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Abstract:

A thermodynamic model for a realistic Brayton cycle, working as an externally-fired gas turbine, fueled with
biomass, is presented. The use of an external combustion chamber, allows to burn “dirty fuels” to preheat
pure air, which is the turbine's working fluid. It also avoids direct contact of ashes with the turbine blades,
resulting in a higher life cycle of the turbine. Due to the high temperatures achieved by the combustion
gases, high temperature heat exchangers (HTHE) will be needed. The model incorporates a HTHE and an
arbitrary number of turbines and compressors, with the corresponding number of inter-coolers and re-
heaters. It considers irreversibilities such as non-isentropic processes and pressure losses. The composition
and temperature of the combustion gases, as well as the variable flow rate of air and combustion gases, are
calculated for an specific composition of the fuel. The numerical model has been validated according to the
AE-T100E Micro Turbine Externally Fired data sheet, fueled with natural gas and a single stage cycle. The
power of 85kWe and electrical efficiency of 24% is obtained. In addition we perform a comparative validation
with a directly fired gas turbine, Turbec T100, working at the same conditions and the results are good
agreement considering the similarity of the technologies.
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1. Introduction

From an environmental perspective, the sustainability of development depends, among other
measures, on the reduction of greenhouse gas emissions and the conservation of soil and water. This
requires a rational use of fossil fuels and the utilization of renewable natural resources. Among
human activities, the energy production is one of the most intensively demanding natural resources.
On the other hand, it is also the biggest source of pollutants emissions [1]. The future world energy-
supply will have to rely on all energy resources, especially renewable energies. Future technologies
should combine high conversion-efficiencies with low emissions, in particular CO, and other
greenhouse gases [2]. Biomass is getting more attention as a renewable energy source because of its
potential to reduce greenhouse emissions supplying fossil sources. However, for large scale power
plants, it is not always possible to consider biomass as an affordable fuel since processing costs are
high [3]. Because of that, some power plants projects are economically unviable.

Some of the energy-conversion technologies, like internal-combustion engines and gas turbines,
need clean fuels as the combustion gases are in direct contact with the moving parts of the machine.
Indirect systems separate the combustion and the thermodynamic conversion cycle. The Rankine
cycle, which could be operated with solid fuels such as coal or biomass, is the best example. The
same principle applies to the Stirling engine. The indirectly or externally-fired gas-turbine (EFGT)
is other technology under development for small and medium scale power-and-heat supplies [2].



Since the turbine working fluid is separated from the combustion gases, the thermal power of the
combustion gases should be transferred to the working fluid via a high temperature heat exchanger
(HTHE). Unlike the directly fired gas turbine (DFGT), EFGTs can work on an open cycle with air
as the working fluid, or a closed cycle with air or other fluid having better thermodynamic
properties [4]. DFGT can deal only with clean fuels. It can also deal with solid fuels like coal and
biomass but only after a gasification process with an intensive gas cleaning process. EFGTs can
deal with a wide range of fuels even solid fuels without cleaning systems or fuel compression and
injection equipments. It is very flexible and can use a wide range of thermal power sources such as
combustors, furnaces, solar power concentrators, and even nuclear reactors [4]. The net efficiency
of EFGTs can be improved in combined heat and power systems.

The aim of the present work is to simulate an externally fired gas turbine from a thermodynamic
viewpoint and to analyze how the net power and cycle efficiency are affected by considering
different compositions of biomass fuels and multi-stage compression and expansion processes. The
model incorporates a ceramic heat exchanger and an arbitrary number of turbines and compressors,
with the corresponding number of intercoolers and pre-heaters (or burners).

