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a b s t r a c t

An analysis on the influence of the recuperator effectiveness in a multi-step solar-driven Brayton engine
is presented. The solar collector model includes heat losses from convection and radiation. The Brayton
engine includes an arbitrary number of turbines and compressors, regeneration, and several realistic irre-
versibility sources. It is stated that the combination of both systems makes the evolution of the overall
efficiency with the effectiveness of the regenerator not trivial. Such behavior is associated to the losses
arising from the coupling of the working fluid with the collector and the surroundings. The overall effi-
ciency admits a simultaneous optimization in regards to the pressure and temperature ratios. When the
system is designed to work close to the optimum values of those parameters an increase in the effective-
ness of the recuperator is always associated with an increase in the overall optimum efficiency. This holds
for configurations from the simplest solarized Brayton up to arrangements with several turbines and
compressors.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The use of regeneration, in combination with intercooling and
reheating, in gas turbine power plants is a key concept in order
to improve efficiency and reduce fuel consumption by introducing
a heat exchanger that transfers waste heat exhausted from the tur-
bine to preheat air from the compressor. Additionally, when the
sun energy is used to drive the gas turbine the main advantage
of the recuperator is the preheating of the working fluid before
the receiver. This leads to a reduction of the surface of the concen-
tration system and then to a saving of investment and mainte-
nance costs.

Solarized and recuperative stand-alone gas turbine power
plants or in combination with a bottoming Rankine cycle, have
been proposed as a real possibility in the development of efficient
installations with significant cost reductions for solar electric
power generation [1–6]. These plants use direct solar heating of
pressurized air by means of central receiver technology to get
working temperatures over 1100 �C [7,8]. The feasibility of gas tur-
bines to operate in a solar-fossil hybrid way has been also proved
by means of appropriate combustion chambers [1,3–5], thus allow-
ing predictable performance even when little or no solar energy is
available.

From a theoretical point of view different results have been re-
ported for solar-driven Carnot-like models with external [9–12]

and internal [13–16] irreversibilities, for Braysson [15,17,18],
Ericsson [19], and Rankine [20,21] cycle models under different
optimization criteria. However, for solar-driven gas turbine cycles
the reported analytical results are quite scarce: they include works
for regenerative [22–24] and non-regenerative solar cycle models
with one turbine-one compressor standing alone [15,25] or in
combination with steam cycles [26]. Together with regeneration,
multi-step compression and expansion constitutes a direct way
to improve the thermal efficiency of the plant, although with the
consequent cost increase. An economical analysis becomes neces-
sary in order to balance the increment on efficiency with respect
to the increase of costs.

The main purpose of this paper is to present a detailed theoret-
ical analysis on the influence of the regenerator effectiveness in a
multi-step, solarized Brayton cycle model which incorporates the
main irreversibility sources, both for the thermal engine itself as
for the solar collector. For the concentrating collector we assume
a model which accounts for radiative and convective losses
[18,27,28]. For the thermal Brayton cycle we assume a regenerative
multi-step Brayton heat engine model with an arbitrary number of
turbines Nt and compressors Nc accounting for: the non-ideal
behavior of turbines and compressors, pressure drops during the
heat input and heat release stages, regenerator irreversibility, heat
leakage through the plant to the surroundings, and non-ideal cou-
plings of the working fluid with the external heat reservoirs
[29,30].

Although our numerical model allows for the consideration of
an arbitrary number of turbines and compressors the main focus
will be on realistic, recuperative configurations ranging from
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one-compressor and one-turbine to two-compressors and two-tur-
bines. For all the configurations we survey in this work, theoretical
results for the optimized efficiencies, optimized collector tempera-
tures, and optimized pressure ratios will be presented. We shall see
that our predictions for the efficiency, obtained in the basis of a
purely thermodynamic analytical framework, are in accordance
with those of experimental prototypes. Moreover, the optimum
values for temperature and pressure ratios are attainable with cur-
rently available technology.

