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Abstract

This paper presents a general thermodynamic model for hybrid Brayton cen-
tral tower thermosolar plants. These plants have been proved to be tech-
nically feasible but R+D efforts need to be done in order to improve its
commercial interest. From the thermodynamic viewpoint it is necessary to
increase its performance to get larger power production with reduced fuel
consumption, and so reduced emissions. We develop a model for multi-step
compression and expansion stages with that aim. The model is flexible and
allows to simulate recuperative or non-recuperative plants, with an arbitrary
number of stages and working with different subcritical fluids. The results
for multi-step configurations are compared with those obtained for a plant
with one turbine and one compressor. Different working fluids are analyzed,
including air, nitrogen, carbon dioxide, and helium. Several plant layouts
and the corresponding optimal pressure ratios are analyzed. It is concluded
that configurations with two-stages compression with intercooling combined
with one or two expansion stages can significantly improve overall plant ef-
ficiency and lower fuel consumption. Power block efficiencies can reach 0.50
and overall plant efficiency can attain values about 0.40 working with air or
CO,. For instance, comparing with a single stage plant running with air,
a plant with subcritical CO,, two compression stages with intercooling and
single step expansion can reach an overall efficiency about 19% larger and a
fuel conversion rate around 23% larger. For such configuration, the specific
fuel consumption is predicted to be about 108 kg/(MW h) at design point
conditions.
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Nomenclature
A, aperture area of the solar field
A, solar receiver area
a. isentropic compressor pressure ratio
a;  isentropic turbine pressure ratio
C solar collector concentration ratio
cw  specific heat of the working fluid
f solar share
G direct solar irradiance
h:  radiation heat loss coefficient for the solar collector

he  effective convection and conduction loss coefficient for the solar col-
lector

m mass flow rate of the working substance

g fuel mass flow rate in the main combustion chamber
my;  fuel mass flow rate in reheaters

P power output

|Qc|  heat losses at the combustion chamber

|Qu|  total heat-transfer rate absorbed from the working fluid

|Qiuc|  heat losses at the heat exchanger associated to the combustion
chamber
|Quc|  heat rate input from the combustion chamber

|Q4c|  heat rate transferred from the combustion chamber to the associ-
ated heat exchanger

|Qus|  heat rate input from the solar collector
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|Qins|  heat losses at the solar receiver

|Qi{s| heat rate transferred from the solar collector to the associated heat
exchanger

|Qi|  losses associated to heat transfers in the solar field

\QL] heat-transfer rate between the working fluid and the ambient
Qruy  lower heating value of the fuel

|Qren|  heat rate input from the reheaters

Te fuel conversion rate

Tp overall pressure ratio

Tyc  working temperature of the combustion chamber

Tus  working temperature of the solar collector

11, ambient temperature

T,  working fluid temperature after the heat input from the recuperator
T,  working fluid temperature after heat input from the solar collector
T,  working fluid exhaust temperature

Ty  compressors inlet temperature

T,  temperature after last compressor

T3  turbines inlet temperature

T, temperature after last turbine

Uy, effective conduction-convection heat transfer coefficient

« effective emissivity

€HC combustion chamber heat exchanger effectiveness

€HS solar collector heat exchanger effectiveness
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cold side heat exchanger effectiveness

isentropic efficiency of the compressors

recuperator effectiveness

isentropic efficiency of the turbines

adiabatic coefficient of the working fluid
overall thermal efficiency
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1. Introduction

Concentrating solar power (CSP) is one of the promising renewable en-
ergy technologies that can contribute to decrease the dependence on fossil
fuels for the generation of electricity and so, the environmental impact of
energy production [1, 2, 3]. Unlike other renewable resources this technol-
ogy is suited to produce non-intermittent power with the implementation of
thermal storage or hybridization concepts [4, 5, 6]. We deal with the last,
CSP plants that ensure an almost constant energy injection to the grid in
the range of a few megawatts. These plants are not completely free of fos-
sil fuel consumption and pollutant emissions because a backup combustion
chamber ensures the power output to the grid but control is not complicated
and energy release to the grid is predictable. For instance, the plants that
work following a closed Brayton-like thermal cycle require a reduced water
consumption compared with those working on Rankine cycles and can reach
similar efficiencies [7]. This point is especially advantageous in arid regions
with appropriate solar resources. To get those efficiencies quite high tur-
bine inlet temperatures have to be reached in the solar receivers, about 800
- 1000 °C [8, 9, 10, 11]. Several experimental prototypes have shown that
this is feasible using ceramic materials in central tower volumetric receivers
or other alternatives. Pioneer demonstration size plants have arrived at the
same conclusion: the technology is practicable but it is still necessary a R+D
activity to look for ways to improve the overall plant efficiency in order to get
commercially interesting levelized costs of electricity. Particularly, thermo-
economic studies show that there is still a wide margin for improvement in
the power block [1].

Along this work line thermodynamic studies about possible refinements
on the basic Brayton cycle and the effects of the working fluid are important
to guide future plant designs. These studies allow to model the plant in
terms of a reduced number of parameters and to predict realistic values
for efficiencies or other output records [12, 13, 14, 15]. Thus, sensitivity
studies and optimization analyses can be done in more general terms that
those done, for instance, with simulation software [16, 17, 18, 19]. Both
techniques are complementary. Probably, general thermodynamic models
are to be developed first in order to select adequate plant concepts and then
detailed component-to-component simulations are required to solve technical
issues and to get to very detailed predictions of plant performance.

One of the main drawbacks to the consideration Brayton cycles in CSP ap-
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plications is that for the compression stage much power is required, so the net
power output becomes reduced. One possibility to avoid this handicap is to
operate at supercritical conditions. Extensive work has been devoted to this
issue, specially considering carbon dioxide as working fluid [12, 20, 21, 22].
Near the critical region fluids show numerical values for compressibility sim-
ilar to liquids. Compression work can be reduced but high temperatures
can be maintained. Nevertheless, as critical pressure for CO5 is about 74
bar, high pressures have to be used which lead to several technical prob-
lems [23]. Moreover, wide fluctuations of thermodynamic properties near
the critical point make difficult to develop thermodynamic models relying on
ideal gas approximations. With respect to the turbomachinery much scarce
experience has been acquired in components working with critical or trans-
critical fluids [24, 25, 20]. An alternative way to reduce compression work
is by joining these concepts: recuperation and multi-stage compression with
intercooling [1, 24, 26, 27]. Additionally, if expansion is performed in sev-
eral turbines with intermediate reheaters, temperature at the exit of the last
turbine is high and so the potential for recuperation.