2. Theoretical Model

The model studied consists of an arbitrary number of N, turbines and N, compressors, with the
corresponding (N, — 1) intercoolers and (N; — 1) intermediate burners (see Fig. 1). The ideal cycle
(see Fig. 2) can be summarized as follows: the air, as working fluid, at pressure, P;, and
temperature, Ty, is compressed, by N, adiabatic compressors, to pressure, P,, and temperature, T,;
then increases its temperature up toT3 in an isobaric ceramic heat exchanger (HTHE). This air is
expanded, by N, adiabatic turbines, to a pressure and temperature, P, and T,, respectively. Next, the
air is used to supply the combustion chamber to burn a solid fuel. The exhaust gases are used as the
hot fluid in the HTHE at temperature, T,4, then are released to the ambient at T,,. Between each
compression process, heat is extracted by the intercooler in order to decrease the temperature, at
each compressor inlet, to T;. In the same manner, between each expansion process, heat is supplied
by the intermediate burners in order to increase the temperature, at each turbine inlet, to T5. The
burned gases are released to the ambient at temperature T,;.

All compressors are considered to have the same pressure ratio 7, as well as the turbines, with a
pressure ratio 1. The turbines inlet temperature, T, is fixed according to a constructive and
metallurgical limit. In the main combustion chamber the biomass is burned with clean air out
coming from the last turbine at temperature T,. The equivalence ratio, ¢;, of this combustion is
calculated so that the adiabatic flame temperature T,; obtained allows to reach T; at the exit of the
ceramic high temperature heat exchanger (HTHE) [5,6]. The combustion in the burners, which
allows to heat the clean air from T; to T, in a separate circuit, uses air from the ambient at 7. The
equivalence ratio of this combustion, ¢,, is calculated so that the adiabatic flame temperature
obtained matches with the one reached in the main combustion chamber. This procedure ensures
that the heat exchange is physically possible and allows setting a pinch point of 100K, on the
exhaust gases temperature T,, as construction criteria.
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Fig. 1. Scheme of a multi-stage externally fired gas turbine, with burners between expansion
processes and intercoolers between compression processes.

The present work attempts to reproduce realistic performance records for an EFGT starting from the
ideal model and introducing the main irreversibilities existing in real plants as pressure drops, non-
ideal heat exchangers, and isentropic efficiencies in compressors and turbines.

2.1. Thermodynamic model

The thermodynamic model of a multi-step Brayton cycle is based on those presented by Sanchez-
Orgaz et al. [7,8] and Roco et al. [9]. The present work adapts the numerical model of [10] for the
use of an external biomass-fuelled combustion chamber, taking into account the chemical reactions
in the combustion of solid fuels. Fig. 2 represents the thermodynamic cycle, considering pressure
drops and irreversibilities in compression and expansion processes, that are considered as non-
adiabatic. Next we detail the main assumptions and definitions for each stage.

Temperature

4s

Entropy

Fig. 2. Temperature-entropy diagram for a multi-stage externally fired Brayton cycle.

2.1.1. Compression and expansion

Defining the pressure ratio of a compressor as, 7. = (p,'/p;"), where p;‘ and p,' are the inlet and
outlet pressures of the ith compressor respectively, considering N, compressors with the same value
of ., P; as the inlet pressure of the first compressor (assumed in this work as atmospheric pressure)
and P, the outlet pressure of the last compressor (see Fig. 2), it is easily proven that

P2:P17'CNC (1)



Since the ideal compression process is isentropic, and considering y; as the mean isentropic
coefficient between 1 and 2s (see Fig. 2), we define the isentropic compressor pressure ratio,
Y1-1
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In order to take into account the compression irreversibilities, the isentropic efficiency is defined as

_ Ty
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With equations (2) and (3) it is possible to obtain [7];
4)

where Z, is defined for convenience. The pressure ratio of one turbine,ry, is calculated using N¢, P,,
and all the pressure losses in the circuit.The pressure drop in the cold side of the heat exchanger is
denoted as dP,3, and the pressure drop in the hot side of the heat exchanger is dP;. Considering the
intercoolers and re-heaters (intermediate burners) as isobaric, the global pressure ratio for the N,
turbines is calculated as

