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SUMMARY

A general model for an irreversible solar-driven Brayton multi-step heat engine is presented. The model incorporates an arbitrary
number of turbines (V,) and compressors (NV,) and the corresponding reheating and intercooling processes; thus, the solar-driven
Ericsson cycle is a particular case where N,, N. — oco. For the solar collector, we assume linear heat losses, and for the Brayton
multi-step cycle, we consider irreversibilities arising from the non-ideal behavior of turbines and compressors, pressure drops in
the heat input and heat release, heat leakage through the plant to the surroundings, and non-ideal couplings of the working fluid
with the external heat reservoirs. We obtain the collector temperatures at which maximum overall efficiency 7).« 1S reached as
a function of the thermal plant pressure ratio, and a detailed comparison for several plant configurations is given. This maximum
efficiency is obtained in two cases: when only internal irreversibilities are considered and when both internal and external irrever-
sibilities (which corresponds to the fully irreversible realistic situation) are simultaneously taken into account. Differences between
both situations are stressed in detail. In the fully irreversible realistic case, it is possible to perform an additional optimization with
respect to the pressure ratio, i), . In particular, this double optimization leads to a valuable increase in efficiency (between 34%
and 65%) for a plant with two turbines and two compressors compared to the simple solar-driven one-turbine one-compressor

Brayton engine. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Because of energy savings and strategies in minimizing
environmental impact, solar-driven heat engines are attracting
much interest nowadays, and, as a consequence, different heat
engine cycle models coupled to a solar collector have been
investigated. Thermodynamic studies analyzing different
sources of irreversibilities and different optimization criteria
have been reported for solar-driven Carnot [1-7], Ericsson
[8,9], Stirling [9,10], and Braysson [11-13] cycles.

In particular, steam, gas, or combined turbine cycles are
realistic examples to generate electricity when the heat source
is solar energy. Compared to conventional steam turbines, gas
turbines have relatively lower thermal efficiencies but bear the
advantage of compact building and low construction costs.
Moreover, gas turbines can be operated very dynamically
(quick start-up) and at significantly lower pressures. The
needed heat input can be supplied at least partially (hybrid

Copyright © 2012 John Wiley & Sons, Ltd.

systems) by concentrating solar collectors using tower plant
or dish/engine technology [14-16]. The turbine exhaust
energy could be used in a thermal recuperation process
through a bottoming cycle [17,18].

In recent years, several prototypes and experimental
facilities of solar-driven gas turbine power plants have
been developed [19-22]. They usually work on a hybrid
solar/fossil fuel operation, so that a standard combustion
chamber can compensate for the intermittent nature of
solar irradiance. The future commercial interest of this
alternative for electric power generation relies on a reduc-
tion of investment and generating costs and on an increase
of the plant thermal efficiency [23,24]. Theoretical and
computer analyses [25-27] on the effect of the main
irreversibility sources over the overall thermal efficiency
and the optimal values of some basic thermodynamic
parameters are necessary steps in order to design efficient
solar-driven thermal plants.
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Most of the theoretical models devoted to analyze solar-
driven gas turbine power plants or solar-driven combined
cycle power plants [14,28-30] consider a simple Brayton
cycle (with one compressor and one turbine). In principle,
a reasonable way to improve cycle performance (which, as
previously stated, is nowadays a necessary step for the
commercial profitability of these plants) is by incorporat-
ing a multi-step compression—expansion procedure with
several compressors and turbines. To our knowledge, no
theoretical analysis has been fulfilled along this line.

Recently, we have developed a theoretical model [31] for a
regenerative multi-step Brayton heat engine (with standard
heat input through a combustion chamber) with an arbitrary
number of turbines N, and compressors N.. and incorporating
all the irreversibility sources existing in a real plant: the
non-ideal behavior of turbines and compressors, pressure
drops in the heat input and heat release, regenerator irrevers-
ibility, heat leakage through the plant to the surroundings,
and non-ideal couplings of the working fluid with the external
heat reservoirs. In the present work, we combine the Brayton
heat engine model previously developed [31] with a solar
collector in such a way that the heat input completely comes
from the solar collector. Such combined system offers optimi-
zation possibilities completely different that those of its
components separately. The analysis of the combined system
and its optimization is the main novelty of our work. It is not
possible to optimize the efficiency of the solar collector itself
with respect to the temperature ratio T because it is a monoton-
ically decreasing function (losses in the collector increase as it
does its working temperature). Conversely, for the conven-
tional Brayton heat engine [32-35], efficiency monotonically
increases with the temperature ratio, so it neither admits an
optimization. However, the combination of both systems leads
to parabolic-shaped efficiency curves when plotted against 7.
This fact leads to the existence of a maximum for the com-
bined efficiency and an optimum temperature ratio. We find
that such optimum 7 corresponds to realistic working tempera-
tures for the solar collector.

