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Abstract: This research investigates the most modern approaches to water treatment and recovery
in power plants because of the scarcity of water sources and the significance of those sources in
enhancing the performance of power-generating cycles. Gas turbines, which use mixes of air and
water as the working fluid, provide superior efficiency, high specific power outputs, and reduced
investment costs compared to combined cycles. Several different cycles for humidified gas turbines,
including cycles of direct water injection, cycles of steam injection, and evaporative cycles that include
humidity control towers, have been proposed. Despite this, only a few of these cycles have been put
into practice, and even fewer are available for purchase on the market. This work aims to analyze the
research and development literature on humidification-based gas turbines and highlight the cycles
that have the most significant promise for the long run. In addition, work on development that still
has to be carried out in order to deploy humidification-based gas turbine cycles is advised. This
article may also be used as an overview of the research and development work that has taken place
on humidification-based gas turbines over the course of the last thirty years.
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1. Introduction

The International Energy Agency (IEA) projects that the yearly growth rate of global
energy consumption will be 1.7% between 2000 and 2030. This rise is comparable to two-
thirds of the current primary energy demand, which was 9179 Mtoe in the year 2000, and
fossil fuels will continue to account for the bulk of the market for energy in the year 2030.
In addition, the International Energy Agency (IEA) projects that the annual growth rate
of electricity demand would be 2.4%. Natural gas-fired combined cycles will account for
the vast majority of new power generation capacity [1]. It is essential to develop improved
power generating systems that have high levels of electrical efficiency with high levels
of generated power (kilojoules of power per kilogram of air), low levels of emissions
of pollutants, and minimal expenses of investment, operation, and upkeep in order to
make sustainable use of the fuels that are currently available. Gas turbines are able to
fulfill the requirements because they have high efficiency, cheap capital costs (USD/kWe),
excellent power/weight ratio, and reduced air pollution. The energy markets of many
countries have been deregulated, which has increased the competition for distributed
generation and independent power providers; because of these modifications, power plants
that have outputs ranging from low to medium need to be very efficient and adaptive.
Consequently, it was expected that by the late 1980s, power stations would account for
more than fifty percent of new orders for fossil-fueled power plants [2]. This was due to the
fact that natural gas was readily available, relatively inexpensive, and free of contaminants;
moreover, the need for gas turbines is still increasing [3]. Research and development
efforts have focused on improving component designs, cooling, and combustors, as well
as innovative materials, in order to increase the efficiency and specific power production
of gas turbines. These improvements include increasing the firing temperature and the
pressure ratio (4), the conversion of aviation gas turbines to power-generating applications
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and the transfer of technology from gas turbines used in airplanes to gas turbines used
in stationary power plants (5), and cycle configuration (e.g., combined-cycle integration,
inter-cooling, recuperation, reheat, chemical recuperation).

To improve the performance of gas turbines, it is common practice to combine a
number of the available alternatives. Additionally, by humidifying the working fluid of a
gas turbine, it is possible to boost the machine’s output and efficiency. There have been
many different injection cycles that use water or steam, but only a few have been put into
practical use. The potential for high electrical efficiency, specific power output, and reduced
specific investment cost, decreased formation of nitrogen oxides (NOx) in the combustor,
reduced power output degradation caused by high ambient temperatures or low ambient
pressures (i.e., at high altitudes), and improved part-load performance compared with
combined cycles are the driving forces behind gas turbine humidification.

The concept behind humidifying gas turbines is that increasing the amount of wa-
ter/steam injected into the turbine increases the amount of mass it moves. This results in a
rise in the specific power output because the effort exerted by the compressor remains the
same (i.e., if water is introduced post the compressor), and it takes far less effort to raise
the pressure of a liquid than it does of a gas. The efficiency of the cycle may be improved
by recovering the energy contained in the gas turbine’s exhaust and either preheating the
injection water, making injection steam, or the recuperator’s preheating of the combustion
oxidizer. Additionally, the introduction of water prior to the combustor of a recuperated
gas turbine lowers the compressed air’s temperature at the input of the recuperator. This
results in an increase in the rate at which energy is recovered from the exhaust gas.

Additionally, in a dry-gas-based turbine, the supply rate of the combustion air is lower
than that of the exhaust gas. This is due to the fact that a lot of air is utilized to cool the
combustor and expander, and the air and exhaust gas have different specific heat capacities.
These two elements lower the recuperator heat recovery system’s effectiveness. Humidifi-
cation, on the other hand, increases both the amount of heat produced and the combustion
air mass flow rate, ultimately improving the recuperator’s overall performance. The work
required to compress the fuel is reduced whenever steam or water is introduced into the
combustor, replacing some of the combustor’s cooling air. Because the combustion gases
provide the heat necessary to evaporate water, the combustor is cooled more effectively by
water than steam at the same injection mass flow rate. Adding humidity to the gas turbine’s
working fluid has the advantage of lowering the amount of NOx produced during the
combustion techniques.

This article reviews humidified gas turbines that have been proposed and implemented
in the past. The goals of this review are to identify systems that promise reduced cost, and
high-specific power production, to highlight the developments that are being achieved in
this area, and to address the technical issues that need to be resolved.

This article references a significant number of previous studies on various cycles for
humidified gas turbines. The selected papers were deemed the most fascinating, such
as those that detailed a unique cycle arrangement or application. This research section
first discusses the underlying notion that underpins humidified gas turbines. This article
examines research on water-recovery methods, the thermo-physical characteristics of
air/water mixtures, ignition with moist air separately, standardizing humidification-based
power plant performance data, and the promise of carbon dioxide recovery at a lower cost
than for dry cycles.

2. Concepts of Humidification-Based Gas Turbines

The humidification-based power plants that have been discussed in the past are
organized into the following three groups according to this article:

• Gas turbines with water injection that results in complete evaporation of the water.
Systems that have water injected at the compressor intake for the purpose of increasing
power output on hot days; systems that have water injected in the compressor for the
purpose of intercooling; and systems that have water injected after the compressor in
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conjunction with recuperation fall under this category. Injection of water or steam into
the combustor is a mature strategy for minimizing the formation of nitrogen oxides
(NOx), although deployment of the two types of systems that were just discussed has
been minimal.

• Gas turbines that get steam injections. This category encompasses a wide variety of
commercially available systems.

• The gas turbine that runs while water is injected into a humidification tower and
recirculated through the system. The terms evaporation-based power plants (EvGT)
and humid-air turbines (HAT) are often used to refer to these cycles. According to
the study’s authors, the sole evaporative cycle currently operates at a pilot plant in
Sweden [4].

The systems that fall into the first group are shown in a diagrammatic form in Figure 1.
The fact that the power output of a basic cycle power plant reduces by 0.4–0.8% when the
average temperature of the environment rises by one degree Celsius illustrates how strongly
the ambient temperature influences the power output [4]. This indicates that power plants
are highly dependent on ambient temperature. Due to the fact that the volume flow rate of
the compressor does not change even when the shaft speed is held constant, the air density
and the mass flow rate of the compressor are both reduced when the ambient temperature
is high. Input air-cooling lowers the temperature at the compressor’s input, increasing
the air’s density. In systems where water is utilized, water reduces the air’s temperature
and raises the working fluid’s mass flow rate. Figure 1 also depicts a wet-compression
technique, in which water is introduced between the compressor’s stages, as well as an
evaporation-based or spray-based inter-cooling technique, in which water is introduced
between the LP and HP compressors. Both systems are designed to reduce the heat
generated by the compression process. Both of these approaches reduce the effort needed
for compression by using air intercooling. Evaporatively aftercooled, and recuperated gas
turbines have been the subject of study by a large number of scientists, as can be shown in
a schematic representation in Figure 1. The authors of this work, however, were unable to
find any articles that discussed the operation of such systems. When the cycle uses surface
intercooling, the warm water from the intercooler is often pumped into the cycle. In most
cases, it is presumed that water is pumped into a chamber in order to delay the flow of
air and provide adequate time for the water to evaporate. In the absence of a saturation
chamber, Rogers and Liese [5] investigated the effects of direct water injection by the use of
a pressure-swirl nozzle into a high-pressure, fast-moving air stream. When hot water is
sprayed, it atomizes, resulting in smaller droplet sizes, increased evaporation rates, and
a closer approach to saturation than when cold water is sprayed. Although direct water
injection in a gas turbine is not capable of completely saturating the air, the pressure loss
induced by the water injection is low, and the device is affordable and condensed.
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In steam-injected gas turbines, the steam is created prior to, throughout, or following
the combustor, as well as in between the stages of the turbine, and the exhaust gas is
introduced into the gas turbine. This may be shown schematically in Figure 2. It is
necessary for the steam to be super-heated and at a higher pressure than the compressor
discharge pressure in order to prevent water droplets from forming in the combustor,
causing rusting. The layout of a typical evaporative gas turbine cycle is shown in the
schematic drawing shown in Figure 2. In this cycle, energy is reclaimed by the use of
water in the economizer, intercooler (if present), and after-cooler, in addition to the usage
of humid air in the recuperator. The humidification tower, an essential component of the
evaporative cycle, takes the role of the cycle’s boiler in steam-injection-based cycles and
the evaporation-based chamber in water-injection-based cycles. This change allows the
evaporative cycle to function more efficiently. A part of the water evaporates as a direct
consequence of the simultaneous mass and heat transfer process. As a result, in the majority
of instances, hot and humid air is evacuated from the top of the tower. Instead of boiling
at a temperature that would be related to the total pressure of the system, the water will
evaporate at a temperature that is determined by the partial pressure of water in the air. As
a result, water may evaporate at lower temperatures than is typically possible in a boiler, as
evaporation happens at lower levels of temperature than what is feasible in a normal boiler.
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In contrast, the pinch point inhibits heat recovery in the boiler during the steam-
injected cycle, and low-temperature energy cannot be used to vaporize water. This is
because the pinch point is located at the point where the steam and water meet. As the air
travels higher up the tower, it comes into contact with water that has a higher temperature.
This is part of the evaporative cycle.

