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Abstract

To fully embrace its opportunities in future decentralized power production,
the current mGT has to become more flexible in terms of operation, i.e. de-
coupling heat and power production. Cycle humidification during periods
with low heat demand is a possible route to handle this issue. Indeed, cy-
cle humidification has already been proven to increase the mGT electrical
efficiency. Nevertheless, even when applying the most advanced humidified
cycle concept, i.e. the REgenerative EVAPoration cycle, the electrical perfor-
mance increase remains rather limited. In this perspective, the more recent
Maisotsenko (or M-power) cycle concept offers a larger potential for humidi-

fication, even though its potential was only proven on large-scale gas turbine
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cycles and never applied to the smaller mGT scale.

In this paper, the concept of this M-power cycle is applied to a 100 kW,
mGT (Turbec T100) to assess its performance, using Aspen Plus® simula-
tions. Moreover, the impact of various inputs, component performance and
control parameters is studied using a sensitivity analysis. The numerical re-
sults highlight that the M-power cycle has the highest waste heat recovery
and thus the highest electric efficiency (up to 147 kW, electric power output
with an electric efficiency of 42.1 % at constant rotational speed and 41.1%,
corresponding to an 8.3%point absolute increase, at constant power output).
Moreover, this cycle concept allows to approach the thermodynamic limit
for cycle humidification. Indeed, a large exergy destruction is avoided by
not going for direct water injection, but rather using a gradual injection and
evaporation. Additionally, from a technological point of view, the M-power
cycle is also preferable for the small-scale mGT. Indeed, in the M-power cy-
cle, saturation tower, aftercooler, recuperator and economizer are combined
in one single component, significantly reducing the complexity of the cycle.
The main limitation is the saturator, that requires a wet bulb effectiveness of
up to 98 % to achieve the simulated performance, which can be technological
very challenging.

Keywords: micro Gas Turbine (mGT), cycle humidification, waste heat

recovery, REVAP, M-power cycle

1. Introduction

The massive deployment of Renewable Energy (RE) in electricity produc-

tion has significantly changed the energy landscape over the last 10 years.
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The highly intermittent nature of RE is putting a severe constraint on the
stability of the electricity grid, requiring more flexible operation from the
classical thermal power production units [1]. This has led to a shift from
large-scale centralized to small-scale decentralized production, possibly in
combination with heat production (Combined Heat and Power (CHP)). In
this perspective, micro Gas Turbines (mGTs) offer great potential, since they
have a higher flexibility as a result of their smaller size [2]. However, given
their relatively low electric efficiency, these units are still only profitable when
used in CHP applications with a sufficiently high heat demand [3]. Cycle hu-
midification offers a solution to increase electric efficiency in moments of low
heat demand, which has already been proven economically viable [4, 5].
Cycle humidification was first proposed on large-scale Gas Turbines (GTs),
initially to reduce NO, emissions and later to increase power production and
for overall cycle performance improvement [6]. In their review paper, Jonsson
and Yan divided all existing humidified GT cycles into 3 categories, includ-
ing: injection of liquid water that will fully evaporate, injection of steam, and
injection of liquid water in a saturation tower with a water recovery loop [6].
From these different cycles, the latter option, using a saturation tower and
water recovery loop, i.e. the Humid Air Turbine (HAT) cycle first proposed
by Rao [7], was found to be the best performing cycle. Following up on
the HAT cycle development, several, more advanced variants of this cycle,
like the Evaporative Gas Turbine (EvGT) [8], the Cascaded Humidified Ad-
vanced Turbine (CHAT) [9] or TOP Humid Air Turbine (TOPHAT®) [10],
have been proposed. Finally, using second law analysis, Bram et al. were able

to develop an alternative for the HAT cycle, the REgenerative EVAPoration
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(REVAP®) cycle [11]. This cycle achieves similar performance as the HAT
cycle, without requiring the installation of a saturation tower [12].

Several of the proposed advanced humidified GT cycles have been applied
at the smaller mGT scale in the past, going from very simple layouts, i.e. di-
rect injection of (preheated) water or steam in the compressor outlet, to more
advanced and complex cycles, like the micro Humid AirTurbine (mHAT),
mHAT+ [13] (which is based on the original HAT cycle) or the REVAP®
cycle [14]. The application of several more complex cycles, like the CHAT
and TOPHAT® is not possible on the mGT scale, since there is no option for
intercooling, given that, so far, mGTs only work with one compressor stage.
Depending on the complexity of the cycle, only numerical work is presented
so far (REVAP®), while for the simplest cycles (water/steam injection and
mHAT cycle), their potential has already been proven experimentally. An
overview of all works performed on mGT cycle humidification can be found
in [15].

An in-depth thermodynamic analysis of these cycles was performed by the
authors of this paper on a Turbec T100 mGT, showing that the REVAP®
cycle with water preheat has the highest potential of all humidified cycles
(injection of 69.5 g/s of water leads to a net electrical power output increase
of 21.7 kW, and an absolute efficiency increase of 4.58 %point at constant
rotational speed), followed by the direct water injection cycle, with feedwa-
ter preheat and 2-phase flow entering the recuperator (maximal injection of
58 g/s, leading to 18.0 kW, extra production with an absolute efficiency in-
crease of 3.84 %point at constant rotational speed [14]). The mHAT cycle,

which was identified as the best compromise between cycle performance and
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complexity [16], only presents a limited water introduction of 56.6 g/s lead-
ing to a moderate performance improvement of 17.5 kW, and 3.75%point
efficiency increase at constant rotational speed [14].

Nonetheless, none of these cycles can approach the theoretical maximum
waste heat recovery through cycle humidification: injection of 155 g/s leads
to a 47.4 kW, power output and 9.5 %point absolute efficiency increase [17],
which was found through a second law analysis [12]. The major limitation
to approach this maximum was the inability of the proposed cycles to re-
cover the large amount of evaporation enthalpy from the flue gases at low
temperature due to the condensation of the water. From this point-of-view,
the Maisotsenko, or M-power, cycle might offer a solution [18]. This M-cycle
is a promising air cooling technique that can reduce the temperature of the
air flow until its dew point, which is not possible either in direct contact
techniques or former indirect evaporative methods. This cooling method can
be applied on GTs, but also on air conditioning systems, cooling towers and
electronic cooling [19]. This cycle combines the aftercooling as proposed in
the mHAT+ and REVAP® cycles, creating a low temperature cold stream
to recover more waste heat, with the evaporation process at variable tem-
perature as can be found in the mHAT cycle, enabling water introduction
without excessive exergy destruction.

The M-power cycle was first proposed by Gillan and Maisotsenko in 2003
for application on large-scale GT cycles [18]. According to its developers,
the M-power cycle combines the thermodynamic processes of heat exchange
and evaporative cooling in an unique indirect evaporative cooler, allowing

to approach the dew point temperature of the working fluid [20]. By com-
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bining the heat exchange and evaporative cooling in one single component,
the cycle layout of the M-power cycle is simpler compared to alternative
advanced humidified GT cycles, like the previously mentioned EvGT [§],
HAT [7], CHAT [9], TOPHAT® [10] or REVAP® [11]. According to Gillan
and Maisotsenko, an overall thermal efficiency of 60% could be reached [18].