Moreover, we shall show that it is feasible to perform
simultaneous optimization with respect to the temperature
ratio and additionally with respect to the pressure ratio. To
our knowledge, this double and simultaneous optimization is
presented for the first time. We shall see that the incorporation
of a reasonable number of compression—expansion stages and
the consideration of optimum pressure and temperature ratios
greatly improve the performance of this kind of solar-driven
thermal power plants with respect to the simple one-step cycle.
This increase reaches 65% for an arrangement with two
compressors and two turbines. Our model could be an initial
global simulation scheme that would optimize the overall
performance records of the plant in terms of a reduced set of
parameters (easy to estimate) arising from the irreversibility
sources that affect this kind of systems. One of its main advan-
tages is its flexibility because it can be applied to several plant
arrangements, independently of the number of compressors
and turbines considered and of the details of the solar collector.

The paper is organized as follows. In Section 2, we present
the model for the concentrating solar collector and summarize
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the main characteristics of the multi-step Brayton cycle devel-
oped in [31]. In Section 3, we recover some published results
in order to show the consistency of the model. In addition, in
order to analyze such situations where the number of compres-
sors and turbines is different, we present an analysis of two
particular limit cases when the number of turbines and com-
pressors is highly asymmetric: N,=1,N.— oo and N, — oo,
N.=1. We shall see that there are significant differences
between both configurations. In Section 4, we present the
general results for the overall efficiency when optimized with
respect to the temperature of the solar collector. The obtained
results show that it is possible to perform an additional optimi-
zation of the overall efficiency with respect to the pressure
ratio, which is presented in Section 5. In particular, from such
optimization, a significant increase in the efficiency (between
34% and 65%) is predicted for a plant configuration with
two turbines and two compressors compared with the basic
Brayton solar-driven engine with one compressor and one
turbine. Finally, in Section 6, we present a summary and the
main conclusions of the work.

2. THEORETICAL MODEL

The configuration scheme and the 7-S diagram of our
model for an irreversible solar-driven multi-step Brayton
heat engine are depicted in Figure 1. The Brayton heat
engine absorbs a net heat rate |QH| from the solar collector
at temperature Ty and releases a net heat rate ]QL| to the
ambient at temperature 7;. We also assume a linear heat
leakage ‘QHL] directly from the hot reservoir at 7y to the
cold heat sink at 77 [6].

Following Dulffie et al. [36] and Zhang et al. [29], we con-
sider a concentrating collector for which heat losses at low and
intermediate temperatures are essentially associated to conduc-
tion and convection, whereas at high enough temperatures,
radiation losses are dominant. In this model, the useful energy
On

solar collector, 7, can be written, respectively, as

delivered to the heat engine,

, and the efficiency of the

’QH‘ = 770GAa - ULArTL(T - 1)7 ()
0
n = Ljﬂ' = ol — (x — 1)M] @

In these equations, t=T7y/T; denotes the heat reservoirs
temperature ratio; G is the solar irradiance; A, and A, are,
respectively, the aperture and absorber areas; C=A,/A, is
the concentration ratio; 7o is the effective transmittance—
absorptance product (optical efficiency); and M is defined as
M=U,;T;/(nyGC), where U, is an overall effective coefficient
accounting for radiation losses in a linearized heat loss term
[29,36]. We have checked that all the results in this work are
not affected by the consideration of explicit radiation losses
depending on 7 (as done, for instance, by Wu et al. [13]).
The shape of all the figures we shall show is unaltered, and
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Figure 1. (a) Schematic representation of a solar-powered multi-stage gas turbine plant and (b) 7-S diagram of our model for a solar-driven
multi-step regenerative Brayton cycle.

there are only very small fluctuations on some particular
numerical values.