As one moves higher up the tower, the relative humidity of the air increases, which
in turn causes the temperature of evaporation to climb. The boiler in a steam-injected
cycle undergoes an isothermal boiling process, which causes a mismatch between the
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temperature profiles of the exhaust gas and the water. As a consequence of this, the
evaporation process is non-isothermal, the temperature profiles of the air and the water are
closely matched, and the exergy destruction in the humidification process is less than in
the boiler.

3. Gas Turbines with Water Injection and Full Evaporation
3.1. Injection of Water to Cool the Intake Air

In recent years, there has been a growth in interest in intake air-cooling systems for
gas turbines as a result of the growing demand for power at a low capital cost. This is
particularly true during hot months when the average temperature of the surrounding
environment is high. The following classifications apply to the many intake air cooling
systems that are available:

• Evaporative coolers that use various media. In order to humidify the air, water is
sprayed onto pads of fibers, which the air then passes through. 1—Cooling systems
that use spray and foggers. Using nozzles to inject water into the air creates a fog
with water droplets ranging in size from 5 to 20 mm in diameter. The systems may be
broken down into two distinct categories: (1) saturable systems, in which the air is
already saturated before the compressor, and (2) non-saturable systems. 2—Overspray
systems. Systems that inject more water than is necessary for saturation. Evaporation
of moisture drops in the compression results in the air being cooled.

• In order to cool the air that is being drawn in, a heat exchanger utilizes either a
mechanical vapor compression or absorption chillers. The output of gas turbines may
be increased by 15–20%, and their efficiency can be increased by 1–2% if chillers are
used (i.e., if energy is retrieved from the exhaust gases of gas turbines). The incoming
air may be cooled by a chiller regardless of the temperature of the surrounding
environment; nevertheless, purchasing a chiller demands a larger initial expenditure
than media and spray coolers do.

Although media coolers and spray systems have a relatively low starting cost, their
operational costs are significantly raised by their high water consumption. In order to avoid
deposits in the compressor, spray systems are required to use deionized water, while media
coolers are allowed to make use of untreated municipal water [6]. Evaporative media
coolers are the most common kind of inlet air cooling system; however, spray systems
have seen a significant uptick in use since the 1990s. As a result, the performance of
media coolers is restricted by conditions (humidity and temperature of the surrounding
environment. Because of this, the power generation of a normal diffusion combustor
may be increased by 5–10%, while the efficiency can be increased by 1.6–2.6%, and the
nitrogen oxides emissions can be reduced by 10% if a media cooler is used to increase
the level of humidity of the incoming air to about 90%. Overspray systems have the
potential to improve the power output of a normal diffusion combustor by 11–21%, the
efficiency by 1.6–4%, and the nitrogen oxide emissions by 21–41% [6]. The performance
improvements provided by saturated spray systems are equivalent to those provided by
media coolers. The increase in power output generation and efficiency that may result
from a water-injection-based system depends on the relative humidity and temperature
of the surrounding air; however, overspray systems are less susceptible to high humidity
levels than saturated spray systems and media coolers. The mass flow rate of extra water
in overspray systems generally corresponds to 0.5% to 2% of the mass flow rate of the
compressor’s intake air [4]. When hot water is injected, an aerosol is produced that has
a water droplet diameter of between 2 and 3 mm and poses a minor danger of erosion
to the compressor blades [7]. Because the water flashes as it leaves the nozzle, hot water
creates droplets that are far smaller than those produced by cold water. When compared
to an intake air-cooling system that uses cold water, an over-spray hot water system may
function at lower levels of temperature and is not as constrained by high levels of ambient
humidity; however, it requires a greater initial investment. Additionally, an overspray hot
water system may be able to function at higher ambient temperatures. The temperature of



Energies 2022, 15, 9527 6 of 32

the air and its specific heat capacity are altered when water is injected at the compressor
intake for the purpose of air cooling or on-line compressor cleaning. As a consequence,
the compressor operates outside of the range for which it was designed, which increases
the risk that it will stall [8]. Despite this, a spray intake air-cooling system has been
used on about 600 different power plants [4]. Both Hartel and Pfeiffer [9] an White and
Meacock [10] provided models of the impact of overspray on compression operations, as
well as references to the work of others in their respective fields.

3.2. Wet Compression and Spray Intercooling with Water Injection in the Compressor

Wang et al. [11] conducted a series of experiments to investigate the impacts of injecting
streams between compressor stages. Ingistoov et al. [12] performed an analysis on a water
injection device that was placed between stages of a compressor. The system’s primary
function was to clear deposits from the compressor blades when it was first developed;
however, the power output could be increased by increasing the rate at which water was
injected. Zhang et al. [13] showed a thermodynamic-based model for wet compression that
may also be used for wet intake cooling in its scope of applicability. The aforementioned
inlet air cooling system with hot water [7] will be progressed further to the TopHat cycle [14].
This cycle involves the injection of a significant quantity of water that has been preheated
by the exhaust gas from the gas turbine into the compressor. This results in a decrease
in the temperature of the compressor outlet and makes it possible for the gas turbine to
be regenerated more effectively. A comparison showed that the TopHat cycle had higher
levels of efficiency and specific power output than other cycles, such as the combined cycle,
the Cheng cycle, and the HAT cycle. The highest level of efficiency that the TopHat cycle
could achieve was 57.4%, according to the study (PRZ12, TITZ1200 8C). The researchers
that carried out the study came up with a combined cycle efficiency of 57.7% for a big gas
turbine, but found it had a TopHat cycle efficiency of 58.2%. It was hypothesized that a
more sophisticated version of the TopHat cycle would have an efficiency of more than 60%.
According to reports, the investment cost for a major power plant with a TopHat cycle
is 20% cheaper than the investment cost for a mixed cycle. The power plant in question
generates 350 MWe. An investigation on spray inter-cooling was carried out in the AGTJ-
100A gas turbine pilot plant [15]. Figure 3 [16] shows that testing of this reheated twin-spool
gas turbine started in Japan in 1984. Evaporative inter-cooling was used [16] in order to
increase power generation and efficiency while simultaneously reducing NOx emissions.
After passing through the intercooler, the relative humidity reached 90%. The Sprint spray
inter-cooling system for the LM6000 gas turbine was developed by G.E. in 1998. This
system injects water into the low- and high-pressure compression inlets. The Sprint system
improves power generation by more than 8% under ISO criteria and by 33% at 32.8 ◦C;
moreover, gas turbine efficiency is improved at high ambient temperatures [17]. Table 1
provides a summary of the research efforts on wet compression and spray intercooling
with water injection in the compressor.

3.3. Gas Turbines with Recycled Water Injection

The basic gas turbine with recuperation and evaporative aftercooling is shown in
Figure 4. This process may be altered by injecting water at a variety of locations during
the cycle. The effective and efficient recovery of the energy that is being exhausted by
the gas turbine is the key focus. It was observed by Najjar and Zaamout [18] that the
fundamental water-injection-based cycle had 58% higher power generation and 13% higher
efficiency than recuperation-based configurations that did not include water injection.
Figure 4 is a representation of the recuperated water injected (RWI) cycles that Camporeale
and Fortunato [19] investigated using a two-shaft industrial gas turbine as the basis for
their work. The water-injected cycle produced 30% more power than the simple-cycle
gas turbine; the water-injection-based cycle (PRZ16.7, TITZ1250 C) was 44.8% efficient,
while the simple-cycle configuration was 32.8% efficient. The water-injected cycle produced
30% more power because the water injection rate was equal to 13% of the input air mass
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flow rate. When compared to the performance of the basic cycle, the performance of the
water-injected cycle was greater in terms of power generation and efficiency at partial load
and high levels of temperatures.
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Table 1. A summary of the research efforts on wet compression and spray intercooling with water
injection in the compressor.

Reference Scope of Work and Configuration Key Findings

Ingistoov et al. [12] Analysis of a water injection device that was placed
between stages of a compressor

• To clear deposits from the compressor blades.
• The power output could be increased by

increasing the rate at which water was injected.

Zhang et al. [13,14]
and Van Liere [7]

The development of the TopHat cycle.This cycle
involves the injection of a significant quantity of
water that has been preheated by the exhaust gas

from the gas turbine into the compressor.

• This results in a decrease in the temperature of
the compressor outlet and will make it possible
for the gas turbine to be regenerated
more effectively.

Hori et al. [16]

The development of the evaporative inter-cooling
system was used in order to increase power

generation and efficiency while simultaneously
reducing NOx emissions.

• Increase power generation and efficiency while
simultaneously reducing NOx emissions.

de Biasi et al. [17] Development of Sprint spray inter-cooling system
for the LM6000 gas turbine

• The Sprint system improves power generation
by more than 8% under ISO criteria and by 33%
at 32.8 ◦C; moreover, gas turbine efficiency is
improved at high ambient temperatures.