Since the first presentation of the M-power cycle, several numerical studies
have been presented on its potential in large-scale GT cycles [21]. Reyzin
confirmed the M-cycle unique heat recovery capabilities and even presented
that an 80% thermodynamic efficiency for a GT utilizing the M-power cycle
could be within reach [21]. More recently, Galadda and co-authors have
presented several works on the M-power cycle [22-25]. An initial analysis
focused on the use of the M-coolers in a GT to improve the performance,
highlighted the large savings potential if this inlet air cooling technique was
applied on a 50 MW, GT power plant [23]. They also indicated that the
efficiency of the cycle mainly depends on the effectiveness of the cooling and
the saturation processes [22]. Finally, they also presented two cases of the M-
power cycle applied again on large-scale GTs, focusing on the development
of a detailed model of the air saturator. The authors indicated that the
efficiency could be improved by 3.7 %point if the cycle was used as bottoming
cycle of a classical GT [25] and even 7 %point, while augmenting the net
performance by 44%, when implementing it directly in the GT cycle [24].
Additionally, Tariq and Sheikh evaluated the concept of the Maisotsenko
humid air bottoming cycle for waste heat recovery unit for GT topping cycle.
They indicated that the proposed configuration gives maximum work output

(58 MW,) and efficiency (34%) at an air saturator exit relative humidity
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of 70% [26]. Most recently, Zhu et al. analyzed the performance of the
M-power saturator and compared it with a traditional evaporator-cooler,
proving again the superiority of the M-power cycle [27]. However, despite
showing to be theoretically the best option for humidification of large-scale
GT cycles, the concept has not yet been validated experimentally, nor has it
been implemented at the smaller mGT scale.

In this paper, we present therefore a global thermodynamic analysis of
the performance and potential of the M-power cycle on mGT scale. To show
the potential of this cycle, an experimentally validated numerical model of a
typical mGT, being the Turbec T100, is converted into the M-power cycle by
implementing the specific saturation module. The impact of the performance
of the specific saturator on the global cycle performance is assessed using a
sensitivity analysis. Moreover, in an attempt to better understand the high
performance of the M-power cycle, an extensive exergy analysis was per-
formed, using a Grassmann diagram. Finally, recommendations concerning

future M-power cycle development on the mGT are formulated.

2. Methodology

The M-power cycle can be recognized by the very specific saturator mod-
ule (Figure 1), that is replacing the classical recuperator from the mGT, op-
erating according the recuperated Brayton cycle. This component combines
the actions of the aftercooler, evaporator and recuperator, as can be found in
the more traditional humidified GT cycles, e.g. the HAT or REVAP®. When
applying this concept to the mGT, compressed air, coming from the variable

speed radial compressor (2), is first cooled down in the lower part of the sat-
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urator (3). This happens thanks to the evaporation of injected water (11),
introduced in the returning compressed air (typically a third of the total
compressed air stream). This stream leaves the lower part of the saturator
module fully saturated (4). The remaining cooled compressed air enters the
upper part of the saturator (3), where it is humidified by water injection (10).
In this section, the liquid water evaporates and the stream is heated, using
heat coming from the flue gases. After bringing both streams together (4 and
5), the humidified compressed air is heated further in the end-part of the up-
per section of the saturator (6). Once leaving the saturator, the working
fluid completes the classical route of the recuperated Brayton cycle: passing
through the combustion chamber to increase the temperature (7), then ex-
panding over the turbine to provide power to drive compressor and generator
for electric power production (8) and finally providing the necessary heat to
evaporate and preheat the humidified compressed air when passing through
the upper part of the saturator (9).

The main advantage of the M-Power saturator is that, by introducing
water in both the cold side of the lower part of the saturator (11) as well as
in the cold side of the upper part of the saturator (10), a maximal amount of
heat can be recovered. By injecting in the lower part, heat can be recovered
from the incoming compressed air: lowering the temperature of the inlet of
the upper part (3) and thus enabling for more waste heat recovery from the
flue gasses. Additionally, the injection in the cold side of the upper part (10),
together with the lower inlet temperature, allows for even more waste heat
recovery from the flue gases, leading to optimal performance.

To assess the potential of this M-power cycle at mGT scale, the Turbec
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Figure 1: The M-power cycle applied on the mGT (a) showing the integration of the M-
Power saturator in the cycle (b), replacing the recuperator from the classical recuperated

Brayton cycle.
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T100, a classical recuperated mGT, was selected. A previously developed
and experimentally validated Aspen Plus model of the mGT [28, 29] was
adapted by integrating the typical M-power saturator between compressor
outlet and combustion chamber inlet. To allow for a correct comparison
with other humidified mGT cycles, the remaining components, being com-
pressor, turbine, combustion chamber and electric generator, were simulated
as discussed in [14] and briefly described below.

To determine the compressor outlet pressure and isentropic efficiency, the
actual compressor map of the Turbec T100 was used in the simulations (see
Figure 6) [30], while the turbine was assumed to be choked: the choking
value is corrected for the changing turbine flow composition using following

equation [31]:

kturp+1

MurbV TTT A Fturn 2 Fourb —1 " (1)
TIP R |

where ki, corresponds to the heat capacity ratio of the turbine working

fluid, R is the universal gas constant and A is the cross section area of the
turbine. In the Aspen Plus® model, this choking value was kept constant by
implementing a control loop that alters the compressor inlet air mass flow
rate. The turbine isentropic efficiency, on the other hand, was corrected for

the changing working fluid based on suggestions of Parente et al. [13].
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In Equation 2, the apex (*) refers to the properties at standard air compo-

sition, while v is defined as (k — 1) /k. Depending on the selected operating

regime, the mGT operates at constant rotational speed and thus variable
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power output or at constant generated electrical power by varying the rota-
tional speed. For correct comparison, similar allowed maximal pressure and
heat losses as used in [14] were also included in the different components.
These losses would then be used in a later phase as design conditions for the
heat exchanger/saturator. Moreover, similar control loops, allowing to op-
erate at constant Turbine Inlet Temperature (TIT) of 950°C and rotational
speed or power output have been implemented. To calculate the physical
properties, the UNIFA(@) method was used. All the used parameters in the
Aspen Plus® model are presented in Table 1 (for a full discussion on the im-
plementation and selection of the values, we refer the reader to [14]). Finally,
as previously indicated by the authors, the response of the turbomachinery
to the addition of water is independent of the water introduction method,
once this occurs behind the compressor. Only the amount of introduced
water will determine the off-design behavior, as was shown numerically [14]
and validated experimentally [32]. Hence we can assume that, despite no
experimental validation of the Aspen Plus® M-power cycle model is possible
at this stage, the turbo-machinery off-design behavior, and in an extend the
global M-power cycle concept applied to mGTs, is correctly captured.

To simulate the specific saturator model in Aspen Plus®, the methodol-
ogy as proposed by Saghafifar and Gadalla was implemented [24]. Although
the humidification of the compressed air occurs using an excess of water,
Saghafifar and Gadalla argued that the saturator could be reduced to a sim-
ple direct water injection cycle, expressing global energy balances. In this
context, the specific saturator was replaced by a series of heaters/coolers and

water injectors in the Aspen Plus® model developed for this paper (as can

11
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Table 1: Boundary conditions used for the M-Power mGT cycle development.

Compressor
Inlet air temperature 15°C
Inlet air pressure 1.013 bar
Inlet air humidity 60%
Rotational Speed 67320 rpm/variable'
Mechanical efficiency 99%
Combustion Chamber
Combustor design pressure loss 5%
Combustor design heat loss 10 kW,
Turbine
Turbine back pressure 40 mbar
Turbine Inlet Temperature (TIT) 950°C
Mechanical efficiency 99%
Heat exchanger network
Cold side design pressure loss 3%
Hot side design pressure loss 40 mbar
Water injection design pressure loss 0.5%
Feed water temperature 15°C
General
Fuel (methane) Lower Heating Value 50 MJ/kg
Combined power electronics efficiency 94%
Produced electrical power variable/100 kW2

'Depending on the operation mode, constant power output or constant rotational
speed, the rotational speed is variable to control power or kept constant by the control

system.
2Depending on the operation mode, cgfstant power output or constant rotational

speed, the rotational speed is variable to control power or kept constant by the control

system.
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be seen in the Aspen Plus® flowsheet, Figure 2), since no such specific sat-
urator/heat exchanger block is available. Moreover, by not using a series of
classical heat exchanger blocks (HeatX-block), but rather using the simpler
variant, the heater block (Heater-block), the calculation time, given the large
number of convergences loops, could be reduced significantly. Additionally,
the use of simple heater blocks also led to a more stable simulation model,
especially when approaching the upper limit for water introduction.

