiency 

improvement methods of the gas turbine cycle studied in this dissertation can contribute 

to more efficient sustainable energy systems of the future. 

Energy analysis is the general-purpose tool of benchmarking energy conversion systems. 

However, the I and II Laws of thermodynamics imply that there is a maximum amount 

of work, called exergy, that can be obtained from a thermodynamic system. An analysis 

that quantifies the exergy contents of fluid streams and conversion of exergy into less 

useful energy content in components is called second-law analysis. Second-law analysis, 

or exergy analysis associates each component with a second-law efficiency that states the 

extent of useful energy conservation. A condenser of a thermal cycle is an illustrative 

example of a component where second-law efficiency is a better indicator of performance 

than the first-law efficiency. Majority of thermal cycle’s heat input is discarded to the 

surroundings in the condenser making it appear an inefficient component. A second-law 

analysis of the condenser reveals that the heat being discarded in the condenser has very 

low potential to perform work indicated by near 100 % second law efficiency. On the 

other hand, combustion systems have only minor energy losses such as radiative heat 

losses and sensible heat of ash making the energy efficiency of combustion high. The 

exergy analysis of combustion reveals that the maximum amount of work obtainable from 

the fuel is significantly reduced during combustion. Exergy analyses have been conducted 

on thermal energy conversion processes including steam generators (Braimakis et al., 

2020: Liu et al., 2020; Yilmaz et al., 2019) and various gas turbine applications (Asgari 

et al., 2020; El-Emam and Dincer, 2011; Nami and Akrami, 2017).  

1.1 Objectives and research questions 

In this dissertation, modeling and exergy analyses of a fluidized bed biomass boiler 

furnace and a humidified gas turbine cycle are carried out, feasibility of simultaneous 

condensing and evaporation in recovering exhaust heat of the gas turbine is assessed, and 

the pathways to better efficiency of the two thermal energy conversion methods are 

located. Since high pressure water-air mixture is involved in the humidified gas turbine 

applications, an emphasis is put on the correct thermodynamic properties of the mixture. 
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The developed CFB furnace and gas turbine models are used to perform second-law 

analyses of the energy conversion processes. Question 1 addresses the issue of what parts 

of the selected processes destroy the availability of energy and what are the means of 

avoiding the exergy destruction. 

Question 1: What are the characteristic features of exergy destruction in humidified gas 

turbines and CFB furnaces and how can this information be used to improve the efficiency 

of the systems? 

Question 1a: Does water injection reduce exergy destruction in a gas turbine cycle? 

Question 1b: How can humidification improve gas turbine energy efficiency? 

Question 1c: How is exergy destructed in a CFB boiler and how can this exergy 

destruction be prevented? 

A vast amount of research has been done on the saturation tower-based evaporative gas 

turbine cycle, which requires two heat exchangers in addition to the saturation tower 

itself. If the humidification could be implemented by using a significant amount of heat 

from condensing exhaust gas in a simultaneously condensing and vaporizing heat and 

mass exchanger, the process would be simpler than the process based on a saturation 

tower. Question 2 aims to cover the issue of whether simultaneous condensation and 

evaporation can be used to replace the saturation tower and define the economic 

feasibility of humidified gas turbines in a reference energy system. 

Question 2: What is the improvement potential of a simple gas turbine with the studied 

humidification methods and would those methods be economically feasible in electricity 

generation? 

Question 2a: Does novel approach of using condensing evaporator have the potential to 

recover significant amounts of heat from a turbine exhaust? 

Question 2b: Can an evaporative micro humid air gas turbine produce electricity at a 

competitive price in the current and future energy markets? 

Table 1.1 shows the relationships of the publications with the research areas involved in 

the dissertation. 
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Table 1.1: Relations between research questions, publications, and main topics of the 

dissertation. 

Research 

question 

Related 

publications 

Exergy 

analysis 

Humidified 

gas turbine 

Fluidized 

bed furnace 

Q1a III x x 

Q1b III x x 

Q1c I, IV x x 

Q2a II x 

Q2b V x x 

1.2 Methods and validation 

The commercial process simulation software IPSEpro based on the Newton-Raphson 

solver is used to model the fluidized bed furnace. The furnace model is further developed 

to account for the exergy destruction in the fluidized bed boiler. The key exergy 

destruction mechanisms are identified and ways to reduce them are analyzed. 

The humidified gas turbine cycle and its development potential are assessed by 

conducting a literature review on gas turbine humidification methods and modeling the 

simplest water injection and the most efficient evaporative humidification method. The 

magnitude and causes of irreversibility are assessed in both cycles. The mass and energy 

balance analyses on the condensing evaporator are conducted according to two different 

approaches. Based on the analyses, the potential of the condensing evaporator to extract 

significant amounts of condensation energy from the low-pressure condensing stream is 

assessed.  

In examining each research question, there is a numerical simulation involved. Every 

simulation is based on mass and energy balance analyses. Accurate values for fluid 

properties are taken from the literature. 

The results obtained on the performance of the modeled power systems are based on heat 

balance calculations conducted using thermodynamic property relations taken from the 

literature. The pressure drop in CFB-furnace is obtained using the natural law of 

hydrostatic head of solids immersed in a fluid. Experimental heat transfer correlation is 

used for the CFB-furnace bed-to-wall heat transfer coefficient. The validity of the results 

relies on accuracy of the measured thermodynamic and other experimental data as well 

as the accuracy of the representation of that data in terms fitted mathematical expressions. 

Since pressure losses in piping, combustors and heat exchangers are closely related to 

materials and acceptable cost issues, they can vary significantly. Even though physical 

limitations of many components have been taken into account, the results are based on 
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energy balances and do not guarantee a feasible technical implementation. The results 

represent the theoretical potential of the processes with as many physical limitations 

considered as possible. 

1.3 Outline of the thesis 

In Chapter 2, the fluidized bed combustion and humidified gas turbine processes are 

described and their significance in the future energy systems is assessed. 

Chapter 3 covers the concepts required to implement the fluidized bed furnace and 

humidified gas turbine models from the publications. The chapter begins by presenting 

some general remarks on the Newton-Raphson method. Thermodynamic equations of 

state are briefly discussed, since the ideal gas assumption is not sufficient in the 

humidified gas turbine application where water-air phase equilibrium has to be accounted 

for. The phase equilibrium indicates the maximum amount of water that a humid air 

stream can contain. The usefulness of highly accurate equations of state is underlined by 

applying the state-of-the-art TEOS-10 water-air equation to experimental data on the 

humidification tower. The reference state is discussed, since setting the reference state 

correctly is a prerequisite for correct energy balances when mixing water and air. A wide 

variety of exergy terms and concepts are in use and justification is given for leaving the 

endogenous/exogenous and avoidable/unavoidable or “advanced” exergy concepts out of 

the scope of this dissertation. 

In Chapter 4, the model development of the fluidized bed furnace and humidified gas 

turbine is described. The principle of evaluating the potential of a condensing evaporator 

as a heat and mass exchanger device is also described in Chapter 4. The code for the 

expansion part of the humidified gas turbine is presented in Appendix A and tables 

describing the selection of input variables for the model of Publication IV in Appendix B. 

The results, including the second-law (exergy) performance of the thermal energy 

conversion processes and the potential of the condensing evaporator are presented in 

Chapter 5. The chapter is concluded with the answers to the research questions. In Chapter 

6, the importance of the findings on the renewable energy systems of the future is 

discussed.  
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2 Biomass and energy conversion processes 

The most important carbon-neutral primary energy resources are biomass, wind, solar, 

and hydropower. There are countless ways to convert biomass and electricity into fuels 

and power. Biomass gasification, pyrolysis, and torrefaction produce gaseous, liquid, and 

solid fuels respectively while combustion (with steam cycle) is the direct conversion of 

biomass to power. Electricity can drive water electrolysis and the resulting hydrogen is a 

fuel as such or it can react with carbon dioxide to produce synthetic natural gas. Hydrogen 

and natural gas can be readily used in fuel cells to reproduce electricity. Fluidized bed 

combustion and gas turbines are proven technologies that fit the modern renewable 

energy systems and have improvement potential in terms of efficiency. 

2.1 Fluidized bed technology 

Fluidized bed is a combustion technology in which the solid fuel and an inert solid 

material, typically quartz sand, is made to behave like a fluid by means of fans and 

nozzles. The resulting condition provides a larger gas-solid contact area than grate firing, 

for example, and facilitates better completion of chemical reactions than most of the other 

gas-solid reactors. Fluidized bed reactors are suited for facilitating various other gas-solid 

reactions than combustion such as hydrocarbon cracking, calcining, and gasification 

(Basu and Fraser, 1991). The fluid-like behavior means that objects float and propagate 

in the fluidized bed material as if they were immersed in a liquid. In a circulating fluidized 

bed (CFB), in contrast to static and bubbling beds, the bed material is entrained in the gas 

flow in such a manner that some of it is transported all the way to the top of the furnace 

where it exits together with the gas. Solid species are separated from the flue gas in a 

cyclone outside the furnace. After the solids separation, the bed material is returned to the 

furnace. The walls of the solids separator and the return path are cooled. Furthermore, 

efficient heat transfer is achieved when an external heat exchanger is immersed in the 

returning solids flow. In a bubbling fluidized bed (BFB) the hydrodynamic condition in 

the furnace is adjusted so that the solid material floats like a body of boiling liquid in a 

container. The same advantages of complete chemical reactions and uniform temperature 

are achieved as in the CFB. However, the efficient external heat exchangers are not 

available in a BFB furnace. 

Besides fluidized bed combustion (Koorneef et al, 2007), biomass is fired in stoker fired 

boilers (Yin et al. 2008) and by pulverized firing (Caillat and Vakkilainen, 2013). While 

small scale (<10 MWth) firing of solid biomass is dominated by stoker fired boilers, the 

large-scale firing of solid biomass is mainly done in circulating fluidized boilers which 

form the largest market segment of new boilers (Vakkilainen et al. 2013). 

Fluidized bed combustion is superior to stoker firing in terms of stability of operation 

under varying fuel composition, emissions and overall efficiency. Majority of the positive 

features of fluidized bed are contributed to the conditions in the furnace such as intense 

mixing, bed inventory acting as a heat moderator and lower temperature. On the other 
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hand, the fluidizing bed material management is a costly feature specific to fluidized bed 

combustion only. Especially with moist fuels, the fluidized bed combustion is generally 

superior technology to stoker firing in terms of environmental impact and cost. 

(Babcock&Wilcox, 2007). 

The fundamentals of fluidized bed combustion and gasification have been thoroughly 

addressed by Basu and Fraser (1991) and Basu (2006). Hyppänen and Myöhänen (2011) 

have constructed a three-dimensional CFB furnace model in Fortran-95 language using a 

control volume method with hexahedral calculation cells. In their model, balance 

equations and chemical reactions of gases and solids are implemented as well as the 

sorbent reactions. Dutta and Basu (2002) have constructed an empirical heat transfer 

model for the CFB furnace that is useful for rapid calculations. Hydrodynamics of 

fluidized beds have been extensively studied by Kallio (2015). Her work also includes 

experimental data gathered from pseudo-2D fluidized beds. Exergy analyses of a general 

steam boiler system have been conducted by Costa, Tarelho, and Sobrinho (2019), Li et 

al. (2015), and Vučković et al. (2015). Exergy analyses of circulating fluidized bed boilers 

have been conducted by Gürtürk and Oztop (2016), Liszka et al. (2013), and Topal et al. 

(2017). Methods of conducting exergy analyses on steam boilers have been studied by 

Ohijeagbon et al. (2013). Behbahaninia and Ramezani (2017) have studied how existing 

boiler auditing standards could be extended to cover exergy. 

Even though the current trend is toward zero-emission primary energy sources such as 

wind, hydro, and solar, there is still demand for clean combustion systems now and in the 

future. The pulp and forest industries produce surplus woody biomass that can be turned 

into heat and power in an environmentally friendly way in fluidized bed in comparison to 

other combustion technologies. The combustion temperature in a CFB application is a 

moderate 900 ℃ and therefore chemical reactions producing thermal nitrous oxide do not 

occur in the CFB furnace. Furthermore, the temperature and mixing of the bed guarantee 

complete combustion. CFB technology can be used to combust sludge and other liquid 

side-streams that have low calorific value or cannot be discarded into the environment. 

CFB is also a more environmentally friendly way to combust low-grade solid fossil fuels 

such as brown coal. 

Forests are carbon dioxide sinks that bind the same amount of CO2 during their growth 

as is released into the atmosphere during combustion. Like the other biomass combustion 

technologies, CFB combustion is carbon neutral. However, novel improvements to direct 

combustion in a fluidized bed include chemical looping and calcium looping technologies 

that facilitate cost-efficient carbon capture and thus enable carbon-negative operation. 

The novel technologies produce pure gas streams instead of a gas mixture, which 

significantly reduces the effort of capturing the carbon dioxide since only cooling and 

compression is required. Therefore, CFB combustion has potential to become a carbon 

negative technology. 
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2.2 Small-scale gas turbines 

Gas turbines can be part of the solution for the electrical grid imbalance when a significant 

share of renewables is connected. Some renewable fuels such as power-to-gas products 

and biogas can be used in gas turbines as such, whereas solid fuels require an external 

combustion scheme. Externally-fired and small-scale gas turbines suffer from relatively 

low electrical efficiencies. Small scale results in inefficient turbomachinery and electrical 

components, whereas external firing increases losses and, with current metallic heat 

exchangers, requires a reduction in turbine inlet temperature. 

Improving small-scale gas turbine efficiency by the steam bottoming cycle is expensive 

due to the cost of equipment. The simplest method of improving efficiency is to inject 

water into the combustion air. It is an inexpensive modification, but the efficiency 

improvement is rather minor compared to other ways of adding water. Another way of 

introducing water is to use a saturation tower and recuperator, referred to as the 

evaporative gas turbine cycle. Extensive studies have concluded that the evaporative 

cycle improves the efficiency more than all other ways of adding water proposed this far. 

The efficiency of directly- and externally-fired gas turbines and the effect of 

humidification are compared in Table 2.1. 

There are several ways to introduce water into a gas turbine cycle that all improve 

electrical efficiency. The thermodynamic feasibility of humidified operations has been 

established and the most suitable humidification technology is an evaporative cycle using 

a saturation tower (Jonsson and Yan, 2005). According to Jonsson and Yan (2005), the 

evaporative cycle can exceed the electrical efficiency of a combined cycle, while the 

specific investment cost remains lower, especially when small scale. The main 

humidification methods are evaporation implemented using a saturation tower and/or a 

tube-shell humidification device, steam injection and water injection. Out of the tube-

shell humidification devices, the tubular humidifier has been studied by Dalili (2003), the 

condensing evaporator by Alander (2011), and the Maisotsenko saturator by Wicker 

(2003). Packed saturation towers are similar devices to cooling towers used in various 

processes in industry. Therefore, the cooling tower textbook by Cheremisinoff and 

Cheremisinoff (1981) can be used as background knowledge. However, the pressure in 

cooling towers is usually one atmosphere and that is not the case in a packed bed 

saturation tower of a power application. Results of simulations were checked against 

experimental studies by Traverso (2010) and Hui et al. (2014) on elevated pressure 

saturators. Water and steam injection simulations were carried out as energy balance 

calculations and the results were evaluated on a theoretical basis without further 

validation. Exergy analyses on a simple gas turbine cycle have been conducted by Şöhret 

et al. (2015), the combined cycle by Mossi Idrissa and Goni Boulama (2019), and the 

combined cycle with air bottoming by Ghazikhani et al. (2014). Fallah et al. (2016) 

conducted extensive energy and exergy analyses on steam-injected gas turbine cycles 

using evaporative inlet cooling. 
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Solid biofuels can be used in a gas turbine using external firing. Biofuels tend to cause 

alkali oxide and ash deposits while turbomachinery requires a clean gas composition. In 

Figure 2.1, an externally-fired gas turbine is represented. The combustion gas is 

completely isolated from the working fluid in the cycle. The heat from combustion gas is 

transferred to the working fluid in high temperature heat exchanger (HTHE) after the 

combustion chamber. 

 
Figure 2.1: Externally-fired, combined heat and power plant configuration. 

 
Figure 2.2: Externally-fired, steam-injected electricity plant configuration. 
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While the external firing facilitates the use of virtually any fuel, it has some shortcomings. 

The externally-fired cycle has more components than directly fired, which causes higher 

equipment costs and also introduces higher flow losses, since more complicated piping 

network is required. Another negative consequence of the externally-fired scheme is the 

low efficiency of heat transfer. According to the second law and the principle of exergy 

destruction in heat transfer, the heat should be transferred at high temperature in order not 

to reduce efficiency and destroy exergy. To reach the efficiency of the directly-fired 

counterpart, the working gas in HTHE of an externally-fired gas turbine should reach 

some 1,000 ℃. No heat exchanger material available on the market is capable of 

withstanding such a temperature in continuous operation. Al-attab and Zainal, (2010) and 

DTI (2005) have reported running an HTHE with 700 – 900 ℃ exit temperatures. There 

is ongoing research to implement such heat exchangers. As a result, excess air is used to 

maintain a sufficiently low temperature level in HTHE. Excess air introduces a significant 

exergy loss and flue gas loss. 

 

Figure 2.3: Externally-fired evaporative gas turbine cycle using a condensing evaporator. 
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Figure 2.4: Externally-fired evaporative gas turbine cycle using a saturation tower. 

An externally-fired gas turbine cycle can be made more efficient using humidification as 

well. In Figure 2.2, Figure 2.3, and Figure 2.4, three possible ways of using humidification 

in an externally-fired gas turbine cycle are represented. Figure 2.2, the steam injection, 

represents the simplest, since it requires only preheater and evaporator heat exchangers. 

It improves electrical efficiency, since more mass flows through the turbine. Figure 2.3 

and Figure 2.4 represent two different evaporative cycles. Evaporation of water occurs at 

a temperature below the boiling point of pure water at the given pressure. Since 

evaporation occurs at lower temperatures than boiling point (in steam injection), more 

heat can be recovered from the exhaust working air and flue gas compared to steam 

injection. One way to implement evaporation is a saturation tower (Figure 2.4) and 

another is a more compact tube-shell-type evaporator component (). Evaporative 

humidification destroys less exergy than steam generation, since a smaller temperature 

difference is required. Exergy analysis of an externally-fired biomass gas turbine has been 

conducted by Datta, Ganguly, and Sarkar, 2010. 
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Table 2.1: Indicative comparison of efficiencies of directly- and externally-fired gas turbines. 

 Efficiency of directly-fired GT Efficiency of externally-fired 

GT 

 Dry Humidified Dry Humidified 

Solid biofuels N/A N/A Modest High 

Liquid biofuels High Very high Modest High 

Renewable 

power-to-

gas/liquid or 

biogas 

High Very high 

External firing is not 

economically justified with 

clean fuels 

 

Compressor work can be reduced if the gas temperature can be reduced. The phenomenon 

is demonstrated by the isentropic compression of perfect gas 

 
ΔℎC = 𝑐p𝑇0 [(

𝑝

𝑝0
)

𝑅

𝑐p − 1]  (2.1) 

From Equation 2.1, it can be noted that compressor work is directly proportional to the 

inlet temperature. Using inlet cooler, the 𝑇0 can be reduced. A direct evaporative inlet 

cooler saturates the inlet gas while it reaches its wet-bulb temperature (the rightmost line 

in Figure 2.5). The direct evaporative cooler is essentially a water injector. An indirect 

evaporative cooler as per Wicker (2003) cools the inlet gas without adding any water to 

the stream. Water is used to cool another ambient air stream, which in turn, cools the 

actual output stream. Using an indirect evaporative cooler, the gas might theoretically 

reach its dry-bulb temperature. However, the size of the equipment gets larger, the closer 

to the dry-bulb temperature the desired temperature is. The difference between the 

resulting thermodynamic states of the direct and indirect evaporative coolers is illustrated 

in Figure 2.5. Direct evaporative cooling changes the gas composition. Therefore, the heat 

capacity changes as well making the power reduction estimation using Equation 2.1 less 

straightforward. An obvious advantage of indirect evaporative cooling is that the 

composition of air flowing through the compressor remains unchanged. For complete 

analysis, the following factors should be accounted for: 

 changes of 𝑐𝑝 and R 

 real fluid properties instead of ideal model 

 change of compressor efficiency 

 power consumption of evaporative cooler device itself 

However, it is clear that the contribution of 𝑇0 is highest, since it can vary by up to 15%. 
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Figure 2.5: Difference between processes of indirect evaporative cooling and direct evaporative 

cooling represented in a temperature-humidity fraction diagram. 

 

From Figure 2.5, it is clear that if the ambient air is already saturated, neither the direct 

nor the indirect evaporative cooler is able to change the state of the inlet air and 

consequently it cannot reduce the compressor power consumption. 
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3 Modeling of steady-state flow systems 

Conducting energy and exergy analyses requires solving a steady-state flow system. In 

contrast to a transient system, all the process variables remain constant in time in a steady-

state system. The solution of a transient system is not only significantly more complex 

than that of a steady-state system, but it also describes only a short period of operating 

time such as start-up and load change. Gas turbine and fluidized bed applications operate 

in a steady-state condition most of the time. Therefore, the transient conditions are left 

out of the scope of this dissertation. 

3.1 Problem formulation in terms of equations 

Every component in the process has to fulfil energy and mass balances. Besides the 

energy and mass conservation, more equations are needed in order to get a well-defined 

system of equations. In turbomachinery, isentropic efficiency adds an equation and heat 

exchangers require a relation of temperature and heat transfer rate, usually the logarithmic 

mean temperature difference equation. In the special case that the user can define suitable 

mass flows, the mass flows form a linear system of equations and the solution of mass 

balance is simply a matter of matrix multiplication. Chemical reactions make the mass 

balance considerably more complex, since each chemical species requires a conservation 

equation. 

Modern software is readily capable of solving steady-state systems of any complexity. 

However, the system has to be described in such a manner that it has a physically 

meaningful solution. As a trivial example, all incoming and outgoing flow rates of a 

junction cannot be defined, otherwise the system is over-defined. When analyzing a 

system involving a large number of junctions and components, the determinant of the 

matrix indicates if the system is properly defined. In case the determinant is zero, the 

problem is redundant, i.e., the same information is given by two or more equations. In 

case the matrix is not square, the problem is under- or over-defined. 

Even if some sub-system of the problem is linear and can be separately solved with matrix 

inversion, engineering problems have typically some non-linear equations. For example, 

the enthalpy dependence of temperature of a substance is usually described by a 

polynomial. Introducing these relationships to the linear systems makes the system 

nonlinear and finding an analytical solution impossible. Finding the root of a higher 

degree polynomial alone requires a numerical solution. Nevertheless, matrix algebra is an 

essential part of finding the solution since the solver algorithms use local linearization by 

constructing a Jacobian matrix, and iterate until the desired precision is achieved. 

3.1.1 Structural and numerical singularity 

In the modeling of energy systems, the nonlinear problem-solvers typically first make 

sure that the number of unknowns equals the number of equations. Once the problem is 
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defined in terms of the number of variables and equations, the system is checked for 

structural singularity. If the Jacobian matrix is singular based on the mere selection of the 

input variables, the problem is usually referred to as structurally singular. If, however, the 

selection of input variables facilitates a non-singular Jacobian, the values of the 

constituent partial derivatives may still result in a singular Jacobian. If the problem 

formulation is not structurally singular and the values of the partial derivatives yield a 

singular matrix at every point, the problem is referred to as globally singular. In contrast, 

the problem formulation might be locally singular if the Jacobian matrix is not singular 

at every point. The singularity based on the numerical values of the partial derivatives is 

referred to as numerical singularity. Structurally or globally numerically singular system 

definitions are usually physically meaningless. Typical example of a globally numerically 

singular system is the one described by an “endless staircase” matrix, which results from 

setting three variables equal in a circular manner as follows 

 
(
1 −1 0
0 1 −1
1 0 −1

)(

𝑥1
𝑥2
𝑥3
) = (

0
0
0
). (3.1) 

Based on the positions of zeros in the staircase matrix in Equation 3.1, it is impossible to 

state that the matrix is singular. Therefore, it is structurally well defined. However, based 

on the values in the non-zero entries, the matrix is globally singular. Most properly 

defined problems are locally singular, which causes problems only if a singular point is 

chosen as an initial value for iteration. 

3.1.2 Existence and amount of solutions 

Even if the problem formulation is non-singular at every point, the problem may still have 

multiple solutions. There are no algorithms to determine the amount of solutions or even 

the existence of the solution in a general case. However, in the simulations of this 

dissertation, it is easy to distinguish the physically meaningful solutions based on the sign 

and range of the converged variables. 

3.2 Numerical methods in energy conversion 

It is often the case in energy balance calculations that the enthalpy and pressure of a fluid 

stream are known and temperature is unknown. Since water is an exceptionally well-

studied fluid, the IAPWS-IF97 standard provides explicit backward functions of pressure 

and enthalpy and only a direct calculation is required for finding temperature. For 

majority of other substances, an equation of state (EOS) explicit in pressure is available 

together with ideal gas heat capacity data. In that case, the temperature in terms of 

enthalpy and pressure has to be solved using two iterative algorithms. First, the density 

in terms of pressure and enthalpy and second, the temperature in terms of pressure and 

specific volume, are solved. These iterations are time consuming and, depending on the 

numerical scheme, might not converge. The secant and Newton-Raphson methods are 

favored for their speed, but their convergence is not guaranteed. In contrast, the bisection 
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method always converges, but is significantly more time consuming. The precision is 

improved by only half an interval at each iteration when using the bisection method. 

3.2.1 Newton-Raphson algorithm 

Newton-Raphson method is a general-purpose tool for solving any system of nonlinear 

equations. Common to all Newton-Raphson solver algorithms is the rearranging of 

equations into the following form:  

 

{
𝐹1(𝑥1, … , 𝑥n) = 0

⋮
𝐹n(𝑥1, … , 𝑥n) = 0

 , (3.2) 

making a local linearization using Jacobian 

 

(

 

𝜕𝐹1

𝜕𝑥1
⋯

𝜕𝐹1

𝜕𝑥n

⋮ ⋱ ⋮
𝜕𝐹n

𝜕𝑥1
⋯

𝜕𝐹n

𝜕𝑥n)

 

m−1

(

𝑥1,m − 𝑥1,m−1
⋮

𝑥n,m − 𝑥n,m−1
) + (

𝐹1,m−1
⋮

𝐹n,m−1

) = (
0
⋮
0
)  (3.3) 

and iterating until desired precision (Avula, 2003).  

Convergence of the Newton-Raphson method is guaranteed under certain conditions, but 

the conditions depend on properties of the equations and detailed discussion of 

convergence criteria is left out of the scope of this dissertation. As noted in section 3.1.2, 

in general, there is no guarantee of the existence or the uniqueness of the solution. 

Utilizing the Newton-Raphson method requires an initial guess of the unknown variables. 

In the model development of this dissertation, the simplified model is constructed first 

and an arbitrary initial guess is used. Once one arbitrary initial value vector converges, 

the system is gradually made more complex and the previously obtained solutions are 

used as initial guesses in the modified system. In summary, the Newton-Raphson method 

is suitable for finding an accurate solution for a system of nonlinear equations provided 

that the solution exists, equations contain only differentiable functions, and a sufficiently 

accurate initial value vector is provided. 

In publication V, the optimization algorithm requires a solution for the turbine inlet and 

outlet states simultaneously based on enthalpy drop and pressure levels. The states are 

solved using the Newton-Raphson method in two dimensions analogously to Akasaka 

(2008), for example, who applies the method for phase equilibrium calculations. Despite 

the apparent difference between the gas turbine and phase equilibrium applications, the 

mathematical formulations of the problems are similar. An initial guess of inlet and outlet 

temperatures have to be provided for the algorithm and they are obtained by using perfect 

gas (constant heat capacity) assumption for the gas. The full code is represented in 

Appendix A. The subroutines Rmix, cp_T, hsjacob, s_pT are part of the evaporative gas 

turbine cycle model and are implemented as part of publication V. 
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3.2.2 Optimization algorithms 

In energy systems modeling, it is often interesting to optimize the system in terms of 

minimum cost, maximum efficiency, or any suitable parameter. If the optimization 

problem fulfils certain properties regarding the governing system of equations and its 

restrictions, the method of Lagrange multipliers, gradient method or Newton’s method, 

for example, can be applied for optimization. Stochastic methods utilize computational 

resources by carrying out a vast number of evaluations of the objective function and they 

are used in optimization as well. A stochastic method always involves an uncertainty of 

the solution that can be reduced by using longer computational time or more powerful 

computer. The stochastic methods are especially useful, when derivatives of the objective 

function are not available. In publication V, the system of equations governing the 

evaporative micro gas turbine cycle is optimized using what is termed the cuckoo search.  

The cuckoo search (CS) algorithm is a stochastic metaheuristic optimizer that does not 

pose any preconditions (continuous, differentiable to some degree) on the objective 

function or its constraints. Like many stochastic global optimizers, the CS is a population-

based nature-inspired method based on the parasitic behavior of cuckoo birds. In the 

algorithm, each candidate solution of a population represents a cuckoo egg.  

Several variations of the cuckoo search exist. The implementation used in this work is 

based on the MATLAB code in the appendix of (Yang, 2014), which differs considerably 

from the algorithm described in the text of the same reference. It consists of two distinct 

steps implemented consecutively in each iteration: first one based on a Lévy-distributed 

random walk, and second one resembling differential evolution (DE). In both steps, trial 

vectors u are generated from the basis of each egg of the population. These replace the 

original egg if and only if they improve the objective function value from that of the 

original population member. 