Next, we briefly mention the most important steps in the
thermodynamic cycle (see [31] for details):

1. The working fluid, a constant mass flow of an ideal gas
with constant heat capacities and adiabatic coefficient 7,
is compressed from the initial state 1 by means of N,
non-adiabatic compressors and N.— 1 isobaric inter-
coolers. All the compressors are assumed to have the
same isentropic efficiency ¢, and the same inlet temper-
ature 7;. In a recent study for a solarized Braysson
cycle, Wu et al. [13] have evaluated the influence of
temperature-dependent heat capacities in the overall
efficiency. They reported differences below 2% (Table 1
in [13]) in comparison with the case where the heat

capacity remains constant. Thus, in order to obtain ana-
lytical expressions for heat input and heat release, we
assume constant heat capacities for the working fluid.
After state 2, the gas is pre-heated to state X in a
regenerative counterflow heat exchanger with effec-
tiveness ¢,. A non-regenerative cycle corresponds to
&,=0 whereas ideal or limit regeneration corresponds
to ¢.=1. After X, the working fluid is heated up to
the final maximum temperature 75. The global irre-
versibilities in this hot-end heat exchanger are
accounted by &5 =(Tx — T3)/(Tx — Ty). The overall
heating process from state 2 to state 3 is considered
as non-isobaric, with a pressure drop quantified by
pu [34], which is defined as py = (pg/pz)(”’l)/’ —
[(prr — Ap)/pu) """/ . Thus, py=1 corresponds
to a zero pressure decay.

Int. J. Energy Res. (2012) © 2012 John Wiley & Sons, Ltd.
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Table I.

pressure ratio r. and temperature ratio 7

p max

Maximum overall efficiency for a solar-driven gas turbine power plant

Maximum double optimized efficiency 7}, for the indicated configurations (see text) and the corresponding values of the
+ax- Results are for the indicated values of external irreversibilities parameters ey=¢, =e.

Other parameters used in the computations are as those in Figure 4.

*
7] max

I T

P,max max
€ 0.756 0.90 1 0.756 0.90 1 0.75 0.90 1
CBTX 0.047 0.071 0.086 2.327 2.749 3.102 3.249 3.063 2.972
CBTBTX 0.055 0.081 0.098 2.549 3.143 3.687 3.161 2.986 2.900
CICBTX 0.064 0.087 0.101 2.881 3.406 3.821 3.096 2.956 2.885
CICBTBTX 0.077 0.102 0.116 3.480 4.385 5.177 2.992 2.866 2.802
T 0.065 0.094 0.112 2.891 3.839 4.864 3.060 2.897 2.817
IC 0.089 0.108 0.119 4.306 4.955 5.429 2.938 2.841 2.792
3. From state 3 to state 4, the working fluid is expanded a! N _ g
by means of N, non-adiabatic turbines and N, — 1 iso- Z. =1 + e
baric reheaters. The efficiency of all turbines is the oo e (%)
same, ¢, and the inlet temperature for all of them is Zi=1-¢g (1 — a4 )
Ts.
4. The exhaust process between 4 and 1 splits into two
parts: a cooling from 4 to Y through a regenerative
heat exchar}ger with effectiveness ¢, and a subse- 7, ft (1—e)(1—¢)Z (T_3>
quent cooling from Ty to T). &.=0 corresponds T = 1 1 7 (6)
to Ty=T, and &,=1 to Ty=T,. The effectiveness of L (I —e)eZ
T eyl — (1 —ep)e,Z) + e (1 —en)(l — &) Z. @

To 1 —(1—e)eZ]l — (1 —en)eZ) —

this irreversible heat transfer is denoted as & =
(Ty — Ty)/(Ty — Ty). A pressure decay is considered
during the whole coohng /process which is quantified
by o= (p1/ps)" (. — Ape) /p) "7
(pr=1 corresponds to a zero pressure decay in this
process) [34].

The basic mathematical equations of the model read as

) Tl T3
|QH| = C,Trien ‘L'*ZC(I 78r)**8rzt—
TL TL

(3)
_ T .
+e (N — 1)(1 - UN’) T—z+ }QHL|}
. T T
’QL} = CwTL{SL {—1 +Z(1 - sr)T_Z—i_erCT_IlJ
“4)

1 T .
e (@ 1) |QHL|}

&

where C,, is the constant heat capacity rate of the working
fluid, and

Int. J. Energy Res. (2012) © 2012 John Wiley & Sons, Ltd.
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In these equations, a,=a.pupr, a. = Trs/T) = rl(;*"l)/ 7
is the isentropic compressor pressure ratio and r, = P»/P;
is the overall compression ratio. ]Q'HL‘ denotes the heat
leakage between the heat reservoirs through the plant. It
can be expressed as &(t — 1), where &= C,/C,, is the ratio
of the internal conductance of the plant as a whole to that
of the working fluid [6,37,38].

