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ABSTRACT

This paper focuses on the use of the CO3 + SO; binary mixture as innovative working fluid for closed transcritical
power cycles with a minimum temperature above 50 °C. Starting from a literature review of the available
experimental data on the mixture, the PC-SAFT EoS is identified as a suitable model to characterize the mixture
behavior. Once the proper thermodynamic model is selected for this mixture, a comparison between the inno-
vative transcritical cycle and the sCO; cycle is proposed for various plant layouts in order to find out the ad-
vantages of the innovative mixture. The analysis is presented fixing the cycle maximum temperature at 700 °C
and the maximum pressure at 250 bar: the results depict an increment in cycle electric efficiency and cycle
specific work, along with a lower temperature of heat introduction in the cycle for any considered configuration
of transcritical CO + SO cycle, when compared to pure sCOx.

An economic analysis of the power block is then performed to support the selection of the innovative working
fluid. Two of the most promising plant layouts are evidenced: the recompression layout is selected for highly
efficient power blocks, while the dual recuperated layout works effectively in applications characterized by
higher hot source exploitation. The recompression layout adopting the CO2 + SOy mixture presents a power
block electric efficiency of 48.67% (2.33% higher than the respective sCO3 cycle) and a reduction of the power
block CAPEX from 1160 $/kW¢j to 1000 $/kW, when compared to the sCO2 configuration for a 100MWy size,
while the dual recuperated layout exploiting the CO2 + SO mixture shows a power block electric efficiency of
39.58% (0.69% above the same sCO; cycle), a decrease of power block CAPEX from 795 $/kW,; to 718 $/kW;
and 70 °C of additional heat recovery from the hot source with respect to the analogous sCO; cycle.

1. Introduction

Among the many renewable energy technologies, concentrated solar

Considering the current state of the art of power cycles based on this
technology, molten salts are used as HTF (with maximum temperatures
of 565 °C) and the steam Rankine cycle is employed in the power block

power (CSP) is one of the most promising due to the adoption of thermal
energy storage systems that allow a flexible electric load regulation.
Unfortunately, nowadays, if compared to other non-dispatchable tech-
nologies (i.e. PV, wind) it is far from being competitive from economic
point of view [1].

Most of the recent studies on CSP plants design and optimization
focused on the development of advanced thermodynamic cycles that
reduce the LCOE by increasing the conversion efficiency of heat into
electricity and reducing the cost of the power block. This goal can be
achieved both adopting innovative working fluids, different from steam,
and increasing the maximum temperature of the power cycle.
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[2]. The typical steam cycle used in CSP applications exploits a signifi-
cant number of bleedings to increase the feedwater temperature in order
to couple the cycle characteristics with the one of the hot source,
resulting in an high specific costs of the power block [3]. It is also
characterized by a high thermal inertia that promotes slow transients
and it exploits condensation at pressures below the atmospheric one. To
overcome these problems, the supercritical carbon dioxide (sCO3)
Brayton power cycles has been studied as valid alternative to steam
cycles, due to a higher cycle efficiency at medium to high maximum
temperatures (500 to 700 °C) along with compact size and a simpler
layout of the power cycle [4]. Moreover, studies have confirmed the
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lower costs and higher performances of sCOy cycles compared to the
Rankine cycle if adopted in waste heat recovery cycles [5], gas turbine
bottom cycles [6] and nuclear [7] applications. Due to these favorable
characteristics, different projects have studied how to improve the
performance of CSP power plant by replacing traditional steam Rankine
cycles with sCO3 cycle. The U.S. Department of energy (DOE) launched
the Sun Shot program in 2011 with the aim of reducing the cost of CSP
power plants by adopting sCO» cycles [8]. Another project, in China,
works on the retrofit of a traditional 10 MW CSP power plant with the
sCO;, cycle [9].

The majority of the published research on sCO, cycles considers the
compressor inlet conditions close to the critical point (i.e. 31 °C and 74
bars) in order to take advantage of the higher CO, density in that region,
a condition that minimizes the compression work. On the other hand,
this condition would lead to a considerable difference in the specific
heat of CO, between the low- and the high-pressure side of the recu-
perators, increasing the irreversibility during the heat exchange recu-
perative process. To overcome this problem, it is possible to adopt the
recompression cycle as power block configuration, or any other similar
variations in the power block layout as the split cycle suggested by
Dostal et al [7] and Crespi et al [10], among the many. Nevertheless, the
cycle efficiency of sCOy cycles drops when the compressor inlet tem-
perature increases: this condition occurs when a cooling medium at low
temperature (i.e. below 20 °C) is not available to cool the sCO, flow
close to the critical temperature in the heat rejection unit of the power
cycle [11]. Notably, in typical CSP locations where the ambient tem-
perature can be up to 30 °C or 40 °C during peak summer days, the
adoption of an air-cooled heat rejection unit is usually the only config-
uration for the power block. At these ambient conditions, the
compressor inlet temperature rises and higher compressibility factors of
CO during the compression step lead to a growth in compression work
and a drop in cycle efficiency [12].

To address this issue, Lin et al [13] modified the configuration of the
sCO, recompression cycle which proved to be less sensitive to in-
crements in compressor inlet temperature; the modification proposed
yielded 1.92% of cycle efficiency increase with respect to typical sCOy
recompression cycle at compressor inlet temperature of 50 °C.

An alternative to the modification of the plant layout to increase the
cycle efficiency can be the adoption of CO, based binary mixtures,
substituting pure CO; as working fluid for the power block: the rationale
of this approach is to increase the critical temperature of the working
fluid in the range between 70 °C and 120 °C by adding a certain amount
of a specific dopant, hence turning the supercritical cycle into a tran-
scritical one. Therefore, it would become possible to use a pump instead
of a compressor in the compression process. In recent years, some works
explored CO, mixtures as working fluids for low grade heat recovery
[14], medium to high grade heat recovery [15] and high temperature
like nuclear application [16]. Liu et al [17] considered the CO, +
cyclohexane, CO5 + propane, CO5 + butane, CO5 + isobutane and CO,
+ HjS mixtures as candidate working fluids and assessed the perfor-
mance of the power cycle at different ambient temperatures. It was
found that power cycles operating with CO»-based binary mixtures yield
better efficiencies under higher ambient temperature compared to sCO2
Brayton cycles, even though no analysis of the thermochemical stability
of the selected additives at turbine inlet temperatures (i.e. 550 °C) was
carried out. Guo et al [18] recommended CO5 + Xenon as suitable
mixture to enhance the cycle efficiency of sCO, Brayton cycle integrated
with a solar tower CSP plant: nevertheless, this solution does not turn
the supercritical cycle into a transcritical one, maintaining the
compression in gaseous phase. CO; + Toluene and CO3 + R32 mixtures
have also been proved good candidates to achieve a higher cycle per-
formance than pure sCO; cycles in hot climates [19], even if their
thermal stability is limited to temperatures well below 550 °C. In
addition, Rath et al [20] proposed a multi-fluid mixture models to
accurately calculate the properties of 135 CO, mixtures and used these
mixtures as working fluids in power cycles: the study focuses on
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screening of most suitable CO, mixtures to increase the cycle efficiency
of traditional sCO2 cycle, but it overlooked the significance of the
thermal stability of additives at cycle maximum temperature of 500 °C.