The first Lévy-distributed random walk step is implemented using a randomly chosen 

base vector xr0 and its distance xbest from best candidate xbest: 

 𝐮 = 𝐱r0 + 𝛼 ∙ Δ𝐱best ∘ 𝐬 ∘ 𝐧  (3.4) 

All vectors have a size of D. Vector 𝐬 is found using Mantegna’s algorithm from 

(Mantegna, 1994) as referred in (Yang, 2014): 

 𝐬 = 𝐩 ∘ 𝐪−1/β  (3.5) 

The variance 2 is calculated from 

 
𝜎2 = [

Γ(1+𝛽)

𝛽⋅Γ(½+½𝛽)
⋅
sin(½𝜋𝛽)

2½(1+𝛽)
]
−1/𝛽

(Yang, 2014)  (3.6) 
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The updating function of the second step resembles heavily the DE/rand/1/bin variant of 

differential evolution (DE), first introduced in (Storn & Price, 1997); decision variables 

d of the trial vector u is generated from 

 
𝑢i,d
G = {

𝑥i,d
G if 휀d ≤ 𝑝a 

𝑥i,d
G + 𝛾d(𝑥r1,d

G − 𝑥r2,d
G ) otherwise

  (3.7) 

This step combines the typical search methods of evolutionary algorithms, mutation and 

crossover. A decision variable value for the candidate solution is created by so-called 

differential mutation, Equation 3.7, if the value of a uniform-distributed random variable 

휀d is greater than that of a pre-defined tuning parameter pa. Otherwise variable value is 

taken directly from the base vector xi. The tuning parameter pa thus serves a similar role 

as the crossover parameter CR in DE. Algorithm 3.1 summarizes the CS implementation 

for minimizing a function, using reaching a defined maximum number of generations 

Gmax as the sole termination criterion.   

Algorithm 3.1. CS to minimize function f(x), x = (x1, …, xD)T (Yang, 2014). 

begin 

     Create a random population of NP parent cuckoos xi, i = 1, 2, …, NP 

     for all xi do 

          Find objective function value Fi = f(xi) 

     end for 

     while G < Gmax do 

          for all xi do 

               Create a trial egg ui
G by taking a Lévy flight from xi

G, Equation (3.4) 

               Find objective function value Fu(i)
G = f(ui

G) 

               if (Fu(i)
G < Fi

G) 

                    xi
G+1 ← ui

G 

                    Fi
G+1 ← Fu(i)

G 

               end if 

          end for 

          for all xi do 

               Create a trial egg ui
G by random-weight differential mutation, Eq. (3.7) 

               Find objective function value Fu(i)
G = f(ui

G) 

               if (Fu(i)
G < Fi

G) 

                    xi
 G+1 ← ui

G 

                    Fi
 G+1 ← Fu(i)

G 

               end if 

          end for 

          Rank the solutions  

     end while 

end 
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3.3 IPSEpro software 

IPSEpro is a process simulation software with a graphical user interface. The calculation 

procedure of IPSEpro consists of splitting the user-defined group of non-linear equations 

into groups of independent equations and solving the groups sequentially. The solver 

applies the Newton-Raphson method with the possibility to adapt the iterative step for 

improving the convergence (the damped Newton-Raphson method). The group of non-

linear equations is created automatically when using the graphical user interface. Each 

added component contributes a number of equations to the overall system. The 

components can be user-defined or the default components that are included in the 

software can be used. Adding connections between components in the user interface alters 

the overall group of equations as well. In this work, IPSEpro versions 6.0 and 7.0 have 

been used. 

Newton-based methods require the knowledge of partial derivatives of the coordinate 

functions Fi in equation 3.2 with respect to unknown variables. Therefore, the functions 

should be analytically differentiable at least once with respect to the unknowns. In case 

no analytical expression is available, a numerical approximation of the derivatives is used. 

IPSEpro stops iterating either when the maximum amount of iterations is reached or an 

upper limit for the norm of the equation residuals meets the following criterion:  

 
휀y = √∑𝐹i,r

2 < 휀y,limit. (3.8) 

The other stopping criterion is when the norm of relative changes of unknowns between 

two consequent iterations 

 

휀x = √∑(
𝑥i,m−𝑥i,m−1

𝑥i,m
)
2

< 휀x,limit  (3.9) 

is lower than a specified value, the solution is found. Satisfying either one of the stopping 

criteria Equation 3.8 or Equation 3.9 is sufficient for ending the iteration (SimTech, 

2014). Iteration is terminated if some value 𝑥𝑖 in the solution vector is out of the domain 

of functions 𝐹𝑖 as well. In such a case, better initial values are required. The forms of 

Equations 3.8 and 3.9 are not described in detail in the IPSEpro documentation and they 

have been determined by the author. 

3.4 Fluid properties 

Fluid properties fall into two main categories: thermodynamic properties and transport 

properties. Thermodynamic properties describe properties of a system in a 

thermodynamic equilibrium. On the other hand, transport properties describe how 

vigorously a non-equilibrium system evolves toward the equilibrium. In an unbalanced 
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system, temperature or concentration can be non-uniform. Thermal conductivity and mass 

diffusivity, for example, are the transport properties that relate the heat and mass flow 

rates to the extent of temperature and concentration non-uniformity (gradients). The mass, 

energy, and exergy balance calculations conducted in this dissertation do not require 

evaluation of transport properties even though many transport phenomena (mass, heat, 

concentration flux, etc.) are present inside the analyzed components. The overall streams 

entering and exiting the components are considered to have reached thermodynamic 

equilibrium and to remain unchanged in time. As a result, only the thermodynamic fluid 

properties are treated in detail. 

A common approach in energy analyses is to use the ideal gas assumption, i.e., the heat 

capacity depends on the temperature and the pressure-volume-temperature relation is as 

follows: 

 𝑝𝑉 = 𝑁�̅�𝑇  (3.10) 

However, the validity of assuming ideal gas depends on the substance and the range of 

thermodynamic states present in the application. Obviously, the liquid states do not 

conform to the ideal gas Equation 3.10. The pressure-volume-temperature relationship of 

gases near the condensation states is not described by Equation 3.10 either. The measured 

(IAPWS-IF97) enthalpy and specific volume of water compared to the enthalpy and 

specific volume predicted by the ideal gas equation are compared in Figure 3.1 and 

Figure: 3.2 near the condensing curve. The enthalpy of nearly critical water in particular 

is significantly lower than the enthalpy predicted by the ideal gas model (critical point 

water 374 ℃, 221 bar). 

A comparison between the thermodynamic properties of humid air predicted by an ideal 

gas model and various more accurate models have been made by Ji et al. (2003b). For 

example, at near-ambient temperature and 5 MPa, the difference between the most 

accurate model and the ideal model is 60% in terms of enthalpy of a saturated mixture. In 

contrast, dry air, in many engineering applications, is far from condensation (the highest 

condensation temperature of dry air is -141 ℃ at 37.9 bar according to Lemmon et al. 

2000) and the use of ideal gas equation is justified. The modern equations of state 

accurately cover gas and liquid regions in one expression relating to pressure, volume, 

and temperature. 
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Figure 3.1: Enthalpy predicted by ideal gas model (top surface) and enthalpy of superheated steam 

according to IAPWS-IF97 (bottom surface) from 40% to 100% of the saturation pressure 

at each temperature. 
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Figure: 3.2 Specific volume predicted by ideal gas model (top surface) and specific volume of 

superheated steam according to IAPWS-IF97 (bottom surface) near the saturation 

conditions. 

 

3.4.1 Equations of state 

Calculation of all thermodynamic properties of a substance boil down to the relationship 

between pressure, volume, and temperature, which is called equation of state (EOS) and 

heat capacity at low pressure (or the ideal gas heat capacity). Redlich and Kwong (1949) 

have stated the need for algebraic equation of state as follows: “Algebraic representation 

of p-V-T data is desirable in view of the difficulty of numerical or graphical 

differentiation”. In Table 3.2, some fluid properties are expressed in terms of ideal gas 

heat capacity and derivatives, and integrals of equation of state. Table 3.2 is far from 

comprehensive, but a similar expression is found for any thermodynamic property. 

The EOS is essentially an algebraic expression fitted to measured pressure, volume, and 

temperature data points. Some equations of state are tabulated in Table 3.1. Complex 

expressions can follow the surface sketched by the pressure-volume-temperature points 

more effectively. In general, the more complex the expression, the better the fit in the 

case of pure substance. The parameters for mixtures depend on the composition and 
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finding suitable composition-dependent parameters has proven difficult, especially in the 

case of complex equations of state. 

Table 3.1: Various equations of state for pure substances. Symbols other than p, �̅� and T are 

parameters. Parameters of are not included in the nomenclature section. 

Name (number of 

parameters) 

Equation of state Source 

van der Waals (2) 𝑝 =
�̅�𝑇

�̅�−𝑏
−

𝑎

�̅�2
  (van der Waals, 1873) 

Redlich-Kwong (2) 𝑝 =
�̅�𝑇

�̅�−𝑏
−

𝑎

√𝑇�̅�(�̅�+𝑏)
  (Redlich and Kwong, 

1949) 

Bender (20) 𝑝 =
𝑇

�̅�
[�̅� +

𝐵

�̅�
+

𝐶

�̅�2
+

𝐷

�̅�3
+

𝐸

�̅�4
+

𝐹

�̅�5
+

1

�̅�2
(𝐺 +

𝐻

�̅�2
) exp (−

𝑎20

�̅�2
)]  

(Bender, 1971; Platzer et  

al., 1990) 

 

Modified Benedict-

Webb-Rubin (32) 
𝑝 = ∑

𝑎𝑛

�̅�𝑛
9
𝑛=1 +

exp (−
𝑣𝑐

�̅�
)
2
∑

𝑎𝑛

�̅�2𝑛−17
15
𝑛=10   

(Jacobsen and Stewart, 

1973) 

Peng-Robinson (3) 𝑝 =
�̅�𝑇

�̅�−𝑏
−

𝑎𝛼

�̅�(�̅�+𝑏)+𝑏(�̅�−𝑏)
  (Peng and Robinson, 1976) 

Virial (> 1) 𝑝 = �̅�𝑇 (
1

�̅�
+

𝐵

�̅�2
+

𝐶

�̅�3
+

𝐷

�̅�4
…)  (Wark, 1995) 

 

Instead of expressing a direct relationship between pressure, volume, and temperature, 

the current trend is to represent the fluid properties by giving an expression for Helmholtz 

free energy in terms of volume and temperature (Span et al., 2001). In the rightmost 

column of Table 3.2, some thermodynamic properties in terms of Helmholtz free energy 

are tabulated. As can be noted in Table 3.2, all properties are found by differentiating the 

Helmholtz free energy explicit equation of state. The difference between Helmholtz 

explicit and pressure explicit equations of state is merely in their mathematical 

representation. The equation of dry air of Lemmon et al. (2000) is an example of 

Helmholtz free energy explicit representation of thermodynamic properties. The IAPWS-

IF97 equation for superheated steam, in turn, is an example of Gibbs free energy explicit 

equation of state. However, the Gibbs free energy representation is rather exceptional 

according to Span et al. (2001). Nevertheless, the basis of all equations of state is the 

measured p-V-T data. 
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Table 3.2: Thermodynamic properties calculated from a pressure explicit and a Helmholtz free 

energy explicit equation of state. 

Thermodynamic 

property 

Expression in terms of 

pressure explicit EOS 𝒑 =
𝒑(𝑽, 𝑻) and 𝑪𝐕,𝐈𝐃(𝑻) 

Expression in terms of 

Helmholtz free energy explicit 

EOS 𝑨 = 𝑨(𝑽, 𝑻) 

Pressure  𝑝 = −(
𝜕𝐴

𝜕𝑉
)
𝑇
  

Internal energy 𝑈 = 𝑈0 + ∫ 𝐶V,ID
𝑇

𝑇0
𝑑𝑇 +

∫ [𝑇 (
𝜕𝑝

𝜕𝑇
)
V
− 𝑝] 𝑑𝑉

𝑉

∞
  

𝑈 = 𝐴 − 𝑇 (
𝜕𝐴

𝜕𝑇
)
𝑉

  

Enthalpy 𝐻 = 𝑈 + 𝑝𝑉  𝐻 = 𝐴 − 𝑇 (
𝜕𝐴

𝜕𝑇
)
𝑉
− 𝑉 (

𝜕𝐴

𝜕𝑉
)
𝑇

  

Entropy 𝑆 = 𝑆0 + ∫
𝐶V,ID

𝑇

𝑇

𝑇0
𝑑𝑇 +

𝑅 ln
𝑉

𝑉0
+ ∫ [(

𝜕𝑝

𝜕𝑇
)
V
−
𝑅

𝑉
] 𝑑𝑉

𝑉

∞
  

𝑆 = −(
𝜕𝐴

𝜕𝑇
)
𝑉

  

Isochoric heat 

capacity 
𝐶V = 𝐶V,ID + ∫ 𝑇 (

𝜕2𝑝

𝜕𝑇2
)
V
𝑑𝑉

𝑉

∞
  𝐶V = −𝑇 (

𝜕2𝐴

𝜕𝑇2
)
𝑉

  

Isobaric heat 

capacity 
𝐶p = 𝐶V − 𝑇 (

𝜕𝑝

𝜕𝑇
)
V

2

(
𝜕𝑝

𝜕𝑉
)
𝑇

⁄   
𝐶p = 𝐶V − 𝑇

(
𝜕2𝐴

𝜕𝑉𝜕𝑇
)
2

(
𝜕2𝐴

𝜕𝑇2
)
𝑉

  

 

The properties in pressure and Helmholtz free energy explicit formulations are 

decomposed into ideal parts and residual parts of the property. The residual part is the 

contribution of another equation of state than the ideal gas equation. The exact 

representation in IAPWS-IF97 and Lemmon et al. is in non-dimensional format. 

Furthermore, the mass specific properties are used instead of extensive ones and the 

specific volume is replaced by the density. The ideal part of a property is obtained 

assuming that the EOS is the ideal gas EOS. At low pressure and high temperature, the 

residual properties are close to zero. When using the Helmholtz free energy explicit 

presentation written in terms of ideal and residual parts in a non-dimensional form, the 

EOS is as follows 

 
𝛼(𝛿, 𝜏) = 𝛼ID(𝛿, 𝜏) + 𝛼R(𝛿, 𝜏) =

𝐴ID(
𝜌

𝜌c
,
𝑇𝑐
𝑇
)+𝐴R(

𝜌

𝜌c
,
𝑇𝑐
𝑇
)

𝑁�̅�𝑇
  (3.11) 

Having the non-dimensional format makes finding the dimensional values of the 

properties more complicated. The non-dimensional Equation 3.11 needs to be solved for 
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dimensional Helmholtz free energy and substituted into expressions of Table 3.2. The 

entropy, for example, is solved as follows: 

 

 

𝑆 = −(
𝜕𝐴

𝜕𝑇
)
𝑉
= −(

𝜕[(𝛼ID(𝛿,𝜏)+𝛼R(𝛿,𝜏))𝑁𝑅𝑇]

𝜕𝑇
)
𝑉
=

−𝑁�̅� (
𝜕𝛼ID(𝛿,𝜏)

𝜕𝑇
𝑇 + 𝛼ID(𝛿, 𝜏) +

𝜕𝛼𝑅(𝛿,𝜏)

𝜕𝑇
𝑇 + 𝛼𝑅(𝛿, 𝜏))  

(3.12) 

While the Helmholtz energy-specific non-dimensional representation is a result of several 

manipulations of the basic variables pressure, volume, and temperature, it is the approach 

used in the most accurate contemporary thermodynamic property formulations. One 

reason for the adoption of Helmholtz energy explicit representation is the simplicity of 

mathematical expressions compared to the pressure explicit representation demonstrated 

in Table 3.2. 

The most advanced equations of state, such as those by Span and Wagner (1996) for 

carbon dioxide and the IAPWS-IF95 (IAPWS, 2008) for water represent the fluid 

properties over a wide range of states, including the liquid region and saturation states. 

The GERG-2004 equation of state (Kunz et al. 2007) represents a wide range of mixture 

properties, including the phase equilibrium states in a single equation. The chemical 

species and mixtures occurring in the calculations of this dissertation are included in 

GERG-2004. However, GERG-2004 is aimed especially at natural gas applications at 

high pressure and the use of less complex equations is considered sufficient in the scope 

of this dissertation. 

During the research for this dissertation, fluid database software REFPROP 9 by NIST 

(2019) and the NIST WebBook page (NIST, 2018) were used as a general-purpose 

resource for fluid properties. Humid air is available as a user-defined mixture in 

REFPROP 9, but the model is not optimized for humid air. Humid air properties were 

obtained using the opensource thermophysical property library CoolProp (Bell et al., 

2014), where humid air formulation is based on Herrmann et al. (2009). Feistel et al. 

(2015) is used to calculate the fugacity of water vapor in humid air, since the expressions 

for virial coefficients of air-water mixture are reported in great detail. Background 

knowledge on equations of state, phase equilibrium and thermodynamics were taken from 

Wark (1995), Michelsen and Mollerup (2007), and Prausnitz et al. (1999). Pure water 

properties were taken from Wagner and Kruse (1998) and pure, dry air from Lemmon et 

al. (2000). Ideal gas properties are used in the simulations when the error is not 

significant. 

3.4.2 Chemical reactions 

Standard enthalpy of reaction is the energy difference between reactants and products of 

a chemical reaction in their standard states, as follows: 
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 ΔℎR
0
= ∑ 𝜈iΔℎ̅f,i

0
i   (3.13) 

Standard state is the state of pure component in 1 bar and 298.15 K (Engel and Reid, 

2012). Water, for example, is in liquid phase in its standard state. If the chemical species 

is gaseous in standard conditions, the standard enthalpy of reaction is tabulated using an 

ideal gas state (Engel and Reid, 2012). The difference between the ideal and actual 

enthalpy of common gaseous species is not very significant. For oxygen and carbon 

dioxide, for instance, the ideal enthalpy is 0.25 kJ/kg and 0.93 kJ/kg higher than the actual 

enthalpy, respectively. 

The ideal gas reference state is used exclusively in defining enthalpy of gas phase 

reactions (Engel and Reid, 2012). Due to the adoption of the ideal gas reference state, the 

enthalpy of reaction does not depend on any specific formulation like the IAPWS-IF97. 

Furthermore, the enthalpy changes of mixing do not affect the enthalpy of reaction. 

Solid and liquid fuels are mixtures of many compounds and using standard enthalpy of 

reaction becomes unpractical. In order to apply the concept of standard enthalpy of 

reaction to fuels, not only would the standard enthalpies of reaction have to be determined 

for each chemical compound, but also the proportions of the components would have to 

be known. Furthermore, the compounds are not in their standard states in fuels, but parts 

of a mixture. As a consequence, an experimental calorific value is used that indicates the 

amount of energy released, when the fuel is combusted and the combustion products are 

cooled to the reference temperature. If the chemical composition of the fuel is complex, 

the fuel composition can be reported in terms of the elementary composition that can be 

determined from the elementary analysis of the fuel or based on combustion gas 

composition. 

Standard entropy of reaction is defined in a similar manner to enthalpy of reaction, i.e., 

the difference in the quantity between the reactants and the products, as follows: 

 Δ�̅�R
0 = ∑ 𝜈iΔ𝑠i

0
i   (3.14) 

However, the entropy of reaction cannot be measured experimentally involving the actual 

reaction. Instead, the absolute entropy of each reactant and product is determined 

separately in a calorimetric experiment and the difference is calculated. The calorimetric 

experiment of individual compounds’ entropy is essentially a measurement of heat versus 

temperature. Entropy is obtained from the heat versus temperature graph by integration. 

Measurements near absolute zero are most challenging and mathematical extrapolation 

methods are used to obtain the near-absolute zero region entropy. Entropy data for vast 

amounts of substances is available in tabulated and correlation form.  

Gibbs free energy of reaction can be trivially defined from enthalpy and entropy of 

reaction as follows: 
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 Δ𝑔
R

0
= Δℎ̅𝑅

0 − 𝑇Δ�̅�𝑅
0  (3.15) 

Gibbs free energy of reaction expresses the maximum amount of work obtainable from 

the reaction and is thus closely related to chemical exergy. 

3.4.3 Exergy 

Exergy is the measure of availability of a thermodynamic system (Szargut, Morris, and 

Steward, 1988). In contrast to energy, exergy is not a conserved quantity. When exergy 

disappears in a process it is called exergy destruction. Exergy can be divided into exergy 

of a closed system and flow exergy. Exergy of a closed system is restricted to systems 

where no mass exchange occurs. It depends on the volume and entropy measured from 

the dead state. According to Wark (1995), the mathematical expression of the closed 

system exergy is as follows: 

 𝜓C = 𝑢 − 𝑢0 + 𝑝0(𝑣 − 𝑣0) − 𝑇0(𝑠 − 𝑠0) + 𝑤
2/2 + 𝑔𝑧  (3.16) 

The volume-dependent term represents expansion work against the atmosphere, whereas 

the entropy-dependent term represents the minimum amount of heat when the system 

undergoes a reversible process to the dead state. Internal energy subtracted by the energy 

exchange to the atmosphere is available energy, i.e., exergy. Kinetic energy and potential 

energy in the gravitational field are exergy and are added in full to the total exergy of the 

closed system. Exergy of a closed system can be useful for exergy analysis of a transient 

phenomenon, such as discharging a compressed gas energy storage. However, exergy has 

to be defined in a different manner for an open flow system. The difference is that the 

volume of the system does not change but instead, the flows introduce boundary work. 

As a consequence, internal energy is replaced by enthalpy and the volume term vanishes 

in the expression for exergy (Wark, 1995) as follows: 

 𝜓 = ℎ − ℎ0 − 𝑇0(𝑠 − 𝑠0) + 𝑤
2/2 + 𝑔𝑧   (3.17) 

Exergy can also be divided into chemical exergy and physical exergy. Physical exergy is 

the amount of available energy when the closed system or flow is brought to its dead state 

undergoing a reversible process without changes in chemical composition. Chemical 

exergy is the maximum amount of work obtained, when the species react and become 

dissolved in the reference environment. For the purposes of analyzing the processes 

involved in this dissertation, the reference environment is the atmosphere. All the fuels 

considered react in such a manner that the majority of their mass becomes part of the 

atmosphere. For example, the combustion products of natural gas, CO2, and H2O are 

ready components in the atmosphere. 

In case of biomass fuel, not all of the combustion products, such as ash, are present in the 

atmosphere. According to Szargut et al. (1988), the reference environment for the 

chemical species not present in the atmosphere can be seawater or the earth’s crust. Alkali 

metals, which are constituents of biomass, have their reference species in seawater 
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(dissolved K+ and Na+ ions in the seawater). Exergies of pure potassium and sodium are 

366.6 kJ/mol and 336.6 kJ/mol respectively. However, the elements are bound in an 

extremely complex manner in biomass and therefore, their exergy cannot be evaluated 

using the pure species’ exergy. 

Szargut et al. (1988) give the following expression for the ratio of woody biomass exergy 

to its calorific value in terms of mass fractions of the constituent elements: 

 𝛽 =
1,0412+0,2160(𝑤H2/𝑤C) 

1−0,3035(𝑤O2/𝑤)
−

0,2499(𝑤O2/𝑤C)[1+0,7884(𝑤H2/𝑤C)]+0,0450(𝑤N2/𝑤C) 

1−0,3035(𝑤O2/𝑤)
   

(3.18) 

The value of ratio 𝛽 is usually greater than 1, meaning that the exergy content is greater 

than the calorific value. One consequence of 𝛽 > 1 is that the energy efficiency can 

theoretically exceed 100%. In practice, biomass combustion systems are inefficient since 

the electrical efficiency reaches some 33% in the best case. Complete harnessing of 

exergy requires reversible chemical reactions that can only be closely reached in fuel 

cells. Therefore, combustion using air at atmospheric pressure as such implies significant 

destruction of exergy. Although thermal conversion of biomass into electricity is 

inherently exergy-inefficient, exergy analyses of thermal biomass conversion can be used 

to compare systems against each other.  

Physical exergy is a particularly useful indicator of the availability of a system to do work. 

The main steam of a thermal power plant assuming 550 ℃, and 120 bar, for example, has 

3,377 kJ/kg enthalpy (flow energy) using IAPWS-IF97 standard and reference state of 25 

℃ and 1 bar, whereas the specific exergy content is 1503 kJ/kg obtained from Equation 

3.17 using IAPWS-IF97 for entropy calculation. Therefore, only 45% of the energy is 

available for power generation and the rest is heat that is released at 25 ℃. 

The chemical exergy defined by Szargut, Morris, and Steward, (1988) 

 �̅�𝑐ℎ = Δ�̅�𝑅
0 + ∑ 𝜈𝑘�̅�𝑐ℎ,𝑘𝑘 − ∑ 𝜈𝑗�̅�𝑐ℎ,𝑗𝑗   (3.19) 

is close to the concept of ideal chemical cell voltage defined as: 

 𝐸cell
0 =

Δ�̅�𝑅
0

𝑧𝐹
,  (3.20) 

since both include the standard Gibbs free energy change of the reaction. The summations 

for reference species’ exergies in Equation 3.19 are the contributions of dilution with the 

atmosphere (or another reference environment). In conclusion, the chemical exergy is 

another way of stating the potential of a chemical reaction to produce energy. The 

additional information exergy provides is the theoretical amount of energy obtainable 

from dilution with the reference environment. Both the ideal cell voltage and chemical 
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exergy are derivations of the more fundamental concept of Gibbs free energy change of 

reaction. 

In combustion, the overall enthalpy is unchanged, while entropy significantly increases, 

which results in exergy destruction. Exergy analysis of any conventional combustion 

system yields an exergy efficiency of less than 75%. Shivam Mishra (2018) found that 

29% of the exergy destruction of a simple gas turbine occurs in the combustion chamber. 

In general, fuel cells have higher exergy efficiency than combustion. 

Exergy is the theoretical availability of a chemical species or compound. However, in 

many cases there is no technology available to use the exergy. One example is liquid 

water. In agreement with the definition of exergy, the specific exergy of liquid water in 

70% relative humidity of atmosphere is somewhere between 40 kJ/kg and 50 kJ/kg 

(Szargut, Morris, and Steward, 1988). Therefore, 1 m3 of liquid water equals 40–50 MJ 

energy storage. Using the reasoning provided by exergy, water reservoirs are vast energy 

reservoirs. In exergy analysis, the problem arises that calculations credit exergy for liquid 

water, while there is no way to use it. 

The chemical exergy of flue gas is another example of exergy that is never converted into 

work in practice. Flue gas of methane has 36 kJ/kg exergy, even after it has been brought 

to atmospheric temperature and pressure, but not diluted into the atmosphere. In theory, 

the 36 kJ/kg is available from the dilution process. Again, there is no apparatus to extract 

the 36 kJ/kg from the flue gas dilution and still the 36 kJ/kg is present in the exergy 

balances, making the exergy efficiency worse. Tsatsaronis and Park (2002) split the 

exergy destruction of a component into avoidable and unavoidable parts and introduce an 

enhanced exergy efficiency for a component, according to which a component with no 

avoidable exergy destruction is 100% exergy-efficient. While the categorization used by 

Tsatsaronis and Park (2002) is suitable for their particular analysis, the concept of 

unavoidable exergy destruction is controversial with regard to the concept of exergy being 

available. How can exergy destruction be unavoidable if exergy is, by definition, 

available? Furthermore, if one wishes to consider unavoidable exergy destruction, one 

has to define its amount for every considered component of the process. The unavoidable 

part of exergy destruction of components in the analysis of Tsatsaronis and Park (2002) 

is based on the data of existing components. Due to the lack of standardized reference 

data for unavoidable exergy destruction, the distinction between avoidable and 

unavoidable exergy destruction is not made in the analyses of this dissertation. 

Exergy destruction can be further categorized into endogenous and exogenous exergy 

destruction. Endogenous exergy destruction is due to inefficiency of a single component 

and exogenous is due to the exergy inefficiency caused in other components by the 

component in question. This approach is called the advanced exergy analysis. Tsatsaronis 

et al. (2009) summarize four methods of conducting advanced exergy analysis. Due to 

the lack of information for selecting a suitable method and the significant amount of 

complexity accompanied, the advanced exergy analysis is left out of the simulations of 

this dissertation.  
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Figure 3.3: Relationship between exergy and other thermodynamic quantities. Definition of the 

quantities higher in the pyramid require the definitions below. The only exergy quantity 

that can be defined by the fundamental quantities is the physical flow exergy. The others 

depend on convention. 

 

Figure 3.3 summarizes the most important exergy quantities found currently in the 

literature. Out of all exergy quantities considered, the physical flow exergy is most easily 

defined. Since physical flow exergy is completely defined in terms of fundamental 

thermodynamic properties, it can be considered itself a thermodynamic property of a 

substance. In a similar way to many other thermodynamic properties, the absolute value 

of physical flow exergy depends on the reference state. On the other hand, the definition 

of chemical exergy requires a definition of a standard reference environment, i.e., 

atmosphere, seawater or the earth’s crust, as in Szargut and Morris (1986), for example. 

The definition is rather robust, since the composition of atmospheric air, for example, 

remains constant naturally. Other extremities in terms of ease of definition are the 

avoidable and unavoidable exergy destruction and endogenous and exogenous exergy 

destruction. Values of avoidable and unavoidable exergy destruction depend on the data 

from existing components or some reference component. Even though there is a certain 

degree of consensus among researchers on what the reference unavoidable exergy 

destruction for some components should be, the amount of studied components is still not 

very extensive. The magnitude of endogenous and exogenous exergy destruction, in turn, 

depends on the method the analysis is carried out (Kelly et al., 2009). It can be concluded 

that only the values of physical flow exergy that depend solely on the thermophysical 

experiments have been extensively studied for vast amounts of substances and are 

therefore used in the calculations of this dissertation. 
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3.4.4 Reference state 

Absolute values of thermodynamic potentials (internal energy, enthalpy, Helmholtz free 

energy, Gibbs free energy) depend on the definition of reference state. Values of entropy 

are usually expressed as difference from some reference state, even though absolute 

entropy values are measured. In order to unambiguously define the reference state, two 

out of the following properties have to be fixed: thermodynamic potentials (u, h, a, g) and 

entropy. Some common conventions for setting the reference state used in the literature 

are tabulated in Table 3.3. 

Table 3.3: Reference state definition conventions found in the literature. 

