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Nomenclature

BC — Brayton cycle; E__ — Exergy gain by the cooling air

g,air
in the cooler; E, — Input exergy; E, — Exergy of the working
fluid at j* State; E

Exergy loss by the working fluid in the cooler; E, | — Exergy

— Exergy loss in the cooler; E

1,Cooler 1, fluid

loss in the turbine; E, ., — Exergy loss in the compressor C1;

1,C1

E,.,— Exergy loss in the compressor C2; E, .. — Exergy
loss in the HTR; E, . — Exergy loss in the LTR; EoS -

Equation of state; GWP — Global Warming Potential; HTR
— High Temperature Recuperator; LTR — Low Temperature

Recuperator; ODP — Ozone Depletion Potential; Q, — Heat
input to the cycle; RBC — Recompression Brayton Cycle; S-
CO; — Supercritical carbon dioxide; T, — Ambient tempera-

ture; TIT — Turbine Inlet Temperature; T, — Source tempera-
ture; VLE — Vapor-liquid equilibrium; W_, — Power con-
sumption by compressor C1 ; W, — Power consumption by
compressor C2; W, . — Net power consumption by compres-

Jnet

sors; W, — Turbine power output; ¢,,., — Heat exchanger ef-
fectiveness; 17,, — Thermal efficiency.

1. Introduction

Increasing demand of electrical power raises a
global concern due to rapid depletion of fossil fuel. There-
fore, efficient conversion of heat to power is much needed
than ever before. Power generation systems utilizing low
grade waste heat or renewable sources are getting much at-
tention due to their potential to improve the efficiency of the
plant and ultimately reducing the harm caused to the envi-
ronment.

A literature survey shows increasing research in-
terest in supercritical carbon dioxide (S-CO,) Brayton cycle
(BC). Recompression BC layout using CO; as a working
fluid was initially proposed in 1968 by Feher and Angelino
reporting higher thermal efficiencies for low to medium
temperature sources [1, 2]. Many configurations of Brayton
cycle using S-CO; as a working fluid are found in the liter-
ature for various heat sources and applications from nuclear
to solar [3-6].

The cycle essentially takes the advantage of the
thermodynamic properties of CO; pertaining to its critical
point (T, = 31°C, P, = 7.38 MPa). Maintaining the state of

CO- near its critical point at the inlet of compressor signifi-
cantly reduces the compression work, ultimately improving

the overall efficiency of the cycle. However, operating S-
CO; BC in high ambient temperature regions poses a prob-
lem of cooling CO; to it critical temperature, hence, ad-
versely affecting the thermal efficiency of the cycle. This
issue can be managed by raising the critical temperature us-
ing CO2 based binary mixture [7, 8].

Invernizzi et al. studied various additives for CO,
to operate BC and found substantial improvement in the
thermal efficiency of the cycle [9]. Later Invernizzi ex-
tended the investigation and suggested the possibility of var-
ious additives for CO, based binary mixtures [10]. For
warmer regions, Seungjoon et al. performed preliminary
study on the selection of additives for s-CO, power cycles
with R-123, R-134a, R-22, R-32, C;Hs, and SFe. They con-
cluded that the BC perform better thermodynamically when
using CO2-R32 and CO»-C7Hsg binary mixtures as working
fluids instead of pure CO, [11]. Using solar energy as a heat
source, Manzolini et al. observed that BC utilizing CO»-
N204 and CO,-TiCls binary mixture has better thermody-
namic performance than conventional steam Rankine cycle
[8].

Recently, Haroon et al. performed detailed exergo-
environmental and economic analyses of the simple regen-
erative and partial heating bottoming cycles using CO»-
C7Hs binary mixtures as working fluid [12, 13]. They per-
formed analyses for warm ambient conditions and con-
cluded that the gain in energetic and exergetic performances
are higher for simple regenerative cycle than partial heating
cycle. The main source of exergy destruction in the cycles
were heat exchangers.