The concept of the adoption of binary CO2 mixtures for closed cycles
is also proposed in the SCARABEUS project, an EU Horizon 2020 project
which aims at improving the cycle efficiency and reducing the LCOE of
CSP plants adopting CO, blends as working fluids in power block [21].
With respect to the various previous investigations already mentioned
about COy mixtures, the SCARABEUS project is interested in finding
mixtures to be used only for transcritical cycles (where a condenser is
adopted as heat rejection unit and a pump is adopted in the compression
step), and a considerable attention to the thermal stability of the dopants
is paid, considering only COs-based mixtures thermally stable at least up
to 550 °C.

Within this new perspective Bonalumi et al [22] considered TiCl4 as
possible dopant, finding a 5% gain in cycle efficiency with a simple
recuperative cycle and a 3% gain in cycle efficiency with a recompressed
cycle using CO» + TiCly as working fluid with respect to sCO3 at cycle
maximum temperature of 550 °C. Manzolini et al investigated the CO5 +
TiCl4 and CO3 + N204 mixtures as working fluid in simple recuperative
cycles for a CSP power plant located in Las Vegas (US) and Seville
(Spain). The studies demonstrated that the selected CO, blends out-
performs the sCO5 cycle and conventional steam Rankine cycle in terms
of cycle efficiency [23] and LCOE [21].

Nevertheless, the studies previously mentioned adopted simplified
models for the calculation of the mixture thermodynamic properties (as
the standard Peng Robinson equation of state) which were calibrated
only on few experimental VLE (vapor liquid equilibrium) data: as a
matter of fact, to improve the accuracy of these models, a wider vali-
dation of the variables computed by the equations of state (EoS) against
the experimental data is required.

However, in the selection of the most suitable CO5-based mixture,
the cycle efficiency is not the only important parameter to consider:
some other aspects related to the toxicity and the flammabilty limits of
the working fluid are crucial. Under this perspective, the mixture CO3 +
CgFg has been studied in the SCARABEUS project and identified as one of
the most promising CO»-based mixture for transcritical cycles. Di Mar-
coberardino et al [24] proposed the analysis of the simple recuperative
transcritical cycle employing this mixture: the emphasis of this work is
on the sensitivity analysis of the resulting performances varying the
equation of state used to model the thermodynamic variables of the
working fluid. The authors found that the choice of the EoS is of para-
mount importance in the cycle modeling, as the final results are influ-
enced by the EoS adopted: for this reason, a detailed knowledge of the
mixture behavior is necessary.

In this work the thermodynamic properties of the CO, mixture which
adopt sulfur dioxide (SO2) as dopant are computed and compared to
experimental data. In particular, the performance of the COy + SO,
blend as working fluid in power blocks is assessed with both thermo-
dynamics and economic indicators assuming a cycle maximum tem-
perature of 700 °C. The thermodynamic behavior of the mixture is
modelled using three well-known EoS calibrated on available experi-
mental VLE data, while the selection of the most suitable EoS is based on
the comparison of some computed thermodynamic variables (densities,
speed of sound, residual specific heat and inversion curves) with avail-
able experimental data. Since the CO3 + SO, mixture has been already
studied as a mixture of interest in the carbon capture and storage field, a
larger amount of experimental data are available with respect the CO, +
CeFg mixture, enabling a more detailed optimization procedure of the
EoS on experimental data.

Sulfur dioxide is selected as a promising working fluid due to its
thermal stability even at high temperatures: as a matter of fact, it is
usually produced during combustion of coal in coal-fired power plants
and can be produced during volcanic eruptions, two conditions where
the exhaust gases reach very high temperatures. From a molecular point
of view, it presents two strong S-O double bond (having 522 kJ/mol as
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average bond energy), a chemical bond considered stronger than the C-F
bond (which has 485 kJ/mol as bond energy). For these reasons, in this
work, the CO2 4+ SO, mixture is investigated up to 700 °C, where the
CO4 + CgFg is not considered thermally stable. In addition, sulfur di-
oxide is not a flammable gas, it does not react with air, water nor CO4
and its ozone depletion potential (ODP) is completely negligible. [25].
Further experimental tests are however required to verify the chemical
compatibility of SO, with the typical materials used in power block
components (stainless steel or Inconel). Finally, the presence of sulfur
make this compound toxic (with toxicity level of 3 according to NFPA
[26]), representing the only major drawback in the adoption of this
dopant. Nevertheless, as working fluid for closed cycles in CSP appli-
cation, the adoption of COz + SOz mixture should not pose significant
threats: the locations selected for CSP plant are typically arid and
desertic region, the leaks from the cycle are normally very limited and
the power block is placed in a confined and controlled environment with
constant ventilation.

The scope of this paper is the characterization of the thermodynamic
behavior of the CO2 + SO mixture adopted in power cycles as working
fluid. Some of the most important key performance indicators from the
thermodynamic perspective will be computed, and the overall cost
analysis of power cycles operating with the CO, + SO, blend will be
compared to the one representative of the sCO; cycle.

The analysis covers the following aspects:

e Optimization of EoS using experimental VLE data

e Selection of the most promising EoS by comparing the predictive
capability of different EoS

e Thermodynamic and economic assessment of transcritical power
cycle with CO2 + SO, mixture as working fluid

As per knowledge of the authors, many studies in literature do not
consider the aspect of accuracy of the EoS in calculating the thermo-
dynamic behavior of COy mixtures.

2. Thermodynamic properties of CO2 + SO, mixture
2.1. Determination of binary interaction parameter for EoS

The first step required for the thermodynamic modeling of COy
mixtures is represented by an accurate calculation of thermodynamic
properties in the temperature and pressure range of interest.

Among the several EoS which can be adopted, three EoS have been
selected and compared: 1) the standard Peng Robinson EoS (PR) with
soave alpha function [27], 2) the PC-SAFT EoS [28], 3) the REFPROP
inbuilt EoS (extended GERG-2008 EoS [29]). The selected equations of
state cover a wide spectrum of options: PR is an extensively adopted
cubic EoS (thanks to the limited amount of required input data and its
accuracy in VLE calculations), PC-SAFT is very versatile and proved to
be accurate for CO, mixtures and REFPROP (which is considered as a
reference tool in many studies to predict properties of pure fluids and
mixtures) can rely on a specific formulation of an Helmholtz EoS opti-
mized on this mixture. As previously mentioned, most of the literature
studies on CO2 mixtures used as working fluid in closed cycles did not
consider the evaluation of EoS performances, not identifying the most
accurate property model. This work aims at filling this gap by comparing
the properties predicted by three EoS and recommending the one which
demonstrates the minimum deviations from experimental data.

The Peng-Robinson EoS, used in numerous studies in past, only re-
quires the critical point temperature and pressure (T, P.;), the acentric
factor (w) and the molecular weight (MW) of each pure component. In
addition, an optional binary interaction parameter (k;) can be used to
completely describe the VLE properties of the selected binary mixture.