Convention Reference state Reference 

properties 

Values of 

reference 

properties at 

the reference 

state 

Normal boiling point Boiling point at 

atmospheric 

pressure 

Entropy, enthalpy ℎ = 0 

𝑠 = 0 

ASHRAE - American 

Society of Heating 

Refrigerating and Air-

Conditioning 

Engineers 

Saturated liquid at 

−40 ℃ 

Entropy, enthalpy ℎ = 0 

𝑠 = 0 

IIR – International 

Institute of 

Refrigeration 

Saturated liquid at 

0℃ 

Entropy, enthalpy ℎ = 200 J/mol 

𝑠 = 1.0
J

mol K
 

IAPWS-IF97 - 

International 

Association for the 

Properties of Water 

and Steam 

Saturated liquid at 

the triple point 

Entropy, internal 

energy 
𝑢 = 0 

𝑠 = 0 

 

In some cases, it is useful to define the reference state to be an ideal gas state. Real gas 

and liquid properties can be expressed in terms of an ideal gas reference state as well. For 

example, the enthalpy of ideal water vapor at 25 °C is 2547.0 kJ/kg (IAPWS-IF97, ideal 

part). If zero enthalpy of ideal gas at 25 °C is desired, it means that all enthalpy values 

shift by -2547.0 kJ/kg. 
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The reference state of a mixture depends on the reference states of its constituent 

components. The reference states of all components can be set to any value at any state 

and that is a matter of convenience, as pointed out by Stoy (1992). The following equation 

determines the changes in binary mixture enthalpy values, if the components’ reference 

state enthalpies are shifted by Δℎ̅1 and Δℎ̅2 

 Δℎ̅mix = 𝑦1Δℎ̅1 + (1 − 𝑦1)Δℎ̅2  (3.21) 

According to Equation 3.21, if the components’ reference states are shifted, the mixture 

enthalpy values shift linearly in the proportions dictated by the mole fractions of the 

components.  

The reference state of entropy differs from the reference state of thermodynamic 

potentials in that an absolute scale is available. In the absolute entropy scale, entropy is 

zero at the absolute zero temperature (Engel and Reid, 2012). The absolute entropy scale 

is used for determining the entropy of reaction.  

The reference state and zero (or dead) state of exergy are different concepts even though 

the subscript “0” is typically used for both of them. Absolute values of exergy do not 

depend on the reference state, but they do depend on the zero state of exergy. The zero 

state of exergy is usually set to atmospheric temperature and pressure. 

3.4.5 Chemical potential and fugacity 

Chemical potential and fugacity are closely related thermodynamic properties that are 

used to define phase equilibrium. In cases where dry air is above a liquid water surface, 

the liquid water has higher chemical potential than the water vapor above it and liquid 

water vaporizes into vapor phase until the chemical potentials of water in both phases are 

equal. Fugacity is derived from chemical potential in order to simplify numerous 

equations. Fugacity and chemical potential in turn are derived from the equation of state 

discussed in 3.4.1. The chemical potential of a pure component is defined as the specific 

Gibbs free energy 

 𝜇 ≡ �̅�  (3.22) 

The chemical potential of a component in a mixture is defined as the partial molar Gibbs 

free energy of the component 

 𝜇𝑖 ≡ (
𝜕𝐺

𝜕𝑁i
)
𝑝,𝑇,𝑁𝑗≠𝑁𝑖

  (3.23) 

The definition of fugacity requires two statements. Firstly, the fugacity difference 

between two states in the same temperature has to fulfil the following equation: 



Modeling of steady-state flow systems 46 

 𝜇2 − 𝜇1 = �̅�𝑇 ln
𝑓2

𝑓1
 , (3.24) 

Equation 3.24 allows the multiplication of the fugacities 𝑓1 and 𝑓2 by an arbitrary number 

and therefore, it is not a sufficient definition. The other condition that fugacity has to fulfil 

is that it equals the pressure when the pressure is low. The second condition is stated as a 

limit as follows: 

 lim
𝑝→0

𝑓

𝑝
= 1  (3.25) 

For a component of a mixture the definition of fugacity is as follows (Wark, 1995): 

 𝜇2,i(𝑝2, 𝑇, 𝑁) − 𝜇1,i(𝑝1, 𝑇, 𝑁) = �̅�𝑇 ln
�̂�2,i

�̂�1,i
  (3.26) 

in conjunction with the following condition 

 lim
𝑝→0

�̂�i

𝑝𝑦i
= 1.  (3.27) 

In a mixture, the fugacity equals the partial pressure at low total pressure. Equation 3.26 

demonstrates how fugacity is essentially the chemical potential stated in another form. 

Fugacity coefficient is defined as follows: 

 
�̂�i ≡

�̂�i

𝑝𝑥i
= exp(

1

𝑅𝑇
(
𝜕𝐺R

𝜕𝑁i
)
𝑝,𝑇,𝑁j≠𝑁i

)   (3.28) 

If the reference data is expressed in terms of Gibbs free energy, Equation 3.28 can be 

directly applied. As concluded in 3.4.1, Helmholtz free energy instead of 𝐺R is usually 

available in the contemporary models and in this respect, the useful expression for 

fugacity of a component is as follows (Michelsen and Mollerup, 2007): 

 
𝑓i = 𝑝𝑥i exp [

1

𝑅𝑇
((

𝜕𝐴𝑅

𝜕𝑁i
)
T,V,Nj≠Ni

− 𝑅𝑇 ln 𝑧)]  (3.29) 

If a fluid can be modeled using the ideal gas assumption, fugacity coefficient equals 1 

and fugacity equals partial pressure of the component or total pressure of a pure substance. 

If there is no equation of state available, simplifications can be applied in order to obtain 

the fugacity. It has been experimentally established that in dilute liquid mixtures, such as 

those where gas is dissolved in the liquid, the ratio of fugacity of the solute to its mole 

fraction approaches a constant value called Henry’s constant (Prausnitz et al., 1999) 

 𝑘H = lim
𝑥1→0

(
�̂�1

𝑥1
)  (3.30) 
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If the fugacity can be obtained as follows: 

 𝑓i = 𝑥i𝑘H,i, (3.31) 

the mixture is said to obey Henry’s law. Henry’s law is commonly applied to mixtures of 

dissolved air components and liquid water. The fugacity of the solvent in such dilute 

solution is obtained using the Lewis fugacity rule as follows: 

 𝑓i = 𝑥i𝑓i. (3.32) 

3.5 Water-air phase equilibrium 

Evaporative systems involve a two-component (air is treated as a single component), two-

phase, non-reactive system. According to Gibbs phase rule, the number of degrees of 

freedom is: 

 𝐹 = 𝐶 + 2 − 𝑃 = 2 + 2 − 2 = 2  (3.33) 

As a consequence, two out of the following variables need to be specified in order for the 

equilibrium system to be specified: pressure, temperature, mole fraction of air or water in 

the vapor phase. The condition for phase equilibrium is that the fugacity coefficients of 

all components in each phase are equal as follows: 

 

{
 

 
𝑓w
L(𝑥w, 𝑝, 𝑇) = 𝑓w

V(𝑦w, 𝑝, 𝑇)

𝑓a
L(𝑥a, 𝑝, 𝑇) = 𝑓a

V(𝑦a, 𝑝, 𝑇)
𝑥w + 𝑥a = 1
𝑦w + 𝑦a = 1

  (3.34) 

If the ideal mixture model and the ideal dilute liquid solution models are assumed, the 

problem is significantly simplified as follows: 

 
{

𝑥w𝑓w
L(𝑝, 𝑇) = 𝑦w𝑓w

V(𝑝, 𝑇)

(1 − 𝑥w)𝑘H,a(𝑝, 𝑇) = (1 − 𝑦w)𝑓a
V(𝑝, 𝑇)

  (3.35) 

The completely expanded solution of Equation 3.35 is as follows: 
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{
 
 
 

 
 
  𝑦w = (1 −

𝑓a
V(𝑝,𝑇)

𝑘H,a(𝑝,𝑇)
) (

𝑓w
V(𝑝,𝑇)

𝑓w
L(𝑝,𝑇)

−
𝑓a
V(𝑝,𝑇)

𝑘H,a(𝑝,𝑇)
)⁄

𝑦a = (
𝑓w
V(𝑝,𝑇)

𝑓w
L(𝑝,𝑇)

− 1) (
𝑓w
V(𝑝,𝑇)

𝑓w
L(𝑝,𝑇)

−
𝑓a
V(𝑝,𝑇)

𝑘H,a(𝑝,𝑇)
)⁄

𝑥w =
𝑓w
V(𝑝,𝑇)

𝑓w
L(𝑝,𝑇)

𝑦w

𝑥a =
𝑓a
V(𝑝,𝑇)

𝑘H,a(𝑝,𝑇)
𝑦a

  (3.36) 

Given the pressure and the temperature, the mole fractions of water and air can be directly 

solved using Equation 3.36. However, in many contexts, the air-water system is 

simplified further by disregarding the solubility of air components in liquid phase 

(𝑘𝐻,𝑎𝑖𝑟(𝑝, 𝑇) → ∞). 

 

{
 
 

 
  𝑦w =

𝑓w
L(𝑝,𝑇)

𝑓w
V(𝑝,𝑇)

𝑦a = 1 − 𝑦w
𝑥w = 1
𝑥a = 0

  (3.37) 

Furthermore, evaluating the pure liquid water fugacity as 𝑓H2O,pure
L = 𝑝𝐻2𝑂,𝑠𝑎𝑡(𝑇) and 

water vapour fugacity as 𝑓𝐻2𝑂,𝑝𝑢𝑟𝑒
𝑉 = 𝑝, leads to the common engineering expression for 

water mole fraction as follows: 

 𝑦w =
𝑝w,sat(𝑇)

𝑝
  (3.38) 

In general, Equation 3.38 is the simplest and least accurate approach of evaluating the 

dew point composition of humid air. 

3.5.1 Evaluation of fugacity in water-air systems 

The most accurate phase equilibrium (dew point) calculations are based on Equation 3.34. 

Accurate fugacity values for both phases can be evaluated using equations of state. The 

liquid phase fugacity can be estimated using the Poynting correction factor, which 

assumes constant volume of the liquid as follows: 

 
𝑓w
L = 𝑝w,sat(𝑇) exp (

𝑣w,sat
L (𝑝−𝑝w,sat(𝑇))

𝑅𝑇
)  (3.39) 

While using the Poynting factor is faster, using an equation of state is more accurate. Ji 

and Yan (2003) and Ji et al. (2003) address the problem of a lack of direct method for 

calculating the pure liquid fugacity from IAPWS-IF97. However, the fugacity can be 

obtained from IAPWS-IF97 standard from the residual Gibbs function, which is directly 

available in the standard (Wagner and Kruse, 1998) as follows: 
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 ln 𝜑w
L = ln

𝑓w
L

𝑃
= 𝛾(π, τ) − 𝛾0(π, τ) = 𝛾𝑟(π, τ)  (3.40) 

The simplest approach of using 𝑓w
L = 𝑝w,sat(𝑇) and assuming ideal vapor phase yields 

reasonable results only at low pressure. At high pressure, the intermolecular forces 

become significant and the ideal gas model yields low gas phase water fractions. The 

more advanced equations of state take into account the deviation from ideal behavior and 

they have to be applied for accurate calculations at elevated pressure. Four approaches 

for liquid phase fugacity evaluation are tabulated in Table 3.4. 

At high pressures, the ideal gas assumption 𝑓w
V = 𝑝w,sat(𝑇) in particular causes 

significant error. The Poynting correction is slightly greater in magnitude than the 

fugacity rise obtained using IAPWS formulation for 5 MPa. 

Table 3.4 Saturation fugacity and subcooled fugacity at 5 MPa above saturation of liquid water 

calcucated using ideal model with Poynting factor and IAPWS-97. 

𝑇[℃] 𝑓w
L  Liquid phase fugacity estimate 

 

𝑝w,sat(𝑇) 
[bar] 

𝑝w,sat(𝑇) +
𝑃𝑜𝑦𝑛𝑡𝑖𝑛𝑔 5 𝑀𝑃𝑎 

[bar] 

exp(𝛾(𝜋sat, 𝜏) −

𝛾0(𝜋sat, 𝜏)) 𝑝 

[bar] 

(IAPWS-IF97) 

exp(𝛾(𝜋sat +

Δ𝜋, 𝜏) −
𝛾0(Δ𝜋sat, 𝜏)) (𝑝 +

Δ𝑝)  [bar]  

(IAPWS-IF97) 

10 0.012282 0.012761 0.012271 0.01275 

50 0.123513 0.127776 0.123039 0.127282 

90 0.701824 0.723852 0.693533 0.715227 

130 2.702596 2.781412 2.62698 2.703407 

170 7.920532 8.139254 7.486167 7.692767 

210 19.07391 19.58212 17.29758 17.75789 

250 39.75939 40.80349 34.11609 35.00847 

290 74.41643 76.39833 59.56123 61.13736 

330 128.5752 132.2303 94.51687 97.16168 

 

According to Feistel et al. (2015), the virial EOS is able to successfully model humid air 

states. The residual part of virial EOS represented in terms of Helmholtz free energy is as 

follows:  

 𝐴r(𝑉, 𝑇, 𝑁w, 𝑁a) = 𝑅𝑇 [
1

𝑉
(𝑁w

2𝐵ww + 2𝑁w𝑁a𝐵wa + 𝑁a
2𝐵aa) +

1

2𝑉2
(𝑁w

3𝐶www + 3𝑁w
2𝑁a𝐶wwa + 3𝑁w𝑁a

2𝐶waa + 𝑁a
3𝐶aaa)]  

(3.41) 
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Substituting Equation 3.41 into Equation 3.28 yields an expression for the fugacity 

coefficient of humid air in terms of volume, temperature, and amounts of water and air as 

follows: 

 
ln �̂�w

V = ln
�̂�H2O
V

𝑃
=

2

𝑣
(𝑦w𝐵ww + 𝑦a𝐵wa) +

3

2𝑣2
(𝑦w

2𝐶www +

2𝑦a𝑦w𝐶aww + 𝑦a
2𝐶aaw) − ln 𝑧  

(3.42) 

Details on how to obtain any thermodynamic property from Helmholtz free energy is 

available in Michelsen and Mollerup (2007). In Table 3.5, fugacities of water are 

tabulated using Equation 3.42. The virial coefficients are calculated according to Feistel 

et al. (2015). The upper limit of TEOS 10 is 200 ℃ since the upper validity limit of Cwww 

is 200 ℃. However, the model is valid in a wider temperature range if either component 

has a significantly greater mole fraction. The same limitation is present in other air-water 

mixture models as well. Fortunately, in gas turbine applications, the mole fraction of 

water is minor. In Table 3.5 Fugacity of water vapor in mixture with air (mole fractions 

of water 0.05 and 0.10) at various temperatures and pressures, the difference between 

fugacity and partial pressure at 100 ℃, 10 mol-% of water and 5 MPa is almost 20%. 

Therefore, it is obvious that Equation 3.34 yields significantly different results depending 

on whether fugacity or partial pressure is used. 

Table 3.5 Fugacity of water vapor in mixture with air (mole fractions of water 0.05 and 0.10) at 

various temperatures and pressures. 

 
𝑇[℃] 𝑓H2O

V  [kPa] 

𝑦H2O  0.05 0.05 0.05 0.05 0.10 0.10 0.10 0.10 

𝑝tot 
[kPa] 

 100 1000 3000 5000 100 1000 3000 5000 

𝑝H2O 
[kPa] 

 5 50 150 250 10 100 300 500 

 0 4.94 N/A N/A N/A 9.81 N/A N/A N/A 

 50 4.98 47.69 128.15 187.45 9.93 92.43 N/A N/A 

 100 4.99 48.82 139.09 219.11 9.96 96.34 265.81 402.46 

 150 4.99 49.31 143.67 232.22 9.98 97.91 280.81 445.89 

 200 5.00 49.57 146.04 238.91 9.99 98.69 288.10 466.65 

 

In the current state-of-the art, there are several thermodynamic models of moist air and 

air-water systems covering varying pressure-temperature regions. The ones used in the 

scope of this work are the SIA (Seawater-Ice-Air) package (Feistel et al, 2010) of TEOS-

10 (Thermodynamic Equation of Seawater 2010) and the humid air model of Herrmann 

et al. (2019). At high pressures, the formation of air hydrates is also an issue (Bell et al., 

2018), but is not taken into account in majority of the contemporary models.  
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In evaporation systems such as humidification towers and tubular heat and mass 

exchangers, the equilibrium state is not reached (Cheremisinoff and Cheremisinoff, 

1981). The further the liquid and vapor phases are from equilibrium, the more intense the 

evaporation. The design of humidification devices requires knowledge of states of both 

phases everywhere in the device. 
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4 CFB boiler furnace and humidified gas turbine 

modeling 

Modeling is conducted using IPSEpro and MATLAB software. The fluidized bed furnace 

model is implemented in IPSEpro applying several modifications to the existing 

components’ equations and creating new components. The gas turbine model of 

publication III is implemented in IPSEpro as well. The gas turbine model of publication 

V is implemented in MATLAB in order to produce data of large amount of operating 

points in a suitable format for the Cuckoo search optimization. The thermodynamic 

analysis of condensing evaporator in publication II is conducted using MATLAB. 

4.1 1.5-dimensional CFB boiler furnace model 

Accurate modeling of fluidized bed combustion relying on fundamental laws of fluid 

dynamics and chemistry is a challenging task. First of all, the flow consists of solid bed 

material, fuel, and ash, some liquid components in the fuel as well as gaseous oxidant and 

combustion products. Solving even one phase flow pattern requires a numerical solution 

and significant computational time. In the exact modeling of the fluidized bed 

combustion, the gas-solid-liquid interactions are accounted for. The three-dimensional 

models such as the models of Myöhänen and Hyppänen (2011) and Kumar and Agarwal 

(2016) consist of both fundamental energy and momentum balance equations, as well as 

experimental equations such as the gas-solid drag correlation. 

The two most important characteristic figures that describe the flow are the flow rate and 

pressure drop. The complex three-dimensional flow pattern is described by three main 

components of the flow that are the upward flow through the central part of the furnace, 

the flow downward near the walls and the horizontal flow between the walls and the 

center. This approach is called the core-annulus model and it is used in this work. 

Another thing that further increases the complexity is the overwhelming amount of 

chemical species present. The woody biomass in particular consists of over 10,000 

chemical species. Regardless of how accurate a mathematical model is applied, 

simplifications must be made. 

In this work, the woody biomass is modeled using its elementary composition and 

calorific value. Table 4.1 presents the fuel properties used in the CFB furnace model. 
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Table 4.1: Fuel composition for CFB furnace model analysis 

Fuel 

Fuel analysis, dry basis (%)  

 C 50.6 

 H2 6.2 

 S 0 

 N2 0.5 

 O2 42.7 

 moisture 40 

net calorific value, dry basis (MJ/kg) 19 

 

The heat transfer of a CFB furnace is a combination of advective, radiative, and 

conductive heat transfer. However, Basu et al. (2002) has established that in a typical 

CFB furnace, the overall heat transfer is accurately predicted by the suspension density 

at a given height. Using the correlation between heat transfer coefficient and suspension 

density developed by Dutta and Basu (2002), a 1.5-dimensional furnace model is 

constructed and used to model heat transfer phenomena and exergy destruction. 

Flow patterns of gaseous and solid species in the CFB furnace are important, since they 

are closely related to the amount of heat transfer in the furnace walls. In a CFB furnace 

operating in steady-state conditions, the density of solids at a given point does not change 

in time, but the density does change along the furnace height (in an axial direction). The 

solids density varies in the radial direction as well, but that is not accounted for in the 

model. Even though the solids propagate continuously from one part of the furnace to 

another, in a steady-state operation the density remains constant over time. The same 

approach of constant density distribution applies for the gaseous flow. 

The fluidized bed flow is described by the so called fast fluidized bed model. An 

important feature of a fast fluidized bed is that agglomerates of bed material form and 

disintegrate continuously. The superficial gas velocity is higher than the terminal velocity 

of a single particle in a fast fluidized bed, but not to the extent as in pneumatic transport 

mode. In addition, there is a significant downward flux of solids in a fast bed that is not 

present in pneumatic transport (Basu and Fraser, 1991). 

4.1.1 Solids flow 

The solids flow is described in the model using the core-annulus approach. The core is 

diluted in solids, whereas the suspension density increases toward the furnace walls. The 

increase in density toward the walls is explained by the formation of clusters of bed 

material in the core that are transported toward the walls and change direction toward the 

bottom of the furnace once close to the wall. According to Basu and Fraser (1991), the 

axial average void fraction is described by the following equation: 
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 𝜖−𝜖a

𝜖d−𝜖
= e

𝑧−𝑧i
𝑧0   (4.1) 

zi is the point of inflexion in the exponential curve and it occurs at the height of the 

secondary air inlet. The average suspension density is obtained as follows: 

 𝜌avg = 𝜖𝜌g + (1 − 𝜖)𝜌solid  (4.2) 

 

Figure 4.1: The mass balance in the used core-annulus approach. 

 

The considered flow directions between the control volumes are represented in Figure 

4.1.  

4.1.2 Pressure drop 

The main cause of pressure drop in the CFB furnace is the hydrostatic pressure of the bed, 

which equals the bed weight minus buoyancy, as follows: 

 Δ𝑝 = (𝜌solid − 𝜌g)𝑔𝑧   (4.3) 

Wall friction causes a pressure drop that increases with the increase of superficial velocity 

of the gas. All air ducts and especially the fluidizing nozzles cause dissipation of the 

pressure energy of the gas into thermal energy. While empirical correlations exist for 

various duct and air distributor grid types, only general correlations or fixed values are 

used in the model development of this dissertation, since the emphasis is on general 

performance rather than on a specific configuration. 
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4.1.3 Gaseous flow 

It has been established that the gaseous components flow mainly through the core region, 

which is diluted in solids (Basu and Fraser, 1991). The gas velocity is substantially lower 

or even directed downward in the annulus region. In the considered model, there is no 

gaseous flow through the annulus region. The magnitude of overall gas flow results from 

the user-defined air-to-fuel ratio and complete combustion of the fuel. 

4.1.4 Heat transfer model 

Average suspension density is the key parameter of the model, since the heat transfer 

coefficient between the gas-solid suspension and the inner wall of the tube is related to it 

according to the following empirical relation (Dutta and Basu, 2002) 

 ℎewall = 5 ∙ 𝜌avg
0.391𝑇0.408  (4.4) 

in the evaporator wall and the following relation (Dutta and Basu, 2002) 

 ℎwwall = 3.6 ∙ 𝜌avg
0.37𝑇0.425  (4.5) 

in the suspended wing wall evaporators. Temperature in Equation 4.4 and Equation 4.5 

is the mean temperature of the furnace.  While the average suspension density is 

determined by a direct calculation from the input parameters, the temperature is related 

to the flow conditions, air-to-fuel-ratio, steam drum pressure and other variables in such 

a complex manner that a numerical solution is required. 
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Figure 4.2: View of the CFB furnace model from IPSEpro graphical user interface 

4.1.5 Exergy analysis 

Exergy destruction occurs in several places in the CFB boiler furnace. Pressure drop over 

the whole fluidized bed is caused by friction that generates heat and entropy. That heat is 

essentially generated using electricity in the fans. The whole bed is at an almost uniform 

temperature. While the uniform temperature has advantages from an emissions point of 

view, it is not favorable from an exergy perspective. Uniform temperature means 

balancing all temperature differences and that causes exergy destruction. Some of the 

exergy is destructed in the heat exchangers as well. However, the majority of the exergy 

is destructed in the fluidized bed, as described above. The difference between the flue gas 

energy content and exergy content is significant in the CFB boiler application in a similar 

fashion to many other thermal energy conversion systems. While the flue gas loss is 

significant in terms of energy, the relative exergy content is low. As a consequence, the 

share of flue gas energy that could be converted into work is minor. Exergy losses are 

evaluated as exergy destruction in each component.  



CFB boiler furnace and humidified gas turbine modeling 58 

The exergy balance of each component is represented in Table 4.2. The streams where 

composition changes due to mixing or chemical reaction require calculation of chemical 

exergy. The gases and solids are immiscible on the molecular level and their mixing does 

not destruct chemical exergy. The chemical exergy is evaluated using Equation 3.18 for 

the biomass fuel and Equation 3.19 for the flue gas. 

Exergy of bed material is evaluated assuming that the solid material is quartz sand only. 

Flow exergy depends on the enthalpy and entropy of a substance. The enthalpy and 

entropy of a solid substance, especially in a narrow pressure range, can be evaluated as a 

function of temperature only. Volume expansion of quartz occurs only at temperatures 

higher than 1500 ℃ (Ringdalen, 2015), which is never reached in a CFB furnace. Quartz 

sand undergoes a phase change from alpha to beta (both solid) at 844 K in the pressure 

range of the simulations. Hemingway (1987) gives the following expression for the quartz 

sand heat capacity of alpha and beta phases: 

 𝑐𝑝,𝛼𝑀 = 𝑎1 + 𝑎2𝑇 + 𝑎3𝑇
2 + 𝑎4𝑇

−0,5 + 𝑎5𝑇
−2  (4.6) 

 𝑐p,β𝑀 = 𝑏1 + 𝑏2𝑇 + 𝑏3𝑇
−2   (4.7) 

Integration of heat capacity yields enthalpy and entropy: 

 (ℎ𝛼 − ℎ0)𝑀 = ∫ 𝑐p,α𝑀
𝑇

𝑇=𝑇0
𝑑𝑇 = 𝑎1𝑇 +

1

2
𝑎2𝑇

2 +
1

3
𝑎3𝑇

3 +

2𝑎4𝑇
0,5 − 𝑎5𝑇

−1 + 𝑎H  
(4.8) 

 (ℎ𝛽 − ℎ0)𝑀 = ∫ 𝑐p,β𝑀
𝑇

𝑇=𝑇0
𝑑𝑇 = 𝑏1𝑇 +

1

2
𝑏2𝑇

2 − 𝑏3𝑇
−1 +

𝑏H  
(4.9) 

 (𝑠𝛼 − 𝑠0)𝑀 = ∫
𝑐p,α𝑀

𝑇

𝑇

𝑇=𝑇0
𝑑𝑇 = 𝑎1 ln(𝑇) + 𝑎2𝑇 +

1

2
𝑎3𝑇

2 −

2𝑎4𝑇
−
1

2 −
1

2
𝑎5 𝑇

−2 + 𝑎S  

(4.10) 

 (𝑠𝛽 − 𝑠0)𝑀 = ∫
𝑐p,β𝑀

𝑇

𝑇

𝑇=𝑇0
𝑑𝑇 = 𝑏1 ln(𝑇) + 𝑏2𝑇 −

1

2
𝑏3𝑇

−2 +

𝑏S  

(4.11) 

Exergy of the quartz sand is obtained by substituting enthalpy and entropy into (3). The 

kinetic and potential energies of bed material are not considered by the model. The 

expressions for heat capacity, enthalpy, and entropy are verified against the tabular data 

provided by Hemingway (1987). 
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Table 4.2: Exergy balances of components in the CFB furnace exergy analysis. 

Description of 

components 

Specific components in 

the model 

Equation of exergy 

balance solved for 

exergy destruction 

Heat exchangers, 

Mixers with 

identical chemical 

compositions of 

input and out 

streams  

- Air and feedwater 

preheaters 

- Evaporators 

- Water mixers 

- Steam drum 

- Bed material mixing 

represented by 

discrete mixer 

components 

𝜓D = ∑𝜓  

Fans, pumps - Primary air fan 

- Circulation pump 

𝜓D = 𝜓shaft +
𝜓LP,stream − 𝜓HP,stream  

Mixers, where 

composition 

changes 

- Combustion 𝜓D = ∑𝜓 + ∑𝜓ch =
𝜓D,physical + 𝜓D,ch  

 

4.2 Condensing evaporator model 

Alander’s patent (2011) states that a significant amount of condensation energy could be 

recovered using a condensing evaporator. In this work, the condensing evaporator is 

studied using two main approaches. The first approach is to treat the condensing 

evaporator as a counter flow heat exchanger where the liquid water enters the inlet 

together with the pressurized gas. This approach describes a configuration where there is 

a water injector and a consecutive heat exchanger. The heat-temperature diagram 

indicates if there is a temperature difference that facilitates the heat transfer. In the first 

approach, the maximum humidification potential is found by setting zero temperature 

difference at the point where condensation begins (zero pinch point temperature 

difference). However, according to Alander’s (2011) patent, spraying water on the tubes 

instead of all the water entering with the pressurized stream can result in better latent heat 

recovery. Therefore, another modeling approach is used where the water is sprayed on 

the pressurized side tube surfaces along the length of the evaporator and only mass 
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transfer is considered to occur to the pressurized stream. The low-pressure stream only 

heats a water film outside the tubes, but no heat exchange is considered to take place 

between the pressurized gas and the water film even if the high pressure gas is 

significantly hotter. The second approach results in a more complex mass and energy 

balance.  

4.2.1 Tube-shell humidification devices 

Tube-shell humidification devices include the tubular humidifier, the Maisotsenko 

saturator, and the condensing evaporator. The tube-shell humidifiers differ from each 

other in terms of flow arrangement and how they are coupled with the gas turbine process. 

The fundamental difference between a tube-shell humidifier and a saturation tower is that 

in a tube-shell humidifier, external heat is introduced in the humidification device, 

whereas in a saturation tower the water is heated in a separate heat exchanger component. 

The tubular humidifier as per Dalili (2003) differs from the Maisotsenko saturator mainly 

in its vertical flow arrangement. Furthermore, the Maisotsenko saturator includes an 

integrated compressed air circulation that is not present in any of the other humidification 

devices (Wicker, 2003). In a condensing evaporator as per Alander’s patent (2011), 

simultaneous condensation on the hot side and evaporation on the cold side occur. “In the 

solution according to the invention it is possible to utilize the condensation energy of 

exhaust gas in significant amounts” (Alander, 2011). A condensing evaporator heat and 

mass exchanger device is represented in Figure 4.3.  

 

Figure 4.3: Condensing evaporator heat and mass exchanger. 