Even though there is a great amount of works on the possibilities of the
use of supercritical COq in CSP systems [12, 24], to our knowledge there
are much scarce thermodynamical investigations on subcritical fluids as CO»
together with multi-stage compression with intercooling and multi-stage ex-
pansion with reheating. Our work deals with this point. We shall investigate
plant configurations for central tower hybrid CSP plants working on closed
atmospheric Brayton cycles for several working fluids, including subcritical
COg, helium, nitrogen, and air. Plant performance will be compared by
taking similar conditions for all fluids. Although the peculiarities of heat
exchangers and turbomachinery of course rely on the type of fluid we shall
assume components with similar effectivenesses or isentropic efficiencies, i.e.,
we do not deal with details on the design and performance of plant com-
ponents, but it is assumed that with the appropriate design particularities
components can have similar effectivenesses or isentropic efficiencies. To get
that aim we develop a thermodynamical model that incorporates the main
irreversibilities existing in all the subsystems in these plants: solar, combus-
tion chamber, and thermal engine. A simplified model was developed and
validated in previous works by our group for the case of air and single-stage
compression and expansion [28, 29, 30]. In this work it is extended for an
arbitrary number of compression/expansion steps, recuperation, and for sub-
critical fluids by explicitly considering the temperature dependence of specific
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heats. Although the model allows for on-design and off-design analyses, in
this work we shall consider design point parameters from an experimental
facility as reference case to compare with [11, 31]. The compression ratio is a
key parameter in the design of any plant involving Brayton-like cycles. In our
study, first the results for different fluids at the same compression ratio will
be compared and later specific values of the pressure ratio for each working
fluid leading to maximum overall plant efficiency will be calculated.

In Sec. 2 the thermodynamic model and the main hypotheses assumed
will be detailed. Explicit equations for heat transfers, subsystem efficiencies,
and overall thermal efficiency will be developed. Section 3 contains infor-
mation about the considered reference plant, the design parameters, and the
particularities of the elected working fluids. Numerical predictions on plant
performance assuming the pressure ratio of the reference plant will be com-
pared in Sec. 4 for different working gases. In Sec. 5 a numerical analysis to
maximize plant performance in terms of the pressure ratio will be performed
for each fluid. Section 6 is specifically devoted to plant configurations with
two compression steps and intercooling. The plant performance for this kind
of plant layouts will be compared for all the fluids considered.

2. Plant thermodynamics

The considered system is a gas-turbine power plant hybridized with a
central tower solar concentration system. An sketch of the whole system is
depicted in Fig. 1. Briefly, the working fluid enters the first compressor at a
temperature 77, and exits the last one (N.) at a temperature T;. Between
each pair of compressors, an intercooler is considered with the aim that the
inlet temperature at each compressor is always 7T7. After the last compressor
the heat input in the power unit is divided in three subsequent steps:

1. A recuperator is used to take advantage of the residual heat after the
last turbine. The fluid temperature at the recuperator exit is denoted
as T,.

2. When solar conditions are adequate, the fluid is redirected through the
the solar receiver and its temperature increases up to 7,.

3. During night or poor insolation conditions the working fluid is con-
ducted directly to the combustion subsystem. We are considering a
closed cycle, so the heat input from combustion is done through a heat
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Figure 2: Temperature-entropy diagram of the considered plant layout.

exchanger associated to the main combustion chamber. Independently
of solar conditions the combustion chamber ensures that the first tur-
bine inlet temperature is stable, T3.

The expansion stroke is performed by means of an arbitrary number of tur-
bines, N;. A number N; — 1 of intermediate reheaters make that for any
turbine the inlet temperature is T5. Afterwards the expansion process (tem-
perature Ty) the fluid is redirected through the recuperator to another heat
exchanger that ensures that the process is closed and cyclic, so the tempera-
ture at the compressor entrance in the following cycle is T;. Figure 2 contains
a T — S diagram of the thermodynamic cycle the plant follows.
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2.1. Heat fluzes, subsystem efficiencies, and overall efficiency

The overall plant thermal efficiency, 7, is defined as the fraction between
the net mechanical power output, P, and the total heat input rate in the
whole system. The latter is the sum of the heat input flows of the solar part
and the combustion chamber:
T GA +]? 1)

o+ My Qruy

where G is the direct normal irradiance, A, the aperture area of the heliostats
field, Qruv the lower heating value of the fuel, and 72f is the sum of the fuel

mass flows entering into the combustion chamber, 1y, as well as into the
reheaters, 1 g;:

n

Ni—1
My =1, > (2)

i=1

so, the overall efficiency is:
P
n= N (3)
G A, + <mfp + Z mfi) QLuv
i=1

Once expressed the efficiency in general terms, we shall rewrite it from
the efficiencies of the subsystems that constitute the plant.

The solar collector efficiency, n,, is defined as the ratio between the useful
energy per unit time provided by the collector, |Q’HS| (see Fig. 1), and the
solar energy rate it receives, GA,: 1, = |Qis|/GAq. The solar central tower
transfers a fraction of the useful heat collected by the heliostats, \Qi{sl, to
the working fluid, that is denoted |Qgs|. Introducing ey, the effectiveness
of the solar receiver (considered as a heat exchanger), |Qus| = ens| Q| , the
solar collector efficiency can be expressed as: 75 = |Qus|/(eusGAa)-

In a similar way the efficiency of the main combustion process, 7, is de-
fined as the quotient between the heat flux from the combustion chamber and
the energy contents of the entering fuel, 7 ;Qrrv. The combustion chamber

produces a heat rate, |Qﬁcp|, transferred to the working fluid through a heat

exchanger whose effectiveness is epcp = |Qucp)/ |thp|, where |Qucp| is the
actual heat rate received by the working fluid from combustion. As a result,
the combustion chamber efficiency can be written as:

_ ’QHCp|
Tlep = —
Myp EHCP Qruv

(4)
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The combustion efficiency for each intermediate reheater, 1., is calculated

alike: )
| Qrehi |
1M f; Erehi QLuV

(5)

Tei =

. . . _ . ~ /
Each one has an associated heat exchanger with effectiveness, €cni = |Qrehil /| @ renil-

The total heat input rate that the fluid absorbs from combustion is given
as:

|QHC’| = |QHC’p| + ‘Qreh’ (6)
where
. Ne—1 .
’Qreh’ = Z ’Qrehi’ (7>
=1

The efficiency of the thermal engine itself, n, is the ratio between the me-
chanical power output and the total heat input rate:

_ Wl P
|QH‘ |QHS| + |QHC’p|+‘Qreh|
Thus, the overall system efficiency, 1, given by Eq. (1), is:

P
77 - Ntfl . (9>
Qs |Qrrcyl + ’Qrehi’

EHS MNs EHCp Nep > hi /)f] .
i=1 reht 'jct

un (8)