Thermodynamic models like the one we have developed can
contribute to improve the design and optimization of this kind of
solar power plants in order to make them interesting from a com-
mercial viewpoint. This kind of studies constitute a pre-design
analysis with the aim to avoid losses and define the useful intervals
of the basic parameters of the plant. Particularly, in this work we
show the necessity of a global knowledge of the plant parameters
to get an advantage from the use of a regenerator. Our model does
not require details of the recuperator, the only relevant parameter
is its effectiveness, so it applies to different recuperators built up
from different technologies.

2. Numerical model

The plant scheme we shall analyze is depicted in Fig. 1 and the
corresponding thermodynamic sketch in Fig. 2. The Brayton heat
engine absorbs a net heat rate j _QHj from the solar collector at tem-
perature TH and releases a net heat rate j _Q Lj to the ambient at tem-
perature TL. We also assume a linear heat leakage, j _Q HLj directly
from the hot reservoir at TH to the cold heat sink at TL [31].

As usual for a concentrating collector we consider that heat
losses at low and intermediate temperatures are essentially associ-
ated to conduction and convection while at high enough tempera-
tures radiation losses are dominant. In this model the useful energy
delivered to the heat engine, j _QHj, and the efficiency of the solar
collector gs can be written, respectively, as [18,27,28,32]

j _QHj ¼ g0GAa � arArT
4
L ðs4 � 1Þ � ULArTLðs� 1Þ; ð1Þ

gs ¼
j _QHj
GAa

¼ g0½1�M1ðs4 � 1Þ �M2ðs� 1Þ� ð2Þ

In these equations s = TH/TL denotes the heat reservoirs temperature
ratio, G is the solar irradiance, Aa and Ar are, respectively, the aper-
ture and absorber areas, g0 is the effective transmittance-absorp-
tance product (optical efficiency). M1 ¼ arT4

L=ðg0GCÞ;M2 ¼
ULTL=ðg0GCÞ, where UL is the convective heat loss coefficient, a is
the effective emissivity of the collector, C = Aa/Ar is the concentra-
tion ratio, and r the Stefan–Boltzmann constant. Indeed, if M2 = 0
the model with purely radiative losses is recovered [26].

The model for the closed multi-step Brayton thermal cycle was
reported recently. Here, we briefly summarize the most important
steps in the thermodynamic cycle (see [29] for details):

(1) The working fluid, a constant mass flow of an ideal gas with
constant heat capacities and adiabatic coefficient c, is com-
pressed from the initial state 1 by means of Nc non-adiabatic
compressors and Nc � 1 isobaric intercoolers. All the com-
pressors are assumed to have the same isentropic efficiency
�c and the same inlet temperature T1. In a recent study for a
solarized Braysson cycle, Wu et al. [18] have evaluated the
influence of temperature dependent heat capacities in the
overall efficiency. They reported differences below 2%
(Table 1 in [18]) in comparison with the case where the heat
capacity remains constant. Thus, in order to obtain analytical
expressions for heat input and heat release we assume con-
stant heat capacities for the working fluid.

(2) After state 2 the gas is pre-heated to state X in a regenerative
counterflow heat exchanger with effectiveness �r = (TX � T2)/
(T4 � T2). A non-regenerative cycle corresponds to �r = 0
while ideal or limit regeneration corresponds to �r = 1. This
interval of values for �r ensures that the temperature
of the working fluid after the last compressor, T2 is lower
than that at the end of the expansions in the turbines, T4

[33].
After X the working fluid is heated up to the final maximum
temperature T3. The global irreversibilities in this hot-end
heat exchanger are accounted by �H = (TX � T3)/(TX � TH).
The overall heating process from state 2 to 3 is considered
as non-isobaric, with a pressure drop quantified by qH

(qH = 1 corresponds to a zero pressure decay) [33,34].