 

The condensing evaporator can be modeled using a one-dimensional energy and mass 

balance, as represented in Figure 4.4. The hot stream releases heat and starts condensing 

in the volume downstream of the “cond” label in Figure 4.4. Some of the water injected 

into each volume evaporates and that is represented by the dashed upward arrows. 
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Figure 4.4 Mass and energy balance of a condensing evaporator. 

 

4.2.2 Condensing evaporator as a counter flow heat exchanger 

When the condensing evaporator is treated as a counter flow heat exchanger, the resulting 

heat-temperature diagrams at four different mass flow rate proportions are represented in 

Figure 4.5. The point of sudden deflection in Figure 4.5 is the dew point temperature of 

the low-pressure side that is unaffected by the mass flow rate proportions. The states on 

the left side of the dew point are those where simultaneous condensing on the low-

pressure side and evaporation on the high pressure side occur. It can be noted in Figure 

4.5 that the proportions of the mass flow rates do not affect the temperature of the exiting 

high pressure air (the end of condensation-evaporation region is considered the exit). 

Evaluating the high-pressure side water content at the low-pressure dew point 

temperature gives an estimate of the humidification potential. 

The condensing side dew point temperature is a function of pressure and water fraction, 

as follows: 

 𝑇DP,hot = 𝑓(𝑝hot, 𝑦w,hot)  (4.12) 

Equation 4.12 allows the expression of the cold side maximum water mole fraction as a 

function of both pressures and hot side water content. 

 𝑦w,cold,max  (4.13) 
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= 𝑦w(𝑝cold, 𝑇DP,hot)  

= 𝑦w(𝑝cold, 𝑓(𝑝hot, 𝑦w,hot))  

The maximum humidification potential of the condensing evaporator for three hot side 

moisture contents is plotted against cold side pressure in Figure 4.6. TEOS-10 

formulation is used for dew point temperature and dew point mole fraction calculations. 

If making the idealizing assumptions on mixture behavior as discussed in Chapter 3.5, 

Equations 4.12 and 4.13 become 

 𝑇DP,hot = 𝑇sat(𝑝hot𝑦w,hot)  (4.14) 

and 

 𝑦w,cold,max =
𝑝hot𝑦w,hot

𝑝cold
  (4.15) 

The error of Equation 4.15 compared to Equation 4.13 evaluated using TEOS-10 is less 

than 0.0017 units of mole fraction in the points calculated in Figure 4.6. Equation 4.15 

states that the amount of humidification achieved by condensation energy is inversely 

proportional to the cold side pressure when assuming ideal properties.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 
Figure 4.5: Heat-temperature diagrams of condensing evaporator at 4 bar pressure with (a) 1 (b) 

2 (c) 3 (d) 4 times higher pressurized side mass flow rate. Overall water content of both 

streams is 0.5 kgw/kgda (water in the pressurized stream is mainly liquid). 
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Figure 4.6: Amount of moisture that can be vaporized into high-pressure air using simultaneous 

condensing and evaporation. 

4.2.3 Condensing evaporator with continuous water injection 

Assuming that the liquid water is sprayed on the pressurized side tube surfaces results in 

more complicated one-dimensional heat and mass balance calculation than the counter 

flow heat exchanger approach. A calculation volume is represented in Figure 4.7. Since 

the goal is to find out the maximum theoretical performance, an assumption is made that 

there is no heat transfer from the pressurized air to the water film on the tube surface. 

Heat transfer takes place from inside the tubes into the water film. The 1-dimensional 

energy balance is represented graphically in Figure 4.4. The heat release of condensing 

gas and the spray water input are assumed equal in each volume. Finding the spray water 

temperature that fulfils the energy balance of the feed point of replacement water (feed 

point location in Figure 4.4, energy balance Equation 4.21) requires iteration. The energy 

balance of one volume is as follows: 

 𝑑𝛷hot = 𝑑𝛷film  (4.16) 
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Figure 4.7: Calculation volume of the one-dimensional heat and mass balance calculation of the 

condensing evaporator. 

 

The pressurized air is not included in Equation 4.16, since the heat transfer between high 

pressure air and water film is assumed to be zero. In each calculation volume, the water 

film is heated from the injection temperature near the hot side temperature, while part of 

it vaporizes and vapor mixes with the pressurized air. If the injection temperature is higher 

than the condensing side temperature, the injection water is assumed to cool evaporatively 

near the hot side temperature and not to heat the condensing gas. The assumptions are 

made in order to establish maximum condensation energy potential. The heat released by 

the condensing gas vaporizes part of the spray water, while the rest of the water remains 

in liquid state. The right-hand side of Equation 4.16 of an individual volume becomes as 

follows: 

 𝑑𝛷hot = [ℎv𝑤v + ℎl(1 − 𝑤v) − ℎfilm,in]𝑑�̇�film  (4.17) 

Since constant water injection in each calculation volume is assumed, 𝑑�̇�film/𝑑𝐻hot can 

be substituted by the total spray water rate (in the whole heat exchanger) divided by the 

total heat release of the condensing gas. Making the substitution and solving the 

evaporation rate in an individual volume yields 

 
𝑑�̇�v = 𝑤v𝑑�̇�film =

1+(ℎfilm,in−ℎl)
�̇�film
𝛷hot

 

ℎv−ℎl
𝑑𝛷hot  

(4.18) 

Integrating yields the total vaporized water  

 
�̇�v = ∫𝑑�̇�v = �̇�hot ∫

1+(ℎfilm,in−ℎl)
�̇�film
𝐻hot

ℎv−ℎl
𝑐𝑝,hot𝑑𝑇hot

𝑇hot,out
𝑇hot,in

  (4.19) 
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The non-vaporized water mixes and the overall enthalpy of returning water is obtained 

from the energy balance 

 ℎl,return =
1

�̇�l
∫ℎl𝑑�̇�l =

�̇�hot

�̇�l
∫ ℎl

(ℎv−ℎfilm,in)
�̇�film
𝐻hot

−1

ℎv−ℎl
𝑐𝑝,hot𝑑𝑇hot

𝑇hot,out
𝑇hot,in

  

(4.20) 

The energy balance for the replacement water junction is as follows: 

 �̇�vℎl(𝑇amb) + (�̇�film − �̇�v)ℎl,return = �̇�filmℎfilm,in  (4.21) 

The solution requires the hot side inlet and outlet states as well as the injection water 

temperature and injection rate as input parameters. A new injection water temperature is 

obtained from Equation 4.21. The solution algorithm iterates until the selected 

temperature and the temperature from Equation 4.21 match. The overall algorithm 

requires multiple numerical evaluations of the integral containing Equations 4.19 and 

4.20 and, consequently, significantly more computational resources than the first 

approach of assuming a counter-flow heat exchanger. After the energy balance is solved, 

the vapor pressure of water is compared to the saturation pressure at the film temperature 

in each calculation volume. An example calculation is represented in the temperature-

humidity fraction diagram in Figure 4.8 and the heat-temperature diagram in Figure 4.9. 

In both diagrams, the vertical axis represents temperature as well as the partial pressure 

of water vapor and saturation pressure of the water film. According to the made 

assumption, the pressurized air does not heat the water film even though it is at a higher 

temperature. High pressure air only mixes with the water vapor. Since the vaporized water 

is cooler than the pressurized air, the air cools during mixing. 
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Figure 4.8: Temperature-humidity fraction diagram of the condensing evaporator. Pressure 4 bar, 

cold mass flow rate 7.0 kg/s, hot mass flow rate 10 kg/s, hot side moisture content 0.5 

kgw/kgda. Water film is heated from the injection temperature of 70 ℃ to a temperature 5 

℃ lower than the condensing gas. Spray water rate is 0.74 kg/s (0,55 kg/s vaporizes). 

Replacement water enters at 15 ℃. 
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Figure 4.9: Temperature-heat diagram of the condensing evaporator. Pressure 4 bar, cold mass 

flow rate 7.0 kg/s, hot mass flow rate 10 kg/s, hot side moisture content 0.5 kgw/kgda. 

 

4.3 Water injected gas turbine model 

Water injection into high-pressure air after the compressor augments the power output of 

a gas turbine, since the mass flow rate through the turbine increases. Furthermore, the 

amount of excess combustion air can be decreased by reducing the compressor power 

requirement. Water injection does not require any additional heat exchanger components. 

A simple gas turbine cycle’s exhaust gas is at a considerably high temperature. A steam 

generator similar to that of a combined cycle can be installed to implement a steam-

injected gas turbine. If steam is injected into the gas turbine’s combustion air, the mass 

flow is increased as in the case of a water-injected gas turbine. However, the resulting 

humid air can contain more water than in the case of water injection. 

Liquid water or steam injection into a (humid) air stream is essentially a mixing process. 

The mass and energy balances as presented below have to be satisfied in the mixer:  
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{
�̇�aℎa + �̇�wℎw = �̇�haℎha

�̇�a + �̇�w = �̇�ha
  (4.22) 

The �̇�𝑤 can be either steam or liquid water. When injecting liquid water into the 

compressed air in a gas turbine process, the water has to vaporize completely. In order to 

make sure that the resulting stream is not a saturated mixture of liquid water and air, the 

temperature of the resulting mixture is compared against the saturation temperature (dew 

point temperature) at the given composition and pressure according to formulation of 

Herrmann et al. (2009) 

 𝑇sat (
�̇�w

�̇�ha
, 𝑝) < 𝑇ha  (4.23) 

In case Equation 4.23 is satisfied, the mixture consists of gas only. Equation 4.23 can be 

applied to steam injection as well. If the steam is near saturation when it is mixed with 

colder air, the dew point may be reached. Equation 4.23 can be formulated in terms of 

fugacity as follows: 

 𝑓w,sat
V (

�̇�w

�̇�ha
, 𝑝) > 𝑓w

V (
�̇�w

�̇�ha
, 𝑝, 𝑇ha)  (4.24) 

Saturation fugacity is the fundamental condition of phase equilibrium. However, it is not 

directly available in the formulation of Herrmann et al. (2009), whereas dew point 

temperature is. 

Energy and exergy analyses are conducted on a simple gas turbine cycle and water-

injected gas turbine cycle, and the cycles are compared in order to determine the possible 

advantages of water injection. The studied layouts and the locations of the station indexes 

are represented in Figure 4.10. The mass balance for the simple gas turbine is as follows: 

 �̇�1 + �̇�7 = �̇�6  (4.25) 

and for the water injected gas turbine as follows: 

 �̇�1 + �̇�9 + �̇�8 = �̇�7  (4.26) 
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Figure 4.10: Locations of the station indexes in the two layouts being compared in the water-

injected gas turbine study. 
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The energy balance for the simple gas turbine is as follows: 

 

{

�̇�1ℎ1−�̇�2ℎ2+𝑃1−𝑃2=0
�̇�2ℎ2+�̇�5ℎ5−�̇�3ℎ3−�̇�6ℎ6=0

�̇�3ℎ3+�̇�7ℎ7−�̇�4ℎ4=0
�̇�4ℎ4−�̇�5ℎ5−𝑃2=0

  (4.27) 

and for the water injected gas turbine as follows: 

 

{
 
 

 
 

�̇�1ℎ1 − �̇�2ℎ2 + 𝑃1 − 𝑃2 = 0
�̇�2ℎ2 + �̇�8ℎ8 − �̇�3ℎ3 = 0

�̇�3ℎ3 + �̇�6ℎ6 − �̇�4ℎ4 − �̇�7ℎ7 = 0
�̇�4ℎ4 + �̇�9ℎ9 − �̇�5ℎ5 = 0
�̇�5ℎ5 − �̇�6ℎ6 − 𝑃1 = 0

  (4.28) 

In addition to mass and energy balances, the turbomachinery efficiencies introduce 

equations to the system. The compression and expansion processes are modeled using 

isentropic efficiency 

 𝜂s,T =
Δℎ

Δℎs
, 𝜂s,C =

Δℎs

Δℎ
  (4.29) 

The traditional engineering approach (Saravanamuttoo, Rogers, and Cohen, 2001) for 

solving the isentropic process path uses the constant heat capacity assumption that 

significantly simplifies the equations 

 𝜂s,T =
𝑇3−𝑇4

𝑇3−𝑇4,s
, 𝜂s,C =

𝑇2,s−𝑇1

𝑇2−𝑇1
  (4.30) 

However, accurate modeling requires solving the isentropic equation 

 𝑑𝑠 =
𝑐p

𝑇
𝑑𝑇 − (

𝜕𝑣

𝜕𝑇
)
p
𝑑𝑝  (4.31) 

exactly. Equation 4.31 is a separable ordinary differential equation for ideal gas and has 

the following general solution: 

 𝑝 = 𝑝0 exp (∫
𝑐p

𝑇

𝑇

𝑇0
𝑑𝑇)  (4.32) 

Since 𝑐𝑝 is usually at least 4th order polynomial of temperature, only pressure can be 

explicitly solved in terms of temperature. In compression, the final pressure is defined 

instead of temperature and therefore, Newton’s method is applied for finding the 

temperature in terms of pressure as follows: 

 
𝑇i+1 = 𝑇i {

𝑅

𝑐p
(

𝑝

𝑝0 exp(∫
𝑐p

𝑇

𝑇i
𝑇0

𝑑𝑇)
− 1) + 1}   (4.33) 
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IPSEpro software solves the resulting group of equations. Exergy analysis is carried out 

based on the solution. Physical and chemical exergy are considered as described in 

Chapter 3.4.3 using the reference atmosphere shown in Table 4.3 and constants shown in 

Table 4.4.  

Table 4.3: Reference atmosphere used in the calculations. 

  Composition 

M = 31.7745 g/mol 

  

 Dry composition 

M = 28.9624 g/mol 

Species Molar 

mass 

Molar 

fraction 

Mass 

fraction 

Exergy of a 

pure 

component 

Molar 

fraction  

Mass 

fraction 

 [g/mol] [mol/mol] [g/g] [J/mol] [mol/mol] [g/g] 

N2 28.013 0.7665 0.6758 659.17 0.7810 0.7554 

O2 31.999 0.2056 0.2071 3921.0 0.2095 0.2315 

AR 39.948 0.0090 0.0113 11676 0.0092 0.0126 

CO2 44.010 0.0003 0.0004 20108 0.0003 0.0005 

H2O 18.015 0.0186 0.1055 1266 0 0 

 

Table 4.4: Constants used in the chemical exergy calculations. 

Universal gas constant R 8.314 J/(mol K) 

Exergy reference 

temperature 
T0 298.15 K 

Exergy reference pressure p0 101.325 kPa 

Saturation partial pressure 

of water at exergy reference 

temperature 

𝑝H2O,sat 3.169 kPa 

Relative humidity of 

reference atmosphere 
RH 60 % 

Standard Gibbs free energy 

of methane combustion 
Δ�̅�𝑅

0 817.9 kJ/mol 
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Chemical exergy of gas mixtures is calculated using 

 �̅�ch = 𝑅𝑇0∑𝑦i ln
𝑦i

𝑦i,ref
   (Szargut et al., 1988) (4.34) 

and chemical exergy of liquid water using 

 �̅�ch = 𝑅𝑇0 ln RH  (Szargut et al., 1988). (4.35) 

4.4 Evaporative gas turbine model using a saturation tower 

The feasibility of using a saturation tower in a micro gas turbine cycle as represented in 

Figure 4.11, is studied. The simulations are carried out by solving mass- and energy 

balances for different operating conditions of the cycle and selecting the optimal one 

using the Cuckoo search optimization algorithm. Different alternatives are compared to 

each other assuming that the components always operate in design conditions. The 

turbomachinery efficiency is taken from compressor and turbine maps of the micro gas 

turbine Ansaldo Energia AE-T100 (Caresana et al., 2014). The ambient and turbine inlet 

temperatures used in the simulations are taken from the technical specification sheet of 

the AE-T100. Pressure losses, recuperator effectiveness as well as combined power 

electronics and generator efficiency are assumed to be typical for micro gas turbines. 

 

Figure 4.11: Cycle layout and station indexing of the evaporative gas turbine cycle. 

 

In the simulations, a large number of alternatives is evaluated and therefore, the speed of 

mass and energy balance calculations is improved by choosing suitable initial parameters. 
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The flow diagram of the mass and energy balance calculation of the cycle represented in 

Figure 4.12. The input parameters (four mass flow rates, five temperatures, pressure ratio, 

turbomachinery efficiency, all pressures) are selected based on the convergence of 

solution. The four input mass flows, for example, are chosen in such a manner that the 

rest of the mass flows are obtained by matrix multiplication and solving any mass flows 

does not require iteration. The only iterative algorithms are required when solving 

compression and expansion. 

 

Figure 4.12: Flow diagram of the mass- and energy balances calculation. 

 

4.4.1 Turbomachinery 

The compressor outlet temperature is solved based on the ambient temperature and 

pressure ratio using Equation 4.32 In case of the turbine, only the enthalpy difference 

between the inlet and the outlet is defined as well as the pressures. In addition to Equation 

4.32, another equation covering the enthalpy difference needs to be satisfied, as follows: 
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{
Δℎ(𝑇6, 𝑇7,s) = ∫ 𝑐p𝑑𝑇

𝑇6
𝑇7,s

= Δℎs

Δ𝑠(𝑇6, 𝑇7,s) = ∫
𝑐p

𝑇
𝑑𝑇

𝑇6

𝑇7,s
− 𝑅 ln

𝑝6

𝑝7
= 0

    (4.36) 

Two-dimensional Newton’s method is applied to solve the system, as follows: 

 

{
 
 

 
 

𝑇6,i+1 = 𝑇6,i +
𝑇6,i

𝑐p(𝑇6,i)( 𝑇7,s,i−𝑇6,i)
(Δℎ𝑠 − ∫ 𝑐p𝑑𝑇

𝑇6,i
𝑇7,s,i

− (∫
𝑐p

𝑇
𝑑𝑇

𝑇6,i
𝑇7,s,i

− 𝑅 ln
𝑝6

𝑝7
) 𝑇7,s,i)

𝑇7𝑠,i+1 = 𝑇7𝑠,i +
𝑇7,s,i

𝑐p(𝑇7,s,i)( 𝑇7,s,i−𝑇6,i)
(Δℎ𝑠 − ∫ 𝑐p𝑑𝑇

𝑇6,i
𝑇7,s,i

− (∫
𝑐p

𝑇
𝑑𝑇

𝑇6,i
𝑇7,s,i

− 𝑅 ln
𝑝6

𝑝7
) 𝑇6,i)

    

(4.37) 

The ideal gas assumption is used to obtain an accurate initial guess in the turbine iteration 

as well. 

 

{
 
 

 
 𝑇6 =

Δℎs

𝑐p(500 ℃)(1−(
𝑝7
𝑝6
)

𝑅
𝑐p(500 ℃))

𝑇7,s = 𝑇6 −
Δℎs

𝑐p(500 ℃)

    (4.38) 

4.4.2 Optimization 

In order to determine the best economic performance possible with the considered humid-

air micro gas turbine and how the equipment should be designed to achieve this, an 

optimization was performed to minimize the cost of electricity production. As the 

objective function is multi-constrained and likely multi-modal, a metaheuristic 

optimization algorithm known as cuckoo search, described earlier in Chapter 3.2.2, was 

used. 

Economic parameters of interest rate i=5%, economic lifetime of n 10 a, and annual full-

load hours t = 8000 h were assumed. The objective function value, electricity cost, was 

obtained from  

 𝑐𝑒𝑙 =
𝑎𝐶𝑖𝑛𝑣+𝐶𝑂&𝑀+𝐶𝑓

𝐸𝑒𝑙
 , (4.39) 

where Cinv [USD] is the total overnight investment cost of the equipment, CO&M [USD] 

the operating and maintenance cost, Cfuel [USD], Cfuel = cf ∙qm,fuel∙t∙LHV is the cost of the 

fuel consumed annually, and Eel = Pel∙t [MWh] is the amount of electricity produced 

annually. 
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The optimized decision variables including their initialization ranges and box constraints 

are listed in Table 4.5 below. Due to the nature of the solution procedure, several more 

constraints must be implemented in the process of objective function evaluation to ensure 

that neither 1st and 2nd law are violated, maximum permissible turbine inlet temperature 

is not exceeded, and many others.  

Table 4.5: Decision variables and their ranges in the optimization. 

x1 = �̇�1 x2 = �̇�10 x3 = T12 x4 = T12 - T13 x5 = T9 

[kg/s] [kg/s] [°C] [°C] [°C] 

0.60 < x1 < 0.85 0.01 < x2 < 0.05 70 < x3 < 180 3 < x4 < 20 70 < x5 < 210 

 

The investment cost calculation is based on an existing recuperated microturbine 

(Montero et al., 2016) with a cost of 180000 USD without that HAT modification. The 

cost of the humidifier is based on the estimated cost of 18000 USD for the construction 

specified in (De Paepe et al., 2014), modified here based on the assumptions of constant 

wall thickness, constant gas exit velocity, and the cost of equipment changing 

proportionally to m0.7. The two water-gas heat exchangers in addition to the pre-existing 

recuperator are assumed to be of plate construction, with an installed cost of 500 USD + 

80 USD/m2 for each. Annual operating and maintenance costs are assumed at 2% of the 

total investment cost. 

While the cost of an existing, commercially available micro gas turbine can be considered 

to have relatively little uncertainty, this is not necessarily the case with the cost of 

modifying said gas turbine as proposed here. The fuel price is also volatile. Consequently, 

these parameters  were further subjected to sensitivity study by running the optimization 

at -20% to +20% fuel price range, using three different investment cost estimates for the 

modification: base case, as described above, as well as pessimistic and optimistic cases, 

estimate at 20% more and less expensive, respectively, than the base case. 

Due to the nature of how the gas turbine performance was solved, the objective function 

was relatively fast to execute. As the metaoptimization of the optimization process itself 

was not a goal of this work, the low computational load of the objective function 

evaluation was taken advantage of by using very conservative parameter settings of NP 

= 30D population size and a termination criterion of Gmax=600. In balancing speed and 

robustness of optimization, these values lean heavily to the side of robustness over speed 

to ensure reliable and accurate convergence to the global optimum at a very high 

probability. The remaining cuckoo search tuning parameters were set according to 

(Afanasyeva et al., 2018) at scaling factor  = 0.01, Lévy exponent  = 1.5, and switching 

probability pa of 0.25. 

4.4.3 Saturation tower modeling 

A saturation tower in a gas turbine cycle is essentially a similar direct water-air contacting 

device as a cooling tower. However, in the gas turbine cycle, the contacting volume is 
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pressurized. Consequently, pressurized saturation tower design is adopted by Dalili 

(2003) and Pedemonte et al. (2008) from cooling tower theory as described by 

Cheremisinoff and Cheremisinoff (1981) and Strigle, (1994). According to the general 

cooling tower design principle, the air is assumed to be saturated along the tower height. 

In graphical form, air enthalpy is typically represented in unit kilojoules per kilogram of 

dry air (kJ/kgda) against the temperature of water. The temperature-air enthalpy graph is 

the result of the energy balance of the system. Cheremisinoff and Cheremisinoff (1981) 

and Strigle (1994) propose the following straight line to approximate the air enthalpy 

against the temperature: 

 �̇�da(ℎha,out − ℎha,in) = �̇�liq𝑐p,liq(𝑇in − 𝑇out)  (4.40) 

If constant liquid heat capacity and small evaporation rate compared to overall liquid rate 

are not assumed, Equation 4.40 is significantly more complicated. A mass balance where 

the evaporation is taken into account can be expressed as follows 

 
{

�̇�da,in = �̇�da,out = �̇�da

�̇�liq,in + �̇�v,in = �̇�liq,out + �̇�v,out
  (4.41) 

and the corresponding energy balance 

 �̇�da,inℎda(𝑇air,in) + �̇�v,inℎv(𝑇air,in) + �̇�liq,inℎliq(𝑇liq,in)  

= �̇�da,outℎda(𝑇air,out) + �̇�v,outℎv(𝑇air,out) +

�̇�liq,outℎliq(𝑇liq,out)  

(4.42) 

The vapor-to-dry air ratio, or humidity ratio, is an often-used definition in humid-air 

calculations 

 𝑊 ≡
�̇�v

�̇�da
  (4.43) 

The humidity ratio of saturated air is a function of temperature and vapor pressure of pure 

water in the mixture pressure when Equation 3.38 can be applied as follows 

 𝑊sat(𝑝, 𝑇) =
𝑀w

𝑀a
(

𝑝sat(𝑇)

𝑝−𝑝sat(𝑇)
)  (4.44) 

Specific enthalpy per unit of dry air of saturated humid air can be conveniently expressed 

using humidity ratio as follows (ideal gas) 

 ℎha,sat(𝑝, 𝑇) = 𝑊sat(𝑝, 𝑇)ℎv(𝑇) + ℎda(𝑇)  (4.45) 

Combining the mass and energy balances of the saturation tower (Equation 4.41 and 

Equation 4.42) and using the common humid air definitions (Equation 4.44 and Equation 

4.45), the following expression is obtained for the operating line 
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  �̇�da [ℎha,sat(𝑝, 𝑇a,out) − ℎha,sat(𝑝, 𝑇a,in) +

ℎliq(𝑇w,out) (𝑊sat(𝑝, 𝑇a,in) −𝑊sat(𝑝, 𝑇a,out))] =

�̇�liq,in[ℎliq(𝑇w,in) − ℎliq(𝑇w,out)]  

(4.46) 

Equation 4.46 represents the operating line without the simplifying assumption of 

constant liquid water rate or constant heat capacity. The saturation curve can be obtained 

using Equation 4.45. 

Experimental values from Pedemonte et al. (2008) are used to study the operation of a 

saturator that is intended for gas turbine use instead of water injection. The inlet air in the 

experiments is heated to as high as 300 °C. In cooling towers, the inlet ambient air is 

significantly colder. Drawing the saturation curve and operating line using Equations 4.45 

and 4.46 requires that the incoming air stream is saturated. Therefore, the inlet air is first 

assumed to adiabatically cool to its wet-bulb temperature (saturated state). For 300 °C, 

dry air stream at 4 bar pressure, the wet-bulb temperature is 83 °C. The approach is 

supported by the experimental data according to which the inlet air cools rapidly after the 

entrance. Instead of pure adiabatic cooling, the actual cooling mechanism is more likely 

to be a compound of adiabatic cooling and direct heat transfer from air to water. To avoid 

reverse heat transfer in saturators, an aftercooler after the compressor is used in the 

evaporative gas turbine cycle. In Figure 4.13, the saturation curve and operating line for 

a single experiment of Pedemonte et al. (2008) are drawn. 

 

Figure 4.13: Saturation curve and operating line of a counter flow pressurized humidifier based 

on experiment of Pedemonte et al. (2008) number 4. Liquid mass flow-in is two times the 

dry air mass flow. Humidity ratio at the outlet is 0.0775 kgw/kgda. 
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As pointed out by Cheremisinoff and Cheremisinoff (1981) and Strigle, (1994), the 

simplifying assumptions made in Equation 4.40 do not result in significant error. 

However, Equation 4.46 is used to draw the operating line and Equation 4.45 the 

saturation curve in Figure 4.13, since computational resources are accessible. Taking real 

fluid properties into account would render Equations 4.42 and 4.45 invalid. However, the 

pressure level is low enough to justify ideal gas and pure water phase assumptions. 

Enthalpy and reference state of dry air are adopted from Lemmon et al. (2000), liquid 

water and ideal water vapor from IAPWS-IF97. 

The area between the saturation curve and the operating line graphically represents the 

potential of the evaporation to occur (Chermisinoff and Cheremisinoff, 1981). The 

smaller the area between the curves, the more contact surface is required. The contact 

surface may be increased by means of a larger saturation tower or denser packing 

material. In the experiments of Pedemonte et al. (2008) the packing is dense. 

Pedemonte et al. (2008) recognize that the moisture content values of their experiments 

are generally well above the saturation values calculated using ideal gas assumption 

(Equation 3.38). They propose that the over-saturation can be a result of the simplified 

calculation method of the saturation value, non-equilibrium state at the exit, liquid water 

(fog) in the exiting air or inaccuracy of the water measurement equipment. The percentage 

by which the measured humidity exceeds the saturation humidity calculated using TEOS-

10 is represented in Figure 4.14. Based on Figure 4.14, it can be concluded that the outlet 

air cannot contain the measured amount of consumed water in vapor form in 

thermodynamic equilibrium and the calculation method of saturation water content is not 

responsible for the high measured water consumption. 
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Figure 4.14: The percentage by which the measured (according to water consumption) humidity 

surpasses the equilibrium saturation humidity ratio in experiments by Pedemonte et al. 

(2008). 

The second explanation that Pedemonte et al. (2008) give for the elevated water 

consumption is that the air exits in a non-equilibrium thermodynamic state. If the outlet 

stream is in a non-equilibrium state, the vapor fraction can exceed the limit set by the 

thermodynamic equilibrium fraction. However, the energy balance needs to be satisfied. 

In order to check the energy balance, the enthalpy of “over-saturated” outlet stream can 

be evaluated using ideal mixture enthalpy of water vapor and air at the measured exit 

temperature and composition. Pedemonte et al. (2008) report pressure, temperatures of 

inlet/outlet water and air streams and water consumption of all 162 experiments. Based 

on the reported data, energy balance of the saturation tower is represented in Figure 4.15. 

A positive energy (input) balance is expected since heat losses are present. Based on 

Figure 4.15, the majority of experiments have negative energy balances meaning that the 

reported data cannot represent steady-state values of the streams or otherwise energy 

would be created inside the device. Especially the experiments 118 – 126 at high pressure, 

low gas inlet temperature and high water inlet temperature do not fulfil energy balance 

when non-equilibrium thermodynamic state is assumed. 
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Figure 4.15: Net energy input to the saturation tower in experiments by Pedemonte et al. (2008) 

assuming over-saturated air at the exit. Enthalpy of the over-saturated humid air is 

calculated as an ideal mixture of water vapor (ideal part of IAPWS-IF97) and dry air 

according ideal gas properties of Lemmon et al. (2000). 