—Ps _ P2dPps
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where P; is the pressure at the inlet of the first turbine and P, is the pressure at the outlet of the last
one. Proceeding in the same way as for (1), the pressure ratio of one turbine is,

Y
— N
e = (Ttg) L. (6)
In the same way as for compression, the isentropic turbine pressure ratio is:
Y2—1
Ts 2
at:T_:rt‘yza (7)
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The following parameters and equations allow to connect temperatures with the turbine pressure
ratio:
T5—T,

& = 1o ®)
m=Zo=1-e(-a. ©)
T3

where ¥, is the mean isentropic coefficient of air among the state 3 and 4 (see Fig. 2), and &;is the
isentropic efficiency of the turbines considered identical.

2.1.2. Heat input

Since the system is externally fired, the process of heat addition to the working fluid is performed
by a ceramic heat exchanger between burned gases, coming from a combustion chamber, and the
working fluid. To solve all temperatures of heat exchanger we use a NTU method (see Section 2.2)
and energy balance on the heat exchanger,

ma,l[ha(T3) - ha(TZ)] = mg,l [hg,l(Tad) - hg,l(Tch)]a (10)

where, Mg ; is the air mass flow in the compression process, h, and h 4, the enthalpy of air and

combustion gases, from combustion chamber, respectively, at the temperatures mentioned (see Fig.

2), Tqq, the adiabatic flame temperature, T,p, the exhaust temperature, and 77y ;, the mass flow

rate of burned gases. The value of 111, ; is obtained by a mass balance for the combustion chamber:

mgll S mf’l + Tflall (11)



where 7717 ;is the fuel mass flow. After obtainingTyg, it is easy to determine the equivalence ratio to
reach this temperature, solving the combustion process and burned gases composition (see Secs.
2.3.and 2.4.).

Other heat inputs come from the intermediate burners. Again, using NTU method and energy
balance and the hypothesis of pinch point (mentioned at the beginning of section 2), it is possibly to
determine the exhaust temperature, the secondary flow mass, my,, and equivalence ratio of the

burners, ¢,.
ma,l[ha(T3) - ha(T4)] = Thf,z- hf(Tf) + ma,zha(Tl) - mg,zhg,z (Tez) (12)

where the subscript 2 denotes properties at the burners hot side. It is important to notice that the
composition of the exhaust burners gases is different from the one calculated in the main
combustion chamber.

2.1.3. Power and efficiency

With all temperatures of the cycle and main mass flow air, it is possible to calculate its net power
by,

pP= Ntma,l[ ha (T3)_ha(T4)] - Ncma,l[ ha (TZ)_ha (Tl)] (13)

In order to take into account the quality of conversion energy in the system we consider the fuel

conversion efficiency, that relates the heating value and usable energy of the thermal engine. It
expression for time rates is:

P
17:

rhfLHV

(14)

Where LHV, is the lower heating value of the biomass and i1 is the total fuel rate that enters to the
system. The mass, m;, is simply obtained by addingriy ; and m; ,

mf = ‘rhf,1 + mf'z (15)
wherem, ; is obtained with the knowledge of the value of the equivalence ratio ¢; and 1y 5,
directly by solving chemical reactions at the intermediate burners.

2.2. Heat Exchangers

To evaluate the performance of the heat exchanger it is necessary to introduce its effectiveness, &,
which varies according to the working conditions, such as mass flow rates, fluids properties and
temperatures, using the NTU method [11]. The effectiveness of the heat exchanger is defined as
(see Fig. 2 for the temperatures),

T3—T,
£ =——= 16

Taa—Tz ( )
For any heat exchanger it is shown [11] that € = f(NTU, C,.), considering the number of transfer
units, NTU, as

NTU = 24

(17)

Cmin
where UA is the global exchange coefficient of the heat exchanger, C,,;, the minimum heat

capacity rate and C, = g"ﬂ heat capacity ratio .

max

We make use of a counter-flow scheme to model the heat exchanger [6][11]

1—e—NTU (1-Cy)

