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Recuperator Performance
Assessment in Humidified Micro
Gas Turbine Applications Using
Experimental Data Extended
With Preliminary Support Vector
Regression Model Analysis
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 pro-
duction when used in a combined heat and power (CHP) application. Although the posi-
tive impact of this cycle humidification on the performance has already been proven
numerically and experimentally, very detailed modeling of the system performance
remains challenging, especially the determination of the recuperator effectiveness, which
has the highest impact on the final cycle performance. Indeed, the recuperator perform-
ance depends strongly on the mass flow rate of the air stream and its humidification level,
two parameters that are difficult to measure accurately. Accurate modeling of the recu-
perator performance under both dry and humidified conditions is thus essential for cor-
rect assessment of the potential of humidified mGT cycles in decentralized energy systems
(DESs). In this paper, we present a detailed analysis of the recuperator performance
under humidified conditions using averaged experimental data, extended with the appli-
cation of a support vector regression (SVR) on a time series to improve noise-modeling
of the output signal, and thus enhance the accuracy of the monitoring process. In a first
step, the missing experimental parameters, air mass flow rate and humidity level, were
obtained indirectly, using 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 having 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 determi-
nation. 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 toward online recuperator performance prediction. [DOI: 10.1115/1.4049266]

1 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 goal, 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 energy 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, how-
ever, a strong constraint on classical thermal power production,
especially in centralized organized grids. Due to the intrinsic par-
tially 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 system
(DES), possibly in combination with combined heat and power
(CHP), offers a solution. In these DESs, flexible and reliable pro-
duction from thermal units remains necessary, to compensate
when not sufficient wind or solar power is delivered. Current bat-
tery technologies allow storage of RE power for a period of sev-
eral hours to days, but seasonal storage is still a problem.
Therefore, 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 opera-
tional flexible: the produced power can easily and fast be adjusted.
Despite this flexibility, the main issue remains the fixed and con-
stant 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]),
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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 pro-
posed on large-scale gas turbines (GTs) for power augmentation
and NOx reduction, allows to increase the specific power produc-
tion 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]. Parente 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 performance
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]; how-
ever, the most important work on the mHAT is reported again
below. The first to study the concept of mHAT were, as men-
tioned before, Parente et al. [9]. In their work, they studied the
conversion of an mGT (range 100–500 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 per-
formed 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 Majoumerd et al. [15]
have studied the impact of converting the Turbec T100 (Malm€o,
Sweden) into an mHAT, by introducing a saturation tower. All
indicated 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 focusing on the global cycle
performance. In the development process of the advanced humid
air turbine plant, Hitachi (Tokyo, Japan) developed a specific
150 kWe mGT [17] and equipped it with, next to the water atomiz-
ing inlet air cooling 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 out-
put of the unit was increased by 11 kWe and the electrical effi-
ciency by 2% points. When both water atomizing inlet air cooling
and HAT lines were used during operation, 2.4%weight of water
was added to the compressor 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 [20–24]. First, a Turbec T100
mGT was equipped with a specifically designed spray saturation
tower [25] and startup 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 pro-
ven numerically and experimentally (and even economically
[4,27]) for the full cycle performance, a detailed component per-
formance analysis, especially of the recuperator, is still missing.
As mentioned earlier by McDonald and Rodgers, high perform-
ance of the recuperator is essential to obtain high cycle perform-
ance 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 degradation 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 introduced water, accu-
rate knowledge of the air mass flow rate through the system is
needed as well to assess the total heat flux exchanged in the recu-
perator. 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 pro-
vide a tool to adjust the operating settings to optimize the humidi-
fication 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 per-
formance of an mGT under humidified conditions using experi-
mental 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 mea-
surement procedure. Next, the experimental analysis of the recu-
perator and global cycle performance under humidified
conditions, using average measurement data taken over a large
period, is presented. Additionally, the SVR model is explained
and applied on one specific dataset. By presenting this model, we
aim to show the potential of SVR models for accurate instantane-
ous, online, recuperator and cycle performance assessment.
Finally, a conclusion and future work are presented.