Equations (3) and (4) for heat input and heat release,
respectively, allow the obtainment of the efficiency of the
WI/|0u| =1~ 0.

where |W| is the net power output of the cycle. This

Brayton heat engine, 7, =

thermal efficiency emerges as a function of the geometrical
parameters that characterize the shape and size of the cycle
(t=Tw/Ty, 7y, Ne, N;), of parameters that quantify the
internal irreversibilities (¢, &. pPm» Pr, &» €), and of
parameters accounting for the external irreversibilities
(emer).

This model for the multi-step Brayton heat engine has
been validated and compared with experimental facilities
in [39]. Particularly, the predictions of the model for the
commercial one-turbine one-compressor regenerative plant
Turbec T100 (ABB/Volvo) [40,41] differ by 2.7% for
efficiency, 6.7% for the power output, and 4.2% for the
heat input. Predicted outputs were also compared with
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the experimental ones for a two-compressor one-turbine
regenerative plant [42,43]. In this case, the model overesti-
mates experimental efficiency by 2.8% and power output
by 1.1%. These results show a fair agreement of our
Brayton multi-step theoretical model predictions with real
plants.

The efficiency of the overall solar-driven plant 7 =
]W| /GA, can be expressed as the product of the efficiencies
of the solar collector and of the multi-step Brayton heat engine:

Wl W] [Qn] _
_GAa_@GAa = My ®)

3. SOME PARTICULAR LIMIT CASES:
EXTERNAL IRREVERSIBILITIES

In order to reproduce some particular published results, we
shall first analyze the efficiency when only the external
irreversibilities associated to the coupling of the thermal
system with the external heat reservoirs are considered.
This situation is sometimes called endoreversible
[2,11,12,27,29]; it applies when the engine thermal device
behaves as internally reversible, i.e., in practical terms
when the main losses arise from the heat exchangers
between the working fluid and the solar collector in the
hot side and the surroundings in the cold side. In our
theoretical scheme, this limit holds when ¢; <1, ¢z <1,
regeneration is ideal (g,=1), pressure drops in the heat
input and heat release are neglected (py=p,=1), all the
turbines and compressors are ideal (¢.=¢,=1), and heat
leakage between reservoirs is not considered (£ =0). Under
these conditions, it is easy to obtain explicit equations for
the overall efficiency 7 =n,n;, either for a solarized simple
Brayton plant (N,=N_.=1; hereafter B configuration), a
solarized Ericsson-like plant (N, N.— oo; E configura-
tion), and the asymmetric configurations with infinite
turbines and one compressor (N, — oo, N.=1; IT configu-
ration) and one turbine and infinite compressors (N,=1,
N.— 00, IC configuration).

For a simple one-turbine one-compressor regenerative
plant (B), the overall efficiency is given by

ki
w=nlt - (e~ a1 ©)
with
_ [(1+a+ten)e]"?
- [ "
and

a= r;'*"l)/ 7. The maximum efficiency (optimized with

respect to 7) and the corresponding temperature ratio are
given by
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o = 0 [ (14 — (b))

1\1'72
Tmax = {kB (1 +]l71)} (12)

These results were analyzed by Zhang et al. [11,29] in
terms of heat transfer coefficients.

In the Ericsson configuration (E), the overall efficiency
becomes Carnot’s efficiency, so it only depends on the
characteristics of the solar collector and t:

n=mlt - (e~ a(1-1) (13)

Its maximum and the corresponding temperature ratio
are given by

1\ 12
Tmax = (1 +M) (14)

= |1 +M)]/2—M1/2}2 (15)

77max

These equations give the performance characteristics of
a solar-driven Carnot heat engine with irreversible external
couplings. This situation was previously analyzed by dif-
ferent authors [1,7,11,12].