According to the third explanation, the amount of water that exceeds the equilibrium 

vapor fraction exits in the form of small entrained droplets. The energy balance based on 

this assumption, reported data and TEOS-10 and IAPWS-IF95 formulations is 

represented in Figure 4.16. According to energy balances calculated based on the data 

reported by Pedemonte et al. (2008), out of the three explanations for elevated water 

consumption, the explanation of liquid water entrainment is the most suitable since the 

energy balances created using that assumption are closest to zero. Over-saturation is not 

considered in the simulations of this dissertation. 
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Figure 4.16: Net energy input to the saturation tower in experiments by Pedemonte et al. (2008) 

assuming saturated air with entrained liquid droplets or fog at the exit. All fluid properties 

are calculated using TEOS-10 formulation (TEOS-10 uses IAPWS-IF95 for liquid water 

and Lemmon et al 2000 for dry air). 
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5 Energy balance and exergy destruction in the fluidized 

bed boiler and humidified gas turbine  

A 1.5-dimensional lumped model of the CFB boiler furnace is a fast method of evaluating 

operating points of the furnace. The lumped model is based on the semi-empirical flow 

and heat transfer correlations. The connection between the solids concentration and heat 

transfer has a key role in the modeling. Exergy is destructed due to a variety of reasons 

in the CFB boiler. Points of exergy destruction are enumerated and the magnitude of 

exergy destruction is calculated. The exergy of quartz sand in particular is evaluated in 

detail. 

Water injection results in changes of operation of all components in a gas turbine. Water 

reduces the turbine inlet temperature and consequently less air is required. The water 

facilitates better operation of the recuperator by increasing the temperature difference as 

well. In addition, the gas composition and mass flow rate in the turbine are changed. The 

overall effect is that the cycle efficiency increases. Exergy destruction mechanisms are 

studied in detail. The destruction of chemical exergy is taken into account in the injector, 

combustor and flue gas outlet. 

Water injection among the other humidification methods improves the efficiency of the 

gas turbine cycle. Water addition results in high water vapor content in the flue gas 

stream. Enthalpy and losses of the flue gas are also significantly higher in the humidified 

gas turbine. Enthalpy of the flue gas is mainly due to the phase change energy of the 

water. If some of the phase change energy could be recovered, that would improve the 

cycle efficiency. The feasibility of a condensing evaporator to use the condensation 

energy of moist flue gas to vaporize water into the high-pressure air after the compressor 

is studied. 

5.1 Temperature and heat load profiles of the boiler furnace 

The Newton-Raphson method converges, provided that some of the initial values are 

close to those in the final solution. The first solution is obtained by trial and error. Once 

one solution has converged, it can be used as an initial guess in consequent simulations. 

If the initial values are changed using sufficiently small intervals, the convergence is 

virtually guaranteed. The largest nonlinear group of equations contains 137 variables. 

In Figure 5.1 and Figure 5.2, the simulated furnace temperature and the heat transfer 

coefficient along the furnace height are represented. The model predicts a rising 

temperature trend toward the top of the furnace, which is in controversy with the 

measured data and more complex models. The model does not account for the radial 

mixing between the core and the annulus and, consequently, the core region is at uniform 

temperature. 
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Figure 5.1: The simulated annulus region temperature profile of the CFB boiler furnace using 

three different characteristic heights of the furnace (z0 – characteristic height of the bed, 

that parametrizes the axial void fraction profile in Equation 4.1). 

 

 

Figure 5.2: The simulated heat transfer coefficient of the CFB boiler furnace using three different 

characteristic heights of the furnace (z0 – characteristic height of the bed, that parametrizes 

the axial void fraction profile in Equation 4.1). 

 

The heat transfer and temperature profiles of an individual simulation are represented in 

Figure 5.3 and Figure 5.4. 
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Figure 5.3: Heat load distribution of a CFB boiler furnace using the 1.5-dimensional core annulus 

approach. 

 

 

Figure 5.4: Temperature profile of the CFB boiler furnace of an individual simulation using the 

1.5-dimensional core-annulus approach. 

 

The goal setting that the furnace model should be fast enough for process integration is 

met. One simulation takes a few seconds. The resulting heat load and temperature profiles 

are typical for a CFB unit. The convergence is sensitive to certain parameters and further 

development of the numerical approach is required to study a wide range of operating 

conditions.  
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5.2 Exergy analysis of the boiler 

The exergy analysis of the CFB boiler is represented graphically in Figure 5.5. 

 

Figure 5.5: Exergy balance of the CFB boiler. 
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The majority of the exergy in destruction is due to combustion. While it is expected that 

conventional air combustion in the atmospheric pressure destroys a significant share of 

the exergy, it is worth noting that more efficient chemical conversion methods of fuels 

exist, such as fuel cells and chemical looping combustion. The second-most significant 

reason for exergy destruction is heat transfer. Especially in the evaporator, the 

temperature difference between the saturated water and the flue gas is significant. 

Increasing the pressure or using another working fluid could be used as a means of 

decreasing the temperature difference. The rest of the exergy destruction mechanisms are 

due to fluid friction and mixing. In particular, fluidizing results in significant internal 

friction in the furnace, thus destroying the available kinetic or pressure energy. On the 

other hand, fluidizing facilitates all the positive features of CFB combustion, such as low 

emissions and complete combustion, and the induced exergy destruction cannot be 

significantly reduced. Flue gas is not indicated in black in Figure 5.5 since the exergy is 

not destructed. Even though the exergy of flue gas is regarded as a loss, the exergy of flue 

gas could be converted into work in contrast to destructed exergy, which is energy that is 

permanently converted into low-level heat. 

Sensitivity of exergy destruction to fuel moisture is represented in absolute units in Figure 

5.6 and in percentage points in Figure 5.7. The same graphs are represented as sensitivity 

to main steam pressure in Figure 5.8 and Figure 5.9. The temperature and mass flow rate 

of main steam, feedwater temperature and flue gas exit temperature are equal in all cases. 

The results represent estimated exergy distributions when a boiler operates in design 

conditions and not exergy distributions in off-design operation of a specific boiler. 

Therefore, each point in the sensitivity analysis represents a different boiler in terms of 

heat transfer surface and other specifications. 
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Figure 5.6: Sensitivity of exergy destruction in components to fuel moisture. 

 

 

Figure 5.7: Sensitivity of relative exergy destruction in components to fuel moisture. 
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In Figure 5.6 and Figure 5.7 it can be noted that in a boiler with equal capacity, but using 

more moist fuel, the exergy input from fuel increases while the exergy destruction in 

combustion increases an almost equal amount. The less significant effects of fuel 

moisture increase are that the pumping exergy input increases and flue gas exergy loss 

increases. The decrease in relative exergy output of steam is explained by increase in total 

exergy input. The absolute exergy of steam remains constant as it is an input parameter 

in the sensitivity analysis. 

The sensitivity analysis of exergy destruction to steam pressure in Figure 5.8 and Figure 

5.9 shows how increasing steam pressure increments the exergy of steam while 

decreasing the amount of exergy destruction in heat exchangers. The cold stream 

temperature in evaporators and superheaters is higher at higher steam pressure resulting 

in smaller temperature difference and higher exergy efficiency. In the range of the 

sensitivity analyses the effect of fuel moisture on the exergy distribution is significantly 

higher than the effect of pressure increase. 

 

Figure 5.8: Sensitivity of exergy destruction in components to steam pressure. 
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Figure 5.9: Sensitivity of relative exergy destruction in components to steam pressure. 

5.3 Potential of the condensing evaporator 

In Figure 5.10, the simulation results of the condensing evaporator are represented when 

condensing side moisture content is increased, assuming no heat exchange between the 

pressurized gas and the water film. The horizontal axis is the pressurized side water 

content. Water film is assumed to exit 5 °C cooler than the corresponding condensing 

side temperature. The dashed lines represent the vapor pressure of the water film and 

partial pressure of the water vapor in the pressurized gas. Only the part until the pinch 

point pressure difference is where the simultaneous condensation and evaporation take 

place. In Figure 5.10 (a), the pinch point pressure difference is located at 0.03 kgw/kgda, 

which is the amount of humidification that can be achieved using condensation energy 

only. As expected, the dew point temperature rises when more water is present in the 

condensing stream and consequently, the pinch point pressure (fugacity) difference is 

located at higher pressure-side moisture. When the condensing side moisture is as high 

as 0.5 kgw/kgda (33% mass fraction of water vapor), the expected moisture content 

achieved using only condensation energy is 0.06 kgw/kgda. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5.10: Simulation results of the condensing evaporator assuming no heat exchange between 

the pressurized gas and the water film. Condensing side inlet moisture (a) 0.2 kgw/kgda, (b) 

0.3 kgw/kgda, (c) 0.4 kgw/kgda, (d) 0.5 kgw/kgda. 
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5.4 Exergy analysis of the water-injected gas turbine 

Exergy balances of studied non-humidified and humidified cycle layouts are represented 

in Figure 5.11 and Figure 5.12, respectively. Exergy input in the considered non-

humidified gas turbine cycle is solely due to the chemical exergy of the fuel. In the 

humidified gas turbine, injection water contains exergy since there is a potential of 

converting evaporation energy into work. The exergy of liquid injection water is 1% of 

the total exergy input in the water-injected turbine. The exergy destruction mechanisms 

are the same in water-injected and simple recuperated gas turbine cycles, except for the 

exergy destruction in the water injection that is only present in water-injected cycle. 

Water injection lowers the relative exergy loss in the flue gas as well as exergy destruction 

of combustion (specific exergy destruction is higher), and the turbomachinery, and 

simultaneously increases the exergy destruction in the recuperator. The negative effects 

of water injection, i.e., the exergy destruction of injection and the addition of exergy 

destruction in the recuperator, are overcompensated by the positive effects of significantly 

reducing the flue gas exergy loss and slightly improving the (exergetic) efficiencies of 

turbomachinery and combustion. The overall energy efficiency is improved by 17% by 

using water injection. The outlet moisture content of the studied configuration is 0.084 

kgw/kgda, which corresponds to water mass fraction of 0.0774). 
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(a) 

 

(b) 

 

Figure 5.11: Exergy balance of the non-humidified, recuperated gas turbine cycle. a) exergy input, 

b) exergy destruction/out flow. 

 

(a) 

 

(b) 

 

Figure 5.12: Exergy balance of the water-injected, humidified gas turbine cycle. a) exergy input, 

b) exergy destruction/out flow. 
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The chemical exergy streams of both layouts are represented in Figure 5.13 and Figure 

5.14. Liquid water contains exergy compared to its reference state in the atmosphere. 

Mixing liquid water with air in the injector component increases the partial pressure of 

water in the air stream making the exergy content higher as well. Combustion further 

changes the gas composition making the chemical exergy content of the exhaust gas 

higher. However, dilution with the atmosphere destroys all the chemical exergy of the 

exhaust. The chemical exergy contents of other streams are low compared to the chemical 

exergy of the fuel stream. 

 

Figure 5.13: Chemical exergy streams related to the dry layout. 

 

 

Figure 5.14: Chemical exergy streams related to the water injected gas turbine. 
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5.5 Optimization of the evaporative gas turbine using saturation 

tower 

Using energy analysis and the optimization algorithm, a technically and economically 

optimal configuration of the studied evaporative micro gas turbine cycle is determined 

and the resulting operating point is represented in Table 5.1. The complete energy balance 

of the economical optimum is represented graphically in Figure 5.15 and the 

corresponding exergy balance is represented in Figure 5.16. With the fuel price of 10 

USD/MWh, the cost of electricity for the optimal configuration becomes 57.20 

USD/MWh. The rate of chemical energy conversion into mechanical energy is the 

difference between input and output energy flows, i.e., 140 kW. The electrical efficiency 

is 35.3%, whereas the electrical efficiency of non-humidified Ansaldo Energia AE-T100 

remains below 30%.  

 

Figure 5.15: Energy balance of the optimized evaporative micro gas turbine cycle. 
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Figure 5.16: Exergy balance of the optimized evaporative micro gas turbine cycle. 
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Table 5.1: Thermodynamic states at all process points of the optimal process. 

process 

point 
�̇�, 

g/s 

�̇�w, 

g/s 

𝑝, 

bar 

𝑇, 

℃  

ℎ, 

kJ/kg 

𝑠, 
kJ/(kg 

K) 

𝜓  
kJ/kg 

𝛷, 

kW 

𝛹, 

kW 

1 756.5♣ 7.186 0.990♣ 15.00♣ -1.019 

E+01 

-3.188 

E-02 

-6.931 

E-01 

-7.710 -0.5243 

2 756.5 7.186 4.455♣ 207.8 188.0 0.05849 170.5 142.2 129.0 

3 756.5 7.186 4.366♣ 160.7 139.1 -0.04250 151.8 105.3 114.8 

4 799.5 50.22 4.344♣ 141.9♣ 125.2 -0.1155 159.6 100.1 127.6 

5 799.5 50.22 4.257♣ 601.4 645.0 0.7286 427.9 515.7 342.1 

6 806.9 66.84 4.127♣ 951.4 1098 1.145 756.4 885.7 610.3 

7 806.9 66.84 1.041♣ 667.4 738.2 1.226 372.8 595.6 300.8 

8 806.9 66.84 1.020♣ 228.6 223.1 0.499 74.50 180.0 60.11 

9 806.9 66.84 1.000♣ 156.1♣ 142.8 0.3318 43.90 115.2 35.42 

10 43.03♣ 43.03 4.500 15.04♣ -2484 -8.677 101.4 -106.9 4.362 

11 2195 2195 4.500 135.1 -1980 -7.214 170.0 -4345 373.2 

12 2195 2195 4.500 142.0♣ -1950 -7.142 178.2 -4280 391.0 

13 2152 2152 4.500 133.4 -1987 -7.231 168.1 -4275 361.8 

14 2152♣ 2152 4.500 137.4 -1970 -7.189 172.8 -4238 371.8 

15 7.400♣ 16.62 1.000 15.00♣ 50000 -6.425 51910 370.0 384.2 

16 N/A N/A N/A N/A N/A N/A N/A 149.9 149.9 

17 N/A N/A N/A N/A N/A N/A N/A 140.2 140.2 
♣ input parameter 

The results of economic optimization that minimizes the cost of electricity as per Equation 

4.39 are represented in Figure 5.17 and Figure 5.18 for a range of fuel costs and using 

three investment cost assumptions for the humidifier and two additional water-gas heat 

exchangers: reference, +20% and -20%. In the range of fuel cost and investment 

assumptions the process parameters remained close to those represented in Table 5.1. The 

optimization algorithm maximizes the electrical efficiency within the given range of 

physical restrictions at every calculated point. The small variation in electrical efficiency 

and other process parameters between the simulations can be explained by the slight 

inaccuracies in the convergence of the stochastic algorithm. A very large population size 

was used to ensure that the algorithm would not fail at finding the region of the global 

optimum. Misconvergence to a local optimum was considered a potential risk due to the 

multi-constrained and likely highly multi-modal nature of the objective function. The 

large population size limited the number of generations that could be calculated in a 

reasonable time frame, which resulted in limited precision of the final solution. This slight 

loss of precision was considered an acceptable price for robustness in finding the global 

optimum. 
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Figure 5.17: Dependency of cost of electricity on the fuel cost and sensitivity to investment cost. 

Points are connected using linear interpolation. 

 

 

Figure 5.18: Effect of fuel cost on electrical efficiency. 
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5.6 Answers to the research questions 

This chapter presents answers to the research questions stated at the beginning of the 

thesis. The publications where the topic is addressed are indicated before each answer. 

Question 1: What are the characteristic features of exergy destruction in humidified gas 

turbines and CFB furnaces and how can this information be used to improve the efficiency 

of the systems? 

Publication III: Exergy analysis of a humidified gas turbine cycle 

Question 1a: Does water injection reduce exergy destruction in a gas turbine cycle? 

Water injection reduces relative exergy destruction only in the turbomachinery. The 

exergetic losses in the turbomachinery are proportional to the mass flow rates, since 

isentropic efficiencies are set equal in both process layouts. Dry layout has higher mass 

flow rate and consequently, higher exergy losses in turbomachinery. As a rather 

unexpected result, the overall exergy destruction is higher in the water-injected cycle. In 

summary, water injection does not prevent exergy destruction, but converts more exergy 

into work while destroying more exergy than the dry layout. The fundamental difference 

between the two processes is that a dry gas turbine does not destroy the exergy as much 

but discards more of it. The exergy is eventually destroyed when the flue gas cools and 

dilutes in the atmosphere. The water-injected gas turbine utilizes more of the exergy, 

destroys more exergy, and discards less exergy into the atmosphere. Chemical exergy 

contents of all streams except the fuel stream are low. Therefore, chemical conversion 

methods cannot be added to the existing process to further improve the efficiency.  

Question 1b: How can humidification improve gas turbine energy efficiency? 

The results indicate that water injection increases the power output by 17% for the studied 

case. Water injection particularly reduces the flue gas exergy outflow. Moisturized, high-

pressure air is significantly cooler than uncooled air when it enters the recuperator, which 

results in better heat recovery. 

Publications I and IV: Exergy analysis of a large CFB boiler furnace 

Question 1c: How is exergy destructed in a CFB boiler and how can this exergy 

destruction be prevented? 

The results are uniform with other research in the sense that combustion wastes the 

majority of the available energy in a steam boiler. Chemical looping combustion and 

semi-permeable membrane combustion are technologies that implement the chemical 

conversion in a more reversible manner. However, the current state-of-the-art involves 

the irreversible combustion and the exergy destruction can be considered unavoidable. 
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The temperature difference between the furnace and saturated steam in the evaporator is 

high and therefore exergy destruction is unavoidable. This is a feature of any steam boiler 

as well as the combustion. However, exergy analysis points out this fact in a numerical 

format. That is important for comparing different power cycles and the future 

development of more efficient energy systems. 

Question 2: What is the improvement potential of a simple gas turbine with the studied 

humidification methods and would those methods be economically feasible in electricity 

generation? 

Publication II: Thermodynamic analysis of a condensing evaporator in an evaporative 

gas turbine cycle 

Question 2a: Does novel approach of using condensing evaporator have the potential to 

recover significant amounts of heat from a turbine exhaust? 

 

The simulations suggest that when the cold fluid is very dry, some latent heat of 

condensation can be utilized. The share of latent condensation energy can be increased 

by using more humid hot stream. In such an evaporative cycle where the moisture content 

of the turbine exhaust is significant, the condensation energy may be worth recovering. 

However, if the only humidification device is the condensing evaporator itself, the 

available heat for recovery remains at a modest level. 

Publication V: Micro humid air turbine cycle – energy and exergy analyses and 

optimization 

Question 2b: Can an evaporative micro humid air gas turbine produce electricity at a 

competitive price in the current and future energy markets? 

According to the cost assumptions and taking into account the low efficiencies of small-

scale gas turbine components, an evaporative micro gas turbine has the potential to 

produce electricity at a competitive price in the current energy market. The unpredictable 

costs of fuel and electricity in particular cause uncertainty in the results. However, if the 

future energy scenarios of widespread adoption of biogas and power-to-gas products 

become reality, the cost of fuel will be lower and the evaporative micro gas turbine has 

the potential to become a significant technology in distributed electricity generation.  
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6 Conclusions 

In order to approach the issue of future potential of fluidized bed combustion, the 

graphical heat balance software IPSEpro proved useful. The developed model is capable 

of describing the features of the process in enough detail to make general conclusions on 

the reversibility (second-law efficiency) in different parts of the process. The capability 

of IPSEpro, or equivalent software, to describe the details of the spatial phenomena such 

as flow and chemical reactions in the furnace was found to be limited. According to the 

exergy analysis based on the developed model, combustion and heat exchange are the 

most significant causes of irreversibility, and major modifications are required to the 

process in order to make it more efficient. Based on the exergy considerations, it can be 

concluded that major efficiency improvements can be achieved only by modifying the 

chemical process, i.e., replacing the combustion by metal oxidation-reduction looping or 

membrane reaction technologies. The efficiency of heat exchange could be improved by 

using another working fluid or pressure. The modeling of other working fluids require 

accurate equations of state, and such models should be implemented for further evaluation 

of improvement potential. Avoiding the less significant exergy destruction in the CFB 

furnace by low-temperature heat recovery and reduction of friction and mixing account 

for only 13% of the exergy destruction in the chemical-to-steam exergy conversion. 

Furthermore, the turbulent flow regime is necessary for the fluidized bed operation and 

therefore the friction cannot be significantly influenced. 

According to the pinch-point vapor pressure analysis of the humidified gas turbine 

conducted in two different ways involving different assumptions on the flow behavior, 

using a condensing evaporator heat and mass exchanger turned out to be feasible only 

when a significant amount of moisture was present in the condensing stream. In particular, 

the scenario where a condensing evaporator alone (without any other humidification 

device such as the humidification tower or steam generator) could vaporize and condense 

to such an extent that it would significantly improve the efficiency could be ruled out 

based on the used approach. The other studied humidification methods – water injection 

and evaporative cycle – significantly improve the electricity output of the simple gas 

turbine if the components of the cycle are designed for humid operation. The retrofit 

implementations of the humidified cycles were not considered. The overall effect of water 

injection on second-law efficiency compared to dry operation is that the flue gas exergy 

loss is lower. However, the exergy destruction is higher in the water-injected cycle. 

Therefore, water injection is favorable in terms of waste energy recuperation rather than 

reducing the irreversibility of the cycle. The evolutionary optimization algorithm coupled 

with the assumptions made on the cost of equipment found such a configuration for the 

evaporative micro-gas turbine cycle that the price of electricity produced by the power 

plant is competitive in the current energy market. Consequently, humidification is one 

option that should be considered when developing gas-to-electricity conversion 

technology in the future. 
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Appendix A: Program code for solving simultaneously 

turbine inlet and outlet temperatures for given enthalpy 

drop and pressure levels 

% Aleksi Mankonen 17.12.2019 

% Solves turbine inlet and outlet temperatures, when enthalpy change 

and 

% pressures are known 

  

function [T_1,T_2] = findexpansiontempid(delta_h,p_1,p_2,sub) 

    delta_s = Rmix(sub)/1000*log(p_1/p_2); 

    Cp_mean = cp_T(500, sub); 

    deltaT_constant_Cp = delta_h/Cp_mean; 

    T1_constant_Cp = deltaT_constant_Cp/(1-

(p_2/p_1)^(Rmix(sub)/(Cp_mean*1000))); 

    T2_constant_Cp = T1_constant_Cp - deltaT_constant_Cp; 

  

    T_1 = T1_constant_Cp; 

    T_2 = T2_constant_Cp; 

       

    n = 10; 

    T = zeros(2,n); 

    T(1,1) = T1_constant_Cp; 

    T(2,1) = T2_constant_Cp; 

     

    for i = 2:10 

        Cp_mean = cp_T((T(1,i-1)+T(2,i-1))/2, sub); 

        deltaT_constant_Cp = delta_h/Cp_mean; 

        T(1,i) = deltaT_constant_Cp/(1-

(p_2/p_1)^(Rmix(sub)/(Cp_mean*1000))); 

        T(2,i) = T(1,i) - deltaT_constant_Cp; 

    end 

    %T 

    T(1,1) = T(1,10); 

    T(2,1) = T(2,10); 

     

    for i = 2:10 

        T(:,i) = (hsjacob(T_1-273.15,T_2-273.15,sub)^-1)*([delta_h; 

delta_s] - [h_T(T_1-273.15,sub) - h_T(T_2-273.15,sub); s_pT(1,T_1-

273.15,sub) - s_pT(1,T_2-273.15,sub)]) ... 

            + [T(1,i-1); T(2,i-1)]; 

        T_1 = T(1,i); 

        T_2 = T(2,i); 

    end 

    T = T - 273.15; 

    T_1 = T(1,10); 

    T_2 = T(2,10); 

    %T + 273.15 

end 
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Appendix B: Rearranging the mass and energy balances 

into groups of input variables and output variables 

Initial mass balance 

Selection of free mass flows 1, 10, 14 and 15 

Gaussian elimination 

 

  

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Compressor 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Aftercooler hot 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 
Aftercooler cold 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 
Sat. tower 0 0 1 -1 0 0 0 0 0 0 0 1 -1 0 0 
Recuperator hot 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 
Recuperator cold 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 
Combustion 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 1 
Turbine 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 
HAT rec. hot 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 
HAT rec. cold 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 0 
Mixer 0 0 0 0 0 0 0 0 0 1 -1 0 0 1 0 

 2 3 4 5 6 7 8 9 11 12 13 1 10 14 15 
Compressor -1 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 
Aftercooler hot 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Aftercooler cold 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 
Sat. tower 0 1 -1 0 0 0 0 0 0 1 -1 0 0 0 0 
Recuperator hot 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 
Recuperator cold 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 
Combustion 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 -1 
Turbine 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 
HAT rec. hot 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 
HAT rec. cold 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 
Mixer 0 0 0 0 0 0 0 0 1 0 0 0 -1 -1 0 

 2 3 4 5 6 7 8 9 11 12 13 1 10 14 15 
Compressor 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
Aftercooler hot 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 
Sat. tower 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 
Recuperator hot 0 0 0 1 0 0 0 0 0 0 0 1 1 0 0 
Combustion 0 0 0 0 1 0 0 0 0 0 0 1 1 0 1 
Recuperator cold 0 0 0 0 0 1 0 0 0 0 0 1 1 0 1 
Turbine 0 0 0 0 0 0 1 0 0 0 0 1 1 0 1 
HAT rec. hot 0 0 0 0 0 0 0 1 0 0 0 1 1 0 1 
HAT rec. cold 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0 
Mixer 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 
Aftercooler cold 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 
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Initial energy balance 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

Compressor 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

Aftercooler 0 1 -1 0 0 0 0 0 0 0 0 0 1 -1 0 0 0

Sat. tower 0 0 1 -1 0 0 0 0 0 0 0 1 -1 0 0 0 0

Recuperator 0 0 0 1 -1 0 1 -1 0 0 0 0 0 0 0 0 0

Combustion 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 1 0 0

Turbine 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 -1 -1

Hat recu. 0 0 0 0 0 0 0 1 -1 0 1 -1 0 0 0 0 0

Mixer 0 0 0 0 0 0 0 0 0 1 -1 0 0 1 0 0 0

Selection of free energy flows 1, 2, 4, 7, 9, 10, 12, 13, 15 

3 5 6 8 11 14 16 17 1 2 4 7 9 10 12 13 15 

Compressor 0 0 0 0 0 0 1 0 -1 1 0 0 0 0 0 0 0

Aftercooler -1 0 0 0 0 -1 0 0 0 -1 0 0 0 0 0 -1 0

Sat. tower 1 0 0 0 0 0 0 0 0 0 1 0 0 0 -1 1 0

Recuperator 0 -1 0 -1 0 0 0 0 0 0 -1 -1 0 0 0 0 0

Combustion 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 -1

Turbine 0 0 1 0 0 0 -1 -1 0 0 0 1 0 0 0 0 0 

Hat recu. 0 0 0 1 1 0 0 0 0 0 0 0 1 0 1 0 0 

Mixer 0 0 0 0 -1 1 0 0 0 0 0 0 0 -1 0 0 0

Gaussian elimination 

3 5 6 8 11 14 16 17 1 2 4 7 9 10 12 13 15 

Aftercooler 1 0 0 0 0 0 0 0 0 0 1 0 0 0 -1 1 0

Recuperator 0 1 0 0 0 0 0 0 0 1 0 1 -1 1 0 0 0

Combustion 0 0 1 0 0 0 0 0 0 1 0 1 -1 1 0 0 1

Turbine 0 0 0 1 0 0 0 0 0 -1 1 0 1 -1 0 0 0

Hat recu. 0 0 0 0 1 0 0 0 0 1 -1 0 0 1 1 0 0

Sat. tower 0 0 0 0 0 1 0 0 0 1 -1 0 0 0 1 0 0

Compressor 0 0 0 0 0 0 1 0 -1 1 0 0 0 0 0 0 0

Mixer 0 0 0 0 0 0 0 1 1 0 0 0 -1 1 0 0 1



Publication I 

Kaikko, J., Mankonen, A., Vakkilainen, E. and Sergeev, V. 

Core-annulus model development and simulation of a CFB boiler furnace 

Reprinted with permission from 

Energy Procedia 

Vol. 120, pp. 572-579, 2017 

© 2017, Elsevier 





ScienceDirect

Available online at www.sciencedirect.comAvailable online at www.sciencedirect.com

ScienceDirect
Energy Procedia 00 (2017) 000–000

www.elsevier.com/locate/procedia

1876-6102 © 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientific Committee of The 15th International Symposium on District Heating and Cooling.

The 15th International Symposium on District Heating and Cooling

Assessing the feasibility of using the heat demand-outdoor
temperature function for a long-term district heat demand forecast

I. Andrića,b,c*, A. Pinaa, P. Ferrãoa, J. Fournierb., B. Lacarrièrec, O. Le Correc

aIN+ Center for Innovation, Technology and Policy Research - Instituto Superior Técnico, Av. Rovisco Pais 1, 1049-001 Lisbon, Portugal
bVeolia Recherche & Innovation, 291 Avenue Dreyfous Daniel, 78520 Limay, France

cDépartement Systèmes Énergétiques et Environnement - IMT Atlantique, 4 rue Alfred Kastler, 44300 Nantes, France

Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease,
prolonging the investment return period.
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered).
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and
improve the accuracy of heat demand estimations.
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Abstract

Mathematical models of circulating fluidized bed (CFB) combustion systems vary from simple lumped models to full-scale 
3D models with multi-phase flow fields. Models help to predict the behavior of the boiler under new operating conditions and to
understand the underlying phenomena. Is it more important to make experiments or models? The answer is both. The real values 
can be assessed with the help of experiments and refined models. Is a complex model always better than a simple one? A simple
model can be more easily modified and better adapted to the actual use.

A 1,5-dimensional model of a CFB furnace is the simplest possible model that takes into account the most important heat 
transfer and flow features. Of these solids circulation is the most important factor that determines the amount of heat transfer at
the furnace walls. Consequently, regulating the solids circulation is the fundamental means of load control in CFB furnaces. One
dimensional model takes into account only the vertical flow direction, but 1,5-dimensional model considers solids circulation
inside the furnace as well. The internal circulation is up to 2 times greater than the circulation around the solids separator and
return in CFB combustors. 1,5-dimensional model is also called the core-annulus model. The furnace is considered as a cylinder
with an annular space around it. The hot solids flow upwards along the cylinder and downwards along the annular space.