The output power and efficiency for an aero-derivative gas turbine were calculated
by Camporeale and Fortunato [20] to be 24 MWe and 46.9 percent for a recuperation-
based cycle with water injection (PRZ16.3, TITZ1250 C), and 32 MWe and 40% for a cycle
with steam injection. According to these numbers, there is a power output of 31.7 MWe,
and the efficiency is 41.1%. (PRZ16.3, TITZ1250 C). Additional research on the expander
design of water-injected aero-derivative gas turbines was carried out by Camporeale
and Fortunato [21]. Intercooling-modified basic cycles are another kind of cycle that
has been looked at. The recuperation-water-injection-based cycle and steam-injection-
based configurations with and without surface intercoolers were the subjects of research



Energies 2022, 15, 9527 8 of 32

conducted by Manfrida et al. [22]. Because less heat was recovered from the exhaust gas
during the water-injected cycles rather than the steam-injected cycles, the water-injected
cycles had a lower overall efficiency. In order to achieve a higher rate of heat recovery,
the authors suggested using combined cycles that included the introduction of steam
from the bottoming cycle into the gas turbine. In order to achieve the highest possible
level of efficiency, this system does not inject steam while it is working under base load;
nevertheless, when it is working under peak load, steam is injected into the gas turbine in
order to boost power generation. The water-injected cycles proved to be the most effective
when applied to conditions characterized by low levels of compression and high levels of
water injection rates. Because the water injection rates reached up to 20% of the input air
mass flow rate, the air in the after-cooler became oversaturated, and the recuperator was
responsible for the evaporation of any excess water. According to the assumptions made
by Frautschi and Plancherel [23], a water-injected inter-cooled gas turbine would have
an efficiency of 43–45%. Chiesa et al. [24] estimated an efficiency of either 52.9% (PRZ33,
TITZ1500 8C) or 55.1% (PRZ33, TITZ1500 8C) for an aero-derivative surface inter-cooled
water-injection-based configuration (PRZ21, TITZ1250 8C). The use of evaporation as a
method of inter-cooling resulted in a marginal reduction in efficiency. The after-cooler
received an overabundance of water injection in comparison to what was required for
saturation, and the recuperator was responsible for removing the surplus liquid. Traverso
and Massardo [25] investigated evaporatively inter-cooled water-injected cycles (water
injection cycles [RWI], inter-cooled humid air cycles [HAT], and inter-cooled humid air
water injected cycle [AWIT], Figures 5–7, respectively) with power outputs of around
50 MWe each.
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The combined cycle, the steam-injected or evaporative gas turbine cycle, and the
water-injected cycle all had higher efficiency than the water-injected cycle. This was caused
by the air saturation limit on water addition and the high levels of the irreversibility
of the air-water-mixing process. Rolls-Royce has investigated the possibility of using a
recuperated cycle with a Trent-based engine with water injection for inter-cooling and
after-cooling. It was expected that the cycle would have an efficiency of 51%, which is less
than a mixed cycle but higher than a basic cycle (42%). The water-injected cycle is expected
to offer more flexibility and a particular investment cost that is thirty percent cheaper than
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that of the combined cycle. Rolls-Royce is of the opinion that there is a large potential
for technical risk associated with increasing both the pressure ratio, which is currently
set at 35, and the firing temperature; hence, a water-injected cycle is one possibility for
improving Trent performance. However, it is projected that the water-injected cycle would
have control challenges, and it is also anticipated that the lifespan of the recuperator will
be impaired [26].
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One such possible modification is the introduction of water into the recuperator of a
gas turbine. With an emphasis on inter-cooling and water injection in the recuperators for
open-cycle-based power plant configuration, Horlock [27] studied both open/closed water-
injection-based gas turbines, as well as water injections in the recuperators for closed-cycle
gas turbines. According to [28], the ideal pressure ratio for high efficiency was rather low
(i.e., between 8 and 10). Horlock [29] investigated how successful a recuperator would
be with water injection either before or during the process of recuperation. El-Masri [30]
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investigated the effects of injecting water into the intercooler, after-cooler, and recuperator
of a two-shaft recuperated gas turbine. This cycle had an efficiency that was 2.75 percentage
points higher than a non-inter-cooled steam-injection-based gas turbine and five percentage
points higher than a non-inter-cooled water-injection-based recuperated cycle, respectively.
Without the water injection, the recuperator would have lost around 2% of its efficiency.
According to the author, the evaporative after-cooler was easy to build, and it should be
possible for water contaminants to pass through the engine unobstructed.

Energies 2022, 15, x FOR PEER REVIEW 9 of 32 
 

 

cycle [AWIT], Figure 5, Figure 6 and Figure 7, respectively) with power outputs of around 
50 MWe each. 

 
Figure 5. Conceptual plant design for cycles, including inter-cooled water injection (RWI). 

 
Figure 6. Cycles of inter-cooled humid air conceptual plant diagram (HAT). 

 
Figure 7. Conceptual plant diagram for the 3HAWIT cycles of inter-cooled, humid air injection. Figure 7. Conceptual plant diagram for the 3HAWIT cycles of inter-cooled, humid air injection.

If water is used at a high level of quality, the water-injection-based recuperator might
get polluted. In order to prevent the water’s evaporation from having an impact on the
recuperator’s walls, it should be injected as a fine mist. A further possible variant of the
fundamental water-injection-based cycle is one in which evaporation and recovery occur in
many stages. Research by Annerwall and Svedberg [31] focused on surface inter-cooled
reheated power plants with evaporation-based after-cooling, a recuperator, water injection,
and a second recuperator. The efficiency reached approximately 53.2%, while the thermal
efficiency of a combined cycle was 49.4%, and the thermal efficiency of an inter-cooled
recuperated and reheated steam-injection-based cycle was 49.0%. In each cycle, a simple-
cycle configuration with a 21,3 MWe power output and a 32.5 percent thermal efficiency
was employed (PRZ13.5). Table 2 provides a summary of the key efforts in developing gas
turbines with recycled water injection.

Table 2. A summary of the key efforts in developing gas turbines with recycled water injection.

Reference Scope of Work and Configuration Key Findings

• Najjar and
Zaamout [18]

• Analysis of the fundamental
water-injection-based cycle

• The fundamental water-injection-based
cycle had 58% higher power generation and
13% higher efficiency than
recuperation-based configurations that did
not include water injection.
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Table 2. Cont.

Reference Scope of Work and Configuration Key Findings

• Camporeale and
Fortunato [19]

• Recuperated Water Injected (RWI) cycles
using a two-shaft industrial gas turbine.

• The water-injected cycle produced 30%
more power than the simple-cycle gas
turbine; the water-injection-based cycle
(PRZ16.7, TITZ1250 C) was 44.8% efficient,
while the simple-cycle configuration was
32.8% efficient.

• Camporeale and
Fortunato [20]

• The output power and efficiency for an
aero-derivative gas turbine were calculated
for a recuperation-based cycle with
water injection.

• Output power and efficiency increased to
32 MWe and 40%, respectively.

• Manfrida et al. [22]

• The recuperation-water-injection-based cycle
and steam-injection-based configurations
with and without surface intercoolers were
the subjects of the research conducted.

• The water-injected cycles had a lower
overall efficiency.

• Traverso and
Massardo [25]

• Investigated evaporatively inter-cooled
water-injected cycles (water injection cycles
[RWI], inter-cooled humid air cycles [HAT],
and inter-cooled humid air water injected
cycles [HAWIT], with power outputs of
around 50 MWe each

• The water-injected cycle had the lowest
efficiency compared to the other
configurations.

• El-Masri [30]
• Investigated the effects of injecting water into

the intercooler, after-cooler, and recuperator
of a two-shaft recuperated gas turbine

• This cycle had an efficiency that was
2.75 percentage points higher than a
non-inter-cooled steam-injection-based gas
turbine and five percentage points higher
than a non-inter-cooled
water-injection-based recuperated cycle,
respectively.

• Annerwall and
Svedberg [31]

• Focused on surface inter-cooled reheated
power plants with evaporation-based
after-cooling, a recuperator, water injection,
and a second recuperator.

• The efficiency reached approximately
53.2%, while the thermal efficiency of a
combined cycle was 49.4%, and the thermal
efficiency of an inter-cooled recuperated
and reheated steam-injection-based cycle
was 49.0%.

In addition, Sargent [32] conducted research on a water-injected gas turbine with the
goal of using it for district heating and electricity cogeneration. An inter-cooling process
with two stages was used throughout this cycle (Figure 8). The injection water was heated
during the first step, while external cooling water was utilized during the second stage.

After the compression stage, steam was introduced for after-cooling, the air was
recovered once more, and then water heated by the exhaust gas was injected, followed by
additional recovery. When compared to single-stage injection, multi-stage injection enabled
the incorporation of a greater quantity of water without resulting in the loss of any water
droplets inside the recuperator. Because of the large proportion of water in the exhaust gas,
the dew point was raised, which resulted in an increase in the amount of heat produced
by the district heating system. Szczygiel [33] also studied configurations with a one-stage
injection [32] and multi-stage injection [33], with or without an external after-cooler, and
extraction of expander cooling air from a variety of cycle points [32].
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Alterations to the fundamental idea that are more substantial, such as separating the
stream of compressed air for increased heat recovery, have also been proposed. One cycle
for the elimination of the low air–water mixing exergy was proposed by Mori et al. [34],
and it included the use of direct water injection. The other cycle involved the use of a
humidification tower. The process of intercooling was broken down into two phases, and
the second stage used a water-cooled intercooler that was a part of the direct water-injected
cycle. After passing through the surface after-cooler, the air stream was then segmented
into three separate streams, and the second intercooler injected hot water into each of those
streams. The resulting humid air streams were mixed and then sent through a second recu-
perator after being routed in parallel via a first intercooler, an after-cooler, and a recuperator.
The original recuperator was not a conventional heat exchanger since it caused water to
evaporate. As a result, the cycle that included a humidification tower was considered to
be technically more realistic, as indicated in the source [35]. The water-injected cycle that
Mori et al. [34] patented was quite similar to the cycle that Nakamura et al. [36] patented,
with the exception of one crucial difference; the air supply was divided immediately after
the compression stage. In accordance with the cycle outlined by Mori et al. [34], only a
part of the stream was sent through the use of the heat-recovery method. The remaining
component of the stream was bypassed and instead mixed with moist air before being
sent to the third and final recuperator. The efficiency of the humidification system was
50.4% when just 27.9% of the air supply was transmitted through the system, and it was
51.2% when 53% of the intake air was transported through the system. (TITZ1000 8C). A
water-injected part-flow cycle that required fewer components was invented and patented
by Nakamura [37]. During this cycle, one of the streams that were formed as a result of the
split in the compressor was aftercooled evaporatively and reclaimed before being mixed
with the stream that contained dry air and went through further recuperation. In addition,
patents were granted for a design that used evaporative intercooling and aftercooling for
each and every portion of the compressed air. Nakamura [38] demonstrated a recuperation-
based gas turbine in which the air supply was inter-cooled in a two-stage approach: initially
in a heat exchanger and secondly by injection of intercooler-heated water. This process was
carried out in a recuperated gas turbine. In addition to that, hot water was injected into
the fuel as well as the compressed air so that it could be after-cooled. Exergy and pinch



Energies 2022, 15, 9527 13 of 32

analysis were used by Bram and de Ruyck [39] in the development of a humidified cycle
that was similar to the HAT cycle but did not include a humidification tower. In a similar
vein, the procedure described in reference [40] was quite comparable. The fact that the
energy from the second inter-cooler was not added back into the cycle was the fundamental
distinction between this cycle and the water-injected cycle that Mori et al. [34] developed.
The net efficiency of this cycle was equivalent to that of an evaporative cycle that included
a humidification tower (54%).