Nomenclature

Aa aperture area of the collector
Ar absorber area of the collector
ac isentropic compressor pressure ratio
at isentropic turbine pressure ratio
C concentration ratio
Cw heat capacity rate of the working fluid
Ci internal conductance of the power plant
G solar irradiance
_m mass flow rate of the working substance

M1 radiation heat loss coefficient for the solar collector
M2 convection heat loss coefficient for the solar collector
Nc number of compressors
Nt number of turbines
j _QHj heat-transfer rate between the working fluid and the

heat reservoir at TH

j _QLj heat-transfer rate between the working fluid and the
heat reservoir at TL

j _QHLj heat-leak between heat reservoirs
rp overall pressure ratio
TH working temperature of the solar collector
TL ambient temperature
UL convective losses of the solar collector

a effective emissivity
g overall efficiency
gmax maximum overall efficiency with respect to the temper-

ature ratio
gmax,max maximum overall efficiency with respect to pressure

and temperature ratios
gs efficiency of the solar collector
gh thermal efficiency of the heat engine
g0 effective transmittance-absorptance product
�c isentropic efficiency of the compressors
�r regenerator effectiveness
�t isentropic efficiency of the turbines
�H irreversibilities coming from the coupling of the work-

ing fluid with the heat reservoir at temperature TH

�L irreversibilities coming from the coupling of the work-
ing fluid with the heat reservoir at temperature TL

c adiabatic coefficient
qH irreversibilities due to pressure drops in the heat input
qL irreversibilities due to pressure drops in the heat release
r Stefan–Boltzmann constant
s heat reservoirs temperature ratio
n heat leakage through the plant to the surroundings
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(3) From state 3 to 4 the working fluid is expanded by means of
Nt non-adiabatic turbines and Nt � 1 isobaric reheaters. The
efficiency of all turbines is the same, �t, and the inlet temper-
ature for all of them is T3.

(4) The exhaust process between 4 and 1 splits into two parts: a
cooling from 4 to Y through a regenerative heat exchanger
with effectiveness �r and a subsequent cooling from TY to
T1. �r = 0 corresponds to TY = T4 and �r = 1 to TY = T2. The
effectiveness of this irreversible heat transfer is denoted as
�L = (T1 � TY)/(TL � TY). A pressure decay is considered during
the whole cooling process, which is quantified by qL (qL = 1
corresponds to a zero pressure decay) [34].

The basic mathematical equations of the model read as:

j _QHj ¼ CwTL �H s� Zcð1� �rÞ
T1

TL
� �rZt

T3

TL

� ��

þ �tðNt � 1Þð1� a�1=Nt
t Þ T3

TL
þ nðs� 1Þ

�

j _QLj ¼ CwTL �L �1þ Ztð1� �rÞ
T3

TL
þ �rZc

T1

TL

� ��

þ 1
�c
ðNc � 1Þ a1=Nc

c � 1
� � T1

TL
þ nðs� 1Þ

�
ð4Þ
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Fig. 1. Scheme of the solar-driven Brayton plant considered. It incorporates a recuperator and an arbitrary number of turbines and compressors and the corresponding
intercoolers and reheaters.
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Fig. 2. T–S diagram of the thermodynamic cycle. Several irreversibility sources are considered (see text).
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where Cw is the constant heat capacity rate of the working fluid, and