In this study, a core-annulus model is implemented using a commercial IPSEpro software. The developed model consists of
several modules. The mathematical principles of each module is described. The software is also presented briefly. The new
model is applied to study the behavior of a large biomass boiler. The model inputs include mass flows of fuel and air, fuel type
and parameters regarding the solids amount, size and distribution. In addition to inputs for the design operation, other scenarios 
are considered such as partial load and burning of different fuels. Strengths and weaknesses of the model are also assessed and 
pathways of future research are reviewed.
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1. Introduction 

Fluidized bed was invented for the purposes of gasification and chemical cracking processes in 1920s. However, 
it has been used exclusively for power generation only from 1980s [2]. Especially circulating fluidized bed (CFB) is 
a rather new technology in heavy-duty steam production. 

The model presented in this work aims to relate operational parameters of a CFB boiler to its thermal balance in 
steady-state conditions. The most important design parameters are taken into account. The goal of the model is to 
cover a wide range of operating conditions of the boiler and yet be simple enough to be run with reasonable amount 
of computing resources. The model is based on mass and energy balances and semi-empirical heat transfer 
correlations. 

The CFB furnace has a complex two-phase flow structure. Heat transfer mechanism from the gas-solid flow to 
the furnace water wall has no widely accepted heat transfer correlation such as Dittus-Boelter equation for heat 
transfer inside a tube. As a result, solving the heat transfer inside the CFB furnace is a major part of the model. 

Another important consequence of the multiphase flow structure is the fast mixing and relatively low 
temperature in the CFB furnace. In a core-annulus model, the flow is considered to move upwards along the furnace 
centre called core and downwards along the furnace walls [3]. The outer zone where the solids flow downwards, 
between the core and the walls is called annulus. Solids can also move horizontally from the core to annulus at any 
height. 

The CFB boiler model is implemented using IPSEpro process simulation software. The kernel of the software 
includes a non-linear pre-processor and a solver. Equations that determine the steady state operation are included in 
the components selected by the user. The user connects the components in a graphical interface and the software 
then creates and solves the set of non-linear equations. A screenshot of the graphical interface is presented in figure 
1. 

 
Fig 1 Graphical user interface of IPSEpro software with the CFB boiler model 
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Nomenclature 

𝑎𝑎1…7  coefficients of JANAF polynomial (-) 
𝑏𝑏1   constant of JANAF polynomial (-) 
𝐻𝐻  molar specific enthalpy (kJ mol-1) 
h  mass specific enthalpy (kJ kg-1) 
ℎewall  heat transfer coefficient, evaporator wall (W m-2 K-1) 
ℎwwall  heat transfer coefficient, wing wall (W m-2 K-1) 
�̇�𝑚  mass flow rate (kg s-1) 
𝑝𝑝  pressure (Pa)
𝑅𝑅  universal gas constant (J mol-1 K-1)
𝑇𝑇  temperature (K)
𝑋𝑋  molar fraction (-) 
𝑧𝑧  height from the bottom of the furnace (m) 
𝑧𝑧0  characteristic height (m) 
𝑧𝑧i  point of inflexion of the voidage profile (m) 
 
Greek letters 
 
𝜖𝜖  gas-solid suspension voidage (-) 
𝜖𝜖a  asymptotic voidage at the dense section (-) 
𝜖𝜖d  asymptotic voidage at the dilute section (-) 
𝜌𝜌avg  gas-solid suspension density (kg m-3) 
𝜌𝜌solid  density of solids (kg m-3) 
 
Subindexes 
 
an  annulus region 
core  core region 
exit  furnace exit 
gas  flue gas in the furnace 
gas-solid gas-solid suspension 
in  in to the furnace 
solid  solids in the furnace 

 

2. Furnace heat transfer 

The furnace to wall heat transfer in a CFB boiler is a mixture of radiation, particle and gas convection and gas 
conduction [4]. Dutta et al. [5] have gathered data from a wide range of CFB units and noted that the heat absorption 
rate in the furnace depends mainly on the mean cross-sectional bed temperature and suspension density. Their 
empirical correlation for the heat transfer coefficient in terms of bed temperature and suspension density is as 
follows for the evaporator wall 

 
408.0391.05 Th avgewall           (1) 

and as follows for the suspended wing wall heat surface in the furnace. 
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425.037.06.3 Th avgwwall           (2) 

 
Suspension density is defined as the mass of solids per volume of the bed in furnace heat transfer calculations. It 

varies significantly according to the axial and radial position in the furnace as well as load condition. Time-average 
suspension density is the most important factor influencing the furnace to wall heat transfer [2]. Frasier et al. [6] 
suggest the following model for axial mean voidage distribution 
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The mean suspension density can be obtained from the axial mean voidage as follows 
 

solidavg  )1(           (4) 

3. Energy balance calculations 

In figure 2, the mass streams of the furnace are presented. The boxes represent the control volumes of the 
furnace. All energy exchange between the control volumes is due to the mass flows. The arrows that are denoted 
with subscripts in and exit represent the gas-solid suspension streams that flow back to the furnace from the return 
leg and exit to the solids separator respectively. The arrows between the boxes represent the inner circulation in the 
furnace. The enthalpy of a gas-solid suspension flow is calculated as follows 
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An energy balance of the following form holds for each control volume of the furnace 
 

0)()(
,,

11

 


joutiin n

j
j

n

i
i hmhm          (6) 

 
The indexes from 1 to n in figure 2 correspond to numbering from the bottom to the top of the furnace. Each 

height is divided in two control volumes: the core and annulus. The heat released by combustion is added to the core 
volumes, while the heat exchange with steam takes place in the annulus volumes. 
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Fig 2 Furnace energy balance model 

The IPSEpro software uses JANAF thermochemical tables to obtain the properties of an exhaust gas mixture [7]. 
The enthalpy for each substance is determined by polynomial fitting of form 
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Each gas component is treated as an ideal gas [7]. Enthalpy of the gas mixture is obtained as follows 
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For the steam properties the IAPWS Industrial Formulation 1997, Thermodynamic Properties of Water and 
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Mass flow ratios between the chemical compounds subject to stoichiometric combustion and their respective 
combustion products are also listed in Table 1, which includes an example composition of gas-solid suspension 
before and after the combustion. 
 

Table 1 Combustion mass balance example case with biomass fuel 

 

5. Fuel 

Although any solid fuel can be specified as a primary fuel in the model, simulations have been carried out only 
with biomass fuel so far. The model has been used to study the impact of synthetic gaseous fuels that are produced 
with water electrolysis and methanation processes. This is the reason for the possibility of feeding methane, 
hydrogen and oxygen in the model. 

6. Simulations 

Table 2 presents the input parameters of a basic simulation case of 390 MWth boiler using only biomass fuel. In 
figure 3a the heat loads of the furnace heat exchange surfaces are presented. In this case there are six surfaces and 
they correspond to the control volumes described in the energy balance calculations part. The upper three heat 
exchangers starting at 20 m of the furnace bottom are divided into water wall and suspended wing wall surfaces so 
there are nine computational heat surfaces in the furnace model.  
 

Gaseous

Before 
combustion 
mass flow (kg/s) AR CH4 CO2 H2 H2O N2 O2 SO2 Solid C S Sand

AR 1,73 1,00
CH4 0,10 2,75 2,25 -4,00
CO2
H2 1,03 9,00 -8,00
H2O 11,27 1,00
N2 97,87 1,00
O2 36,99 1,00
SO2
Solid
C 8,33 3,67 -2,67
S 0,00 -1,00 2,00
Sand 9000,01 1,00
Total
After 
combustion 
mass flow (kg/s)

9157,31 1,73 30,80 20,75 97,87 6,17 0,00 9000,01
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Table 2 Parameters of the example case with the model 

 
 

In figure 3b, the temperatures of the control volumes are plotted against the furnace height. The temperatures do 
not decline towards the exit of the furnace, which is due to the core-annulus approach. The data in figure 3b 
represents the annulus temperature. The core has a uniform temperature of 900 ℃. As can be anticipated looking at 
figure 3a, only the annulus gas-solid suspension flow cools since it has heat exchange with steam. Furthermore, it 
flows downwards so the annulus temperature declines towards the bottom of the furnace. 
 

 

Fig 3 (a) Heat loads associated with vertical sections of the furnace; (b) Temperature at different heights 

7. Conclusions 

The simulations are fast to carry out with a modern laptop as it was planned. Due to the numerical scheme of the 
solver, the convergence of the model is sensitive to some parameters. Convergence has to be achieved by trial and 
error by varying the initial values in these cases. Systematic pinpointing of the problematic parameters and in-depth 
analysis of the numerical scheme regarding them is a subject for future development. 

The simulation results correspond to the typical behaviour of a CFB boiler. In particular, the hydrodynamic 
condition in the furnace, which is modeled by a simple voidage curve, affects the heat transfer properties similarly to 
a real boiler. This was one of the goals of the model since the load control of a CFB boiler is done by adjusting the 
fluidization air and hence the prevailing hydrodynamic condition. Consequently, further development and validation 
of the model with experimental data is expected to yield a useful tool for analysing the phenomena in the furnace 
and the operation of the CFB boilers at different loads. 

 
 

 
 

Fuel Design Steam & flue gas
fuel analysis, dry basis (%) boiler dimensions (m) feedwater temperature (˚C) 213

C 50,6 W 5 main steam
H2 6,2 D 5 temperature (˚C) 550
S 0,0 H 40 pressure (bar) 117
N2 0,5 mass flow (kg/s) 151,24
O2 42,7 flue gas outlet temperature (˚C) 220

moisture (%) 40 furnace exit temperature  (˚C) 900
net calorific value, dry basis (MJ/kg) 19
air to fuel equivalence ratio (-) 1,2
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Abstract. Low efficiency is the main stumbling block preventing the 

widespread adoption of small-scale gas turbines in distributed energy 
production. The evaporative gas turbine cycle has been proposed as a way 
to improve efficiency, but the large number of components required make 
the configuration complex and expensive. The condensing evaporator is a 
component that simplifies the evaporative gas turbine cycle. The heat and 

mass exchanger device is designed for an externally fired application, which 
means that the flue gas stream is replaced by moist air. The air-water mixture 
condenses inside a tube bank, releasing heat to the evaporating water film 
on the other side of the tubes. Similar inventions include the tubular 
humidifier and the Maisotsenko compressed air saturator, which also aim to 
make the evaporative gas turbine cycle more economically feasible. 
Available theory focuses on either humidification towers or evaporative 
condensers in HVAC applications. The tubular humidifier has been analyzed 

in a similar manner as humidification tower since the flow configurations of 
the two components are similar. However, the theory of humidification 
towers is not directly applicaple to the condensing evaporator. This study 
proposes a method of analysis of the condensing evaporator in power 
generation. 

1 Introduction 

Distributed generation of electricity allows rapid reaction to demand, provides better power 

quality under many circumstances and offers an alternative to investment in distribution 

capacity [1]. Using micro gas turbines is a promising way to implement a distributed 

electricity network [2]. External firing in gas turbines enables the use of solid biomass fuels 

that are an essential primary energy resource in a distributed energy system. However, the 

electrical efficiency of an externally fired microturbine (EFMT) is only 17 % [3]. Such 

efficiency can be achieved by feeding the hot exhaust air to the combustor [4]. In contrast, 

the efficiency of a recuperated, commercial directly fired microturbine can exceed 30 % [5]. 
Adding moisture to a gas turbine cycle working fluid has a positive impact on efficiency 

[6]. There are numerous ways to introduce the moisture. The most popular processes include 
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steam injection and approaches based on the evaporative gas turbine cycle. The evaporative 
cycle differs from steam injection in that the water evaporates into the working fluid instead 

of boiling in a separate steam generator. The evaporative cycle has the potential to achieve 

efficiencies similar to or even higher than combined cycles and the evaporative cycle is the 

most efficient of the humidified gas turbine cycles [7]. The evaporative cycle is estimated to 

be economically suited to the microturbine application as well. An evaporative cycle with an 

EFMT has been demonstrated to yield an electrical efficiency of 30 % [8]. Low temperature 

level heat can be used in the evaporative cycle, but the process requires a large amount of 

components. In an evaporative gas turbine cycle, there are usually two heat exchangers for 

preheating the injection water: a compressor aftercooler and an economizer in the turbine 

exhaust. There is also a massive humidification tower. The steam-injected cycle on the other 

hand, requires only a rather simple steam boiler. An example layout of an evaporative cycle 
is presented in figure Fig.1. 

 

 

Fig. 1. Evaporative micro gas turbine cycle 

 

Fig. 2. Evaporative gas turbine cycle with a 
condensing evaporator 

A number of new components have been proposed that aim to combine the tasks of 

traditional evaporative cycle components. Dalili [9] carried out experiments on a tubular 

humidifier. The prototype apparatus performs the tasks of the economizer and humidification 

tower in one component. However, the proposed configuration still includes an aftercooler. 
The Maisotsenko compressed air saturator [10] combines all of the components of an 

evaporative cycle into one tube-shell heat exchanger and evaporator. It cools the compressed 

air by means of evaporative cooling, simultaneously moisturizing part of the air. Hot flue gas 

is used to humidify the rest of the air and to superheat it. 

Alander [11] has proposed a device similar to a tubular humidifier, which is used without 

an aftercooler. The moisturizing water stream is not warmed in a separate heat exchanger. 

The device uses the heat of the hot gas directly to evaporate water and achieve humidification. 

It is designed for an externally fired application. Therefore, humid air flows on both sides of 

the humidifier, which also allows condensation of the hot stream. A device with this 

configuration can be considered a condensing evaporator and this study focuses on 

performing thermodynamic analysis of such devices. The device is presented in Fig. 3. An 
evaporative cycle using a condensing evaporator is presented in Fig.2. A numerical model is 

developed in this study to determine the expected performance of a condensing evaporator. 
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Fig. 3. Graphical presentation of condensing evaporator 

2 Model development 

Dalili [9] describes the saturation curve-operation line for a packed bed humidification tower. 

A modification of this approach has been used in this study to produce a humidification 

diagram for a condensing evaporator. The modifications have to be done, since there is an 

additional source of heat in a condensing evaporator i.e. the condensing hot stream inside the 

tubes. In a packed bed humidifier, the injection water has enough sensible heat to provide the 

heat for evaporation. 

Accurate and fast calculation of the thermodynamic properties of humid air is crucial to 

this work. An open source software project, CoolProp, features a thermophysical library 

containing formulations for humid air properties according to Hermann et al. [12]. CoolProp 
includes the IAPWS-IF97 [13] formulation for water and steam as well. CoolProp is used in 

determination of saturated water-air mixture properties in this work. In the formulation of 

Hermann et al., the psychrometric calculations of moist air are based on the virial equation 

of state. The virial equation of state consists of the ideal part, and the deviation from the ideal 

behavior is accounted for by virial terms. The model considers virial terms up to second 

order. The basis of the model is the Hyland-Wexler model [14], but the authors have made 

improvements by using more accurate data for the ideal properties of air and a more 

sophisticated calculation method for the virial terms [12]. Ji et al. [15] conducted a survey of 

different humid air properties calculation methods and concluded that the ideal gas model 

differs considerably from the ideal mixing model and real gas model by Hyland-Wexler. 

Furthermore, they concluded that validation of the models at elevated temperatures is 
currently impossible due to a lack of experimental data.  

The Mollier diagram of moist air (Mollier diagram or Mollier chart) is similar to the 

American psychrometric chart [16]. It presents the temperature and relative humidity curves 

in the enthalpy-humidity plane and it is constructed in such a manner that the perpendicular 

enthalpy-humidity co-ordinate plane is sheared so that the temperature lines become as 

horizontal as possible. However, the greater the temperature the greater the slope of the 

temperature curves becomes. Furthermore, at high humidity, the temperature lines become 

curved. The conventional Mollier diagram has such temperature and humidity range that the 

temperature lines are virtually horizontal. This representation is convenient in many HVAC 

applications. 

When analyzing the condensing evaporator, some modifications have to be applied to the 

Mollier diagram. Firstly, the humidity and temperature ranges are significantly greater than 
in climate control applications. They have an order of magnitude up to 0.3 kgw/kgda and 300 
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°C, whereas the standard Mollier chart applies only up to 0.02 kgw/kgda humidity and 40 °C 
temperature. For this reason, it was decided to use a perpendicular temperature-humidity co-

ordinate plane, as used also in [10] for analysis of the Maisotsenko humidifying process. Bell 

et al. [17] have also used a similar approach in construction of the psychrometric chart. 

The modified Mollier diagram is presented in Fig.4. Since the temperature-humidity grid 

is fixed, the enthalpy lines become curved. The diagram is drawn for pressure of 0.4 MPa, 

although the code produces values for up to 10 MPa pressure. The vertical axis is also used 

to indicate partial water vapour pressure in the stream being humidified. The enthalpies 

denote enthalpy per kilogram of humid air. 

 

Fig. 4. Mollier diagram for humid air at 4 bar 

The principle used in humidification tower design can be applied to a condensing 

evaporator. The evaporator is divided into small volumes and energy balances are solved for 
each volume. The division is presented in Fig.5. This method can also be referred to as a 

finite volume method as per [18]. The conservation equation 1 for mass and energy is solved 

by applying the divergence theorem and calculating fluxes at the surfaces. The purpose of 

the design tool is to determine the temperature and vapour pressure profiles. 

𝜕𝜌

𝜕𝑡
+ 𝛻 ∙ (𝒗𝜌) = 𝛻(𝜞𝛻𝜌) + 𝑆 (1) 
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Fig. 5. Division of control volumes 

The simulation is carried out by feeding the input values that are given by the gas turbine 

process. They include the mass flow rates, pressure levels and the hot side moisture content. 

Based on the input, the code solves the humidification diagram and draws it on the Mollier 

chart. 

 

Fig. 6. 52 °C hot outlet, 0,15 kgw/kgda  

 

Fig. 7. 55 °C hot outlet, 0,15 kgw/kgda 
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3 Results 

Aim of the model is to develop understanding on whether the condensation evaporation 

phenomenon occurs with a given set of parameters. Pressure levels were chosen 1 bar/4 bar 

for the hot a and cold sides respectively. These pressure levels are typical for an externally 

fired micro gas turbine application. 

In the first set of simulations, the same dry air mass flow rate is chosen for both fluids. 

The hot side outlet temperature is varied in order to determine how much heat can be 

extracted and transferred to the cold side. The results are presented in Fig.6 – Fig.9. It can be 

noted that only the last two simulations present cases, where the mass transfer can take place 

throughout the evaporator. Only in the last two diagrams, the saturation pressure of the water 

film (dashed red line) is constantly above the partial vapor pressure of the cold stream (dashed 

blue line). The first set of simulations indicate that the amount of condensation energy 
extracted is rather small in comparison with the sensible that is extracted from the hot side. 

The near-horizontal section of the hot side temperature indicate condensation and that section 

is small compared to the non-condensing section. 

In the second set of simulations, presented in Fig.10 – Fig.13, the effect of hot side 

moisture content is assessed. Dry air mass flow is kept constant. In these simulations, the hot 

outlet temperature has to be increased in order to maintain the needed vapour pressure 

difference. The higher moisture content increases the total mass flow of the hot stream and 

provides more heat. On the other hand, higher outlet temperature decreases the heat 

extraction. According to the results, the overall moisture content of the cold stream increases 

slightly due to the higher moisture content in the hot stream. 

 

Fig. 8. 57 °C hot outlet, 0,15 kgw/kgda 

 

Fig. 9. 59 °C hot outlet, 0,15 kgw/kgda 
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Fig. 10. 63 °C hot outlet, 0,20 kgw/kgda 

 

Fig. 11. 70 °C hot outlet, 0,30 kgw/kgda 

 

Fig. 12. 74,5 °C hot outlet, 0,40 kgw/kgda 

 

Fig. 13. 77,5 °C hot outlet, 0,50 kgw/kgda 
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4 Discussion 

According to the simulations, it is relatively difficult to find suitable parameters so that 

simultaneous condensing and evaporation would take place. The simulations suggest that 

when the cold fluid is very dry, the latent heat of condensation can be utilized. Once the cold 

fluid contains more water, the temperature level needed for further humidification becomes 

higher than the condensation temperature on the other side. In the cases, where simultaneous 

condensing and evaporation take place, the latent heat of condensation is small compared to 

the sensible heat released by the hot fluid. 

The share of latent condensation energy can be increased by using more humid hot stream. 

The first set of simulations is used to model the case when the humidity remains constant in 

the further gas turbine process. The second set of simulations model the case when some 

additional water is introduced later on in the process. In the second case the humidity of the 
hot stream is increased from 0.15 kgw/kgda to 0.5 kgw/kgda. This gives a greater share of 

condensation energy and slightly more humidity to the cold stream. 

The results suggest that the condensing evaporator performs well at low humidity levels. 

Therefore, the component could useful in an application, where there is a great mass flow of 

very dry air that needs to be humidified to a moderate humidity. These simulations are subject 

to future research. 
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Abstract: 

Humidification is known to improve the gas turbine cycle efficiency. The efficiency of 
the cycle can be determined using the first-law energy analysis. It is, however, far more 
interesting to see what is the maximum potential of the humidification. Using exergy 
analysis, it is possible to find out the theoretical performance improvement, one can 
expect from addition of water. Furthermore, the exergy analysis reveals the exact 
component and thermodynamic process that wastes (or preserves) the available work 
potential. The exergy of a stream is called the useful work. For a gas turbine, the 
assumption, that the flue gas can be expanded to almost vacuum pressure and 
compressed isothermally to its zero state, is not realistic. Therefore, the exergy analysis 
should be carried out with revised assumptions and the results have to be interpreted 
from the point of view of the real process in hand. In this paper, the method of carrying 
out an exergy analysis of a humidified gas turbine is presented and the results are 
assessed. The goal of the paper is to identify the components that waste exergy and to 
assess if some other thermodynamic process would be more favorable and perform the 
same task. 

Keywords: 

Humidification, Energy analysis, Evaporative gas turbine cycle, Exergy analysis, 
Thermal efficiency. 

1. Introduction
Exergy analysis allows for pinpointing the parts of an energy conversion process, where useful 
work is wasted and entropy is generated. Exergy is usually destroyed in chemical reactions, heat 
transfer, mixing, throttling or due to friction. Exergy destruction also indicates how reversible a 
process is. When designing any energy conversion process the goal should be to design as 
reversible process as possible. Plenty of exergy analyses have been conducted on different gas 
turbine applications including aircraft, integrated gasification and combined cycle [1-8]. However, 
the water injected gas turbine cycle has not been extensively studied from the exergy point of view. 
This paper is aimed to describe such study. 

Exergy is the maximum amount of work obtainable from a completely reversible process. Exergy 
can be divided into chemical exergy and physical exergy. For a process, that does not involve any 



chemical reactions or mixing, the exergy changes are purely due to changes in physical exergy. For 
a fixed composition the physical flow exergy is defined 

𝜓 ≡ (ℎ − ℎ ) − 𝑇 (𝑠 − 𝑠 ) + + 𝑔𝑧 [9]. (1) 

Kinetic and potential energy of the flows are assumed insignificant in this study, since there are 
only minor changes in elevation and kinetic energy between the points of interest. The kinetic 
energy changes are significant between the turbomachinery stages, but that is out of the scope of 
this study. An infinitesimal change in flow exergy can be obtained by differentiating (1) as follows 

𝑑𝜓 = 𝑑ℎ − 𝑇 𝑑𝑠. (2) 

Equation (1) gives the theoretical maximum work output if the system would undergo an isentropic 
expansion to the reference temperature and an isothermal compression to the reference pressure. In 
the expansion in a gas turbine, the gas exits in the ambient pressure. Therefore, it does not undergo 
the process of maximum work. In contrast, the heat is rejected in higher temperature than the 
reference temperature and entropy is generated due to the heat transfer across the finite temperature 
difference. Flow exergy changes related to constant pressure process can be expressed in terms of 
isobaric heat capacity and temperature. Generalized expressions of infinitesimal enthalpy and 
entropy changes in constant pressure can be expressed as 

𝑑𝑠 = = , [9] (3) 

and 

𝑑ℎ = 𝑐 𝑑𝑇 [9]. (4) 

Substituting (3) and (4) to (2) and integrating yields 

Δ𝜓 , = ∫ (𝑑ℎ − 𝑇 𝑑𝑠) = ∫ 1 − 𝑐 d𝑇, (5) 

which is the exergy change associated with a constant pressure process. Equation (4) is used to 
determine the physical exergy loss of the exiting flue gas. Chemical exergy, on the other hand, is 
related to the composition of the flow. The standard chemical exergy of compounds present in the 
reference atmosphere are expressed as follows 

𝜓 , = −𝑅𝑇 ln = −𝑅𝑇 ln 𝑦 ,  [10]. (6) 

The composition of the reference atmosphere used in this study is represented in table 1. “The 
standard chemical exergy of an element, may be defined, as the shaft work or electrical energy 
necessary to produce one mol of the element in its standard state, from materials in the environment 
in a reversible way, heat being exchanged in the process only with the environment at standard 
pressure [10]”. 

 

 



Table 1.  Reference atmosphere composition used in modelling of the gas turbine processes and 
chemical exergies associated with the species. 

The standard chemical exergy of a compound is the sum of the standard chemical exergies of the 
comprising elements and the standard Gibbs free energy of formation of the compound as follows 

𝜓 = Δ𝑔 + ∑ 𝜈 𝜓 , [10]. (7) 

Natural gas is the only chemical compound present in the gas turbine model that is not present in 
the reference atmosphere. Chemical exergy of natural gas can be obtained using the combustion 
reaction 

𝐶𝐻 + 2𝑂 → 𝐶𝑂 + 2𝐻 𝑂, (R1) 

as follows 

𝜓 , = (817.9 + 20.1 + 2 ∙ 1.2 − 2 ∙ 3.9) = 832.6 . (8) 

2. Methods 
The aim of this study is to compare a recuperated gas turbine cycle against a humidified, 
recuperated gas turbine cycle. IPSEpro software carries out the solving of the nonlinear problem. 
The most important parameters are listed in table 2. 

Table 2.  Input parameters used in the gas turbine cycle models. Water injection rate is used only in 
the humidified layout. 

parameter value 
turbine inlet temperature 1 000 °C 
recuperation ratio 0.8 
fuel mass flow 1 kg/s, methane 
calorific value 50042 kJ/kg 
ambient conditions 60 % relative humidity, 101 325 Pa, 25 °C 

composition according to table 1 
pressure ratio of the compressor 10 
isentropic efficiency of the turbomachinery 0.8 
pressure losses recuperator 0.1 bar hot, 0.1 bar cold, water 

injector 0 bar, combustion chamber 0 bar 
gas phase properties ideal gas mixture, where 𝑐 (𝑇) according to 

JANAF thermochemical tables 
liquid phase properties IAPWS-IF97 
radiative losses, leaking not included 
water injection flow rate, pressure, temperature 6.5 kg/s, 10 bar, 25 C 
 

First, the IPSEpro solver algorithm finds groups of equations of minimum amount of variables. 
Then, it solves the groups by Newton-Rhapson method in multiple dimensions. 

species 𝑥 ,   −𝑅𝑇ln(𝑦 , ), J/mol 
N2 0.7665 659 
O2 0.2056 3 919 
Ar 0.0090 11 663 
CO2 0.0003 20 144 
H2O 0.0186 −𝑅𝑇ln(𝜑) = 1 265 



2.1. Fluid properties 
Air and combustion gas are treated as ideal gas mixtures so they obey the equation 

𝑝𝑣 = 𝑅𝑇 [11]. (9) 

From the Maxwell equations follow that the heat capacity at constant pressure depends on 
temperature only 

= −𝑇 = 0, [11] (10) 

𝑐 , = 𝑓(𝑇) [11]. (11) 

For an ideal gas mixture, the enthalpy and volume of mixing equal to zero so these properties can 
be evaluated as the arithmetic means of the pure components in the mixture pressure and 
temperature 

�̅� = ∑ 𝑦 �̅�  [9], (12) 

ℎ = ∑ 𝑦 ℎ  [9]. (13) 

The Gibbs free energy and entropy differ from the arithmetic mean, since the mixing processes are 
irreversible. The irreversible mixing results in increase of entropy and decrease of Gibbs free 
energy 

�̅� = ∑ 𝑦 �̅� + 𝑅𝑇 ∑ 𝑦 ln 𝑦 , [9] (14) 

�̅� = ∑ 𝑦 �̅� − 𝑅 ∑ 𝑦 ln 𝑦 . [9] (15) 

The IPSEpro software uses NIST JANAF thermochemical polynomials to calculate the heat 
capacities, entropy and enthalpy of gas mixtures. 

2.1.1 Chemical exergy of gas mixtures 
Stream exergy is not included as a standard calculation routine in the IPSEpro software. It was 
developed as a part of this project. The stream chemical exergy is calculated as the work required to 
separate the stream components from the atmosphere and the work obtainable when the components 
are allowed to mix [12]. The separation work is as follows 

𝑤 , , = −ΣΔ𝑔 , , = −𝑅𝑇∑𝑦 ln (𝑦 , ) [12], (16) 

and the maximum amount of work from mixing is as follows 

𝑤 = Σ𝑔 = 𝑅𝑇∑𝑦 ln (𝑦 ) [12], (17) 

and the total chemical exergy of a stream 

𝜓 = 𝑤 , + 𝑤 = 𝑅𝑇 ∑𝑦 ln
,

 [12]. (18) 



2.1.1. Liquid water properties 
IPSEpro calculates the liquid water properties according to the IAPWS-IF97 [13] formulation. 
However, in the mixture calculations, the following approximate formula for the water saturation 
pressure is used, since the IAPWS-IF97 functions are not accessible when dealing with other 
mixtures than pure water in IPSEpro  

𝑝 , (𝑇) = exp 12.108 −
 .