Assuming identical efficiencies for the main combustion chamber and for
reheaters, 7 = Ne = M. and epgcp = Ereni = €mc, the thermodynamic
efficiency can be written as:

P |QHS| + \QHC|

T Tausl | 1@ucl ~ M\ ddusl | nl@ucl

EHS MNs EHC Me €HS EHC

(10)

It is interesting to define a solar share, f, as the ratio between the heat input
rate from the sun and the total one:

0w
|Qus| + |Quc|

Depending on solar conditions, the solar share fluctuates in the interval [0,1].
f = 1, means that all the heat input has solar origin and f = 0 means

(11)
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that all the heat input comes from combustion, for instance by night. With
this definition it is possible to express the overall plant efficiency in terms
of the efficiency of the solar subsystem, 7y, that of the combustion chambers
7., the efficiency of the Brayton heat engine 7y, the solar share f, and the
effectivenesses of the heat exchangers between subsystems €yg and eg¢:

e | = monen { THETHC (12)
Zef y 2e(=f) 2 e feno + (1= flens

€HS EHC

N="nNnMsTc

In the particular case of only solar heat input, f = 1, so n = nunsegs, and
for only combustion f =0, and n = nyn.£xc.

It is interesting to define an efficiency with an economic meaning, the fuel
conversion rate as the ratio between the power output and the heat input
rate with an associated cost [32]:

P

re = ————
‘ meLHV

(13)

For pure solar operation (i = 0), f = 1, and r. — oo and for only com-
bustion operation, f = 0, so r. = 1. It can be expressed in terms of the
efficiency of the subsystems and the solar share as:

NNsMhEHS
Te =
NsMheus — N f

(14)

2.2. Solar subsystem model

Next we briefly summarized the model for the losses and efficiency in the
solar subsystem, considered as an heliostat field with aperture area A, and a
central tower receiver with area A,.. The solar power collected in the aperture
is ]Qs] = (GGA,. Nevertheless, the energy flux collected at the tower has to
include optical losses associated to absorption at the heliostats, shadowing
and blocking, spillage, ambient humidity and others. The most simple way
to globally account for these effects is by defining an optical efficiency, 7,
so the heat input rate reaching the tower receiver is |Qr| = nyGA,. Also
there are heat transfer losses in the receiver due to convection, conduction
and radiation. Heat losses can be expressed as [33, 34]:

Q1| = Avao (Ths — T7) + AU (Tus — Tr) (15)

where o the emissivity of the receiver surface, Uy, is an overall conduction and
convection heat transfer coefficient, and o the Stefan-Boltzmann constant.
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So, |Q%s| = |@Qr — Qi], represents the effective heat flux that the receiver
could transfer to the working fluid, assuming that it behaves as a heat ex-
changer. The energy rate finally absorbed by the working fluid considering
the effectiveness of the receiver, eyg is:

|Qus| = ens {nGA. — A, [ao (T — T7) + U (Tus — T1)] } (16)

This energy rate, as depicted in Fig. 2 increases the working fluid temperature
from T, to T, The efficiency of the solar subsystem, 7, can be written as:

s = o[l — h1(Thyg — T}) — ho(Tus — 1) (17)

where C' is the concentration ratio, C = A, /& and hq, ho are losses param-
eters, defined as: h; = ao/(nGC) and hy = U /(nyGC).

2.3. Combustion subsystem

The maximum energy that could be obtained from combustion is 1 Q) v
considering ideal combustion and no losses in the combustion chamber. But
actually the useful energy that can be transferred to the working fluid is only
a fraction of that energy rate, n,m;Qrav. Moreover, we are considering
a closed cycle, so the heat is transferred to the power unit through a heat
exchanger associated to the combustion chamber with effectiveness, epcy.
Thus, the heat rate that is actually released to the working fluid can be

written as: |Quey| = enep|Q mopl = €rop Nep Mpp Qruyv. The same argument
applies for the intermediate reheaters, so:

Ni—1 Ni—1

|Qreh| - Z E'rehi|er6hi| = Z Erehi Nei mfz QLHV (18>
=1 =1

Assuming that combustion efficiencies are the same for all the reheaters and
equal to that of the main combustion and also that all the associated heat
exchangers are similar:

N¢—1

|Qren| = erre ne Quuv Z Ty (19)

=1

2.4. Multi-stage Brayton power unit model

In this section a model for the multi-stage Brayton cycle is proposed
and its thermal efficiency, n,, evaluated. The working fluid is considered

14
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as an ideal gas with temperature dependent specific heats, ¢, (7)), following
an irreversible recuperative Brayton cycle with multiple compression and
expansion steps. The temperature-entropy diagram of the cycle is depicted
in Fig. 2. In the following the main cycle stages are modeled together with
the main irreversibility sources associated to each:

e In the first process (1 — 2), the working fluid is compressed through an
arbitrary number, N., of compressors. They are considered identical,
so the isentropic efficiency of any of them is: e, = (Ths — T1) /(T2 — T1),
where T, would be temperature after compressions if they were isen-
tropic (see Fig. 2). Between each pair of compressors, it is considered
an intercooler, so the inlet temperature of all compressors is the same,
Tl.

e Between states 2 and 3, three subsequent heat inputs increase the fluid
temperature. First, a non-ideal recuperator increases temperature from
Ty up to T,. Its effectiveness is defined as: ¢, = (T, — T») /(T4 — Tz) =
(T, —Ty)/(Ty — Ty). A non-recuperative plant is easily simulated by
taking €, = 0. Second, if solar conditions are good enough, the fluid
receives a solar heat input rate, ]Q s, that rises up the temperature
from T, to T,. And third, the main combustion chamber provides
the required energy to reach the turbines inlet temperature, T3, that is
assumed as a fixed input parameter. So, in principle (apart from fluc-
tuations of the ambient temperature), the only oscillating temperature
during heat input due to irradiance oscillations is T},. Although each
subprocess during heat input has its own pressure losses, for simplic-
ity we consider a parameter that globally measures the whole pressure
losses in the fluid during the heating process, py = (pu — Apn)/pH,
where py is the highest pressure (compressor exit) and py — Apy is the
pressure at the first turbine inlet.

e At the state 3 the working fluid attains its maximum temperature and
it is expanded by N, subsequent gas turbines. Any of them is charac-
terized by an isentropic efficiency ¢, = (T — T3)/(Tys — T3). To ensure
that the temperature at any turbine inlet is 73, N; — 1 intermediate
reheaters are required. After the last turbine, the fluid reaches state 4.

e Finally, the fluid recovers the conditions of state 1 by means of a heat
release that is split in two processes. The first associated to recu-
peration that ends at temperature 7, and the second through a heat

15
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exchanger that cools the fluid up to 77. Its effectiveness is defined as:
e, = (11 — T,)/ (T, — T,). The global pressure decay in 4 — 1 is mea-
sured by introducing a parameter: pr, = (pL, — Apy)/pL where py, is the
fluid pressure after the last turbine and p;, — Apy, the lowest pressure. It
is convenient to define an overall pressure ratio as r, = pu/(pL, — Apy).