Zc ¼ 1þ a1=Nc
c � 1
�c

Zt ¼ 1� �t 1� a�1=Nt
t

� 	 ð5Þ

T1

TL
¼
�L þ ð1� �LÞð1� �rÞZt

T3
TL

� 	
1� ð1� �LÞ�rZc

ð6Þ

T3

TL
¼ s�H½1�ð1��LÞ�rZc�þ�Lð1��HÞð1��rÞZc

½1�ð1��LÞ�rZc�½1�ð1��HÞ�rZt �� ð1��HÞð1��LÞð1��rÞ2ZtZc

ð7Þ

In these equations at ¼ acqHqL; ac ¼ T2s=T1 ¼ rðc�1Þ=c
p is the isentro-

pic compressor pressure ratio, and rp = P2/P1 the overall compres-
sion ratio. Finally, n(s � 1) � Ci/Cw(s � 1) accounts for the heat
leakage j _QHLj where Ci denotes the internal conductance of the
power plant [31]. The interested reader can find the detailed obten-
tion of Eqs. (3)–(7) in Ref. [29]. Here we just stress that in Eq. (3) the
first term (proportional to �H) accounts for the heat provided to the
system along the process X ? 3; the second one for the (Nt � 1)
reheating processes between turbines; and the third one for the
heat transfer rate (heat-leak) through the plant. Similarly, in Eq.
(4) the first term (proportional to �L) denotes the heat release along
the path Y ? 1; the second one the heat transferred by the (Nc � 1)
intercoolers to the ambient; and the third one again is the heat leak.

Eqs. (3) and (4) for heat input and heat release, respectively,
allow to obtain the efficiency of the Brayton heat engine, gh ¼
j _Wj=j _QHj ¼ 1� ðj _QLj=j _QHjÞ, where j _Wj is the net power output of
the cycle. This thermal efficiency emerges as a function of the geo-
metrical parameters that characterize the shape and size of the
thermal cycle (s = TH/TL,rp = P2/P1,Nc,Nt), of the parameters that
quantify the internal irreversibilities (�t,�c,qH,qL,�r,n), and of the
parameters accounting for the external irreversibilities (�H,�L),
i.e., the efficiency of the heat exchanger between the solar collector
and the working fluid and that in the cold side between the gas and
the surroundings.

This model for the multi-step Brayton heat engine was vali-
dated and compared with several real plants in [30,35]. We briefly
detail the comparison with two particular experimental facilities.
The predictions of the model for the commercial one-turbine
one-compressor regenerative plant Turbec T100 [36,37] differ
2.7% for efficiency, 6.7% for the power output, and 4.2% for the heat
input. When comparing with a two-compressors one-turbine
regenerative plant [38,39], the model overestimates experimental
efficiency by 2.8% and power output by 1.1%. These results show
a satisfactory agreement of our Brayton multi-step theoretical
model predictions with real plants. More details on the validation
of our multi-step Brayton plant model can be found in [30,35].

The efficiency of the whole solar plant g ¼ j _Wj=GAa can be ex-
pressed as the product of the efficiency of the solar collector, gs(-
q0,s,M1,M2) and that of the multi-step Brayton thermal heat
engine gh(s,rp,Nc,Nt,�t,�c,qH,qL,�r,n,�H,�L):

g ¼ j
_Wj

GAa
¼ j

_Wj
j _Q Hj

j _QHj
GAa

� ghgs ð8Þ

Hereafter, for the sake of simplicity in order to obtain numerical re-
sults, we shall take �t = �c, qH = qL and �H = �L � �.

3. Efficiency versus temperature ratio

The overall efficiency as a function of s, g(s), for the indicated
configurations and three values of the pressure ratio
(rp = 5,15,20) is shown in Fig. 3. All irreversibility sources are con-

sidered together with realistic values [29,34,40–42]: �t = �c = 0.95,
qH = qL = 0.98, �r = 0.95, and � = 0.90, n = 0.02, TL = 300 K, c = 1.4.
Parameters for the solar collector are [18,26]: g0 = 0.80,
M1 = 2.25 � 10�3, and M2 = 1.5 � 10�3. We have checked that small
(reasonable) variations on any of these parameters do not alter the
shape of the curves we show in this section and in the following
ones nor the conclusions of this work.