℃
.

bar [14]. 
(19) 

The chemical exergy of liquid water is of key importance in this study, since its interpretation 
determines the exergetic efficiency of the water injection component. Equation (16) is based on the 
ideal mixture assumption.  Liquid water does not form an ideal mixture with air as per definition of 
Wark [9]. Liquid water and air do not satisfy (13), since mixing of water and air at constant pressure 
and temperature requires the heat of vaporization of water. Szargut [15], gives the following 
expression for the liquid water exergy 

𝜓 , , = 𝑣 𝑝 − 𝑝 , (𝑇) − 𝑅𝑇 ln 𝜑. (20) 

Equation (20) is based on the same definition of chemical exergy as (16). However, the Δgmix 
cannot be evaluated according to the ideal mixing principle (14). Instead, the Gibbs free energy 
changes due to the liquid water mixing are taken into account.  

Equation (20) is ambiguous in the sense that, the relative humidity has multiple interpretations in 
the literature. Cengel [11] introduces the two most common definitions: mass based and partial 
pressure based. The partial pressure based definition is used by the IUPAC as well and reads 

𝜑 ≡
, ( )

. (21) 

According to the mass based definition, relative humidity is the ratio of water vapour mass to the 
saturation mass of water vapour 

𝜑 ≡
,

=
,
[11], (22) 

where pH2O,s is the saturation pressure of water vapour in the mixture which does not equal the pure 
water saturation pressure psat,H2O in general. Cengel [11] uses the approximation pH2O,s = pH2O,sat, 
whereas Baehr [14] introduces a relation between the pH2O,s and the pH2O,sat as follows 

𝑅𝑇ln ,

, ( )
= 𝑣 (𝑝 − 𝑝 , (𝑇)). (23) 

Equation (23) takes into account that increasing the pressure at constant temperature allows for 
more water vapour to exist in moist air, than the amount expressed by the saturation pressure of 
pure water. The same equation is also given in [9] and it is referred to as the Poynting effect [9]. 
Substituting (23) into (20) yields an equivalent, but more compact expression of the liquid water 
chemical exergy 

𝜓 , , =  −𝑅𝑇 ln 𝜑 . (24) 

2.3. Moist air physical flow exergy 
Calculation of physical exergy is straightforward, when the stream is in the same phase as the 
reference state. However, water injection at high temperature introduces a great amount of water 



vapour to the gas stream. When calculating the physical exergy of a moist air stream, the phase 
change has to be accounted for. The phase change occurs if the mole fraction of water is higher than 
the saturation mole fraction at the reference state 

𝑦 > 𝑦 , (𝑇 , 𝑝 ). (25) 

The saturation mole fraction is found using (23) as follows 

𝑦 , (𝑇 , 𝑝 ) = , ( , )
= 𝑝 , (𝑇 ) exp

, ( )
. (26) 

Enthalpy and entropy are calculated by creating a reversible process path between the reference 
state and the arbitrary state and summing up the associated changes of state variables between the 
process stages. The reversible path from the reference state to the arbitrary state is separation of 
liquid water (no change in any state variables), isothermal expansion of liquid water and gas to the 
saturation pressure of the reference temperature, phase change of liquid water into steam, mixing of 
steam and air, ideal gas state change to the arbitrary end state. The reversible process path and the 
associated enthalpy and entropy changes are tabulated in Appendix A. Molar enthalpy change of 
moist air between a given state and the reference state is as follows 

ℎ(𝑝, 𝑇) − ℎ(𝑝 , 𝑇 ) =
,

𝑣 , (𝑝 (𝑇 ) − 𝑝 ) + 𝑥 , Δℎ (𝑇 ) +

ℎ , (𝑇) − ℎ , (𝑇 ), 

(27) 

and the molar entropy change as follows 

�̅�(𝑝, 𝑇) − �̅�(𝑝 , 𝑇 ) =

𝑥 , Δ�̅� (𝑇 ) − 𝑥 , 𝑅 ln
( )

− 𝑥 , 𝑅 ln 𝑥 , − 𝑥 , 𝑅 ln 𝑥 , +

�̅� , (𝑇, 𝑝) − �̅� , (𝑇 , 𝑝 (𝑇 )). 

(28) 

The phase change enthalpy and entropy are calculated as follows from the Clapeyron equation using 
(19), assuming incompressible liquid, ideal gas and Δ𝑣 = 𝑣 − 𝑣 ≈ 𝑣  

= ≈ = exp 12.108 −
.

℃
.

.

℃
.

, 
(29) 

⇒ Δℎ =
.

℃
.

𝑅𝑇 , Δ�̅� = =
.

℃
.

𝑅𝑇. 
(30) 

The ideal gas assumption is valid at low 𝑇 , since along the saturation curve the compressibility 
factor 𝑍 > 0.9975 when 𝑇 < 25 ℃ [13]. The exergy of moist air flow can now be evaluated 
using (1). 

2.4. Process layouts 
The two process layouts being compared are represented in figure 1. The most important difference 
between them is the water injection component. Using the same fuel mass flow of 1 kg/s methane 
causes a significant difference between the mass flows through the turbomachinery in these two 
layouts. Therefore, if these processes were implemented, the turbomachinery design would differ 
between the two layouts. All the parameters in both cases are identical and set according to the table 
1 except the water injection rate, which is absent in the dry layout. The power output increases due 



to the water injection according to figure 2. The water injection rate was chosen to yield a 
substantial power output, while keeping the air far enough from the dew point. 

 

Figure 1.  Process layouts of the gas turbine cycles being analysed: a) dry gas turbine cycle b) 
water injected gas turbine cycle 



 

Figure 2.  Graphical representation of the effect of water injection on the power output of the cycle 

The simulation results are generated using the IPSEpro software. The IPSEpro exports the results 
into a text file, which is loaded into MATLAB. Using MATLAB, the exergy data is tabulated into a 
convenient form for creating the graphical output. 

3. Results 
The overall relative exergy flows of the two process layouts are illustrated as pie diagrams in 
figures 3 and 4. The same results are tabulated as absolute values in table 3. In both cases, the input 
exergy is mainly chemical exergy of the fuel. In the moisturized layout, there is also the 
moisturizing water stream that contains a relatively small amount of chemical exergy. The output 
exergy flows are the same in both cases except that the injector destroys exergy in the moisturized 
version. Evaporation in the injector proceeds in non-equilibrium (relative humidity is almost 0 % in 
the inlet) conditions, which results in the exergy destruction. The most significant exergy 
destruction mechanism is the combustion, which also proceeds far from the equilibrium conditions 
(|Δ𝑔 | = 818 kJ/kg ≫ 0). The second greatest source of entropy generation is the 
turbomachinery where exergy is lost due to turbulence. Some exergy is lost due to irreversible heat 
transfer in the recuperator as well. 
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Figure 3.  Pie diagrams of dry gas turbine cycle representing: a) exergy input b) exergy 
output/destruction. 

  

Figure 4.  Pie diagrams of water injected turbine cycle representing: a) exergy input b) exergy 
output/destruction. 
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Table 3.  Exergy balances of the water injected and dry process layout. 

No water injection   Water injection   

Output, kW Input, kW Output, kW Input, kW 

Compressor 2907 Ambient 
air 

0 Compressor 2241 Ambient air 0 

Recuperator 1205 Fuel 52155 Recuperator 3454 Fuel 52155 

Combustion 
chamber 

15266   Combustion 
chamber 

14369   

Turbine 4247   Turbine 3779   

Flue gas 13466   Flue gas 8058   

    Injector 3151 Injection 
water 

463 

Power out 15064   Power out 17566   

Total 52155  52155  52618  52618 

4. Discussion 
The results indicate that water injection increases the power output by 17 %. Water injection 
especially reduces the flue gas exergy out flow. Moisturized, high-pressure air is significantly 
cooler than uncooled air when it enters the recuperator, which results in a better heat recovery. 
However, the recuperator loss is substantially higher in the moisturized version since the 
temperature difference is greater. 

Exergy destruction in the combustion is greater in the moisturized version as well. Entropy 
generation in the combustion chamber is due to heating of the flue gas. The exit temperature and the 
amount of heat received by the combustion products is the same for dry and moisturized gas 
streams but the moist gas enters cooler and therefore its entropy raise is greater than that of the dry 
gas. 

The exergetic losses in the turbomachinery are proportional to the mass flow rates, since isentropic 
efficiencies are set equal in both process layouts. Dry layout has greater mass flow rate and, 
consequently, greater exergy losses in turbomachinery. In the humidified layout, the turbine mass 
flow is greater than the compressor mass flow and therefore the exergy loss in the turbine is 
disproportionally greater than in the compressor compared to the dry layout. 

The injector causes additional exergy destruction in the moisturized layout. The exact mechanisms 
are the irreversible heat transfer and mixing between the water and air streams. However, the heat 
transfer is inevitable in order to achieve cooling and better heat recovery in the recuperator. Exergy 
lost due to mixing is inevitable as well, since there are no means of converting this exergy into 
usable work. However, [16] postulates a reversible mixing process involving semipermeable walls, 
where usable work is extracted from mixing. The irreversibility of mixing is present in every 
humidified gas turbine application. 

Other methods of cooling the compressed air and improving the efficiency by introducing water 
exist and their exergy analyses are subject to future work. Furthermore, the exergy analysis of water 
injector can be performed on chemical and physical exergy basis separately, which would give even 
more insight on how the exergy is being destroyed. 
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Appendix A 
process 
path 

air liquid water 

water-liquid 
equilibrium 
𝑇 , 𝑝   

�̇� , = 𝑥 + ,

,
�̇�  

 

�̇� , = 1 − 𝑥 , �̇�  
 

isothermal 
expansion 
𝑑𝑇 = 0  
+ 
phase 
change of 
water 
𝑑𝑇 = 0  
𝑑𝑝 = 0  
 
 

Δ�̅� = −𝑥 , 𝑅 ln
( )

  Δℎ =
𝑥 ,

𝑀
𝑣 , (𝑝 (𝑇 ) − 𝑝 ) 

 
𝑇 , 𝑝 (𝑇 ), �̇� ,   
 
𝑑𝑇 = 0, 𝑑𝑝 = 0  
Δ�̅� = 𝑥 , Δ�̅� (𝑇 )  
Δℎ = 𝑥 , Δℎ (𝑇 )  

two 
separate 
ideal gases 

𝑇 , 𝑝 (𝑇 ), �̇� ,   𝑇 , 𝑝 (𝑇 ), �̇� ,   

mixing 
𝑑𝑇 = 0, 𝑑𝑝 = 0  
Δ�̅� = −𝑥 , 𝑅 ln 𝑥 , − 𝑥 , 𝑅 ln 𝑥 ,   
Δℎ = 0  

mixture of 
two ideal 
gases 

𝑇 , 𝑝 (𝑇 ), �̇�  

ideal gas 
process to 
the final T 
and p 
𝑇, 𝑝, �̇�  

Δℎ = ℎ , (𝑇) − ℎ , (𝑇 )  
Δ�̅� = �̅� , (𝑇, 𝑝) − �̅� , (𝑇 , 𝑝 (𝑇 ))  
�̇� = 𝑥 �̇�, �̇� = 𝑥 �̇�  

overall ΣΔℎ =
,

𝑣 , (𝑝 (𝑇 ) − 𝑝 ) + 𝑥 , Δℎ (𝑇 ) + ℎ , (𝑇) −

ℎ , (𝑇 )  
 

ΣΔ�̅� = 𝑥 , Δ�̅� (𝑇 ) − 𝑥 , 𝑅 ln
( )

− 𝑥 , 𝑅 ln 𝑥 , −

𝑥 , 𝑅 ln 𝑥 , + �̅� , (𝑇, 𝑝) − �̅� , (𝑇 , 𝑝 (𝑇 ))  
 



Nomenclature 
Roman symbols 

 cp isobaric specific heat capacity, J/(kg K) 

 g gravitational acceleration, m2/s 

 g specific Gibbs free energy, J/kg 

 h specific enthalpy, J/kg 

 M molar mass, kg/mol 

 N amount of substance, mol 

 Ṅ molar flow, mol/s 

 R universal gas constant or individual gas constant, J/(mol K) or J/(kg K) 

 s specific entropy, J/(kg K) 

 T temperature, K 

 t temperature, °C 

 V velocity, m/s 

 v specific volume, m3/kg 

 w specific work, kJ/kg 

 x mole fraction in appendix A 

 y mole fraction of gaseous components 

Greek symbols 

 𝜈 stoichiometric reaction coefficient 

 𝜑 relative humidity 

 𝜓 specific flow exergy, J/kg 

Subscripts and superscripts 
 ch chemical exergy 

 fg change from liquid to vapour 

 liq liquid 

 ph physical exergy 

 ref reference state 

 rxn related to a chemical reaction 

 sat saturated state of pure water 

 s saturated state of water in an air-water mixture 

 ̅ molar specific quantity instead of mass specific one 
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Abstract 

The purpose of a steam boiler is to provide desired pressure and temperature level steam with minimum 

primary energy consumption. In this study, mathematical modelling combined with exergy analysis is used 

to analyze and optimize a large CFB steam boiler. Solving mass and energy balances and using semi-

empirical heat transfer models give realistic estimates of the operating variables of a large CFB boiler in a 

steady-state situation. Exergy analysis, on the other hand, provides an insight into which parts of the boiler 

conserve the availability of the primary energy to do work. 

Heat exchange between the flue gas and the steam it is the primary cause of exergy destruction. Therefore, 

it is interesting to have numerical data on the heat exchanger components’ exergetic performance. It is a 

well-known rule of thumb that a large temperature difference makes a heat exchanger inefficient. Exergy 

analysis can be thought to give the exact amount of electrical energy that was lost in the component due 

to the temperature difference. Another major source of exergy destruction are the combustion reactions 

which are also assessed in this study. Theory of chemical reactions gives the maximum amount of work 

obtainable from a chemical reaction if it were carried out in a reversible manner. Departure from the 

reversibility destroys availability and the exact amount of electrical energy lost is given by the exergy 

analysis. Third significant cause of exergy destruction is the irreversibility of the flows, or in other words, 

pressure losses in the ducts. In this study, all the exergy losses in a typical large CFB steam boiler are 

calculated and represented graphically. Finally, the results are assessed and methods of improving the 

overall efficiency are discussed based on the exergy analysis. 

Nomenclature 
𝑎1−5,𝐻,𝑆 polynomial coefficients [J/(mol K)], [J/(mol K2)], [J/(mol K3)], [J/(mol K1/2)], [J K/mol], [J/mol] 

𝑏1−3,𝐻,𝑆 polynomial coefficients [J/(mol K)], [J/(mol K2)], [J K/mol] , [J/mol] 

𝑐p specific heat capacity at constant pressure [kJ/(kg K)] 

𝐶𝑉 calorific value [MJ/kg] 

𝑀 molar mass [kg/kmol] 

�̇� mass flow rate [kg/s] 

ℎ specific enthalpy [kJ/kg] 

𝑝 pressure [kPa] 

𝑞 specific heat [kJ/kg] 

𝑅 specific gas constant [kJ/kg K] 

𝑠 specific entropy [kJ/(kg K)] 

𝑇 temperature [K] 

𝑣 specific volume [m3/kg] 

𝑤 mass fraction [kg/kg] 

𝛽 ratio of chemical exergy and calorific value [kJ/kJ] 

𝜂 efficiency [-] 

𝜑 relative humidity [-] 

𝛹 exergy [kJ] 

𝜓 specific exergy [kJ/kg] 



 

 

Introduction 
Biomass combustion in CFB furnace is widely adopted energy conversion method [1]. Exergy analysis of 

steam boilers and CFB furnaces has been a subject of many research projects recently [2 - 8]. There exists 

neither a uniform nomenclature nor a methodology in the recent exergy analyses. Therefore, the basic 

framework of the used exergy analysis is explained as a part of this paper. For example, the physical and 

the chemical exergy values are not separately reported. Instead, only the cumulative exergy of each stream 

is reported as the total exergy. In contrast, a distinction has been made between the exergy destruction 

and exergy losses. 

It is a widely accepted fact that the combustion is the greatest single cause of exergy loss in any common 

energy conversion process that include combustion reactions. That is the case in this study as well. The 

assumption of the exergy content of the fuel has a significant effect on the combustion efficiency. The 

overall entropy of the fuel has to be known in order to find out the exergy. Biomass fuel has a very complex 

structure and the entropy cannot be measured directly which is not the case when determining the heating 

value for example. In this study, the method of Szargut [9] is used to determine the biomass exergy. The 

exergy of the biomass fuel is greater than its heating value, which is somewhat counterintuitive. The greater 

exergy arises from the fact that in a completely reversible reactor, some ambient temperature heat would 

be converted into work. All the contemporary combustion systems are far from the reversible reactor. 

However, exergy destruction in the combustion can vary due to temperature or amount of combustion air, 

which makes the exergy analysis of combustion interesting. 

The second most significant cause of exergy destruction is the heat exchange. Despite the fact that the 

majority of heat exchanger exergy destruction is unavoidable, it gives useful information on the boiler 

performance. First law efficiency only tells which part of the energy is transferred to the steam. Therefore, 

heating water at atmospheric pressure from 25 ℃ to 26 ℃ can have 100 % energy efficiency even though 

the hot side is at 900 ℃. Exergy efficiency of heat exchange is at its highest with minimal temperature 

difference of the heat exchange. Exergy destruction in a heat exchanger in differential form is as follows 

 

𝑑𝜓destr = 𝑇0𝑑𝑠gen = 𝑇0 (
1

𝑇cold
−

1

𝑇hot
) 𝑑𝑞 [10] (1) 

 

or as follows for a heat exchanger between flue gas and steam 

 

𝜓destr = 𝑇0(Δ𝑠steam − Δ𝑠fg). (2) 

 

Friction in the flows introduce some losses as well. In a CFB boiler, fluidizing nozzles and the pressure drop 

over the bed are irreversible. The used software treats gaseous species as ideal gases and therefore, the 

exergy destruction is estimated as follows for the irreversible gaseous flows 

 

𝜓destr = 𝑇0R ln (1 −
𝑝loss

𝑝
). (3) 

 

Methods 
IPSEpro software is used to carry out the calculations. It solves the set of nonlinear equations using Newton-

Raphson method and by splitting the set of equations into smaller groups of independent equations. The 

set of equations consist of mass, energy and exergy balance equations for each component. The steady 

state mass and energy balances are as follows for every component  

 

∑ �̇�ii = 0  
 

(4) 

∑ �̇�iℎii = 0  (5) 

 

and the exergy balances as follows 



 

∑ �̇�i𝜓ii = �̇�destr  (6) 

 

Pumps and fans also include the overall isentropic efficiency equation as follows 

 

𝜂s =
Δℎs

Δℎ
  (7) 

  
The furnace heat exchange model is the one used in [11] that is based on [12]. In the used heat exchange 

model, the suspension density determines the heat transfer coefficient and the suspension density 

decreases exponentially as per [12]. The hypothetical boiler being modelled features a heat exchange 

surface in the solids separator (cyclone) and a fluidized bed heat exchanger (heat exchange surface 

immersed in the return leg). The complete process layout is represented in figure 1. 



 
Fig 1: Process layout used in the exergy analysis 

Thermodynamic properties of streams 
Using accurate and validated models for thermodynamic properties of the substances is of great importance 

in order to get reliable results. Ideal gas assumption for steam is not valid for a steam boiler furnace since 

the phenomena occur on both sides of the phase change curve. However, the ideal gas assumption can 

be used for the flue gas, since all of its components are at relatively low pressure and high temperature. 

Measured data is used for the temperature dependence of heat capacities of ideal gases as instead of 

constant values. 



Biomass 

The fuel is woody biomass. Szargut [9] proposes that the exergy of the biomass fuel is proportional to its 

calorific value as follows 

 

𝜓ch,biomass = 𝛽 ∙ (𝐶𝑉net,moist,biomass + 𝑤H2Oℎfg,H2O) + 𝑤H2O𝜓ch,H2O  (8) 

 

The ratio 𝛽 depends on the composition of the biomass as follows 

 

𝛽 =
1,0412+0,2160(𝑤H2/𝑤C) −0,2499(𝑤O2/𝑤C)[1+0,7884(𝑤H2/𝑤C)]+0,0450(𝑤N2/𝑤C)

1−0,3035(𝑤O2/𝑤)
  (9) 

 

Physical exergy of biomass is not assessed, since it enters in its reference state. Biomass composition is 

typical for woody biomass and it is represented in table 1. 

 
Table 1: Composition of the biomass fuel used in the simulations 

compound 𝒘  

𝐶  0,3036 

𝐻2  0,0372 

𝑁2  0,003 

𝑂2  0,2562 

𝐻2𝑂  0,4 

 

Pure water 

Water and steam properties are evaluated using the IAPWS-IF97 standard, when the water is not a 

component of a mixture. Chemical exergy of pure liquid water is evaluated as follows 

 

𝜓ch,H2O = −𝑅𝑇 ln 𝜑 [9] (10) 

 

Combustion air and flue gas 

All gas mixtures are treated as ideal gas mixtures. Enthalpy of an ideal gas mixture depends on temperature 

and composition as follows 

 

ℎ − ℎ0 = ∑ 𝑤i ∫ 𝑐p,i 𝑑𝑇
𝑇

𝑇=298,15 K𝑖 = ∫ 𝑐p,mix 𝑑𝑇
𝑇

𝑇=298,15 K
 [10] (11) 

 

Enthalpy is calculated using built-in functions of the IPSEpro software. Entropy of an ideal gas depends on 

pressure, temperature and composition as follows 

 

𝑠 − 𝑠0,std = ∑ 𝑤i (∫
𝑐p,i

𝑇
𝑑𝑇

𝑇

𝑇=298,15 K
− 𝑅i ln

𝑝i

𝑝0
)𝑖  [10] (12) 

 

This entropy IPSEpro calculates using the built-in functions as well. The entropy is evaluated between the 

standard reference state and the gas mixture. However, the entropy should be evaluated as a change 

between the atmospheric air composition and the given gas mixture because the biomass exergy is 

reported by Szargut using atmospheric air composition as a reference. Therefore, the gas mixture entropy 

has to be modified as follows 

 

𝑠 − 𝑠0 = ∑ 𝑤i (∫
𝑐p,i

𝑇
𝑑𝑇

𝑇

𝑇=298,15 K
− 𝑅i ln

𝑝i

𝑝0
− 𝑅i ln

𝑝0

𝑝i,atm
)i  [9] 

(13) 



 

Quartz sand 

Volume of quartz sand can be assumed constant in the temperature range of 500 ℃ < 𝑇 < 1200 ℃ used in 

the simulations [13]. Entropy of an incompressible substance does not depend on pressure as per Maxwell 

relation of thermodynamics 

 

(
𝜕𝑠

𝜕𝑝
)

𝑇
= − (

𝜕𝑣

𝜕𝑇
)

𝑝
= 0 [10] (14) 

 

Enthalpy, on the other hand, does depend on pressure as follows 

 

(
𝜕ℎ

𝜕𝑝
)

𝑇
= 𝑣 = 3,78 ∙ 10−4 kJ

kPa
 [14] (15) 

 

The enthalpy change due to pressure is therefore 

 

Δℎ = 𝑣Δ𝑝  (16) 

 

The pressure range of the simulations is 90 kPa < 𝑝 < 200 kPa. Therefore, the enthalpy changes associated 

to pressure have the maximum magnitude of 0,0415 kJ. The total range of enthalpy associated to 

temperature is 480,76 kJ < h < 1314,69 kJ. It is therefore justified to neglect the pressure term of the 

enthalpy change. 

Hemingway [14] proposes the following equations for quartz sand heat capacity for temperature regions 

298,15 K – 844 K and 844 K – 1700 K respectively 

 

𝑐𝑝,𝛼𝑀 = 𝑎1 + 𝑎2𝑇 + 𝑎3𝑇2 + 𝑎4𝑇−0,5 + 𝑎5𝑇−2  (17) 

 

𝑐p,β𝑀 = 𝑏1 + 𝑏2𝑇 + 𝑏3𝑇−2   (18) 

 

Coefficients 𝑎1−5,H,S and 𝑏1−3,H,S are tabulated in table 2. These regions coincide with the alpha and beta 

phase regions of quartz sand. There is a minor phase change enthalpy of Δℎ𝛼,𝛽 = 0,625 kJ/kg involved 

between the phases. 

Integrating and using initial condition (ℎ𝛼 − ℎ0)𝑀 = 0, when 𝑇 = 298,15 K yields the specific enthalpy of 

the alpha phase as follows 

 

(ℎ𝛼 − ℎ0)𝑀 = ∫ 𝑐p,α𝑀
𝑇

𝑇=𝑇0
𝑑𝑇 = 𝑎1𝑇 +

1

2
𝑎2𝑇2 +

1

3
𝑎3𝑇3 + 2𝑎4𝑇0,5 − 𝑎5𝑇−1 + 𝑎H  (19) 

 

Initial condition of integrating the beta phase is (ℎ𝛽 − ℎ0)𝑀 = ∫ 𝑐p,α𝑀
𝑇=844 K

𝑇=𝑇0
𝑑𝑇 + Δℎ𝛼,𝛽, when 𝑇 = 844 K.  

 

(ℎ𝛽 − ℎ0)𝑀 = ∫ 𝑐p,β𝑀
𝑇

𝑇=𝑇0
𝑑𝑇 = 𝑏1𝑇 +

1

2
𝑏2𝑇2 − 𝑏3𝑇−1 + 𝑏H  (20) 

 

Specific entropy is obtained by integrating 𝑐𝑝/𝑇 as follows and using initial condition (𝑠𝛼 − 𝑠0)𝑀 = 0, when 

𝑇 = 298,15 K 

 

(𝑠𝛼 − 𝑠0)𝑀 = ∫
𝑐p,α𝑀

𝑇

𝑇

𝑇=𝑇0
𝑑𝑇 = 𝑎1 ln(𝑇) + 𝑎2𝑇 +

1

2
𝑎3𝑇2 − 2𝑎4𝑇−

1

2 −
1

2
𝑎5 𝑇−2 + 𝑎S  

 

(21) 

(𝑠𝛽 − 𝑠0)𝑀 = ∫
𝑐p,β𝑀

𝑇

𝑇

𝑇=𝑇0
𝑑𝑇 = 𝑏1 ln(𝑇) + 𝑏2𝑇 −

1

2
𝑏3𝑇−2 + 𝑏S  (22) 

  



 
Table 2: Coefficients for thermodynamic properties equations 

coefficient value unit coefficient value unit 

𝑎1 8,1145 ∙ 101 J/(mol K) 𝑏1 5,7959 ∙ 101 J/(mol K) 

𝑎2 1,8283 ∙ 10−2 J/(mol K2) 𝑏2 9,3302 ∙ 10−3 J/(mol K2) 
𝑎3 5,4058 ∙ 10−6 J/(mol K3) 𝑏3 1,8347 ∙ 106 JK/mol 
𝑎4 −6,9846 ∙ 102 J/(mol K1/2) 𝑏H −1,5269 ∙ 104 J/mol 
𝑎5 1,8099 ∙ 105 JK/mol 𝑏S −2,9253 ∙ 102 J/(mol K) 

𝑎H −1,5401 ∙ 103 J/mol    

𝑎S −5,0848 ∙ 102 J/(mol K)    

 

Results 
The results of the exergy analysis are tabulated in table 3 and represented as Grassman diagram in Figure 

2. The greatest single cause of exergy destruction is the combustion. This is unavoidable exergy destruction 

in a conventional combustion system. In a metal oxidizing reducing chemical conversion system, some of 

this exergy destruction could be avoided [15]. The second-greatest cause of exergy destruction is the heat 

exchange. The single most inefficient heat exchanger unit is the evaporator wall. That is an expected result, 

since the temperature difference is significant between the saturated steam and the furnace. Another 

reason for this is that the absolute amount of heat transferred is notable in the evaporator wall. There is 

also some inherent exergy destruction in heat exchangers due to the initial design parameters of the steam 

boiler. Pressure level of the steam and the enthalpy rise dictate a temperature difference between the flue 

gas and the steam, which causes some unavoidable exergy destruction. Fluidizing nozzles and friction 

losses in the furnace also introduce losses. There is always a significant pressure drop over the fluidized 

bed. Therefore, the exergy losses involved with the bed friction and nozzles are unavoidable when using 

the fluidized bed technology. Mixing of streams at different chemical compositions, pressure levels and 

temperatures cause losses and they are taken into account as well. 

Figure 2 can be used to obtain a compact overview of the exergy streams. In the first diagram, the exergy 

streams are represented in full detail. In the second diagram, only the overall streams are shown. The 

overall streams in the second diagram are the sum of all exergy streams that cross the system boundary 

in the first diagram. The layout of the first diagram corresponds to the layout of the components in figure 1 

and coincides with the physical arrangement of the steam boiler i.e. the gas flows upwards through the 

furnace, and then it continues to the back pass and exits at the bottom.  



 
Fig. 2: Grassmann diagram of the results 



Table 3: Results of the exergy analysis 

input exergy flow output exergy flow 
 

absolute 
[kW] 

relative [%] 
 

absolute 
[kW] 

relative [%] 

biomass 520108 91,1 % steam 227121 39,8 % 

feedwater 29244 5,1 % flue gas 35474 6,2 % 

motors 21847 3,8 % combustion loss 195498 34,2 % 

air -1 0,0 % losses in heat exchangers 98809 17,3 % 
 

 
 

  water wall 31535 5,5 % 
 

 
 

  superheater 17521 3,1 % 
 

 
 

  air preheater 15589 2,7 % 
 

 
 

  gas solid 14293 2,5 % 
 

 
 

  FB heat exchanger 7424 1,3 % 
 

 
 

  feed water preheater 6885 1,2 % 
 

 
 

  solids separator 5518 1,0 % 
 

 
 

  refractory 45 0,0 % 
 

 
 

other losses 14296 2,5 % 
 

 
 

  fluidizing nozzles 5776 1,0 % 
 

 
 

  bed mixing in the furnace 3095 0,5 % 
 

 
 

  steam drum 2423 0,4 % 

     pumps 1321 0,2 % 

     pressure loss over the bed 1138 0,2 % 
 

 
 

  cyclone 335 0,1 % 
 

 
 

  solid return 130 0,0 % 

       water mixers 80 0,0 % 
 

571199 100,0 % 
 

571198 100,0 % 

 

Discussion 
Exergy analysis of a CFB boiler provides useful information on the ways it is possible to convert primary 

energy into useful products more efficiently. The results are uniform with other research in the sense that 

combustion wastes the majority of the available energy in a steam boiler. Lampinen [16] has postulated 

that near isentropic combustion could be feasible where the combustion products would exit the reactor at 

high pressure without any compressor. However, the current state-of-the-art involves the irreversible 

combustion and the exergy destruction can be considered unavoidable. 