Next, the objective is to obtain cycle temperatures and heat rates in terms
of the parameters associated to cycle size and geometry, and thermal losses.
By convenience we define two parameters, a. and a;, related to pressure ratios
of compressors and turbines:

(F12—-1)/%
0 — Toe _ Pu 2 " _ T(’712—1)/7Y12 (20)
C T pL— Apg P
Ts pu — Apy (Y34—1) /34
w= = (S (21)
4s pL

In these definitions it was considered that processes 1 — 2s and 3 — 4s are
isentropic. 719 is the mean value of the adiabatic constant in the temperature
interval [T7, T»] and similarly for 73,. Those temperature intervals are not
large, so it is reasonable to work on average values instead of temperature
dependent parameters. From the definitions of pg and py, it is easy to show
that the overall pressure ratio and a, are related by:

a; = (pHerp)(%z;—l)/Wm (22>

From all the assumptions and definitions before it is possible to obtain
analytical expressions for all the cycle temperatures after some algebraic
calculations:

Tl :€LTL+Ty (1—€L) (23)

1
Ty=T+ —(To~T) =T1Z (24)

T3 = encTuc + T (1 — enc)
Ty=T5 — e (Ts — Tys) = T3,
T.=¢eT,+Ty(1—¢)

T, =T +T,(1—¢,)
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Ty = eusTus + 1y (1 — ens) (29)
where other two definitions were included:
1 1/N,
Z,=1+— (a)" —1) (30)
€

C

1
thl_et (1_W> (31)
y

By using all these equations, temperatures T, and 7 can be written as func-
tions of the temperatures of the heat sources, Tys and Tyc, the ambient
temperature, 77, the overall pressure ratio, r, and the irreversibility param-
eters. This leads to:

(1—ern)(1—er)lencTuc+ensTus (1—euc)]+erTL [Zt_l_(l_EHC)(l_EHS)ET]

2= (2 —(1—ep)er][2; '~ (1—enc) (1—ens)er |~ (1—enc)(1—ens) (1—eL) (1—¢r)°

(32)

T, — encTuo+ens Tus (1—euco)] [Ze ' —(1—ep)er|+e1 T (1—enc) (1—eus) (1—<7)
4 —_—

(21— (1—cn)er][2, ' —(1—enc) (1—ens)er |~ (1—enc) (1—ens) (1—eL) (1—er)?
(33)
Any other temperature can be obtained in the same terms by substituting
Egs. (32) y (33) in Egs. (23)-(29).
Now it is feasible to calculate all the components of the heat input rate,
1Qu| = |Qus|+1Qucy|+|Qren| , by using temperature equations and Eqs. (6)
and (7):

. Tz/ .
Qus| = 1 / ¢o(T)dT = Q] (34)
Ts

Queyl =10 | co(T)dT (35)

T,

N¢—1

Qpen] = 11 2_; /T eu(n)dr (36)

where T; is the temperature at the exit of turbine j. In order to obtain
an analytical expression for the last equation it will be assumed that the
difference between 73 and the temperatures at turbines exit, 7}, is not large,

17



358

359

360

361

362

363

364

365

366

so a mean value for ¢,(T), €,34 is considered. This hypothesis allows to
write:

. Ni—1 Ty Ne—1
|Q7"eh| =m Z / Cw(T) dT ~ MEt Ew734 Z (T3 — 1—7]5>
j=1 Y Tjs )
= 1 Gy eV = 1)(1 =0y )Ty (37)

The heat released by the working fluid to the cold source in the closed cycle
can be expressed as:

) T, Ne—1 .7,
Qul=m | co(T)dT +1m Z/ co(T) dT (38)
Ty 1 YT

Assuming that the difference between 77 and the temperature at any com-
pressor exit is not large, a mean value of the specific heat, ¢, 12, is taken in
order to calculate the total heat release rate:

T, _ Ne—tl
QL] =m co(T)dT + mc“”” Z (Tys — T1) (39)
Ty Ce s=1

The second term at the right side can be calculated as:

— N.—1

. Cu.12 . Cuw,12 1/N,
Tp, —1T1) = N.—1 c— 1T 40
i T = T) = RN D@ D o
and finally,
: Ty C
Qul =1 | en(T)dT +m="2(N, = (/Y =) (41)
T c

The power output provided by the plant is then calculated as:

P =|Qu| — Q] (42)
and its thermal efficiency through:

P
Nh = \Q—H| (43)
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Before finishing this section we recall that from the plant scheme we have
assumed (see Fig. 2), the following conditions for the temperatures at the
hot side:

Ty > Ty > T, (44)
Tys > T, (45)
The > T (46)

Also, in summary, its worth to note that with respect to the dependence of
specific heats with temperature it was assumed that temperature changes in
compression (1 — 2) and expansion (3 — 4) processes are small so mean
values were taken (¢, 12 and €, 34, respectively). Nevertheless, during heat
input and release, of course changes could be large so explicit polynomials
for ¢,,(T') will be taken. These assumptions allow to obtain straightforward
analytical expressions for all the temperatures in the cycle and so, to ana-
lyze the sensitivity of the performance of the whole plant to any design or
irreversibility parameter. Accounted irreversibilities for the thermodynamic
engine are external (arising from the coupling of the heat engine to the ex-
ternal heat sources, egg and ey¢) and internal (associated to compressors,
gc, turbines, &;, recuperator, ¢;, and pressure losses, py and pp).

3. Numerical computations

3.1. Design point conditions and model validation

The thermodynamic model presented in this work in the particular case
of single stage compression and expansion was applied in previous works by
our group in order to predict the performance records of a project developed
by Abengoa Solar near Seville, Spain, called Solugas Project [11, 31]. In this
project a natural gas commercial single stage air gas turbine (Caterpillar
Mercury 50) was modified in order to be hybridized with a central tower
solar receiver.

First, the model was validated for the turbine working at full load on
an only combustion mode. This turbine operates at a pressure ratio r, =
9.9 with an air gas flow 7 = 17.9 kg/s. The turbine inlet temperature
is T3 = 1423 K and provides 4.6 MWe fueled with natural gas [30, 35].
The manufacturer reports a thermal efficiency after generator, n,. = 0.385
for T;, = 288 K. Our model is capable to reproduce the thermal efficiency
of the turbine with a deviation below 0.5% and the power output below
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1.5%. The following parameters were assumed in the model: eyc = 0.98,
egs = 0.78, e, = 1, pg = pr = 0.97 (relative global pressure losses about
9.2%), e. = 0.885, &, = 0.815, and ¢, = 0.775. Details on the calculations
and explicit tables with the parameters can be found in [30].