The overall efficiency for the B and E configurations is
depicted in Figure 2 for three values of pressure ratios:
r,=5, 15, 20. The following parameters have been
selected: 79=0.84 and M=0.29 for the solar collector
[29] and ¢y =¢,=¢=0.90, T, =300K, and y=1.4 for the
heat engine [31,32,34,40,44]. From Figure 2, we see that
n=mn(t) always has a parabolic shape that is independent
of r, for E. We stress that the interval for t giving positive
efficiencies for B rapidly gets narrower for larger pressure
ratios. Only for small 7, the efficiencies for the B arrange-
ment are around 10% or higher.

The existence of a maximum in terms of 7 is a conse-
quence of the coupling of the Brayton plant to the solar
collector. Efficiency curves for the Brayton plant 7, mono-
tonically increase with the temperature ratio [31], and con-
versely, for the solar collector, 7, decreases with t because
heat losses increase. Thus, the overall efficiency n=mn;,n;
has a parabolic shape and admits an optimization with
regard to 1.

In Figure 3(a), we plot the behavior of the optimized
efficiencies, 7max(7,), and in Figure 3(b), the corresponding
temperature Tatios, Tmax(r,): Whereas for the E configura-
tion these values are r,-independent (see Equations (14)
and (15)), for the B configuration, 7max(r) (Tmax(rp)) is a
decreasing (increasing) function with the pressure ratio,
according to Equations (11) and (12), respectively.

Another limit case that allows for an explicit and direct
analytical solution is a fully asymmetric configuration with
infinite turbines and one compressor (IT) when the only

Int. J. Energy Res. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/er
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Figure 2. Overall efficiency 1 of the solar-driven Brayton (B) heat en-
gine, Ericsson (E) and the limits IC (N;=1, N,— oc), and IT (N;— oo,
N, = 1) as a function of the temperature ratio and at several pressure
ratios: (a) r,=5, (b) r,=15, and (c) r,=20. The only irreversibilities
arise from the coupling of the heat engine with the external heat
reservoirs: ¢y=¢;, =¢=0.9. For the reminder parameters, we take
170=0.84, M=0.29, y=14, T,=300K, py=p,=1, e,=e.=1, =0,
and g, =1.

irreversibility sources are due to the coupling with the
external heat sources. The overall efficiency for this IT
arrangement is given by the expression

ki
n=nli-e-m(1-") e
with

SL(a — 1)

B loga[l — (1 —¢ep)al” {17

kIT

From Equation (16), we obtain the maximum efficiency
with respect to 1:
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Figure 3. As in Figure 2 but for the (a) maximum overall efficiency
Nmax and (b) the corresponding temperature ratio 1. as functions
of the pressure ratio 7,

s = 7014 M)"2 = Geb)' 2] 1)

at a temperature ratio Tp,,x given by

1 1/2
Tmax = |:le (1 “'M)] (19)

The arrangement with one turbine and infinite compres-
sors (IC) under the same external irreversible conditions
also allows for explicit analytical solutions for the over-
all efficiency and its optimization with respect to the
temperature ratio. However, the resulting equations are
too intricate, and they are not explicitly reported here.

The behavior of 7, max, and T, for the IC and IT
arrangements are also shown in Figures 2 and 3. From
these figures we note that (i) the IC and IT efficiencies
are always in between the E and B curves; (ii) the
efficiency for IC is greater than IT; (iii) for any value
Of rp’ the inequality nmax,E > nmax,IC > 77max,IT > nmax,B
holds (Figure 3(a)); and (iv) conversely, temperature
ratios at which maximum efficiencies are achieved behave
in an opposite way, i.e., Tmax E < Tmax.IC < TmaxIT < Tmax.B
(Figure 3(b)).
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4. FULLY IRREVERSIBLE SYSTEM:
OPTIMIZATION WITH RESPECT TO
THE TEMPERATURE RATIO

The results in the previous section have been obtained
under the so-called endoreversible (or exoirreversible)
limit, in which all the accounted irreversibilities come from
the couplings between the working system and the external
heat reservoirs, whereas the Clausius equality (i.e., revers-
ibility) holds for the cyclic system. These endoreversible
models have suffered some criticisms precisely due to the
internal reversibility assumption, which is far from most
real systems [45—49]. In this sense, the goal of this section
is to simultaneously account for all the main irreversibil-
ities affecting the real processes in a solar-powered gas
turbine power plant.