The lower part of the saturator was replaced by 1 heater and 1 cooler
(SLOWCOLD and SLOWHOT from Figure 2). The incoming compressed
air is cooled down to a specified temperature, determined by the following

equation (subscripts correspond to states from Figure 1):
T3 = T2 — €dew (TQ - Tdew,Q) (3>

where T3 is the incoming air temperature of the compressed air; Tiey2 the
dewpoint temperature of this compressed air stream; and 75 the temperature
of the compressed air being cooled down. €40y represents the dew point
effectiveness of the evaporation process that occurs in the cold side of the
lower part of the saturator and is typically taken equal to 0.8 [20]. Indeed,
in this paper, we aim at assessing the potential of the M-power cycle for
mGT. So rather than simulating the performance of a real application, the
dew point effectiveness eqo, Was kept constant at a typical value found in
literature. Once the potential is assessed and the optimal cycle is identified,
a real design proposal needs to be formulated for the M-power cycle, with a
dew point effectiveness of €40, = 0.8 as design condition.

The extracted heat from the hot stream is used to evaporate part of the

injected water in the compressed air stream (typically one third of the to-

13
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tal air stream going through the cycle) and heat the 2-phase flow mixture.
The outgoing humidified air stream of the cold side of the lower part of the
saturator (stream 4 from Figure 1) is expected to be fully saturated, with
a remaining liquid water fraction. As mentioned before, no actual heat ex-
changers, but rather simple coolers/heaters have been used for the simulation
of the heat exchange. This means that Aspen Plus® will not detect any vi-
olation of the second law. Therefore, any solution leading to a negative or
smaller than 15°C hot pinch on the lower part of the saturator (temperature
difference between T, and T);) was found not feasible by the authors and is
therefore discarded.

The upper part of the saturator is simulated using 2 heaters (cold side,
STOPCOLD and SEND from Figure 2) and 1 cooler (hot side, STOPHOT
from Figure 2). Before entering the upper part, water is injected in the cold
compressed air (same water fraction as in the cold stream entering the cold
side of the lower section of the saturator). Using the heat from the exhaust
gases, the water is fully evaporated in the first heater (vapor fraction equal
to 1). Afterward, both humidified compressed air streams (streams (4) and
(5) from Figure 1) are mixed and heated further in the second heater, using
the remainder of the heat from the flue gases. The total amount of available
heat is determined by the temperature of the flue gases. The cooler cools
down the flue gases to a specific temperature, as could be found by using

following expression (subscripts correspond to states from Figure 1):
Ty =Ty — ews (Ts — Tws,3) (4)

where Ty is the incoming temperature of the flue gases (which is also known

as Turbine Outlet Temperature (TOT)); Ty the outgoing temperature; Tiyp 3

14
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the wet bulb temperature of the compressed air; and ewp the wet bulb tem-
perature effectiveness, typically taken equal to 0.9 [20], for the same reason
as mentioned when discussing the constant €ge,. Since Aspen Plus® does not
calculate wet bulb temperature, hence Tyyg 3 was found using the humid air
enthalpy from point 3 together with the calculation of the absolute humidity
using the saturation and actual pressure. By moving along an iso-enthalpic
line towards the saturation curve, finally, the wet bulb temperature could be
found. The outgoing temperature of the humidified compressed air (7g) is
calculated using the global energy balance, knowing the total available and
exchanged heat, given that the temperature of the outgoing flue gases is fixed
(Ty, see Equation 4). However, since the cold side can never exit the satu-
rator outlet at a temperature superior to the hot side inlet temperature, a
minimal temperature difference should be respected. Saghafifar and Gadalla
proposed 15°C [24]; however, in our opinion this value is too small for an
actual application. Indeed, the smaller the pinch, the larger the actual heat
exchanger needs to be to achieve this low pinch. Therefore, for the M-power
cycle applied on the mGT, a more conservative 50°C temperature difference
was used on the hot side of the recuperator [14], which corresponds to a
typical pinch of a gas-gas heat exchanger in mGTs. Moreover, using this
pinch allows for comparison between the results presented in this paper with
previous work [14], where a similar hot pinch was used for the heat exchanger

network.

15
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3. Results

In this section, first the global performance of the M-power cycle applied
at mGT scale is assessed and optimized, using Aspen Plus® simulations
performed at constant rotational speed and power output, followed by a
discussion on the technical impact /limitations of water injection on the mGT.
In a third section, by means of a sensitivity analysis, the impact of the
various parameters on the global cycle performance is identified. Finally, an
exergy analysis is presented using a Grassmann diagram to identify the main

advantages of the M-power cycle concept.

3.1. General performance assessment and optimization

First, the impact of changing the amount of injected water on the global
cycle performance of the M-power cycle applied on the mGT was assessed at
constant rotational speed (67320 rpm) and using the boundary conditions set
in Table 1. Moreover, the effectiveness of both the lower and upper parts were
kept constant, as discussed before, at specific realistic design specifications
(€dew = 0.8 and ewp = 0.9). Unlike previous humidified cycle simulations
where the optimal/maximal amount of injected water could be found by
imposing minimal pinches on the different heat exchangers [14], here, it is not
possible to fix the boundary conditions such that automatically the maximal
possible water introduction amount could be found. Indeed, in [14], the heat
exchange network consisted only out of indirect heat exchangers and a water
injection point. By setting the pinch for each individual heat exchanger,
automatically their heat flux is determined. Adding on top of this a hot

pinch for the global heat exchanger network, fixes automatically the amount

17



O©CO~NOOOTA~AWNPE

of water that must be injected (the only remaining degree of freedom), hence,
the system is fully determined. For the M-power cycle, on the one hand, only
the heat recovered from the flue gases is set (Equation 4), as well as the heat
recovery in the lower part (Equation 3). Additionally, the first law should
be respected (conservation of energy). On the other hand, the M-power
cycle can be seen as a combination of 3 heat exchangers with also water
injection, meaning that for each of these heat exchangers, the heat flux must
be set/calculated, together with the amount of introduced water, leaving thus
4 degrees of freedom. Since only 3 equations are set, one degree of freedom is
left, allowing to work with a variable amount of injected water. Implementing
an extra intermediate pinch in the system will determine automatically the
amount of water. This is not possible in the M-power cycle, since it consists
in a simultaneous heat and mass transfer process. Hence, rather than fixing
a temperature difference (as is the case in indirect heat exchangers), one
should fix the humid air enthalpy difference, however, this is neither possible
in Aspen Plus®. Therefore, the amount of injected water was gradually
increased, dividing the water as discussed before: one third in the lower part
of the saturator (point 11 from Figure 1) and two thirds in the upper part
of the saturator (point 12 from Figure 1).

It is clear from the Aspen Plus® simulation results that increasing the
amount of injected water will indeed increase the electric power output of
the cycle (Figure 3 (a), ews = 0.9, green curves); however, the efficiency is
decreasing (Figure 3 (b)). The increasing power output can be explained
by the higher water injection in combination with the choking condition on

the turbine. When increasing the amount of injected water, part of the air

18



O©CO~NOOOTA~AWNPE

is replaced by water, as a result of the turbine choking. Indeed, increasing
water injection forces the compressor to shift towards lower mass flow rates
(in constant rotational speed mode) or lower mass flow rates and rotational
speed (constant power output mode), leading in both cases to a surge margin
reduction (see subsection 3.2). Since in both cases, the compressor air mass
flow rate is reduced, the compressor work will reduce significantly (while
the turbine work slightly increases due to the increasing heat capacity of
the working fluid), leading to an increased net power available on the shaft
for conversion in electric power. At the same time, the effectiveness of the
saturator is fixed, meaning that the final stack temperature of the flue gases
does not change significantly for increasing water injection flow rate. A large
amount of heat is still available in these flue gases as evaporation heat. All
of this heat is lost (high stack temperature of 107°C, Figure 4), leading to a
significant electric efficiency reduction (even below the electrical efficiency of
the dry mGT, 32.8%", see Table 2).