Following Horlock’s notation [43], CICIC� � �BTBT� � �X denotes an
arrangement with several compressors (C) and intermediate int-
ercoolers (I), several turbines (T) and intermediate reheaters (B),
and regeneration (X). So, CBTX represents a simple Brayton cycle
with regeneration, hereafter B arrangement; CICBTX stands for
two compressors with intermediate intercooling and one turbine;
CBTBTX for one compressor and two turbines with intermediate
reheating; and CICBTBTX for two compressors and two turbines
with intermediate intercooling and reheating. An Ericsson-like so-
lar plant model (E-configuration) emerges when Nt = Nc ?1. All
configurations, at any value of the pressure ratio, display a para-
bolic-shaped overall efficiency. The range for the temperature ra-
tios that lead to positive efficiencies, for each configuration,
decreases as rp increases. It should be also noted that the overall
efficiency of the considered configurations shows an optimum
maximum value at a given temperature ratio. A closer inspection
of the Fig. 3 shows that: (a) for the rp-values presented, the maxi-
mum efficiency for each configuration decreases as rp increases; (b)
at any pressure ratio the maximum efficiency values decrease in

Fig. 3. Evolution of the overall plant efficiency with the external sources temper-
ature ratio for the labeled plant configurations and different values of the pressure
ratio: (a), rp = 5; (b), rp = 15, and (c), rp = 20. The parameter values are (see
Section 3): �t = �c = 0.95, qH = qL = 0.98, �r = 0.95, �H = �L � � = 0.90, n = 0.02,
TL = 300K, c = 1.4, g0 = 0.80, M1 = 2.25 � 10�3, and M2 = 1.5 � 10�3.
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the sequence E, CICBTBTX, CICBTX, CBTBTX, B while the corre-
sponding s-values increase. From a thermodynamic point of view,
all these behaviors are a straight consequence of the coupling be-
tween the solar collector and the pure thermal device. In fact, the
efficiency of the corresponding non-solar Brayton configurations
presents a monotonic behavior with the temperature ratio as we
shall see below in Section 4 and in the insets of Fig. 6.

At sight of the results in Fig. 3 one could expect that in order to
obtain higher overall efficiencies and smaller temperatures in the
collector a reduction of pressure ratios would be desirable (see,
for example [44]). However this is not true in all cases, as it is
shown in Fig. 4. In this figure the resulting optimized efficiencies
gmax(rp) (Fig. 4a) and the corresponding smax(rp) (Fig. 4b) in terms
of rp are plotted. These figures show that for high enough pressure
ratios, gmax(rp) is a decreasing function of rp for all the analyzed
configurations (except the theoretical upper limit given by the E-
configuration) while smax(rp) shows an increasing behavior. Never-
theless, the opposite behavior appears when rp is small enough for
all configurations except E: maximum efficiency increases as rp in-
creases while the corresponding s decreases. Physically the most
relevant issue from results in Fig. 4 is that gmax(rp) shows a well-
defined maximum for small pressure ratios, whereas the tempera-
ture ratio smax(rp) shows a well-defined minimum. As it will be de-
tailed in Section 5, the first of these facts allows for a double
optimization of g with respect to s and rp. Before, we analyze in
the next section the evolution of this optimized efficiency gmax(rp)
with �r, the parameter which accounts for the efficiency of the
regeneration process.

4. Optimized efficiency versus regenerator effectiveness

Let us consider the most simple configuration of a regenerative
solar-driven Brayton cycle (Nt = Nc = 1). In Fig. 5 we plot gmax(�r) for
several values of the pressure ratio, rp = 5, 15, and 20 and three val-
ues of � between 0.75 and 1.0. For all the other parameters the
same values that in Fig. 3 are considered. The figure shows that

only for small values of the pressure ratio, maximum efficiency in-
creases with the regenerator effectiveness. Even for small rp, if the
irreversibilities arising from the coupling of the thermal engine
with the heat reservoirs are large (�[ 0.75), gmax is a decreasing
function of �r. As rp becomes larger the decreasing is steeper. For
large rp values and high losses in the coupling with the heat reser-
voirs, gmax, presents a minimum and thereafter increases with er. It
has been checked that, for the parameters considered, the change
of behavior happens between rp = 5 and 8: smaller rp values lead
to increasing gmax(�r) and larger rp values result in a loss of maxi-
mum efficiency when raising up the recuperator effectiveness.