The PC-SAFT EoS is based on the perturbation theory, according to
which a molecule is modeled as a chain molecule with freely joined
spheres. This EoS requires three pure component parameters known as

Energy Conversion and Management 255 (2022) 115263

Table 1
Pure component parameters required in Peng Robinson EoS and PC-SAFT EoS.

Pure Ter P 0] MW PC-SAFT EoS parameters
fluid ° b.

ui Q) (bar) m B /K
CO, 31 73.8 0.2236  44.01 2569 2564 —121.05
SO, 157.6 78.8 0.2454 64.06  2.861 2.683 —67.80

segment number (m), segment diameter (6) and segment-segment
interaction energy (e¢/k). An additional binary interaction parameter
(kij) can be included, as for the PR EoS. All the required parameters for
the PR and PC-SAFT EoS are reported in Table 1 for both CO3 and SO,.

The last EoS considered is the extended form of GERG-2008 EoS
proposed by Neumann et al [29] to predict thermodynamic properties of
some CO, rich mixtures, such as CO2 + Ar [30]. It involves four pa-
rameters (B, Py Yry Yvy) O compute temperature and density
reducing functions.

The values of these parameters, presented in Table 2, are determined
by curve fitting with available experimental data and available within
the REFPROP database. The GERG-2008 EoS optimized with the binary
interaction parameters relative to the CO3 + SO2 mixture by Neumann et
al and implemented in the software REFPROP will be presented, in the
next figures and tables, in the abbreviated form “Refprop EoS”.

In this work the performance of sCO2 cycles will also be presented:
for pure CO, the reference EoS known as Span and Wagner EoS [31] is
used, since it covers a wide range of temperature and pressure and it is
the most accurate EoS available for this pure fluid [32].

The procedure developed in this work for the selection of the optimal
EoS can be summarized in the following three steps:

e PR and PC-SAFT are calibrated on sets of VLE experimental data (P,x,
y) available in literature (for the GERG-2008 EoS the binary pa-
rameters are already optimized) [33];

e The accuracy of the three equations of state is evaluated with
reference to experimental VLE data (P —p —T), densities, speed of
sounds, pseudo experimental residual heat capacities and Joule
Thompson inversion curves available in literature [34,35] for the
CO;, + SO, mixture.

e An overall index to identify the most accurate EoS is proposed and
used.

In this section the first of the three steps will be developed, as the
different equations of state presented are optimized using experimental
VLE data available in literature. The rationale is to compare the pre-
dictive capability of different EoS and identify the most suitable one for
the CO3 + SO, mixture.

The selected PR EoS and PC-SAFT EoS are non-predictive, as they
need to be calibrated using available experimental data: VLE data are
usually used for this procedure in literature. The typical approach well
known in literature involves fitting the EoS on the experimental VLE
data and finding the optimum value of binary interaction parameter
(BIP). In order to adopt this methodology, the experimental bubble
pressure and dew composition given by Coquelet et al [33] are fitted
using the selected EoS. Coquelet’s work was selected as its data covers a
wide range of operating temperatures (-10 °C to 60 °C) and composi-
tions, as the approach to determine binary interaction parameters on the
basis of isothermal (P,x,y) VLE data is the most common.

The accuracy of each EoS is assessed by computing the mean abso-
lute percentage error (MAPE), an index that indicates the deviation

Table 2

Binary parameters for REFPROP v10 inbuilt EoS.
CO, mixture /iTJ-]- /"V.ij 7T Tvi
CO; + SO2 1.0201 0.8899 1.0080 1.0058



usman
Highlight


E. Morosini et al.

Table 3
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MAPE for different EoS in the VLE calculations with respect to experimental data reported in [33]

Equation of state Binary parameter

MAPE of Ppyp,

MAPE 0f yew

—-10°C 60 °C Average -10°C 60 °C Average
PR EoS 0.0242 1.4% 0.6% 1.0% 0.3% 0.8% 0.5%
PC-SAFT 0.0121 0.8% 1.1% 0.9% 0.7% 1.7% 1.2%
REFPROP Table 2 2.0% 1.3% 1.7% 0.5% 1.7% 1.1%

between the computed value by the EoS and the experimental data,
presented in Eq. (1). For this optimization the MAPE of bubble pressures
(Ppup) and dew composition (ygew) are computed and shown in Table 3.

N

MAPE[%) = % >

i=1

Xros — Xexperimental

x100 (€Y)

Xexperimental

The result of the regression analysis returns the optimized value of k;;
that best fits the selected EoS. Aspen Plus v.11 [36] is used to perform
this regression analysis. As previously mentioned, no optimization was
carried out for the REFPROP EoS, since the EoS already includes binary
interaction parameters. The optimized value of k;; for all EoS calculated
in this study are reported in Table 3. The graphical representation of
experimental VLE data and fitted EoS on P-xy plane is shown in Fig. 1.

2.2. Equations of state validation and comparison of the results

Once the selected EoS have been calibrated on the mixture real VLE
behavior, they are also evaluated on different sets of experimental data
available in literature. In order to perform this analysis, VLE data (in
P —p —T form) and densities from Gimeno et al [34] are considered along
with densities, speed of sound, inversion curves and pseudo experi-
mental residual specific heat from Nazeri et al [35].

The methodology proposed will evidence the EoS which reports the
lower deviation from experimental data.

Fig. 2 and Fig. 3 show P —p —T data, reported by Gimeno et al [34],
compared to the modelled values from the three EoS. The corresponding
MAPE in bubble and dew point properties for the three equations are
shown in Table 4. All the selected EoS are reasonably accurate in pre-
dicting bubble and dew point pressures and densities. Comparing the
densities computed, it must be noted that PR EoS shows a good agree-
ment in bubble point densities if compared to the values from PC-SAFT
and REFPROP. It must be pointed out that the prediction of the bubble
point density is very relevant for the calculation of the compression step
in a thermodynamic cycle, strongly affecting the cycle efficiency.

The graphical comparison of experimental liquid densities of the

100
@ Experimental points
90 ——PC-SAFT EoS
80 - -PREoS
------ REFPROP

Pressure [bar]

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
CO, molar fraction

Fig. 1. Comparison of predicted VLE by the selected EoS with experimental
data at two temperatures. Experimental points are taken from [33]

mixture from Gimeno et al and the computed values by the EoS for a CO»
molar composition of 80% is illustrated in Fig. 4 and the corresponding
MAPE for both the 80% and 90% molar CO, mixture are reported in
Table 5. Among the three models, PC-SAFT EoS shows the best accuracy
in predicting liquid densities of the mixture. In addition, a comparison
with density data of Nazeri et al for 95% molar CO2 mixture also reveals
minimum deviations for the PC-SAFT and the REFPROP EoS, as pre-
sented in Table 6.

