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Abstract 

As a result of their unique heat recovery properties, Humidified Gas Turbine 
(HGT) cycles have the potential to deliver resource-effective energy to society. The 
Evaporative Gas Turbine (EvGT) Consortium in Sweden has been studying these 
types of cycles for nearly a decade, but now stands at a crossroads, with 
commercial demonstration remaining. This thesis binds together several key 
elements for the development of humidified gas turbines: water recovery and air 
and water quality in the cycle, cycle selection for near-term, mid-sized power 
generation, and identifying a feasible niche market for demonstration and market 
penetration. Moreover, possible socio-technical hinders for humidified gas turbine 
development are examined. 

Through modelling salt contaminant flows in the cycle and verifying the 
results in the pilot plant, it was found that humidification tower operation need not 
endanger the hot gas path. Moreover, sufficient condensate can be condensed to 
meet feed water demands. Air filters were found to be essential to lower the base 
level of contaminant in the cycle. This protects both the air and water stream 
components. By capturing air particles of a similar size to the air filters, the 
humidifier actually lowers air stream salt levels. Measures to minimise droplet 
entrainment were successful (50 mg droplets/kg air) and models predict a 1% blow 
down from the water circuit is sufficient. The condensate is very clean, with less 
than 1 mg/l alkali salts and easily deionised.  

Based on a core engine parameter analysis for three HGT cycle configurations 
and a subsequent economic study, a steam-cooled steam injected cycle 
complemented with part-flow humidification is recommended for the mid-size 
power market. This cycle was found to be particularly efficient at high pressures 
and turbine inlet temperatures, conditions eased by steam cooling and even 
intercooling. The recommended HGT cycle gives specific investment costs 30-
35% lower than the combined cycles and cost of electricity levels were 10-18% 
lower. Full-flow intercooled EvGT cycles give high performances, but seem to be 
penalised by the recuperator costs, while still being cheaper than the CC. 

District heating is suggested as a suitable niche market to commercially 
demonstrate the HGT cycle. Here, the advantages of HGT are especially 
pronounced due their very high total efficiencies. Feasibility prices for electricity 
were up to 35% lower than competing combined cycles. HGT cycles were also 
found to effectively include waste heat sources. 

Language: English 
Keywords: gas turbines, evaporative gas turbines, humidification, power 
generation, combined heat and power generation. 
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1 Thesis Outline 

This thesis consists of a summary built on seven research papers and is laid 
out as follows: 

 
Chapter 2 contains an introduction, familiarising the reader with the technical 

background of this work. Additionally, certain theories and terms pertaining to 
socio-technical systems and system development are introduced. 

 
Chapter 3 treats the connection between air and water quality in HGT cycles 

in addition to water consumption and recovery. The material presented is based on 
Papers I-III. Techniques to safeguard the hot gas path and recover water from the 
flue gas are suggested. A theoretical model is then presented which predicts the 
characteristics of salt contaminant flows in the cycle and the air quality entering the 
gas turbine. Furthermore, experimental evaluations of these techniques and the 
model are summarised. 

 
Chapter 4 addresses the competitive aspects of different HGT cycles 

designed for realisation in the mid-size power market. The material summarised is 
based on Papers VI & VII. Heat recovery characteristics for each cycle are 
examined along with their performance for differing core engine parameters. 
Optimising part-flow configurations is treated. Promising cases from each cycle 
type are then studied in terms of economic competitiveness against a current 
combined cycle. 

 
Chapter 5 examines the conditions for HGT cycles in district heating 

applications. The material is taken from Papers IV & V. Four main cycles are 
presented, two conventional HGT cycles and two hybrid cycles utilising heat from 
waste incineration. Pre-humidification is introduced as a technique for HGT 
cycles. These HGT cycles’ feasibilities are then examined in competition with other 
CHP plants. 

 
Chapter 6 presents a recommendation for the configuration of a HGT 

demonstration plant. Aspects of socio-technical hinders in the context of the 
EvGT project are discussed. 

 
Chapter 7 summarises the conclusions found during the course of this thesis. 
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2 Introduction 

A key challenge for the future is to use our scarce fossil fuel resources as 
effectively and as cleanly as possible during the coming transition period to a 
renewable energy system. This will occur during a time of increased energy-use in 
developing nations and against the backdrop of the greenhouse effect, further 
adding to the complexity of this task. Electricity is a key factor in our way of life in 
industrialised nations, and also one of the largest resource users. Despite only 
representing a sixth of the world’s population, the OECD nations consumed 63% 
of the world’s electricity supply in the year 2000. Over 1.6 billion people have no 
access to any electricity (IEA, 2002). It is clear that if developing nations begin to 
consume equal amounts of resources in their efforts to increase living standards, 
the burden on the earth’s resources will be enormous. While renewable electricity 
production is increasing, these technologies are not competitive against fossil fuel 
systems. Oil and gas reserves are expected to last for the coming 40 to 60 years, 
respectively, while forecasts for coal extend to 200-300 years (IEA Coal Research, 
2002). Advanced gas turbine cycles which convert either fossil or renewable fuels 
to electricity at high efficiencies, low prices, and low emission levels offer one way 
to meet the new demands on resource-effective energy conversion. 

2.1 Technology Background 

2.1.1 A Changing Power Market 

The power generation market is undergoing a generation shift. Aging plants 
that were installed during the post-war period, mostly coal-fired, are reaching the 
end of their life span. Projections for strong growths in the demand for power, 
plus a lack of programs to meaningfully cut electricity consumption, argue that this 
capacity must be replaced and even expanded upon. Against this backdrop, and an 
increased availability of natural gas, gas turbines are becoming a dominating 
technology for new power generation capacity. 

From the year 1987-88, to the year 2000-2001 the installed capacity of gas 
turbines worldwide has increased from approximately 12 GW to just less than 120 
GW. During 2000-2001, a boom year, orders increased by 56%, predominately for 
large-scale combined cycles in North America (Diesel and Gas Turbine World, 
2001). Proponents of gas turbines quote higher efficiencies, lower installed costs, 
least cost generation, and lower start-up times as economic advantages over coal-
fired plants, while also having environmental advantages through lower resource 
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consumption, lower carbon dioxide emissions, and much lower NOx and SOx 
emissions, (GTA, 2002). 

Parallel to the expansion of combined cycles has been the growth of a new 
market for distributed generation. Many power markets in the industrialised 
countries have been deregulated, or are being deregulated. This is predicted to 
allow more customer orientated plants on a smaller scale than the previous 
centralised supply situation. Additionally, according to (Diesel and Gas Turbine 
World, 2001), more customers also wish to secure power quality and reliability. 
The distributed generation market is dominated by reciprocating engines (e.g. 
diesel motors), with increasing competition from simple cycle gas turbines (Diesel 
and Gas Turbine World, 2001). 

2.1.2 The Humidified Gas Turbine 

Humidified Gas Turbine (HGT) cycles are a group of advanced gas turbine 
cycles that have been studied as an alternative to the combined cycle (CC) and 
diesel motors for power generation. This group consists of gas turbine cycles that 
utilise cycle heat sources to evaporate water which in turn augments the expander 
flow rate. The term “evaporate” in this definition covers water evaporation in a 
steam generator, a humidification tower, or through water injection into the warm 
working fluid. The important aspect of this grouping is not the method of 
evaporation, but how it is used, i.e. in the gas turbine. Figure 2-1 illustrates this 
process compared to a simple cycle gas turbine. 

 
Figure 2-1: The simple gas turbine cycle and the humidified gas turbine cycle. 

In a simple gas turbine, left in Figure 2-1, air is taken in and compressed to 
higher pressures before providing oxygen for combustion with the fuel. The 
resulting hot gas (typically 1100-1400˚C) is then expanded in a turbine back to 
atmospheric pressures, driving both the compressor and a generator. A 
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disadvantage of the Brayton cycle is that the exhausts from the gas turbine are still 
quite hot (400-600˚C) and as such, a great deal of the fuel’s energy is released to 
the environment. This keeps electrical efficiencies quite low. With a humidified gas 
turbine (right), exhaust heat is used to evaporate water and preheat the resultant 
vapour before addition to the air stream before, during, or after combustion. As 
the gas turbine flow increase occurs without increasing the compressor flow, the 
additional work from the larger turbine expander can be utilised in the generator, 
raising the specific power output (kJ/kgi.a) and the electrical efficiency of the cycle.  

2.1.3 Methods of Humidification 

Water vapour may be generated from cycle heat sources using three unit 
operations: a heat recovery steam generator, water injection and a humidification 
tower. 

2.1.3.1 Heat Recovery Steam Generator 

Steam is commonly raised in gas turbine cycles using a heat recovery steam 
generator after the exhaust gases from the expander. The amount of steam 
generated and thus the amount of heat recovered from the flue gases depends on 
the pinch point of the boiler, as illustrated below: 

 
Figure 2-2: The heat recovery steam generator. 

Due to this pinch point and the turbine outlet temperature, the HRSG can 
not utilise all the heat available in the flue gases to generate steam at the system 
pressure. Gas turbines optimised for steam generation are usually mid-pressure 
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2.1.3.2 Water Injection 

Recuperated gas turbine cycles, where the compressor outlet is heat against 
the expander outlet in order to save fuel, were competitors to combined cycles for 
a period. In recuperated cycles, the flue gases may only be cooled to the 
compressor outlet temperature and there remains a significant amount of heat in 
the exhaust. Recuperation may be augmented by spraying water into the 
compressor fluid, thereby cooling and humidifying the fluid simultaneously. In 
order to boost the amount of humidification, the water may be preheated against 
the flue gases, extracting heat after the recuperator; this is shown below in Figure 
2-3 

 
Figure 2-3: Recuperated water injected heat recovery. 

As with the HRSG, low temperature heat still evades this type of cycle. The 
water flow being heated is too small to absorb all the heat remaining after the 
recuperator. If the compressed air is over-saturated with water, even more heat 
may be recovered in the recuperator and more water may use the flue gas heat. 
However, a superior alternative is the humidification tower. 

2.1.3.3 Humidification Tower 

The humidification tower was introduced as a refinement of the water 
injection principle outlined previously. In order to allow the water and air to come 
closer to equilibrium, water flows in a counter-current direction to the compressed 
air as a thin film on a packing surface. As the partial pressure of water at the 
interface exceeds the partial pressure of water in the air, evaporation occurs. This 
principle is the same as drying your clothes on a clothesline, i.e., despite the air 
temperature being below the boiling point of water at atmospheric pressure 
(100˚C) water still evaporates into the air. However, as occurs in an atmospheric 
cooling tower, only a part of the water stream that is flowing down the tower is 
evaporated, and the resulting chilled water at the bottom can be used as an internal 
heat sink in the cycle, shown on the right side of Figure 2-4. The result of this 
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process is an increased water flow rate, which can be used to recover more heat 
from the flue gases than was the case with once-through water injection. Hence a 
humidification tower is a very useful unit to recover larger quantities of low 
temperature heat, after either a recuperator or a HRSG. 

An integral part of fully exploiting the counter-current principle is to ensure 
the air entering the tower is cooled. This ensures an even temperature profile 
through the tower. As the compressor exit air is usually quite hot (between 250-
500˚C) part of the chilled water exit is used to cooled the compressed air before it 
enters the tower. Thus the hottest temperatures will be at the top of the packing. 
Introducing hot air in the base of the tower would increase the temperature of the 
chilled exit water and is hence detrimental to cycle heat recovery.  

 
Figure 2-4: The humidification tower. 

Instead of using a packed-bed humidifier, it is possible to use a so-called 
tubular humidifier, which also utilises the counter-current principle. The heat 
exchanger tubes used for heat extraction from the cycle are simultaneously used 
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to the compressed gas. This configuration is more compact than the packed-bed 
tower combined with conventional heat exchangers.  

Accurate models for humidification towers are found in Agren (2000b) and 
Dallili (2002) and work in this thesis utilises their results. 
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cycles are electrical efficiencies similar to the CC with higher specific power 
outputs (Cheng, 1978, Rao, 1990, Ågren, 2000 b, Lindquist, 2002) and higher total 
efficiencies in CHP applications (Paggio, 1996). Furthermore, because the HGT 
cycles do not require a steam turbine for the bottoming cycle, their specific 
investment costs ($/kWe) are significantly lower than the CC’s (Cheng, 1978, 
Nilsson, 1996). Given their short start-up times, very low NOx emissions 
(Lindquist et al. 2001a), and low specific investment costs, HGT cycles are most 
suitable for use in small- to medium-scale applications (1-80 MWe) and even peak 
load plants. 

The steam injected gas turbine cycle has been investigated thoroughly in the 
literature. In this type of HGT cycle, steam is raised in an HRSG for injection into 
the cycle as shown in 2.1.3.1. An overview is given by Larsson and Williams (1987) 
and Tuzson (1992). In 1978, Cheng patented the CHENG cycle, a variation on the 
steam injected cycle, which has since been commercialised based on the Allison 
501 KM gas turbine, usually for distributed industrial cogeneration (7 MWe). 
Kellerer et al (1998), report on operating experience from such a plant in Munich. 
Other steam injected gas turbine cycles, with varying degrees of steam injection, 
have been commercialised by General Electric (the so-called STIG cycles, 17-51 
MWe), Mashproekt (Aquarius 16-41 MWe), and Kawasaki (2 MWe). Water recovery 
for steam injected cycles has been addressed by dePaepe and Dick. (1999), de Biasi 
(2000), and Macchi and Poggio (1994). 

The evaporative gas turbine cycles are a group within the HGT group where 
the water vapour is produced directly in the working fluid. The first suggestions for 
these evaporated water by spraying fine, warm droplets into the hot compressed 
air, often called spray aftercooling, see 2.1.3.2. This evaporative cycle has been 
investigated in the modern literature by Gasparovic and Stapersma (1973), Mori et 
al. (1983), Frutschi and Plancherel (1988), and Chiesa et al (1995). Water injection 
may even be combined with intercooling, so-called spray intercooling, 
commercialised with GE’s LM6000 Sprint. Bolland (1990) studied combined spray 
intercooling, spray aftercooling, recuperation, and steam injection. 

Nakamura et al (1981) first patented evaporative cycles which utilise a 
humidification tower instead of water injection to evaporate the water (section 
2.1.3.3). Fluor Daniel Inc investigated the HAT, or Humid Air Turbine cycle, (Rao 
and Joiner, 1990, Day and Rao, 1992), which also features a humidification tower 
instead of water injection, and patented some variations (Rao, 1989). The CHAT 
cycle was proposed by Nakhamkin and others (1998) as an alternative to the HAT, 
using conventional components at high pressures. Plans for a small demonstration 
plant of 15 MWe (1999), plus a large plant of 300 MWe were presented during the 
EPRI feasibility study. Amongst others, Chiesa et al (1995), and Stecco et al (1993) 
have evaluated different configurations of the evaporative gas turbine cycles. 

2.1.5 The EvGT Consortium 

In Sweden, evaporative gas turbine system studies were initiated at the Royal 
Institute of Technology (KTH) and Lund Institute of Technology (LTH), leading 
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to the formation of the EvGT Consortium in 1993. Consortium members include 
Vattenfall, Sydkraft, Energy E2 (all Nordic utility companies), ALSTOM Power, 
Elforsk, the Swedish Energy Agency, while Volvo Aero Corporation was involved 
with the initial 3 phases. This consortium has concentrated on investigating cycles 
with humidification towers for evaporation and demonstrating the EvGT-
technology for the first time. A small-scale (600 kW) pilot plant was constructed in 
Lund, Sweden, first with a humidification tower and recuperator, and later 
complemented with an aftercooler. Ågren et al (2000a), Lindquist et al (2001a,b, 
2002a), Bartlett and Westermark (2001a,b), Dalili and Westermark (2002) have 
addressed different aspects of the EvGT pilot plant, including performance, 
operation characteristics, air & water quality, water recovery, humidification and 
modelling. 

Economic and technical simulation studies of mid size plants (70-80 MWe) 
are also included in the project (Nilsson, 1996) along with application studies. 
Rydstrand et al (2002) investigated humidified gas turbines in district heating 
applications, Bartlett et al (2002) examined humidified cycles with waste heat 
integration in district heating applications, while Simonsson et al (2002) presented 
an analysis of EvGT cycles for industrial cogeneration with external heat 
integration. 

One important concept to arise from the EvGT project is the part-flow 
EvGT cycle (PEvGT), whereby only a fraction of the compressor air is used in the 
humidification tower. Westermark patented the concept (1996) and Ågren et al 
(1997a, b) first introduced it to the literature. This configuration was studied first 
with a traditional EvGT configuration, i.e., with an aftercooler, humidification 
tower humid air preheater, and recuperator (Ågren et al 1997a, b), and later in 
conjunction with steam boilers to remove high temperature loading on the 
humidification tower (Ågren and Westermark, 2001a, b). The part-flow ratio was 
varied for an industrial and an aeroderivative core engine in the latter study and it 
was found that the optimal part-flow lies within the range of 10-30%. Ågren’s 
work is well summarised in his thesis (2000). Jonsson has carried this work further 
with an exergy analysis of these part flow configurations (2001) and a detailed 
optimisation of the part-flow configuration in conjunction with three existing core 
engines (2002). 

Eidensten et.al. (1994), Rosén (2000) and Yan et al (1995), have evaluated 
different heat exchanger configurations of the EvGT cycle for different fuels, 
including biomass and natural gas. Lindquist (2002) carried out a detailed analysis 
of the performance of various HGT cycles with different core engine parameters 
and with external heat sources in both power generation and combined heat and 
power applications. Furthermore he presents a detailed plant design for a proposed 
EvGT cycle, including dimensioning. 

Dalili has presented reports on an experimental evaluation of an alternative 
process to the packed bed humidification tower; the tubular humidifier (2001b, 
2003). 
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For a more thorough and detailed literature review, Lindquist (2002) is an 
excellent source. 

2.2 Socio-Technical Systems 

Parallel to the enormous increase in the importance of science and technology 
in our society, social scientists and have begun studying the social aspects of this 
area. How does it affects society? How do people relate to it? How do they come 
about? What social systems lie within science and technology? 