Simulation results also indicated, that, for the used boundary conditions,
there is not only an upper limit for maximal water injection in the M-power
cycle applied on the mGT but there is also a lower limit for water injection
(Figure 3). When using a fixed wet bulb (ewg) and dew point (€gew) effec-
tiveness for the lower and upper part of the saturator respectively, injecting

less than 33 g/s leads to a violation of the second law at the hot side of the

'The Turbec T100 has a nominal 30% electric efficiency according to the manufac-
turer [33]. However, for correct comparison, the same boundary conditions as applied on
the humid cycles have been applied on the dry cycle (Table 1), leading to a slightly higher

efficiency of 32.8%. A similar approach was also applied in previous work [14]
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upper part of the saturator, where the temperature of the cold humidified
stream exits the heat exchanger above the temperature of the hot flue gases
entering the saturation tower (to respect the 50°C temperature difference, at
least 51 g/s should be injected in the cycle). However, to respect a minimal
pinch of 15°C at the hot side of the lower part of the saturator, at least
69 g/s of water needs to be injected. The main reason for the relative high
minimal injection is the fixed split of air mass flow rate in the cycle. Indeed,
only a third of the air mass flow rate returns in the lower part, being heated
by the full hot compressed air flow coming from the compressor. Only by
increasing the amount of water, the temperature increase of the cold fluid
can be limited to end up below the hot outlet temperature. For the first part
of the upper section (between point 3 and 5 from Figure 1) in none of the
simulations, a violation of the second law was found, always leaving a hot
pinch above 15°C.

The found lower limit for water injection in the simulations presented in
this paper is a result of the specific way the heat exchange in the upper and
lower part of the heat exchanger is calculated, using Equation 3 and Equa-
tion 4 with fixed wet bulb ewp and dew point €4ey, effectiveness. Using this
approach, the heat extracted from the hot stream is calculated, without ver-
ifying if the cold stream can actually accept this, respecting the second law.
Although the used values for ewg = 0.9 and €40, = 0.8 being typical values
taken from literature [20], they still assume that there is a certain heat ex-
changer /evaporation process ongoing in the M-power saturator. When a too
little amount of water is injected, the M-power saturator will behave more

like a classical indirect heat exchanger, rather than an evaporator and thus
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these values are no longer valid and one should not work with wet bulb and
dew point effectiveness, but rather with actual effectiveness (based on actual
temperatures) to calculate this heat exchange. A possible workaround would
be, that once a second law violation is noticed, the effectiveness is reduced in
the simulation model and hence allowing to continue the simulations. How-
ever, since in this paper, we aimed at maximizing the waste heat recovery,
which can only be done by maximizing the water injection, hence there was
little interest in implementing this in the simulation model.

The upper limit for water injection was found at 147 g/s when assuming
ews = 0.9. Injecting more water will lead to a compressor surge (for full
discussion, we refer to subsection 3.2). This maximal water amount is lower
than the maximal amount found using the second law analysis (155 g/s, [14]).
The reason can be found in the choking of the turbine together with the large
difference in efficiency between the ewg = 0.9 case (23.6%) and the second
law analysis (42.3%). Since the turbine is choked, the total mass flow rate in
the cycle remains constant. Indeed, TIT remains constant through the action
of the control system, as well as the outlet pressure (see Figure 6). Addi-
tionally, the choking constant itself is hardly changing due to the altering
composition of the flue gases (injected amount of water is still limited). As
can be concluded from Equation 1, the mass flow rate going through the tur-
bine, being the sum of the compressor air mass flow rate, the injected amount
of water and finally the fuel mass flow rate, remains constant. Since in the
second law analysis, more waste heat is recovered and thus less fuel is needed,
more water can be introduced before compressor surge is reached, explaining

this small difference. Finally, in previous section, it was mentioned that the
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humid compressed air is leaving the lower part (point 4 from Figure 1) of the
saturator fully saturated with still some liquid water present. However, only
starting from an injection of 96 g/s (diamond symbols indicated in Figure 3)
the air is fully saturated and thus having a liquid fraction before entering the
top part of the saturator.

These first results clearly highlight that higher injection rates lead to
higher power outputs (Figure 3); however, these higher injection rates also
need more waste heat recovery. Especially stack temperature should be low-
ered (now 107°C over the full injection range, Figure 4), dropping below the
dew point of the flue gases, which enables the recovery of the available heat
of evaporation of the water in the flue gases. In a second simulation, rather
than fixing the flue gas outlet temperature of the saturator by assuming a
given design wet bulb effectiveness ewp, the hot side temperature difference
was fixed at 50°C (see Figure 3, AT = 50°C' red curves). This 50°C temper-
ature difference on the saturator hot side was, as mentioned before, assessed
to be the minimal pinch that should be respected to allow for realistic heat
exchanger performance, limiting their effectiveness, still leading to realistic
design specifications. This simulation allows to push the heat exchange to a
maximum, still respecting the second law, finally presenting the real potential
of the M-power cycle for mGT applications.

Allowing for more waste heat recovery leads to a significant lower stack
temperature (Figure 4 (a)), which leads together with the increasing elec-
trical power output to a significant higher electric efficiency with increasing
introduced water amounts (Figure 3 (b)). The electrical power output on the

other hand is only dependent on the amount of injected water and not on the
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waste heat recovery (Figure 3 (a)). Indeed, power production only depends
on TIT, turbine inlet pressure and mass flow rate. Since the mGT operates
at constant rotational speed and the turbine is choked, for a given injected
water flow rate, turbine inlet pressure and mass flow rate remain constant,
independent of the waste heat recovery. In addition, TIT is kept constant
by the mGT control system. This indicated that all parameters having an
influence on the electrical power output remain constant for a given fixed
amount of injected water. Therefore, this power output is thus independent
of the amount of waste heat recovered.

For all water injection flow rates respecting the second law (hot pinch
of the saturator of at least 50°C and of the lower part of the saturator of
15°C), the flue gases reach their condensation point (57°C) and thus extra
evaporation heat is released (Figure 4). When performing direct injection
in a similar configuration (REVAP® cycle), only a maximal water amount
of 69.5 g/s could be injected, before a cross in the temperature profiles was
detected in the upper part of the heat exchanger network [14], only recovering
a small fraction of the latent heat. Since the M-power cycle uses saturation,
higher performances are possible. This can be seen in the maximal injection
amount of 153 g/s for an electric efficiency of 42.1% (9.3%point absolute
increase), which is equal to the thermodynamic limit found using second law
analysis (small difference due to the step of 3 g/s used for simulations) [14].
However, to achieve this low stack temperature and corresponding latent
heat recuperation, a dew point effectiveness above 98% (even up to 98.1%)
is necessary (Figure 4 (b)). This may cause some technical difficulties.

Such a high wet bulb effectiveness can indeed be technologically challeng-
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ing, since it requires a large contact area for heat exchange in the M-power
saturator. Especially designing a saturator of such a large size, respecting
the maximal pressure loss (5%, Table 1), can be difficult or even impossible.
In that case, a slightly higher pressure loss can be accepted, leading to a mi-
nor efficiency penalty. Nevertheless, this penalty will be limited, still leading
to an improved performance of the M-power cycle compared to the dry and
any other humidified mGT cycle. Finally, this larger area will also lead to
an increased size and linked capital cost of this saturator. The larger volume
can possibly lead to instabilities on the compressor level when performing
load changes [34], while the higher cost can make the cycle concept econom-
ically not profitable [4]. Dynamic cycle behaviour assessment, as well as a
full thermo-economic analysis of the M-power cycle are outside the scope of
this paper, but will be topic of our future work.

