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ABSTRACT
Cycle humidification applied to micro Gas Turbines (mGTs)

offers a solution to overcome their limited operational flexibility in
terms of variable electrical and thermal power production when
used in a Combined Heat and Power (CHP) application. Although
the positive impact of this cycle humidification on the performance
has already been proven numerically and experimentally, very
detailed modeling of the system performance remains challeng-
ing, especially the determination of the recuperator effectiveness,
which has the highest impact on the final cycle performance. In-
deed, the recuperator performance depends strongly on the mass
flow rate of the air stream and its humidification level, two param-
eters that are difficult to measure accurately. Accurate modeling
of the recuperator performance under both dry and humidified
conditions is thus essential for correct assessment of the potential
of humidified mGT cycles in Decentralized Energy Systems (DES).

In this paper, we present a detailed analysis of the recuper-
ator performance under humidified conditions using averaged
experimental data, extended with the application of a Support Vec-
tor Regression (SVR) on a time series to improve noise-modeling
of the output signal, and thus enhance the accuracy of the monitor-
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ing process. In a first step, the missing experimental parameters,
air mass flow rate and humidity level, were obtained indirectly, us-
ing rotational speed, fuel flow rate, exhaust gas composition and
pressure level measurements in combination with the compressor
map. Despite the low accuracy, some general trends regarding
the recuperator performance could be observed based on these
experimental data, indicating that the recuperator, despite hav-
ing an increased total exchanged heat flux, is actually too small
to exploit the full potential of the humidification. In a second
step, by means of the SVR model, a first attempt was made to
improve the accuracy and reduce the scatter on the recuperator
performance determination. The predicted results with the SVR
indicated indeed a reduced scatter on the determinations of the
air mass flow rate and the amount of introduced water, opening a
pathway towards online recuperator performance prediction.

NOMENCLATURE
AHAT Advanced Humid Air Turbine
CAF Corrected Air Flow
CHP Combined Heat and Power
CIT Combustor Inlet Temperature
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COV Coefficient of Variation
DES Decentralized Energy Systems
GA Genetic Algorithm
GT Gas Turbine
HAT Humid Air Turbine
mGT micro Gas Turbine
mHAT micro Humid Air Turbine
RE Renewable Energy
SM Surge Margin
SVR Support Vector Regression
TIT Turbine Inlet Temperature
TOT Turbine Outlet Temperature
UN United Nations
VUB Vrije Universiteit Brussel
WAC Water Atomizing inlet air Cooling

INTRODUCTION
To limit the effect of climate change, the United Nations

(UN) has set a clear goal to reduce the global CO2 emissions by
40 % by 2030 [1]. To reach this goals, over the last years, the
installed capacity of Renewable Energy (RE) production units
has increased significantly [2]. This larger capacity leads to a
significant increase in the RE power production in the total en-
ergy mix: e.g. in Belgium, Elia reported on a growth of 18 % for
the share of RE in the total mix from 2017 to 2018 (total share
of 12 % in the global mix for 2018) [3]. This larger share in
RE is putting; however, a strong constraint on classical thermal
power production, especially in centralized organized grids. Due
to the intrinsic partially unpredictable and fluctuating nature of
RE production (i.e. wind and solar), classical thermal production
units need to provide the necessary flexibility to balance the grid.
Shifting from large-scale centralized production to Decentralized
Energy Systems (DES), possibly in combination with Combined
Heat and Power (CHP), offers a solution. In these DES, flexible
and reliable production from thermal units remains necessary, to
compensate when not sufficient wind or solar power is delivered.
Current battery technologies allow storage of RE power for a
period of several hours to days, but seasonal storage is still a prob-
lem. Therefor, small-scale CHP units, like micro Gas Turbines
(mGTs), will have a place in future DES production.

To really exploit their potential, the mGT has to become
more flexible. The mGT is currently already (relative) fuel and
operational flexible: the produced power can easily and fast be
adjusted. Despite this flexibility, the main issue remains the fixed
and constant heat-to-power ratio. In cogeneration applications,
the mGT is typically linked with real users with real heat and
electricity demands, which differ quite significant [4]. In example,
domestic users have typically a high heat demand in winter and
low in summer, while they present a rather constant power demand
all year long, but highly fluctuating during the day. Given the
relative low electrical efficiency of mGTs (30 % for a 100 kWe

unit [5]), their operation in cogeneration applications remains heat
driven. This includes thus automatically a shutdown in summer,
leading to bad economic performance [4].

One way to decouple heat and power production in the mGT
is applying cycle humidification. Cycle humidification, initially
proposed on large-scale Gas Turbines (GTs) for power augmen-
tation and NOx reduction, allows to increase the specific power
production and the electrical efficiency [6]. For large-scale GTs,
the Humid Air Turbine (HAT) cycle, which was first proposed
by Rao [7] and uses a saturation tower and water recirculation
loop for cycle humidification, was identified as the cycle with the
highest performance [8]. Parent et al. were the first to apply this
concept on the smaller mGT scale, leading to the development of
the micro Humid Air Turbine (mHAT) cycle [9]. When analyzing
the optimal route for waste heat recovery and electrical perfor-
mance increase using cycle humidification, the mHAT cycle was
not identified by the authors of this paper as thermodynamically
the best performing cycle with the highest efficiency increase [10].
Nevertheless, the cycle presents the best combination of optimal
performance while keeping the layout rather simple [11], which
is evenly important for small-scale applications.

Cycle humidification in mGT cycles has already been studied
widely in literature and was summarized in a review [12]; however,
the most important work on the mHAT is reported again below.
The first to study the concept of mHAT were, as mentioned before,
Parente et al. [9]. In their work, they studied the conversion of
an mGT (range 100 to 500 kWe) into an mHAT or mHAT-plus
cycle, showing that both the efficiency (up to 3 to 5 % absolute
percentage points) and specific work (up to 50 to 70 %) could
remarkably be increased [9]. A similar study has been performed
by Zhang and Xiao, investigating the off-design behavior of the
mHAT. They reported a significant specific power and efficiency
increase (3.7 %), as well as a favorable off-design behavior [13].
Our research group [11], Nikpey et al. [14] and Mansouri et
al. [15] have studied the impact of converting the Turbec T100
into an mHAT, introducing a saturation tower. All indicate that
without major changes to the cycle, the efficiency of the cycle
can be increased from 30 to 33 % at constant nominal power
output [11, 14, 15]. Finally, our research group extended the
steady-state analysis to a transient analysis, showing that during
load steps, the ramp rates of the mGT need to be limited to avoid
possible problems with compressor surge [16].

On the experimental side of the mHAT development, some
research is available; however, only focussing on the global cycle
performance. In the development process of the Advanced Humid
Air Turbine (AHAT) plant, Hitachi developed a specific 150 kWe
mGT [17] and equipped it with, next to the Water Atomizing inlet
air Cooling (WAC) line, a HAT line capable of injecting up to
50 g/s of water to simulate the presence of a saturation tower in
the cycle [18]. When operating with the HAT-line, the power
output of the unit was increased by 11 kWe and the electrical effi-
ciency by 2 %points. When both WAC and HAT-lines were used
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during operation, 2.4 %weight of water was added to the com-
pressor air, resulting in a total efficiency increase of 3 %points,
while the electrical power output increased by 20 % [18]. Wei and
Zang also built and tested a small-size HAT test rig to characterize
the off-design performance of the system, indicating a maximal
efficiency increase of 3.1 % points in wet mode [19]. The first
full-scale tests of the mHAT have been performed by our research
group [20,21,22,23,24]. First, a Turbec T100 mGT was equipped
with a specifically designed spray saturation tower [25] and start-
up and shutdown procedures were determined [20]. Afterwards,
the performance of the unit at constant power output [21, 24] and
constant rotational speed [23, 24] was analyzed. Experimental
results showed reduced fuel mass flow rate (4.3 %) and increased
electrical efficiency (relative increase of 4.8 %) in constant power
mode [21] and power output increases by more than 30 % and
overall electrical efficiency increases of up to 4.2 % absolute
points in constant speed mode [23, 24]. Finally, most recently,
Xu et al. built and tested a 100 kWe mHAT test rig, presenting a
22.2 % efficiency increase, when combining the mHAT with an
aftercooler [26].