The same approach is developed with some calorimetric variables,
comparing the values computed by the EoS and the reference experi-
mental data from literature [34]. The considered variables include the
speed of sound, the residual specific heat and the inversion curve of the
mixture: their expressions are reported from Equation (2) to Equation
(4). The inversion curve is a locus of thermodynamic conditions indi-

cating where the residual enthalpy (Ahesigua = fé’ v 7T~§7‘T’ dP) presents a
minimum.

C, dP
N b sl 2
c C. dp 2)
-’ v
AC Jresidual = / T<<_) ) dP 3)
p.residual b T2 o)y

v ov
T 0T @

Fig. 5 and Fig. 6 compares the speed of sound and residual specific
heat with experimental data, while the corresponding MAPE are re-
ported in Table 7 and Table 8, respectively.

Considering the speed of sound in the liquid region for 80% molar
CO2 mixture, the comparison reveals a large MAPE, around 10%, cor-
responding to PR EoS. The PC-SAFT and REFPROP EoS have instead
MAPE lower than 2% at all temperatures.

100

90 | ---PRE0S (]
80 | | —PC-SAFTEos .
-~ REFPROP

70

60

50

40

Pressure [bar]

30
20

10

-20 -10 0 10 20 30 40 50 60 70
Temperature [°C]

Fig. 2. Comparison of bubble and dew point pressures among three EoS and
experimental data. Triangles show experimental points for 90% molar CO,
mixture, Solid circles show experimental points for 80% molar CO, mixture
from [34]
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(7]
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-20
0 200 400 600 800 1000 1200
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Fig. 3. Comparison of bubble and dew point densities among three EoS and
experimental data. Triangles show experimental points for 90% CO, mixture,
Solid circles show experimental points for 80% CO, mixture from [34]

Table 4
MAPE of predicted bubble point pressures and bubble point densities of CO, +
SO, mixture with respect to experimental data from [34]

Equation of state  Molar Fraction MAPE of bubble MAPE of dew point

point
Pressure Density Pressure  Density
PR EoS 80% CO 1.2% 3.7% 1.1% 2.4%
PC-SAFT 1.5% 2.6% 4.5% 3.7%
REFPROP 2.1% 1.9% 3.4% 2.5%
PR EoS 90% CO, 1.2% 3.8% 1.3% 1.9%
PC-SAFT 2.3% 2.0% 6.6% 5.4%
REFPROP 1.3% 1.7% 0.6% 2.7%
1250
1200
1150
£ 1100
oo
=3
Z 1050
@
c
CU
S 1000
950 o
009" ---PREOS
900 RS —PC-SAFT E0S
e e REFPROP
850
0 25 50 75 100 125 150 175 200

Pressure [bar]

Fig. 4. Comparison of predicted densities with experimental densities in the
liquid region for the CO5 + SO, mixture (80% molar CO5). Experimental den-
sities (scatter points) are taken from [34]

Table 5
Mean absolute percentage error (MAPE) of predicted densities of CO, + SO,
mixture with reference to experimental data from [34]

Equation of state Molar fraction MAPE of density

-10°C 0°C 20°C 31°C

PR 80% CO2 4.2% 3.8% 1.1% 1.8%
PC-SAFT 1.4% 1.6% 1.3% 1.6%
REFPROP 2.7% 2.8% 2.8% 1.2%
PR 90% CO2 3.3% 2.1% 1.4% 2.5%
PC-SAFT 1.2% 0.6% 0.7% 1.9%
REFPROP 2.9% 2.2% 2.1% 2.1%

Energy Conversion and Management 255 (2022) 115263

Table 6
Mean absolute percentage error (MAPE) in predicted densities of CO» + SO,
mixture with reference to experimental data from [35]

Equation of Molar MAPE of density
state fraction
400 350 300 250 200 150
bar bar bar bar bar bar
PR 95% CO4 3.7% 3.1% 2.9% 2.7% 2.8% 2.7%
PC-SAFT 1.0% 1.1% 1.2% 1.3% 1.4% 1.1%
REFPROP 1.3% 1.2% 1.1% 1.0% 0.8% 1.1%

Finally, the Joule Thompson inversion curve for a single temperature
(at 0 °C) and various mixture compositions is also computed and
compared with the experimental data, reported in Fig. 7. The REFPROP
and PC-SAFT EoS show good agreement with experimental inversion
pressures compared to the PR EoS. Nevertheless, due to the limited
number of experimental points and the single temperature reported, no
MAPE is presented for these calculations. The interest in fitting the
inversion curve with EoS used to model thermodynamic cycles lies in the
characterization of the trend of enthalpies, a crucial step for the defi-
nition of the power balance and the efficiency of the cycle.

1300
1200
1100
E
2 1000
>
o
w
2
S 900
e
(7]
8
& 00 - - PREOS
B
L7 ——PC-SAFT EoS
.
700 P I e E— REFPROP
600
0 200 400 600 800 1000 1200 1400

Pressure [bar]

Fig. 5. Comparison of predicted speed of sound with experimental speed of
sound of the CO, + SO, mixture (80%). Experimental values (scatter points) are
taken from [34]

2.0
200 bar

1.8 *
_ 16
~
oo
S
S 14
=
S
< 12
>
=
P o _ _ =
& 10 — —

< - -9 S P °
0.8
---PR EoS
0.6 —PC-SAFT EoS
REFPROP
0.4
0 20 40 60 80 100

Temperature [°C]

Fig. 6. Comparison of predicted residual C, with experimental residual C, in
the liquid region for the CO, + SO, mixture (95.03%). Experimental data
(scatter points) are taken from [35]
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Table 7
Mean absolute percentage error (MAPE) in predicted speed of sound of CO5 +
SO, mixture with reference to experimental data from [34]

Equation of state Molar fraction MAPE of speed of sound

-10°C 0°C 20° 31°C

PR 80% CO 11.2% 10.5% 10.1% 10.3%
PC-SAFT 1.7% 1.6% 1.5% 1.5%
REFPROP 0.6% 0.7% 1.0% 1.2%

Table 8
Mean absolute percentage error (MAPE) in residual specific heat of CO5 + SO,
mixture with reference to experimental data from [35]
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Table 9
Overall MAPE in different set of thermodynamic properties.
EoS MAPE
VLE Density Speed of sound Residual Cp Average
PR 1.1% 2.5% 10.4% 7.3% 5.3%
PC-SAFT 2.0% 1.4% 1.6% 7.2% 3.0%
REFPROP 1.5% 2.3% 0.9% 8.1% 3.2%

Table 10
Experimental uncertainties of the experimental data gathered for the analysis on
this work.