2 Dry and Humidified Microgas Turbine 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
Fig. 1): a variable speed centrifugal compressor, to compress the
incoming fresh air to approximately 4 bar; a recuperator, to pre-
heat the compressed cold working fluid using heat from the flue
gases; a counterflow can burner, where natural gas is burnt to heat
the working fluid to the maximal allowable turbine inlet tempera-
ture (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
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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 electrical
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 nominal isentropic effi-
ciency, leading to better part load performance. Moreover, vary-
ing the rotational speed to control the electrical power output
preserves a rather constant surge margin for the compressor, as
was previously presented in Ref. [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 tur-
bine outlet temperature (TOT) constant at 645 �C by changing 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 satura-
tion tower in between the compressor outlet and the recuperator
inlet (grey parts in Fig. 1). In this saturation tower, an excess of
hot water, coming from the economizer, is brought into contact
with the hot compressed air. The compressed air is then humidi-
fied through the evaporation of a fraction of this water (approxi-
mately 5%). The necessary energy to complete the evaporation—
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 component. The out-
going 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 rein-
troduced in the cycle, leading to better cycle performance.

Cycle humidification leads indeed to higher electrical perform-
ance of the mGT. Introducing water in the mGT cycle after the
compressor allows to reduce the compressor work, while keeping
the turbine mass flow rate and thus also the turbine power con-
stant, 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 satura-
tion 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 recovery
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
exergy 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 recu-
perator, 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 assessment
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 performance
[35].

3 Experimental Recuperator and Cycle Performance

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
performance, 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.

3.1 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 Refs. [20] and [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 the compres-
sor outlet and recuperator inlet (Fig. 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 Fig. 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 perform-
ance. A complete overview of all installed sensors and their accu-
racy can be found in Ref. [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 rea-
sons, no such sensor could be installed either. Direct determina-
tion of the amount of evaporated water entering the cycle by
taking the difference between the in- and outgoing water flow rate

Fig. 1 The standard mGT, operating according to the recuper-
ated Brayton cycle (black parts), is converted in an mHAT by
adding a saturation tower and water recirculation loop in
between the compressor outlet and the recuperator inlet (grey
parts)
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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 nom-
inal operation), is actually below the measurement accuracy (typi-
cally 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 individual points,
shown in Secs. 3.2 and 3.3, is obtained using the measurement
procedure described in Ref. [20] and is taken at constant power
output and constant TOT, using the control system as described in
Sec. 2, or at constant TOT and constant rotational speed. Indeed,
for some specific previously reported humidified tests [24], the
original control system was slightly modified, allowing the mGT
to operate at constant rotational speed rather than at constant
power output. As presented previously by the authors of the paper
[24], applying cycle humidification in constant speed mode has a
slightly different impact on the cycle than applying it in constant
speed mode. However, when looking at the recuperator alone, this
difference is negligible. Hence, we opted not to distinct the results
obtained at constant rotational speed or constant power output.
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 satu-
ration tower closed, compressed air passing through the satu-
ration 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 validated
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 per-
formance, as reference data, a specific run was performed 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.

3.2 Experimental Recuperator Performance Analysis. A
first parameter to assess the recuperator performance is the heat
exchanger effectiveness. To determine this effectiveness, all four
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 calcu-
lated as follows:

grec ¼
max CIT� Trec;cold;in;TOT� Trec;hot;outð Þ

TOT� Trec;cold;in
(1)

When considering the recuperator as adiabatic, DTmax 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, DTmax 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
(Fig. 3(a)) and the corresponding rotational speed (Fig. 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 per-
formed at constant power output, during a period ranging from
15 min up to 3 h, 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.