€= ) (18)

From the correlations of the Nusselt number for internal flow [11] and considering the hypothesis
that the thermodynamic properties of the working fluids do not change considerably within the



range of temperatures taken into account, nor due to its composition, the convection coefficient for
air and exhaust gases, are only affected for variations in the mass flow rate of any of the working.
Therefore, NTU could be expressed by,

NTU = K 1)

Cmin [(ma)—o.s + (Thg)_o'e]

where the coefficient K depends on the geometry of the heat exchanger and thermodynamic
properties of the working fluids. From the experimental work of Batista de Mello, et al. [6], the
effectiveness of a ceramic high temperature heat exchanger can reach up to values of 0.84. In the
present work the value of K is adjusted to reach this efficiency at same conditions.

2.3. Combustion Model

In order to solve the chemistry and the energetic of combustion we assume a certain wet fuel with a
determined chemical composition and humidity. The considered chemical reaction is [12],

12 1 16 14
(RI)

where a mole of dry fuel is represented by Ca HoO < N a, with a, b, c,d the amount of each element
12 1 16 14

in mass percentage. The coefficient f represents the moles of water per mole of dry fuel, ¢ the fuel-
air equivalence ratio and a, the stoichiometric amount of O, within the air, per mole of dry fuel. It
is important to notice that this model does not consider the possible presence of sulfur in the fuel
composition. The reason of this is that in spite that most of biomass fuels do have a percentage of
sulfur in its compositions, in general it is not considerable. Particularly in this work the biomass
fuels considered have less than 0.1% of sulfur. The combustion is solved following the procedure
described by Medina et al. [13].

2.4. Adiabatic Flame Temperature

Once that the composition of burned gases is obtained, it is possible to calculate its enthalpy at a
certain temperature T,

hg(T) = xco,-hco,(T) + Xp,0-hy,o (T) + x0,. ho, (T) + xn,. hy,(T) + xco- [hco(T) + LHV;o] +
Xp,- [P, (T) + LHVygy| + xg5n- Cp - (T — Trey) (22)

where the coefficients x; represents the moles of each compound per mass flow rate of combustion
gasses, and LHYV; is the lower heating value at reference temperature, T f, of specie j.

The enthalpy of the fuel at a temperature Ty is,

hruer = (T = Trer) + LHVy — f [hngzo ~ Conaouq- (Thzo — Tref)] (23)

where it is assumed that the water present in the fuel is in liquid state and at the temperature of the
fuel (Ty,o = Tf).

The adiabatic flame temperature, T,4, is defined as the temperature of the exhaust combustion gases
when the combustion is considered adiabatic.This means that all the energy released during
combustion is transferred to the exhaust gases without any heat losses. It is calculated through the
thermodynamic balance (24), considering the air enthalpy as h,,

mehy + mah, = mghy(Teq) (24)

where the mg, m, and m, are the mass flows of fuel, air and burned gases respectively. The last
one is obtained by a mass balance.



2.5. Validation

In order to validate the model we attempt to use the AE-T100E Micro Turbine Externally Fired data
sheet single stage cycle, but is extremely dependent of inlet fuel, so the datasheet presents only
values of pressure ratio, electrical power, air flow rate and inlet turbine temperature. With those
data the model could reach the expected values, see Table 1.

Table 1 Values obtained from the model compared with EFGT AE-T100E

Parameter AE-T100E value Relative error (%)
Fuel type - Methane -
Gas-temperature turbine inlet 850°C 850°C -

Mass flow air 0.80 kg/s 0.80 kg/s -
Pressure ratio 4.5 4.5 -

Net electric - power output 85kW 86.3kW" 1.53

Net electric - efficiency - 24% -

*Considering an electric generator efficiency of 0.85

Since lack of data of EFGT, we compare quantitatively the performance of a similar DFGT Turbec
T100. To reproduce the values of the Turbec T100, model parameters are set with those obtained
from the data sheet, see Table 2.