The literature review shows numerous studies in
recent past highlighting COg-based binary mixtures for
power generation cycles operating in warm ambient condi-
tions. This work is an effort to increase understanding and
exploit the role of CO»-based binary mixtures in supercriti-
cal Brayton cycles. In the current study, a recompression
Brayton cycle, RBC, layout is chosen due to its better ther-
modynamic performance in comparison to various other
layouts, like, compression cycle, simple regenerative cycle,
or partial heating cycle. Energy and exergy performances of
the cycle are investigated with cycle minimum temperature
equal to 50°C.

Energy analysis of RBC with pure CO,, operating
above critical point, is presented first, and the results are val-
idated with the data available in the literature. The effect of
cycle minimum temperature on its performance is also dis-
cussed. The selection of additive is a challenging process
and the appropriate selection of additive depends on multi-
ple factors, like, source temperature, turbine inlet tempera-
ture, ambient temperature, and environmental concerns.
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Toluene (C7Hs) is selected as an additive for CO-based bi-
nary mixture. The selection is based on the favourable rec-
ommendations found in the literature. Energetic and ex-
ergetic analysis of recompression Brayton cycle operating
with pure CO; and CO,-C;Hs binary mixture are presented
to compare the efficacy of the two working fluids for the
regions with warm ambient temperatures.

2. CO2-C7Hsg binary mixture properties

Literature highlights the possibility of multiple ad-
ditives for CO-based binary mixture [9-14]. Toluene
(C7Hs) is selected in this study due to its stability and com-
patibility with CO,, moreover, its small concentration raises
the critical temperature of the mixture to the desired level,
thus elevating the sink temperature to help cooling process
in hot environments [15]. It has low GWP, zero ODP and
thermally stable up to 400°C [16].

The study is carried out in Aspen HYSYS utilizing
Peng-Robinson (PR) equation of state (EoS) to calculate
thermodynamic properties. To validate the model, the va-
por-liquid equilibrium (VLE) data is obtained for CO2-C7Hs
binary mixture at 50°C and plotted in Fig. 1 along with ex-
perimental data [15-17]. It is evident from these plots that
the model works reasonably well.
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Fig. 1 VLE diagram of CO,-C;Hg binary mixture at 50°C.

Experimental data from [15-17] is plotted for the val-
idation of the model

]
=

[
w

o
o 17
=
— 15
o
g 13
@91
%
= 9
o
= 7
=
Y
Pure CO Pure C;H
3 2 7rg
30 60 a0 120 150 180 210 240 270 300 330

Critical Temperature (degree Celsius)

Fig. 2 VLE diagram of CO,-C;Hg binary mixture at 50°C.
Experimental data from [15-17] is plotted for the val-
idation of the model

Fig. 2 represents the plot of critical temperature
versus critical pressure of CO,-C;Hg binary mixture ob-
tained from Aspen HYSY'S and compared with available ex-
perimental data. The plot shows a good agreement of the
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simulated data with the experimental data for mixture com-
positions near the critical point of pure CO; from critical
temperature of pure COxtill nearly 70°C. The deviation from
the experimental data is apparent at higher concentration
levels of C7Hs that are not considered in this study.

3. S-CO2 Brayton cycle

Owing to the high thermal efficiency for medium
to high temperature source, various configurations of
recompression Brayton cycle (RBC), with pure CO; operat-
ing above its critical point, have been studied extensively in
past few decades [3, 18-23]. The RBC layout chosen for the
current study is shown in Fig. 3. In this layout, there are two
compressors and two heat recuperators. After leaving the
turbine at state 2, the working fluid experiences two consec-
utives heat recuperation processes, first in the high temper-
ature recuperator (HTR) and then in the low temperature re-
cuperator (LTR). After leaving LTR, the stream splits into
two, one goes to the “Cooler” where it rejects heat to the
sink and then compressed in compressor “C1” to cycle’s
high pressure. Air is used as a coolant for the cooling pur-
pose. The stream leaving C1 is preheated in LTR before it
is mixed with the second stream leaving the compressor
“C2”. The mixed stream at state 9 recovers heat in HTR
prior to heating in the Heat Source to desired turbine inlet
temperature (TIT ).