Fig. 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)

Fig. 3 The recuperator effectiveness does not present a clear
trend for any of the dry operating regimes (Bypass, NoBypass,
and Bleed) as a 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.
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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 to what was expected, there is no noticeable varia-
tion or clear trend in the recuperator effectiveness depending on
the produced electrical power (Fig. 3(a)), nor on the rotational
speed (Fig. 3(b)), even though effectiveness is a function of the
recuperator mass flow rate. An explanation can be found in the
different mass flow rates passing through the recuperator, 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 manufacturer 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 perform-
ance of the recuperator, the main improvement of the mHAT
cycle, as discussed in Sec. 2, is found in the higher total
exchanged heat flux in this heat exchanger. The lower effective-
ness in the humidified case only reflects that the current used recu-
perator 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
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 (denominator in
Eq. (1)), which increases due to the lower cold side inlet tempera-
ture as a result of the humidification in the saturation tower. A
redesign of the recuperator (larger 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 remaining O2

fraction in the exhaust gases in combination with the measured
injected fuel mass flow rate.

The first step toward the recuperator heat flux determination
involves the determination of the mass flow rate through the cycle,
starting by determining the compressor operating point (Fig. 4).
This point can be determined based on the measurements of the
rotational speed and the pressure at compressor outlet, in combi-
nation with the available data from the manufacturer [37].
Although both rotational speed and compressor outlet pressure
can be measured accurately (typical optical rotational speed and
differential pressure sensors have accuracies of 0.01%), there is
still some uncertainty on the used compressor map, as previously
highlighted by Zanger et al., when analysing the surge margin of
the T100 [38]. Since the uncertainty on the compressor map can-
not 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
five different operating regimes can clearly be identified and dis-
tinguished (Fig. 4, original datapoints in (a), and their correspond-
ing 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 oper-
ates at constant power. This includes that the mGT control system
changes the compressor operating point by adjusting 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 Fig. 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 addi-
tional valve to close the bypass, Fig. 2(a)). This leads to an addi-
tional, 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 oper-
ating point toward 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 ¼ _mcomp;working � _mcomp;surge

_mcomp;working

:100% (2)

where _mcomp;working is the air flow rate at the working point and
_mcomp;surge is the air flow rate at the surge limit (the same defini-

tion was used in Ref. [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 Fig. 4, SM 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 operat-
ing point. Adding an additional amount of water behind the com-
pressor by means of evaporation leads thus inevitably to a reduced
compressor air mass flow rate and thus a reduced surge margin (as

Fig. 4 The different operating regimes result in distinct com-
pressor operating lines (original datapoints in (a), and their cor-
responding 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)
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previously presented in Ref. [33] by the first author of this paper,
when presenting the impact of steam injection on this machine).
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 rea-
sons, each of the wet test was performed with a small air bleed.

The action of this air bleed, in dry operating conditions, is visi-
ble on the compressor map (Bleed, purple stars/line in Fig. 4),
showing the significant surge margin increase. On average, apply-
ing an air bleed leads to an SM 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 deter-
mination. 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 experimental meas-
ured performance with simulations, indicating that the valve open-
ing is approximately 22 cm2 [24]. Nevertheless, this value has
some uncertainty. Hence, it was decided to not use the valve open-
ing 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 Fig. 4, reduced SM of 9.2%).

Based on the compressor operating point, the compressor air
flow rate was calculated (Fig. 5(a), _mair;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.
Except 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 Sec. 3.3). Over-
all, 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 con-
stant power output. The higher mass flow rate is needed to com-
pensate 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
Ref. [33] to determine the dry and wet compressor operating point
under steam injection conditions. The results (Fig. 5(b), _mair;cycle),
although having a significant uncertainty (approximately 4% [33]),
confirm the same trends and observations as discussed in previous
paragraph. There is, as presented in Fig. 5(c), D _mair, indeed a
small discrepancy between the air mass flow rate determined
using the corrected air flow and the determination using the wet
O2 content of the flue gases. Nevertheless, by assessing the gen-
eral 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 humidified case, since
the O2 content of the flue gases is measured on wet basis.

Since a constant air bleed opening was used throughout the 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 known, the amount of injected water and corresponding
relative humidity of the working fluid under humidified operation
could be calculated (Fig. 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
saturated.