Table 2 Model set values obtained from the data sheet of AE-T100E

Parameter value
Fuel type Methane
Gas-temperature turbine inlet 950°C
Mass flow air 0.7833 kg/s
Pressure ratio 4.5
Efficiency compressor 0.768
Efficiency turbine 0.826

Considering an electric generator efficiency of 0.81, the Table 2 presents the results of our model,

for one single stage and the values of the Turbec T100.

Table 3 Comparison of the model and values of Turbec T100

Turbec TI00  Present Model Relative difference (%)
Net electric-output 100kW 98.82kW 1.18
Thermal-power input 333kW 360.68kW 8.31
Turbine power 282kW 281.34kW 0.23
Compressor power 159kW 158.37kW 0.40
Net electric-efficiency 30 0.276 8.00
Air temperature compressor outlet 214 214.4 0.18
Mass flow, natural-gas 0.0067 0.007188 7.28
Mass flow, exhaust-gas 0.79 0,7905 0.063

The values obtained by the model are in good agreement of those the Turbec T100. Is important to
mention that the differences between the model and the turbine are not precisely due to numerical
approaches, since we compare different technologies, but operating in the same conditions.

3. Numerical Results

This section uses the model presented in section 2 to analyze the development of an EFGT for
different configurations, varying the number of compressors and turbines between one and two



units, using an intercooling and burner if necessary. Therefore we perform four configurations,
described as next:

CT : One compressor and one turbine

CICT : Two compressors and intercooler, and one turbine

CTBT : One compressor, and two turbines and burner

CICTBT : Two compressors and intercooler, and two turbines and burner

Eucalyptus wood is used as the main fuel for the simulations. Other biomasses, such as pine wood,
rice husk and eucalyptus forest residues were employed to study de influence of the elemental and
ultimate compositions, as well as its lower heating value. All these characteristics are presented in
the Table 4.

Table 4. Biomass elemental composition (d.b.), ash content (d.b.) and LHV.

Biomass C(%) H() O(®%) N(*%) Ash(%) LHYV (kJ/kg)
Eucalyptus wood 49.0 59 44.0 0.3 0.1 18129
Eucalyptus leaves 54.9 59 35.8 1.0 24 19100
Eucalyptus bark 44.7 5.4 41.8 0.2 4.9 15800
Eucalyptus branches  52.9 59 39.9 0.2 1.2 18100
Eucalyptus tips 52.5 59 40.6 0.3 0.7 17900
Rice husk 41.0 59 359 0.4 18.9 14800
Pine wood 49.3 6.0 444  <0.01 0.3 18681

The ashes heat capacity was estimated using the Neumann-Kropp rule [11] and the ashes elemental
composition for each one [12]. We find that the heat capacity for any of these biomasses is between
0.74 and 0.80 kJ/kg, so we decide to use 0.77 kJ/kg for all the samples.

3.1. Performance in function of the pressure ratio

The pressure ratio is one of the main design parameter that characterized the Brayton cycle
performance. In this section we study the performance varying the pressure ratio in the range of 2
to 16. Eucalyptus biomass was employed as fuel, with 25% of moisture in dry basis. Other
parameters of the simulation were the main air mass flow (1,0 kg/s), ambient temperature, T1
(300K), and turbine air inlet temperature, T3 (1173K).

Fig. 3 shows the net power achieved for each EFGT configuration. The highest power for each
pressure ratio is obtained for CICTBT, followed by CTBT, CICT and CT in the last position. It can
be seen, that the two configurations with two turbines get better net power. When the compression
is made in two stages with intercooler, the net power increase compared to which ones the
compression is made in one step. The net power curves show a maximum in the pressure rate
studied, different for each one. This is an expected behavior of this kind of machines [7].