In the first part of the current study, the RBC layout
shown in Fig. 3 is investigated with pure CO, operating
above its critical point. The results obtained from simulation
are validated with the literature and the effect of cycle’s
minimum temperature on the thermal efficiency is studied.

The second part investigates the thermodynamics
improvements resulting from CO»-C7Hsg binary mixture. Fi-
nally, energy and exergy performances of both cases are dis-
cussed.

C1

Heat Source
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Flow
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Fig. 3 Recompression Brayton cycle configuration
4. Energy model

Energy efficiency of the cycle shown in Fig. 3 is
calculated as:

W, —W,

o =g (1)

where: W, |, W, .« and Q,, represent turbine power output,

net power consumed by both compressors and heat input to
the cycle, respectively.

The heat exchanger effectiveness ¢, is defined



for total hot stream as [24, 25]:

h, —h,
Eppx = ————
HEX hz _ h4c

: )
where: h, and h, are enthalpies of hot stream at the inlet of
HTR and outlet of LTR, respectively; h,, is the enthalpy of
the hot stream at the outlet of LTR based on the inlet tem-
perature of cold side stream. Therefore, in our case, h,, is the

enthalpy of the working fluid at pressure of state point 4 and
temperature of state point 6.

5. Exergy model

Exergy analysis is done by calculating exergy
losses in all the components of the cycle. Exergy of the

working fluid at any given state E'j is defined as:

E; =m, (hi -Ts; ) (3)

where: m;, hj

and s; represent mass flow rate, enthalpy, and
entropy of j" state point; T, is the ambient temperature in

Kelvin. Exergy input Ein to the cycle can be computed as:

Qin {1_ T_a

3

S

E =

n

(4)

where: T, denotes the source temperature (in Kelvin) and is
defined as:

T, = (TIT +273.15)+50. (5)

Losses due to irreversibility’s in each component
of the cycle are calculated as:

Er=(E-E)-W, (6)
Byt =We, —(Es —Es), 7)
Eco =We, —(Es—Eya ) (8)
Ey e = (E, —E5)—(Epp —Es), (9)
E, i =(Es—E4)—(E, — ). (10)

Cooler is air cooled and the exergy gain by the
cooling air, because of heat transfer, is estimated as [24]:

Eg,air =m, [(hout - hin ) _Ta (Sout —Siy )]air : (11)

Exergy loss by the cycle’s working fluid ( E,,ﬂuid)
during heat transfer process is calculated as [24]:

Eg, fuid = Map [(h4b —hy ) -T, (s4b =S5 )] - Eg,air' (12)

261

Temperature T, in Egs. (11) and (12) is in Kelvin.

Finally, the net exergy loss occurring in the Cooler can be
obtained by summing exergy gain by cooling air and exergy
loss by the working fluid in the Cooler.

E.I,Cooler = E.g,air + EI,fluid' (13)

6. Assumptions

Following is a list of assumed parameters in this
study [24, 26, 27].

1. Energy losses in the pipes are disregarded.

2. Turbine and compressors adiabatic efficien-
cies are 93 % and 89 % respectively.

3. Heat exchanger effectiveness is 95 % with a
minimum pinch point temperature is 5°C for
LTR and HTR.

4. A minimum approach of 10°C is used for
Cooler.

5. Cycle maximum pressure is 25 MPa.

6. Cycle operates above critical point of the

working fluid.
7. Model validation

To validate the results produced by the model sim-
ulated in Aspen HYSYS, the thermal efficiency of the S-
CO; RBC is calculated and validated with the published data
from Kulhanek and Dostal, Turchi et al. and Padilla et al.
[24, 26, 27]. Cycle minimum temperature is considered
32°C to match the condition used in the literature. Fig. 4 rep-
resents the plot of thermal efficiencies for turbine inlet tem-
peratures from 350°C to 850°C. It is evident from this plot
that the results are in good agreement with the literature,
therefore, the same model is used to extend the investiga-
tion.
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Fig. 4 Validation of results for S-CO, RBC with [24, 26, 27]
8. Cycle minimum temperature