Research has also been carried out on a variety of cycle combinations. A combined
cycle with water injection is shown in Figure 9 of Aronis and Leithner’s [41] paper. This
cycle was called the low-temperature heat combined (LOTHECO) cycle. Following the
gas turbine compressor, the water was fed onto a heat exchanger, where it was subjected
to the energy of a low temperature (below 170 degrees Celsius), causing it to evaporate.
The low-temperature energy might have originated from the combustion of biomass, the
sun, geothermal energy, or even the waste heat from industrial processes. As a result of
water rather than air lowering the combustion temperature to the permitted turbine intake
temperature, the gas turbine fuel was able to be burned at stoichiometric conditions, which
caused a decrease, as a consequence, in the amount of work required for compression.
Because the exhaust gas included a significant amount of water, condensation formed at
temperatures that were suitable for the district heating system. Alterations to the cycle
included super-heating the humidified air or utilizing an external heat source to super-heat
the humid air before passing it through the evaporator in order to aftercool the compressed
air that was to be used in the evaporator. Dodo et al. [42] created a unique recuperation-
based water-injected power unit for the cogeneration of electricity and hot/cold water. An
absorption refrigerator is used in this system to capture the energy that is released from the
exhaust gas. Depending on the conditions of the working environment, the compressor
input might be cooled with cold water from the chiller, or the aftercooling could be achieved
with hot water.

Energies 2022, 15, x FOR PEER REVIEW 13 of 32 
 

 

include a humidification tower. In a similar vein, the procedure described in reference [40] 
was quite comparable. The fact that the energy from the second inter-cooler was not added 
back into the cycle was the fundamental distinction between this cycle and the water-
injected cycle that Mori et al. [34] developed. The net efficiency of this cycle was equivalent 
to that of an evaporative cycle that included a humidification tower (54%). 

Research has also been carried out on a variety of cycle combinations. A combined 
cycle with water injection is shown in Figure 9 of Aronis and Leithner’s [41] paper. This 
cycle was called the low-temperature heat combined (LOTHECO) cycle. Following the 
gas turbine compressor, the water was fed onto a heat exchanger, where it was subjected 
to the energy of a low temperature (below 170 degrees Celsius), causing it to evaporate. 
The low-temperature energy might have originated from the combustion of biomass, the 
sun, geothermal energy, or even the waste heat from industrial processes. As a result of 
water rather than air lowering the combustion temperature to the permitted turbine in-
take temperature, the gas turbine fuel was able to be burned at stoichiometric conditions, 
which caused a decrease, as a consequence, in the amount of work required for compres-
sion. Because the exhaust gas included a significant amount of water, condensation 
formed at temperatures that were suitable for the district heating system. Alterations to 
the cycle included super-heating the humidified air or utilizing an external heat source to 
super-heat the humid air before passing it through the evaporator in order to aftercool the 
compressed air that was to be used in the evaporator. Dodo et al. [42] created a unique 
recuperation-based water-injected power unit for the cogeneration of electricity and 
hot/cold water. An absorption refrigerator is used in this system to capture the energy that 
is released from the exhaust gas. Depending on the conditions of the working environ-
ment, the compressor input might be cooled with cold water from the chiller, or the after-
cooling could be achieved with hot water. 

 
Figure 9. Simplified plant scheme of the low-temperature heat combined (L.O.T.H.E.C.O.) cycle. 

El-Masri [43] developed a cycle in which the temperature of humidified air was in-
creased by flue gas in a heat exchanger while compressed air was aftercooled by water 
injection. Then, before further recuperation, the humid air was coupled with saturated 
steam created from the energy of the exhaust gas. The cycle’s efficiency might potentially 
be improved further by inter-cooling it with water injection. Dual-pressure-combined-cy-
cle configurations were slightly more efficient than the suggested cycle, which was more 
efficient than steam-injected cycles. Dual-pressure combined cycles were marginally more 
efficient than steam-injected cycles. Adjustable cogeneration of electricity and steam is 
made possible by the utilization of a variable amount of the energy contained in the ex-
haust gas for recovery and steam production. A modified version of the intercooler cycle 
developed by El-Masri [43] was investigated by Bolland and Stadaas [44] for the purpose 
of power generation using only the most cutting-edge gas turbines that are now on the 
market. In this variation of the cycle, the steam is super-heated before it is injected into 

Figure 9. Simplified plant scheme of the low-temperature heat combined (L.O.T.H.E.C.O.) cycle.

El-Masri [43] developed a cycle in which the temperature of humidified air was
increased by flue gas in a heat exchanger while compressed air was aftercooled by water
injection. Then, before further recuperation, the humid air was coupled with saturated
steam created from the energy of the exhaust gas. The cycle’s efficiency might potentially
be improved further by inter-cooling it with water injection. Dual-pressure-combined-
cycle configurations were slightly more efficient than the suggested cycle, which was
more efficient than steam-injected cycles. Dual-pressure combined cycles were marginally
more efficient than steam-injected cycles. Adjustable cogeneration of electricity and steam
is made possible by the utilization of a variable amount of the energy contained in the
exhaust gas for recovery and steam production. A modified version of the intercooler cycle
developed by El-Masri [43] was investigated by Bolland and Stadaas [44] for the purpose
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of power generation using only the most cutting-edge gas turbines that are now on the
market. In this variation of the cycle, the steam is super-heated before it is injected into the
combustor. This is in contrast to the traditional cycle, which involves combining saturated
steam with moist air prior to the final heat exchanger. For the power units that were put
through the study, a steam-injection-based cycle was 9–11% more efficient than a basic
cycle, while the suggested cycle was only 3–4% more efficient than a steam-injection-based
cycle. The efficiency of big industrial gas turbines was highest with a triple-pressure
combined cycle, which ranged from 52–55%, followed by the cycle that was presented
(50%), and then a steam-injection-based cycle (44.9–45.9% efficient). The difference in
efficiency between a combined-cycle configuration and the proposed configuration was
minimal for medium-sized industrial and aero-derivative power units. For small-scale
power units (4–6 MWe), the efficiency of the suggested cycle was equivalent to or greater
than that of a single-pressure-combined cycle.

According to the published research, there was going to be one demonstration plant
in which water was going to be pumped directly into a power unit after the compression
stage. This plant was going to be at the Vrije Universiteit in Belgium, and it was going
to be used for integrated power production and district heating. In this particular gas
turbine, the compressed air was heated using gasified biomass that had been burnt in an
external combustor together with the exhaust gas from the gas turbine. This process took
place in a metallic heat exchanger. The heat exchanger could boost the air temperature to
800 degrees Celsius, which would make it possible to add natural gas topping combustion
and bring the temperature of the turbine input up to 1000 degrees Celsius. It is possible to
inject heated water into the external heat exchanger before it is used. This would result in
enhanced power production and efficiency, as well as changeable power-to-heat ratios. The
calculations showed that the power production would be 300 kW without water injection
and topping combustion, while the heat output would be 1200 kW (thermal efficiency
13%, overall efficiency 65%). However, water injection of 8.5% by weight would improve
the power output to 565 kWe (efficiency 21.5%). The output would be 800 kWe (with a
26 percent efficiency rate) if water injection and super-heated combustion were used. [45].
Despite this, the authors of this research were unable to find any literature that discussed
the operation of this facility in relation to water injection. Bechtel and Parsons [46] received
a patent for a similar gas turbine that was water-injected and externally fired, although it
did not include topping combustion. Another cycle that has been proposed [47] is known
as the VAST cycle, which stands for vapor, air, and steam in combination with a turbine.
Despite this, the designer asserts that the cycle circumvents the HAT and evaporative
cycles’ saturation restrictions, resulting in higher specific power and reduced costs. The
cycle, according to the inventor, also gets over the traditional limitation on water injection
brought on by flame stability.

3.4. NOx Management Using the Combustor Injection of Water or Steam

It is possible to lower the amount of NOx that is produced by the combustor by
injecting water or steam into it [48]. It was first suggested in the early 1960s [49], and up
until the middle of the 1990s [50], it was the NOx control technique that saw the most
widespread use. The production of thermal NOx is the principal contributor to the emission
of NOx by gas turbines. Because temperature and residence time are the determining factors
in the creation of thermal NOx, lowering the temperature of the combustion zone by adding
a diluent such as water or steam might result in a decrease in the amount of NOx that is
produced [51]. The generation of extra power is an additional advantage of injecting water
or steam; however, the efficiency of the process is diminished if the energy from the exhaust
gas is not collected and used to warm the water or generate the steam that is injected.
Because the required evaporation energy is obtained from the fuel, steam injection impacts
efficiency less than water injection; also, for the same NOx reduction effect, less water
is needed compared to steam [51]. Water injection has a greater influence on efficiency
than steam injection. In most cases, an amount of water equal to about fifty percent of the
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fuel mass flow rate and an amount of steam equivalent to one hundred to two hundred
percent of the fuel mass flow rate are injected [50]. Dry burners that produced minimal
levels of NOx were introduced at the beginning of the 1990s. Because of the lean nature of
the combustion that takes place in these burners, both temperature and the generation of
nitrogen oxides are reduced. Both wet [51] and dry [50] systems have the potential to reach
nitrogen oxides levels of 24 ppmvd [parts per million by volume, dry]. Mathioudakis [52]
presented a method for conducting an analytical approach to analyze the effects of injecting
water into the combustor of a gas turbine on the amount of power produced and the
amount of efficiency gained.