Equation Molar MAPE of residual specific heat
f stat fracti
of state TAClOn 400 350 300 250 200 150
bar bar bar bar bar bar
PR 95% 7.3% 4.6% 4.1% 5.8% 7.5% 14.6%
PC-SAFT CO, 11.4% 4.7% 4.2% 3.8% 5.5% 13.7%
REFPROP 7.2% 1.4% 3.3% 8.5% 11.0% 17.1%
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Fig. 7. Inversion curve at 0 °C for the CO5 + SO, mixture at different molar
composition. Experimental data shown by solid circles is taken from ref [34]

2.3. Identification of the most accurate EoS

The final scope of this section is to identify the most accurate EoS to
be adopted for the techno-economic assessment of the CO; + SO
mixture used as working fluid in closed cycles. With respect to the
approach adopted in literature, which uses only VLE data for the
assessment of the most accurate EoS, the comparison is here extended
also considering densities, specific heats and speeds of sound. For this
reason the identification of the most suitable EoS is more challenging,
since it can be difficult to combine MAPEs at different temperatures and
compositions for different set of properties and select the most accurate
EoS. Therefore, the properties of the mixture are divided into four cat-
egories: VLE, density, speed of sound and residual specific heat. A single
MAPE indicator is computed for each set of property incorporating all

uyrg [33] Upensity [35] Upensity [34] Usoundspeed | 34]

0.2% 0.2% 0.05% 0.06%

the data points at different compositions, temperatures and pressures.
Table 9 reports the overall MAPE for each category of experimental data
fitted by the EoS, along with an average MAPE computed considering
the four previous data.

According to the analysis of this work, the PR EoS is discarded due to
the poor capability of fitting some of the advanced calorimetric prop-
erties, while both the PC-SAFT and the REFPROP equations are evi-
denced as adequate models to be used for this mixture.

Considering the calculations of the PC-SAFT model on the densities
and the overall accuracy along the whole analysis, this model is selected
as the reference EoS for the remaining cycle calculations for this
mixture: as a matter of fact, PC-SAFT is the EoS that presents the lowest
average MAPE indicator, justifying its choice as selected model.
Regarding the VLE calculations, it must be reminded that the different
relative errors on these experimental data between the three models are
computed with modified equations fitted on the VLE quantities them-
selves (through the BIP): the precision of these calculations represent an
upper limit of the fitting capability for each adopted model.

Moreover, considering the magnitude of the MAPE computed, it is
important to account for the actual experimental uncertainty of the
experimental data: if the experimental uncertainty and the MAPE
computed with the EoS on the experimental data are of the same
magnitude, the comparison may be considered weak. Table 10 reports
the average experimental uncertainty reported in the works of Coquelet
[33], Gimeno [34] and Nazeri [35].

Being the experimental uncertainties an order of magnitude below
the computed MAPE by the EoS, the comparison between EoS based on
the fitting capability with experimental data can be considered valid.

In conclusion, using the selected PC-SAFT EoS, the global phase di-
agram of the mixture is computed and reported. It includes mixture
critical points and P-T envelope at different molar compositions as
illustrated in Fig. 8. The P-T envelopes allow to identify the critical point
locus of the mixture, which is important for the selection of the mixture
composition when the working fluid is used for transcritical cycles: as a
matter of fact, the pump inlet of the cycle is expected to be placed near
the bubble point conditions at a temperature lower than the critical one,
for any composition of the mixture.
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Fig. 8. P-T envelopes of the CO; + SO, mixture at various molar composition modelled with the PC-SAFT EoS. Rhombus points show the mixture critical points. The

flags indicate the CO, molar content.

3. Techno-economic assessment methodology

After the selection of the most suitable equation of state for the
mixture, this work analyses the potentiality of an innovative power
block adopting the CO2 + SO2 mixture as working fluid and compares
the performance of the cycle adopting the mixture against sCO5 cycles.
The authors considered the application of the innovative power cycle in
CSP plants with advanced solar towers achieving a maximum temper-
ature of the working fluid of 700 °C, as both sCO; and the CO3 + SO5
mixture are considered thermally stable at this temperature.

The comparison is performed in terms of both cycle performances
and economic performances.

The methodology adopted for the technoeconomic assessment is the
following:

o Identification of cycle layouts based on some typical configurations
found in literature

e Thermodynamic analysis to assess the cycle performances

e Evaluation of cycle costs based on a bottom-up approach (i.e. sum of
the single component costs)

Finally, the key performance indicators to compare the different
cases are defined.

3.1. Cycle layouts

Different cycle layouts adopting the CO5 + SO, mixture are consid-
ered and represented in Fig. 9. In this work, the same layouts are also
adopted in pure sCO cycles which are considered as reference cases. All
the selected cycle layout are taken from a previous work on sCO» cycles
[10].

The first layout, depicted in Fig. 9a, is the simple recuperative cycle:
it is the simplest layout with the lowest number of cycle components
(pump, recuperative heat exchanger, primary heat exchanger, turbine
and heat rejection unit). The reheated cycle, shown Fig. 9b, is then
considered as an option to increase the cycle efficiency by increasing the
average temperature of heat introduction into the cycle. The pre-
compression cycle proposed in Fig. 9¢c, instead, allows to expand the

flow in the turbine to a pressure below the pump inlet pressure: in this
layout the turbine outlet pressure is an optimization variable and the
temperature difference across the PHE inevitably increases, thus
requiring an additional compressor. Then, the recompression cycle
depicted in Fig. 9d is considered in this analysis, since it is the most
efficient between the ones studied for sCO5 cycles and widely adopted in
literature as a reference for CSP applications [37]. In addition to high
efficiency cycle layouts, heat recovery layouts are also considered in this
analysis: for this reason, the partial heating cycle, the dual recuperated
cycle and the cascade cycle are modelled (case (e), (f) and (g) of Fig. 9,
respectively). The partial heating cycle allows the introduction of heat
directly after the compression step in a fraction of the overall working
fluid, the dual recuperated cycle has the characteristic to preheat in a
recuperator only a fraction of the working fluid before the admission of
it into the PHE, while in the cascade cycle all the working fluid is pre-
heated in a recuperator, before the flow is separated in the splitter.

Heat recovery cycles focus on the reduction of the inlet temperature
at the PHE instead of increasing the cycle efficiency [38]: this can be a
relevant aspect in CSP plants when a large thermal energy storage is
employed and when the selected optimization strategy aims to achieve a
substantial number of equivalent hours of the power plant.

3.2. Thermodynamic analysis

The cycles simulations are performed in this work using Aspen Plus
v11. Within this environment, the PC-SAFT EoS for the CO; + SO,
mixture and the Span and Wagner EoS for pure sCO, are adopted as
explained in the previous section.

CO, molar fractions from 70% to 85% are considered for this
mixture: in general, the calculation of the locus of critical points of the
mixture (presented in Fig. 8) helps in the identification of the acceptable
range of molar fractions. In fact, a molar CO, composition higher than
85% would not allow for the condensation of the working fluid in a cycle
with the minimum temperature of 51 °C (as the pump inlet would be too
close to the critical point), and a molar CO2 composition below 70%
would have a critical temperature too high. Moreover, limiting the
dopant content is always preferable when considering CO,-based mix-
tures with not friendly dopants. The cycle maximum pressure, assumed
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Fig. 9. Power cycle plant layouts proposed in this work.

as the pressure at the inlet of the turbine, is varied from 200 bar to 400
bar: it is worth noticing that maximum pressures of 250 bar are typical
for these applications as they represent a technological limit.