S-CO; RBC is known to achieve maximum effi-
ciency if the conditions at the inlet of compressor C1 are
maintained close to its critical point (T,= 31°C, P, =
= 7.38 MPa), which is impossible to attain in the warm or
hot regions of the world with significantly higher ambient
temperatures. To quantify the drop in the performance of S-
CO2 RBC with increasing minimum temperature, thermal



efficiencies are calculated for a minimum temperature of
40°C and 50°C and plotted in Fig. 5. Thermal efficiency de-
creases with increasing cycle minimum temperature, as ex-
pected. However, the drop in thermal efficiency is large at
lower turbine inlet temperatures. For example, in compari-
son to thermal efficiency with T, = 32°C, data for T, =
= 40°C show a decrease of nearly 3% and 7.5% in efficiency
with TIT of 850°C and 350°C, respectively. On the other
hand, a decline of 6% and 21% is found for T = 50°C at

TIT of 850°C and 350°C, respectively.
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Fig. 5 The effect of cycle minimum temperature on thermal
efficiency of S-CO; RBC

9. Supercritical CO2-C7Hs binary mixture RBC

This section discusses the energy and exergy per-
formances of RBC with CO,-CsHg binary mixture as a
working fluid operating above its critical point. The cycle
performance is evaluated and compared with the perfor-
mance of the cycle using pure CO; for the same turbine inlet
temperatures and similar ambient conditions. The cycle is
investigated with cycle’s minimum temperature (at state 5
in Fig. 3) close to 50°C. The underlying idea of using binary
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mixture is to raise the critical point of the working fluid to
cycle’s minimum temperature, therefore, a 96% CO; and
4% C7Hg composition is selected.

9.1. Energy analysis

Energy analyses of supercritical RBC were carried
out with CO; and CO,-C7Hsg binary mixture at turbine inlet
temperatures of 350°C and 400°C. For the comparison pur-
pose, a constant heat of 1MW was supplied to both cycles
and keeping the minimum cycle temperature equal to 50°C.
Thermal efficiencies and related parameters of the cycles
were computed and shown in table 1. It is evident from the
data, that the RBC with CO,-C7Hs binary mixture perform
much better than RBC with CO. with nearly 11% improve-
ment in thermal efficiency. The net compression work for
both cycles is found nearly the same but the turbine output
is significantly higher for RBC with CO,-C7Hs binary mix-
ture. It is noteworthy that the net mass flow rate of the work-
ing fluid required per megawatt of net power output from
the cycle is significantly smaller for RBC operating with
CO,-C7Hs binary mixture, which means much smaller tur-
bomachines are needed and ultimately reduced capital cost.

The temperature-entropy diagrams of both cycles
with turbine inlet temperature of 400°C are presented in
Fig. 6 and Fig. 7. It is observed that the HTR is operating at
much higher temperature for the cycle using CO; only.
Moreover, the cycle using CO2-C7Hg binary mixture allows
uniform and gradual temperature drop in HTR and LTR (re-
fer to temperatures of state points 2, 3 and 4 in Fig. 6 and
Fig. 7). Although the equal amount of heat is provided to
both cycles (i.e. LMW), the Heat Source raises the tempera-
ture of the working fluid by nearly 120°C for the cycle using
CO,-C7Hs binary mixture, on the other hand, a mere 50°C
temperature rise occurs in the cycle with 100% CO.. This is
because the cycle using pure CO; requires larger mass
flowrate than the cycle using CO2-C7Hg binary mixture (re-
fer to Table 1).

Table 1

Energy balance of the RBC operating with pure CO, and CO»-C7Hg binary mixture as a working fluid

TIT°C Heat input, |C1 duty, | C2 duty, | Turbine output, | Net Work output, |Cooler duty, p’;‘ft,\/lm\/?/sz; Ilsl\g (;a\;grfgﬂ'tﬁi Tlgiiri?na(!;f-
' MwW MW MW MW MW MW ' '
kg/sec %
Working fluid (COz)
350 1.00 0.13 0.09 0.48 0.26 0.74 101 25.61
450 1.00 0.15 0.10 0.56 0.31 0.69 58 31.11
Working fluid (96% COz and 4% C7Hs)
350 1.00 0.12 0.16 0.57 0.29 0.71 22.5 29.29
450 1.00 0.11 0.15 0.60 0.34 0.66 18 33.54