Finally, a full overview of the thermodynamic conditions of the M-power
cycle applied on the T100 mGT at each stage of the cycle is presented (Ta-
ble 2) for operation at the maximal water injection amount at constant rota-
tional speed for the 2 considered case: using constant wet bulb effectiveness
or constant hot pinch. The performance of the compressor is only affected
by the amount of water and not the used assumption for the saturator: both
cases present very similar compressor performance. Additionally, the perfor-
mance of the lower part of the saturator is also very similar, due to the use
of the same €qey, in both cases. The main difference is found in the upper
part, where there is a significant difference in cold side outlet temperature Tj
(381.3°C versus 646.3°C). The lower temperature in the constant wet bulb

case results in a higher stack temperature Ty, indicating that less heat is
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recovered. Hence, more fuel needs to be added in the combustion chamber
(100% increase compared to the dry reference case) to achieve the same com-
bustor outlet temperature, explaining the very low electric efficiency. The
requested fuel flow rate is even higher than the amount that can be delivered
by the current fuel compressor (9.9 g/s [35]), requiring thus a larger fuel
compressor. Since the mGT is operated at constant TIT, the turbine perfor-
mance is also very similar in both cases. This similar turbine performance,
together with the same compressor performance, leads finally to the same
electrical power output in both cases.

Similar observations as for the operation at constant rotational speed can
be made at constant power output for the behavior of the M-power cycle
electric performance (Table 2 and Figure 5). Since the mGT operates now
at constant power output, rather than increasing the generated power by
increasing the amount of injected water, now the rotational speed is reduc-
ing with this increasing amount due to the action of the controller (Fig-
ure 5 (a)). The reduction in rotational speed is only function of the injected
water amount at a specific power output and is independent of the satura-
tor performance (Figure 5 (a)), since TIT is kept constant by the control
system. The maximal amount of water that can be injected is determined
by the surge limit. Due to the reducing rotation speed, at constant power
output, the maximal amount is limited to 117 g/s (comparable amount that
was found with the second law analysis, 123 g/s [14]).

When looking at the electric efficiency at constant power output, again, a
similar trend as at constant rotational speed can be observed (Figure 5): us-

ing a constant wet bulb effectiveness of 0.9 does not allow for a sufficient high
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Figure 5: Similar to operation at constant rotational speed, at constant power output
(100 kW,), the performance of the M-power cycle can only be improved by maximizing
the waste heat recovery (AT = 50°C' case), and while doing so, increasing the electric

efficiency.
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Table 2: Thermodynamic conditions of the M-power cycle applied on the T100 mGT at

each stage of the cycle obtained using Aspen Plus®, for the dry reference case, constant

rotational speed (n = ¢*¢) and constant power output (Py., = '), using constant wet

bulb effectiveness (ews = 0.9) or constant hot pinch (AT = 50°C) at maximal water

introduction.
Dry Humid (n = ) Humid (P, = )
ewp =09 AT =50°C ewp =09 AT =50°C
Compressor
T [°C] 15 15 15 15 15
T, [°C] 195.4 203.5 203.5 168.2 168.2
po [bar] 4.17 4.34 4.34 3.44 3.44
Maie [kg/s]  0.709  0.574 0.574 0.454 0.460
Saturator /Recuperator
T; [°C] / 64.8 64.8 54.7 54.7
T, [°C] / 93.2 93.0 98.4 98.3
Ts [°C] / 104.8 105.7 98.4 98.3
Ts [°C] 618.8 381.3 646.3 402.0 684.0
Ty [°C] 262.2 110.7 57.9 108.7 55.3
pe [bar] 4.05 4.19 4.19 3.32 3.32
Myater[g/8] 0 147 153 117 117
€dew / 0.8 0.8 0.8 0.8
EWB / 0.9 0.980 0.9 0.975
Teond [8/8]  / 0 99.7 0 80.6
Combustion chamber
17 [°C] 950 950 950 950 950
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Table 2: (continued)

Dry Humid (n = ) Humid (P, = ')
ews =09 AT =50°C ewp =09 AT =50°C

pr [bar] 3.85 3.98 3.98 3.15 3.15

e [g/s]  6.10 12.3 6.93 9.43 4.86
Turbine

Ts [°C] 668.8  700.0 696.3 739.2 734.6

pg [bar] 1.05 1.05 1.05 1.05 1.05

e [kg/s] 0.716  0.733 0.734 0.580 0.582
General

Pa [kW,] 100.0  144.7 146.1 100.0 100.0

Ner [%0]? 32.8 23.6 42.1 21.2 41.1

waste heat recovery to increase the electric efficiency. Similar as at constant
rotational speed, the electric efficiency is lower than the dry reference mGT
efficiency (32.8%). To improve the performance, a hot pinch of 50°C must
be applied to sufficiently reduce the stack temperature (down to 55.3°C) to
enable the recovery of the latent heat. By applying this hot pinch the electric
efficiency can be increased up to 41.1% (8.9%point absolute increase) which
is again close to the limit found using the second law analysis (41.7%) [17].
not including the losses to the auxil-

N Pren
2Reported efficiencies are defined as it

iaries, e.g. pump, cooling fans and fuel compressor, as is the case in the Turbec T100 series

2 engine [33].
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However, to achieve this limit, a wet bulb effectiveness of 97.6% is needed,
leading to the same technological challenges as mentioned before.

A complete overview of the thermodynamic conditions at the different
stages in the M-power cycle is also added for operation at constant power
output (100kW,) and at maxiaml water introduction of 117 g/s to Table 2,
showing again the main difference between operating at constant wet bulb
effectiveness and constant hot pinch: the significant difference in cold outlet
temperature of the saturator (402.0°C versus 684.0°C), explaining the very
large difference in electrical performance. Finally, the authors would like to
draw the attention on the compressor outlet pressure: due to the signifi-
cant reduction in rotational speed to keep power output constant, the final
outlet pressure is reduced significantly from 4.05 bar (dry mGT) to only
3.32 bar (Table 2).

3.2. Technical limitations

Introducing water in the mGT cycle has a significant impact on the mGT
components. As previously highlighted by the lead author of this paper [15],

this impact includes:
e Turbo-machinery off-design behavior;
e cycle layout limitations;
e combustion stability;
e material and recuperator constraints.

Below, only the specific limitations that apply to the M-power cycle are

discussed. For a complete and in-depth discussion, we refer the reader to [15].
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For the turbo-machinery, especially surge margin reduction is important.
Since the turbine is close to or choked, the total cycle mass flow rate can be
considered as rather constant (see Equation 1). An increase in introduced
water amount leads automatically to a reduced air amount and thus a shift
in compressor operating point. Depending on the operating mode (constant
rotational speed or constant power), this shift in operating point is different.
However, in both cases, the Surge Margin (SM) is reduced (Figure 6), until
finally, the compressor is pushed into surge. Since in this paper, we focused
on the thermodynamic aspects, we opted to optimize theoretically the mGT
performance, meaning that the results from Table 2 correspond indeed to a

SM = 0, with SM defined as:

M (%) _ Mecomp,surge — Mcomp,working . 100% (5>

Mcomp,working N=cte

where 1Mcomp working 1S the mass flow rate at the current operating point and
Meomp,surge 15 the air flow rate through the compressor at the surge limit for
the same compressor speed [36]. The use of a 0% SM is from a technical point
of view not feasible and requires thus a redesign of the compressor, able of
handling the reduced air mass flow rate. In case the original T100 compressor
would still be used, a minimal SM must be respected, lowering the maximal
amount of water that can be injected. Respecting a SM = 10%, would limit
the water injection to 90 g/s at constant rotational speed mode and constant
hot pinch of 50°C. This injection leads to a reduced electrical power output
of 127.5 kW,, with a corresponding electric efficiency of 38.7%. At constant
power output mode, only 81 g/s of water could be injected, leading to an
electric efficiency of 38.5%.