The cycle maximum temperature is fixed at 700 °C in all the cases
(both for the CO5 + SO5 mixture and pure COs). As anticipated, this
temperature represents the target for the next generation CSP solar
tower power plants. Moreover, in order to reproduce the hot and arid
environments typical of CSP locations, a design ambient temperature of
35 °C is established and a corresponding minimum cycle temperature of

51 °Cis set along the entire analysis [23]. The temperature differences at
the cold end and hot end of the primary heat exchanger (PHE) are re-
ported in Fig. 10 as function of the working fluid temperature at PHE
inlet: the purpose of increasing the cold-end temperature difference in
the PHE at lower temperature is to increase the ATy, of the overall PHE,
aiming at a reduction of power block cost. All the other assumptions on
the non-idealities of the power cycle components are reported in
Table 11.
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Table 11

Assumptions on the power cycle performances.
Cycle minimum temperature 51°C
Cycle maximum temperature 700 °C
Compression Isentropic efficiency 88%
Expansion Isentropic Efficiency 92%
MITA (Minimum Internal Temperature Approach) of PCHEs 5°C
DP/P Main PHE 2%
DP/P Secondary PHE 2%
DP/P PCHE HP Side 0.3%
DP/P PCHE LP Side 1.5%
DP/P Condenser 2%
Expander electromechanical efficiency 98.7%
Pump/compressor electromechanical efficiency 97%

Air-cooled condenser auxiliary consumption 1.5% Qconp

3.3. Key performance indicators

Various cycle components are modelled within this work: pumps,
compressors, turbines, recuperators, PHE and condensers (or heat
rejection units for the sCO2 cycles). Under this perspective, turbines,
pumps and compressors are characterized by their power, while heat
exchangers by their thermal duty. The equations used to model the
various cycle components are presented in Eq. (5) to Eq. (10):

outlet,compression __ hinle&,compression)/n_
iso,compressor

)

PowerComprcssion = Mcompressed* (hisn

(hinlcl.cxpamion —h x)ul]el.expansion)
150

PowerExpansiun = mexpunded'

'niso,cxpandcr (6)

QIN,PHE — mPHE' (houlleLPHE _ hinlel,PHE) (7)

houllcl.PCHEHP _ hin]cl.PCHEHP)

QPCHE = thCHE.HP'( = thCHE.LP'(

QCondcnscr — mcondensed' (hmlel,condenser _ hou(lel,condenser) (9)

UApcus = @ (10)

ATMLPCHE
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The thermodynamic analysis proposed aims at exploring the trend of
four key performance parameters as descriptive of the overall thermo-
dynamic cycle performance. They are the gross cycle efficiency, the
cycle gross specific work, the temperature of the working fluid at the
inlet of the PHE and the relative size of the recuperators.

Three of the four indicators are defined as reported in Eq. (11) to Eq.
(13):

PowerExpu/uion - PowerCﬂmpresximt

Neycle = an

QIN,PHE

PowerExpmzxiwz - PowerComprE:sion

Wpecific,Cycle [kJ / kg ] = 12)

Mcycle

UA ci
UApcur/Qi[1/K) = % 13)

When defining the cycle efficiency, the power consumed or produced
during the compression and expansion phase is considered as mechan-
ical power, not including the electromechanical efficiencies of the
turbomachinery, and Qupur is the thermal power introduced in the
cycle by the hot source. Considering the gross cycle specific work, it is
computed with respect to the mass flow rate Mcompression during the
compression phase to make a consistent comparison between all the
plant layouts, including the ones characterized by two turbines. The
only exception being the recompression cycle, where two compression
phases and only one expansion phase are present: in this case the specific
work is computed with respect to the mass flow rate expanded Mg.gansion-

The relative size of the recuperators, UApcyr/Qn, accounts for each
recuperator UApcyg; dimension parameter, computed by Aspen Plus
with a 200 steps discretization of the heat exchanged domain.

Overall, the cycle efficiency is considered as the most important
descriptor of a thermodynamic cycle: as a matter of fact, the sCO5 cycle
is renowned as an efficient cycle, especially in case of the recompression
layout [10]. In solarized cycles the cycle efficiency directly determines
the size of the solar field itself, and therefore it is strictly related to the
specific CAPEX of the overall power plant and the LCOE. The cycle
specific work is important in closed cycle since it accounts for: i) the
overall working fluid inventory (generating an additional cost when
non-conventional working fluids are considered), ii) the mass flow rate
of the cycle itself (high mass flow rates increase the size of the cycle
components and their cost), iii) the environmental impact of any leakage
of the working fluid in case of leakages or damages. The third key per-
formance parameter, the working fluid temperature at the inlet of the
primary heat exchanger, is another crucial indicator of costs and ther-
modynamic performances in solarized cycle, since the lower the tem-
perature of heat introduction, the higher the temperature difference of
the HTF. In CSP plants, a high temperature differences of the HTF would
result in: i) an increase of the receiver thermal efficiency, due to a cor-
responding reduction of thermal losses between the receiver and the
environment, ii) a lower HTF flow rates at constant thermal input, thus
reducing the size and cost of the TES. Nevertheless, following the trend

inlet, (CHELP let, [CHELP
hit et,PC! _hnul et,PC ) (8)

of the Carnot efficiency, a lower temperature at the PHE inlet inevitably
reduces the cycle efficiency. The last parameter, the relative size of the
PCHE, expressed as UApcyr/Qin, accounts for the physical dimensions of
the recuperators: since the various plant layouts present significant
differences between each other, this parameter gives an indication of the
recuperators size, and consequently their cost.
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Table 12
Cost functions adopted in this work for the modelling of the CAPEX of CO,-based
power cycles.

Component Cost Function [M$] Reference
Turbine 3.49-182600-W[MW]|*>%%! Weiland, 2019
[39]
Compressor/Pump 1.23-W[MW]°'3992 Weiland, 2019
[39]
PCHE 49.45.UA[MW/K]*7>* Weiland, 2019
[39]
PHE 3.5-UA[MW/K] Carlson, 2017
[40]
Condenser 32.88-UAMW/K]"7® Weiland, 2019
[39]
Generator 0.1089-WMW]%5463 Weiland, 2019
[39]
Motor 0.3994-W[MW]*€% Weiland, 2019
[39]

Weiland, 2019
[39]

Fraction of Direct
Costs

All components except PCHE: 20%
PCHE: 5%

3.4. Economic assumptions

In a typical CSP plant the fraction of the overall power plant CAPEX
which accounts for the power block cost can vary between 15% and
30%, mainly depending on the TES dimensions and the power block
efficiency. Moreover, the proposed mixture presents some interesting
characteristics for which it can be adopted in various applications, not
only in solarized cycles. For these reasons the power block CAPEX is
investigated as crucial variable of interest. These costs are calculated
with a bottom-up approach: starting from the equipment cost as sum of
each component (i.e. pump, turbine, etc), the overall CAPEX is deter-
mined with an additional percentage to account for direct cost, such as
labor cost and transportation cost. Among the various reference cost
functions for supercritical CO5 cycles available in literature, the work by
Weiland et al [39] has been selected as, to the authors knowledge, it is
one of the most updated and based on a detailed review of cost functions
for sCO4 power cycles considering data provided by real vendors. The
single exception is represented by the PHE: since it is not possible to find
a cost function based on the UA parameter in Weiland, which is neces-
sary for this work, the cost function by Carlson et al [40] has been
selected. A more conservative results are hence expected on the PHE side
for this reason. Moreover, the cost function presented by Weiland for

Energy Conversion and Management 255 (2022) 115263

sCO, compressors is used in this work also for pumps, due to lack of
established references for thermal turbomachinery working with highly
compressible liquids slightly below the critical point. An overview of the
cost functions adopted is presented in Table 12.