Although the potential of the mHAT has thus already been
proven numerically and experimentally (and even economically
[4, 27]) for the full cycle performance, a detailed component per-
formance analysis, especially of the recuperator and the saturation
tower, is still missing. As mentioned earlier by McDonald and
Rodgers, high performance of the recuperator is essential to obtain
high cycle performance for the dry mGT [28]. For the humidified
case, the recuperator becomes even more important, as pointed
out by the authors of this work when studying the energy and
exergy fluxes in the mHAT [29]. So far, only a preliminary study
was presented on the recuperator, discussing its possible degra-
dation due to the humidification [30], without focusing on the
performance itself. As pointed out by Pedemonte et al. [31] and
Parente et al. [32], determining the relative humidity (degree of
saturation) of the compressed air is challenging and cannot be
done very accurate, since it is inevitable to have liquid droplets
entering the cycle. Next to the knowledge on the amount of intro-
duced water, accurate knowledge of the air mass flow rate through
the system is needed as well to assess the total heat flux exchanged
in the recuperator. This mass flow rate is typically not available.

Experimental assessment of the recuperator performance can
thus only be done using indirect determination/calculation of the
air mass flow rate and its water content, with possible low accu-
racy. Moreover, due to noise and measurement accuracy, online
relative humidity and recuperator performance determination is
challenging, given the large variation on all input variables, mak-
ing control adjustments difficult. Nevertheless, direct, accurate,
online monitoring of the recuperator performance would allow
to assess the performance of the cycle during operation and will
provide a tool to adjust the operating settings to optimize the hu-
midification process and hence the electrical performance. In this
framework, applying a Support Vector Regression (SVR) model

to assess the performance of the recuperator offers a solution.
In this paper, we present the assessment of the recuperator

performance of an mGT under humidified conditions using exper-
imental data extended with a preliminary analysis using a SVR
model to study the possibility of rendering out part of the mea-
surement noise, thus to increase the prediction accuracy. First,
the cycle layout and the specific importance of the recuperator
is repeated, followed by a description of the test rig and used
measurement procedure. Next, the experimental analysis of the
recuperator and global cycle performance under humidified condi-
tions, using average measurement data taken over a large period,
is presented. Additionally, the SVR model is explained and ap-
plied on one specific data-set. By presenting this model, we aim
to show the potential of SVR models for accurate instantaneous,
online, recuperator and cycle performance assessment. Finally, a
conclusion and future work are presented.

DRY AND HUMIDIFIED MGT CYCLES DESCRIPTION
The considered mGT used for the analysis presented in this

paper, the Turbec T100 (now AE-T100), operates according the
recuperated Brayton cycle. The cycle consists of (black parts in
Figure 1): a variable speed centrifugal compressor, to compress
the incoming fresh air to approximately 4 bar; a recuperator, to
preheat the compressed cold working fluid using heat from the
flue gases; a counter-flow can burner, where natural gas is burnt
to heat the working fluid to the maximal allowable Turbine Inlet
Temperature (TIT) of 950 ◦C and a radial turbine, over which the
flue gases expand, delivering the mechanical power to drive the
compressor and the high speed permanent magnet generator for
electrical power generation (the high frequency electrical power
is then converted in the power electronics and injected in the grid).
Since the Turbec T100 is a cogeneration unit, the remaining heat
from the flue gases is recovered and transformed in thermal power
(hot water) in the economizer. At nominal power output (100 kWe
and 160 kWth), the unit has an electrical efficiency of 30 % and a
total efficiency of 80 % at standard inlet air conditions [5].

The T100 is standard equipped with two control loops. The
first loop allows the engine to operate at constant produced elec-
trical power. Different from large-scale GTs, the mGT does not
operate at constant rotational speed. So rather than changing the
inlet air mass flow rate using inlet guide vanes or changing the
TIT for power control, the control system will, depending on
the requested power output, vary the rotational speed and thus
the air mass flow rate. The variable operational speed control
allows to keep the compressor operating at or close to its nomi-
nal isentropic efficiency, leading to better part load performance.
Moreover, varying the rotational speed to control the electrical
power output preserves a rather constant surge margin for the com-
pressor, as was previously presented in [33], and thus leading to a
better protection of the compressor. The second control loop aims
at keeping the TIT close to the maximal value, by keeping the
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FIGURE 1. The stardard mGT, operating according the recuperated
Brayton cycle (black parts), is converted in an mHAT by adding a satura-
tion tower and water recirculation loop in between the compressor outlet
and the recuperator inlet (orange parts).

Turbine Outlet Temperature (TOT) constant at 645 ◦C by chang-
ing the fuel mass flow rate injected in the combustion chamber. In
doing so, the efficiency of the unit can be kept rather high, even
when operating at part load (minor efficiency correction of 0.93
at 50 % of the nominal load [5]).

The mGT cycle is converted into an mHAT by adding a satu-
ration tower in between the compressor outlet and the recuperator
inlet (orange parts in Figure 1). In this saturation tower, an ex-
cess of hot water, coming from the economizer, is brought into
contact with the hot compressed air. The compressed air is then
humidified through the evaporation of a fraction of this water
(approximately 5 %). The necessary energy to complete the evap-
oration —evaporation heat— is partially provided by the sensible
heat of the hot compressed air, but mostly by the sensible heat
from the hot water. Indeed, leaving the saturation tower, the hot
water has a lower temperature than when entering the compo-
nent. The outgoing water is then heated again in the economizer.
Through this process, the thermal power of the economizer, which
is lost in case there is no demand for heat, is partially recovered
and reintroduced in the cycle, leading to better cycle performance.

Cycle humidification leads indeed to higher electrical perfor-
mance of the mGT. Introducing water in the mGT cycle after the
compressor allows to reduce the compressor work, while keep-
ing the turbine mass flow rate and thus also the turbine power
constant, leading to an increased specific power and net power
output when operating at constant rotational speed. Moreover, as
a result of the water introduction (liquid, steam or by means of a
saturation loop), the recuperator cold side inlet temperature will
reduce. This temperature reduction, in combination with a higher
heat capacity (increased water fraction) allows for more heat re-
covery and thus also a higher electrical efficiency. Indeed, while

performing an energy and exergy analysis of the mGT and mHAT
cycle, using Sankey and Grassmann diagrams, our research group
was able to identify that in terms of exergetic performance, the
action of the saturation tower in the mHAT actually leads to a
decrease of the exergetic content of the working fluid (a net ex-
ergy destruction) [29]. This destruction is the result of the lower
temperature of the working fluid after humidification. Although
the saturation tower itself does not contribute to a higher exergetic
flow rate of the humidified compressed air, it actually enables
the recuperator to increase its performance. Indeed, inside the
recuperator, a higher energy and exergy exchange between the
flue gases and the humid compressed air is observed, leading to
an increased outgoing exergy and energy flow [29]. This clearly
highlights that cycle humidification, with as aim an improvement
of the electrical performance of the mGT, only makes sense if the
humidification (water introduction) occurs before the recuperator,
where it will lead to a higher waste heat recovery. This was indeed
already confirmed in literature by several researchers, including
the authors of this paper: i.e. introduction of water or steam in the
combustion chamber (so behind the recuperator) leads to higher
electrical power output, but at the cost of a higher fuel flow rate
and thus lower electrical efficiency [10, 34, 35].