We show in Figure 4 the efficiency as a function of t for
the B, E, IT, and IC configurations when both the external
and internal irreversibility sources are considered together.
We take reference parameters for all the irreversibility sources:
£=0.89, e.=0.84 [44,41,50], &,=0.85 [40,44,50], and ey =&,
£=0.90[44], py=pr=0.98,¢=0.02, T, =300K, and y=1.4
[31,32,34,51]. Parameters for the solar collector are as those in
the previous section: 7o =0.84 and M =0.29. From this figure,
we mention three relevant facts. First, as in Section 3, Ericsson
efficiency is always above IC and IT, and these are, in turn,
over the simple regenerative B configuration. This is valid
for any value of 1, and 7. Second, and as a consequence of
the additional irreversibility sources we consider, the intervals
for 7 giving positive efficiencies become narrower for the B,
IT, and IC configurations as r, increases. Third, for the
1, values presented (7,=5, 15, 20), the maximum efficiency
for each configuration decreases as r,, increases. Such behavior
was also found in the previous section under external irrevers-
ibility conditions for all values of the pressure ratio. However,
under irreversible conditions, a new and opposite behavior
appears when r,, is small enough for all configurations except
E: maximum efficiency increases as r,, increases whereas the
corresponding t decreases. This non-monotonic behavior is
clearly seen in Figures 5(a) and 5(b), where the differences
with plots in Figures 3(a) and 3(b) are substantial, especially
on the left-side part.

In Figures 4 and 5, we also show the functions 7(t),
Nmax(7p), and T, (r,) for several particular thermal plant
arrangements.  Following Horlock’s notation [52],
CICIC...BTBT...X denotes an arrangement where the
solar collector is coupled to a thermal plant with several
compressors (C) and intermediate intercoolers (I), several
turbines (T) and intermediate reheaters (B), and regenera-
tion (X). Thus, CBTX represents a simple Brayton cycle
with regeneration, i.e., the so-called B arrangement.
Because of economical reasons, plant configurations over
two or three turbines or compressors are impractical. From
Figure 5(a), we see that at any value of the pressure ratio,
the overall optimized efficiency increases in the order B,
CBTBTX (one compressor and two turbines), CICBTX
(two compressors and one turbine), IT, CICBTBTX (two
compressor and two turbines), IC, and E. The opposite
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Figure 4. Overall efficiency n for different configurations as a func-
tion of the temperature ratio and several pressure ratios: (a) r,=5,
(b) r,=15, and (c) r,=20, when both external and internal sources
of irreversibilities are taken together: 79=0.84, M=0.29, pyy=p, =
0.98, £,=0.89, £,=0.84, ey=¢,=¢=0.9, ¢ =0.02, and ¢,= 0.85.

behavior is found for the optimized temperature ratio in
Figure 5(b).

The most relevant conclusion from Figure 5(a) is the
following: except for E, 1. shows a well-defined maximum
for small pressure ratio values, whereas at the same pressure
ratios, T,.x Shows a minimum. This fact allows an additional
optimization of the overall efficiency with respect to r,,, which
is presented in the next section. Previously, we analyzed the
evolution of the maximum efficiency with M, the parameter
that accounts for heat losses of the solar collector. We depict
in Figure 6 the evolution of the maximum efficiency and the
associated heat reservoir temperature ratio as functions of M,
for a particular value of the pressure ratio, 7,,= 15 (the behavior
is similar for other pressure ratios). Figure 6(a) for 7, and
Figure 6(b) for 7,,,x show negative slopes for all the configura-
tions. This is a consequence of the definition of the parameter
M. 1t is proportional to the heat loss in the solar collector, so
the larger the heat loss, the lower the operating temperature
and the smaller the efficiency of the whole system.

Int. J. Energy Res. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/er
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Figure 5. As in Figure 4 but for the (a) maximum overall efficiency
Nmax and (b) the corresponding temperature ratio tmax as functions
of the pressure ratio 7,

Similar results were obtained for solar-driven Carnot [12],
Braysson [11-13], and Brayton power plants [29].