9. 2. Exergy analysis

Exergetic performances of the cycles were con-
ducted by calculating the irreversibility losses using model
equations from Eq. (3) to Eq. (13). Fig. 8 presents a bar chart
showing a component-wise percentage loss in the input ex-
ergy due to irreversibilities. In general, for both cycles, net
exergy loss occurring in the heat exchangers (Heat Source,
Cooler, LTR and HTR) is relatively higher than in the tur-
bomachines (Turbine, Comp C1 and Comp C2). Moreover,
the exergy losses occurring in turbomachines by both cycles

are nearly the same, with maximum loss incurs in the Tur-
bine. Exergy loss occurring in the Heat Source is relatively
high for the cycle using binary mixture, however, signifi-
cantly higher exergy loss takes place in HTR for cycle using
CO; only. This due to the fact the HTR is operating at higher
temperature in the cycle using 100% CO,, moreover, a
larger temperature difference exists between its inlets and
outlets. Comparing the overall exergetic performance of the
two RBC cycles, the cycle using pure CO; as a working fluid
shows nearly 5% higher exergy losses than the cycle with
CO,-C7Hg binary mixture.
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10. Conclusions

Energy and exergy performances of recompression

Brayton cycle was performed. The cycle operated in warm
ambient conditions with cycle minimum temperature of
about 50°C. 96% CO, and 4% Toluene binary mixture was
used as a working fluid for RBC and results were compared
with the cycle operating with pure CO2. Key outcomes of
the investigation and concluding remarks are as follow:

e RBC with pure CO; offers maximum efficiency if the cy-
cle minimum temperature is maintained close to its critical
temperature (i.e. 31°C).

¢ Cycle minimum temperature cannot be maintained to CO,
critical temperature in warmer regions, and the overall
performance of the cycle drops significantly, especially
when the source temperatures are low. For example, cycle
thermal efficiency decreases by nearly 0.2 points per de-
gree rise in cycle minimum temperature with TIT of
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850°C which rises to 0.32 points when turbine operated at
350°C.

e CO,-C7Hg binary mixture provided favourable thermody-
namic properties, raising the critical point to desired min-
imum level. Due to thermodynamic properties of C;Hs, the
cycle maximum temperature was restricted to 400°C.

o When operated RBC with CO>-C7Hs binary mixture, the
thermal efficiency improved by nearly 14.5% and 8% with
TIT of 350°C and 400°C, respectively.

¢ RBC using CO,-C7Hg binary mixture requires much
smaller mass flow rate in comparison to RBC using pure
CO..

o Exergy analysis showed that the second law efficiency of
the cycle using CO,-C7Hg binary mixture is nearly 60%,
whereas, about 55% is found for cycle with pure COx.
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THERMODYNAMIC PERFORMANCE
IMPROVEMENT OF RECOMPRESSION BRAYTON
CYCLE UTILIZING CO2-C7Hs BINARY MIXTURE

Summary

The article deals with the energy and exergy per-
formance analyses of supercritical carbon dioxide recom-
pression Brayton cycle (S-CO; RBC). This cycle is known
to offer maximum efficiency when operating near the criti-
cal point of CO2, which is possible in low ambient temper-
ature environment but not in warm or hot ambient condi-
tions. CO,-C7Hg binary mixture is used to improve the ther-
modynamic performance of the cycle for warmer ambient
conditions. The percentage of C;sHsg in the mixture is se-
lected according to cycle’s minimum temperature, which is
assumed 50°C. When using CO2-C7Hg binary mixture, the
analysis shows that the thermal efficiency of the cycle is im-
proved by nearly14.5% and 8% for turbine inlet tempera-
tures of 350°C and 400°C, respectively. Moreover, exergetic
performance analysis reveals better performance of RBC
with CO,-C7Hg binary mixture.

Keywords: supercritical carbon dioxide, binary mixture,
recompression Brayton cycle, energy analysis, exergy anal-
ysis, toluene.
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