The plant developed for the Solugas project was also simulated operating
in hybrid conditions at design point solar irradiance (G = 860 W/m?) and
ambient temperature (7, = 288 K). The parameters considered for the solar
subsystem are: 19 = 0.73, a = 0.1, egg = 0.95, C' = 425.2, and Uy, = 5
W/(m? K). In these conditions the model (considering dry air with tempera-
ture dependent specific heat) predicts an overall plant efficiency, n = 0.32, a
fuel conversion efficiency, r. = 0.58, a solar share f = 0.32, a specific fuel con-
sumption, m; = 132 kg/(MW h), and a mechanical power output P = 5.06
MW. The objective of this work is focused on the analysis of the model pre-
dictions if the single stage gas turbine was substituted by a multi-step one,
and also on the influence of other possible working fluids, different from air.
In the next subsection we motivate the interest of using different working
fluids in the search for improved plant performance. The basic parameters
of the Solugas plant will be assumed as reference values.

3.2. Working fluids

The advantages of closed gas turbines when comparing with open ones
and Rankine cycles are diverse [7, 36]: closed-cycle gas turbines at high
temperatures can reach efficiencies similar to steam cycles, lead to simpler
plant designs (less number of heat exchangers, pumps, and piping), and have
more compact components and so lower size for a fixed rated power output.
Moreover, unlike open-cycle Brayton plants can use dirty fuels as biomass and
other heat sources (nuclear and solar for instance). And moreover, different
working fluids (depending on their thermal and transport properties, and
practical issues) can be used. This work is focused on the last point.

Among the working fluids that have been used in closed-cycle prototype
or real installations, the most usual are: air, nitrogen, helium, carbon diox-
ide, other noble gases as argon and neon, and also gas mixtures [7]. Main
advantages of air closed-cycle plants are the wide design experience and prac-
tice and, of course, that air is inexpensive and abundant. On the contrary,
these plants have considerable pressure losses, require high turbine inlet tem-
peratures that contribute to materials oxidization, and air has a low heat
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He Ny Dry air COq

M (g/mol)  4.00 28.01 28.97 44.01
T, (K)  5.1953 126.19 132.84 304.13
pe (bar)  2.2761 33.958 38.501 73.773
a 20.7862 32.3518 38.6449 254812
b - —0.02031 —0.044282 0.051549
c - 42182 x 1075 7.9699 x 10> —2.7778 x 10"
d — 27814 x 107 —5.3556 x 1078 4.6551 x 10"
e —  6.3098 x 10712 1.2726 x 10~ 4.81185 x 1013
5 1.6667 1.3561 1.3458 1.1986
éw [J/(gK)]  5.1965 1.1354 1.1202 1.1587

Table 1: Thermodynamic properties of the considered working fluids: molecular weight
(M), critical temperature and pressure (T, and p. respectively) and mean values of the
constant pressure specific heat (&,,) and adiabatic coefficient (¥), in the temperature inter-
val [288, 1430] K. The coefficients of the fits of ¢,,(T") (in units of J/(mol K)) correspond to
the function: ¢, (T) =a+bT +cT? +dT?3 +eT*. Data for the fits were taken from [37]
at a pressure p = 5 bar.

transfer coefficient. For nitrogen considerations are similar because the ex-
perience from air turbines can be applied and most properties are alike. One
difference with air is the behavior of materials at high temperatures that in
this case nitrides instead of oxidizes.

The use of helium is related with the development of nuclear reactors.
References [7, 38] give a detailed historical review of several facilities of this
type. Helium is inert and non-toxic, has a good heat transfer coefficient, and
low pressure losses. As drawbacks we highlight that turbomachinery design
experience is not so broad as for air, requires high turbine inlet temperature,
leakage is high, and actually more number of turbomachinery stages are
required [39)].

Carbon dioxide has been used as working fluid for closed Brayton cy-
cle plants from 1950, mainly partially condensed or supercritical. From late
1990s and early 2000s there have been a renewed interest because research
and development work has rapidly evolved turbomachinery and heat ex-
changers. A recent review has been published by Crespi et al. [40]. Solar ap-
plications are being also investigated and analyzed nowadays [12, 25, 41, 42].
COs is non-toxic and inert, has a favorable critical point and in supercritical
conditions turbomachinery is small and compact and gives good efficiencies
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Figure 3: Evolution with temperature of the constant pressure molar heats of the working
fluids considered in the work. Average values are shown in dashed lines. Data were taken
from [37] at a pressure p = 5 bar.

at moderate turbine temperatures. Similarly to helium, design experience
is not wide. Moreover, thermodynamic properties vary considerably in the
vicinity of the critical point, so detailed investigation on compressors, tur-
bines and other machinery is required. Nevertheless, works on subcritical
CO4 with solar applications are scarce. We highlight the work by Najjar et
al. [36].

In our study four working fluids are considered: air, nitrogen, helium, and
carbon dioxide. Table 1 contains several thermodynamic properties relevant
to the application of our model as critical point conditions and evolution
with temperature of molar heat, that is plotted in Fig. 3. The figure shows
that carbon dioxide has a molar heat about twice larger that a monoatomic
gas like He and that its dependence with temperature in the interval from
ambient temperature to the temperature at turbine inlet is large. Air and N,
are in between CO5 and He. The dependence of their ¢,,(7") with temperature
is not large in the operation interval.

Figure 4 displays a p—T" diagram with the liquid-vapor coexistence curve
and the approximate processes experienced by the fluids in the Brayton cycle
(in the single stage case). It was assumed atmospheric pressure at compres-
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Figure 4: p — T approximate diagrams of the Brayton cycles followed by the considered
working fluids. The vertical axis is represented in logarithmic scale. Dashed lines represent
the liquid-vapor coexistence lines. Critical points for each fluid are shown as filled circles.

sor inlet and a pressure ratio of 9.9 as in the Solugas project. Within these
hypotheses, the considered gases are in subcritical conditions except for He,
that performs a transcritical cycle because pressure of states 2 and 3 are
above the critical pressure. The aim of our work is to analyze the influence
of the working fluid on the performance of the plant from a purely thermo-
dynamic model. It is noteworthy to mention that technical issues related to
piping and turbomachinery design are not considered in detail. We assume
pressure drops in the cycle and isentropic efficiencies for compressors and tur-
bines similar for all fluids. And also the same pressure at the compressor inlet
and the same global plant size (working fluid mass flow). Although from a
technical engineering viewpoint an exhaustive study of the mentioned issues
would be imperative, we intend to investigate the role played by the thermo-
dynamic properties of the fluids, specially that played in the heat absorption
and heat release processes through the molar heat, ¢,(7"). In consequence
conclusions about the influence of the working fluid on plant output records,
for different plant layouts in terms of the number of compression/expansion
processes at similar conditions, can be extracted.
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Figure 5: Evolution of plant efficiencies (1, overall plant efficiency; 7, solar subsystem
efficiency; ny,, heat engine efficiency; and r., fuel conversion rate) with the number of com-
pression/expansion stages assumed identical, N; = N, = N, for all the fluids considered.
The reference values corresponding to the Solugas project are marked with an open circle.
Lines between points are just a guide for the eye. Lines are dashed for He between N=1
and the other cases because for N=1 no regeneration is considered. The input data are
those in Sec. 3.