Intertwined with the very concept of this type of research is the idea that 
science and technology is not a separate sphere to society, but is a part of society, 
constantly interacting, influencing, and importantly, being influenced. Science and 
technology is then said to be socially constructed, wherein the technology, models, 
and theories are inseparable from the social context they were developed in. The 
creators and shapers of science and technology have been found to be human after 
all! They act within what has been termed socio-technical systems. 

A socio-technical system binds actors, technology, institutions, and the 
playing field for these, into a single system. These systems “are both socially 
constructed and society shaping” (Hughes, 1987:51). Examples of socio-technical 
systems are abundant, for example, telephone systems, energy systems and the 
internet. Within these systems are smaller systems such as mobile phones or 
district heating networks. Amongst the actors are institutions such as governments, 
universities, and businesses plus the individuals in them, e.g., the engineers, 
lawyers, economists, and consumers.  

The work of Thomas Hughes, who has followed how large technical systems 
are built and formed, has been particularly well received in Sweden. This author, 
amongst others, subscribes to the view that an energy system’s form is the “result 
of a meeting between technology and society” (Kaijser et al 1988). Hughes points 
out that the same technology takes a different form in different countries, resulting 
in a “technological style” (Hughes 1987: 67-70). An example would be the district 
heating networks in Denmark and Sweden. In Denmark, heat is predominantly 
supplied from combined heat and power plants, while in Sweden, heat boilers are 
mainly used (Hard and Olsson, 1994). Different cultural, technical and institutional 
factors have lead to this difference, not just a technical difference. 

Two central concepts vital to the fate of a new technology are coined by 
Hughes; “reverse salients” and “critical problems”. Kaijser classifies reverse 
salients as development “bottlenecks” (1994). During a system’s development, it 
gains a certain momentum. People and institutions become convinced of the 
relevance/advantages/gains associated with the technology and aid its progress to 
implementation, spreading, and consolidation. However, growth and development 
is often an uneven process, leading to sections of the system which lag behind. 
These “reverse salients”, or pockets of resistance, eventually threaten the 
development pathway and momentum of the entire system. Hughes saw that 
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“reverse salients are the result of underlying critical problems and they drive continued 
inventive activity and system growth” (Joerges 1988). These critical problems can 
be technical, cultural or institutional by nature and must be overcome by inventors, 
engineers, managers, financiers, or lawyers for the system to maintain, or regain, 
momentum.  

When these critical problems are technical in nature, Hughes (Joerges 1988) 
suggests two kinds of solutions may be found: conservative or radical. 
Conservative inventions are usually proposed by the system’s managing 
organisations. An example would be the introduction of air quality regulations for 
cars in California. Air pollution from internal combustion engines lead to 
suggestions for radical changes in fuel and motor types. Car manufacturers 
succeeded in introducing catalytic converters to address the critical problem of air 
pollution, thus maintaining the momentum and direction of the system. Radical 
inventions occur when an external actor introduces a new innovation or 
technology when the existing system’s organisations fail to address the critical 
problem. These “may give rise to competing systems and even combine hitherto 
incompatible systems” (Joerges 1988). An example is the telegraph system in the 
19th century, when external actors competed for a 1 million dollar prise to develop 
a way to send multiple messages on the same line. One of these actors was Bell, 
who went on to introduce the telephone, a new system, based on his solution to 
the telegraph system’s critical problem . Hughes saw that if an external actor 
succeeds in finding, defining and solving a critical problem, then he/she gains 
immense control over the development of the system. In repeated occurrences, 
Hughes saw independent organisations come with alternative and effective 
solutions to reverse salients, invigorating the system as a whole. 

Organisational culture also plays an important role in how systems develop. 
In this sense, the culture refers to the common norms and values that steer the 
behaviour of actors, be it within a company, or within the entire system (Kaijser et 
al, 1988). These cultures often form and consolidate over long periods of time. As 
key companies within a system often develop parallel to one another with close 
interaction, e.g. Asea, Vattenfall, and Sydkraft in Sweden’s energy system, a system 
culture may also develop (Kaijser 1994). This means “there is a common way of 
viewing and judging what is rational and desirable when it concerns the systems 
future development”. 

Kaijser et al (1988) have examined specifically the conditions required for the 
introduction of new technology to an energy system. They point out that while 
price and performance are important factors for new technologies, system culture 
plays a very important part. The level of government measures required to 
implement a new technology depends strongly on its level of support and 
suitability to the well-established system cultures within the energy system. If the 
technology lies outside of the culture of the system, for example, wave power, then 
it unlikely the actors within the system will initiate, support or drive development 
and implementation. In these situations government support is motivated. Kaijser 
et al (1988) also accentuate the importance of propaganda when there is 
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competition between different system or technology solutions within the energy 
system.  

A successful development pathway to establish a system is developed further 
by Kaijser (1994) based on historical examples across many systems. He points to 
the importance of an initial niche market where the technology is competitive, 
despite typically high development costs. These allow the technology to work 
through teething problems and are also critical to demonstrate the systems 
potential and reliability to financiers of a larger system expansion. Such expansions 
usually require more than one party with high demands on each; manufacturers 
must have the necessary construction competence, and users often must be willing 
to invest in the process. Each partner is dependent on the other and uncertainties 
often arise. Kaijser (1994) also suggests that a new system usually develops in the 
most technologically advanced country of the time. He points out that system 
development in small countries have needed state and municipal involvement. 

These studies point to the conclusion that addressing technical aspects of 
product development - in this case the humidified gas turbine - is not sufficient to 
ensure the success of the concept. Many concepts have fallen short of 
commercialisation, despite all their technical advantages. Social hinders to 
development and implementation must also be identified and managed. 

2.2.1 Socio-technical Scope 

The work I shall present in this thesis has no claims to continue in the 
footsteps of any of the previously mentioned authors. However, given the nature 
of product development, it is extremely relevant to identify hinders which land 
outside of traditional technical areas. It is equally important to understand and 
address these aspects as it is to take up technical aspects, the main focus of this 
work. Throughout the text, I will attempt to identify some of the socio-technical 
hinders present for the development of humidified gas turbines, both within the 
EvGT Consortium and externally. These observations are not based on thorough 
research, but mostly on 4 years personal experience with the development process 
within the EvGT Consortium. It is my wish that these comments are taken in 
manner written, i.e., as a window to some of the socio-technical mechanisms and 
hinders involved in the development of humidified gas turbines. I again stress, out 
of respect to my colleagues in this area, that my discussions are not based on true 
social science research. 
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3 HGT Water Recovery 

Inherent in the HGT cycle is the large consumption of high quality water 
needed to humidify the working fluid. This simple fact has long been cited by 
critics as the Achilles heel of HGT cycles - a critique that can be divided into two 
aspects; the problem of water supply with respect to costs and the problem of 
water quality with respect to salt corrosion in the hot gas path.  

The problem of water supply with respect to costs is critical since the water 
fed to the cycle leaves in the flue gases. If water is used on a once-through basis, an 
abundant supply of water is necessary, which limits the scope of application for the 
HGT cycle. Another, more flexible alternative, is to condense water from the flue 
gas and recycle the water to the HGT cycle. Both of these choices require 
investment capital for water treatment and operation costs for continuous 
treatment. Additionally, water must be bought in the former case, while investment 
capital is needed for condensers in the latter case. Critics believe that either of 
these alternatives will increase investment and operation costs excessively to the 
point where the cycle is no longer feasible. Moreover, water recovery from gas 
turbine exhausts is an unproven technique.  

The second problem of water quality involves a perceived threat to the hot 
gas path components in the cycle. This type of problem is treated very seriously by 
turbine manufacturers. Hot gas path components, e.g., the turbine blades, are very 
expensive and extremely sensitive to alkali metal and dust levels. With the addition 
of water vapour to the working fluid, manufacturers are concerned that excessive 
amounts of alkali metals will enter the cycle and shorten the lifetime of the most 
critical and expensive cycle components; thus making the HGT cycle infeasible. 

To meet this critique, two critical problems must be addressed:  

Can the HGT cycle feasibly meet its own demands for feed water?  
Can a HGT cycle operate while safeguarding the hot gas path components in the cycle? 

This chapter examines these questions and presents theoretical and 
experimental results pertaining to the area. 

3.1 Background 

3.1.1 Safeguarding the Hot Gas Path Components 

In modern gas turbines, air quality is critical in determining the lifetime of the 
components. Alkali metals, e.g. Na and K, in the air will form sulphates during the 
combustion process. If present at sufficient partial pressures, these alkali-sulphates 
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can condense in the temperature region 800 – 950˚C as droplets, deposit onto the 
blades and create an aggressive, corrosive environment. The mobile electrons in 
the smelt dissolve the oxide layer on the turbine blades, exposing the substrate 
metal alloy to further corrosion. Other salt compounds may deposit onto the rotor 
blades causing scaling and a deterioration of the turbine performance through 
aerodynamic degradation. Additionally, these deposits may block cooling channels 
or even loosen and impact on the next row of blades.  

In conventional gas turbines, the external sources of contaminants are clearly 
the air inlet and the fuel itself. Sodium, the dominant alkali contaminant, can be 
traced to either of these sources and is usually in the form of sodium chloride (sea 
salt). Typical thresholds for alkali metals in the inlet gas streams to the combustion 
chamber are in the order of 0.01 ppm (weight) (Tatge, 1980, Rabbo 1989) and 
below this level the alkali-sulphates sublimate harmlessly as solid dust particles. In 
order to comply with these limits, air inlet filters are often employed, while some 
plants are also forced to treat their fuel to reduce sulphur levels. Filters are 
particularly common for installations with axial compressors, due to a need to 
protect the compressor from particle damage, and for installations near the sea, 
due to the high concentration of sea salts in the air. 

3.1.2 Air Quality, Water Quality and Water Recovery 

In addition to the inlet air and the fuel, water is added to the list of possible 
impurity sources in the HGT cycle. As water is a liquid which can have very high 
levels of dissolved salts, the risk for air stream contamination is indeed present. 
Past experiences with direct water injection with unsatisfactorily treated water have 
lead to heavy turbine corrosion and a reduced component lifespan. The HGT 
cycles must be able to deliver a working fluid to the turbine of the same quality as 
in dry (conventional) gas turbine cycles and strategies are required to prevent 
impurity carry-over from the water to the air. 

Adding to the complexity of this problem is the issue of water recovery. It is 
natural, from both an environmental perspective and economic perspective, to 
recover water contained in the flue gas for reuse in the HGT cycle. In many 
industrialised areas the cost of water is high, leading to large running costs for the 
plant. Alternatively, the plant may be isolated from normal infrastructure where 
water resources are scarce. Recovering enough water for operation is termed 
closing the water circuit and the cycle is then considered to be water self-sufficient. 
However, in the process of recovering water, impurities in the flue gas may be 
captured in the condensing water film. These contaminants, just like with an 
external water feed, must be removed in order to safeguard the hot gas path 
components. 

3.1.3 Precedents 

For an emerging technology, it is vital to establish demonstration plants to 
gain operating experience and improve reliability and performance prior to 
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commercial exploitation. This is of overlapping interest for both suppliers and 
users. If we examine the product line of gas turbine manufacturers, it consists 
mainly of simple cycle gas turbines or combined cycles where the pure streams of 
air in the gas turbine or pure water/steam flows in the steam cycle are handled 
separately and not mixed. Based on this simple observation, it may be proposed 
that the idea of mixing the two fluids of water and air is not included in the 
company culture of either suppliers or users. This is not to say that knowledge and 
expertise in this area is non-existent, but there is a natural resistance to its 
inception due to a lack of experience and the success of the existing methods on 
the market. Furthermore, due to the high costs involved in gas turbine technology, 
a risk-conscious and conservative mentality dominates the industry. Precedents, 
such as demonstration plants or technology use in other industries, are useful tools 
to overcome such cultural resistance within the companies involved.  

There are several relevant precedents within the power industry for both 
water recovery and safeguarding the hot gas path. When the steam injected gas 
turbine concept was commercialised in the 1980’s, close attention was paid to 
water quality in order to protect the gas turbine from impurity carry-over from the 
steam drum in the HRSG. After many operating hours in commercial applications, 
steam injected cycles appear to have come to terms with safeguarding the hot gas 
path components. Measures include water quality in line with normal high-pressure 
steam cycles (DePaepe and Dick, 1999, Nguyen and den Otter, 1994, Poggio and 
Strasser, 1996) plus an extra droplet separator at the drum to prevent impurity 
carry-over from the water (DePaepe and Dick 1999). Furthermore, during the late 
nineties, reports of flue gas condensing for heat and water recovery in commercial 
STIG cycles (DePaepe and Dick 1999, Macchi and Poggio, 1994) also entered the 
literature. In Sweden and Finland, many biomass-fired and natural gas fired plants 
(both heat and CHP plants), are equipped with flue gas condensers for heat 
recovery. Over 3 TWh heat is supplied to district heating networks in this manner 
in Sweden. The humidity in these flue gases are similar to those proposed for HGT 
cycles and the water recovered is treated and reused to humidify the inlet to the 
boiler. These plants have much higher levels of flue gas impurities than are present 
in gas turbine cycles and use packed-bed condensers or indirect heat exchangers, as 
proposed in many EvGT plant designs. 

From these examples, it can be seen that the base technical elements for 
humidified gas turbine operation and water recovery have already been addressed 
by commercialised technology. The hot gas path can be safeguarded when gas 
turbines are humidified, provided sufficient attention is paid to water quality, and 
water can be recovered in a flue gas condenser. Therefore the humidification tower 
is the only truly new component proposed and two questions formulated at the 
beginning of this chapter may be reformulated to the following. 

Can a HGT cycle utilising a humidification tower feasibly operate as a water self-sufficient plant 
and safeguard the hot gas path components in the cycle? 
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Within the EvGT Project, a pilot plant has been built with a humidification 
tower. One of the main goals of this pilot plant is to demonstrate water recovery, 
water treatment and safe turbine operation. The remaining portion of this chapter 
is drawn from material in Papers I-III and addresses the technical aspects of water 
recovery, water treatment and safeguarding the hot gas path components. 

3.2 Tools to Safeguard the Hot Gas Path in a HGT-plant 

To operate a HGT-plant with a humidification tower while safeguarding the 
hot gas path relies on ensuring contaminants in the humidifying water are not 
transferred to the air stream in dangerous concentrations in the humidification 
tower. There are a number of tools available to us to achieve this goal.  

 

 

Figure 3-1: The water quality in the humidification tower. 

Examining the humidification process, presented in Figure 3-1, we can 
observe two factors at play determining the amount of salt transfer from the water 
to the air. The first is water droplet entrainment. Droplet entrainment occurs when 
small water droplets exit the tower bearing dissolved salts. These droplets 
evaporate downstream when heated in the gas path, leaving the salts as particles in 
the air. Equally important is the concentration of impurities in the water droplet, 
i.e. the water quality. If the water is absolutely pure, then no impurities can enter 
the air stream, regardless of the degree of droplet entrainment. The water quality is 
dependent on the capture of airborne particles in the water film, contaminants in 
the feed water (condensate) and the size of the bleed off from the humidifying 
circuit. Summarised, we must control droplet entrainment and the quality of the 
humidifying water. 

Four strategies are available to us to control impurity carry-over: air filters, 
minimising droplet entrainment, bleed off, and water treatment. These are shown 
in Figure 3-2 and discussed below 

1. It was stated in 3.1.2 that the three external sources of impurities are the air, 
the fuel, and the water. However, if we have a water self-sufficient plant, water 
is no longer an external resource. If one discounts corrosion in the water 
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circuit, the water quality will therefore reflect the quality of the air. Hence, 
using compressor intake air filters will protect both the air and water streams.  

2. As the contact between the water and gas phase in the packed bed is quite 
gentle (as opposed to boiling), most droplet entrainment occurs while 
distributing water onto the bed. Thus, a water distributor which avoids small 
droplet formation, e.g. of the trough type, along with an effective droplet 
separator is recommended to minimise droplet entrainment. 

3. Only a part of the humidifying water is evaporated with each pass. As droplet 
entrainment is small and impurities continuously enter the circuit, there will be 
a natural build up of impurities over time. To counteract this, a portion of the 
humidifying water must be bled off and additional fresh feed water added. By 
varying the bleed off, the quality of the water may be regulated and hence the 
quality of the air entering the turbine. 

4. Water treatment is needed to ensure that corrosion does not occur in either 
water circuit or the air stream. The actual treatment process and requirements 
are treated in 3.4.1. However, we would like to point out now the possibility of 
two kinds of treatment: direct condensate treatment and so-called kidney 
treatment where only the water bleed-off is handled. These are both shown in 
Figure 3-2. 

 

 
Figure 3-2: The humidifying water circuit, showing possible water and air quality 

measures in bold. 

3.3 Modelling Water Recovery and Air Quality in HGT-Plants 

This section addresses the theoretical aspects the problem outlined in 3.1. The 
material is based on Papers I & II.  
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3.3.1 Criteria for Water Self-Sufficient Plants  

An intrinsic part of HGT cycles is the large quantity of water vapour in the 
flue gases. In order to obtain a water self-sufficient plant, an equal amount of water 
must be condensed from the flue gases as is fed to the cycle. Paper I contains a 
thorough treatment of this water balance. In short, when cooling the flue gas 
deeper below the dew point, increasing amounts of condensate are obtained. At a 
certain flue gas temperature, the condensate flow will equal the plant’s demand for 
feed water. This is termed the self-supporting temperature and was found to be 
predominantly a function of the fuel consumption per kg inlet air. More 
specifically, as the hydrogen in the fuel is converted to water during combustion, 
the HGT-plant has a water surplus in the flue gases. Therefore, the self-supporting 
temperature is nearly independent of the ambient conditions. Figure 3-3 plots the 
self-supporting temperature against the natural gas consumption of fuel per kg 
compressor air. 

 
Figure 3-3: The self-supporting temperature for HGT plants. 

Associated with this concept of a water surplus, an HGT-plant can even meet 
additional demands caused by water bleed off with additional water recovery 
(dotted line Figure 3-3). Furthermore, when dry air-cooling is required, for 
example, in dry climates, a surplus of water may be extracted at night and used 
during the day when heat rejection is less favourable. This is presented in more 
detail in (Cataldi 2001) and has also been suggested for the steam injected gas 
turbine (Ngyugen and den Otter, 1994). 