4. Water Recovery and Water Quality

In the context of humidified gas turbines, there has been a great deal of discussion
on water consumption and quality. The cost of water contributes to an increase in the
operating costs of the plant, and water and its impurities have the potential to cause erosion
and corrosion in the cycle. It is necessary to make a comparison between the expense of
acquiring sufficient-quality makeup water and the cost of installing water-recovery-based
systems that both condense and purifies water before it is used again. It is possible for the
water to condense either in an indirect surface recuperator that utilizes water (for example,
from the environment or cooled by atmospheric air) or in a direct-contact condenser that
sprays water into the flue gas [53]. Either method can be used to cool the exhaust gas.
Industrial usage of exhaust gas condensation for cogeneration could offer experience with
heat and water recovery, which enhances humidifier-based power units. An Italian factory
uses a Chang-cycle configuration with a water-recovery technique by an indirect condenser
that generates water at high temperatures [54], the steam-injected gas turbine Aquarius
recovers water with a direct-contact condenser, and the Swedish evaporative gas turbine
pilot plant is water self-sufficient thanks to an indirect condenser [55]. These are just a few
examples of how water can be recovered in humidified gas turbines. Figure 10 depicts the
flowchart for water treatment that is described in reference [55]. The corrosive substances
that might potentially lead to corrosion in the water loop or the power units are removed
from the recovered water, and then it is filtered before being reintroduced into the cycle [56].
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A number of researchers [56–67], such as Battegli and Fecchini [59] (direct-contact-
condensing technique), Ngayen and dan Ottar [60] (indirect water- or air-cooled indirect
condensers), De Peape et al. [58] (water- or air-cooled indirect condensers), and Blanco
and Ambs [61] (indirect water- or air-cooled indirect condensers), researchers Desideri and
di Maria [64] and references [62,63] (direct-and-indirect air- or water-cooled condensers)
have explored water recovery in evaporative cycles (indirect water-cooled condensers).
Poels and Galloway [65] investigated the effect that reusing previously evaporated water
had on the thermodynamic efficiency of the evaporative cycle. Because of the indirect
water-cooling of the condenser, there was a greater pressure drop in the exhaust gas, which
resulted in a reduction of 1.2–2.0% in the specific power output and 0.3–0.5% points in
the efficiency. Experiments have been performed to see whether it is possible to collect
water from humid gas turbine exhaust [67]. In the experiment that De Paepe and Dick [66]
constructed, which consisted of a finned-tube condenser, the researchers were successful
in recovering all of the water. In addition, a direct-contact condenser was evaluated, and
the results showed that it had achieved total recovery [57]. Tests with a condensing glass
tube heat exchanger that was put post the HRSG of experimental steam-injection-based
power units to avoid corrosion were recorded by Zheng et al. [68]. The condensed water
required very little treatment before it could be reused. Cerri and Arsuffi [69] offered
an alternative method for achieving the same goal of achieving water independence in
steam-injection-based power units. In this particular setup, the energy contained in the
exhaust fumes was used to power a demineralizing machine that distilled seawater into
water that was suitable for injection. Table 3 provides a summary of the key efforts on
water recovery.

Table 3. A summary of the key efforts on water recovery and water quality.

Reference Scope Of Work and Configuration Key Findings

• Battegli and Fecchini [59]
• Desideri and di Maria [64]

and references [62,63]
• Direct-contact-condensing technique • Partial water recovery

• Ngayen and dan Ottar [60]
• De Peape et al. [58]
• Blanco and Ambs [61]

• Indirect water- or air-cooled
indirect condensers • Partial water recovery

• De Paepe and Dick [66] • Experimental analysis on the
finned-tube condenser

• The researchers were successful in
recovering all of the water.

• Analysis of direct-contact condenser • The results showed that it had achieved
total recovery.

• Zheng et al. [68] • Tests with a condensing glass tube heat
exchanger that was put post the HRSG

• Corrosion was avoided in a
steam-injection-based power unit.

• The condensed water required minor
treatment before it could be reused.

• Cerri and Arsuffi [69]
• Heat recovery to run a demineralizing

machine that distilled seawater into
water that was suitable for injection.

• Water independence in
steam-injection-based power units
was achieved.

Pollutants may enter a gas turbine’s cycle along with the intake of air, fuel, and even
water in humidified cycles. Gas turbines are susceptible to this kind of contamination.
Water that has been demineralized is required for use in gas turbines that use either direct
water injection or steam injection. Impurities in the water of poor quality, such as salts, may
contribute to corrosions at a high level of temperature components of a gas turbine. These
problems can be avoided by using water of higher quality. Evaporative cycles may make
use of water of lower quality because only a fraction of the water is evaporated into the
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air in the humidification tower and because non-volatile contaminants stay in the liquid
phase. A model for the movement of alkali salts within an evaporative cycle was suggested
by Bartlett and Westermark [70]. The water circuit and turbine blades of a turbine are
susceptible to corrosion when alkali metals and alkaline earth metals are present. There
is the potential for substances to be transferred between the air and water streams of the
humidification tower and the air and water streams of a direct-contact flue gas condenser.
If there are pollutants in the water, the only volatile chemicals and compounds that may be
delivered to the air are those that are entrained in droplets; as a result, a droplet separator
should be installed after the humidification tower. Bartlett and Westermark [71] presented
experimental data from the evaporative gas turbine pilot plant that addressed the favorable
influence that a variety of input air filters and flue gas condensation had on the air and
water quality at the plant. In evaporative cycles that include water recovery, effective intake
filters minimize the need for water treatment to a lesser extent. This is because a filter
dramatically cuts down on the number of salt particles that are introduced into the cycle.
In the absence of an air filter, the water in the humidification tower performs the function
of a scrubber, capturing the vast majority of the airborne particles.

5. A Working Fluid for Gas Turbines, Humid Air
5.1. Thermal Characteristics of Mixes of Air and Water

For humidified gas turbines, accurate modeling of cycle performances, design of
cycles, and cost estimation necessitate the use of precise thermophysical characteristics for
water–air mixtures. This is necessary in order to achieve the desired level of detail. The
behavior of the air–water system deviates from what would be considered ideal under
certain conditions, in particular when the pressure is high, the temperature is low, and
the humidity is high. The references [72,73] analyzed the most recent theoretical models
of water–air thermodynamic characteristics and empirical studies. Additionally, these
references presented a method for calculating the thermodynamic properties of a mixture
of air and water by employing the actual model shown in Figure 11. Dalili et al. [74]
investigated the available thermodynamic property models for water–air mixtures and
studied the effect of various property models on the modeling of humidified gas turbine
cycles. They did this to determine how different property models affect the modeling
process. The models that were found had limited temperature, pressure, or humidity
ranges, or all three. Despite having a more limited temperature range, the actual gas
model [75] developed by Hyland and Wexler was the superior option available (valid up
to 200 8C). The real model predicted a larger saturation humidity at a given temperature,
which may be explained by the fact that water is more volatile in the real model than it is in
the ideal model. This was discovered via a comparison of the data for ideal and actual gases.
The efficiency of the cycle seems to be somewhat unaffected by the many thermodynamic
models that are considered. Ji and Yan [76] developed a real gas model based on an edited
version of the Radlich–Kwang equation of state [77] for the thermodynamic properties
(humidity, enthalpy, and entropy) of air–water and nitrogen–water mixtures. This model
was supplied as a real gas simulation. The novel model was compared to real-gas models
that already existed; up to 45 bars and 390 K, the models were consistent with one another;
however, the discrepancies became more pronounced at higher pressures. Ji and Yan [78]
validated the novel model by comparing its saturation characteristics to both experimental
data and earlier thermodynamic property models for water–oxygen, water–nitrogen, and
water–air systems. These comparisons revealed that the novel model accurately predicts
the saturated characteristics of these systems. There is not much available empirical
information on the water–air system. The comparisons illustrated that the new model
could be used for saturation characteristics up to 295 C and 190 atm. The major components
of an evaporative cycle were calculated by Yan et al. [79] utilizing ideal, ideal mixture, and
actual models, including the Yan–Ji model, for the thermodynamic features of water–air
mixtures. These models included the ideal mixture model. The maximum temperature that
could be reached at the output of humid air superheater models was 18.8 degrees Celsius.
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The Ji–Yan model was found to be applicable up to 1500 ◦C and 200 bar after comparisons
of the super-heated features calculated using the ideal model, the Yan–Ji model, and the
ideal mixture model.
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5.2. Humidified Combustion

Because water may induce combustion instability and lower combustion efficiency,
which can lead to greater emissions of carbon monoxide and unburned hydrocarbons,
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combustion can be a possible concern for humidified gas turbines. The sources [80,81]
provide a detailed account of the experiments and computations that were carried out to
assess the impact that the proportion of moisture in the combustion air had on ignition
emissions, operation, and stability limits. The humidified air led to a reduction in NOx
emissions, whereas carbon monoxide emissions hardly increased at all. Experimentally,
Bhargeva et al. [82] studied humid air premixed flames. The amount of moisture that was
present in the air ranged from 0 to 15% by mass. Because of the presence of moisture, the
temperature at which equilibrium is reached is lowered, which results in a reduction in the
production of NOx. The presence of steam lowers the molar fraction of oxygen and raises
the molar fraction of hydroxyl atoms, both of which contribute to a lower overall level of
NOx production at an equilibrium temperature that is held constant. This indicates that
the decrease in NOx levels was not only caused by the injection of water or steam, which
lowered the temperature.