The action of the recuperator is thus clearly essential for
the mHAT performance improvement. Therefore, correct assess-
ment of the recuperator performance (effectiveness and exchanged
heat flux) is, as mentioned in the introduction, essential to allow
for a correct prediction of the global humidified cycle perfor-
mance [35].

EXPERIMENTAL RECUPERATOR AND CYCLE PER-
FORMANCE ANALYSIS

In this section, first the experimental setup is discussed, fol-
lowed by the experimental determination of the recuperator effec-
tiveness and exchanged flux and finally the global cycle perfor-
mance, all based on measurements. The problem related to the
accuracy on the determination of the air mass flow rate and the
amount of evaporated water entering the cycle is highlighted for
each parameter.

Test Rig Description
The test rig used for the analysis presented in this paper is

the Turbec T100 mGT test rig of the Vrije Universiteit Brussel
(VUB). The test rig description can be found in [20, 24], but the
main features, important for the analysis presented in this paper,
are repeated below.

The test rig consists in a Turbec T100 version 2 mGT and
an integrated spray saturation tower, without packing material
to limit the additional pressure loss [25], with water circulation
loop. Due to space limitation, the saturation tower was placed
next to the mGT rather than on top of the machine, closer to
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(a) (b)

FIGURE 2. Pictures of the integration of the saturation tower in the
mGT cycle in between the compressor outlet and recuperator inlet (a)
and of the saturation tower with circulation pump, valves and sensors (b).

the compressor outlet and recuperator inlet (Figure 2), leading to
significant additional pressure and heat losses. A bypass valve
was also installed to bypass the saturation tower, allowing to run
the mGT in its original configuration (black cycle from Figure 1).
Finally, the mGT test rig was equipped with pressure, temperature,
mass flow and O2 exhaust sensors to assess the impact of water
introduction on the different components of the cycle and the
global performance. A complete overview of all installed sensors
and their accuracy can be found in [24], together with a schematic
representation of the cycle, indicating all specific valve and sensor
locations.

To measure the air flow rate in the system, typically a mass
flow sensor is installed between compressor outlet and recuperator
inlet. Due to practical limitations (need to limit pressure losses
in the cycle to avoid the compressor from going into surge), no
air mass flow meter could be installed. In addition, for budgetary
reasons, no such sensor could be installed either. Direct determi-
nation of the amount of evaporated water entering the cycle by
taking the difference between the in- and outgoing water flow rate
of the saturation tower is also no option: The evaporated amount,
typically 5 % of the total injected mass flow rate (2.5 kg/s for
nominal operation), is actually below the measurement accuracy
(typically 1 to 2 % of the reading per water flow meter).

The data used for the analysis of this paper are obtained
over a period ranging from 2012 till 2019. Each of the individ-
ual points, shown in following subsections, is obtained using the
measurement procedure described in [20] and is taken at con-
stant power output and constant TOT, using the control system
as described in previous section. For some specific previously

reported humidified tests [24], the original control system was
slightly modified, allowing the mGT to operate at constant rota-
tional speed rather than at constant power output. As presented
previously by the authors of the paper [24], applying cycle humid-
ification in constant speed mode has a significant different impact
on the cycle than applying it in constant speed mode. Moreover,
only few tests are currently available at constant rotational speed,
not allowing for an in-depth analysis. Therefore, no results of
this operation at constant rotational speed are considered in the
analysis presented in this paper. Moreover, since the test rig is
equipped with bypass and bleed valves, five different operating
regimes are distinguished:

Original: Data taken on the original T100 test rig, before
implementation of the saturation tower in the cycle;
Bypass: Dry operation of the mGT with the bypass over
the saturation tower open (recuperated Brayton cycle, no air
passing through the saturation tower);
NoBypass: Dry operation with the bypass valve over the
saturation tower closed, compressed air passing through the
saturation tower (without water injection);
Bleed: Similar operation as NoBypass, but with a small air
bleed between compressor outlet and saturation tower inlet;
Inject: Operation in humidified mode, with water injection in
the saturation tower (and air bleed for surge margin increase,
see later).

Although the performance of the mHAT was already vali-
dated experimentally by the authors of this paper [21, 24], there
are still some uncertain points: e.g. the amount of air bleed is
not known (see later), nor the actual humidity level could be
determined. Additionally, so far, when assessing the impact on
the global performance, as reference data, a specific run was per-
formed on the same day, which is rather inconvenient and time
consuming. The analysis presented in this paper aims thus to
reduce these efforts, by providing an accurate determination of
the air mass flow rate and evaporated water amount, allowing for
correct recuperator effectiveness and more general global cycle
performance assessment.

Experimental recuperator performance analysis
A first parameter to assess the recuperator performance is

the heat exchanger effectiveness. To determine this effectiveness,
all 4 temperatures of the in- and outgoing flows were measured,
using additionally installed sensors in the recuperator cold side
in- and outlet (Combustor Inlet Temperature (CIT)) and the hot
side outlet. The temperature sensor used for the TOT control was
used to measure the hot side inlet temperature. The effectiveness
is calculated as follows:

ηrec =
max(CIT−Trec,cold,in,TOT−Trec,hot,out)

TOT−Trec,cold,in
. (1)
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When considering the recuperator as adiabatic, ∆Tmax is normally
found on the cold side of the heat exchanger. However, due to the
heat losses in the actual engine, for all different operating regimes
of the mGT, ∆Tmax is found on the hot side instead.

The recuperator effectiveness is a function of the mass flow
rate going through the system. However, as mentioned before, this
mass flow rate was not measured. As alternative, effectiveness
is plotted as function of the generated electrical power output
(Figure 3(a)) and the corresponding rotational speed (Figure 3(b)),
set by the control system to keep the power output constant. Each
of the datapoints represents the average data of an mGT run
performed at constant power output, during a period ranging
from 15 minutes up to 3 hours, depending on the purpose of the
performed test (valid for all datapoints presented in the different
figures in this paper). Although the mGT operates thus at constant
power output and not at constant rotational speed, given that the
boundary and inlet conditions remained relative constant during
this period, the rotational speed set by the control system also
varies only limited. The effectiveness of the recuperator in the
original configuration could unfortunately not be assessed, since
the temperature sensors to measure CIT and the recuperator hot
side outlet temperature were only installed when the saturation
tower was integrated in the cycle.

In contrast with what was expected, there is no noticeable
variation or clear trend in the recuperator effectiveness depend-
ing on the produced electrical power (Figure 3(a)), nor on the
rotational speed (Figure 3(b)), even though effectiveness is a func-
tion of the recuperator mass flow rate. An explanation can be
found in the different mass flow rates passing through the recu-
perator, even at constant power output or rotational speed, due
to different inlet air temperature and heat losses (see later). The
values present a rather larger scatter, ranging from 88 % to 93 %,
which is comparable with the values presented by the manufac-
turer of the recuperator: design values range from 92 % at the
lowest cell mass flow rate down to 88 % [36]. Comparison of the
obtained effectiveness for the different operating regimes shows
a small negative difference between the dry operation (Bypass,
NoBypass and Bleed cases) and the humidified operation (Inject
case). Indeed, generally, the effectiveness in the humidified case
is slightly lower, indicating that the humidification has a minor
negative effect on the potential heat recovery in the heat exchanger
(approximately 1 to 2 % lower).