These results show that in a solarized simple Brayton cycle the
interplay between efficiency and regeneration is quite more com-
plex than in a Brayton cycle working alone, where high thermal
efficiency is accomplished by high regeneration at small pressure
ratios. In fact, for the solar-driven case if pressure ratios are high
enough and/or external coupling irreversibilities are significant, a
large value in the recuperator effectiveness could result in a
decreasing of efficiency for the plant. In order to get a physical
explanation of this fact we plot in Fig. 6 the overall efficiency g
for a one-turbine one-compressor Brayton regenerative solar-dri-
ven engine (Nt = Nc = 1), as a function of s for the same values of
the pressure ratio, rp = 5, 15, and 20 and the indicated values of
�r. The corresponding insets in the figure show the efficiency of
the thermal heat engine working alone, gh and the behavior of

Fig. 4. (a) Evolution with the pressure ratio of the maximum overall efficiency gmax

when optimized with respect to the temperature ratio s. (b) Evolution with the
pressure ratio of the optimum temperature ratio smax. Parameters are the same as
in Fig. 3.

Fig. 5. Dependence of the optimum maximum efficiency gmax for a simple solar
Brayton arrangement with the parameter �r accounting for the irreversibilities in
the recuperator. �r = 1 corresponds to a perfect regenerator and �r = 0 corresponds
to the non-recuperative situation. For each value of rp three curves are presented in
terms of the efficiency � of the external heat exchangers, � = 1 (ideal exchangers),
0.9 and 0.75. Remainder parameters are the same as in Fig. 3.

S. Sánchez-Orgaz et al. / Energy Conversion and Management 67 (2013) 171–178 175
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the efficiency of the solar collector with s given by Eq. (2). Accord-
ingly, gs = gs(s;g0,M1,M2), is a monotonic decreasing function of s
for whichever value of the losses coefficients M1 and M2. Opposite,
gh(�r), increases with the temperature ratio, so the overall effi-
ciency is always a parabolic function of s. Note in the insets how
the intersections of gs with the curves gh(rp,�r) are in the decreas-
ing order of �r at small pressure ratios (inset of Fig. 6a) but at high
pressure ratios the intersections are in a increasing order with �r

(insets of Fig. 6b and c). As a consequence, for enough small pres-
sure ratios (rp = 5, Fig. 6a) the largest overall efficiency g is ob-
tained for �r = 1 and the lowest is obtained in the absence of
recuperator. On the contrary, for intermediate and high rp values
(rp = 15, 20; Fig. 6b and c) an ideal recuperator gives the poorest
overall efficiency. The width of the temperature ratio intervals giv-
ing positive efficiencies narrows with increasing rp, shifts to the
right, and also the values of s giving the maximum of that parabolic
shaped curves become higher. In summary, in a simple irreversible
Brayton solar-driven engine an efficient recuperator ensures an
increasing of the maximum overall efficiency only for small en-
ough pressure ratios, according to the results in Fig. 5.

We have repeated the calculations of the overall system effi-
ciency considering the same parameters that in the previous sec-
tions, for several combinations of Nt and Nc up to 2 that could be
a reasonable limit because of practical and economical consider-
ations [45]. For the arrangements CBTBTX or CICBTX the maximum

efficiency as a function of �r presents an aspect very similar to the
simple one-turbine one-compressor Brayton system, i.e., that of
Fig. 5. It is necessary to consider at least an arrangement with
two turbines and two compressors CICBTBTX to get increasing
functions for gmax(�r) for a wide interval of pressure ratios. This
is depicted in Fig. 7. At small pressure ratios (Fig. 7a), this configu-
ration shows a monotonically increasing behavior with �r for any
value of �. For rp = 15, gmax also increases but more slowly. For
rp = 20, curves become flatter, so gmax is almost independent of �r.