On the other hand, the efficiency behavior is different, where the EFGT configurations with one
turbine are those which realize better results (see Fig. 4). Moreover, the fact that include the two
stages compression improve the efficiency. Therefore, the fuel conversion efficiency decreases in
the sequence CICT, CT, CICTBT, CTBT.
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Fig. 3. Net power in function of the pressure ratio for different arrangement of compressors and
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The really big efficiency drop in two turbines configurations compared to these ones with one
turbine is explained by the exhaust gases of the burner to reheat the air for the second stage of
expansion. These gases leave the system at 7,,, which was setup 100°C over T4. Because of that, the
amount of energy lose in the burners is very significant. In future works, that is an important point
to improve in order to achieve best results.
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Fig. 4. Fuel conversion efficiency in function of the pressure ratio
The maximum power and efficiency for each configuration, as well as its pressure ratio, are
presented in the Table 5. The efficiency maximum occurs in a lower pressure ratio than the power

maximum, that behavior is observed for all the configurations, in spite of the maximum were not
achieved for CICTBT in the prefixed pressure ratio range (2 to16).

Table 5. Maximum efficiency and power for each configuration.

Configuration Pressure rate Efficiency (%) Pressure rate Power (kW)
CT 3.5 23.0 5.5 136
CTBT 6.0 12.7 9.5 189
CICT 4.5 24.5 10.0 176
CICTBT 16 16.9 >16 >266

Another way to visualize and easily compare the performance is potting, for each configuration, the
efficiency in function of the power, as seen in Fig. 5. Thus, it is noted that the CICT configuration
has the best efficiency and obtains significant power. This configuration should be used in a



pressure rate between 4,5 (maximum efficiency) and 10,0 (maximum power). Because of its
performance, authors consider that this one is the best configuration option.
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Fig. 5. Fuel conversion efficiency in function of the net power

In terms of heat looses and therefore responsible for the low efficiencies obtained, four different
sources are quantified in the model. First of all, the exhaust gases are the main loose source. These
gases, that are at least 573K, have associated a heat loose between 2 and 4 times of the net power.
As the pressure ratio increase, 7., increase too (see Fig. 6), because of the air-gases heat exchange
and considering that 7, is affected by the pressure ratio. The exhaust gases temperature exceeds
850K for the configuration without intercooler. Both configurations where the compression is made
in two steps, the resulting 7> is lower, and consequently the 7¢; is lower too.
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Fig. 6. Exhaust gases temperature in function of the pressure ratio

One way to minimize the looses, and thus increase the efficiency, is employed the EFGT in a
combined heat power system (CHP). Considering the high temperature of exhaust gases, this heat
has a good quality, which could be used to generate steam or just hot water.

Both configuration that include the compression in two stages have heat looses in the intercooler.
They represents between 40% and 100% compared to the net power. These kind of looses are
always smaller than the exhaust gases looses. Moreover, the intercooler has to chill the main air
flow from 75 (500-600K) up to 7; (300K), thus a cool source is needed and the possibility to take
advantage of this heat in a CHP can be more difficult.

Lastly, when the expansion is made in two stages and a secondary burner is need, the heat looses of
these gases are highly relevant. The burner exhaust temperature, 7,», as been fixed by selected pinch
point of 100K above T, therefore could achieves values between 1000 and 1200K. Exploit these
gases is essential to improve de cycle efficiency.



3.2. Fuel moisture influence

The fuel moisture influence was determined employing eucalyptus wood as a fuel. The chosen
pressure ratio was 4.5 in order to get maximum efficiency for CICT configuration. The main air
mass flow was 1.0 kg/s and the temperatures 7; and 73 were 300K and 1273K respectively.