Although the effectiveness is a good indicator for the perfor-
mance of the recuperator, the main improvement of the mHAT
cycle, as discussed in previous section, is found in the higher
total exchanged heat flux in this heat exchanger. The lower effec-
tiveness in the humidified case only reflects that the current used
recuperator is actually too small for the wet cycle. Indeed, in the
wet cycle, given the significant increase in the heat capacity of the
working fluid, a larger total heat flux is available and could thus
be exchanged. Since the surface of the recuperator is fixed and
optimized for the dry operation, in the wet case, only a smaller
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FIGURE 3. The recuperator effectiveness does not present a clear trend
for any of the dry operating regimes (Bypass, NoBypass and Bleed) as
function of generated electrical power (a) or its corresponding rotational
speed (b) due to the large scatter on the air mass flow rate. Under
humidified conditions (Inject), the recuperator presents a slight reduced
effectiveness

temperature increase/decrease could be obtained as a result of
the higher heat capacity. This leads to a smaller numerator in
Eq. 1 compared to the available maximal potential (denomina-
tor in Eq. 1), which increases due to the lower cold side inlet
temperature as a result of the humidification in the saturation
tower. A redesign of the recuperator (large heat exchange surface)
would thus allow for a further improvement of the total wet cycle
performance.

To assess accurately the exchanged heat flux, recuperator
mass flow rate and flow composition (water fraction) are needed.
As mentioned before, direct measurement of both parameters
was not possible on the considered installation, requiring thus
an indirect assessment, by using the compressor map (using the
rotational speed and the compressor outlet pressure) and the re-
maining O2 fraction in the exhaust gases in combination with the
measured injected fuel mass flow rate.

The first step towards the recuperator heat flux determination
involves the determination of the mass flow rate through the cycle,
starting by determining the compressor operating point (Figure 4).
This point can be determined based on the measurements of the
rotational speed and the pressure at compressor outlet, in combina-
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FIGURE 4. The different operating regimes result in distinct compres-
sor operating lines (original datapoints in (a), and their corresponding
linear trendline in (b)) when the mGT is operated in constant power
mode, depending on additional pressure losses (shift to left compared
to the Original operating line, Bypass and NoBypass), air bleed (shift to
right at higher power outputs, Bleed) or water introduction (shift to left,
Inject).

tion with the available data from the manufacturer [37]. Although
both rotational speed and compressor outlet pressure can be mea-
sured accurately (typical optical rotational speed and differential
pressure sensors have accuracies of 0.01 %), there is still some un-
certainty on the used compressor map, as previously highlighted
by Zanger et al., when analysis the surge margin of the T100 [38].
Since the uncertainty on the compressor map cannot be assessed,
it is thus not possible to indicate the uncertainty on the obtained
compressor air mass flow rates.

When looking at the specific operating point of the mGT,
the 5 different operating regimes can clearly be identified and
distinguished (Figure 4, original datapoints in (a), and their cor-
responding linear trendline in (b)). The original operating line
(Original, green circles/line) shows the compressor working point
before applying the modifications to the cycle, i.e. introduction
of the saturation tower. As mentioned in the introduction, the
mGT operates at constant power. This includes that the mGT
control system changes the compressor operating point by adjust-
ing the rotational speed, rather than keeping this speed constant
(and operating thus along a constant speed line). This allows to
keep the surge margin constant, while operating at relative high
compressor efficiency (even at part load).

After the integration of the saturation tower in the cycle, a
clear, constant shift in operating point can be observed (Bypass,
red reversed triangles/line in Figure 4). Although a bypass with
valve was installed, allowing to bypass the saturation tower, the
gas path has been changed significantly (longer tube length and
additional valve to close the bypass, Figure 2(a)). This leads to an
additional, rather constant, pressure loss of on average 4 % over
the piping system for the full operating range (50 to 100 kWe).
The additional pressure loss forces the compressor to change its
operating point towards higher pressure ratios and thus smaller
surge margin. Indeed, an average reduced surge margin from
12.3 % (Original) to 10.2 % (Bypass) is observed over the full
operating range. The Surge Margin (SM) is defined as:

SM =
ṁcomp,working − ṁcomp,surge

ṁcomp,working
.100%, (2)

where ṁcomp,working is the air flow rate at the working point and
ṁcomp,surge is the air flow rate at the surge limit (the same def-
inition was used in [33]). As surge limit, the experimentally
validated surge line found by Zanger et al. was used [38]. Closing
the bypass over the saturation tower, introducing thus an extra
component (the saturator) and thus extra pressure loss, shifts the
operating point even closer to the surge limit (NoBypass, yellow
triangles/line in Figure 4, surge margin equal to 9.5 %).

Water introduction in the mGT behind the compressor leads
to a competition between the air and water, since the total mass
flow rate going through the cycle is determined by the turbine
operating point. Adding an additional amount of water behind the
compressor by means of evaporation, leads thus inevitably to a
reduced compressor air mass flow rate and thus a reduced surge
margin (as previously presented in [33] by the first author of this
paper, when presenting the impact of steam injection on this ma-
chine). Since water injection leads to a reduced compressor surge
margin, in combination with the extra pressure losses induced by
the entire injection unit (saturation tower and extra piping), for
safety reasons, each of the wet test was performed with a small
air bleed.

The action of this air bleed, in dry operating conditions,
is visible on the compressor map (Bleed, purple stars/line in
Figure 4), showing the significant surge margin increase. On
average, applying an air bleed leads to a surge margin increase
from 9.5 % (NoBypass case) to 12.6 % (Bleed case, which is equal
to the Original surge margin). As previously mentioned by the
authors of this paper [24], this air bleed mass flow rate could
unfortunately not be measured. Moreover, the specific type of
valve used—globe valve—did not allow for an accurate valve
opening section determination. So the option to calculate the flow
rate based on the choking constants was unfortunately also not
possible. The authors of this paper were capable to obtain an
estimate of the valve opening based on the comparison of the
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experimental measured performance with simulations, indicating
that the valve opening is approximately 22 cm2 [24]. Nevertheless,
this value has some uncertainty. Hence, it was decided to not
use the valve opening to determine the air bleed mass flow rate.
Since this air bleed mass flow rate is not measure, nor calculated
directly, assessment of the mass flow rate based on the compressor
operating point required extra calculations (see later). Finally, due
to the water injection, the operating point shifts again to the surge
line (Inject, blue diamonds/line in Figure 4, reduced surge margin
of 9.2 %).

Based on the compressor operating point, the compressor air
flow rate was calculated (Figure 5(a), ṁair,comp). Depending on the
operating mode (operation without air bleed), this mass flow rate
corresponds to the mass flow going through the recuperator. As
expected, due to the action of the control system, higher requested
power output leads to higher compressor air mass flow rate. Ex-
cept for the results of the original configuration (Original), the
obtained mass flow rates show a rather large scatter. This scatter
can partially be explained by the different inlet air temperatures
during the different experiments—especially at 70 and 80 kWe,
since at these operating points, most of the measurements were
taken over the years (during both summer and winter time)—, but
mostly by the additional different heat losses (see next subsec-
tion). Overall, the mass flow rate increases with increasing power
output. The additional pressure loss resulting from the modified
cycle for the Bypass and NoBypass leads to higher mass flow rates
at constant power output. The higher mass flow rate is needed to
compensate for these pressure losses when operating at constant
electrical power. When applying an air bleed, obviously, an even
higher air mass flow rate goes through the compressor (Bleed).
Finally, when injecting water at constant power output, this mass
flow rates is decreasing again (Inject).