3.3.2 Metal Ion Migration / the Salt Balance 

We have now established it is theoretically possible to close the HGT water 
circuit and obtain a water self-sufficient plant. However, it needs to be shown that 
it is possible to do so without endangering the hot gas path. In order to determine 
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the relevant configuration of preventative measures, i.e., an adequate combination 
of air filters, entrainment retarding equipment and water treatment equipment, a 
model tracing the metal ion migration in the EvGT cycle has been developed. This 
model is presented in Paper II and reviewed in this section.  

The model is a simple molar balance of a salt population. For each unit in the 
cycle where salt may be transferred to another stream or separated, it is assumed 
that a so-called particle removal efficiency (ηunit, Equation 3-1), can be applied to 
the entire salt population to find the outgoing salt flows  

(g/s)unit  enteringsalt 
(g/s)unit by  removedsalt  =unitη     (3-1) 

For example, the molar salt flow after an air filter is represented in Eq. (3-2) 
and the concentration in Eq. (3-3). The molar gas flow is expressed as a function 
of the dry air flow, A, and the absolute humidity of the inlet air, Xin (kmole 
H2O/kmole dry air). Figure 3-4 presents the units in the EvGT cycle considered in 
the model along with the removal efficiencies examined. The water treatment 
system is assumed to be of the kidney-type. Further details on the equations used 
may be found in Paper II along with the choice of parameter values.  
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The design criterion proposed for the EvGT cycle is to deliver air to the 
turbine with the same quality as in a simple cycle. This can be expressed as the 
inequality in Equation 3-4, or alternatively, as the relative air quality (RAQ) in 
Equations 3-5 and 3-6. When RAQ is equal to 100, the air quality at the turbine 
inlet is the same as for a dry turbine and when RAQ is less than 100, the air quality 
is better than for an equivalent dry gas turbine. For a fixed set of parameters, the 
numerator in Equation 3-5 is only a function of the bleed off ratio, ε (per kg 
humidifying water) or alternatively, the blow down ratio,  β (per kg feed water), see 
Paper II The blow down ratio required to achieve the equality (3-6) is termed β100. 
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Figure 3-4: The units considered in the flow of salts around a) a simple cycle, and 

b) an EvGT cycle. 

From the model, important characteristics of the RAQ were found. 

• The first was that only a small low down from the plant is required to 
ensure a RAQ below 100. Depending on the choice of parameter values, 
β100 varied from 0.02% for the best case to 3.5% for the worst case 
scenario. We found the level of droplet entrainment to be crucial in 
determining the size of β100. With an appropriate selection of standard 
process equipment, droplet entrainment is assumed to be limited to 50 mg 
of droplets per kg air, and the maximum blow down ratio required is 1%.  

• The EvGT cycle is capable of delivering air with lower salt concentrations 
to the turbine than a conventional cycle. An RAQ of 70% is not 
unreasonable according to the model with a slightly increased blow down 
ratio. This depends partly on the capture of airborne particles in the 
humidifying water circuit, but mostly on the fact that the humidification 
tower also dilutes any impurities in the air with very clean water vapour, 
providing droplet entrainment is properly addressed. 
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Figure 3-5: The effect of air filters on the water quality. 

It was also found from the model that the air filters determine the level of 
general contamination in the cycle, including the water quality and the turbine inlet 
air quality. Depending on the ambient conditions, air filters must be applied to 
both dry and EvGT cycles if the turbine is to receive air with a alkali concentration 
under 0.01 ppm (weight). Figure 3-5 shows the water quality as a function of the 
compressor inlet contamination level with different air filters. We can see a 
significant improvement in the water quality upon the introduction of air filters. 
This means there is a lower load on water treatment, saving operation and 
installation costs. Additionally, the risk for large impurity carry-over is lowered in 
the case of equipment failure in the humidifier.  

3.4 Experimental Evaluation of Water Recovery and Air 
Quality in EvGT-Plants 

The previous section treated the theoretical answers to the core question 
posed of whether a HGT cycle with a humidification tower can be water self-
sufficient and safeguard the hot gas path. This section presents the demonstration 
of a water self-sufficient EvGT-plant which safeguards the hot gas path. The 
section is a review of two papers. Paper I gives a detailed description of the EvGT 
pilot plant, including the water treatment process, and the first results for the water 
chemistry in the water circuit. Paper III evaluates the effect of air filters on the 
cycle’s air and water quality. Furthermore, metal ion migration in the cycle is 
quantified, including droplet entrainment, and a new flue gas condenser is 
introduced with corresponding water recovery and quality results.  
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3.4.1 Description of the EvGT Pilot Plant 

An important milestone in the EvGT Project was the erection of the EvGT 
pilot plant, whose flow sheet is shown in Figure 3-6. This is the first plant in the 
world to utilise EvGT technology, i.e. to operate with a humidification tower, and 
amongst the first to operate as a water self-sufficient plant.  

The plant is based around a Volvo VT600 natural gas fired gas turbine, rated 
for 600kWe at full load. This turbo package is designed primarily for small scale 
power production or combined heat and power production. The cycle was 
originally fitted with a recuperator, economiser and flue gas condenser and has 
since been complemented with an aftercooler (not shown in Figure 3-6). The 
combustion chamber has been changed to a diffusion burner for combustion with 
humid air and has a maximum combustion temperature of approximately 1000˚C. 
The maximum absolute humidity of the combustion air is approximately 0.2 kg per 
kg dry air. To correct the flow imbalance between the turbine and the compressor 
due to humidification, a portion of the compressor outlet is bled off. The base gas 
turbine cycle has an electrical efficiency of 22%, which rises to a corrected 
efficiency around 38% in full evaporative mode. It is projected that if the plant 
were optimised, the final efficiency would be 40.2% (Lindquist 2002). 

Earlier parts of this chapter have outlined the mechanisms present in the 
humidification circuit and sources of impurities. Here, we shall discuss the 
methods used to remove impurities in the pilot plant. 

3.4.1.1 Water Recovery and Water Treatment 

Normal boilers are made of carbon steel and require deaerated water at 
elevated pH levels to handle corrosion. A determining factor for water treatment in 
EvGT plants is the fact the water circuit is constructed of stainless steel. This 
follows the inherent aeration process in the humidification tower which would 
make deaeration and thus carbon steel infeasible. As such corrosion risks are lower 
and buffers to keep the pH high are unnecessary. The condensate from the flue gas 
condenser contains dissolved salts along with captured soot particles, water-soluble 
species and organic combustion by-products. Many of these species, for example 
H2CO3, HCl, HNO3, HNO2, H2SO3, and formic acid are acidic and will lower the 
pH. This means limestone formation in the tower is not a large concern, but water 
treatment needs to prevent the accumulation of metal ions, acidic compounds, and 
chorine ions instead. The water treatment system is therefore centred on an ion 
exchange bed of the mixed type which removes both anions and cations from the 
water. To prevent the absorbed acids in the condensate, mostly H2CO3, from 
consuming the ion exchanger’s capacity, a CO2-stripper using air is installed before 
the ion exchanger. Additionally a microfilter removes particles to prevent 
exchanger clogging. As opposed to the model in 3.3.2, the condensate flow is 
treated before entering the water reservoirs. Furthermore as operation periods 
were low (usually under 8 hours), and the feed water was very clean (deionised),  



3 HGT Water Recovery 
 

 23 

 W1 

W2 

W3 

W4 

A1 

A2 

A3 

A4 

A5 

economiser condenser 

condensate 

Water bleed off 
(optimal) 

CO2 stripper 

Fan 

Microfilter 

pump 

Ion Exchanger Deionised fresh feed (optional) 

air 
Storage tanks 

Pressurising pump 

Circulation pump 

recuperator 

Humidifier 
Humid air 

Air bleed off 

water
air, exhaust

Waste 
(optional) 

cooling water 

sampling point 

Legend Water 
brake 

Mixing tank 

NG 

Stack 

220 

116 

140 

500 

350 8 bar 

35 

110 

1000 
15 
3.4 

2.4 

C 
kg/s 

95 Air filter 

 
Figure 3-6: Simplified flow sheet of the EvGT pilot plant. 

 
Figure 3-7: The humidification tower, economiser and flue gas condenser (left) and 
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the bleed off was not utilised to contain impurity build-up in the humidification 
circuit. The water circuit is fitted with five sample points, labelled W1-W5 in 
Figure 3-6. More details on the experimental equipment may be found in Paper I. 

The flue gas condenser type and materials may influence the amount of 
particle capture and species absorption during condensing. The main flue gas 
condenser uses finned copper tubes chilled by cooling water. However, copper 
corrosion was a concern and a sampling packed bed condenser, which uses only a 
small flue gas bleed (1%), was later installed to prevent the flue gas condenser 
material affecting the condensate quality. A full description of this condenser is 
found in Paper III. 

3.4.1.2 Air Filters  

The filter system installed at the pilot plant consists of a three stage process, 
with an air duct, pre-filter and fine filter. The pre-filter and fine filter are placed in 
a module before the compressor intake air, while the air duct is installed outside 
the building. The module is constructed so that the pre-filter and fine filter units 
can be removed and manually replaced with other units. Two different filter 
configurations were bought, giving two different air qualities. The first 
configuration is a standard combination for gas turbine operation; combining a 
G4-type filter (all filter types stated describe the filter performance according to 
EN779) and a F9 filter. The second configuration is designed to deliver ultra-high 
quality air to the cycle, combining a F7 and H10 filter. 

3.4.2 Water Recovery and Water Treatment Evaluation 

The water analyses for the results in both Paper I and Paper III were 
performed by an accredited laboratory. In Paper I, ICP (inductively coupled 
plasma) spectroscopy is used for metal ions, while in Paper III HR-ICP-MS (high 
resolution inductively coupled plasma mass spectrometry) was used to obtain a 
much lower detection limit and hence higher accuracy. 

Paper I presents a thorough analysis of the results from the condensate 
sample points (W1, W3, W4, W5) and the humidifying water (W2) in “Results and 
Discussion”. Paper III complemented these with more accurate data, with and 
without air intake filters, and from the packed bed humidifier. These results are 
summarised in this section. 

The finned copper tubes used in the main flue gas condenser are found to be 
poorly suited to flue gas condensing. High concentrations of copper (16mg/l) and 
nitrates+nitrites (14 mg/l) were found in the condensate (W1) from the finned 
tubed condenser. However, much lower levels were found from the packed-bed 
condenser (0.1-1 mg/l and 3 mg/l, respectively). This can be explained through the 
acidity of the condensate. The pH of the condensate is quite low; thus dissolving 
significant amounts of copper in the finned tubed condenser. This high copper 
concentration is likely to affect the absorbing equilibrium, allowing even more 
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acidic compounds to absorb; hence the poor condensate quality from the main 
condenser. It is therefore recommended that either stainless steel finned-tube 
condenser or a packed-bed condenser is used in any commercial operation. 

Total organic carbon levels in the condensate are very low when the gas 
turbine operates near full load, but increases to up to 11 mg/l at lower loads, 
indicating a degree of incomplete combustion associated with lower combustion 
temperatures. These species are most likely formic acid, acetic acid, methanol, and 
methanal. 

Dust from the intake air was found in the condensate. This was seen in the 
substantial drop in Ca, K and Si concentrations after the microfilter, (W3) 
indicating that these species are partly present as un-dissolved particles. The first 
experimental results importantly showed a low level of Na+K (around 1ppm) in 
the condensate. However these amounts are too close to the detection limit for 
ICP analysis and new tests with HR-ICP-MS showed Na concentrations in the 
condensate around 0.002-0.008 ppm and K levels up to 0.1 ppm. These values are 
extremely low; Scandinavian drinking water, for example, contains 20-100 mg 
Na/l. As such the ion exchanger easily handles the treatment load and the bed 
should have a long lifetime.  

The water from the reservoir (W5), which was originally filled with externally 
supplied deionised water, was found to maintain its very low impurity values 
during self-sufficient operation. This indicates a successful water treatment process 
and the technical feasibility of water self-sufficient plant. Despite this, a noticeable 
build-up of impurities occurred in the humidifying water circuit. This is attributed 
to the capture of airborne particles in the humidification tower. Low amounts of 
Cr, Ni, Fe and Mo indicate that a minor amount of stainless steel corrosion occurs 
in the water circuit. 

3.4.3 Air Quality Evaluation 

An experimental method was developed to evaluate the quality of the air in 
co-operation with the air filter suppliers. Details are contained within Paper III. In 
short, the particle population is measured through the cycle in 16 size intervals 
between 1µm and 7.5 µm from which a particle concentration is obtained.  An 
attempt was also made to capture samples of the particle population around the 
cycle in order to quantify their composition, but the conditions of the air proved to 
be either too hot or too humid to obtain error-free samples. As such the particle 
concentrations here should be interpreted carefully, as they do not reveal the type 
of particles present.  

Figure 3-8 shows the EvGT-plant with the components relevant to metal ion 
migration. Examining the left-hand illustration, it can be seen that the filter bank 
drastically decreases (91%) the number of particles entering the cycle through the 
compressor intake. The particles removed are mostly above 0.5 µm, see Appendix 
1, with all particles above 1 µm removed. As the air flows through the cycle, the 
number of particles decreases further. However, larger particles were found in the 
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flue gas, probably due either to combustion by-products or the formation of larger 
crystals. When the cycle operates without the pre-filter or fine filter, (the right-
hand illustration) large amounts of particles are allowed to enter the cycle. Despite 
this, the number of particles exiting the cycle and their characteristics are very 
similar to when a filter is used. This is due to the scrubbing action of the 
humidifier and also the capture of particles in the condenser’s water film. 
Consequently, the particles that the filters remove from the intake air are 
approximately of the same size that the humidification tower and the condenser 
capture. Furthermore, if the air filter is not present, these larger particles end up in 
the water circuit, where they must be removed through bleed off or water 
treatment. Most of the remaining particles are too small for capture and find their 
way through the system, exiting the cycle through the stack. Thus, in an 
evaporative cycle, air filters will decrease the load on water treatment and less 
water would need to be rejected, both decreasing water-related costs.  

 

 
Figure 3-8: Particle populations in the EvGT pilot plant, with (left) and without air 

filters 

Analyses of the corresponding water samples to the above air samples 
confirm the cleaning effect of the humidifier. The samples from the humidifying 
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operated with or without a filter system. Additionally, no difference in the 
condensate quality was found when the different filter types (F9 or H10) were 
used. This again reinforces the idea that the humidifier will capture the same 
particles which the filter would otherwise remove, and furthermore, the majority of 
the remaining particles are small enough to evade capture in the condenser. 
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3.4.4 Droplet Entrainment 

To evaluate droplet entrainment, rare metals not found in the intake air were 
added to the pressurised mixing tank that supplies the humidification tower with 
water. These elements, Cs, Sr, Rb, In and La, were chosen to reflect the different 
types of metals found in the cycle, i.e., group I, II and transition metals. By 
measuring their concentration in the condensate with HR-ICP-MS, their migration 
can be measured and used to estimate droplet entrainment in the humidifier. 

Table 3-1: Rare metal concentrations in the EvGT pilot plant and calculated 
dilution factors and droplet entrainment levels. 

Trace 
Element 

Concentration 
in HW (W2) 

 

(ppb) 

Concentration 
in condensate 

(W1) 

(ppb) 

Dilution 
Factor

Entrainment 
@ 40% 
capture 

(mg drops/kg air)

Entrainment 
Range (10-100% 

capture) 

(mg drops/kg air) 

Cs (Group I) 1850 0.232 7974 37 15-148 
Sr (Group II) 18900 2.92 6473 46 18-183 

La (Transition) 1100 0.203 5419 55 22-218 
Mean - - 6600 46 18-180 

Table 3-1 shows the measured levels of the trace elements Cs, Sr, and La in 
both the condensate and the humidifying water. The rig had been operating for 5 
hours after the addition of the trace elements when these values were measured. 
Also presented are the calculated droplet entrainment levels that must occur at 
certain levels of flue gas particle capture in the condenser. Analytical problems 
were experienced with both Rubidium and Indium and we did not consider their 
values.  

As seen, the mean level of droplet entrainment varies between 18 and 180 mg 
of droplets per kg of gas exiting the tower. The exact level depends on the amount 
of particles the condenser captures. If 40% particle capture in the condenser is 
assumed, the mean level of entrainment is 46 mg/kg after the droplet separator. 
This level is approximately as expected from the manufacturers specifications. 
Additionally, the values for droplet entrainment and condenser particle capture are 
quite consistent with the estimations made for these two parameters in the salt-
flow model presented in 3.3.2. 
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3.5 Conclusions 

The question posed at the beginning of this chapter was: 

Can a HGT cycle utilising a humidification tower feasibly operate as a water self-sufficient plant 
and safeguard the hot gas path components in the cycle? 

Through theoretical and experimental evaluations, we can conclude that the 
hot gas path is not jeopardised by recovering water from the flue gases, nor is it 
jeopardised by using a humidification tower to humidify the working fluid. These 
two statements are of course conditional on an intelligent choice of equipment in 
the EvGT plant for filtering the intake air, treating the flue gas condensate, 
minimising droplet entrainment, and choosing a sensible blow down ratio from the 
humidifying water circuit. 

A good theoretical and empirical understanding has been acquired concerning 
the flow of salts in evaporative cycles and the role of the humidification tower has 
been clarified. If no air filter is used, the humidifier can clean the air flow of larger 
particles and dilute the remaining particles with water vapour, provided that 
droplet entrainment is low. The humidified air will thereby have a better air quality 
than at the compressor intake. If an air filter is used, the number of impurities 
entering the cycle is greatly reduced, improving the air quality. Additionally, those 
particles which succeed in entering the cycle are often too small to be captured in 
the humidifier and the water quality is therefore also improved. The condensate 
quality was relatively unaffected by the presence of the air filter. This is ascribed to 
the similar particle removal characteristics of the air filter and the humidifier. The 
dilution factor between the humidifying water and condensate is found to be 
approximately 6600. Hence droplet entrainment from the installed humidification 
tower is then quantified as approximately 50 mgdroplets /kgair. The assumptions used 
in work modelling the salt flows are shown to be valid and thus only a small bleed 
off from the humidifying water circuit (below 1%) should be necessary to 
safeguard the hot gas path.  