4. Numerical predictions on plant performance

Model predictions within the considerations detailed in the previous sec-
tion are presented hereafter. Most significant plant efficiencies are plotted
in Fig. 5 in terms of the number of compression, N., and expansion steps,
N;, assumed identical: N; = N, = N. In all the plots the reference values
corresponding to the Solugas project (air as working fluid and N = 1) are
marked with an open circle. Table 2 displays the relative increments with
respect to that case. For instance, in the case of air, when considering two
compressors with intercooling and two turbines with reheating (N = 2), the
overall plant efficiency, 7, experiences an increase about 23% with respect to
N = 1. The addition of more compression/expansion stages could increase
overall efficiency up to 37% approximately.

The evolution of the global efficiency curves for all fluids are similar: a
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rapid increase from N = 1to N = 2 or 3 and a subsequent slower increase up
to an asymptotic value. This evolution for the overall efficiency, n (Fig. 5(a)),
comes essentially from that of the Brayton heat engine, ny, displayed in
Fig. 5(b). The behavior of air and nitrogen is similar, although the curve for
nitrogen is slightly above that for air. On the contrary, CO5 shows values for
1 larger than those for air or nitrogen for N = 1, but the increase with the
number of compression /expansion stages is slower. The case of He is different.
First, for the case N=1 no regeneration was considered. This is due that for
the considered pressure ratio (assumed for all the fluids at the design point
of Solugas project) is too high for regeneration to be advantageous (see the
graph corresponding to He in Fig. 4). We will be back to this point below,
when presenting the plots for cycle temperatures. And second, the overall
efficiencies for N > 2 are quite above those for air or nitrogen. For instance,
for N = 2, n increases about 39% with respect to the reference case for He
and 23% for air or nitrogen. This larger values of n for He are essentially
associated to the values of the solar subsystem efficiency, 7, (Fig. 5(c)), that
are larger for He (we shall return this point when presenting the results for
temperatures). The values of 7, for helium are above those for air but only
slightly for N > 3.

The evolution of solar subsystem efficiencies, n, with NV displays a mono-
tonic decreasing behavior because the operating temperatures of the solar
collector increases with IV and so losses become larger. Anyway, the interval
of numerical values in which 7, evolves is quite narrow (see the vertical axis
in the plot for ny). The behavior of the fuel conversion rate, r. (the ratio
between the power output and the heat input with an economic cost), is
quite diverse and interesting (Fig. 5(d)). 7. is larger for CO, that for the
other fluids, and it is almost independent of N. These values are about 13%
over that for the reference case (see Table 2). Nevertheless, for air, Ny and
He, 7. increases with N. The poorest values of r, are those for helium.

25



‘00 ¢ N se poajuasardar st sofe)s
uorsredxo /uorssorduiod jo equinu ag1e]  Jo ased o, "6'6 = %t ‘}alo1d seSnjog o1 Jo SUIqIN]) SBS o1} UL Sb SAsED [[& UI USR] Sem
oryer amssoxd o1 T, (Y N) PAIOPISU0D ST UOIYRISULSAI OU ‘T=N Pue oY Jo as®d o) U] (¢ "S1q ut o211 uado ue Y)im payrew sjutod)
199lo1d se3N{0G 91} JO SoN[eA 90USISJI 9T} 0% 399dSoI YIIM SOIDUSIIIJO PIJeUIN)So 91} JO SUOIJRLIBA JATJR[OI 95eIUadIod g 9[qR],

CYTVT  29T'E€T 89L°TT €88~ 8LLLT- LSGTH- 0816 6€T9 126 T-  6IT'S  TI€S9 2
€9G'G-  LE0'E- TCeT-  986'T-  CE6'T  6SET  F6S'G-  IF6'T- €650°0  0£0°9-  970°C- U
7L9°0C  88€'LT  ©CO'0  SET'SE  €LE'GT  LZV0Z- T19°08  68F'ST G86°0-  9LF'ST  L96°LT il
0L6'6C 9S9°LT LLG'€ GVLL9 TET6E  F68°G- 8986 E€IL'EC 099°0- 9569 €39°TT l
0N T I 0N z aol N T I OO+ N ¢ N

0D o1 N ay A1 Py SUL{IOA\

26



533

534

535

536

537

538

539

540

541

542

543

544

() 0

r @
Q
o

0.35¢ (b)

0.30¢

0.25¢

0.20¢f

0.15¢

0.10¢

0.05¢

0.00t- . . . .
4 N 5 6 7 8

—_
N+
W

Figure 6: Evolution of the power output, P, and the solar share, f, with N. Open circles
show the values corresponding to the reference Solugas plant. The inset shows a zoom
with the behavior of air, No, and CO2 with changing values of N.

The power output is much larger for He that for the other fluids as dis-
played in Fig. 6(a). This is an effect associated to the conditions in which
we are comparing the results for the different fluids. Helium has a molar
mass much lower than air or the other fluids and on the contrary a constant
pressure specific heat about 4 times larger than them (see the mean values
in Table 1). The numerical magnitude of power output is proportional to
mc,. As we are assuming that the working fluid mass flow is the same for
all fluids, power output for He is for V = 1 larger than for the rest of consid-
ered fluids in the same proportion that ¢,. This effect is amplified for larger
values of N due to the heat input in the reheaters between turbines. For
the other fluids power output increases with /N up to approximately N = 3.
For larger N power output remains almost constant. The increase is larger
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for air and nitrogen. The inset in the figure shows that for N > 2 expected
power output is larger for Ny than for air.