The economic performance indicator adopted is the power block
CAPEX itself, as the integration of the power block in the CSP plant is
beyond the scope of this work. In future works the integration of the
cycle in the solar plant will be studied, as the identification of the
optimal configuration requires a complete economic assessment which
includes the LCOE calculation, which is the reference index for power
production plants.

4. Results

4.1. Cycle performance varying the maximum pressure and the molar
fraction

As a preliminary necessary step to properly present the thermody-
namic results of the power block, a sensitivity analysis on the cycle
maximum pressure and the choice of the mixture composition is pro-
posed in order to identify the best cycle layout and mixture composition.
From Figs. 11-14, the trend of performance indicators for both COy +
SO, mixture and sCO cycles is illustrated for all the considered plant
layouts.

Considering the results in Fig. 11 it can be observed that the adoption
of the mixture in the simple recuperative layout and in the reheated
layout does not provide significant improvements on the sCOy cycles
from a cycle efficiency perspective.

The most significant improvement of the CO2 + SO mixture with
respect to the sCO; cycle in terms of cycle gross efficiency occurs for the
recompression layout, with an increase of 2.1% (overcoming the 50%
threshold) assuming a maximum pressure of 250 bar. In addition, the
temperature of heat introduction decreases by 40 °C, the relative size of
the PCHE decreases by more than 20% and the specific work increases
by more than 25%. Combining these four aspects, the overall thermo-
dynamic analysis on the recompression cycle suggests that the adoption
of the mixture, with respect to the sCO5 configuration, would allow
significant improvements in the technoeconomic performances of the
power cycle and of the power plant in which the cycle is employed.

Similar considerations can be applied to the precompression layout:
a 0.5% cycle efficiency growth, a 40% reduction of the PCHE size and a
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Fig. 11. Gross cycle efficiencies computed for the various plant layouts and various compositions of the working fluid considered.
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Fig. 12. Working fluid temperature at the inlet of the PHE for the various plant layouts and various compositions of the working fluid considered.
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Fig. 13. Relative recuperators size of the power cycle for the various plant layouts and various compositions of the working fluid considered.
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Fig. 14. Cycle gross specific work for the various plant layouts and various compositions of the working fluid considered.

25% growth of specific work with respect to pure sCO2. Notably, the
specific work of the precompression cycle is the highest between the
various layout considered, since it is the only configuration where the
expansion ratio of the turbine is higher than the pump compression
ratio.

On the other hand, when it becomes necessary to decrease the
temperature of the hot source, plant layouts from the heat recovery
family can be also exploited (reported in Fig. 9(e, f and g)).

As a matter of fact, the previous analysis shows that the

11

recompression cycle permits only a 150-200 °C of temperature differ-
ence of the working fluid in the PHE: in heat recovery cycle configura-
tions, instead, this temperature difference is in the range of 420-480 °C,
three times higher, as presented in Fig. 12.

The dual recuperated and the cascade cycle present comparable re-
sults in terms of cycle efficiency: depending on the layouts, these two
heat recovery cycles achieve efficiencies between 41.0% and 41.5% for
maximum pressures of 250 bar and between 42.0% and 42.5% for
maximum pressures of 300 bar. The most considerable improvement
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that the mixture can bring with respect to the pure sCO, cycle is in the
heat introduction temperature, which can be up to 100 °C lower than the
one of sCO; cycle, assuming the same heat recovery plant configuration.
This difference can be mainly attributed to the lower temperature dif-
ference in the compression step of the transcritical cycle with respect to
the compression of pure CO», that occurs in the supercritical phase.

The cycle efficiencies computed in various conditions of cycle
maximum pressure also permits to identify the optimal mixture
composition: under this perspective, the composition of the CO5 + SO4
mixture equal to 85% of CO, molar content is selected as the optimal one
since it reaches the highest cycle efficiency in all configurations while,
unfortunately, increases the recuperator relative sizes and reduces the
specific work of the cycle. These last two characteristics are mainly
caused by the trend of the mixture molar mass, which decreases at high
CO;, content and at low working fluid complexity.

The partial heating cycle presents some peculiarities, as the cycle
efficiency of the transcritical cycle adopting this plant layout is the same
as the simple recuperative one. This is mainly due to the position of the
MITA in the recuperator: being the MITA on the cold end of the recu-
perator both in the partial heating cycle and in the recuperative cycle,
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the hot flow is cooled down as much as possible for the two cases. For
this reason, in the condenser the same amount of heat is rejected from
the cycle, and thus the cycle efficiency has the same exact value.
Moreover, the cycle specific work is also coherent with the one calcu-
lated in the simple recuperative cycle, while the heat injection occurs in
this layout starting from pump outlet: for these three reasons, most of
the characteristics of the partial heating configuration are not reported
in the graphical results.

4.2. Cycle performance for a state-of-the-art power plant

Once the comparison between the characteristics of sCO; cycles and
transcritical CO2 + SOz mixture cycles have been detailed in the pre-
vious chapter, a more detailed analysis is proposed focusing on the best
efficient molar composition, considering a CO, molar fraction of 85% in
the CO, + SO, mixture. In addition, the maximum pressure of the cycles
is set at a state-of-the-art maximum value of 250 bar. Under these as-
sumptions, the T-s diagrams of the power cycles considered are plotted
in Fig. 15: these T-s diagrams allow for a comparison between the
transcritical cycle working with the mixture and the sCO5 cycle for each
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Fig. 15. T-s diagrams of the selected CO5 + SO, mixture power cycles (left) and the respective sCO, cycles adopting the same plant layout (right). The dotted red

lines represent the hot sources.
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Fig. 15. (continued).

plant layout considered. In the diagrams the hot sources are also re-
ported in order to illustrate the different heat introduction temperatures
and the different cooling of the hot source for each configuration.

In addition to the T-s diagrams, the power balance of the power
cycles is reported in Table 13 and Table 14 for the innovative cycles
working with the mixture and the sCO cycles, respectively: the results
are shown assuming 100 MW as reference cycle gross power. The key
performance indicators previously described are presented in the power
balance, whereas the electromechanical losses and the auxiliary power
consumed by the air cooled condenser are also modelled, accordingly to
Table 11, in order to take into account the whole set of differences be-
tween the two working fluids: since supercritical sCO, cycles have a
higher compression work than transcritical cycles, than higher electro-
mechanical losses are computed. These two additional losses are indeed
included in the calculation of the power block electric efficiency, pre-
sented in the power balance.