Through a series of calculations and experiments, Harmann et al. [83] studied humidi-
fied combustion of methane. It was found that there were relatively low levels of C.O. The
authors’ Chan et al. [84] investigated the effect that humid air has on the combustion of
liquid fuel in gas turbines. When compared to the situation in which the air was fully dry,
NOx emissions may be cut by up to 9% if 1% of steam was mixed with the air at the same
flame temperature. This is in comparison to the scenario in which the air was completely
dry. The comparison was carried out with the flame kept at the same temperature through-
out, and the reduction in NOx was shown to be owing to the identical mechanisms as
Bhargava et al. [82] described. Bianco et al. [85] created a simulation of EvGT’s combustion
chambers using a premixed flame.

A combustion chamber that was supplied with CH4 and moist air that had a water–air
mass ratio of 0–5% was modeled and simulated. Both nitrogen oxides and carbon monoxide
emissions were reduced thanks to the addition of water at a constant equivalency ratio.
The limit for a lean blowout has been increased, resulting in a larger equivalency ratio.
The addition of water increases the mixture’s specific heat capacity, which in turn lowers
the flame temperature and thus slows down the chemical reactions that create nitrogen
oxides (NOx). Experimental diffusion flame combustors that were fueled with methane
and humid air that included up to 20% mass water were the subject of research conducted
by Belokon et al. [86].

The data from steam injection was compared to the findings of the experiments that
were conducted in an LM5000 combustor. Experiments were carried out so that a model
could be developed to forecast the efficiency of combustion as well as the emissions of
NOx for humidified air cycles. The evaporative cycle pilot plant’s NOx emissions were
below 10 ppm, and the levels of both unburned hydrocarbons and carbon monoxide were
at extremely low levels [87,88].

5.3. The Process of Normalizing Data Collected from Gas Turbines for Humidified Gas Turbines

Due to using the methodologies that are now available, normalizing data from gas
turbines to ISO standards from a wide range of atmospheric conditions for an evaporation-
based power unit was challenging [89]. It is essential that the performance test be carried
out on a typical day [87] if the evaporative cycle pilot plant is to avoid experiencing this
problem. On the other hand, experimental data from the pilot plant and a system consisting
of an artificial neural network were employed in order to construct an empirical model
of the cycle. This methodology was employed successfully in order to standardize the
data and predict performance [86]. Mathioudakis [90] demonstrated how the results of
gas turbine acceptance testing might be modified in order to account for the usage of
water injection.

5.4. CO2 Recovery from Humidified Gas Turbines

A significant amount of water is included in the exhaust gases produced by humidified
gas turbines. Condensing water results in a decrease in the flow rate of the remaining
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exhaust gases and an increase in the CO2 concentration. This results in a reduction in the
cost of CO2 removal after combustion as compared to dry gas turbines. Rao and Day [91]
conducted research on carbon capturing for the proposed FT4000 HAT power generation
unit that would use an advanced combined cycle (triple-pressure, reheat, closed-circuit
steam-cooling), as illustrated in Figure 12. Before passing through the CO2 recovery unit,
which was a steam-driven amine scrubber, the flue gas of the power generation unit was
initially cooled in a direct-contact condenser, which caused the water to condense. The HAT
cycle resulted in the production of exhaust gas with a high water content; as a consequence,
the flow rate in the recovery unit was low, and the CO2 concentration was high. As a result,
expenses for the carbon recovery unit are lower for the HAT cycle as compared to the
combined cycle.
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When compared to the combined cycle, the HAT cycle with CO2 recovery obtained
an initial cost savings of 50 USD/kWe, which is equivalent to a 6% reduction. The net
efficiencies and power outputs for the HAT cycle with CO2 removal were 54.9% (59%
without carbon recovery) and 216 MWe, while the net efficiencies and power outputs for
the combined cycle were 54.2% and 355 MWe. The researchers hypothesized that if they
tweaked the pressure split on the compressor, it would be possible to increase the HAT’s
efficiency by two percentage points without removing any CO2. An HAT, an SOFC, and
CO2 removal were all components of the system that was shown by Rao and colleagues.
Due to the fact that the fuel cell operated on pure oxygen rather than air, the exhaust gas
was made up of water and carbon monoxide. A direct-contact condenser was used to
condense the water; a part of the carbon dioxide was removed while the remaining CO2
was feedback to the HAT cycle to regulate the temperature of the SOFC.

The success rate of the cycle was more than sixty percent. Carcasci et al. [92] suggested
a partially closed evaporation-based cycle. In this cycle, a portion of the flue gas was
feedback, and combustion was conducted at an equivalence ratio of one. This resulted in
less effort being exerted by the compressor, and it produced exhaust gas with a high CO2
content, which made it possible to remove CO2 using techniques that involved absorption.

It was possible for carbon dioxide separation and distribution at atmospheric condi-
tions to achieve an efficiency of more than 50 percent. After passing through the recuperator,
the exhaust gas next traveled through devices that absorbed carbon dioxide and recovered
water. By combining it with the air from the surrounding environment, some of the exhaust
gas was sent back to the compressor. An inter-cooled recuperation-based partially closed
gas turbine with water injection for after-cooling and CO2 removal by absorption was
given a calculation efficiency of 49% by Corti et al. [93]. This included the removal of CO2
by absorption. Desideri and Corbelli [94] investigated the possibility of using a Cheng
cycle, which was modeled after an already-existing Italian Cheng cycle that had been put
into operation in 1991 for the purpose of cogeneration of electricity and district heating
and had an absorption scrubber for the removal of carbon dioxide. Emissions of carbon
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dioxide might be lowered with just marginal improvements in operational efficiencies and
electricity generation.

6. Discussion
6.1. Costs and Applications

Because the expenses of the steam turbine are not incurred in the combined-cycle
configuration, the specific investment cost for a natural gas-fired humidified cycle should
be less than that of a combined-cycle configuration, excluding the cost of development.
This is due to the fact that the specific power output is high in the combined cycle. Since the
steam turbine contributes a bigger share of the combined-cycle configuration’s investment
cost as power output lowers, the difference in specific investment cost should be greater
for low-power outputs. This is because the cost of the steam turbine increases as the
power output decreases. Part-flow humidification is one option for reducing the specific
investment cost in evaporative gas turbine cycles. This is because the area of the heat
exchanger and the volume of the humidification tower are both reduced with part-flow,
while the electrical efficiencies of part-flow cycles are comparable to or higher than those of
full-flow cycles. Because electrical efficiency is the primary factor that determines the cost
of energy, the evaporative cycle ought ideally to have an electricity cost that is equivalent
to or lower than that of the combined cycle.

Research by Nilson [95], Bartlett [96], and Jonson and Yen [97], as well as the majority
of other economic research on the evaporative gas turbine, validates the premise that the
evaporative cycle has a lower specific investment cost than the combined cycle. This is
the case because the evaporative cycle generates less waste heat than the combined cycle
does. However, according to the findings of two studies conducted by EPRI [98–100] on
the HAT cycle, the individual investment costs for HAT cycles were higher than those
for combined-cycle configuration. If a given gas turbine is capable of producing a higher
power output (that is, if a higher specific power output can be produced), the particular
investment cost will be lowered. The specific power output of the gas turbine has the
biggest effect on the particular investment cost. Because of this, the design assumptions
that are used to manage the higher mass flow rate of the working fluid that occurs as a
direct result of humidification have a significant impact on the total cost of the investment.
An increase in the mass flow of working fluid in the expander of the evaporation-based
cycle will result in an increase in the specific power output of the evaporation-based cycle
and a decrease in the specific investment cost of the evaporative cycle if the compressor
size for a particular gas turbine is assumed to be the same for both an evaporative cycle and
a combined cycle (if the cost for the gas turbine is assumed to be the same in both cycles).
Since the actual design assumptions for HAT cycle gas turbines are not mentioned in the
EPRI publications, it is challenging to determine why the specific investment costs for HAT
cycles are greater than those for combined cycles.

There are a few different applications for humidified gas turbines, such as the pro-
duction of base-load power, the cogeneration of electricity and steam, and district heating.
Humidified gas turbines perform better than dry gas turbines under conditions of low
load and high ambient temperature. This is because the rate at which water is added
may be modified to take into account fluctuations in the load as well as environmental
parameters [101]. As a result of the liberalization of the power market and the rise of
independent power suppliers, there has been a growth in the market for combined cycles
that are small to medium in size [101]. Humidified gas turbines should be able to compete
with the combined cycle in these markets since deregulated markets need compact, flexible
power plants that are capable of producing electricity at a cheap cost. They also have high
efficiencies, particular power outputs, and flexibility. When it comes to the cogeneration
of electricity and steam or district heating, humidified gas turbines are more adaptable
than combined cycles. Additionally, humidified gas turbines have the capacity to provide
energy and district heating at a lower cost.
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6.2. Development Status