The solar share, f, (Fig. 6(b)) decreases for all fluids with the number of
compression/expansion stages. This is associated to the increase of heat in-
put from combustion in the intermediate reheaters between turbines. Largest
solar share is observed for COy and N = 1, where f ~ 0.35. On the other
side, solar heat input for helium is always very small. Thus, in order to in-
crease the fluid temperature from the compressor outlet to the turbine, the
heat input from the combustion chamber is the most important term. The
solar subsystem size (aperture area) in the reference plant is undersized for
He and in consequence, the fuel conversion efficiency, r., is low.
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Figure 7: Sensitivity of some plant temperatures to N: T5, compressors outlet tempera-
ture; Ty g, solar collector working temperature; T/, temperature of the fluid after absorb-
ing the solar heat (shown in dotted lines in the bottom left plot); T, fluid temperature
after regeneration; and T}, gas temperature at the output of the regeneration hot stream.
Open circles show the values corresponding to the reference Solugas plant. In the case of
He and N=1 no regeneration is considered so the corresponding points in 7}, and T does
not appear in the plots.

Several cycle temperatures are depicted in Fig. 7. The temperature at
the compressors exit, T, decreases with N and reaches very high values for
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He, especially for N = 1. This is the reason why regeneration in this case
(for the considered value of the pressure ratio, r, = 9.9) is meaningless. For
all the fluids, as N increases, the values of T, decrease, because intercooling
between compressors makes the temperature decrease before the fluid enters
the following compressor. The effective temperature of the solar collector,
Txs and the temperature the fluid reaches after the solar heat input, T,
always increase con N and are larger for CO,. Except for He, all numeri-
cal values are above 1000 K. Lowest values are reached for He. From the
viewpoint of the solar receiver, this means that helium is a good refrigerant.
Temperatures of the fluids after regeneration in the cold part of the cycle,
T,, are relatively high in all cases, although decrease with /N. This makes
feasible to combine the Brayton cycle with a bottoming one as a Rankine
in order to take advantage of residual heat. This conclusion is valid for any
working fluid.
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Figure 8: Specific fuel consumption as a function of N. The open circle shows the value
corresponding to the reference Solugas plant.

Specific fuel consumption, my, assuming natural gas fueling is shown
in Fig. 8. Fuel consumption is larger for He, specially for N = 1, where
no regeneration is assumed. For Ny and air, the model predicts about 135
kg/(MWh) for N = 1 and smaller values for larger N. The main reduction
is got in the change from N =1 to N = 2. In the case of CO,, my is almost
constant. Its numerical value is around 115 kg/(MW h). The fact that in
all cases my decreases with N means that in spite of the fueling required
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by intermediate reheaters, the cycles takes advantage of regeneration. This
is shown by the increasing behavior of the temperature of the fluids after
regeneration in the heat absorption process, T, (plot at the top right in
Fig. 7).

5. Optimum pressure ratios for each fluid

Up to now we have assumed the same pressure ratio for all fluids, partic-
ularly we took the experimental one, 7, = 9.9, of the gas turbine employed
in project Solugas. The aim of this section is to analyze simultaneously
three ingredients in order to seek for optimum plant designs: working fluids,
number of compression/expansion steps, and overall pressure ratio. Different
efficiencies have been calculated considering the pressure ratio as a variable
up to r, = 20.
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Figure 9: Overall plant efficiency plotted against the pressure ratio for the considered
working fluids. Several multi-step configurations are considered. In the case of He and
N =1 (top left figure) regenerative (solid line) and non-regenerative plant configurations
are plotted (dashed line). The reference efficiency of the Solugas plant is shown for air as
an open circle.
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Overall plant efficiency is displayed in Fig. 9. In the case of He two
configurations were checked for N = 1, with and without regeneration. When
regeneration is considered, optimum pressure ratios leading to the highest
efficiencies are around 7, = 4 , leading to  ~ 0.37. Values of r, above 8
leads to worse efficiencies than for the non-regenerative configurations. The
highest value of n in the case N = 1 when regeneration is not incorporated
is obtained for r, = 8, n = 0.31. This means that the incorporation of
regeneration increases overall efficiency about 20%, provided that a lower
value of the pressure ratio is considered.

For air and nitrogen the curves for 7 monotonically increase with r, ex-
cept for the single stage configuration, where there is a quite flat maximum
between values of 7, in the interval 6 — 10. In the case of CO, always an
increase of the pressure ratio leads to larger values of efficiency, although for
N =1, n is almost constant above r, ~ 10.
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Figure 10: Fuel conversion rate, 7., against the pressure ratio, r, for the considered
working fluids. In the case of He and N = 1 (top left figure) regenerative (solid line) and
non-regenerative plant configurations are plotted (dashed line).

Fuel conversion rate, r., for all the working fluids, has a narrow maximum
(see Fig. 10) for low values of r,. For He this maximum is below the values
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of r. for multi-stage configurations. Curves of n and r, are very similar due
to the scarce solar heat input for this fluid with the considered aperture
area. On the other side, for COy, r. for N = 1 is larger than for any other
configuration and any other value of the pressure ratio (r. = 0.68). Air
and nitrogen are intermediate cases: values of r. for N = 1 and low r, are
similar than those for multi-stage configurations and larger 7, values. For
configurations with N > 2 there is a wide interval of values of r, leading
to good fuel conversion rates. Except for He, small r, values lead to higher
values of 7, for plant layouts with /N small. As r, increases an inversion point
is reached (7, between 6 and 8, depending on the fluid) from which higher N
leads to higher values of rp, i.e., the increase on power output compensates
the increase of fuel consumption.

Figure 11 contains the evolution of the power output curves. These curves
are always monotonic for multi-stage configurations. For N = 1, air and
nitrogen display a shallow maximum about r, ~ 10. This point corresponds
to the design point of Solugas project. Helium shows a maximum for r, ~ 5.

[ S I e S ]

Figure 11: Power output, P, against the pressure ratio, r, for the considered working
fluids.
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Figures for the specific fuel consumption, my, are not shown because are
essentially the reversal of those for r.. The maxima turn to be minima and
the increasing behavior of most curves with r, turns to be decreasing. To
have a numerical idea, minimum my is got for COy, N = 1 and r, = 5,
mys = 108 kg/(MWh). For air and nitrogen minimum fuel consumption is
reached at similar conditions and is about 120 kg/(MW h).

6. Predictions for two-stages compression cycles

In the previous section was shown that there exist a considerable in-
crease on plant output records from single-stage configurations to two-stage
configurations. The subsequent improvement for a higher number of com-
pression /expansion steps is not so noticeable. Thus, in this section particular
predictions for two different plant layouts with two compressors and inter-
cooling (NN, = 2) are presented: two-stages expansion with reheating (N, = 2)
and single-stage expansion (N; = 1). As a function of the pressure ratio, the
overall plant efficiency, 7, for each fluid is always smaller for single expansion
(see Fig. 12(a)) than for two-stages expansion, irrespectively of the working
fluid. But it is noteworthy that for air and nitrogen the curves in the case of
Ny =1 have a maximum around 7, = 12, whereas for N; = 2 are monotonic
in all the surveyed interval for r,. In the case N; = 2, overall efficiency can
reach values slightly above 0.4 for air and nitrogen at r, ~ 20. For N, = 1,
Mmax can be about 0.36 - 0.38, depending on the fluid (see Table 3 for pre-
cise values). The power block efficiency, 7, can attain values around 0.5 for
Ny =2 and r, ~ 20, and 0.46 for air or nitrogen for N, =1 at r, ~ 10.