For the material constraints, 2 issues can be identified: increased TOT
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Figure 6: Due to the choking of the turbine, the operation point of the compressor shifts

towards the surge limit with increasing water injection (adapted from [15]).
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at constant TIT and condensation of water on the hot side of the upper part
of the M-power saturator. Current mGTs use as upper temperature limit
for the recuperator hot side inlet 650°C (or even 645°C in the case of the
Turbec T100 [33]), hence limit for TOT, to avoid the use of more expensive
materials. In dry operation in the Turbec T100, a TOT of 645°C corresponds
to a TIT of 950°C, which is the limit for an all metallic turbine, hence the
limit for TIT. Injecting water in the mGT cycle typically leads to a signifi-
cant increase of the turbine working fluid heat capacity. This has an impact
on the temperature reduction over the turbine during the expansion of the
hot gases. Keeping TIT constant while increasing the amount of introduced
water, as is the case in this paper, leads to a higher TOT and thus requires
the use of better/more expensive materials for the M-power saturator. Low-
ering the TIT and by doing so, keeping TOT below the limit of 650°C offers
a solution. Nevertheless, a lower TIT has a significant negative impact on
the electrical performance of the mGT. Indeed, operation at maximal water
injection amount of 153 g/s (see Table 2), but with TOT equal to 645°C
reduces the electrical power output and efficiency to 137.8 kW, and 40.6 %
(at constant rotational speed) and the efficiency to 38.6% (at constant power
output). On the other hand, the lower TOT has a positive effect on the
maximal amount of water that can be injected. Indeed, for operation at con-
stant rotational speed, a maximal of 174 g/s of water can be injected before
compressor surge is reached, corresponding to an electrical power output of
143.8 kW, and 41.8% electric efficiency, which is not so far from the perfor-
mance at constant TIT, but still slightly lower. For operation at constant

power output, this effect is even larger: the maximal amount of water that
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can be injected increases to 150 g/s with a corresponding efficiency of 40.7%.
Since the aim of this paper was to study the thermodynamic potential of the
M-power cycle, we still opted to work at constant TIT. Nevertheless, during
the design process of the actual M-power saturator, which is not in the scope
of this paper, this aspect should be kept in mind.

Apart from the risk of operation at constant TIT to exceed the maximal
temperature limit for the M-power saturator, there is no risk to damage this
saturator linked with injecting a too limited amount of water or even no
water in the real application. In a real application, the heat exchange will
just stop as soon as there is no temperature difference. Even when no water is
injected, there is no risk in damaging the component, since the temperatures
will never exceed the temperatures of the flue gases exiting the turbine (so
TOT). Nevertheless, using the M-power saturator in dry conditions makes
no sense, since in that case, the lower part will not give any contribution to
heat recovery (since no water is injected, the hot compressor air entering will
not be cooled down), only leading to additional pressure losses.

A final point of attention from the material point of view is the risk for
corrosion. Unlike classical mGTs, where the flue gases exist the machine
above the dew point, in the case of the M-power cycle, given the consider-
able amount of waste heat recovered, the temperature of the flue gases drops
below the dew point. This leads to a significant amount of condensed water
on the hot side of the M-power saturator (Table 2), which can cause corro-
sion problems. Since in the M-power saturator, on both sides of the heat
exchanger, an air/water or flue gas/water mixture passes, the entire heat

exchanger needs to be constructed out of stainless steel to protect against
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corrosion. The condensate itself should be eliminated at the bottom of the

hot side of the upper part using a drain.

3.8. Sensitivity analysis

To better understand the functioning of the M-power saturator and its
impact on the mGT cycle, a sensitivity analysis was performed on several
performance parameters of the saturator (ewp and €qey ), control parameters
(air split fraction, injected water distribution and requested power output),
and the inlet conditions (7}, and ¢;,). All simulation results presented in
this section are obtained using the input parameters from Table 1 and using
either ewp = 0.9 (unless when studying the impact of this value) or using
the constant hot pinch of AT = 50°C. Moreover, all simulations are per-
formed at constant rotational speed (except when studying the impact of
the requested power output), rather than at constant power output, for time
savings. Indeed, the additional control loop to change the rotational speed
to obtain a constant power output adds a significant extra time to finalize
the calculation in Aspen Plus® and leads to some numerical instabilities.
Nevertheless, the obtained results at constant generated power output will
show similar trends as those presented here, at constant rotational speed.

The first parameter that was varied, the wet bulb effectiveness ewp (rang-
ing from 0.7 to 0.95 with steps of 0.05 and finally with 0.01 until 0.98), shows
to have, as already presented before, a significant impact on the electric per-
formance of the mGT (Figure 7). Indeed, a high ewp leads to a much lower
stack temperature (see Figure 4), leading to higher waste heat recovery and
thus to a higher electric efficiency. A similar observation was made by Al-

sharif et al. when analyzing the performance of the M-power cycle applied
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Figure 7: The wet bulb effectiveness ewp has no impact on the produced power. This
power is only function of the introduced water amount (a); however, ewp has a large impact
on the electric efficiency (b). Increasing the wet bulb effectiveness leads to higher electric
efficiency, but at least 98% is needed to reach the dew point of the flue gas to recover the

evaporation heat, leading to higher electric efficiency than the dry case (32.8%).
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on a larger GT [22]. Produced power is, on the other hand, not affected
(Figure 7 (a)), since this parameter only depends on the amount of injected
water and not on the quantity of recovered waste heat: a higher waste heat
recovery only leads to lower fuel consumption, but no power increase. As
presented in subsection 3.1, a ewp of at least 98% is needed to obtain a hot
pinch of 50°C (Table 2) and the corresponding increasing electric efficiency
with increasing water amount. Indeed, this trend can only be observed at a
ews = 0.98 and partially at 0.97 and 0.96, although here the recovery is too
limited, still leading to a lower electric efficiency compared to the dry refer-
ence case (Figure 7 (b)). As mentioned before, this effectiveness is needed
to lower the stack temperature sufficiently to start condensing the flue gases
and while doing so, liberating and recovering part of the latent heat, which
is needed to lead to significant high electric performance increase. It is re-
markable to see that only a minor variation in this wet bulb effectiveness can
lead to a drastic reduction in performance, going from a significant efficiency
increase compared to the dry cycle to similar performance (when going from
0.98 to 0.97) or even to a reduced efficiency (when dropping down to 0.96).
Hence, it is strongly required to have a saturator design that is insensitive
to possible variations inherent to construction processes, calling thus for a
so-called Robust Design. This optimization also needs to include a cost anal-
ysis to properly assess the thermo-economic potential of the M-power cycle
applied to the mGT. To obtain a high ewg, most likely, a larger saturator is
need. Hence, a trade-off between cycle performance increase and installation
cost needs to be found. Since in this paper, we only focus on the thermo-

dynamic analysis of the cycle, such an analysis was outside the scope of our
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paper.