In order for humidified gas turbines to be able to compete with more conventional
forms of technology, they need to go through extensive research and development. Al-
though similar on-line compressor cleaning systems are now available for purchase, devel-
opment for water injection into the compressor for the purpose of inter-cooling (also known
as “wet compressors”) is still in the experimental phase. For the purpose of intercooling,
water is circulated back and forth between the low-pressure and high-pressure compressors
in the LM6000 gas turbine GE Sprint system. Spray inter-cooling seems to be a more cost-
effective alternative to surface inter-cooling for the purpose of inter-cooling multi-shaft gas
turbines since it requires fewer design alterations than surface inter-cooling does. There are
currently no recuperated gas turbines available on the market that include water injection
for after-cooling, and the successful functioning of a system like this has not been reported
anywhere in the relevant academic literature. The most prevalent use for steam-injected
gas turbines is small-to-medium-scale cogenerations for electricity and steam in settings
with fluctuating heat demand or electricity prices. This kind of cogeneration may be found
in a wide variety of industries. However, steam-injection-based gas turbines that achieve
the high efficiency predicted by certain theoretical models have not yet been built. The
functioning of the evaporation-based gas turbine cycle has been shown in a pilot plant, but
the technology has to be demonstrated on a larger scale in order to evaluate its potential
on a more comprehensive level [100–102]. It is necessary to find solutions to a number of
significant issues before humidified gas turbines may be put into operation successfully.
The increase in the compressor back pressure (also known as the pressure ratio) that occurs
whenever steam is fed into a gas turbine is a possible source of worry. The rate of injection
has to be kept to a minimum in order to maintain a pressure ratio that is below the surge
line of the compressor, which represents the upper limit of stable operation. A number
of compressor blades have been lodged in the surge region, which causes a reduction in
the flow of air between the blades and may lead to flow separation. There is a possibility
that some working fluids may rotate in the opposite direction of the rotor, which will
result in vibrations that may result in damage to the compressor [50]. The volumetric flow
rate mismatch is an additional problem that may arise in humidified gas turbines. The
volumetric flow rate of an expander in a gas turbine rises in comparison to the flow rate of
the compressor when the working fluid in the gas turbine is humidified. The increased flow
might be handled by a gas turbine, such as one that has a compressor from more compact
power generation units, but the cost would be substantial, as shown by research on the
F.T.4000 HAT power generation unit [100]. Cilsson et al. [102] suggested making use of a
free-power turbine or/and dual-spool configurations; nevertheless, this configuration is
best suited for use with medium-and-large-sized power generation units. When it comes to
the construction of single-shaft gas turbines, a gear may be used between the compressor
and the turbine, or a compromise can be found between the design of the compressor and
the turbine. Although the flow mismatch problem in commercially available steam-injected
cycles has been solved by using partial steam addition or power generation units with
broad surge margins, there are still only a handful of power generation units that are
capable of operating with total steam injection. It has been suggested to apply the CHAT
technique for the evaporative cycle in order to make it possible to make use of regular gas
turbine components in a humidified cycle. The problem of flow mismatch may be solved by
using the CASH and CASHING cycles, which were first developed for power-producing cy-
cling. When an existing power generation unit is used in the HAT configuration, Reo [103]
suggested a HAT cycle in which a part of the humid air is expanded in a separate turbine.
This would avoid mismatching of flow rates in the compressor and the turbine that would
occur otherwise. Several writers argue that aero-derivative gas turbines are superior to
industrial gas turbines when it comes to their ability to function well in humidified cycles.
Aero-derivative gas turbines are constructed to accommodate flow rates that are greater
than the design value, and their pressure ratios are greater than those of industrial gas
turbines. Numerous studies have demonstrated that increasing pressure is advantageous
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for more efficient humidification-based power generation units. Moreover, the use of an
intercooler is made possible by the design of aero-derivative gas turbines that have multiple
shafts. Because of the low exhaust gas temperature that is generated by the high-pressure
ratio, aero-derivative gas turbines are not as suited for combined cycle applications as
industrial gas turbines. This is yet another reason why humidified cycles make use of
aero-derivative gas turbines. For this reason, good electrical efficiency in power cycles
based on gas turbines requires the use of cycle patterns that are distinct from those of
combined cycles.

Another important concern is the research and enhancement of heat exchangers and
inter-coolers, both of which are needed for humidification-based power generation units in
order to attain the highest levels of efficiency that were determined by this study. Recu-
perators and intercoolers are not components that are often seen in contemporary power
plants. Recuperators for gas turbines are not very popular and have mainly been used for
propulsion because of the need to maintain a low specific fuel consumption (kg/kWh) [104].
In addition, recuperators are required for micro gas turbines in order to attain electrical
efficiencies that are competitive. Primary surface recuperators [105] and plate-fin recu-
perators [106] were designed specifically for this use. Saidi et al. [107] conducted tests
on a variety of intercooler configurations. An example of an inter-cooled recuperated
gas turbine that is utilized in naval propulsive-based applications with decreased fuel
consumption is the WR-21 [108]. A component known as the humidification tower is
included in the evaporation-based gas power generation units, which were not used before
in conventional cycles. Nevertheless, this component finds widespread use in the field of
chemical processing. When it comes to the design and development of these components,
the sharing of knowledge between mechanical engineers and chemical engineers would be
quite advantageous.

The use of humidification in conjunction with the functioning of gas turbines is
still another important topic. In the direct water injection and steam injection processes,
demineralized water is required. In the evaporative cycle, however, lower-quality water
may be used. The use of water drives up operational costs across the board for humidified
cycles. It is possible to collect the water that has been removed from the exhaust gas and
then reinsert it into the cycle once it has been treated; however, doing so would increase
both the initial investment and the ongoing costs. In a number of different installations,
it has been shown that it is possible to collect water from the exhaust gas, treat it to a
quality where it can be reused in the cycle, and then reuse the water. The cost of obtaining
suitable replacement water should be considered while deciding whether or not water
should be reused. To prevent the recuperator from being harmed by the evaporation of
remaining water droplets, some researchers recommend that the air be partially saturated
or under-saturated at the recuperator’s inlet. Other researchers suggest systems where
oversaturated air enters the recuperator or systems where additional water is injected
inside the recuperator.

The goal of these recommendations is to prevent the recuperator from being damaged
by evaporation when air cannot be made to be oversaturated at the recuperator’s input,
and the pace at which water is injected is slowed down. The injection of water followed
by recovery in many stages is one possibility. When a gas turbine is run on humid air,
there is a risk of the combustion becoming unstable, which might lead to a reduction in the
efficiency of the combustion process. In spite of this, the evaporative gas turbine pilot plant,
as well as other steam-injected gas turbines, have been successfully operated. One of the
advantages of using humid air as the working fluid for a gas turbine is that the water in the
air lowers the amount of nitrogen oxides (NOx) that are produced during the combustion
process. This eliminates the need for an expensive low-NOx burner.

An exhaust gas recirculation (EGR) cycle, a steam injection gas turbine (STIG), and
a micro humid air turbine (mHAT) were each subjected to a numerical comparison that
was reported by Ali et al. [109]. When compared to the baseline scenario of a recuperated
100 kW MGT, the findings of simulations indicated that the electrical efficiency of humid
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and steam cycles increased by 6%, but the electrical efficiency of the EGR configuration
decreased by 9%. Even though the combustor needed to be improved, the HAT cycle had
the greatest performance overall, including in terms of the decrease of NOx emissions.

Micro Humid Air Turbine Plus (mHAT+), Advanced Humid Air Turbine (AHAT), and
the REgenerative EVAPoration (REVAP) cycle concept were the three types of humidified
micro gas turbines that were studied in De Paepe et al.’s [14] study, which compared the
effects of various humidified micro gas turbine concepts on the performance of the plant.
The outcomes of simulations run using Aspen Plus show that the REVAP cycle principle
may be used to achieve optimum heat recovery, leading to a gain of 4.3% in terms of
electrical efficiency.

Using a 30 kWe machine, Lee et al. modeled the impact of water injections directly
into the combustion chamber in addition to the impact of water injection in the recuperator
intake [110]. According to the simulations, the mGT’s electrical output can be raised
(from 22.53 to 29.56 kWe, compared to the 29.67 kWe power output from injection in the
recuperator inlet), but the electrical efficiency suffered significantly (a relative decrease of
23.4% compared to the 5.3% increase in the latter case). The key benefit of this application
is that, unlike when water is injected before the recuperator, it does not reduce the amount
of heat that is available for the generation of thermal power but rather increases it when
compared to the dry cycle [110].

The possibility for auto-raised steam injection in a Turbec T100’s compressor outlet was
also explored statistically by Ward De Paepe et al. [111], who found that with a maximum
injection of 3.3% steam, the electrical efficiency would rise by 5.1% relative [112]. Stathopou-
los and Paschereit obtained similar numerical findings while modeling steam injection in
the Turbec T100 [113], and [111] ultimately confirmed the results experimentally [114,115].

Athari et al. [116] assessed both the energetic and exergonic performance of GT systems
with a STIG cycle (BIFSG) and a combined cycle (BIFCC), with air cooling by fogging and
biogas being used in both instances. In contrast to the STIG cycle plant, which is beneficial
at low-pressure ratio values, the combined cycle is useful at high-pressure ratios, according
to the evaluations. While compared to the combined cycle, the STIG cycle results in a
greater net power output and a lower exergy loss for the plant in question when operating
under the same circumstances.

Following up on their prior work, the same authors conducted a thermoeconomic
analysis of the preceding two systems. According to the findings, the combined cycle
generates more electric power at a greater cost per unit than the SI plant does. This
also applies to the prices of the individual components [117]. In this research, energetic,
exergy, and exergoeconomic assessments were performed in complex systems of GT plants
with air cooling and SI; the complexity of these systems raises irreversibilities and costs,
which may be optimized if required with more knowledge about where they originated.
Exergy analysis at a more advanced level makes it feasible to determine both the source
of the destruction (whether it was endogenous or exogenous destroyed exergy) and the
greatest potential for improving the systems (whether the destruction was preventable
or inescapable).

To summarize the global effort in the field of humidified gas turbines, the Scopus
database has been used to feed the VOSviewer software [118] to perform a visualized
bibliometric study. The Scopus database was searched to find published “articles”, “ab-
stracts” and “keywords” since 1980 that are related to “Humidified gas turbines”. One
hundred and fifty-eight documents have been found in the Scopus database. The results
have been exported to the VOSviewer software to generate the keywords network map
and the publication rate of each keyword with respect to time, Figure 13.

The size of the circle of a keyword is determined by the weight of the keyword
compared to the other keywords. The higher the weight of the keyword, the larger the label
and the circle of the keyword. The color of an item is determined by the cluster to which
the item belongs. The distance between two keywords in the visualization approximately
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indicates the relatedness of the keywords. Figure 14 shows the link strengths of the
keywords to each.
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Figure 13. The network map of the keywords related to “humidified gas turbines”.

Energies 2022, 15, x FOR PEER REVIEW 25 of 32 
 

 

 
Figure 13. The network map of the keywords related to “humidified gas turbines”. 