Both the packed bed and finned-tube flue gas condensers were shown to be 
capable of reaching the self-supporting temperature, and hence the EvGT plant 
has been operated as a water self-sufficient process. Due to the absence of copper 
corrosion, the condensate received from the packed-bed is of better quality than 
the existing finned-tube condenser. It is recommended that stainless steel tubes be 
used in future finned-tube condensers. The water treatment process installed at the 
pilot plant more than adequately purified the condensate and the ion exchange bed 
should have a long lifetime due to the low impurity levels in the condensate. Hence 
operation costs for water treatment are anticipated to be quite low. 
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4 HGT Power Generation 

HGT cycles have been suggested as a future alternative to conventional 
power generating plants. Implicit in this suggestion is the hypothesis that the HGT 
cycles are more competitive and attractive than the existing, dominating 
technologies on the market. Above 100 MWe, economies of scale favour 
complicated and highly efficient combined cycles, designed to operate as a base 
load plant in an energy system. In this market, the high costs of the CC are offset 
by long operating hours and high efficiencies. It seems that combined cycles of this 
size have a large head start over any new, immature alternative such as the HGT 
cycle.  

The real short-term market available for HGT cycles probably lies in the mid-
sized market and the emerging distributed generation market. Combined cycles 
and simple cycles in the sizes between 40-80 MWe, and diesel or gas motors 
around 10 MWe, can be identified as the relevant competitors in these areas. As 
operating hours are usually lower, and the steam turbines in smaller combined 
cycles tend to be more costly and less effective, the CC is operating towards the 
edge of its feasible economy of scale, but still dominating where natural gas prices 
are low. In the 1-15 MW distributed market, motors are efficient power generators 
with low manufacturing costs which simple cycle gas turbines have difficulty 
competing with and the CC is infeasible in this range. Therefore, there appears to 
be room for the HGT cycle in these two markets, especially the latter. 
Consequently, development work, demonstration plants, and the market 
introduction of the HGT cycle should concentrate on sizes of 1-50 MWe. 

Within both the literature and even the EvGT Consortium itself, there are 
differing views as to which HGT cycle is best suited for competition with the 
existing power cycles. As the EvGT Consortium is nearing a phase for commercial 
plant demonstration, resources need to be focused onto one cycle variant. 
Accordingly, the key question for this chapter is: 

Which HGT cycle is best suited for competition with the combined cycle in the mid-size power 
market? 

Material for this chapter is a summary of Papers VI & VII. 
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4.1 The HGT Cycles Analysed 

Three basic HGT configurations where chosen for analysis; the steam 
injected gas turbine cycle (STIG), the full-flow evaporative gas turbine cycle 
(FEvGT, identical to the HAT cycle), and the part-flow evaporative gas turbine 
cycle (PEvGT). Furthermore, each configuration is studied with a non-intercooled 
core engine and an intercooled core engine.  

4.1.1 The STIG Cycle 

In the STIG cycle, shown in Figure 4-1a, steam is raised in a HRSG and then 
injected into the working fluid. Feed water preheating occurs in an economiser (B-
ECO), evaporation in a boiler (BOIL) and high temperature heat recovery in a 
superheater (B-SH). Water vapour in the flue gas can be recovered in a flue gas 
condenser (FGC), treated and recycled to the cycle. As the boiler is limited to one 
pressure, superheated-STIG cycles typically have difficulty accessing low quality 
heat and the flue gas can leave the HRSG at quite high temperatures. One way to 
increase heat recovery is to go over to a saturated STIG, eliminating the B-SH and 
allowing more boiling and water preheating. Another way is to introduce steam 
cooling where slightly superheated steam is used to cool the gas turbine 
components instead of compressed air. This decreases the amount of steam for 
superheating, again allowing more boiling and feed water preheating and 
improving heat recovery.  

If the STIG cycle is to be intercooled, the heat is rejected at temperatures too 
low to be utilised in an HRSG. Furthermore, the compressor flow is not 
recuperated, and hence conventional intercooling increases fuel consumption and 
will not benefit the cycle greatly. Therefore, we have chosen to spray intercool the 
compressed air with fine water droplets in a single adiabatic step at low pressures. 
In this way, the compressor discharge temperature is high, but within material 
constraints. The optimal (efficiency) intercooling pressure was found to be 
approximately at one tenth of the final pressure. At such intercooling pressures, 
the amount of compressor work saved and water evaporated is quite low but 
sufficient to restrain the compressor outlet temperature to approximately 480oC. 
Spray intercooling is therefore viewed in this summary mainly as a technique to 
allow high compressor discharge pressures while remaining within material 
temperature constraints. This cycle is referred to as the STIG cycle with spray 
intercooling, or STIG-SIC in this thesis, and is shown in Figure 4-2a 

4.1.2 The FEvGT Cycle 

Instead of boiling the water separately, the Evaporative Gas Turbine (EvGT) 
cycle raises water vapour through evaporating water directly into the working 
medium in a humidification tower. In what is called the full-flow EvGT (FEvGT)  
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Figure 4-1: The non-intercooled HGT cycles studied 

 
 

Figure 4-2: The intercooled HGT cycles studied 
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concept in this thesis, see Figure 4-1c, the entire compressor outlet (except turbine 
cooling air) is lead through the humidification circuit, where it is cooled and 
humidified before being reheated and introduced to the combustion chamber. A 
primary surface recuperator (REC) is used for high temperature heat recovery. The 
evaporation duty is extracted using an economiser (H-ECO), usually an aftercooler 
(AC), and possibly an intercooler (IC), see Figure 4-2c. In the humidification 
tower, simultaneous mass and heat transfer takes place. Water heated to slightly 
below the boiling point is distributed across a packed bed where it is brought into 
counter-current contact with compressed air. As the vapour pressure of the water 
exceeds the partial pressure of water in the air, evaporation takes place. This 
diabatic process takes most of the heat for evaporation from the water film, 
cooling the water as it flows down the tower, giving a cold exit water stream from 
the HT. 

Similar to the intercooled-recuperated (ICR) cycle, the intercooler in the 
intercooled FEvGT cycle (FEvGT-IC) saves compressor work. As an 
improvement, however, the heat rejected from the intercooler can be used by the 
cycle in the humidification tower to generate extra water vapour. It should be 
noted that the choice of pressure for intercooling is not the same as in the ICR. 
Instead, the pressure for intercooling is chosen to suit the humidification circuit, 
i.e. where the discharge temperature of the first compressor is 5˚C above the 
system boiling point. This enables the humidifying water to be heated to 10˚C 
below the boiling point at the humidification tower inlet. As a result, the low-
pressure compressor has a somewhat higher pressure ratio than the high-pressure 
compressor. Additionally, in order to maximise the effect of intercooling, the feed 
water preheater for the humidification circuit is included in the intercooler, as 
shown in Figure 4-2c. To prevent droplet formation before compressor 2, the 
intercooler gas outlet temperature is limited to 40K above the dew point. 

4.1.3 The PEvGT Cycle 

Ågren (2000b) presented and investigated the part-flow EvGT concept 
(PEvGT) introduced and patented by Westermark (1996). The guiding principle of 
this concept is to reduce the heat exchange area and pressure drop penalties 
compared to full flow while achieving the same heat recovery. To achieve this, only 
a minor part of the compressor outlet is cooled, humidified, and re-heated. The 
PEvGT cycle is illustrated in Figure 4-1b without intercooling and in Figure 4-2b 
with intercooling (PEvGT-IC). It can be seen that the PEvGT cycles combine 
features of the STIG and FEvGT cycles. Like the STIG cycle, a HRSG is used to 
raise superheated steam, utilising flue gas heat above the system boiling point. To 
fully exploit the heat remaining below the boiling point, a humidification tower 
with a part-flow from the compressor is used. This so-called humidification circuit 
can be likened to the low-pressure boiler in a CC since it recovers heat at a lowered 
boiling point. The tower can also collect heat from other cycle streams, e.g. 
intercooling, that the HRSG cannot utilise. The humidified part-flow is then 
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heated with, or parallel to, the steam in a humid air superheater (H-SH). This 
eliminates the need for a large recuperator. As an improvement over past 
configurations, we suggest using a steam ejector instead of a booster fan to 
overcome the pressure drop caused  by the humidification process and heat 
exchangers. Other PEvGT cycles have been studied, for example, with a 
recuperator, two-stage humidifier and no boiler (Ågren et al 1997a, b), or with 
both a recuperator and a boiler (Ågren and Westermark 2001a, b). However, we 
have chosen to study the concept in Figure 4-1b and 4-2b due to its simplicity. The 
intercooler in the PEvGT-IC is laid out and modelled as presented in the FEvGT 
section. 

4.1.4 Modelling the Cycles 

If a HGT cycle is to be commercialised for competition with the combined 
cycle, each cycle needs to be examined not just for a fixed core engine, as has often 
been the case, but across a range of gas turbine parameters. This allows a picture of 
where each HGT cycle is best suited. In this study, the thermodynamic 
characteristics of each cycle are mapped across the range of operating pressures 
and TITs shown in Table 4-1. These parameters have been chosen to represent 
current gas turbine technology in the mid-size range with room for future 
developments into higher pressures and TITs. Furthermore, the heat exchangers 
and the humidification tower are modelled with somewhat conservative parameters 
so that their dimensions and costs are reasonable. A constant compressor inlet air 
flow of 50 kg/s is used for all cycles and the results may be scaled accordingly. 
Further information on the modelling parameters used for the core engine and 
heat exchanger networks is contained in Papers VI & VII.  

Table 4-1: Parameters for HGT performance maps 
Parameter Values 

CDP: Compressor discharge pressure (bar) Non-IC: 20, 25, 30, 35 
IC: 20, 30, 40 

TIT: Turbine inlet temperature (oC) 1200, 1350, 1500 
ψ: Part flow percentage (%) (PevGT cycles only) 5, 10, 20, 30, 40 

4.2 Heat Recovery Characteristics 

Before we analyse the performance maps of the HGT cycles, it is instructive to 
examine the heat recovery system of each cycle so that the trends found in the 
performance maps may be better understood. To do this, one example composite 
curve for each HGT cycle is presented in  Figure 4-3 at a CDP of 30 bar and a TIT 
of 1350˚C. Composite curves are obtained through adding the m⋅cp values of all 
the heat sources or heat sinks for a temperature region and multiplying the 
respective sums by the temperature change in that region. Consequently, the heat 
exchange in the aftercooler and intercooler is represented as well as the flue gas 
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heat transfers. The left-hand column shows the non-intercooled HGT cycles, while 
the right-hand column shows the intercooled HGT cycles.  

Examining the non-intercooled diagrams first, it is clear that the FEvGT 
transfers the most heat between the streams (50MW), nearly twice the amount of 
the STIG cycle (27MW) and 35% more than the PEvGT (37MW). This reflects 
the extra heat transfer required in the FEvGT’s humidification circuit to cool and 
heat the entire airflow from the compressor in the aftercooler and recuperator. As 
the PEvGT passes only a fraction of the compressed air through the HC, it 
requires less heat transfer for this purpose. The STIG cycle has no humidification 
circuit. Importantly, the FEvGT cycle (16.6 MW) has seven times as much gas-gas 
heat transfer as the STIG (2.4 MW) and double that of the PEvGT (8.3 MW). 
Therefore, due to the amount of heat exchange in the FEvGT and the domination 
of gas-gas heat transfer therein, the FEvGT will require considerably more heat 
exchange area than either the STIG or the PEvGT.  

A striking aspect of the intercooled HGT cycles (right-hand diagrams in  
Figure 4-3) is the close match between the cold and hot composite curves for the 
FEvGT-IC. This indicates a thermodynamically sound heat recovery system with 
low levels of irreversibilities. Compared to the non-intercooled case, the 
intercooler allows a low compressor outlet temperature (COT), which lowers the 
amount of high temperature heat transfer in the aftercooler. Instead, most of this 
heat is taken out at a lower temperature in the intercooler. In total, the amount of 
heat transferred in the FEvGT-IC drops 3MW compared to the FEvGT cycle. 
Like the FEvGT cycle, approximately a third of the total heat transfer occurs in 
the gas-gas recuperator and takes place with an even lower average temperature 
driving force; thus large heat exchange areas will also be needed for the FEvGT-IC 
cycle. 

In contrast to the non-intercooled case, the PEvGT-IC cycle has a similar 
amount of heat transfer (only 6% less) to the FEvGT-IC cycle. However, due to 
the presence of the boiler, the PEvGT-IC has 33% less gas-gas heat transfer than 
in the FEvGT-IC that, moreover, is carried out with a much higher mean 
temperature driving force. This fact points to a lower dependency on refined gas-
gas heat exchange technology and a lower total heat exchange area and cost for the 
PEvGT-IC. The high temperature heat not used for gas-gas heating is instead used 
for boiling, explaining the high humidity of the PEvGT-IC compared to the 
FEvGT-IC. Resulting from the PEvGT-IC’s high humidity is a larger power 
output, but also a higher release of latent heat from the cycle than the FEvGT-IC, 
despite the lower TFGC,in; thus explaining the lower efficiency. The PEvGT-IC 
composite curves are well matched for water heating where heat exchange 
properties are good.  

The spray intercooling process in the STIG-SIC cycle can not be shown in  
Figure 4-3 as no heat is rejected from the compressor; it is just used to evaporate a 
small amount of water. The trends shown for STIG-IC are hence the same as for 
the STIG cycle.  
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Figure 4-3: The composite curves of the HGT cycles (non-intercooled cycles in the 

left-hand column). 
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It is interesting to note the different strategies to utilise low temperature heat 
in the different HGT cycles. In the STIG and STIG-IC cycle, steam cooling is 
used to decrease the amount of superheating and thus increase the amount of 
boiling and feed water preheating. Hence, a steam-cooled STIG recovers more 
heat than an air-cooled STIG from the flue gas. Appendix B in Paper VI shows a 
comparison of the air-cooled and steam-cooled STIG cycles. However, there is still 
a considerable amount of useful energy in the flue gas after the HRSG 
(TFGC,in=150˚C). By using a humidification tower, the PEvGT and PEvGT-IC 
cycles can utilise low temperature heat for evaporation from the flue gas, and in 
the case of the PEvGT-IC, the intercooler as well. This lowers the TFGC,in to 93˚C 
and 116˚C in the PEvGT and PEvGT-IC cycles, respectively. Using a 
humidification circuit also has the effect of increasing heat recovery in the 
superheaters and thus decreasing the boiler duty compared to the STIG cycle. 
Despite this, the cycle humidity is higher than the STIG cycles and the efficiency is 
raised by 1.9 points over the STIG cycle and 2.4 points for the intercooled case 
over the STIG-IC cycle. The FEvGT can also utilise most of the heat in the flue 
gas. However in the non-intercooled case, the turbine exit is cooler than the 
compressor exit and the HC in effect cools the entire compressor flow by 30˚C 
before combustion. Additionally, a substantial pressure drop is incurred and 
therefore the efficiency increase over the STIG cycle is only 0.8 points. The 
FEvGT-IC, in contrast, is well suited to higher CDP levels and the compressor 
outlet temperature is lower than the turbine outlet temperature. This, along with 
good heat recovery from both the flue gas and intercooler, gives the FEvGT-IC a 
3.5 point boost over the STIG-SIC. 

4.3 Performance Maps 

This section present the performance maps of the HGT cycles showing the 
power output versus the electrical efficiency of each cycle. The specific power 
output (kJ/kgia) is gained by multiplying the power (MWe) values by 20 as all the 
cycles have a constant intake air flow. The isobars (constant CDP) and isotherms 
(constant TIT) outline an area in the map for each type of cycle. Only the optimal 
PEvGT cycles are considered against the other cycles, with the choice of part flow 
motivated in 4.3.3. It is useful to keep in mind the previous example composite 
curves in 4.2 when interpreting the maps. 

4.3.1 The Non-intercooled HGT cycles 

Figure 4-4 and Figure 4-5 show the performance maps for the non-
intercooled HGT cycles. The non-intercooled HGT cycles were examined at four 
CDPs (20, 25, 30 and 35 bar), and three TITs (1200, 1350, 1500oC).  
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Figure 4-4: The performance map for STIG and PEvGT cycles.  

In Figure 4-4, the STIG cycle exhibits substantial increases in both specific 
power and efficiency with an increasing TIT. Increases in the TIT imply a higher 
TOT which allows more flue gas heat to be recovered by the single-pressure 
HRSG. Hence, more steam expands in the gas turbine and therefore the efficiency 
and specific power output increase. Increases in the CDP also lead to higher 
efficiencies, but at falling specific power outputs. The higher efficiencies are 
attributable to more work being extracted from the steam at higher working 
pressures; however, as the TOT sinks simultaneously with increases in the CDP, 
steam generation falls, the power output decreases, and an efficiency maximum is 
therefore found on the isotherms (constant TIT and increasing CDP).  

The PEvGT area can be considered a compression of the STIG area into 
parallel area with a smaller power output range, but at higher electrical efficiencies. 
As the humidification circuit allows the PEvGT to utilise low temperature heat, the 
efficiency maxima on the isotherms lie at much higher CDPs than the STIG cycle. 
This is because water vapour generation does not decrease as markedly with 
increases in CDP as in the STIG cycle. For TITs over 1200˚C, the efficiency 
maximum lies beyond the material limits of the non-intercooled compressors, i.e., 
over 35 bar. Furthermore, as water vapour generation does not decrease with the 
TOT as rapidly, the losses in power as the CDP increases are less than with the 
STIG cycle. However, the specific power increases are more moderate with 
increases in the TIT compared to the STIG cycle. This is attributable to the fact 
the PEvGT is air cooled. If the PEvGT were also steam cooled, or humid air  
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Figure 4-5: The performance maps for the PEvGT and FEvGT cycles.  

cooled, the efficiency may be slightly effected, and the power outputs would be 
increased, especially at high TITs. Steam cooling will decrease steam superheating, 
shifting more heat to the boiler, which in turn will decrease the heat available to 
the humidification tower. Consequently, lower part flow ratios are required than 
presented above, further decreasing superheating. In total, the humidity of the 
cycle will increase, probably at the expense of a slight efficiency loss, but with large 
specific power gains. Another measure to improve the PEvGT would be to use a 
boiler above the aftercooler to utilise high temperatures from the compressor at 
high CDPs. Ågren (2000b) showed that the humidifier is best used with low 
thermal loads, i.e. in conjunction with a boiler which absorbs the higher 
temperatures. This measure would improve both the PEvGT efficiency and power 
output by a small amount. Summing up the two cycles in Figure 4-4 though, we 
can conclude that the air-cooled PEvGT cycle has electrical efficiencies 1.5-2.5% 
higher than the steam-cooled STIG cycle.  