In Fig. 7 it is also included the limit case where the number and
turbines and compressors trends to infinity (Nt,Nc ?1), that
would represent an Ericsson solar-driven engine. For this particular
case maximum efficiency always has an appreciable increase with
�r, for any value of �. With limit regeneration, �r = 1, all the curves
collapse to a unique value of gmax, independent of �. Any other con-
figuration, with a number of turbines and compressors over 2
would lead to maximum efficiencies in the region between the
curves corresponding to (Nt = 2,Nc = 2) and the Ericsson limit.

The insets in Fig. 6 also allow to explain the narrowing of the
effective interval of values of s that give positive overall efficien-
cies, as we commented from Fig. 3. The upper limit comes from
gs, i.e., from the solar collector, so it only depends on its character-
istics (optical efficiency, concentration ratio, heat transfer losses
and so on) and it is independent of rp, a parameter of the turbine.

Fig. 6. Behaviour of the overall efficiency g for a simple solar Brayton arrangement
with the temperature ratio s in terms of the effectivenes recuperator �r for the
shown values of rp. The corresponding insets show the corresponding behavior of
the solar collector efficiency gs and of the thermal part gh (see Eq. (8)). Remainder
parameters are the same as in Fig. 3.

Fig. 7. Dependence with �r of the optimum maximum efficiency gmax for a solar
Brayton arrangement with two compressors and two turbines. For each pressure
ratio curves are presented for three values of the efficiency � of the external heat
exchangers, � = 1 (ideal exchangers), 0.9 and 0.75. In each case the theoretical upper
limit given by the solar Ericsson cycle is also shown. Remainder parameters are the
same as in Fig. 3.
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For the parameters we elected the upper limit is around s = 4.6. On
the contrary, the lower limit comes from the characteristics of the
gas turbine. It depends at least on �r and rp as it is observed in the
insets of Fig. 6. Particularly, it displaces to higher values when rp

increases. Thus, when the pressure ratio is increased the upper va-
lue of s keeps constant, and the lower one displaces to the right. In
consequence the overall efficiency, g = ghgs, has an effective useful
interval for s that narrows with increasing rp. So, the thermody-
namic explanation of this narrowing should be ascribed to the
interplay between both systems, the solar collector and the gas
turbine.

5. Double optimization procedure

As it is shown in Fig. 4, the overall efficiency considered as a
function of the pressure and the temperature ratios, g = g(rp, -
= g(rp,s) = gs(s)gh(rp,s) admits a double and simultaneous optimi-
zation with respect to rp and s. Here, we deal with the influence of
the regenerator effectiveness on the double optimized overall effi-
ciency, that we shall denote as gmax,max. This is depicted in Fig. 8a.
In any case it is observed that gmax,max increases as it does �r. This
means that if in the plant design the pressure ratio and the working
temperature of the solar collector are simultaneously chosen to be
close to those values maximizing the overall efficiency, an invest-
ment to improve regenerator effectiveness always improve net
efficiency. Another point shown by Fig. 8a is that the slope of the

increasing of gmax,max is similar for all the configurations
considered.

Fig. 8b and c shows the evolution with �r of the values of the
pressure ratio rpmax;max

and the temperature ratio smax,max giving
the maximum efficiency. Optimum pressure ratios decrease with
�r, but its downtrend strongly depends on the plant configuration
elected and it is faster as the number of turbines and compressors
in the plant configuration increases. The optimized temperature
ratio, smax,max, also decreases for all configurations with �r but
now with an almost constant decay.