In an attempt to assess the amount of air bleed, the air mass
flow rate through the system was calculated using the measure-
ment of the wet O2 content of the flue gases together with the
measured fuel mass flow rate and assuming complete combustion.
A similar procedure was used by the authors and presented in [33]
to determine the dry and wet compressor operating point under
steam injection conditions. The results (Figure 5(b), ṁair,cycle), al-
though having a significant uncertainty (approximately 4 % [33]),
confirm the same trends and observations as discussed in previous
paragraph. There is, as presented in Figure 5(c), ∆ṁair, indeed
a small discrepancy between the air mass flow rate determined
using the Corrected Air Flow (CAF) and the determination using
the wet O2 content of the flue gases. Nevertheless, by assessing
the general trend of the results when applying an air bleed, the
air bleed fraction as function of compressor outlet conditions—
temperature and pressure—could be determined. This fraction is
necessary to be able to calculate the water content in the humidi-
fied case, since the O2 content of the flue gases is measured on
wet basis.

Since a constant air bleed opening was used throughout the
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FIGURE 5. Due to the variable operational speed, the air mass flow
rate going through the compressor (a) and cycle (b) increases with in-
creasing electrical power output when operating in dry mode. The action
of the air bleed is clearly visible when comparing the air mass flow rate
through compressor and the cycle (Bleed case). Finally, due to the uncer-
tainty on the different measurements, using the compressor map (a) or
the exhaust gas compostion (b) to determine the air mass flow rate show
some differences (c).

wet and dry tests, based on the calculated air bleed in the dry case
and considering the bleed stream as choked, the air bleed mass
flow rate in the wet case could be determined as well. Once this
air bleed is know, the amount of injected water and corresponding
relative humidity of the working fluid under humidified operation
could be calculated (Figure 6), using the calculated compressor
mass flow rate in combination with the measurement of O2 content
of the flue gases and the fuel mass flow rate. Additionally, only
the operating points with a nominal water injection of 2.5 kg/s in
the saturation tower are presented. A reduced water injection flow
rate in the saturation tower only leads to partial humidification
and thus compressor air entering the recuperator that is not fully
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saturated.
The amount of water entering the cycle through evaporation

in the saturation tower ranges between 40 to 60 g/s and increases,
as expected, with increasing electrical power output (Figure 6).
For most of the cases, the relative humidity of the air entering
the recuperator is equal to or even exceeds 100 % (even 200 %
in some of the cases). This indicates that the amount of water
entering the mGT working fluid is higher than the amount that
would be expected to evaporate in the saturation tower. Indeed,
depending on the requested power output, a value between 30 g/s
(70 kWe) and 40 g/s (100 kWe) is expected, based on our val-
idated Aspen R© simulations1. The tests resulting in very high
water introduction—more than 40 g/s—correspond to a relative
humidity of more than 100 % (Figure 6(b)), which is obviously
not feasible. These results clearly indicate that in this case, liquid
water is entering the recuperator. This hypothesis could be con-
firmed by a significant reduction of the temperature at the cold
outlet of the recuperator in the lower part during startup (problem
reported by the authors of this paper in previous work [24]), the
lower CIT for all humidified case (see Figure 7(b)) and by a visi-
ble observed liquid film in the piping behind the saturation tower,
through the installed sight glass.

Finally, for all different cases, the exchanged heat flux over
the heat exchangers could be calculated (Figure 7(a)). The results
show a large scatter of the different dry cases (Bypass, NoBypas
and Bleed), without any significant trend. Additionally, since the
air mass flow rate for all dry and wet cases and the amount of
evaporated water entering the cycle for the wet case had to be
calculated using several other measurements and models, there is
some significant uncertainty on the final results for the air mass
flow rate, explaining the scatter on the results. As mentioned
before, the uncertainty on the air mass flow rate determination
using the measurement of the O2 content in the flue gases amounts
4 % [33]. Moreover, since the accuracy of the compressor map
is not known, it is not possible to assess the uncertainty on the
air mass flow rates obtained using this map. This highlights
again the importance of accurate data for recuperator performance
assessment.

The expected higher flux under humidified operation can
clearly be observed (increase of more than 50 % between the hu-
mid case Inject and all dry cases Bypass, NoBypass and Bleed,
Figure 7(a)). This higher flux is, as discussed before, a result of
the lower cold side inlet temperature as a result of the humidi-
fication and the favorable heat capacity due to the presence of
the injected water. Analysis of the cold side outlet temperature
(CIT, Figure 7(b)) indicates that the heat flux can be increased
even further. Indeed, in all cases, the hot side inlet temperature is
constant and equal to 645 ◦C due to the control system (operation
at constant TOT). In the dry cases, the recuperator operates with a

1More information about the Aspen R© simulations and the validation can be
found in [39, 21, 23, 24]
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FIGURE 6. The calculated introduced water mass flow rate in the mGT
cycle working fluid (a) allows determination of the relative humidity of
this working fluid (b) when exiting the saturation tower. The relative
humidity of 100 % for some experiments confirm complete saturation
of the working fluid, while the values above 100 % indicate that during
these test, a significant amount of liquid water was also entering the
working fluid, explaining the too high relative humidity.

hot inlet, cold side outlet temperature differences of 50 ◦C, while
this is lower in the humid case (Inject, which was also reported
when explaining the lower recuperator effectiveness). For optimal
mHAT performance, it would be interesting to increase the recu-
perator size (heat exchange surface) to obtain a similar CIT as in
the dry case. This will reduce the necessary fuel flow rate further
and allowing to exploit the full potential of cycle humidification.

Experimental global cycle performance analysis
In addition to the recuperator performance, the global perfor-

mance of the system in the different operating regimes was also
determined (Figure 8). To exclude the influence of the requested
power output and the compressor inlet air temperature, who both
have an influence on the mGT electrical performance, the ob-
tained electrical efficiencies (Figure 8(a)) were normalized using
the correction factors for part load, published by the manufacturer
of the engine and the reference efficiency for operation at nominal
power output at different inlet air temperature [5]. The reported
corrected efficiencies show that even in the original configuration,
the efficiency is lower than presented by the manufacturer (nor-
malized efficiencies are all below 1, Figure 8(b)). Especially at
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FIGURE 7. The calculated exchanged heat flux (a) in the recuperator
shows, as expected, a much higher exchanged flux in the humid case
(Inject) as the result of the lower temperature at the cold side recuperator
inlet in combination with the higher water content of the compressed
air and flue gases (higher heat capacity). The lower cold side outlet
temperature CIT in the humid case (Inject) indicates that the performance
can be increased further by using a large heat exchanger.

part load, the mGT of the VUB is under-performing. According
to the manufacturer, the mGT should present higher efficiencies
at part load than at nominal load (indicated correction factor is
above 1 in [5]). However, this trend was never observed before
on this specific test rig and already reported before by the authors
of this paper in [40], where a rather linear decreasing efficiency,
as is the case here, was observed.

The impact of the additional pressure losses, and in addition
the air bleed, leading to lower cycle performance, can clearly be
seen in the electrical efficiency (Figure 8). The cases with air
bleed (Bleed) present the lowest electrical efficiency. Moreover,
the extra pressure loss, and loss through the bleed, requires the
control system to increase the operational speed. The requested
increase is however above the allowed maximal rotational speed at
the specific operating point (requested power output), explaining
the lack of data at high power output (above 80 kWe).