The temperature difference between the furnace and saturated steam in the evaporator is high and 

therefore exergy destruction is unavoidable. This is a feature of any steam boiler as well as the combustion. 

However, exergy analysis points out this fact in a numerical format. That is important for comparing different 

power cycles and in the future development of more efficient energy systems. 

An interesting specific feature of CFB furnace is that fluidizing air fan consumes so much electricity which 

is 100 % exergy. The fan power enables many of the advantages of the fluidized combustion such as 

uniform temperature and low emissions. However, all that pure exergy dissipates into heat in the furnace. 

Only a small fraction of that heat is absorbed by the steam and converted back to electricity in the power 

cycle. 

Exergy losses in the heat exchangers suggest that a gas turbine application could be more efficient, since 

it does not require any heat exchangers. The biomass gasification process, on the other hand, introduces 

another point of exergy destruction. Comparison between a gasification-gas turbine plant and a steam plant 

using exergy analysis is an interesting subject of future research. 
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Abstract:

Gas turbine applications have an important role in contemporary and future energy systems. Especially small-
scale and alternative fuel fired gas turbines have high potential. The electric output of a gas turbine cycle can
be increased by adding water after compressor, thereby increasing the flow through the turbine. Adding water
allows for using less combustion air and recuperating more exhaust heat. On the other hand, significant
amount of energy is lost with water vapour in the exhaust. Conversion of an existing gas turbine to a humidified
cycle is typically limited by the operation of the original turbomachinery. In this paper, the humid air microturbine
concept with water injection to the saturation tower is evaluated assuming that the microturbine is redesigned.
The aim is to determine the optimum amount of water and the size of the tower. The work is complemented
conducting energy and exergy analyses on the optimized system. Energy analysis reveals the mechanism of
energy recycling, while exergy analysis allows pinpointing the components that convert useful energy into
useless low-level heat.

Keywords:

Thermodynamics, HAT-cycle, Exergy analysis, Linear method.

1. Introduction
Microturbines (micro gas turbines) are an established technology for distributed power generation, 

but their electrical efficiencies still need improvement for economic success. Recently, humidified 

cycles have been studied extensively as a way to meet this need [1]. Water can be added to the cycle 

by injecting it as liquid or steam, or by using a saturation tower where a large amount of liquid water 

is injected and the surplus is returned back to the saturator via a heat recovery loop. Among these, the 

saturation tower is considered to have the highest potential for efficiency improvement. 

Energy and exergy analyses demonstrate the thermodynamic feasibility of improving electrical 

efficiency using saturation tower. Several exergy analyses have been conducted on different gas 

turbine applications including aircraft, integrated gasification and combined cycle [2-9]. In a recent 

study, exergy analysis was conducted to an existing microturbine Turbec T100 (currently Ansaldo 

Energia AE-T100) to find out how the addition of a saturation tower would affect its operation [10]. 

Due to the control system, the turbine inlet temperature and rotational speed were decreased, which 

decreased the benefit of humidification.  

In this work, the objective is to determine the optimal amount of added water and tower size to 

minimize the cost of produced electricity, assuming that the microturbine would be redesigned to 

fully exploit humidification. At the optimum, energy and exergy analyses are conducted to pinpoint 

the sources of losses and potential improvement. The algorithms to determine the operating points as 

well as energy and exergy flows are described in detail so that the results can be reproduced. 
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2. Humidified microturbine 
The schematic layout of the studied system is presented in Fig.1. The configuration is based on Turbec 

T100 microturbine unit, complemented with a saturation tower (a) as well as two heat exchangers for 

recovering heat from the compressor discharge air flow (b) and combustion gas after the recuperator 

(c). In the saturation tower, a novel concept [11] is used where water is injected in the compressed air 

through multiple nozzles. Compared to a conventional saturation tower with packing material, the 

spray tower is expected to inflict lower pressure loss of humidification. 

 

 

Fig. 1  The system layout. 

The operating values of Turbec T100 have been obtained from an IPSEpro model developed for the 

unit. The compressor inlet temperature was selected at 15 °C and turbine inlet temperature 950 °C 

[12], but compressor pressure ratio (4.49), mass flow (0.800 kg/s) and isentropic efficiency (79%) as 

well as turbine isentropic efficiency (83%) were determined by the compressor and turbine maps of 

Turbec T100 [13] in the model. Other specifications were selected to reflect typical operating values 

of microturbines. These were most notably the recuperator effectiveness (85%), relative pressure 

losses on each side of it (2%) and in the combustion chamber (5%), pressure loss in the inlet air duct 

(10 mbar), mechanical efficiency (99%) as well as combined generator and power electronics 

efficiency (94%). The resulting fuel mass flow was 0.0074 kg/s. 

To characterize the current design of Turbec T100 in the optimization, the following operating values 

are constant, along with the above mentioned other specifications: compressor pressure ratio, 

compressor isentropic efficiency and turbine isentropic efficiency. Due to the solution algorithm, fuel 

mass flow rate is constant too, while compressor mass flow rate and water mass flow are allowed to 

vary. The relative pressure loss on the gas side of the saturation tower is assumed as 0.5% and in the 

heat exchangers 2%. The maximum turbine inlet temperature is limited to 950 °C. 

3. Solver algorithm and thermodynamic properties 
The system of equations describing the process include the mass balances for each component of the 

process and for each chemical species as follows 
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{

(∑ �̇�N2
= 0)

compressor

(∑ �̇�O2
= 0)

compressor

⋮

  

(1) 

and the energy balances of each component as follows 

{
(∑ �̇�ℎ + ∑ 𝑃 = 0)compressor

(∑ �̇�ℎ + ∑ 𝑃 = 0)saturation tower

⋮

. 
(2) 

The input parameters are chosen so that the calculation does not fail due to difficult root finding 

procedure or close to singular Jacobian matrix. From the optimization point of view, it does not matter 

whether the input parameters are those that are directly altered by the operator. Many solutions of 

mass and energy balances represent impossible operating conditions such as negative temperature 

difference in heat exchangers or fog formation in the saturation tower. Impossible operating points 

are rejected in the optimization. The input parameters of mass balance are chosen to be air, water 

injection, internal water circulation and fuel mass flow rates and compositions. The solution of mass 

flow rates of every species is as follows 

(�̇�CO2 �̇�H2O �̇�N2 �̇�O2) =

𝑄diag (

�̇�1

�̇�10

�̇�14

�̇�15

) (

𝑤CO2,1 𝑤H2O,1

𝑤CO2,10 𝑤H2O,10

𝑤N2,1 𝑤O2,1

𝑤N2,10 𝑤O2,10
𝑤CO2,14 𝑤H2O,14

𝑤CO2,15 𝑤H2O,15

𝑤N2,14 𝑤O2,14

𝑤N2,15 𝑤O2,15

)  

(3) 

Once the mass flow rates are defined, the energy balance is a linear group of equations in terms of 

energy flows. The energy flow vector 𝚽 can be expressed as follows 

𝚽 = 𝑅(Φ1 Φ2 Φ4 Φ7 Φ9 Φ10 Φ12 Φ13 Φ15)𝑇. (4) 

The energy flows 1, 4, 10, 12 and 13 (ambient air, saturation tower air exit, injection water, saturation 

tower water inlet, saturation tower water exit) are calculated from the mass flow rates and user-

defined temperatures. Enthalpy of the fuel is assumed temperature independent. Pressurizing of 

methane is left out of the simulations as well. Enthalpies 2, 7 and 9 are solved based on the pressure 

ratio and mass flow rates. It is unavoidable to solve the gas compression using an iterative algorithm 

since heat capacity is a function of temperature. The exact isentropic compressor outlet temperature 

is obtained from the following equation and the real outlet temperature is obtained from the definition 

of isentropic compression 

∫
𝑐p(𝑇)

𝑇
𝑑𝑇

𝑇2,s

𝑇1
= ∫

𝑅

𝑝
𝑑𝑝

𝑝2

𝑝1
. (5) 

Another iterative algorithm is applied when solving turbine expansion, where isentropic enthalpy 

difference and pressure levels are known. In the expansion, the system of two non-linear equations 

and its first-order Taylor series expansion are as follows 

{
Δℎ(𝑻) = ∫ 𝑐p𝑑𝑇

𝑇6

𝑇7,s
= Δℎs

Δ𝑠(𝑻) = ∫
𝑐p

𝑇
𝑑𝑇

𝑇6

𝑇7,s
− 𝑅 ln

𝑝6

𝑝7
= 0

, 𝑻 = (
𝑇6

𝑇7,s
)  

(6) 

(
Δℎ − Δℎ(𝑻𝟎)

−Δ𝑠(𝑻𝟎)
) = 𝐽(𝑻 − 𝑻𝟎) = (

𝜕(Δℎ(𝑻𝟎))

𝜕𝑇6

𝜕(Δℎ(𝑻𝟎))

𝜕𝑇7,s

𝜕(Δs(𝑻𝟎))

𝜕𝑇6

𝜕(Δs(𝑻𝟎))

𝜕𝑇7,s

) (𝑻 − 𝑻𝟎). 

(7) 

The Jacobian and its inverse are 
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𝐽 = (

𝑐p(𝑇6) −𝑐p(𝑇7,s)
𝑐p(𝑇6)

𝑇6
−

𝑐p(𝑇7,s)

𝑇𝑇7,s

) , 𝐽−1 =
𝑇6𝑇7,s

𝑐p(𝑇6)𝑐p(𝑇7,s)( 𝑇7,s−𝑇6)
(

−
𝑐p(𝑇7,s)

𝑇7,s
𝑐p(𝑇7,s)

−
𝑐p(𝑇6)

𝑇6
𝑐p(𝑇6)

), 

(8) 

where temperatures are in Kelvins. The Newton’s method for solving the turbine inlet and outlet 

temperatures is  

𝑻i+1 = 𝐽−1 (
Δℎ − Δℎ(𝑻i)

−Δ𝑠(𝑻i)
) + 𝑻i. 

(9) 

Convergence of this method is fast, as can be noted in the example calculation in table 1. 

Table 1.  Values of five iteration steps of turbine inlet and outlet 

i 𝑇6, ºC 𝑇7,s, ºC 𝑐p(𝑇6)♣, 

kJ/(kg K) 

𝑐p(𝑇7,s)♣, 

kJ/(kg K) 

Δℎ(𝑻i), 

kJ/kg 

Δℎs, 

kJ/kg 

−Δ𝑠(𝑻i), 

kJ/(kg K) 

1 1300.0 300.00 1.3522 1.1329 1258.0 600.00 -0.5659 

2 911.78 417.48 1.2893 1.1677 609.35 600.00 0.0230 

3 864.82 373.64 1.2799 1.1549 599.94 600.00 -0.0012 

4 866.33 375.26 1.2802 1.1554 600.00 600.00 0.0000 

5 866.33 375.26 1.2802 1.1554 600.00 600.00 0.0000 
♣Chemical composition wCO2=0,01; wH2O=0,10; wN2=0,50; wO2=0,39 

The logical flow diagram of the algorithm is represented in Fig 2. The variables inside parallelograms 

represent input. Rectangular boxes represent an operation with the given input. As it can be noted in 

Fig. 2, the only non-direct calculations are the compressor and turbine outlet temperatures. 

 

Fig 2.  Logical flowchart of the simulation algorithm. 

The process involves mainly gaseous mixtures at relatively low pressure and high temperature. In 

such conditions, the ideal mixture model accurately describes gaseous mixture properties [14]. Data 

for ideal properties is taken from [15] and exact equations are represented in Appendix A. Departure 
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from ideal behaviour is greatest at the exit from the saturation tower when the mixture is closest to 

saturation condition. However, compressibility factor stays in the range of 0,97 < Z < 1,00 in the 

scope of the simulations. 

Definition of thermal exergy according to [17] is the sum of physical and chemical exergies as follows 

𝑒 = 𝑒ph + 𝑒ch = ℎ − ℎ0 − 𝑇0(𝑠 − 𝑠0) + 𝑅𝑇0 ∑ 𝑦𝑖 ln
𝑦𝑖

𝑦𝑖,0
. (10) 

The exergy reference level is 1 bar pressure and 25 ℃ temperature. If enthalpy of air constituent 

species is set to zero at the exergy reference level, the h0 can be left out from Eq. (10). Furthermore, 

if the entropy of air constituent species is set as follows at the exergy reference level 

𝑠0,𝑖 = 𝑅 ln 𝑦i,atm, (11) 

the T0s0 and the logarithmic term of Eq. (10) cancel. In the case of the chosen reference states, the 

thermal exergy can be calculated as follows 

𝑒 = 𝑒ph + 𝑒ch = ℎ − 𝑇0𝑠. (12) 

Some resulting enthalpy, entropy and exergy values are tabulated in table 2. 

Table 2.  Thermodynamic properties resulting from the shift of reference state 

substance 𝑝, bar 𝑇, ℃  ℎ, kJ/kg 𝑠, kJ/(kg K) 𝑒, kJ/kg 

atmospheric air 1 25 0 0 0 

pure CO2 1 25 0 -1.517 452.2 

pure N2 1 25 0 -0.0744 22.18 

liquid H2O 1 25 -2442.78 -8.5332 101.4 

liquid H2O 50 25 -2438.25 -8.5345 106.3 

CH4 1 25 50144 -6.4250 52060 

 

Exergy values of Table 2 are in agreement with [17]. Setting the reference enthalpy of CO2 and H2O 

to zero at standard conditions contradicts the common convention of setting enthalpy of elements to 

zero. However, expression of thermal exergy is simplified. Furthermore, Hess’s law is not violated 

since enthalpy and entropy of methane are set so that reaction enthalpy and entropy coincide with the 

reference values from the literature. Setting of the reference state is a matter of convention whereas 

the entropy and enthalpy of reaction are independent of the reference state. 

4. Optimization 
In order to establish optimal operating parameters for the equipment, an optimization was performed 

to minimize the cost of electricity production. The optimization is based on the assumptions cf = 

10 USD/MWh fuel cost, i=5% interest rate, n = 10 a economic lifetime of the investment, and t = 

8000 h annual full-load hours. The objective function was defined as  

𝑐𝑒𝑙 =
𝑎𝐶𝑖𝑛𝑣+𝐶𝑂&𝑀+𝐶𝑓𝑢𝑒𝑙

𝐸𝑒𝑙
  (13) 

where Cinv [USD] is the total overnight investment cost of the equipment, CO&M [USD] the operating 

and maintenance cost, Cfuel [USD], Cfuel = cf ∙qm,fuel∙t∙LHV-1 is the cost of the fuel consumed annually, 

and Eel = Pel∙t [MWh] is the amount of electricity produced annually. 

The investment cost calculation is based on an existing recuperated microturbine [18] with a cost of 

180000 USD without that HAT modification. The cost of the humidifier is based on the estimated 

cost of 18000 USD for the construction specified in [11], modified here based on the assumptions of 

constant wall thickness, constant gas exit velocity, and the cost of equipment changing proportionally 

to m0.7. The two water-gas heat exchangers in addition to the pre-existing recuperator are assumed to 

be of plate construction, with an installed cost of 500 USD + 80 USD/m2 for each. Annual operating 

and maintenance costs are assumed at 2% of the total investment cost. 
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Decision variables, including box constraints, in the optimization are listed in Table 4 below. Due to 

the nature of the solution procedure, several more constraints must be implemented in the process of 

objective function evaluation to ensure that neither 1st and 2nd law are violated, maximum permissible 

turbine inlet temperature is not exceeded, and many others.  

Table 3  The decision variables in the optimization 

x1 = �̇�1 x2 = �̇�10 x3 = T12 x4 = T12 - T13 x5 = T9 

kg / s kg / s °C °C °C 

0.60 < x1 < 0.85 0.01 < x2 < 0.05 70 < x3 < 180 3 < x4 < 20 70 < x5 < 210 

 

The multi-constrained nature of the problem makes the optimization difficult to solve by conventional 

mathematical means. Instead, a metaheuristic optimizer was considered necessary; the optimization 

was performed using a recent metaheuristic algorithm, cuckoo search (CS). First introduced in 2009 

[19], the CS is inspired by the brood parasitic behaviour of many cuckoo species. There is some 

discrepancy in the literature as to what exactly constitutes a cuckoo search, described in more detail 

in reference [20]; in this study, a variant described as CS2 in [21] is used. CS was chosen due to the 

authors’ previous experiences of successfully using it to solve various difficult multi-constrained 

optimization problems ranging from wind farm layout optimization [20,22] to heat exchanger design 

[21]. 

Like many nature-inspired metaheuristics, also the CS is a population-based method, each candidate 

solution representing a cuckoo egg. The CS2 consists of two search mechanisms implemented 

consecutively in each iteration. The first one is based on Lévy flights, and a second one resembles 

heavily differential evolution (DE). In both, trial vectors u are generated from the basis of each egg 

of the population, replacing the original if an improvement is achieved. In the first step the Lévy 

flights are based from a randomly chosen base vector xr0 and it’s distance xbest from best candidate 

xbest: 

𝐮 = 𝐱r0 + 𝛼 ∙ Δ𝐱best ∘ 𝐬 ∘ 𝐧  (14) 

All vectors have a size of D. Vector 𝐬 is found using Mantegna’s algorithm from [23]: 

𝐬 = 𝐩 ∘ 𝐪−1/β, (15) 

The variance 2 is calculated from  

𝜎2 = [
Γ(1+𝛽)

𝛽⋅Γ(½+½𝛽)
⋅

sin(½𝜋𝛽)

2½(1+𝛽) ]
−1/𝛽

, (16) 

The updating function of the second step resembles heavily the DE/rand/1/bin variant of differential 

evolution (DE); decision variables d of the trial vector u is generated from 

𝑢i,d
G = {

𝑥i,d
G if 𝜀d ≤ 𝑝a 

𝑥i,d
G + 𝛾d(𝑥r1,d

G − 𝑥r2,d
G ) otherwise

,  
(17) 

Although pa in CS is often described as the probability of abandoning an egg, in this implementation 

of CS2, it serves a purpose similar to the crossover parameter CR in DE; the DE-like aspects of the 

CS are covered in more detail in references [20] and [21].  

To ensure a high probability of being able to find the global optimum, very conservative settings 

erring on the side of robustness over speed were used. To ensure that the search finds first feasible 

regions of the objective function landscape, penalty functions were utilized. The principle was the 

same as utilized in another severely multi-constrained optimization study of [24], i.e. that any feasible 

candidate solution must win over any infeasible one, between two infeasible ones the one violating 

the fewest constraints must win, and between two infeasible candidates violating only one constraint 

each, the one violating it by lesser margin must win.   
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5. Results 
Using minimal amount of iterative numerical methods results in a robust and fast (finding one 

operating point takes 0.5 seconds) computer algorithm that can be easily applied in optimization. As 

expected, only expansion and compression solvers can yield no solution if the temperatures are out 

of the available region. Finding the optimum requires 15,000 evaluations of operating points in 2 

hours. The optimum in terms of economic performance is tabulated in table 4.  

Table 4.  The economic optimum 

Cinv,  

1000 USD 

cel, 

USD/MWh 
el, 

% 

Pel, 

kW 

AHRX1, 

m2 

AHRX2, 

m2 

201.3 57.20 35.3 130,6 4.06 6.99 

 

The economically most feasible process parameters are tabulated in table 5. Enthalpy values of liquid 

water are negative due to change of reference state. Stream 15 consists of CH4 only and the tabulated 

H2O value is computational amount of water vapour that CH4 contributes to the flue gas. Points 16 

and 17 are shafts, so only energy and exergy are tabulated for them. 

Table 5.  The economically optimal operating point (process) 

process 

point 
�̇�, 

g/s 

�̇�H2O, 

g/s 

𝑝, 

bar 

𝑇, 

℃  

ℎ, 

kJ/kg 

𝑠, 

kJ/(kg K) 
𝑒  
kJ/kg 

𝛷, 

kW 

𝛹, 

kW 

1 756.5♣ 7.186 0.990♣ 15.00♣ -1.019 

E+01 

-3.188 

E-02 

-6.931 

E-01 

-7.710 -0.5243 

2 756.5 7.186 4.455♣ 207.8 188.0 0.05849 170.5 142.2 129.0 

3 756.5 7.186 4.366♣ 160.7 139.1 -0.04250 151.8 105.3 114.8 

4 799.5 50.22 4.344♣ 141.9♣ 125.2 -0.1155 159.6 100.1 127.6 

5 799.5 50.22 4.257♣ 601.4 645.0 0.7286 427.9 515.7 342.1 

6 806.9 66.84 4.127♣ 951.4 1098 1.145 756.4 885.7 610.3 

7 806.9 66.84 1.041♣ 667.4 738.2 1.226 372.8 595.6 300.8 

8 806.9 66.84 1.020♣ 228.6 223.1 0.499 74.50 180.0 60.11 

9 806.9 66.84 1.000♣ 156.1♣ 142.8 0.3318 43.90 115.2 35.42 

10 43.03♣ 43.03 4.500 15.04♣ -2484 -8.677 101.4 -106.9 4.362 

11 2195 2195 4.500 135.1 -1980 -7.214 170.0 -4345 373.2 

12 2195 2195 4.500 142.0♣ -1950 -7.142 178.2 -4280 391.0 

13 2152 2152 4.500 133.4♣ -1987 -7.231 168.1 -4275 361.8 

14 2152♣ 2152 4.500 137.4 -1970 -7.189 172.8 -4238 371.8 

15 7.400♣ 16.62 1.000 15.00♣ 50000 -6.425 51910 370.0 384.2 

16 N/A N/A N/A N/A N/A N/A N/A 149.9 149.9 

17 N/A N/A N/A N/A N/A N/A N/A 140.2 140.2 
♣ input parameter 

In addition to state points 1 – 17, the program calculates exergy and energy balances. In Fig. 3, the 

optimum point is represented in form of Sankey and Grassmann diagram. In Fig. 3, it is clear that 

combustion is the greatest cause of exergy destruction in the system. Exergy destruction in heat 

exchangers is proportional to the temperature difference and magnitude of heat exchange. Main 

recuperator has the greatest heat load out of the heat exchangers and therefore a major exergy 

destruction is associated. Even the water mixer destroys some exergy, since the streams being mixed 

have different temperatures. The Sankey and Grassmann diagrams successfully demonstrate the 

contrast between energy and exergy of the flue gas. In terms of energy it seems as if there was 285 

kW of energy that is wasted. In terms of exergy, however, the loss is only 35 kW. It means that only 

12.3 % of the energy content could be utilized in power generation assuming 25 ℃  ambient 

temperature.  
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Fig. 3  The optimal operating point. Enthalpy values shifted by 2548 kW/(kgH2O s): a) Sankey 

diagram b) Grassmann diagram 

6. Summary and conclusions 
In this study, modelling and optimization of a small-scale humid air microturbine using a saturation 

tower was performed. The optimization aimed to minimize the cost of electricity production. The 

humid air microturbine model was based on finding such free variables that minimizes the amount of 

iteration required in the solution. In the presented model, only compression and expansion require 

iteration. An analytical expression was found for the Jacobian and its inverse in the expansion 

iteration, further improving reliability. Infeasible solutions such as those exceeding maximum 

allowable turbine inlet temperatures, or violating the 2nd law in heat exchangers, were ruled out 

during the optimization by means of constraints. A fast and robust model was important for the 

optimization task, which is made challenging by the multi-constrained and multi-modal nature of the 

problem. To tackle the challenges of optimization, a relatively recent metaheuristic optimizer, cuckoo 

search (CS), was used.  

The approach taken in the design optimization considered designing new equipment for humid air 

use, permitting the potential of humidification to be fully exploited without the constraints of 

turbomachinery designed for dry use. Consequently, the optimization performed in this study resulted 

in a larger humidification tower, higher pressure ratio and increased power output than what was 

found in [10], where an existing microturbine was fitted with additional humidification. While 

detailed equipment design and component models must be included before the results can be 

considered definitive, and any results are highly sensitive to local prices of fuel and electricity, the 

initial results obtained in this study appear to indicate that the suggested configuration has potential 

for economic competitiveness. 
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Appendix A 

Liquid water 

Setting of reference state for water 

{
ℎ(𝑝TP; 25 ℃) = 0

𝑠(1 𝑏𝑎𝑟 ∙ 𝑥H2O,ambient; 25 ℃) = 0
  

(A1) 

Enthalpy and entropy shifts 

{
ℎ − ℎIAPWS−97 = −2547.71 kJ/kg

𝑠 − 𝑠IAPWS−97 = −8.90042 kJ/(kg K)
  (A2) 

Modified region 1 equation according to [16]. The last two terms are added to fulfil Eq. (A2). 

𝑔(𝑝,𝑇)

𝑅𝑇
= ∑ 𝑛i(7,1 − 𝜋)𝐼i34

i=1 (𝜏 − 1,222)𝐽i −
5520.20 𝐾∙𝜏

𝑇∗
+ 19.2848 [16]. (A3) 

The symbols 𝜋, 𝜏, 𝑛i, 𝐽i and 𝑇∗ in Eq. (B3) are according to [16].  

Ideal gas mixtures  

Setting of reference state 

ℎCO2(25 ℃) = ℎH2O(25 ℃) = ℎN2(25 ℃) = ℎO2(25 ℃) = 0  (A4) 

𝑠CO2(3.259 ∙ 10−4 𝑏𝑎𝑟, 25 ℃) = 0  (A5) 

𝑠H2O(1.513 ∙ 10−2 𝑏𝑎𝑟, 25 ℃) = 0  (A6) 

𝑠N2(7.783 ∙ 10−1 𝑏𝑎𝑟, 25 ℃) = 0  (A7) 

𝑠O2(2.062 ∙ 10−1 𝑏𝑎𝑟, 25 ℃) = 0  (A8) 

Pure chemical species’ heat capacity 

𝑐p,i = 𝐴i + 𝐵i (
𝑇

1000
) + 𝐶i (

𝑇

1000
)

2

+ 𝐷i (
𝑇

1000
)

3

+ 𝐸i (
1000

𝑇
)

2

 [15]. (A9) 

Pure chemical species’ enthalpy and entropy 

ℎi = ∫ 𝑐p𝑑𝑇
𝑇

25+273.15 𝐾 
. (A10) 

𝑠i = ∫
𝑐p

𝑇
𝑑𝑇

𝑇

25+273.15 𝐾
− 𝑅 ln

𝑝

1 𝑏𝑎𝑟∙𝑥i,ambient
  (A11) 

Partial Gibbs free energy in a mixture 

�̅�i = 𝑔i + 𝑅𝑇 ln 𝑥i [14]. (A12) 

Enthalpy and entropy of a mixture 

ℎ(𝑝, 𝑇, 𝑥CO2, 𝑥H2O, 𝑥𝑁2, 𝑥𝑂2) = ∑ 𝑥iℎ̅i = ∑ 𝑥i(�̅�i + 𝑇�̅�i) = ∑ 𝑥i(𝑔i + 𝑇𝑠i) = ∑ 𝑥iℎi  (A13) 

𝑠(𝑝, 𝑇, 𝑥CO2, 𝑥H2O, 𝑥𝑁2, 𝑥𝑂2) = ∑ 𝑥i�̅�i = ∑ −𝑥i
𝜕�̅�i

𝜕𝑇
= ∑ 𝑥i(𝑠i − 𝑅 ln 𝑥i)i . (A14) 

Natural gas 

Enthalpy and entropy of combustion of methane 

𝐶𝐻4 + 2𝑂2 → 2𝐻2𝑂 + 𝐶𝑂2  (R1) 

Δℎr
⦵ = 50144

𝑘𝐽

𝑘𝑔
 [15], Δ𝑠r

⦵ = −0.007509
𝑘𝐽

𝑚𝑜𝑙 𝐾
= −0.4681

𝑘𝐽

𝑘𝑔 𝐾
 [15] (A15) 

Entropy of methane 

𝑠CH4
⦵ = 𝑠CO2

⦵ + 2𝑠H2O
⦵ − 2𝑠O2

⦵ − Δ𝑠r
⦵ = −6.425

𝑘𝐽

𝑘𝑔 𝐾
  (A16) 
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Nomenclature 
b general vector of constants, - 

𝑐p specific heat capacity at constant pressure, kJ/(kg K) 

𝐶 cost, USD 

𝑐 specific cost, USD/MWh 

e specific exergy, kJ/kg 

g specific Gibbs free energy, kJ/kg 

ℎ specific enthalpy, kJ/(kg K) 

J Jacobian matrix, - 

M general matrix, - 

�̇� vector of mass flow rates, kg/s 

n normal-distributed random variable vector, zero mean, 𝜎2=1, - 

P shaft power, kW 

p normal-distributed random variable vector, zero mean, 𝜎2 according to Eq. (16), - 

p pressure, kPa or Cuckoo search tuning parameter (optimization), - 

R Universal gas constant, J/(mol K) 

s specific entropy, kJ/(kg K) 

𝐬 Lévy-distributed step size vector, - 

T temperature, ºC or K 

u trial vector that is compared to x in optimization 

w mass fraction, - 

x general vector of unknowns, - or vector containing decision variables (optimization), - 

x general unknown or molar fraction, - 

Greek symbols 

𝛼 scaling factor, - 

β Lévy exponent, - 

Γ gamma function, - 

𝛾d uniform-distributed random number, - 

𝜀d uniform-distributed random number, - 

𝜎2 variance, - 

Ψ exergy flow, kW  

Subscripts and superscripts 

⦵ standard reference state 

TP triple point 

i chemical species, not Eq. (B3) 

1-17 process state points according to Fig. 1 

‾ partial molar/mass specific property in a mixture 

el electricity 

G generation (optimization) 
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