The amount of water entering the cycle through evaporation in
the saturation tower ranges between 40 and 60 g/s and increases,
as expected, with increasing electrical power output (Fig. 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 validated Aspen

VR

simulations.2 The tests resulting in very high water introduction—
more than 40 g/s—correspond to a relative humidity of more than
100% (Fig. 6(b)), which is obviously not feasible. These results

Fig. 5 Due to the variable operational speed, the air mass flow
rate going through the compressor (a) and cycle (b) increases
with increasing electrical power output when operating in dry
mode. The action of the air bleed is clearly visible when com-
paring the air mass flow rate through compressor and the cycle
(Bleed case). Finally, due to the uncertainty on the different
measurements, using the compressor map (a) or the exhaust
gas composition (b) to determine the air mass flow rate shows
some differences (c).

2More information about the Aspen
VR

simulations and the validation can be found
in Refs. [21], [23], [24], and [39].
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clearly indicate that in this case, liquid water is entering the recu-
perator. This hypothesis could be confirmed 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 humidi-
fied case (see Fig. 7(b)) and by a visible 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 (Fig. 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 evapo-
rated water entering the cycle for the wet case had to be calculated
using several other measurements and models, there is some sig-
nificant 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 mea-
surement 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
humid case Inject and all dry cases Bypass, NoBypass, and Bleed,
Fig. 7(a)). This higher flux is, as discussed before, a result of the
lower cold side inlet temperature as a result of the humidification
and the favorable heat capacity due to the presence of the injected
water. Analysis of the cold side outlet temperature (CIT, Fig.
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 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.

3.3 Experimental Global Cycle Performance Analysis. In
addition to the recuperator performance, the global performance
of the system in the different operating regimes was also deter-
mined (Fig. 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 obtained electri-
cal efficiencies (Fig. 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 effi-
ciencies show that even in the original configuration, the effi-
ciency is lower than presented by the manufacturer (normalized
efficiencies are all below 1, Fig. 8(b)). Especially at part load, the
mGT of the VUB is under-performing. According to the manufac-
turer, the mGT should present higher efficiencies at part load than
at nominal load (indicated correction factor is above 1 in Ref.
[5]). However, this trend was never observed before on this spe-
cific test rig and already reported before by the authors of this
paper in Ref. [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 (Fig. 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 spe-
cific 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.

Fig. 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 con-
firm 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.

Fig. 7 The calculated exchanged heat flux (a) in the recupera-
tor 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.
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Indeed, these heat losses depend on the atmospheric conditions
and the operation of the ventilation of the room of the T100 and
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. Humidi-
fying the working fluid even allows to bring the electrical effi-
ciency 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 Sec. 3.2. The scatter in
the results is, as mentioned before, a result of the different humidi-
fication levels in the different cases as well as the different 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 anal-
ysis presented in Sec. 4, data obtained at 80 kWe with a relative
humidity of 125% are used.

4 Support Vector Regression Analysis

Support vector regression models are rigorous surrogates used
in engineering design space exploration and optimization, due to
their better handling of the curse of dimensionality [41] and
improved performance under the presence of noise. On the con-
trary, SVR models do not provide variance for their predictions,
while their performance is heavily dependent to their configura-
tion. The latter issue breaks down to a parameter estimation prob-
lem, where three hyper-parameters are subject of optimization.
Furthermore, the parameters control the tradeoff 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 detailed analysis of
the mathematical structure, the reader is referred to Smola and
Sch€olkopf [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 methods
[44], and optimizers [45–47] are employed in the literature to
identify the proper parameters set. The first two methods represent
the extremes of the cost-speed tradeoff, providing either very
accurate but costly techniques (exhaustive grid search) or less
accurate but ultrafast methods (analytical methods). In the current
study, a classic genetic algorithm 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 genetic algorithm is enhanced by a
randomization search term, activated when stagnation in conver-
gence is suspected [49].