The FEvGT area, Figure 4-5, resides mostly within the PEvGT area and is a 
twisting, narrow and steep surface. Unlike both the STIG and PEvGT cycles, the 
specific power of the FEvGT increases with the CDP, albeit marginally. 
Furthermore an efficiency maximum is found on these isotherms. The power 
increase is attributable to the balance between the humidifier and recuperator. As 
the CDP increases, the TOT decreases while the temperature out of the humidifier 
increases. Hence the recuperator recovers proportionately less flue gas heat at 
higher CDPs, allowing more humidification and an increased power output. The 
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position of the efficiency maximum is very sensitive to the TIT, being under 20 
bars at 1200˚C, at 25 bar for 1350˚C and over 35 bar for 1500˚C. This is because a 
positive difference is required between the TOT and the COT for the recuperator 
to contribute to an increase in the efficiency. This factor is also reflected in the 
marked efficiency increase along the isobars with increasing TIT. From Figure 4-4, 
we can conclude that the FEvGT has a lower efficiency than the PEvGT at CDPs 
over 25 bar and only a marginally better efficiency at a lower power output at 
lower CDPs.  

4.3.2 The Intercooled HGT Cycles  

Figure 4-6 shows the performance maps for the intercooled HGT cycles. The 
intercooled HGT cycles were examined at three CDPs (20, 30, 40 bar), and three 
TITs (1200, 1350, 1500˚C). Compared to the non-intercooled cycles, (Figure 4-4 
and Figure 4-5), the intercooled HGT cycles’ surfaces are more distinct in relation 
to one another. The FEvGT-IC cycle is lifted significantly in efficiency and now 
has higher efficiencies than the other HGT cycles for most core engine 
configurations. The PEvGT-IC benefits also in efficiency, but more in power 
output. Similar to the non-intercooled versions, the STIG-SIC cycle has the lowest 
efficiencies but reaches amongst the highest power outputs at high TIT.  

46

47

48

49

50

51

52

53

54

55

56

24 28 32 36 40 44 48 52
Power (MWe)

El
ec

tri
ca

l E
ffi

ci
en

cy
 (%

, L
H

V)

A

BC

A

B

C

1200

1350

1500

A B
C

1200

1350

1500

1200

1350

1500

CDP
A: 20 bar
B: 30 bar
C: 40 bar

STIG-SIC

FEvGT-IC

PEvGT-IC

 

Figure 4-6: The performance maps for the intercooled HGT cycles.  
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The intercooled FEvGT cycle surface is characterised by fairly bunched 
isotherms and isobars, occupying a region of high electrical efficiencies. Like the 
non-intercooled FEvGT, increases in the CDP give mostly increased power 
outputs with an efficiency maximum. The location of these maximum depends 
heavily on the TOT and thereby lies at higher TITs at higher CDPs. Increases in 
the TIT along the isobars can result in significant efficiency gains if the CDP is 
over 20 bar. 

The PEvGT-IC surface in Figure 4-6 occupies a position of high power 
outputs at good to high efficiencies. Unlike the FEvGT-IC surface, the PEvGT-IC 
isobars are well spaced, indicating good efficiency increases with pressure 
increases. As the isotherms extend nearly vertically, this efficiency increase occurs 
with little change in the power output. When the TIT increases at constant 
pressure, some advances in both efficiency and power output are made. At high 
CDP and TIT, the PEvGT-IC reaches the same efficiencies of the FEvGT-IC at a 
higher power output. Consequently, the PEvGT-IC is well suited to simultaneous 
or separate increases in both the CDP and the TIT. 

The STIG-SIC cycle surface covers a larger region of power outputs than the 
evaporative cycles and sits at lower efficiencies than the evaporative cycles by 2.5 - 
4% points. The lowest power outputs are lower than either the FEvGT-IC or 
PEvGT-IC while the highest outputs are equivalent to the PEvGT-IC. This 
reflects the dependency of water vapour generation in the boiler on the TOT. 
Large gains in efficiency are made going from low to moderate pressures, but the 
marginal effect of increased CDP decreases once the COT reaches it’s maximum 
of around 480oC (30 bar). The isotherms show that increasing the CDP will reduce 
the power output, unlike the PEvGT-IC or FEvGT-IC. Similar gains in efficiency 
are made as the PEvGT-IC when increasing the TIT 

4.3.3 Choosing the Part-flow Ratio for PEvGT Cycles 

Figure 4-7 presents the performance maps for both the PEvGT and the 
PEvGT-IC at a constant TIT of 1350˚C and varying CDPs and part flow ratios. It 
was beyond the scope of this study to find the actual economic optimal for the 
part-flow ratio, a good example of such a study is Jonsson (2002). However, Figure 
4-7 shows us that the characteristic of the isobar (constant pressure, varying part 
flow ratio) gives either an efficiency maximum or a power output maximum. We 
chose to use the part flow ratio at the performance maximum found when 
comparing the PEvGT cycles to the FEvGT and STIG cycles in the previous 
sections. These are marked with a star in Figure 4-7.  

The first trend of note is the effect of intercooling on the characteristics of 
the isobars, the lines of constant part flow ratios, and the position of the cycle 
performance. At low CDP levels (20 bar) intercooling gives a significant power 
boost of 10-15%, but no significant rise in efficiency. In contrast, at high CDP 
levels the difference in both efficiency and power output are very significant (2.5 
point increase and 10-15% more power).  
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Figure 4-7: The performance map of the PEvGT and PEvGT-IC cycles at a constant 
TIT of 1350oC and varying CDPs and part flow ratios  

The second trend from Figure 4-7 is that we can see either an efficiency or a 
power maximum for the PEvGT cycles, while for the PEvGT-IC cycle, only a 
power maximum is found. The characteristic of the isobars was found to be 
dependant on two factors, the TOT, and the relation between the TOT and COT.  
For the non-intercooled PEvGT cycles, three trends can be identified. At higher 
CDPs (30-35 bar), a low TOT is encountered coinciding with a high COT. The 
low TOT means large amounts of heat cannot be utilised by the HRSG and can 
thus be adsorbed by the humidification circuit (HC). As more air is passed through 
the HC, the water outlet temperature from the humidification tower is lowered and 
more heat is recovered from the flue gas, hence improving the efficiency and 
power output. However, the high COT means the air sent to the humidification 
circuit will rejoin the main compressor flow colder, costing fuel and efficiency. The 
balance between these two factors will create an efficiency maximum, as seen for 
the 30 and 35 bar PEvGT cases in Figure 4-7. While extra power may be gained at 
ψ values higher than the maximum, the gains become smaller while the heat 
exchanger area, and thus costs, increases linearly with ψ. A detailed economic 
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analysis is needed to find the actual optimum, but in this study the maximum 
efficiency is chosen for evaluation. 

At low pressures (20 bar), high TOTs and low COTs are found. In this case, 
the HRSG is well suited to the flue gas and little heat is left for the HC to 
humidify. Therefore only a small part-flow percentage is needed to complete the 
heat recovery. Leading more air than this amount through the humidification 
circuit serves only to shift heat away from the boiler to the humid air superheater, 
thus increasing sensible heat recovery and decreasing the humidity. As the power 
output is heavily dependent on the humidity, there is accordingly a power 
maximum at low to moderate part-flow ratios, illustrated by the 20 bar PEvGT 
case. Again, higher ψ values may deliver higher efficiencies, but the heat exchange 
area and hence costs increase at a faster rate. Hence the power maximum is chosen 
for evaluation in this study. 

At moderate pressures (25 bar) both of the above effects are present. The 
TOT is low, but still slightly higher than the COT. Hence sending more air 
through the humidification circuit in general and the humid air superheater in 
particular will increase the efficiency weakly. Moreover, the HRSG also leaves 
appreciable amounts of heat available for the HC which is more effectively 
accessed with high ψ, due to a lower water temperature from the HT. Thus both 
the power output and the efficiency increase quickly with the part-flow ratio to an 
efficiency maximum at 30%, after which the gains become marginal.  

In summary, the optimum part flow ratio for non-intercooled PEvGT cycles 
is found to be between 20-30% for the range of pressures studied. 

Examining the PEvGT-IC, only the power maximum is present, reflecting the 
low COT gained from intercooling. As such the power maximum found can be 
explained as outlined for the non-intercooled 20 bar case above. The power 
maxima are much more pronounced, however, as heat must be recovered from the 
intercooler as well. In other words, the part-flow needs to be sufficient in size to 
not only accept the heat left over from the HRSG, but also the heat rejected from 
the intercooling process. As the amount of heat gathered from the IC heat 
exchangers is in turn dependent on the temperature out from the humidification 
tower and the amount of feed water to the HT (Figure 4-2), the effectiveness of 
the intercooler is heavily dependent on the humidifier’s performance. Hence, the 
two processes of part-flow humidification and intercooling need to be harmonised 
to gain the greatest effect and the optimum part flow ratios are higher than for 
non-intercooled PEvGT cycles. 

Figure 4-7 also shows that the part-flow ratio for the power-maximum 
increases for the PEvGT-IC when the CDP is raised. This is attributable to the 
decrease in the TOT and the increase in the steam pressure; factors that decrease 
the amount of heat the HRSG can recover. Therefore more heat is rejected to the 
humidification circuit and a larger amount of air is required to keep the HT water 
outlet temperature low and to utilise the heat available in the cycle.  
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4.4 Economic Study 

A HGT concept for commercialisation should be one which delivers a good 
economic performance, is technically feasible, and preferably has low development 
time, costs and risks. Within the concept of a “good economic performance” lies 
the implicit notion of a superior economic performance to the existing, competing 
technology, i.e., the combined cycle. Furthermore, the concept should show the 
potential for further improvements with time when components with improved 
performance become available. We have chosen to examine both short-term and 
long-term configurations, with the emphasis on short-term realisation. In the 
short-term HGT cycles, we have limited the CDP to 30 bar and TITs to 1350˚C to 
reflect current industrial gas turbine technologies. One configuration of each type 
of HGT cycle is chosen for the intercooled and non-intercooled cycles. For the 
long-term configurations, we have both a high CDP (40 bar) and TIT (1500˚C) 
meaning that only intercooled HGT cycles are considered. A combined cycle in the 
mid-size range (data from ALSTOM Power) as well as an air-cooled STIG cycle 
(data generated by the author) is chosen as reference points.  

4.4.1 Short-term HGT Cycles for Realisation 

Table 4-2 shows the economic results of the cycles considered for short-term 
realisation. Included in Table 4 is the configuration and performance, along with a 
percentage breakdown of the specific cost of the cycle components (genset, boiler 
circuit, humidification circuit, and water recovery unit), the investment cost index 
compared to the CC and the final cost of electricity index, compared to the CC. 
Detailed flow sheets of the short-term non-intercooled and intercooled HGT 
cycles are shown in Appendix A in Paper VI and Paper VII, respectively. 
Furthermore, the dimensioning data and assumptions along with the costing and 
economic assumptions for the calculations are to be found in Paper VII. More 
heat exchanger sizing and cost results are found in Appendix B of Paper VII.  

The first trend of note in Table 4-2 is that all HGT cycles appear to have a 
lower CoE than the combined cycle due to their lower specific investment costs 
and good efficiencies. Another initial comment is that considering the very low 
investment costs (savings of 14-37% compared to the CC), the differences in the 
short term CoE (3- 12%) are not particularly large. This reflects the dominating 
role of the variable part of the CoE, (around two-thirds), i.e. the fuel cost. The 
biggest investment saving compared over the combined cycle is made through 
eliminating the steam turbine. The gas turbine makes up 60% (FEvGT-IC) to 80% 
(STIG) of the specific installed costs, with the variations occurring mostly due to 
fluctuations in the specific heat exchange costs, not the specific genset cost. The 
chosen length of operation (6000 hours/yr) is typical for the Nordic region but 
could be related to internationally as short for a base load cycle or long for a peak 
load cycle. 
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Table 4-2: The economic results for the short-term HGT cycle analysis. 

Electrical Efficiency (%) 53 48.9 50.0 51.9 50.9 50.2 52.6 53.8
Specific Power (kJe/kgia) 529 654 640 663 664 708 810 724
CDP (bar) 20 20 30 30 25 30 30 30
TIT (oC) - 1350 1350 1350 1350 1350 1350 1350
IC N N N N N spray Y Y
ψ (part flow %) - - - 20% 71% - 30% 77%
Genset (% installed cost) n/a 79 81 76 65 81 74 66
Σ BC (% installed cost) - 8 7 7 0 7 7 0
Σ HC (% installed cost) - 0 0 5 7 0 8 10
REC (% installed cost) - 0 0 0 17 0 0 15
WRU (% installed cost) - 13 12 12 11 12 12 9
Specific Investment Cost 
Index 100.0 65.5 63.7 69.0 85.3 62.7 69.2 80.0

CoE Index 100.0 91.0 89.0 88.7 96.5 88.2 87.9 91.0

FEvGT Steam 
cooled 

STIG-SIC

PEvGT-
IC

FEvGT-
IC

CC Conv. 
STIG

Steam 
cooled 
STIG

PEvGT

 

The second point of interest is that the short-term HGT cycles can be broken 
into three groups related to their CoE performance. 

1. The first group consists of the intercooled and non-intercooled 
PEvGT cycles and the spray-intercooled, steam-cooled STIG cycle 
and the non-intercooled, steam-cooled STIG cycle. These cycles 
return the lowest CoEs, about 88-89 on the index. 

2. A second group is formed by the conventional (air-cooled) STIG and 
the intercooled FEvGT cycle, which both have a CoE index of 91. 

3. The non-intercooled FEvGT is the lone HGT cycle with a CoE over 
95 on the index.  

Implicit in the first grouping is that intercooling marginally improves the 
economic performance of the STIG and PEvGT cycles but does not seem strictly 
necessary in any near-term PEvGT or STIG cycle. Furthermore, it is evident that 
the “refined STIG cycles”, i.e. STIG cycles complemented with steam cooling or a 
humidification tower, pay for their increased complexity over the conventional 
STIG cycle. The steam-cooled STIG achieves this through boosting the 
performance while reducing the superheater costs in the boiling circuit. The 
PEvGT boosts the efficiency considerably while keeping the specific investment 
cost low by only utilising a part of the compressor outlet for humidification. 

Given the uncertainties in the costing and dimensioning data, and the small 
differences between the CoE of the PEvGT and STIG cycles, it is difficult to 
recommend one cycle over the other on purely economic grounds. However, the 
PEvGT-IC and PEvGT cycles do show a slight economic edge over the STIG 
cycles, and steam-cooling will have a beneficial effect on the PEvGT, although not 
as pronounced as in the STIG cycle’s case. The power output will increase while 
the superheater size decreases, improving the PEvGT feasibility further at the cost 
of a slight efficiency decrease. Furthermore, if we examine the performance maps 
presented in 4.3, we can also point to the superior performance potential of the 
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PEvGT cycle as an important factor to consider in any decision between these 
cycles. 

Unlike the STIG and PEvGT cycle, the FEvGT cycle requires an intercooler 
to approach the economic performance of the other cycles. Moreover, it is clear 
that recuperator prices or cycle performance must be improved for the FEvGT-IC 
to become competitive. 

4.4.2 Feasibility Conditions for the FEvGT-IC 

The FEvGT-IC, also known as the HAT cycle, has attracted much attention 
over the past 10 years as an alternate cycle to the combined cycle. However, we 
saw in the previous section that this cycle is less competitive than the refined STIG 
cycles, i.e., the steam cooled STIG cycle and the PEvGT cycle. This may be due to 
the chosen cost of the recuperator or the conservative performance parameters of 
the whole heat exchange network. In this section we examine the economic and 
performance demands needed for the FEvGT-IC to become competitive with the 
other intercooled HGT cycles studied. Three cases are presented in Table 4-3; 
“Feasible FEvGT-IC” takes the same cycle as studied above and changes the 
recuperator costs so that the cycle becomes competitive; “High Performance 
FEvGT-IC” is a case where the heat exchange parameters (pressure drops and 
approach temperatures) are reduced and humid air cooling is introduced to see the 
effect on the FEvGT-IC’s competitiveness; The “Feasible High Performance 
FEvGT-IC” shows the recuperator cost required this high performance FEvGT-
IC cycle to gain an equivalent CoE to the other intercooled HGT cycles.  

Table 4-3: Feasibility study of the FEvGT-IC cycle. 

Electrical Efficiency (%) 53.8 53.8 55.8 55.8
Specific Power (kJe/kgia) 724 724 854 854
CDP (bar) 30 30 29 29
TIT (oC) 1350 1350 1400 1400
IC Y Y Y Y
ψ (part flow %) 77% 77% 100% 100%
Genset (% installed cost) 66 73 60 65
Σ BC (% installed cost) 0 0 0 0
Σ HC (% installed cost) 10 11 15 16
REC (% installed cost) 15 6 16 9
WRU (% installed cost) 9 10 9 9
Specific Investment Cost 
Index (against CC) 80.0 72.5 83.2 77.0

CoE Index (against CC) 91.0 88.0 90.2 88.0

Feasible    
FEvGT-IC

 High 
Perfromance 
FEvGT-IC

Feasible 
High 

Perform 

FEvGT-IC
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Three points may be emphasised from Table 4-3 
1. “Feasible FEvGT-IC” shows that the recuperator price must be vastly 

reduced in order to attain a CoE equivalent to the other intercooled cycles. 
The recuperator cost in Table 4-3 is equivalent to 16 $/kWduty compared 
to the 43 $/kWduty used in the normal economic study (Table 2, Paper 
VII). In other terms, the recuperator can only cost the same as a finned-
tube heat exchanger.  

2. Even with a high performance FEvGT-IC, which likens the cycle 
proposed by Lindquist (2002), a recuperator at 43 $/kWduty is still 
infeasible. The efficiency was raised by 2% points and the power output 
by 130 kJe/kgia over the base FEvGT-IC, however, the heat exchangers 
become much larger and hence 50% more costly eroding much of the 
gains made. It is however, more competitive than the original FEvGT –IC 
cycle. 