A different election of the values of the parameters (both for the
solar collector as well as for the thermal device) could give differ-
ent numerical values of the optimized magnitudes. However, we
have checked that all plotted behaviors and conclusions along
the paper remain unchanged. Comparison between calculated re-
sults and experimental ones is a quite complex task mainly due
to the difficulty to obtain from the experimental literature the cor-
rect values of the parameters required in our calculations, specially
those accounting for the external coupling of the thermal power
plant. Nevertheless, with the set of parameters considered up to
now and realistic values of regeneration, say �r = 0.9, the calculated
double-optimized efficiencies are in the range between 0.21 for the
B configuration and 0.26 for the configuration with two turbines
and two compressors and the required optimized pressure ratios
are in the range between 3 and 5, respectively. The optimized tem-
peratures in the solar collector lies between 918 K for the simple
Brayton solar arrangement and 950 K for the configuration with
two turbines and two compressors (for an ambient temperature
of 300 K). These optimized theoretical values are amenable to be
roughly compared with some solar-hybrid gas turbine prototype
plants working with pressurized air receivers when the additional
fossil fuel combustor is not considered: The Heron H1 unit (inter-
cooled recuperated two-shaft engine) and the Solar Mercury 50
unit (recuperated single shaft gas turbine) [4]; the solarized Bray-
ton one-compressor and two-turbines plant with DLR receiver re-
ported in [1] and even with results for alternative cycles based on
carbon dioxide for central receivers: a stand-alone closed recuper-
ative, simple Brayton topping cycle (layout 1 in [6]) and two-stage
compression cycle (layout 2 in [6]).

Our model is capable to give a precise interval for the main ther-
modynamic parameters of the solar-driven plant in order to design
it in conditions close to the obtention of the maximum overall effi-
ciency. Moreover, the model is independent of the peculiarities of
the recuperator or the other basic elements of the plant: heat
exchangers, turbines and compressors, etc. Only a gross estimation
of their efficiencies is required. The final design of the plant should
incorporate such peculiarities through a pertinent economic or
thermoeconomic analysis including the possibility of performance
regimes based on different optimization criteria [21,31,46–49].

6. Summary and conclusions

We have presented an analysis on the influence of the regener-
ator effectiveness in a multi-step solarized Brayton cycle model.
For the thermal cycle the model assumes a regenerative multi-step
Brayton heat engine with an arbitrary number of turbines and
compressors, and the main irreversibility sources in this kind of
power plants: the non-ideal behavior of turbines and compressors,
pressure drops in the heat input and heat release, regenerator irre-
versibility, heat leakage through the plant to the surroundings, and
non-ideal couplings of the working fluid with the external heat res-
ervoirs. The solar collector is considered with heat losses propor-
tional both to s4 and s terms.

The analytical optimization process developed in this work is
based on the parabolic-shaped behavior of the overall efficiency

Fig. 8. Dependence with �r for the labeled solar Brayton arrangements of: (a) the
double optimized overall efficiency gmax,max; (b) the optimized pressure ratios
rpmax;max

; and (c) the optimized temperature ratios smax,max. Parameters are the same
as in Fig. 3.
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with the temperature ratio for any value of the pressure ratio,
which is a direct consequence of the coupling of the thermal mul-
ti-step Brayton cycle with the solar collector. Moreover, an addi-
tional optimization can be obtained in terms of the pressure
ratio. For a realistic set of the values accounting for the different
irreversibility sources, the resulting optimized pressure ratio and
collector temperature as well as the double optimized efficiency
are comparable with reported results for solarized gas turbine
power plants.

As main results we stress the following points. First, for a simple
Brayton engine coupled to a concentrating solar collector, an in-
crease of the regeneration effectiveness does not necessarily lead
to an improvement in the overall efficiency. This is true only for
small pressure ratios. Second, the problem can be avoided with a
configuration for the Brayton engine with two turbines and two
compressors. Third, for any plant arrangement (including the sim-
plest one-turbine one-compressor) the election of the values of s
and rp that lead to a double maximized efficiency ensures that an
improvement in recuperator effectiveness always leads to an in-
crease in the overall efficiency of the plant.

Thus, our numerical model could be elucidating in the design
and optimization of realistic solarized, multi-step gas turbine
power plants. In particular, the introduction of a regenerator (i.e.,
the reduction of the surface of the concentration system and a sav-
ing of investment and maintenance costs) should be accomplished
with a detailed plant design on the pressure ratio and the working
temperature of the solar collector, which could be elected simulta-
neously to be close to those values maximizing the overall
efficiency.
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