The large scatter observed for the dry operation with bypass
(Bypass case) or without (NoBypass case), even after correction,
originate from the heat losses induced in the system through
the longer gas path, that are not accounted for in the correction.
Indeed, these heat losses depend on the atmospheric conditions
and the operation of the ventilation of the room of the T100 and
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FIGURE 8. While the air bleed (Bleed case) has a clear negative effect
on the absolute (a) and corrected efficiency (b) in dry operation, when
compared to the original case, less impact of the additional pressure
losses (Bypass and NoBypass cases) can be observed. Applying cycle
humidification (Inject case), increases the electrical efficiency, compen-
sating for pressure and bleed losses, bringing the efficiency back to the
initial levels.

are thus not considered in the correction. In the Original dry case,
a similar scatter is observed when only looking at the efficiency
of the engine, but after correction, the scatter has been removed,
since the influence of the inlet air temperature was removed. The
original mGT has only a short gas path between compressor outlet
and recuperator inlet, leading to negligible heat loses.

Finally, with water injection (Inject), the efficiency can be
increased, compared to the case with air bleed (Bleed). Indeed,
since water injection always occurs with an air bleed (for safety
reasons), to assess the positive impact of cycle humidification,
the results must be compared with dry results with air bleed. Hu-
midifying the working fluid even allows to bring the electrical
efficiency back to the level obtained before the modifications
(Original). If a larger recuperator would be used, this efficiency
could be increased further, as discussed in previous section. The
scatter in the results is, as mentioned before, a result of the differ-
ent humidification levels in the different cases as well as the dif-
ferent amount of liquid water entering the recuperator. Especially
the water injection cases at 80, 85 and 90 kWe, corresponding to
a relative humidity close to 100 % show a maximal efficiency. For
the analysis presented in next section, data obtained at 80 kWe
with a relative humidity of 125 % is used.
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SUPPORT VECTOR REGRESSION ANALYSIS
Support Vector Regression (SVR) models are rigorous sur-

rogates used in engineering design space exploration and opti-
mization, due to their better handling of the curse of dimensional-
ity [41] and improved performance under the presence of noise.
On the contrary, SVR models do not provide variance for their
predictions, while their performance is heavily dependent to their
configuration. The latter issue breaks down to a parameter es-
timation problem, where three hyper-parameters are subject of
optimization. Furthermore, the parameters control the trade-off
between the empirical error and the complexity of the prediction
response, the threshold for which the estimation error is ignored
and the width of the basis function used for prediction. For a de-
tailed analysis of the mathematical structure, the reader is referred
to Smola et al. [42]. It is understood, that the use of SVR models
necessitates the accurate definition of the parameter mentioned
above.

To this end, exhaustive grid search [43], analytical meth-
ods [44] and optimizers [45, 46, 47] are employed in the literature
to identify the proper parameters set. The first two methods rep-
resent the extremes of the cost-speed trade-off, providing either
very accurate but costly techniques (exhaustive grid search) or
less accurate but ultra-fast methods (analytical methods). In the
current study, a classic Genetic Algorithm (GA) is used [48], since
optimization can identify parameters that lead to sufficiently good
prediction accuracy in less computational time than an exhaustive
grid search. Moreover, the classic GA is enhanced by a random-
ization search term, activated when stagnation in convergence is
suspected [49].

The output parameter set is then used to configure an SVR
model and train it using a specific data-set. In this paper, the
SVR model was applied on the time series of one specific data-set.
This data-set was taken at constant electrical power operation
(80 kWe). According to the experimental analysis, presented in
previous section, during this test, 47.5 g/s of water was entering
the cycle through evaporation in the saturation tower, leading to
a relative humidity of 125 % (red point on Figure 6). Presenting
the calculated instantaneous air mass flow rate (presented by the
black dots, Figure 9) for this data-set over time highlights again
the problem. Noise and measurement accuracy lead to significant
scatter on the data, justifying the use of an SVR model. One can
argue that the noise on the signal can be reduced by filtering as
well. However, when using the data in an online monitoring and
optimization framework, as is the perspective of this and future
work, filtering is not optimal. Indeed, once the SVR is trained, it
can be used all the time, while when applying filtering, it needs
to be applied continuously, which is time and calculation costly.
Moreover, filtering offers no solution for the lack of accuracy.

In this paper, the SVR model is thus used in an operational
monitoring setting, using 2 output quantities (air mass flow rate
ṁair and introduced water amount ṁwater) in combination with 7
input variables, being compressor inlet (Tcomp,in) and outlet tem-

FIGURE 9. Time series of the measured air mass flow rate (black dots)
and predicted results using the SVR model (red dots) shows the potential
of the model to reduce scatter and improve accuracy.

perature (Tcomp,out), compressor outlet pressure (pcomp,out), fuel
mass flow rate (ṁfuel), rotational speed (N), generated electrical
power (Pgen) and wet O2 content of the flue gases (O2,flue gas).
These parameters are the same parameters that were used in the
experimental approach to assess the air mass flow rate and cor-
responding amount of introduced water, presented in previous
section. All quantities are taken with respect to time, with a sam-
ple frequency of 1 second over a time period of 45 minutes. The
aim of this analysis was to create a surrogate that captures the
dynamic response of the output considering the changes of the
input variables in this time interval, reducing the scatter on the
time series. Both air mass flow rate and introduced amount of
water are considered as the target outputs.

To assess the SVR model, first the response of the output
(here air mass flow rate, but similar results are observed for the
amount of introduced water) are plotted as function of all input
variables (black dots, Figure 10). These plots show a large scatter,
even when considering the mGT was operated at constant power
output. For the rotational speed, as expected, a rather linear trend
can be observed, similarly for the compressor outlet pressure
and O2 content of the flue gases, although here a large scatter is
observed. For the other parameters, e.g. inlet air temperature and
the power output, no real trend is observed. After creating the
surrogate model, the predicted output is plotted again against the
input parameters (red dots). Indeed, the predictions of this SVR
model allow to reduce this scatter for all quantities. For each of
the parameters, the standard deviation values for the predicted
output are reported in Table 1.

Finally, comparison of the predictions over time (red dots,
Figure 9) with the direct calculated values (black dots) shows
again the improvements made by the model. To provide a more
indicative metric regarding the scatter, in this paper, the Coeffi-
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TABLE 1. The standard deviation values for the model predictions, corresponding to the different input parameters as demonstrated in Figure 10.

Input Parameter Pgen N Tcomp,in Tcomp,out pcomp,out ṁfuel O2,flue gas

σ 0.00420 0.00164 0.00372 0.00398 0.00268 0.00333 0.00249

TABLE 2. The reduction in Coefficient of Variation (COV) and stan-
dard deviation (σ ) indicators highlight the potential of the SVR model to
reduce the data-scatter.

Parameter Training Data Prediction Data

µ 0.725790 0.725877

σ 0.001583 0.000893

COV 2.93 % 0.71 %

cient of Variation (COV) is used:

COV =
σ

µ
, (3)

where σ denotes the standard deviation, calculated using the
k-nearest neighbor algorithm, and µ the mean. The metric is
calculated for the initial training data and the prediction data for
the air mass flow rate (Table 2). The reduction of data-scatter is
consistently observed in different noise-levels and data sets, due to
reductions in the σ and COV indicators respectively. Consistent
results are also derived in the case of amount of water injection
(not included in the paper). Finally, the accuracy of the SVR
method can be provided by means of an accuracy metric. For the
analysis presented in this paper, the coefficient of determination
(R2) is used:

R2 =
∑i (ŷi − ȳ)
∑i (yi − ȳ)

, (4)

where y is the original sample of a data-set, ŷ is the corresponding
prediction, and ȳ the mean of the original data set. Finally, the
calculated metric is 99.1 %, which indicates the good prediction
capabilities of the underlying SVR model.

To conclude, the clear reduction in COV and standard devi-
ation (σ ) indicators (Table 2) highlight thus the potential of the
SVR model to reduce the data-scatter. However, currently, this
SVR method is only performed on one single datapoint. This
analysis still needs to be extended to more operational points and
to the actual recuperator performance, before it can be used in an
operational monitoring and optimization setting.