5. FULLY IRREVERSIBLE SYSTEM:
SIMULTANEOUS OPTIMIZATION
WITH RESPECT TO THE PRESSURE
AND TEMPERATURE RATIOS

As noted before, the behavior of 7),,(7;,) in the fully irrevers-
ible situation (Figure 5(a)) clearly shows that it is possible to
maximize again the overall efficiency with respect to r,,. This
is not possible when only external irreversibilities are consid-
ered, because the curves 7max(7,) do not admit maximization
in that case (Figure 3(a)). The resulting values after double
optimization in the fully irreversible case will be denoted by
Thmax and by r; . for the corresponding pressure ratio. We
collect in Table I the numerical values of the double optimized
efficiency together with the corresponding values of the
temperature and pressure ratios. Values presented in the table
cover a realistic interval of the effectiveness of the heat
exchangers that couple the heat engine with the solar collector
and the cold reservoir, from e =¢; = ¢ =0.75 to the ideal limit
case, ¢ =1. Other parameters are those detailed at the begin-
ning of Section 4. From Table I, we stress that

1. The numerical values of optimized efficiency are
relatively low, but we should remark that this is a
pure solar-driven plant, so there are no operation
costs associated to fuel consumption.
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Figure 6. (a) Maximum overall efficiency nmax and (b) the

corresponding optimum temperature ratio t,ax as functions of

the parameter M, proportional to the heat losses of the solar
collector and r,=5. Parameters are as those in Figure 4.

2. When all irreversibility parameters are fixed, 7.
and r, . increase compared to B when we consider
configurations with two turbines (CBTBTX), two
compressors (CICBTX), and two compressors
together with two turbines (CICBTBTX). The oppo-
site behavior is found for the corresponding ;.. ;
thus, an increase in the number of compressor and/
or turbines requires lower optimal temperature in
the solar collector and higher pressure ratios.

3. In Table II, we summarize the relative differences of the
parameters in Table I when the basic configuration
CBTX is compared with the other plant arrangements.
The relative differences are very significant. When com-
paring, for instance, the simplest arrangement CBTX
with a configuration with two turbines and two com-
pressors, CICBTBTX, the double-optimized efficiency
approximately increases by 34% for ¢=1, 44% for
£=0.9, and 65% for ¢=0.75. For the corresponding
temperature ratio, we have relative decreases of 6.0%
fore=1, 6.4% for ¢=0.9 and 7.9% for ¢=0.75.

Optimized temperature ratios in Table I for the four
realistic configurations are in the interval (2.802, 3.249),
which for 7, =300K gives optimized temperature in the
solar collector between 841 K and 975 K. These tempera-
tures can be reached by real power tower and dish/engine
systems [15,16].

Although our study intends to be theoretical and predic-
tive, the comparison of the calculated efficiencies with that
of prototype plants would be straightforward with the
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Table Il. Relative variations of the maximized efficiency #;,, and the optimum values for the pressure ratio r;;

S. Sanchez-Orgaz, A. Medina and A. Calvo Hernandez

Iy max @nd the temperature

ratio 7}, for different plant configurations with reference to the basic configuration CBTX.
A/,]:;’lﬂx (%) Ar;max (0/0) AI;:I:]X(%)

& 0.75 0.90 1 0.75 0.90 1 0.75 0.90 1
CBTBTX 17.8 14.5 13.2 9.5 14.3 18.9 -2.70 -2.51 -2.42
CICBTX 38.3 22.7 16.9 23.8 23.9 23.2 -4.70 -3.49 -2.93

CICBTBTX 64.9 43.7 34.3 49.5 59.5 66.8 -7.90 -6.43 -5.72

knowledge of some basic parameters like the working
temperature of the solar collector, its losses, and the size
and the basic characteristics of the heat engine: pressure
ratio, efficiencies of the regenerator, turbines and compres-
sors, pressure drops, and efficiencies of the heat exchan-
gers. Unfortunately, the complete set of parameters for
the experimental facilities built up to now [19,22,53-55]
is not available in the literature, so a precise numerical
comparison is unfeasible.

6. SUMMARY AND CONCLUSIONS

A thermodynamic analysis for an irreversible solar-driven
multi-step Brayton heat engine 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. We have assumed a solar concentrating collector
with heat losses accounted through a linear term proportional
to an overall effective heat loss coefficient (and checked that
all the results reported are insensitive to an explicit radiation
losses term). The irreversible thermodynamic cycle model
incorporates the possibility of an arbitrary number of turbines
N, and compressors N, with the associated reheating and inter-
cooling processes. The overall efficiency of the combined
system has been obtained in terms of parameters accounting
for both external and internal irreversibility sources.