It should be noted that the net power of the cycle depends just in temperatures and the main air
flow. Because of that, the fuel moisture does not affect the power. On the other hand, efficiency and
fuel consumption have been affected. When moisture increases, the needs of fuel grows because the
adiabatic temperature is attempted to maintain at similar value, with less useful energy by mass of
fuel, ensuring 73 in the heat exchanger outlet for the air flow.
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Fig. 7. Fuel consumption in function of the moisture

The Fig. 8 represents the behavior of efficiency when moisture increases. It can be seen that as well
as the fuel consumption increase (due to a moisture increase), the efficiency decrease. The
efficiency drop reaches 7% between 0% and 100% of moisture in dry basis for the CICT
configuration.
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Fig. 8. Fuel conversion efficiency in function of the moisture

Fig. 9 show the dependence of the adiabatic and exhaust gases temperatures, respectably, by the
fuel moisture for each EFGT configuration. Noted that the adiabatic temperature has a slight decline
when the moisture increases. The reason for that behavior is the fact that with the moisture increase
the fuel consumption so increase the gases mass flow and the needed adiabatic temperature to
guarantee the heat exchange is lower. However, the exhaust gases temperature is seen increased and
the heat looses too.
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3.3. Biomasses performance

Six biomasses, with different LHV, ash content and elemental compositions, were tested under the
same conditions of pressure ratio (4.5), moisture (25% d.b.), T, (300K), Ts (1173K), air mass flow
(1.0 kg/s), to evaluate de performance in the for EFGT that are in consideration.

Both, efficiency and fuel consumption of the gas turbine have been affected by the fuel
characteristics variations. Other parameters, such as power, adiabatic temperature and exhaust gases
temperature have not modifications, or the results oscillation are really small (around 1% or less).

Looking at the fuel characteristics, it was expected that rice husk and eucalyptus bark have the
biggest performance variations compared to eucalyptus wood. The efficiency shows a relative drop
of 3.5% for the rice husk compared to the eucalyptus wood.

In terms of fuel consumption, due to the high ash content of rice husk (18.9% d.b.) and poor LHV
(14800 kJ/kg) compared to eucalyptus wood, the rice husk consumption is about 25% higher than
the eucalyptus wood. Eucalyptus bark presents a similar behavior in terms of consumption, where it
has to be around 17% over eucalyptus wood. On the other hand, fuels such as pine wood, which has
a better LHV, the necessity of fuel is lower compared with eucalyptus (around 6%).

4. Summary and Conclusions

A thermodynamic analysis for a multi-step externally fired gas turbine has been developed. Our
model could be used as an a priori global simulation scheme in order to foresee the overall plant
efficiency as a function of a reduced set of parameters with a direct thermodynamic meaning. The
irreversible thermodynamic cycle model incorporates the possibility of an arbitrary number of
turbines N; and compressors N, with the associated reheating and intercooling processes and taking
account irreversibilities such as pressure drop, non-ideal heat exchangers, and isentropic
efficiencies in compressors and turbines.

As main results we stress the following points.

* A CT configuration of EFGT could achieve reasonable values of power and efficiency, with
the advantage of an external combustion compared to DFGT.

* Increase the numbers of compressors increases the net power, nevertheless when turbines
number is increased, the efficiency decreases drastically. This is because the need of
intermediate burner, that implies release exhaust gases at high temperature.

* The use of fuels with higher humidity does not affect the result of the power, however
efficiency decreases. That is because the useful energy by mass of fuel, decreases and is
needed more fuel to reach the adequate temperature at the inlet turbine.



* Again since the net power of the cycle just depends on temperatures and the main air flow,
the change of fuel characteristics not affect their values but, both efficiency and fuel
consumption have been affected. The efficiency shows a relative drop of 3.5% for the rice
husk compared to the eucalyptus wood. The fuel consumption is increased for those fuels
that have higher content of ashes and lower heating values. For fuels studied in the present
work the fuel consumption could vary up to 25% related to eucalyptus.

In future works, for configurations of more than two turbines, should be study how to improve the
reheating system in order to achieve betters efficiencies. In addition, it is possible to study the
potential of this type of engines to work in combined heat and power system, in order to recuperate
the heat rejected to the ambient and improve the overall efficiency.

On the other hand the thermodynamic model allows to do an optimizing study in order to identify
the main variables that improve the efficiency and get better performance of the system.
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