CONCLUSION
In this paper, we presented an experimental recuperator per-

formance analysis of an mGT operating under humidified con-

FIGURE 10. The surrogate model allows to reduce the scatter on the
output (air mass flow rate, predictions indicated with the red dots) as
function of the different input quantities, compared to the original data
(black dots).

ditions, i.e. as mHAT. The recuperator is responsible for the
recovery of extra heat from the flue gases under humidified con-
ditions and its performance has thus a strong influence on the
mHAT performance. Finally, this analysis was extended using a
SVR model, in a first attempt to obtain this accurate performance.

The experimental analysis allowed to determine the injected
water amount, indicating that during most tests, the working fluid
was indeed completely saturated. Moreover, the analysis also
showed that an additional, considerable amount of liquid water
entered the recuperator as well. The analysis of the recuperator
performance indicated that, although in water injection operation
the global mGT electrical performance increases, the mHAT is not
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exploiting its full potential. Indeed, the heat flux in the recuperator
is, as expected, higher than during dry operation. However, this
heat flux is still limited by the limited recuperator size, leading
to a lower cold side outlet temperature. Therefore, less heat is
recovered than is theoretically possible. Throughout the analysis,
a large scatter was observed on all results, highlighting the need
for accurate data. In an attempt to improve the accuracy of the real
time data, an SVR model was applied on one specific dataset. This
SVR model is capable of reducing the scatter significantly, clearly
highlighting its potential for a more accurate online performance
determination.

Future work involves the extension of the experimental analy-
sis, by introducing a detailed heat loss model, to obtain an accurate
performance map for the recuperator effectiveness as function of
flow rate and humidity level. Additionally, the SVR model will be
extended towards more and longer data-sets. Finally, this model
will be used for online monitoring of the recuperator and satura-
tion tower performance. In combination with the performance
map, it will enable us to adjust the control settings during opera-
tion to receive maximal mGT performance. Once this SVR model
is in place, longer and more accurate measurements campaigns
can be performed, allowing not only accurate cycle performance,
but also more insight on the impact of the humidification on the
mGT performance degradation and lifetime on the long term.

REFERENCES
[1] UNFCCC, 2015. Paris agreement. Tech. rep., United Na-

tions Climate Change Conference (UNFCCC). Available
online: https://unfccc.int/sites/default/f
iles/english paris agreement.pdf (accessed
on: December 3, 2019).

[2] Bilgili, M., Ozbek, A., Sahin, B., and Kahraman, A., 2015.
“An overview of renewable electric power capacity and
progress in new technologies in the world”. Renewable
and Sustainable Energy Reviews, 49, pp. 323 – 334.

[3] Elia, 2019. Elia releases its figures on belgium’s 2018 energy
mix. Tech. rep., Elia. Available online: https://www.
elia.be/en/news/press-releases/2019/01
/20190118 press-release-elia-releases-i
ts-figures-on-belgiums-2018-energy-mix
(Accessed on: December 3, 2019).

[4] Montero Carrero, M., De Paepe, W., Parente, A., and Con-
tino, F., 2015. “T100 mGT converted into mHAT for do-
mestic applications: Economic analysis based on hourly
demand”. Applied Energy, 164, pp. 1019–1027.

[5] Turbec AB, 2000-2001. T100 microturbine CHP system:
Technical description ver 4.0.

[6] Jonsson, M., and Yan, J., 2005. “Humidified gas turbines
– A review of proposed and implemented cycles”. Energy,
30(7), pp. 1013 – 1078.

[7] Rao, A. D., 1991. European patent specification, December.
Publication number : 0150990B1.

[8] Bram, S., and De Ruyck, J., 1997. “Exergy analysis tools
for ASPEN applied to evaporative cycle design”. Energy
Conversion and Management, 38(15-17), pp. 1613 – 1624.

[9] Parente, J., Traverso, A., and Massardo, A. F., 2003. “Micro
humid air cycle: Part A – Thermodynamic and technical
aspects”. In ASME Conference Proceedings, no. ASME
paper GT2003-38326, pp. 221–229.

[10] De Paepe, W., Montero Carrero, M., Bram, S., Contino, F.,
and Parente, A., 2017. “Waste heat recovery optimization in
micro gas turbine applications using advanced humidified
gas turbine cycle concepts”. Applied Energy, 207, pp. 218–
229.

[11] De Paepe, W., Contino, F., Delattin, F., Bram, S., and
De Ruyck, J., 2014. “Optimal waste heat recovery in micro
gas turbine cycles through liquid water injection”. Applied
Thermal Engineering, 70(1), pp. 846–856.

[12] De Paepe, W., Montero Carrero, M., Bram, S., Parente, A.,
and Contino, F., 2017. “Towards higher micro gas turbine
efficiency and flexibility — Humidified mGTs: A review”.
Journal of Engineering for Gas Turbines and Power, 140(8),
p. 081702.

[13] Zhang, S., and Xiao, Y., 2006. “Steady-state off-design
thermodynamic performance analysis of a humid air turbine
based on a micro turbine”. In ASME Conference Proceed-
ings, no. ASME Paper GT2006-90335, pp. 287–296.

[14] Nikpey, H., Mansouri Majoumerd, M., Assadi, M., and
Breuhaus, P., 2014. “Thermodynamic analysis of innovative
micro gas turbine cycles”. In ASME Conference Proceed-
ings, no. ASME paper GT2014-26917, p. V03AT07A029.

[15] Majoumerd, M. M., Somehsaraei, H. N., Assadi, M., and
Breuhaus, P., 2014. “Micro gas turbine configurations with
carbon capture — performance assessment using a vali-
dated thermodynamic model”. Applied Thermal Engineer-
ing, 73(1), pp. 172 – 184.

[16] Montero Carrero, M., Ferrari, M. L., De Paepe, W., Parente,
A., Bram, S., and Contino, F., 2015. “Transient simulations
of a T100 micro gas turbine converted into a micro humid
air turbine”. In ASME Conference Proceedings, no. ASME
paper GT2015-43277, p. V003T06A016.

[17] Dodo, S., Nakano, S., Inoue, T., Ichinose, M., Yagi, M.,
Tsubouchi, K., Yamaguchi, K., and Hayasaka, Y., 2004.
“Development of an advanced microturbine system using
humid air turbine cycle”. In ASME Conference Proceedings,
no. ASME paper GT2004-54337, pp. 167–174.

[18] Nakano, S., Kishibe, T., Araki, H., Yagi, M., Tsubouchi,
K., Ichinose, M., Hayasaka, Y., Sasaki, M., Inoue, T., Yam-
aguchi, K., et al., 2007. “Development of a 150kW microtur-
bine system which applies the humid air turbine cycle”. In
ASME Conference Proceedings, no. ASME paper GT2007-
28192, pp. 1041–1048.

13 Copyright © 2020 ASME

https://unfccc.int/sites/default/files/english_paris_agreement.pdf
https://unfccc.int/sites/default/files/english_paris_agreement.pdf
https://www.elia.be/en/news/press-releases/2019/01/20190118_press-release-elia-releases-its-figures-on-belgiums-2018-energy-mix
https://www.elia.be/en/news/press-releases/2019/01/20190118_press-release-elia-releases-its-figures-on-belgiums-2018-energy-mix
https://www.elia.be/en/news/press-releases/2019/01/20190118_press-release-elia-releases-its-figures-on-belgiums-2018-energy-mix
https://www.elia.be/en/news/press-releases/2019/01/20190118_press-release-elia-releases-its-figures-on-belgiums-2018-energy-mix


[19] Wei, C., and Zang, S., 2013. “Experimental investigation
on the off-design performance of a small-sized humid air
turbine cycle”. Applied Thermal Engineering, 51(1-2),
pp. 166 – 176.