3. The recuperator cost must be 28 $/kWduty, or 40% less than the original 
estimate for the purchase cost for the high performance FEvGT-IC cycle 
to be competitive.  

It is worth stressing that the high performance recuperator in the advanced 
case must fulfil demands for a higher effectiveness (96%) and a lower pressure 
drop (4.5%) at the same time. This is without mentioning the difficulties of 
recuperator construction at the higher working pressures studied in this paper. 
Lindquist (2002), however, recommends a newly proposed cheap manufacturing 
method and it remains to be seen if this technology can fulfil these demands.  

In conclusion, while the FEvGT-IC has the potential to deliver very high 
efficiencies, it is heavily reliant on the existence of a recuperator with a low cost, 
high effectiveness and low pressure drops. Consequently, near-term HGT cycles 
are more likely to be of the PEvGT or STIG configuration. 

4.4.3 The Long-term HGT Potential 

Table 4-4 presents figures for longer-term cycles with a high CDP and TIT. 
As the efficiencies are high, along with very low investment costs, the CoE is 13-
18% lower than the CC. It must be stressed that the economic data, including the 
genset, used for these cycles is based on the same models and assumptions as for 
the more modest short-term cycles. The spray intercooler is especially uncertain. 
Hence the CoE savings for these long-term cases are perhaps overstated. 
However, the results do point to a good long-term potential for both the STIG-
SIC and PEvGT-IC, with the FEvGT-IC again penalised by the recuperator. 
Importantly, the PEvGT-IC shows the same future thermodynamic performance 
potential as the FEvGT-IC for a cheaper CoE and lower investment costs. 
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Table 4-4: Long-term potential of the HGT cycles. 

Electrical Efficiency (%) 52.7 55.1 55.1
Specific Power (kJe/kgia) 903 928 852
CDP (bar) 40 40 40
TIT (oC) 1500 1500 1500
IC spray Y Y
ψ (part flow %) - 40% -
Genset (% installed cost) 81 74 69
Σ BC (% installed cost) 7 6 0
Σ HC (% installed cost) 0 9 8
REC (% installed cost) 0 0 13
WRU (% installed cost) 12 11 10
Specific Investment Cost 
Index (against CC) 56.0 66.0 72.0

CoE Index (against CC) 82.5 83.9 86.4

PEvGT-
IC

FEvGT-
IC

Steam 
cooled 
STIG-

 

4.5 Discussion 

4.5.1 Thermodynamic Study 

From the thermodynamic study of the HGT cycles in section 4.3, we could 
see that all HGT cycles perform better at high pressures. The STIG and PEvGT 
cycles were especially dependant on the CDP level as, in general, these cycles are 
more humid than the FEvGT and expanding at higher pressures gives a higher 
return on the water vapour generated. The STIG cycle’s power output, however, 
suffers at higher pressures without a coinciding increase in TIT. This trend is much 
less significant for the PEvGT cycle due to the inclusion of the humidification 
tower to access the low temperature heat left after the boiler. 

Another aspect of note is that HGT cycles have difficulties matching the 
combined cycle efficiencies. This is attributable to the large amounts of enthalpy 
leaving the flue gases in the form of uncondensed water vapour. However, the 
power output increase over the combined cycle compensates economically for this 
slight efficiency deficit. Furthermore, the more long-term, intercooled cycles can 
match combined cycle efficiencies while retaining these high power outputs. Flue 
gas condensing to supply district heating is one way to effectively utilise the latent 
heat in the turbine exhausts and is presented in the next chapter of this thesis. 

Spray intercooling was used for the intercooled STIG cycle. However, this 
process was not fully investigated in this study. Other alternatives exist such as 
continuous injection throughout the entire compressor, gaining a quasi-isothermal 
compression process, (TopHAT cycle, van Liere 2000) plus the water could be 
preheated using the remaining flue gas heat.  



Developing Humidified Gas Turbines 
 

 48 

A feature of the evaporative cycles studied is that they were air cooled, while 
the STIG was steam-cooled. This feature lead to the STIG cycle having 
comparable power outputs to the evaporative cycles at high TITs. If we then 
compare this study to a similar investigation carried out by Lindquist (2002) that 
featured humid air cooling for the evaporative cycles, the cycles presented in this 
thesis have significantly lower power outputs. As such, we can be reasonably 
certain that the PEvGT and FEvGT cycles with advanced cooling media will have 
larger power outputs than steam cooled STIG, but the efficiencies will decrease 
slightly (within 0.25-0.5 points). 

Steam cooling has an additional technical advantage in that it reduces the 
humidity in the combustion chamber. The air which would otherwise be utilised 
for turbine cooling is now present in the chamber, giving a higher oxygen surplus 
than other humid configurations. Furthermore, roughly half the water vapour 
generated will bypass the combustion chamber, meaning the air humidity during 
combustion should be limited to levels below those already overcome in the Lund 
pilot plant. It was shown that this level of humidity gives very low NOx levels, 7 
ppm, with a diffusion combustion process (Lindquist 2002). 

Cycle simulations are only as accurate as the assumptions and correlations 
they are based on. In this study, we model the humidification tower using 
thermophysical properties extrapolated from the Hyland-Wexler empirical model 
(Dalili 2001), while GateCycle uses ideal gas properties. Due to the content of 
water vapour in the air, it is difficult to assume the ideal gas properties are accurate 
enough, especially for dimensioning purposes. Furthermore the Hyland-Wexler 
model is operating outside of its normal range. New correlations have been 
developed at the department based on real mixture gas properties. These have 
been shown to be consistent with empirical data up to 200 bars, and should be 
included in any future studies. These changes will mostly affect the dimensioning 
results. The area of concern is in the high pressure, high humidity and low 
temperature components of the cycles, i.e., the compressor, humidifier, 
recuperator and superheater. The overall cycle performance should not change by 
a large amount. 

4.5.2 Economic Study 

From the economic study we saw that the short-term, commercialised HGT 
cycles should return CoEs around 10% lower than the combined cycle. However, 
these CoE levels are not as favourable as in many previous cycle studies. One 
explanation is that the short-term cycles have fairly modest performances and as 
such their main advantages will be in their lower first cost (investment cost). As 
approximately two-thirds of the end CoE is made of fuel related costs, a high 
efficiency is very valuable. A comfort to proponents of HGT cycles, however, is 
the potential of the longer-term cycles to match the combined cycle efficiency. 
Here, the CoE is then 15-18% lower than the combined cycle, although parallel 
improvements in the combined cycle are bound to erode this somewhat. 



4 HGT Power Generation 
 

 49 

One way to improve the short-term cycle is to introduce steam cooling to the 
PEvGT cycle and further boost the advantage of the HGT cycle over the 
combined cycle in the area of specific power output. This would also ease the 
transition to higher pressures required for the longer term cycles by introducing a 
more effective cooling media than hot compressed air. While the FEvGT cycles 
would also benefit, the matter of the recuperator’s cost and technology status 
remains unsolved. 

The high performance FEvGT-IC case showed that decreasing approach 
temperatures in the heat exchangers decreases the CoE. However, this result needs 
to be treated carefully as there is always a connection between the pressure drop of 
a heat exchanger and the heat exchanger area (determined by approach 
temperatures). These pressure drops are only loosely estimated in the study 
assumptions and there is a need to calculate more detailed exchanger parameters, 
e.g. U and ∆p, to fully evaluate the benefit of utilising highly effective heat 
exchangers. 

Related to the previous point, the recuperator was priced based on its duty. 
This was due to difficulties in finding a reliable recuperator purchase cost per heat 
exchanger area - as was used for all the other heat exchangers. Using a specific heat 
exchanger cost is quite an unreliable method as it does not reflect changes in the 
number of transfer units and thus the area required between different cases. For 
example, the FEvGT has a much higher temperature driving force than the 
FEvGT-IC, yet has the same duty based cost in the economic study.  

Lastly, it was seen in Table 4-2 that the flue gas condensers accounted for 9-
13% of the investment cost. The type of heat rejection system chosen, i.e., dry air 
cooling, is the most capital intensive of the options available. However, if another 
system such as a water cooled condenser were chosen, cooling water must be 
bought, increasing operating costs. Hence the choice of condenser type should not 
affect the end result significantly and the dry air coolers allow operation in isolated 
or water scarce environments. 



Developing Humidified Gas Turbines 
 

 50 

4.6 Recommendation 

Returning to our original question at the beginning of this chapter,  

Which HGT cycle is best suited for competition with the combined cycle in the mid-size power 
market? 

The answer is perhaps best described in shades of grey, as to differentiate 
decisively between the studied HGT cycles’ performances is no easy task! Our 
studies, however, did favour refined steam injected cycles as the base 
configuration. When the steam injected cycles are steam cooled, additional power 
output is gained at higher efficiencies, resulting in a lower specific cost and CoE 
than the air-cooled STIG cycle. However, this cycle does not have a particularly 
large competitive advantage over the combined cycles. To obtain efficiencies 
higher the combined cycles’, and hence a more decisive edge from the HGT’s 
lower specific investment costs, higher operating pressures are needed. Higher 
operating pressures are well catered for by the effective steam cooling system and a 
part-flow configuration is also very well suited to these conditions,. The PEvGT 
cycle can collect heat remaining in the flue gases after the HRSG and from any 
intercooler, should it be installed. In this way high efficiencies are reached (55% at 
40 bar) and very high power outputs are achieved. These two concepts should be 
able to use similar core engines. 

The STIG cycle is attractive due to its simplicity. It may also be readily 
accepted by the actors and cultures involved in the development process as it 
follows in the footsteps of already commercialised cycles, such as the CHENG 
cycle. New developments are required, however, in the form of steam cooling and 
a larger imbalance between the compressor and turbine. With steam cooling, the 
combustion chamber will operate with humidity levels no higher than experienced 
in the Lund pilot plant and other commercialised steam injected cycles. If we then 
consider that the part-flow ratio required for a PEvGT cycle is 20-30%, then the 
air extracted, which was formerly used for cooling, can be used for humidification 
and performance enhancement instead. We have shown that the air cooled 
PEvGT cycle matches the economic performance of the steam cooled STIG cycle 
and a steam-cooled PEvGT cycle will therefore be the most superior cycle.  



4 HGT Power Generation 
 

 51 

4.7 Conclusions 

The STIG cycle with steam cooling proved to be an interesting cycle. With 
very low first costs due to a small superheater area and high power outputs, its 
economic performance was very competitive, giving a CoE 11-12% lower than the 
combined cycle. Steam cooling especially favours high CDP and TIT 
configurations, although the efficiencies remain below the HGT cycles with 
humidification towers. An efficiency maximum is found with increasing CDP at 
the cost of power output. Using an adiabatic spray intercooler, a future STIG-SIC 
could produce electricity up to 18% cheaper than the combined cycle. 

Another refined STIG cycle; the PEvGT cycle is also a promising HGT cycle. 
It proved to have effective and feasible heat recovery characteristics for all 
configurations. The PEvGT is especially suited to increases in compressor 
discharge pressures, with the power output not suffering significantly, as is typical 
for the STIG cycle. An efficiency maximum exists well over non-intercooled limits 
and the intercooled PEvGT-IC configuration is probably also of interest for very 
high pressure ratios, e.g. compressed air energy storage or even a CHAT-style 
cycle. The PEvGT cycle is economically more competitive than the air-cooled 
STIG cycle, and on equivalent terms with the steam-cooled STIG cycle. As such, a 
steam-cooled PEvGT cycle is probably the most competitive HGT cycle and is 
recommended for realisation. This configuration is well suited to both non-
intercooled and intercooled core engines. 

The full-flow EvGT (FEvGT) cycle is unsuited to non-intercooled core 
engines for the pressures studied. The FEvGT has very large quantities of heat 
transfer, dominated by the recuperator, and only a moderate thermodynamic 
performance. The FEvGT therefore had the poorest economic performance of the 
HGT cycles. The intercooled FEvGT is a thermodynamically sound cycle with 
high efficiencies and good power outputs. However, the heat exchange network 
seems to be too expensive to be competitive with the refined STIG cycles, even 
with humid-air cooling and advanced heat exchanger characteristics. 
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5 HGT Cycles in District Heating 
Applications 

It is almost impossible for a new product to break into a market on a broad 
front. A typical development path for a new technology is to find a niche market 
where it has an accentuated competitive advantage over existing technologies 
(Kaijser 1994). Through strong performance in a niche, the new technology can 
gain in production volume (thereby decreasing costs), operational experience, 
market acceptance, and even cultural acceptance within the companies involved All 
these are required before a break through into the main market. 

When we consider the HGT cycle, the previous chapter showed a 
competitive advantage of this group versus the established combined cycle in the 
power market. However, this advantage is based on cost predictions for a mature 
product. A new HGT cycle for the mid-size range will most likely have difficulties 
competing, plus companies are unwilling to risk commercially unproven 
technology. Hence, the HGT cycle needs to find a niche market where the initial 
higher costs of production can be absorbed in order to gain commercial operating 
experience. 

In addition to good electrical efficiencies with high specific power production, 
HGT cycles have also been attributed with high total efficiencies when the heat 
from the flue gas condensers can be utilised. The temperature of this heat is well 
suited to district heating applications. In this chapter, we examine the questions 

Can district heating applications be a springboard market for the HGT technology? 
Which humidified gas turbine cycle(s) is best suited to district heating applications? 

Material is gathered from Papers IV and V. 

5.1 Adapting HGT Cycles for District Heating Applications 

5.1.1 Swedish District Heating Energy Systems 

In the Nordic countries, district heating is a common way to provide heat to 
buildings during the colder seasons. Hot water is extracted from a district heating 
boiler and distributed through pipes to buildings in the area where it is typically 
used in radiators and for hot tap water. The district heating supply temperature is 
usually between 70 and 90˚C in, for example, Stockholm, and the return 
temperature to the plant is mostly between 40 and 50˚C. The energy system built 
to supply district heating is typically a network of different types of plants, with 
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different fuels used for different operational purposes. Waste incineration plants 
and heat pumps often supply the base-load of heat; biomass-fired plants provide 
heat in shoulder periods, while oil-fired plants are peak-load plants. Figure 5-1 
shows the energy mix used in Stockholm for district heating as an example.  

 
Figure 5-1: Characterisation of the fuel input (8.1 TWh/yr) used by Birka Värme in 

Stockholm (note: household waste is classified as a biofuel). 

In contrast to Denmark, where the extensive district heating network is the 
basis for many combined heat and power (CHP) plants, Sweden has only a modest 
amount of combined heat and power plants. Combined heat and power allows 
more effective fuel conversion by utilising the heat which is usually rejected to the 
environment for district heating during electricity production. Hence two energy 
products are gained from the same amount of fuel consumption, usually associated 
with a slight fall in electricity production. The Swedish government has decided to 
encourage the prevalence of CHP plants, in part to replace nuclear power. While 
biofuel is commonly used in Sweden to fire CHP plants, it is believed that more 
natural gas will be provided to Sweden in the future, facilitating natural gas fired 
CHP plants.  

A coinciding development to a desired CHP expansion is the expansion of 
waste-fired heat plants. Currently, these provide 13% of the total district heating 
supply in Sweden, but due to favourable Swedish and EU directives, a planned 
expansion in capacity of 90% is underway. Due to very favourable economics – 
plants are paid to dispose of the waste - these plants are used as base-load plants. 
Furthermore, CHP production is not common with waste-fired plants because of 
the large amounts of impurities found in household waste. These impurities cause 
high maintenance costs and limit the steam cycle to modest steam data and cycle 
efficiencies. Any natural gas fired CHP plant will probably need to compete with 
waste-fired heat plant for base-load operation. 

Hybrid CHP plants - plants which use both waste and natural gas as fuels - 
offer a way to utilise the economic benefits of waste incineration for heat 
production while still allowing efficient power production from the same plant. If a 
natural-gas fired HGT CHP plant cannot compete with waste incineration, then 
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perhaps a hybrid version of this plant which incorporates waste incineration may 
be able to. 

5.1.2 Extracting Useful Heat 

Not all latent heat in the HGT exhaust may be used for district heating. As 
mentioned, district heating (DH) return temperatures are usually around 40-50˚C, 
which means only the heat above this temperature can be utilised, if no heat 
pumps are used. Furthermore, the supply temperature requirement of 70-90˚C 
places a demand on HGT cycles to provide heat which is at least 70˚C; other 
plants in the network, e.g. biomass-fired or oil-fired heat plants, may then upgrade 
this to the desired final temperature during colder periods. 

 

 

Figure 5-2: Flue gas condensation for district heating applications with inlet air 
humidification 

In order to extract as much useful heat as possible, a two-stage flue gas 
condenser (FGC) of the packed-bed type is recommended. This is shown in Figure 
5-2. Water is sprayed counter-current to the flue gas, condensing a portion of the 
flue gases’ water content, while being heated to near the flue gas dew point. In the 
first stage, the return flow of water from the network is used as the heat sink, while 
heat from the second stage would conventionally be rejected to the environment.  

A normal HGT cycle has a flue gas dew point temperature ranging from 50- 
70˚C. As this temperature determines the DH supply temperature, it may be 
necessary to raise the dew point and hence moisture content in the exhaust. There 
are two methods to achieve this: 

• Increase the humidification rate in the cycle, i.e. use more cycle heat to 
evaporate pressurised water for use in the gas turbine. 

• Increase the humidity of the compressor inlet air. This can be achieved 
using an atmospheric humidification tower which utilises heat from the 
flue gas condenser’s second stage to drive the process, see Figure 5-2. 
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Consequently, the gas turbine acts as a heat pump, allowing low 
temperature heat to become available at higher temperatures in the first 
stage of the FGC. 

 
Both these measures will decrease the electrical efficiency of the cycle. For the first 
option, more fuel will be required, while the second option penalises the 
compression process. Hence, a HGT CHP plant employing these methods will be 
less efficient than their power-optimised counterparts. The same phenomenon is 
found for the CC in CHP applications. 

5.1.3 Precendents 

Humidified cycles have already been implemented for commercial CHP use 
in the form of various steam injection cycles. It has been reported that a CHENG-
cycle supplies both heat (steam) and electricity to the Technical University of 
Munich’s campus site at Garching (Kellerer and Spangenberg, 1998). A similar 
cycle also operates in Carrozzeria Bertone, Italy, supplying electricity and heat to a 
car factory. in this plant, the heat is supplied through latent heat recovery in flue 
gas condensers (Macchi and Poggio, 1994).  