We have analyzed the optimized overall efficiencies with
respect to the temperature ratio 7),,x and the optimum temper-
ature ratio t,,,c for arrangements with different numbers of
compressors and turbines. Besides, the overall efficiency
admits a double and simultaneous optimization with respect
to the pressure ratio 7, and 7, denoted as n;ax. For instance,
a configuration with two turbines and two compressors
(CICBTBTX) is capable of increasing the overall efficiency
of the simple regenerative Brayton (CBTX) when optimized
simultaneously with respect to 7, and t between 34% and
65% (Table II), requiring a lower working temperature for
the solar collector. The resulting optimized temperatures for
the solar collector can be reached by the use of adequate tower
plant or parabolic dish/engine technology. The obtained
theoretical findings could guide the design and evaluation of
advanced solar powered turbine systems beyond the basic
one-turbine one-compressor regenerative Brayton cycle
[54,55].

As future work lines, we should emphasize the importance
of two key components in solar-powered gas turbine plants:
the regenerator and the heat exchangers coupling the Brayton
thermal engine with the solar collector and with the surround-
ings. Itis well known that for a standard gas turbine, the regen-
eration effectiveness ¢, is a basic parameter in order to reduce
the input heat transfer rate and improve efficiency [31,32,34].
The results we have presented have been obtained for a fixed
&,, but its influence when the Brayton cycle is coupled to a
solar collector probably deserves a deeper analysis. Recent
technological developments suggest the importance of the
irreversibilities associated with the heat exchangers in the final
overall efficiency of the plant [21,40,44,55]. This is another
open subject to be investigated in future theoretical works,
which probably should include the optimization of some
thermoeconomical figure of merit [56,57]. Finally, we remark
that our model is capable of accounting for the intermittency
of the solar irradiance associated to seasonality, weather condi-
tions, or other effects. Moreover, it is possible to incorporate a
standard combustion chamber as it is done in real prototypes
in order to avoid fluctuations in the power output.

NOMENCLATURE

A, = aperture area of the collector

A, = absorber area of the collector

a. = isentropic compressor pressure
ratio

a, = isentropic turbine pressure ratio

C = concentration ratio

C; = internal conductance of the power
plant

C, = heat capacity rate of the working
fluid

CICIC...BTBT...X = notation for multi-step plant
arrangements

1C = infinite-compressors one-turbine
regenerative plant configuration

IT = infinite-turbines one-compressor
regenerative plant configuration

G = solar irradiance

7 = mass flow rate of the working
substance

M = loss coefficient for the solar
collector

N, = number of compressors

Int. J. Energy Res. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/er



S. Sanchez-Orgaz, A. Medina and A. Calvo Hernandez

N,
[
[

O

p

*
Y p,max

T,
Ty
UL

7] max
*

nmax

Ts

Th

Mo

&
&

erL

524

oL

PH

Tmax
*
max

= number of turbines

= heat transfer rate between the
working fluid and the heat
reservoir at T,

= heat transfer rate between the
working fluid and the heat
reservoir at Ty

= heat leakage between the heat
reservoirs through the plant

= overall pressure ratio

= optimum pressure ratio after
double optimization

= ambient temperature

= temperature of the solar collector

= overall heat loss coefficient of
the solar collector

= overall efficiency

= maximum overall efficiency
with respect to the temperature
ratio

= maximum overall efficiency
with respect to pressure and
temperature ratios

= efficiency of the solar collector

= thermal efficiency of the heat
engine

= effective transmittance—absorptance
product

= isentropic efficiency of the
compressors

= regenerator effectiveness

= isentropic efficiency of the turbines

= irreversibilities in the coupling
of the working fluid with the
heat reservoir at temperature 77,

= irreversibilities in the coupling
of the working fluid with the
heat reservoir at temperature 7y

= external irreversibilities param-
eter when ey =¢;

= adiabatic coefficient

= pressure drop in the heat release
process

= pressure drop in the heat input
process

= heat reservoirs temperature ratio

= optimum temperature ratio

= optimum temperature ratio after
double optimization

= ratio between the heat conduc-
tances of the plant and the
working fluid

= relative variations of 7}, with
respect to the basic regenerative
plant configuration

= relative variations of r; . with
respect to the basic regenerative
plant configuration
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Aty = relative variations of 7, = with
respect to the basic regenerative

plant configuration
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