The second saturator performance parameter, €gey (varied from 0.7 to
0.99 in steps of 0.05), has only a small impact on the electric efficiency when
working with a constant wet bulb effectiveness ewp and no impact at all when
using a constant hot pinch AT = 50°C' (Figure 8 (b)). Moreover, similar to
EWB, €dew has also no impact at all on the electric output (Figure 8 (a)), for
the same reason as mentioned in previous paragraph. At constant ewg, there
is thus only a slight positive effect on the electrical efficiency by increasing
the €gew. Indeed, a higher e4q, leads to a lower hot side outlet temperature of
the lower part of the saturator, T3. This lower T3 leads then, on its turn, also
to a lower Typ 3; hence a lower Ty (see Equation 4). In this case, more waste
heat is recovered and thus a higher electrical performance is obtained. This
effect is very limited (a minimal efficiency increase of 0.6%points absolute
when increasing €gey, from 0.7 to 0.99 at the maximum injection of 147 g/s)
and overall, the performance is still lower than the performance obtained
when keeping the hot pinch constant, AT = 50°C', and even lower than the
dry performance (32.8%). When using a constant hot pinch, AT = 50°C,
changing €40, has no impact on the cycle performance. A higher €ge,, will
lead to more heat recovery in the lower part of the saturator from the hot
compressed air. However, this has a negative effect on the cold inlet of the
upper part. Hence, more heat is exchanged in the first section of the upper
part (between (3) and (5) from Figure 1). Since AT = 50°C' is constant, a
fixed amount of heat is recovered from the flue gases, so less heat is exchanged
in the second part (between (5) and (6) from Figure 1). Whether more heat

is exchanged in the lower or upper part, has thus no impact at all, since the
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Figure 8: The dew point effectiveness €4ew has no impact on the electrical power output,
nor on the electric efficiency when assuming a constant hot pinch (case AT = 50°C).
When working with a constant wet bulb effectiveness (case ewp = 0.9), a small positive
impact can be noticed due to the slight increased heat recovery in the lower part of the

M-power saturator.

global amount remains constant. A final observation that can be made, is
that the minimal water amount increases with increasing €ge, to respect a
minimal pinch of 15°C in the lower part of the saturator. This increasing
amount is logical, since with increasing €qey, the heat exchange in the lower
part is rising. While doing so, T} is increasing and thus reducing the hot
pinch.

When looking to the impact of the cycle inlet parameters, it is clear to ob-

serve that the inlet temperature has a strong negative impact on both electric
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Figure 9: Similar to the dry mGT, the M-power cycle performance is negatively affected

by the higher compressor inlet air temperature, due to the worse compressor performance.
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power output and efficiency (at both constant ewp and AT = 50°C, inlet air
temperature varied from 5°C to 25°C, Figure 9). For both cases, this lower
cycle performance at higher compressor inlet air temperature, 77, is mainly
due to the compressor performance and less to the saturator performance.
As it is generally known, higher inlet temperature leads to a higher com-
pressor power consumption at constant rotational speed (and also a slightly
higher compressor outlet temperature) [37]. The higher compressor outlet
temperature T5 leads to a higher outlet temperature of the cold side of the
lower part of the saturator T5 given the constant €ge,. Therefore, less waste
heat can be recovered. For AT = 50°C, this effect is less present, since, as
mentioned before, the total amount of heat recovered from the flue gases is
fixed (given the constant hot pinch). In that case, the difference in electrical
performance is only a result of the higher compressor power. This is reflected
in the mean relative efficiency penalty for increasing the inlet air tempera-
ture by 5°C: at constant wet bulb effectiveness, the efficiency reduces by 2.9%
relatively, while at constant hot pinch, only a relative penalty of 0.6% can be
observed. One of the advantages of humidified cycles, highlighted by Jonsson
and Yan, was the reduced sensitivity of their performance for changing inlet
conditions [6]. For the M-power cycle applied on the mGT, we make a similar
observation, since for the dry cycle, increasing the inlet air temperature by
5°C leads to an average penalty of 1.8%, which is significantly higher than
the 0.6% of the optimal M-power case (case AT = 50°C).

The inlet air humidity ¢y, (varied from 20% to 100% in steps of 20%) is
expected to have some impact on the electrical performance, since it impacts

Thews and Twp 3. Indeed, a higher inlet humidity will lead to higher Tyeys
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Figure 10: The relative humidity ¢;, of the compressor inlet air has no impact on the
global produced power and only a minor negative effect on the electric efficiency when
assuming a constant wet bulb effectiveness (case ewp = 0.9). When using a constant hot

pinch (case AT = 50°C'), the humidity has no impact on the electric efficiency.
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and Twp s, leading thus to less waste heat recovery (see Equation 3 and
Equation 4). However, the impact on the electric efficiency remains rather
limited (Figure 10 (b), case ewp = 0.9), while there is no noticeable difference
on the produced power (Figure 10 (a)). Again, the reason can be found in
the higher temperature after the compressor. Even at ¢;, = 100%, the
relative humidity after the compressor and saturator is still rather limited
(p3 = 21.4%), having thus only a moderate impact on Twp 3 (increase from
35.3°C at ¢y = 20% to 50.9°C at ¢y, = 100%) and on Tyey s (increase from
12.3°C to 39.4°C). Moreover, at AT = 50°C', there is no real impact, since as
explained before, a change in T3 (Equation 3) has only a minor impact on the
performance and there is no effect of the changing Tyyg 3 on the heat recovery
from the flue gases, given the operation at constant hot pinch. Finally, a
higher relative humidity ¢;, has no noticeable impact on the maximal amount
of water that can be introduced in the cycle. Indeed, even ¢, of 100% (full
saturation) still corresponds only to an initial water amount in the inlet of
6 g/s, which is negligible compared to the final total amount of injected water
of 147 g/s (case ewp = 0.9) and 153 g/s (case AT = 50°C). There is however
a minor influence on the minimal amount that needs to be injected in the
ews = 0.9 case (Figure 10 (b)), due to the better performance of the lower
part at higher inlet humidity.

Moreover, simulations showed that both control parameters, air split ratio
and water injection division, have no impact at all on the global electric
performance of the mGT (Figure 11 and Figure 12). In a first step, the air
split ratio was varied from 1/4 in the lower part and 3/4 in the upper part

to finally 3/4 and 1/4 respectively, while dividing the water proportionally
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Figure 11: Changing the air split ratio between the lower and upper part of the M-
power saturator has no impact on the global performance (produced power (a) and electric
efficiency (b)). However, it has a huge impact on the minimal amount of water that needs
to be injected to avoid violation of the second law in the lower part (minimal water amounts

are indicated for the different split ratios using the markers).
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to the air mass flow rate, as is the case in the original setup (Figure 11).
Secondly, to study the impact of the water division, the air split fraction
was kept constant (1/3 in the lower part and 2/3 in the upper part), but
here, the proportion of the introduced water was changed (1/1.75, 1/2 and
1/2.25, Figure 12). As presented in Figure 11 and Figure 12, there is no
difference between the different cases in terms of performance. This shows
that both control variables have no impact on the global cycle performance.
Indeed, in the approach used for the simulations presented in this paper,
the performance is calculated based on global energy balances: Equation 3
determines the outlet temperature of the cold stream of the lower part T3.
Passing more or less air (with more or less water present) on the cold side
of this lower part, will not change the total amount that is exchanged (in
the actual heat exchangers, this will have an influence, since the flow rates
will determine the heat exchange coefficients and thus the total amount of
exchanged air). A similar comment can be made for the upper part, since the
heat exchanged in the upper part depends only on one single temperature:
either Twg 3 (case ewp = 0.9) or TOT (case AT = 50°C'). Both temperatures
remain constant for the same input variables and are thus not affected by
the control. Although the air flow split and the division of the water amount
has thus no impact on the performance, given the use of the global energy
balance to calculate the total exchanged heat, at least a minimal air mass
flow rate (with a minimal water content) needs to be introduced in both
the upper and lower part, to avoid too high outlet temperatures and thus
violation of the second law: e.g. by introducing more air in the lower part of

the heat exchanger, the lower limited for the water injection can be reduced.
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Indeed, a higher fraction passing in this lower part will lead to a pinch larger
than 15°C at lower injection rates: e.g. lower limit shifts from 100 g/s for a
split fraction of 25% to 16 g/s for a split fraction of 75% (indicated by the
different markers on Figure 11 and Figure 12). Finally, again, in the actual
case, similarly as for the lower part, changing the air flow rate (and the water
fraction) will determine the heat exchange coefficients and thus the actual
performance of the saturator. This should be studied in detail when a real
design is presented, possibly with consideration of the uncertainties on the
design and operational parameters.