Flue gas condensation is also increasingly used for Rankine cycles in the 
Nordic countries to supply district heating from the moisture content of the fuel. 
In order to gain a higher temperature heat, these condensers are usually operated 
in tandem with inlet air humidification as suggested in 5.1.2.  It is estimated 3 
TWhDH/yr is supplied in this manner. (Westermark 2002). 

Hybrid cycles are also commercialised. In Sweden, the most relevant example 
for waste fuel is a parallel-connected combined cycle in Linköping (Tekniskaverken 
AB, 2001).  Saturated steam is raised in a waste boiler at low pressures (14 bar) to 
avoid high temperature corrosion from chlorine ions released in the incineration 
process. The steam is subsequently superheated by the exhaust from an ALSTOM 
GT10 gas turbine and expanded in a steam turbine before providing heat to the 
district heating net. The plant utilises municipal waste (75 MW) and light oil (75 
MW), generating 50 MW of power, 100MW of heat and consuming 205 kton of 
waste per year. 

5.2 Cycles Studied 

5.2.1 Natural Gas Fired 

Paper IV presents a study of three natural gas-fired HGT plants for district 
heating applications. The cycles are based on the ALSTOM GTX100 core engine 
and the cycles are kept as simple as possible to minimise development and 
production costs. All configurations are based around a non-intercooled steam 
injected configuration without a recuperator. It was shown in Chapter 4 that a 
HRSG with a superheater can not recover all the useful heat in the flue gas. The  
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Figure 5-3: The PEvGT (top) and the SatSTIG (bottom) flow sheets, adapted for 
district heating applications, without (case a) and with (case b) a pre-humidifier 
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two most interesting cycle for CHP operation use two different strategies to 
recover this remaining heat and are presented in Figure 5-3, the so-called SatSTIG 
and the PEvGT.  

In the PEvGT cycle, the use of a humidification tower in conjunction with a 
superheated HRSG allows more flue gas sensible heat to be utilised for electricity 
production than a normal steam injected cycle. This gives the cycle a high electrical 
efficiency. The proposed PEvGT cycle uses a part flow percentage of 10% for 
humidification and a booster fan to overcome the pressure drop in the 
humidification tower and heat exchangers. A steam ejector may even be used for 
this purpose. It is assumed that structured metallic packing, of the same type as in 
the Lund pilot plant, is used in the humidification tower. The diameter and height 
of the packing in the humidification tower has been calculated to 1.3 and 1.7 m 
respectively (corrected from Paper IV). The minimum driving force for 
evaporation is 5 °C. The performance of the PEvGT, with and without the pre-
humidifier is given in Table 5-1. 

In order to increase the electricity output, the SatSTIG increases the water vapour 
flow by injecting saturated steam into the combustion chamber. When the steam is 
not superheated, more flue gas heat remains for boiling, producing more water 
vapour. At higher water flows, more heat is also recovered in the economiser, 
which implies that very little sensible heat is left to recover from the flue gases.The 
injection of saturated steam will also increase the amount of fuel required in order 
to reach the desired turbine inlet temperature. In order to facilitate the extra need 
of oxygen, steam is also used to cool the turbine. At a constant turbine size, the 
airflow will decrease with an increase in the water vapour flows and the fuel-to-air 
ratio will thereby rise. Flue gas losses, which strongly affect the total efficiency, are 
lower at higher fuel to air ratios. Therefore the SatSTIG cycle, with the injection of 
saturated steam, gives a higher total efficiency and a higher output of heat and 
electricity than the PEvGT. Exact performance figures are given in Figure 5-3, 
with and without the pre-humidifier in operation 

5.2.2 Hybrid Cycles 

Paper V concentrates on hybrid CHP plants, including a hybrid humidified 
cycle (HHC) and a comparative hybrid combined cycle (HCC). Figure 5-4 shows 
both of these cycle concepts. 

Similar to the Linköping hybrid CHP plant, the Hybrid Combined Cycle 
(HCC) studied consists of a parallel-connected steam cycle and gas turbine, see 
Figure 5-4. Only saturated steam (80 bar, 295 ˚C) is generated in the boiler to 
ensure that the heat exchange surfaces are cold enough to avoid corrosion. The 
steam is subsequently superheated by the exhaust from a GTX100 gas turbine and 
expanded in a steam turbine before providing heat to the district heating net 
(steam data for the steam turbine is 80bar/543˚C). A burner is installed after the 
gas turbine to allow the steam superheater, and hence the steam turbine, to run 
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Figure 5-4: The Hybrid CHP Plants: the hybrid combined cycle (HCC, top) and the 

hybrid humidified cycle (HHC, bottom) 
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independently of the gas turbine. Thus the plant can operate in CHP-mode even 
when natural gas prices are high or electricity prices low. Additionally, high steam 
data can be reached, even if the gas turbine is operating at part load. The plant 
utilises municipal waste (100 MW) and natural gas (119 MW) as its two fuels, with 
8 MW of natural gas consumed in the afterburner. The cycle performance is shown 
in Table 5-1 

The final design for the Hybrid Humidified Cycle presented in Figure 5-4 
gives relatively high efficiencies for a simple design and a relatively low natural gas 
input compared to other hybrid humidified cycles. Saturated steam (80 bar) is 
generated in the waste boiler and like the HCC, superheated by the gas turbine 
exhaust to 560˚C. However, the steam is only expanded to 23 bar in the steam 
turbine (termed a topping steam). The medium pressure steam is then reheated 
(560˚C) and injected into the gas turbine in a manner similar to a STIG cycle. The 
amount of steam that can be injected in the HHC is limited by the combustion 
process. A 10% oxygen surplus is maintained in the combustion process by the air 
compressor, and turbine cooling is performed with saturated steam. A flue gas 
boiler and economiser provide further amounts of steam for the topping steam 
turbine and injection. In this way, most of the useful heat left after the superheater 
is recovered. Part of the extremely high water content of the flue gases is 
condensed in a flue gas condenser (FGC), cooling the exhausts from a dew point 
of around 90˚C down to 50˚C. This latent heat is transferred to the district heating 
network. The FGC also reclaims the amount of water consumed by the cycle, 
making it water self-sufficient. 

5.3 Cycles Results 

Table 5-1 summarises the performance of the different cycles outlined in the 
previous section. The cases with pre-humidifier operation are marked b. All gas 
turbine alternatives are closely based on the GTX100, with the volumetric flow 
from the turbine chosen as constant. However, in order to accommodate all the 
steam produced in the waste boiler and HRSG in the HHC plant, (100 MW of 
waste was chosen as the base boiler size in Paper V), a turbine 40% larger than the 
GTX100 was needed but the compressor is reduced to 55% of its normal size. 
Both SatSTIG and HHC require steam cooling to maintain 22% and 10% excess 
oxygen in the combustion chamber, respectively. This sort of combustion would 
require considerable work to realise, but the task is eased somewhat by the good 
thermal properties of water vapour.  

The PEvGT and CC deliver the highest electrical efficiencies, with the 
PEvGT having the advantage over a CC of a higher total efficiency, especially with 
the pre-humidifier in use. The waste-fired CHP has the lowest electrical efficiency 
due to its limited steam cycle parameters. Despite having a large input of natural 
gas, the HHC plant actually delivers synergy effects, meaning that burning both 
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waste and natural gas together will save fuel over burning these resources 
separately. Paper V contains a closer analysis of this. The HHC’s electrical 
efficiency of 43.5% is not far from the SatSTIG (46%), the most humid of the 
conventional cycles, while the district heating supply temperature is higher. The 
HHC is also the largest plant, consuming 181 MW of natural gas, compared to the 
SatSTIG at 144 MW, the PEvGT and HCC at 118 and the CC at 111 MW. 

Table 5-1: Results for the cycles studied 
Alternative Fuel 

MW 
% 

NG 
El. 

MW 
DH 
MW 

ηel 
% 

ηtot 
% 

Tdew 

°C 
TDH 
°C 

CC (KAX100) 115 100 57 46 50 90 - 85 
PEvGT a 122 100 61 55 50 95 73 68 
PEvGT b 118 100 58 65 49 104 76 71 
SatSTIG a 148 100 68 80 46 100 80 75 
SatSTIG b 144 100 66 87 46 106 82 77 
HHC 281 64 122 163 44 101 89 85 
HCC 219 54 88 106 40 89 - 90 
Waste CHP 
(Rankine cycle) 

100 0 24 65 24 89 - 90 

All the humidified gas turbines have the potential to obtain a total efficiency 
over 100%, based on the lower heating value. While this sounds illogical, some of 
the useful heat extracted from the flue gas condensers is actually latent heat from 
the water formed during the combustion process. This latent heat is by definition 
not included in the LHV of the fuel and hence the total efficiency can in reality 
exceed 100%. The highest possible total efficiency is actually 111% (HHV/LHV) 
for natural gas. For the single-fuel gas turbines, only the SatSTIG plant can achieve 
over 100% total efficiency without the pre-humidifier. Using the pre-humidifier 
boosts the dew point by 2-3˚C, which corresponds to 4-9% points on the total 
efficiency. The less humid the original cycle, the more the gains will be from using 
a pre-humidifier. The HHC has a lower total efficiency than the SatSTIG, despite 
its higher flue gas humidity, as the very poor efficiency of the waste boiler drags 
down the total efficiency of the plant.  

5.4 Economic Results 

Following the plant performance study, the plant’s investment costs were 
estimated in co-operation with ALSTOM, Sweden. An exception is the HHC 
cycle, whose costs were estimated within the department, see Paper V for details. 
The HHC estimation is considered quite high by the authors. Table 5-2 shows the 
investment costs used in both absolute and specific terms.  

In comparison to combined cycles, single-fuel humidified gas turbines have a 
lower investment cost due to the absence of the steam turbine and a much lower 
specific investment cost (20-40 %/kW electricity and 40-60 %/kW heat) due to 
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the higher output of heat and electricity. The cycle with the highest output, i.e., the 
SatSTIG cycle, also has the lowest investment cost of the NG-fired humidified 
alternatives due to the absence of superheater. SatSTIG will therefore have the 
lowest specific cost of all the alternatives. The plants burning waste (HHC, HCC, 
and Waste-fired CHP) have very high investment costs due to the investment for 
the waste-fired boiler and the subsequent complicated flue gas cleaning process. 
Despite these high investment costs, the hybrid plant’s specific investment costs 
per kWDH are under the CC’s and approaching the single-fuel humidified cycle’s 
level. The HHC has the lowest investment cost per kWe and per kWDH of plants 
with waste incineration despite a perhaps overestimated investment cost.  

Table 5-2: Investment costs for HGT cycles in DH applications. 

Alternative Cost 
M€ 

% 
NG 

El. 
MW 

DH 
MW 

€/kWe €/kWDH 

CC (KAX100) 52 100 57 46 910 1122 
PEvGT a 40.5 100 61 55 666 732 
PEvGT b 40.5 100 58 65 700 623 
SatSTIG a 38.6 100 68 80 567 485 
SatSTIG b 38.6 100 66 87 587 441 
HHC 123 64 122 163 1008 755 
HCC 113 54 88 106 1280 1066 
Waste-fired CHP 83 0 24 65 3458 1277 

Using the above figures, we carried out a cost of electricity and heat analysis; 
see Papers IV and V for the parameters used. Combined heat and power plants 
can be judged in many ways as there are two sources of income that may vary in 
price. Different electricity prices will give a different cost of heat and vice versa. 
Paper IV and V contain graphs plotting these two variables against each other. In 
Table 5-3 we have summarised important features of these figures. Presented are 
the feasible cost of electricity and the feasible cost of heat, with Swedish taxes and 
without. The feasible cost of electricity is defined as the electricity price required 
for the plant to operate feasibly with a certain fixed rate for the heat sold. Similarly, 
the feasible cost of heat is defined as the heat price required for the plant to 
operate feasibly given a certain fixed electricity price for the electricity sold.  

In Sweden, there is a unique situation where heat prices are nearly as high as 
electricity prices. For example, a typical rate for heat for a plant in Stockholm is 
around 20 €/kWDH. Case 1 in Table 5-3 shows the feasible cost of electricity with 
this rate, i.e. the minimum electricity price required for the plant to be profitable. 
With current regulations, the waste-fired plants are favoured heavily as the plant is 
actually paid to burn waste. Hence the hybrid plants show very low feasible 
electricity prices, 8-11 €/MWhe, and the waste CHP plant is even feasible without 
an income from any electricity generated. Another factor is that heat produced 
from NG combustion is taxed, which penalises the hybrid cycles slightly and the 
NG fired plants heavily. Of the natural gas fired cycles, the SatSTIG operating 
with an inlet humidifier (b) shows the lowest feasible electricity price of 17 
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€/MWhe, 9 €/MWhe (35%) lower than the CC. Both the PEvGT and SatSTIG are 
more feasible with an inlet humidifier in operation due to the resulting higher total 
efficiencies.  

Table 5-3: Feasibility prices for plant operation 
Conditions Feasible Secondary Product Price (€/MWh)1 

Case Primary 
Product Fixed Rate Taxes CC PEvGT 

a 
PEvGT 

b 
Sat-

STIGa
Sat-

STIGb HHC HCC Waste 
CHP 

1 District 
Heating 

20 
€/MWh DH Y 26 22 20 19 17 8 11 0 

2 Electricity 25 
€/MWhe 

Y 22 17 16 15 14 7 7 10 

3 District 
Heating 

5 
€/MWh DH N 29 25 25 24 24 23 27 37 

4 Electricity 0 
€/MWh DH N 33 30 31 30 30 30 33 50 

1: The required (feasible) price of the secondary product to allow operation at a given primary product price, e.g. 
the required electricity price when district heating is the primary product.  

If electricity is instead considered as the primary product, Case 2, the feasible 
heat costs show a similar trend with taxes included. At 25 €/MWhe – a reasonable 
future electricity price in Sweden – the hybrid cycles produce heat at 7 €/MWhDH, 
3 €/MWhDH cheaper than the waste fired plant due to their better electrical 
efficiencies. Furthermore, all the plants utilising waste are still more feasible than 
the NG-fired plants, although the difference is reduced somewhat. The NG-fired 
humidified cycles are 5-8 €/MWhDH (35%) cheaper than the CC and operation 
with the inlet air humidifier is only slightly more economical than operation 
without. 

As conditions in Sweden do not apply internationally, it is also useful to 
examine economic performance without energy and carbon dioxide taxes. These 
are presented in the bottom three rows of Table 5-3. Here, a different picture is 
formed. If the average worth of heat supplied each year is assumed to be 5 
€/MWhDH and the plants’ tax burdens are alleviated (Case 3), the waste-fired CHP 
plant has the highest feasible electricity price due to its poor efficiencies and high 
investment cost. The hybrid humidified cycle becomes the most economical plant, 
combining the economic advantages of cheap waste with high electrical efficiencies 
from the natural gas. This shift occurs at 19 €/MWhe (see Paper V). With its high 
output and high total efficiencies, the HHC is also 3 €/MWhe cheaper than the 
hybrid combined cycle. The conventional NG-fired plants retain their pecking 
order, with the SatSTIG still the most economical plant, followed by the PEvGT 
and the CC. The SatSTIG has a feasible electricity price 5 €/MWhe (20%) below 
the CC. With these economic conditions, it is no longer necessary to operate with 
the inlet humidifier for the PEvGT or SatSTIG. 

The second last row represents plant operation when there is no demand for 
heat. As a source of income is removed, the plants must receive higher electricity 
prices if they are to operate. In this case, all the humidified cycles appear well 
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matched (PEvGT, SatSTIG, and HHC) and are feasible at 30 €/MWhe, 3 €/MWhe 
lower than the CC and 20 €/MWhe lower than the waste-fired CHP. 

5.5 Discussion 

Relating back to our original questions, 

Can district heating applications be a springboard market for the HGT technology? 
Which HGT cycle(s) is bested suited to district heating applications? 

The cycle and economic studies have shown that conventional natural gas 
fired HGT cycles are consistently 20-35% more economical than their natural gas 
fired combined cycle counterpart in district heating applications. This is due to 
their higher total efficiencies and. The low specific investment costs were in turn 
reliant on a combination of lower investment costs and higher specific outputs 
than the combined cycle. In Swedish applications, the high heat prices especially 
favour the HGT cycles, making it an attractive niche market.  

Within the HGT cycles, it was found that high humidity levels and inlet air 
humidification favoured high total efficiencies and low specific investment costs. 
As such the SatSTIG with an inlet humidifier was the most feasible conventional 
cycle studied. Furthermore, this cycle gave the highest district heating supply 
temperature of the natural gas fired HGT cycles. The PEvGT also performed well 
in comparison to the combined cycle. This cycle can match the electrical efficiency 
of the combined cycle and with an inlet humidifier can reach a total efficiency of 
104%. Compared to the SatSTIG, its higher electrical efficiency makes it more 
applicable to areas with higher electricity prices and lower heat prices than Sweden 
(see Table 5-3).  

Combined cycles have had difficulties breaking through to district heating 
applications due to low electricity prices but also their high specific investment 
costs and consequent requirements for long operating hours. However, CHP 
cycles for district heating typically run for only 4500-6000 hours per year. An HGT 
cycle is much better suited these parameters due to their low specific investment 
costs and very high total efficiencies. The economic figures presented in this study 
were based on 7500 hours of operation per year due to the assumed presence of 
absorption chillers requiring heat during summer periods to produce cooling. 
However, the SatSTIG was still 35% cheaper than the combined cycle, a difference 
which will grow when operating hours are decreased.  

CHP plants, however, do not operate alone in an energy system. Competing 
plants and fuels such as biomass and municipal waste are favoured by taxation laws 
and directives. Waste-fired CHP cycles are shown to be much cheaper than the 
cheapest natural gas fired plant in Swedish conditions. However, the hybrid 
humidified cycle, using both waste and natural gas for fuel, was shown to be more 
feasible than a waste-fired plant when the electricity prices in Sweden rise over 20 
€/MWhe, a common occurrence. Furthermore, like its natural gas fired 
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counterparts, the hybrid humidified cycle showed an advantage over a hybrid 
combined cycle; again due to lower specific investment costs and higher total 
efficiencies.  