The size of the circle of a keyword is determined by the weight of the keyword com-
pared to the other keywords. The higher the weight of the keyword, the larger the label 
and the circle of the keyword. The color of an item is determined by the cluster to which 
the item belongs. The distance between two keywords in the visualization approximately 
indicates the relatedness of the keywords. Figure 14 shows the link strengths of the key-
words to each. 

 

0
50

100
150
200
250
300
350
400
450

ai
r

ai
r t

ur
bi

ne
ai

rc
ra

ft 
en

gi
ne

s
al

te
rn

at
iv

e 
fu

el
s

am
m

on
ia

at
m

os
ph

er
ic…

at
m

os
ph

er
ic 

pr
es

su
re

bi
om

as
s

br
ay

to
n 

cy
cle

ca
rb

on
 ca

pt
ur

e
ca

rb
on

 d
io

xid
e

co
al

 co
m

bu
st

io
n

co
ge

ne
ra

tio
n 

pl
an

ts
co

m
bi

ne
d 

cy
cle

co
m

bi
ne

d 
cy

cle
…

co
m

bi
ne

d 
he

at
 a

nd
…

co
m

bu
st

io
n

co
m

bu
st

io
n…

co
m

bu
st

io
n 

pr
o-

ce
ss

co
m

bu
st

or
s

co
m

pr
es

se
d 

ai
r

co
m

pr
es

se
d 

ai
r…

co
m

pr
es

so
rs

co
m

pu
ta

tio
na

l f
lu

id
…

co
m

pu
te

r s
im

ul
at

io
n

co
ol

in
g

cy
cle

 e
ffi

cie
nc

y
ef

fic
ie

nc
y

el
ec

tr
ic 

po
w

er
…

el
ec

tr
ica

l e
ffi

cie
nc

y
em

iss
io

n 
co

nt
ro

l
en

er
gy

 e
ffi

cie
nc

y

Th
e 

to
ta

l l
in

k 
st

re
ng

th
 to

 th
e 

re
m

ai
ni

ng
 k

ey
w

or
ds

Figure 14. Cont.



Energies 2022, 15, 9527 26 of 32
Energies 2022, 15, x FOR PEER REVIEW 26 of 32 
 

 

 

 
Figure 14. The link strengths of the keywords to each other (a higher numerical value represents a 
stronger link to the other keywords). 

7. Conclusions 
In regard to the findings of the review in terms of thermodynamics: 1. Thermody-

namically speaking, humidified gas turbines have the potential to achieve electrical effi-
ciencies that are on par with or even higher than those achieved by combined cycle power 
plants. 2. The evaporation-based power generation units with humidification towers have 
shown the highest performance compared to units utilizing other humidification tech-
niques. 3. The specific power outputs of humidified gas turbines are higher than those of 
dry gas turbine cycles. Those specific power outputs are measured in watts. 

The following is a rundown of the findings on the expenses associated with humidi-
fication-based power units: 1. The expenses for an established humidified gas turbine 
ought to be lower than that of a combined-cycle configuration due to the fact that the price 
for the steam turbine in the bottoming cycle is removed. The expense disparity is more 
significant for power outputs that are less than their maximum capacity. Evaporative cy-
cles with part-flow humidification are anticipated to have more expenses than evapora-
tion-based cycles with full-flow humidification, while maintaining the same or greater 

0
100
200
300
400
500
600
700
800
900

en
gi

ne
s

en
vi

ro
nm

en
ta

l i
m

pa
ct

ev
ap

or
at

io
n

ev
ap

or
at

iv
e 

co
ol

in
g 

sy
st

em
s

ev
ap

or
at

iv
e 

ga
s t

ur
bi

ne
 cy

cle
ev

ap
or

at
iv

e 
ga

s t
ur

bi
ne

s
ex

er
gy

 a
na

ly
sis

ex
ha

us
t g

as
 re

cir
cu

la
tio

n
ex

ha
us

t g
as

es
ex

hi
bi

tio
ns

fla
m

e 
re

se
ar

ch
fo

ss
il 

fu
el

s
fu

el
s

ga
s e

m
iss

io
ns

ga
s t

ur
bi

ne
ga

s t
ur

bi
ne

 cy
cle

s
ga

s t
ur

bi
ne

 p
ow

er
 p

la
nt

s
ga

s t
ur

bi
ne

s
ga

se
s

he
at

 e
xc

ha
ng

er
s

he
at

 tr
an

sf
er

hu
m

id
 a

ir 
tu

rb
in

e 
cy

cle
s

hu
m

id
 a

ir 
tu

rb
in

es
hu

m
id

ifi
ca

tio
n

hu
m

id
ifi

ca
tio

n 
to

w
er

s
hu

m
id

ifi
ed

 g
as

 tu
rb

in
e

hu
m

id
ifi

ed
 g

as
 tu

rb
in

es
hu

m
id

ity
hy

dr
og

en
hy

dr
og

en
 fu

el
s

hy
dr

og
en

-ri
ch

 fu
el

s
la

rg
e 

ed
dy

 si
m

ul
at

io
n

m
as

s t
ra

ns
fe

r

Th
e 

to
ta

l l
in

k 
st

re
ng

th
 to

 th
e 

re
m

ai
ni

ng
 

ke
yw

or
ds

0

50

100

150

200

250

m
et

ha
ne

m
icr

o 
ga

s t
ur

bi
ne

m
icr

o 
ga

s t
ur

bi
ne

…
m

icr
o 

ga
s t

ur
bi

ne
s

m
ixt

ur
es

na
tu

ra
l g

as
ni

tr
og

en
 o

xid
es

op
er

at
in

g 
co

nd
iti

on
pe

rfo
rm

an
ce

…
po

w
er

 g
en

er
at

io
n

pr
em

ixe
d…

ra
nk

in
e 

cy
cle

re
cu

pe
ra

to
rs

re
ne

w
ab

le
 e

ne
rg

y…
re

se
ar

ch
 a

nd
…

sp
ec

ifi
c h

ea
t

st
ea

m
st

ea
m

 g
en

er
at

or
s

st
ea

m
 in

je
ct

io
n

st
ea

m
 tu

rb
in

es
st

ea
m

-in
je

ct
ed

 g
as

…
te

m
pe

ra
tu

re
th

er
m

oa
na

ly
sis

th
er

m
od

yn
am

ic…
th

er
m

od
yn

am
ics

tu
rb

in
e

tu
rb

in
e 

in
le

t…
tu

rb
om

ac
hi

ne
ry

ve
lo

cit
y

w
as

te
 h

ea
t

w
as

te
 h

ea
t u

til
iza

tio
n

w
at

er
 in

je
ct

io
n

w
in

d 
tu

rb
in

es

Th
e 

to
ta

l l
in

k 
st

re
ng

th
 to

 th
e 

re
m

ai
ni

ng
 k

ey
w

or
ds

Figure 14. The link strengths of the keywords to each other (a higher numerical value represents a
stronger link to the other keywords).

7. Conclusions

In regard to the findings of the review in terms of thermodynamics: 1. Thermo-
dynamically speaking, humidified gas turbines have the potential to achieve electrical
efficiencies that are on par with or even higher than those achieved by combined cycle
power plants. 2. The evaporation-based power generation units with humidification towers
have shown the highest performance compared to units utilizing other humidification
techniques. 3. The specific power outputs of humidified gas turbines are higher than those
of dry gas turbine cycles. Those specific power outputs are measured in watts.

The following is a rundown of the findings on the expenses associated with humidification-
based power units: 1. The expenses for an established humidified gas turbine ought to be
lower than that of a combined-cycle configuration due to the fact that the price for the steam
turbine in the bottoming cycle is removed. The expense disparity is more significant for
power outputs that are less than their maximum capacity. Evaporative cycles with part-flow
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humidification are anticipated to have more expenses than evaporation-based cycles with
full-flow humidification, while maintaining the same or greater electrical efficiency. This is
in contrast to evaporative cycles with full-flow humidification, which is expected to have
higher specific investment costs.

From the research that has been completed so far and the applications that have been
implemented, we may draw the following conclusions about humidified gas turbines:
1. The only gas turbines now available for commercial use are those that are injected with
steam; nevertheless, these turbines do not achieve the high efficiency that was predicted by
a number of numerical analyses. The evaporation-based power generation unit was put
through its paces in a pilot plant. Still, it seems that the water-injected cycle is the humidified
gas turbine cycle that has undergone the least amount of experimental investigation.
2. The mismatch in volumetric flow rates that results between the compressor and the
expander is caused by the humidification of the working fluid in the gas turbine. The
development of gas turbines that are able to withstand a greater flow rate is still in progress.
3. Humidified gas turbines need inter-cooling and recuperation in order to achieve the
highest efficiency levels described in this review article. These levels of performance
can only be achieved via these two processes. Additional research and development are
necessary before heat exchangers like this may become crucial elements in power generation
units. 4. Aero-derivative gas turbines are more suitable for running in humidification-based
configurations compared to industrial gas turbines. 5. Numerous power plants have shown
that power generation units can function with an H2O-mixed working fluid and that H2O
can be retrieved from the flue gases and feedback in the system. This was accomplished by
reusing the water that was originally consumed in the cycle. 6. Cogeneration of electricity
and district heating is an application that seems to have some promise for humidified gas
turbines. Estimates suggest that the separate investment costs, as well as the prices for
heat and electricity, shall be much lower than those associated with the combined-cycle
configuration. 7. Integrated power generation and carbon dioxide removal are achievable
with humidification-based power generation units because the CO2 removal equipment
may be smaller and, as a result, less expensive than in a mixed cycle. This is due to the fact
that humidification makes the gas turbines denser. It is possible that the overall efficiency
of the cycle, which would include the removal of CO2, would increase compared to that of
the combined-cycle configuration. Finally, nitrogen oxide formation may be reduced by the
use of humidification during the combustion process.
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