[20] De Paepe, W., Montero Carrero, M., Bram, S., and Con-
tino, F., 2014. “T100 micro gas turbine converted to
full humid air operation: Test rig evaluation”. In ASME
Conference Proceedings, no. ASME paper GT2014-26123,
p. V03AT07A020.

[21] De Paepe, W., Montero Carrero, M., Bram, S., and Contino,
F., 2015. “T100 micro gas turbine converted to full humid
air operation: A thermodynamic performance analysis”. In
ASME Conference Proceedings, no. ASME paper GT2015-
43267, p. V003T06A015.

[22] De Paepe, W., Montero Carrero, M., Bram, S., Parente,
A., and Contino, F., 2014. “Experimental characterization
of a T100 micro gas turbine converted to full humid air
operation”. Energy Procedia, 61, pp. 2083–2088.

[23] Montero Carrero, M., De Paepe, W., Magnusson, J., Parente,
A., Bram, S., and Contino, F., 2016. “Experimental char-
acterisation of a humidified T100 micro gas turbine”. In
ASME Conference Proceedings, no. ASME paper GT2016-
57649, p. V003T06A016.

[24] Montero Carrero, M., De Paepe, W., Magnusson, J., Parente,
A., Bram, S., and Contino, F., 2017. “Experimental charac-
terisation of a micro humid air turbine: assessment of the
thermodynamic performance”. Applied Thermal Engineer-
ing, 118, pp. 796 – 806.

[25] De Paepe, W., Contino, F., Delattin, F., Bram, S., and
De Ruyck, J., 2014. “New concept of spray saturation
tower for micro humid air turbine applications”. Applied
Energy, 130, pp. 723–737.

[26] Xu, Z., Lu, Y., Wang, B., Zhao, L., Chen, C., and Xiao,
Y., 2019. “Experimental evaluation of 100kW grade micro
humid air turbine cycles converted from a microturbine”.
Energy, 175, pp. 687 – 693.

[27] Montero Carrero, M., De Paepe, W., Bram, S., Musin, F.,
Parente, A., and Contino, F., 2016. “Humidified micro
gas turbines for domestic users: An economic and primary
energy savings analysis”. Energy, 117(2), pp. 429–438.

[28] McDonald, C. F., and Rodgers, C., 2005. “Ceramic re-
cuperator and turbine: The key to achieving a 40 percent
efficient microturbine”. In ASME Conference Proceedings,
no. ASME paper GT2005-68644, pp. 963–971.

[29] Montero Carrero, M., De Paepe, W., Bram, S., Parente, A.,
and Contino, F., 2017. “Does humidification improve the
micro gas turbine cycle? thermodynamic assessment based
on sankey and grassmann diagrams”. Applied Energy, 204,
pp. 1163–1171.

[30] Mahmood, M., Martini, A., Massardo, A. F., and De Paepe,
W. “Model based diagnostics of AE-T100 micro humid
air turbine cycle”. In ASME Conference Proceedings,

no. ASME paper GT2018-75979, p. V003T06A008 (11
pages).

[31] Pedemonte, A., Traverso, A., and Massardo, A., 2008. “Ex-
perimental analysis of pressurised humidification tower for
humid air gas turbine cycles. Part A: Experimental cam-
paign”. Applied Thermal Engineering, 28(14-15), pp. 1711
– 1725.

[32] Parente, J. O., Traverso, A., and Massardo, A. F., 2003.
“Saturator analysis for an evaporative gas turbine cycle”.
Applied Thermal Engineering, 23(10), pp. 1275 – 1293.

[33] De Paepe, W., Delattin, F., Bram, S., Contino, F., and
De Ruyck, J., 2013. “A study on the performance of
steam injection in a typical micro Gas Turbine”. In ASME
Conference Proceedings, no. ASME paper GT2013-94569,
p. V05AT23A011.

[34] Lee, J. J., Jeon, M. S., and Kim, T. S., 2010. “The influence
of water and steam injection on the performance of a recu-
perated cycle microturbine for combined heat and power
application”. Applied Energy, 87(4), pp. 1307 – 1316.

[35] De Paepe, W., Renzi, M., Montero Carrerro, M., Caligiuri,
C., and Contino, F., 2018. “Micro Gas Turbine Cycle Hu-
midification for Increased Flexibility: Numerical and Ex-
perimental Validation of Different Steam Injection Models”.
Journal of Engineering for Gas Turbines and Power, 141(2),
09. 021009.

[36] Lagerström, G., and Xie, M., 2002. “High performance and
cost effective recuperator for micro-gas turbines”. In ASME
Conference Proceedings, no. ASME paper GT2002-30402,
pp. 1003–1007.

[37] Renzi, M., Caresana, F., Pelagalli, L., and Comodi, G., 2014.
“Enhancing micro gas turbine performance through fogging
technique: Experimental analysis”. Applied Energy, 135,
pp. 165 – 173.

[38] Zanger, J., Widenhorn, A., and Aigner, M., 2011. “Experi-
mental investigations of pressure losses on the performance
of a micro gas turbine system”. Journal of Engineering for
Gas Turbines and Power, 133(8), p. 082302 (9 pages).

[39] De Paepe, W., Delattin, F., Bram, S., and De Ruyck, J., 2013.
“Water injection in a micro gas turbine – Assessment of the
performance using a black box method”. Applied Energy,
112, pp. 1291–1302.

[40] De Paepe, W., Montero Carrero, M., Giorgetti, S., Parente,
A., Bram, S., and Contino, F., 2016. “Exhaust gas recircu-
lation on humidified flexible micro gas turbines for carbon
capture applications”. In ASME Conference Proceedings,
no. ASME paper GT2016-57265, p. V003T06A011.

[41] Bellman, R., 1961. Adaptive Control Processes: A Guided
Tour. Princeton University Press.

[42] Smola, A., and Schölkopf, B., 2004. “A tutorial on support
vector regression”. Stat. Comput., 14, pp. 199–222.

[43] Chen, K.-Y., 2007. “Forecasting system reliability based on
support vector regression with genetic algorithms”. Reliab.

14 Copyright © 2020 ASME



Eng. Syst. Saf., 92, pp. 423–432.
[44] Cherkassky, V., and Ma, Y., 2004. “Practical selection of

svm parameters and noise estimation for svr regression”.
Neural Netw., 17, pp. 113–126.

[45] Ito, K., and Nakano, R., 2003. “Optimizing support vector
regression hyperparameters based on cross-validation”. In
Proceedings of the International Joint Conference on Neural
Networks, Vol. 3, IEEE, pp. 2077–2082.

[46] Che, J., 2013. “Support vector regression based on optimal
training subset and adaptive particle swarm optimization
algorithm”. Appl. Soft. COmput., 13, pp. 3473–3481.

[47] Megri, F., Megri, A., and Djabri, R., 2016. “An integrated
fuzzy support vector regression and the particle swarm op-
timization algorithm to predict indoor thermal comfort”.
Indoor Built Environ., 25, pp. 1248–1258.

[48] Michalewicz, Z., 1995. “Genetic algorithms numerical opti-
mization and constraints”. In Proceedings of the 6th Inter-
national Conference on Genetic Algorithms.

[49] Tsirikoglou, P., Abraham, S., Contino, F., Lacor, C., and
Ghorbaniasl, G., 2017. “A hyperparameters selection tech-
nique for support vector regression models”. Applied Soft
Computing, 61, pp. 139–148.

15 Copyright © 2020 ASME