Due to the size of the competitive advantage over the combined cycle in 
district heating applications, the HGT cycle can perhaps afford the initial 
development costs associated with manufacturing a new type of gas turbine cycle. 
The heat recovery designs presented in this chapter are quite simple and involve no 
perceived high-risk components such as a recuperator or intercooling. An 
exception is the development and design of an ultra-humid combustion chamber 
and perhaps modifying the turbine for steam cooling. The size of the part flow 
suggested for the PEvGT plant is no bigger than what is extracted today for 
cooling the hot gas components; thus extracting the air flow to the humidifier does 
not represent a particularly challenging problem. Flue gas condensing coupled with 
inlet air humidification is widespread for biomass and natural gas fired-boilers in 
Sweden, so the equipment and principles behind this concept are well proven. 
Furthermore, this equipment could be operated as an adiabatic inlet air cooler for 
the gas turbine, bringing flexibility to the plant operation.  

A barrier to focusing on district heating applications may be found within the 
EvGT consortium itself. Actors within this group represent different interests, 
cultures and priorities. The three utilities in the EvGT together represent the 
largest amount of district heating network capacity in the world and also produce a 
large proportion of the electricity in consumed northern Europe. These utilities 
have an interest in applying any HGT cycle developed to their own markets to gain 
a competitive advantage. These markets are situated in northern European 
countries with district heating networks and are naturally suited to CHP. The gas 
turbine manufacturer is a global manufacturer, however, whose interests lie in an 
internationally valid product. Their core business and system culture could be 
viewed as more power orientated, followed by industrial cogeneration, followed by 
district heating. It may therefore be difficult to convince the manufacturer, 
especially branches outside of Sweden, of the worth of district heating applications. 
There is also a hinder in the form the risk burden in developing the HGT cycle. 
The manufacturer will not produce a demonstration plant if no utility will buy it 
and no utility will buy the product until it exists. There is an obstacle as to how the 
risks associated with demonstration may be shared between the partners. Kaijser 
(1994) showed that either external government support or a central organising 
corporation, who often has ownership stakes in the partners involved, is needed if 
such uncertainties are to be overcome. 
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5.6 Conclusions 

By studying the HGT cycles’ thermodynamic and economic performances for 
district heating applications, we can conclude: 

• Humidified gas turbines have similar electrical efficiencies and higher 
total efficiencies than combined cycles in district heating applications. 

• Total efficiencies over 100% (LHV) are possible. 
• Due to low specific investment costs and effective fuel utilisation, natural 

gas fired humidified cycles become economically feasible at electricity 
prices 5-9 €/MWhe lower than the natural gas fired combined cycles. This 
represents plants which are up to 35% cheaper. 

• The hybrid humidified cycle is well suited to utilising low temperature 
heat from waste incineration. The HHC also shows lower specific 
investment costs and higher total and electrical efficiencies than its hybrid 
combined cycle counterpart. Due to Swedish CO2 and energy taxes and 
income from waste incineration, the HHC is the most economically 
attractive plant studied for district heating applications, with feasibility 
prices in Sweden a third of the natural gas fired combined cycle.  

• In general, humidified cycles with high humidity levels, through either 
inlet air humidification and/or extra humidification of the turbine flow, 
are best suited to district heating applications. These cycles, however, will 
require the development of a combustion chamber able to fire under 
these conditions.  

The cycles presented have been designed as simply as possible to minimise 
development costs. As the economic margin to the combined cycle is so great in 
district heating applications, it is suggested that this market is well suited as an 
initial niche market for HGT cycles where development costs may be absorbed. 
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6 End Discussion 

6.1 Recommendations for an HGT Demonstration Plant 

In Chapter 4, power generation was treated and a base steam-cooled STIG 
cycle was recommended with a part-flow humidifier as a complement for any 
cycles with high operating pressures and/or intercooling. In Chapter 5, it was 
concluded that district heating applications are a suitable niche market to 
demonstrate and establish the HGT cycle in. Furthermore, the HGT cycle most 
suited to these conditions was again a steam-cooled STIG cycle, now 
complemented with a pre-humidifier and without a steam superheater. These two 
recommendations seem to fit well with one another for a demonstration plant 
comprising of a steam-cooled steam injected gas turbine with a part flow 
humidifier in a district heating application. 

It is suggested that this steam-cooled PEvGT demonstration plant should be 
built with the flexibility to manage the cycle’s humidity. When electricity prices are 
high or heat demand is low, the cycle can operate with the steam superheater and 
part-flow humidifier, giving the highest electrical efficiencies, but the lowest heat 
output. The pre-humidifier could be used as an adiabatic cooler to keep 
compressor inlet temperatures low. When heat demand and/or heat prices are 
higher, however, the superheater and part flow units could be phased out and the 
prehumidifier used diabatically, increasing the humidity and consequently the heat 
and power output of the cycle for a very high total efficiency. In this way the plant 
may extend its operation hours beyond the cooler months of the year and 
maximise the output of the relevant product, heat or power. 

One challenge for such a demonstration plant is establishing combustion 
stability. The cycle has three streams available to aid in this, the compressor air, 
humid air, and steam. For the power optimised processes examined, a typical total 
humidification rate (per kg intake air) was 0.2-0.25. With the inclusion of steam 
cooling, as discussed in Chapter 4 and 5, this decreases to 0.1-0.15 in the 
combustion chamber. The Lund pilot plant managed a ratio of 0.15 using a 
diffusion combustion process with little problems and thermal NOx levels were 
very low (7ppm). Hence the power optimised cycles have a proven combustion 
precedent.  

When optimising the plant for heat and power, the pre-humidifier adds 0.05-
0.07 to the base level of humidity in the cycle, increasing combustion chamber 
levels to 0.15-0.2 kgH2O/kgi.a., which are still manageable levels. This configuration 
returns total efficiencies over 100%. Continuing further towards saturation, if the 
superheater is not used, the absolute humidity has the potential to reach levels as 
high as 0.35, giving an oxygen surplus of 22% and a total efficiency of 106%. 
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However, not all the saturated steam produced in a district heating optimised 
mode need be injected to the combustion chamber. If a design limit for humidity 
in combustion of, say 0.25, is set then the remaining saturated steam can be 
injected elsewhere, for example, after combustion. Therefore, if the steam-cooled 
PEvGT cycle’s humidity level is managed correctly, a high degree of cycle 
flexibility could be achieved.  

6.2 Socio-Technical Hinders for HGT Cycles 

Looking back on this thesis, three technical areas of importance for 
developing humidified gas turbine cycles have been addressed. In Chapter 3, it was 
established that the humidification tower does not represent a hazard for the hot 
gas path components, provided adequate measures are taken in water treatment 
and humidification tower construction. Furthermore, water recovery and treatment 
is possible and does not jeopardise the feasibility of the cycle. In Chapter 4, the 
competitiveness of the HGT cycle as a mature product in the mid-size market was 
shown against the combined cycle. District heating applications were then 
identified in Chapter 5 as a suitable niche market where the HGT cycle has a 
sufficiently large competitive advantage over the combined cycle to absorb product 
development and demonstration costs. 

However, this is a rather deterministic view of the development path of a 
technology, i.e., the characteristics of the technology itself will ensure its success. 
We saw in the introduction that researchers have identified many other areas which 
are equally critical in deciding the fate of new technologies in socio-technical 
systems. A similar project to the EvGT project was the recent CHAT project in 
the U.S.A. Despite identifying compelling technical reasons for commercialisation 
of a technology similar to the EvGT technology, the project seemed to stumble 
before the hurdle of demonstration. The EvGT Consortium now stands at a 
similar crossroads. Throughout the thesis I have attempted to identify some areas 
that may hinder the development of the humidified gas turbine. While a thorough 
analysis of these factors is beyond the scope of this thesis, it is useful to try to find 
common themes. 

As mentioned in the introduction, Kaijser et al (1988) identified the 
acceptance of the new technology in the established system culture as critical in the 
development pathway. We proposed in Chapter 3 that the actual technical basis of 
the humidified gas turbine, i.e., to mix the usually separate streams of air and 
steam, is in itself alienating to the existing culture. The norm is to utilise these 
streams separately and the success of doing so in combined cycles may have built 
up an affirmative culture surrounding combined cycle technology. Another 
established part of the system culture may be the prioritisation of power generation 
over combined heat and power, see Chapter 5. Other studies have found that local 
actors are key factors in implementing combined heat and power projects, while 
large international companies have less motivation and more resistance to such 
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projects (Hard and Olofsson, 1994). As such the proposed initial niche market for 
HGT cycles in district heating applications could meet resistance within the 
manufacturing company, and even within the large power utilities if locally owned 
CHP plants are perceived to compete with centrally produced power.  

A crucial step in the EvGT Consortium’s history was the pilot plant in Lund. 
Kaijser (1994) points out the importance of technical demonstration and 
experience in overcoming system hinders. The experience of the pilot plant has 
indeed created positive reactions within, and outside of, the consortium. 
Importantly, as Kaijser et al (1988) found in their work, government support was 
required to gain this experience. The pilot plant is an important difference when 
comparing the CHAT program and the EvGT consortium. It may then be hoped 
that the pilot plant will positively reinforce the decision makers when considering 
commercial demonstration. 

Within the EvGT Consortium itself are another set of research-related 
hinders. Research focus at the universities of late has emphasised different 
humidified gas turbine configurations and competing cycle design and modelling 
theories. Within the literature, competing theories have been discernable from the 
same consortium. This in itself is a healthy problem, but can lead to uncertainty for 
decision makers. Three concrete examples are modelling the humidification tower, 
the role which the humidification tower should play in HGT cycles, for example 
full-flow versus part-flow configurations, and the feasibility of the recuperator.  

An interesting discussion is to use Hughes’ concepts of reverse salients and 
critical problems in this area. We can think of the EvGT technology as a sub-
system attempting to establish itself within a larger socio-technical system. In this 
case, the advance of the EvGT cycle has been quite pronounced on many fronts, 
for example, a pilot plant has been built and theory has been extended, clarified, 
and experimentally verified. However, there are still hinders for commercialisation 
- reverse salients - depending on one or more critical problems that the project 
needs to identify and solve. These attempts to define and solve critical problems 
may be found in the literature published from the two universities. As an example, 
an area of research and debate has been the recuperator. 

The EvGT or HAT cycle configuration has traditionally included the 
recuperator due to a desire to reach very high efficiencies. However, the modern 
recuperator is a highly sophisticated heat exchanger, which gas turbine 
manufacturers tend to view sceptically. Attempts to use recuperators on the power 
market have lead to reliability problems and product recalls. For example, the 
recuperated Mercury turbine is no longer available, and the recuperated M1A-1 
turbine needed high maintenance and refits. Furthermore, manufacturers seem 
reluctant to invest in developing a cheap and reliable recuperator in addition to the 
humidified gas turbine itself. The two universities have attempted to solve this 
critical problem in separate ways. One partner has attempted to de-mystify the 
recuperator by pointing to improved manufacturing techniques and understanding, 
which has in part been developed by that university. Furthermore, this partner 
stresses the very high efficiencies possible with the recuperator in conjunction with 
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the humidification tower. The second university has addressed the critical problem 
by presenting an alternate configuration without the recuperator, which is 
furthermore claimed to be cheaper than the EvGT cycle with a recuperator. 
Hughes, as mentioned, has pointed to many examples there the party who 
succeeds in solving a systems critical problem gains large influence over the 
systems successive development. Therefore, it seems logical that the two 
universities are quite active in the literature to promote their solution. 

Again, this is an attempt to introduce the reader (presumably an engineer) to 
the concepts and import of socio-technical factors in development, specifically in 
the development of the humidified gas turbine. Amongst other factors, the 
author’s qualifications, involvement in the project and subsequent closeness to the 
subject matter means that these comments can not be viewed as a socio-technical 
analysis. 

In summary though, efforts need to be directed not only to solving technical 
problems associated with HGT cycle commercialisation, but also to understanding 
social-technical problems. Energy systems contain mature and well-established 
technologies, strong organisational networks with a deeply-ingrained system 
culture (Kaijser et al 1988). The HGT cycle needs to successfully penetrate this 
culture and overcome (natural) social and cultural barriers to this new technology. 
Key actors, i.e., manufacturers and utilities, need to be convinced of the 
importance of combined heat and power as a niche market before the HGT can be 
demonstrated. Government assistance may be necessary to overcome risk aversion 
amongst the companies. 
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7 Conclusions 

This thesis has addressed three key questions in the development of HGT 
cycles. The conclusions will therefore address these questions in order 

Can a HGT cycle utilising a humidification tower feasibly operate with a closed water circuit 
while safeguarding the hot gas path components in the cycle? 

• It is possible to run the HGT cycle self-sufficiently and safeguard the hot gas 
path components. Models, verified by experimental results from the pilot 
plant, showed that by installing protective measures in the water circuit which 
minimise droplet entrainment and treating the feed water, the risk for air 
contamination is minimised in conjunction with a 1% water blow down.  

• Air filters protect both the air and water paths of the HGT cycle and are 
recommended to decrease the contaminant load on all components. It is also 
found that the humidification tower actually captures the same size particles as 
the air filters, protecting the hot gas path components. Droplet entrainment 
was quantified to 50 mg water per kg air, and consequently contaminant carry-
over from the water streams is low.  

• Condensate contamination was very low, with alkali levels below 1 mg/l. This 
is because either the air filter or humidification tower removes most airborne 
alkali particles before they enter the turbine, and thereafter the condenser. 

• The water circuit was successfully closed and the EvGT pilot plant can run as 
without the external feed of water.  

Which HGT cycle is best suited for competition with the combined cycle in the mid-size power 
market? 

• The refined steam injected cycles, i.e., complemented with either steam cooling 
or a part-flow humidification circuit, were found to the most feasible HGT 
cycles. The CoE for a short-term cycle with simple design was 10-12% lower 
than the combined cycle, while specific investment costs were 30-35% lower. 

• This type of HGT cycle is best suited to high operating pressures and turbine 
inlet temperatures. Steam cooling eases the development path to these 
advanced parameters and part-flow humidification is will enhance the 
performance of this configuration considerably, with or without intercooling. 

• The full-flow EvGT cycle, or HAT cycle, was found to have high 
performances with intercooling, but seems to be penalised by high heat 
exchanger costs. The non-intercooled FEvGT cycle is not a recommended 
configuration. 
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Can district heating applications be a springboard market for the HGT technology? 

• HGT cycle showed feasible prices up to 35% lower than the combined cycle in 
combined heat and power applications. This allows scope for the additional 
costs associated with demonstration and technique development while still 
remaining competitive. 

• High humidity levels are found to suit district heating applications. Thus, 
steam cooling is preferable as it allows a much higher humidity level in the 
cycle while retaining a feasible oxygen surplus during combustion. Intake air 
humidification is a useful tool to raise the district heating return temperature 
and total efficiency. 

• HGT cycles may be successfully integrated with waste heat sources within 
energy systems. When combined with household waste incineration, feasible 
electricity prices were reduced to a third those of the conventional combined 
cycle. 

 
In addition to these key questions, important socio-technical obstacles were 
proposed. For the HGT cycle to penetrate the market, acceptance is required 
within the entrenched company cultures found in energy systems. This applies 
especially when considering gas turbine products in district heating. A 
demonstration plant is an important step to aid this process. 
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Cycle Abbreviations 
CC Combined Cycle 
CHAT Cascaded Humidified Advanced Turbine 
CHP Combined heat and power  
EvGT Evaporative Gas Turbine 
FEvGT Full-flow Evaporative Gas Turbine 
HGT Humidified Gas Turbine 
HCC Hybrid Combined Cycle 
HHC Hybrid Humidified Cycle 
PEvGT Part-flow Evaporative Gas Turbine 
STIG Steam-injected Gas Turbine  
COP Coefficient of performance 
 

Heat Exchanger Abbreviations 
AC Aftercooler 
BC Boiler Circuit 
B-ECO Boiler Circuit Economiser 
B-SH Boiler Circuit Superheater 
FGC Flue Gas Condenser 
HC Humidification Circuit 
H-ECO Humidification Circuit Economiser 
H-FWPH Humidification Circuit Feed Water Preheater 
H-SH Humid Air Superheater 
HT Humidification Tower 
IC Intercooler 
REC Recuperator 

Gas Turbine  
CDP Compressor discharge pressure, bar 
COT Compressor outlet temperature, ∨C 
El. Electricity 
DH District heating 
LHV Lower Heating Value (MJ/kg) 
HHV Higher heating value (MJ/kg)  
i.a. intake air 
Pel Power output, MWe (net) 
tad  Adiabatic temperature, ˚C 
Tdew (°C) Dew point 
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TDH (°C) District heating supply temperature  
TIT Turbine inlet temperature (combustor outlet temperature), ˚C 
TOT Turbine outlet temperature, ˚C 
 
ψ Part-flow ratio, per kg compressor intake air 
ηel Cycle electrical efficiency, % LHV 
ω Cycle humidification rate, kgH2O/kg intake air 
 
 
Salt Model Parameters 
A Dry air flow through compressor intake 
Ci,j Concentration of species i in stream j 
  i: Na, sodium 

j: TI (EvGT), turbine inlet in an EvGT cycle 
TI (dry), turbine inlet in a simple dry cycle 
IN compressor inlet 

Fi Fuel flow for a cycle configuration i 
L/G Liquid (water) to dry air flow ratio at the top of the HT  

in&  The molar gas flow 
RAQ The relative air quality. The contaminant concentration entering an 
EvGT turbine divided by the concentration in an equivalent dry turbine. 
Xi Absolute humidity in stream i (kg H2O/kg dry air) 
   i: TI turbine inlet 
      IN compressor inlet 
      EV amount of water vapour added by the HT  
ψ The fraction of compressor air that passes through the HT. 
βi Blow down ratio for a certain RAQ value, i. The amount of water bled 
off from the HW circuit compared to the amount of water evaporated in the HT. 
ε The bleed off ratio. The amount of water bled off from the HW circuit 
compared to the amount of water exiting the HT.  
ηi The salt removal efficiency of unit i  
    i:  
   cond condenser 
   ent total entrainment prevention in the HT 
   dist water distributor in the HT 
   filter air filter  
   sep droplet separator in the HT 
   recyc water treatment unit 
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