Finally, reducing the requested power output has a distinct different be-
havior when using a constant wet bulb effectiveness of 0.9 or a constant hot
pinch, that allows for more waste heat recovery but requires a higher wet
bulb effectiveness and thus a better performing saturator (Figure 13). When
using a wet bulb effectiveness ewg = 0.9 operation at part load for a cer-
tain constant injection amount leads to lower electric efficiency. Indeed, a
lower power output is achieved by lowering the rotational speed and thus
also lowering the corresponding air mass flow rate going through the cycle.
Hence, at part load, the relative water fraction is higher. The fixed wet bulb
effectiveness does not allow to recover more heat (and especially no latent
heat) and thus requiring more fuel. On the other hand, using a constant
hot pinch leads to similar performance improvements for nominal (100 kW,)
and part load (90 and 80 kW,), with as only difference a reduced minimal
and maximal amount of water due to the lower rotational speed and thus
lower air mass flow rates (different symbols indicated maximal and minimal

amount in Figure 13). Indeed, a constant hot pinch leads to similar heat
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Figure 13: The requested power output has no impact on the global electric performance,

when assuming a constant hot pinch (AT = 50°C).

recovery for all cases and thus similar performance.

3.4. Fxergetic analysis

In an attempt to explain the high potential of the M-power cycle, an
exergetic analysis of the cycle, represented using a Grassmann diagram, was
performed. For this analysis, the cycle was considered operating at constant
nominal power output (100 kW,) using a constant hot pinch (AT = 50°C).
Moreover, the exergy analysis was performed following the same procedure
as presented by the authors of this paper in [38]. The exergy content of the
different flows was obtained using the EXFRG YFL property implemented in
Aspen Plus® while taking 15°C, 1.013 bar and HyOjiquiq as dead state. Since
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this property only considers thermal exergy, the chemical exergy of the fuel
was calculated using formation enthalpy [12].

The Grassmann diagrams shows clearly the major advantages of the M-
power cycle: the specific water introduction method together with the after-
cooling (Figure 14). In more traditional humidified cycles, e.g. the REVAP®
and mHAT cycle, the total water amount is injected after the aftercooler
(REVAP®) or after the compressor (mHAT, where no aftercooler is present)
in the compressed air and is then evaporated in a heat exchanger. While in
the M-power cycle, the water is injected and evaporates gradually in one singe
component. Using direct injection of the total stream leads to a considerable
exergy destruction, due to the temperature difference between compressed
air and cold water and the sudden full injection: e.g. in the mHAT cycle
operating at nominal power output of 100 kW,, 14 kW exergy is destructed
in the saturator [38]. Although this local destruction leads later to a larger
recovery in the recuperator (198 kW versus 168 kW in the dry cycle [38]),
due to the lower inlet temperature, the exergy is lost, explaining the lower
performance. By applying the specific introduction method in the M-power
cycle, this exergy destruction could be avoided. In the M-power cycle, only
a very small fraction of the total exergy flow in the cycle is lost in the after-
cooler (6 kW, Figure 14); however, no additional exergy is lost during the
water injection and the passage through the cold side of the lower and upper
part of the heat exchanger. The action of the aftercooler together with the
injection of cold water leads to a significant lower temperature of the com-
pressed air stream, allowing for a very large exergy recovery in the M-power

saturator: 36 kW in the first section of the upper part (between points 3 and
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5 on Figure 1) and 247 kW in the last section of the upper part (between
points 4/5 and 6 on Figure 1). Finally, the M-power saturator displays a
total exergy destruction of 8.6%, defined as the ratio between the difference

in incoming (3" Ez) and outgoing exergy streams (3 Ez) in the M-power

in out
saturator and the exergy input in the global cycle from the fuel (Exgye):

BBdest — in i out ’ (6)
Exfuel

while the exergy efficiency of the component, defined as the ratio between
the sum of the exergy of the streams that gain exergy (3. AEz), and the
gain

sum of the exergy of the streams that lose exergy (3" AEz), achieves 92%:

loss
Z AEz
BB =21 (7)
IOZSSAEx
Both values are close to the maximum values set by Bram et al.: 5% de-
struction and 93% heat exchanger efficiency [12], highlighting again that the
performance of the cycle is indeed approaching the thermodynamic limit.
Hence, the M-power cycle present a final exergy efficiency of 36.0%, which
is significantly higher than the 29.3% electric exergy efficiency of the dry
mGT and the 30.6% of the mHAT [38]. Moreover, the exergy efficiency of
the M-power cycle even exceeds the dry mGT CHP total exergy efficiency of

35.7%.

4. Conclusion

In this paper, we assessed the performance of the M-power cycle applied

on the mGT. An experimentally validated Aspen Plus® model of the Turbec
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T100 was converted to the M-power cycle by implementing the specific satu-
rator. Numerical results indicated that the electrical power can be increased
when operating at constant rotational speed by water introduction (up to
144.7 kW, for an injection of 147 g/s). However, when applying a typical
dew point effectiveness of 0.9 for the upper part of the M-power satura-
tor, no electric efficiency increase can be achieved. Moreover, a decrease by
9.2%point when operating at constant rotational speed and even 11.6%point
at constant power output compared to the dry reference case was observed.
Allowing for more waste heat recovery, by increasing this effectiveness (up
to 98%, leading to a hot saturator pinch of 50°C) and by doing so, low-
ering the stack temperature up to the dew point of the flue gases (57°C),
leads to a significant electric efficiency increase. Efficiency increases up to
the limit found using 2nd law analysis: maximal injection of 153 g/s leads
to a 46.1 kW, power output and 9.3%point absolute efficiency increase at
constant rotational speed. At constant power output of 100 kW,, a maximal
amount of 117 g/s could be injected, leading to a slightly lower electric effi-
ciency increase of 8.3%point. The main difficulty remains, however, the 98%
dew point effectiveness in the saturator, which can be challenging (or even
thermo-economically impossible) to achieve. The sensitivity analysis high-
lighted that only the compressor inlet air temperature has an impact on the
produced power, while inlet air temperature and wet bulb effectiveness have
a large impact on the electric efficiency. Inlet air humidity and dew point
effectiveness only have a minor impact when operating at constant dew point
effectiveness and no impact when operating at a constant hot pinch. The sat-

urator control parameters, being air split ratio and water division over the
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lower and upper part of the saturator, have no impact at all on the global
cycle performance. Finally, the exergy analysis indicated that the superior-
ity of the M-power cycle is found in the specific water introduction method,
that does not lead to extra exergy losses, as is the case in other humidified
cycles, leading to an exergy efficiency of up to 36% at constant power output
of 100 kW..

Future works involve a more in-depth analysis of the saturator by propos-
ing an actual geometry and assessing the impact of changing the inlet con-
ditions and geometry of this saturator on its performance as well as on the

global cycle in general.

5. Nomenclature

CHAT Cascaded Humidified Advanced Turbine

CHP Combined Heat and Power
EvGT Evaporative Gas Turbine
GT Gas Turbine

HAT Humid Air Turbine

mGT micro Gas Turbine

mHAT micro Humid Air Turbine

RE Renewable Energy
REVAP® REgenerative EVAPoration
SM Surge Margin

TIP Turbine Inlet Pressure

o4



O©CO~NOOOTA~AWNPE

TIT

Turbine Inlet Temperature

TOPHAT® TOP Humid Air Turbine

TOT Turbine Outlet Temperature
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