The output parameter set is then used to configure an SVR
model and train it using a specific dataset. In this paper, the SVR
model was applied on the time series of one specific dataset. This
dataset was taken at constant electrical power operation (80 kWe).
According to the experimental analysis, presented in Sec. 3.2, dur-
ing 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 Fig. 6). Presenting the calculated instanta-
neous air mass flow rate (presented by the black triangles, Fig. 9)
for this dataset over time highlights again the problem. Noise and
measurement accuracy lead to significant scatter on the data, justi-
fying 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 frame-
work, 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 continu-
ously, 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 two output quantities (air mass flow rate
_mair and introduced water amount _mwater) in combination with

seven input variables, being compressor inlet (Tcomp;in) and outlet
temperature (Tcomp;out), compressor outlet pressure (pcomp;out), fuel
mass flow rate ( _mfuel), 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 corre-
sponding amount of introduced water, presented in Sec. 3. All
quantities are taken with respect to time, with a sample frequency
of 1 s over a time period of 45 min. 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

Fig. 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, compensating for pressure
and bleed losses, bringing the efficiency back to the initial
levels.

Fig. 9 Time series of the measured air mass flow rate (black
triangles) and predicted results using the SVR model (red dots)
show the potential of the model to reduce scatter and improve
accuracy
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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 triangles, Fig. 10). These plots show a large scatter, even
when considering the mGT was operated at constant power out-
put. 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,
Fig. 9) with the direct calculated values (black triangles) shows
again the improvements made by the model. To provide a more

Fig. 10 Surrogate model allows to reduce the scatter on the output (air mass flow rate, predic-
tions indicated with the red dots) as a function of the different input quantities, compared to the
original data (black triangles)

Table 1 Standard deviation values for the model predictions, corresponding to the different input parameters as demonstrated in
Fig. 10

Input parameter Pgen N Tcomp;in Tcomp;out pcomp;out _mfuel O2;flue gas

r 0.00420 0.00164 0.00372 0.00398 0.00268 0.00333 0.00249
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indicative metric regarding the scatter, in this paper, the coeffi-
cient of variation (COV) is used

COV ¼ r
l

(3)

where r denotes the standard deviation, calculated using the k-
nearest neighbor algorithm, and l the mean. The metric is calcu-
lated for the initial training data and the prediction data for the air
mass flow rate (Table 2). The reduction of data-scatter is consis-
tently observed in different noise levels and datasets, due to reduc-
tions in the r 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 ¼
P

i ŷi � �yð Þ
P

i yi � �yð Þ
(4)

where y is the original sample of a dataset, ŷ is the corresponding
prediction, and �y the mean of the original dataset. Finally, the cal-
culated metric is 99.1%, which indicates the good prediction capa-
bilities of the underlying SVR model.

To conclude, the clear reduction in COV and standard deviation
(r) 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 opera-
tional monitoring and optimization setting.

5 Conclusion

In this paper, we presented an experimental recuperator per-
formance analysis of an mGT operating under humidified condi-
tions, i.e., as mHAT. The recuperator is responsible for the
recovery of extra heat from the flue gases under humidified condi-
tions 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 exploiting its full potential. Indeed, the heat flux in the recu-
perator is, as expected, higher than during dry operation. How-
ever, 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 accu-
rate performance map for the recuperator effectiveness as
function of flow rate and humidity level. Additionally, the SVR
model will be extended toward more and longer datasets. Finally,
this model will be used for online monitoring of the recuperator
and saturation tower performance. In combination with the per-
formance map, it will enable us to adjust the control settings dur-
ing operation 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 humidifi-
cation on the mGT performance degradation and lifetime on the
long term.

Nomenclature

CHP ¼ combined heat and power
CIT ¼ combustor inlet temperature

COV ¼ coefficient of variation
DES ¼ decentralized energy systems

GT ¼ gas turbine
HAT ¼ humid air turbine
mGT ¼ micro gas turbine

mHAT ¼ micro humid air turbine
RE ¼ renewable energy
SM ¼ surge margin

SVR ¼ support vector regression
TIT ¼ turbine inlet temperature

TOT ¼ turbine outlet temperature
VUB ¼ Vrije Universiteit Brussel
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