Fuel conversion efficiency, 7. (see Fig. 12(d)) behaves differently that over-
all efficiency. It is always larger (except for He) for N, = 2, N, = 1 than
for N. = N; = 2. Carbon dioxide leads to the best values of fuel conversion
efficiencies, specially for N, = 2, N; = 1 at low values of r, and also gives
reasonable good values of overall efficiency and low specific fuel consumption
(see also Fig. 13): e max = 0.70 and mymin = 108 kg/(MW h). Comparing
with air and nitrogen (that give similar numbers) in the same conditions,
carbon dioxide improves fuel conversion efficiency by 7.7% and decreases
specific fuel consumption by 8.5%. And comparing with the reference plant,
Solugas, overall efficiency increases 18.7%, fuel conversion efficiency 22.8%,
and specific fuel consumption diminishes 22.2%.

With respect to helium, in spite of the probably small size of the heliostat
field taken from the reference plant, overall efficiency could take values about
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Figure 12: Plant efficiencies as functions of the pressure ratio for different working fluids
(helium, orange; dry air, red; nitrogen, green, and carbon dioxide, blue) and two particular
configurations: Ny = N, = 2 (solid lines) and N; = 1; N. = 2 (dashed).

0.45 for Ny = N, = 2 and r, = 8, and about 0.40 for N; = 1, N, = 2 and
rp = 5. Fuel conversion rate is expected to be around 0.40 - 0.45, that are
numbers considerable smaller than those for air or carbon dioxide.

7. Conclusions

In this work a general thermodynamic model for central tower hybrid
Brayton thermosolar plants has been developed. The model is capable to
predict overall plant performance and other records in terms of the efficien-
cies of its subsystems: solar field and receiver, Brayton heat engine, and
combustion chamber. All the main irreversibility sources are included in the
model and it allows to analyze multi-stage compression and expansion and
recuperative or non-recuperative layouts. The model considers temperature
dependent specific heats of the working fluid. The main heat transfers and
so, efficiencies and power output, can be obtained in an analytical way. The
most important loss or irreversibility sources are incorporated to the model.
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Figure 13: Specific fuel consumption in terms of the pressure ratio for different working
fluids (helium, orange; dry air, red; nitrogen, green, and carbon dioxide, blue) and two
particular configurations: Ny = N, = 2 (solid lines) and N; = 1; N. = 2 (dashed).

For the Brayton subsystem both internal and external irreversibility sources
are considered. Output parameters depend on a not large number of pa-
rameters with clear physical meaning, so it is feasible to develop sensitivity
analysis and propose optimum plant configurations.

The model is validated by considering a real prototype plant of about
5 MW at design conditions (Solugas project, Seville, Spain) as target. Nu-
merical results are presented for several working fluids. First, a fixed overall
pressure ratio is considered (r, = 9.9) and the influence of four gas working
fluids at subcritical conditions (dry air, nitrogen, carbon dioxide, and helium)
analyzed for different multi-stage configurations. Two stage compression and
expansion configurations using air, nitrogen or CO, as working fluids are ca-
pable to increase overall plant efficiency about 17 - 20 % with respect to the
reference plant (Solugas). In the case of helium, overall efficiency increases
up to 40% but with a large increase of fuel consumption due to reheaters
between turbines. In this case, the aperture area of the solar field taken as
reference is undersized and solar share small. For the other fluids, the in-
crease of power output associated to multi-stage compression and expansion
compensates the increase of fuel consumption and so, the fuel conversion
rate improves. Also numerical values with larger number of compression and

35



692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

Tlmax Tp Te,max p Pmax p M f min Tp

(MW)  [kg/(MWh)]
Ref. 032 99 058 99 506 99 132 9.9
N,.= N, =2

Dry air 0.41 20 0.62 6 9.0 20 121 6
Ny 041 20 062 6 9.2 20 121 6
He 045 8 048 6 48.0 20 158 6
CO, 040 20 0.66 6 7.4 20 118 6

N.=2, N, =1

Dry air 0.36 12 0.65 5 6.4 20 118 5t
Ny 037 12 065 5 6.6 20 118 5
He 041 5 045 5 29.3 8 170 5
CO, 038 20 070 5 6.1 20 108 5

Table 3: Maximum values of overall efficiency (7max), fuel conversion efficiency (re max),
maximum power output (Pnax) and minimum specific fuel consumption (1m ¢ min) and the
corresponding pressure ratios for cycles with N. = 2 and one (N; = 1) or two (N; = 2)
expansion stages. The reference values of the Solugas project, denoted as (Ref.), are
included for comparison.

expansion steps are presented well as the theoretical limits in the eventual
case of an arbitrary large number of stages.

Afterwards an analysis of optimum plant configurations is performed.
Three ingredients are analyzed together: the working fluid, the number of
compression/expansion steps, and the overall pressure ratio. For single stage
layouts, the curves of the overall plant efficiency, 1, when plotted against
the pressure ratio, r,, have a maximum between 7, = 5 — 8 except for COs.,
but for multi-stage configurations, n increases monotonically with r, for all
fluids. The fuel conversion rate, that represents the plant power output with
respect to the energy input with an economic cost (fuel consumption), has
a maximum for single stage configurations, N; = N, = 1, at low values of
pressure ratio, 7, >~ 4 — 5. These maxima values are high, especially for CO,
that reaches almost 0.68. For this fluid, subcritical CO,, the region r, >~ 3—-7
is very favorable to get good fuel conversion rates.

An specific analysis was done for two-stages compression cycles (N, = 2)
including single-stage expansion (/V; = 1) and two-stages expansion (N; = 2).
The overall efficiency is larger with N; = 2, but this is opposite for the fuel
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conversion rate, r.. The fluid leading to higher values of r. is again CO, with
N. =2 and N, = 1, that attains r. ~ 0.7 at r, ~ 5. Comparing with the data
of the reference plant (Solugas, single stage, and working with air at r, =
9.9), overall efficiency increases 18.7%, fuel conversion rate increases about
22.8%, and specific fuel consumption decreases about 8.5%, giving values
about 108 kg/(MW h). These numbers suggest that the use of subcritical
CO4 with two compressors, intercooling, and single stage expansion could be
an interesting option for future plant designs. Although, of course a technical
study about turbomachinery details and also about other engineering and
economical issues should be developed.
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