Considering these results, all cycle layouts adopting the transcritical
configurations with the COy + SOz mixture can achieve a higher net
cycle efficiency than the respective sCO, cycles. Moreover, in case of
CSP applications adopting solar towers, the net electric efficiency of the
power plant would also account for the pump consumption for the HTF

13

recirculation: this aspect is additionally beneficial for the configurations
adopting the mixture, since all plant layouts experiences a higher tem-
perature difference across the PHE and therefore a more limited mass
flow rate of the HTF.

4.3. Economic analysis of the power block

A complete comparison between the innovative working fluid (the
CO3 + SO mixture) and pure CO; used as working fluid in power cycles
should also include some economic indicators. In this work, the capital
cost of each power block configuration is analyzed, as descripted in
Table 12. The results are presented accordingly in Fig. 16, considering a
cycle net power of 100MW,, 250 bar as cycle maximum pressure and
optimal composition for the mixture.

The adoption of the mixture always leads to a lower capital cost of
the power block compared to the corresponding sCO; cycle configura-
tion. Different reasons can explain this behavior: i) the compression of a
supercritical fluid is a more energy intensive process than the one of a
compressible liquid and therefore it brings to a higher cost of investment
in the turbomachinery, ii) the mass flow rate flowing in sCO; cycles is
higher than the respective transcritical counterpart working with the
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Performance of the power cycles working with the innovative CO5 + SO, mixture under the assumptions of Table 12 and a maximum pressure of 250 bar.

Transcritical CO5 + SO, Cycle — 85% Molar CO5 — Pyax = 250 bar

Simple Recuperative Reheated Recompression Precompression Cascade Partial heating Dual recuperated
Cycle Efficiency [%] 43.62 44.66 50.84 46.94 41.02 43.62 41.41
Specific Work [kJ/kg] 129 134 114 147 116 129 118
UApcur/Qmv [1/K] 0.044 0.047 0.162 0.065 0.101 0.102 0.059
UApye [MW/K] 9.32 11.4 9.17 8.49 7.3 11.78 7.40
T inlet PHE [°C] 453 521 513 437 251 - 270
Compression power [MW] 20.7 19.8 35.1 48.6 23.0 20.7 22.6
Expansion power [MW] 122.9 122.0 137.9 151.9 125.4 122.9 124.9
Heat rejected [MW] 132.1 126.6 99.5 116.7 147.1 132.2 144.8
Electro/mechanical losses [MW] 2.2 2.2 2.9 3.3 2.3 2.2 2.3
Heat rejection auxiliary [MW] 2 1.9 1.5 1.7 2.2 2 2.2
Power block electric efficiency [%] 41.81 43.87 48.67 44.65 39.22 41.81 39.58

Table 14

Performance of the sCO, power cycles under the assumptions of Table 12 and a maximum pressure of 250 bar.

Supercritical CO, Cycle — Pyax = 250 bar

Simple Recuperative Reheated Recompression Precompression Cascade Partial heating Dual recuperated
Cycle Efficiency [%] 44.01 45.11 48.79 46.57 41.34 44.04 41.10
Specific Work [kJ/kg] 111 115 95 115 97 112 97
UApcur/Qmv [1/K] 0.059 0.063 0.206 0.111 0.057 0.135 0.065
UApye [MW/K] 11.7 11.3 10.6 11.2 8.6 11.75 8.6
T inlet PHE [°C] 501 569 547 504 347 - 340
Compression power [MW] 45.0 42.9 50.9 59.0 39.9 49.6 45.5
Expansion power [MW] 148.4 146.2 154.5 163.0 143.0 153.2 148.9
Heat rejected [MW] 131.4 125.6 108.7 119.2 146.3 131.5 148.1
Electro/mechanical losses [MW] 3.4 3.3 3.6 4 3.1 3.5 3.3
Heat rejection auxiliary [MW] 2.0 1.9 1.6 1.8 2.2 2.0 2.2
Power block electric efficiency [%] 41.75 42.88 46.34 44.00 39.20 41.69 38.89

mixture, due to the different specific works, iii) a lower relative size of
the PCHE is generally computed in the cycles working with the mixture,
cutting the recuperators cost, iv) the heat introduction temperatures of
the sCO5 cycles are always higher than the ones of the respective tran-
scritical cycles, thus lower mean logarithmic temperature differences
are experienced in the PHE, increasing the PHE size and cost. For these
reasons the cycle components are negatively affected under a cost
perspective when the sCO; cycle is compared to the transcritical CO2 +
SO, mixture cycle.

Moreover, to better focus on the possible reduction in power block
specific costs, the economic analysis is presented in Fig. 17 for various
power block sizes, presenting similar relative cost reduction for all sizes.

4.4. Focus on the two most promising plant layouts: The recompression
and the dual recuperated cycle

While various plant layouts have been examined in the previous
sections, only two applications for power cycles have been identified:
the high efficiency cycles and cycles that aims at recovering heat from
the hot source. In this last section the most promising configuration for
each of these two categories have been selected and their results
presented.

Due to its high gross cycle efficiency (over 50% in the configuration
where the CO; + SO, mixture is adopted), the recompression layout is
selected as representative of the first category, while the dual recuper-
ated cycle is analyzed due to its low specific cost of the power block and
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Fig. 16. Breakdown of the power block capital cost in all the plant layouts proposed for sCO, and CO, + SO» (85% CO, molar content) configurations. The cal-
culations refer to 250 bar as maximum pressure and 100MW, of cycle net power.
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Fig. 17. Sensitivity analysis of the power block CAPEX for various cycle net electric powers: transcritical CO3 + SO (85% CO2 molar content) cycle (left) and sCOy

cycle (right).

the low heat introduction temperature. The last aspect is relevant for
CSP plants where a high share of the power collected in the solar field is
transferred to the thermal energy storage as well as for any other heat
recovery applications exploiting high temperature heat.

The CAPEX breakdown of these two configurations is detailed and
proposed in Fig. 18 and Fig. 19, respectively, for various molar com-
positions and maximum pressures: in general, the higher the SO, content
in the mixture the higher the cycle specific work (as shown in Fig. 14)
and thus a lower mass flow rate is needed for the cycle to meet the power
target. For this reason, the lowest specific cost is computed when the SO,
content is maximized. Moreover, higher maximum pressures favor
higher cycle efficiencies and hence lower specific costs of the power
block. Nevertheless, the range of maximum pressures reported in the
figures is limited between 200 bar and 300 bar: any pressure higher than
300 bar is generally not considered in these applications and no
consolidated cost functions for the high-pressure side components are
available.

5. Conclusions

In this work a comparison between supercritical CO, power cycles
and transcritical power cycles working with the CO2 + SO5 mixture is
developed. The interest of this analysis lies in the identification and the
thermodynamic description of an innovative mixture used as working
fluid for closed power cycles operating in arid environment, where the
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cycle minimum temperature is above 50 °C, a condition that negatively
affects the sCO, cycle performances. The analysis begins with a
comprehensive collection of various experimental data from literature of
the CO, + SO4: data of densities, VLE, speed of sounds and residual heat
capacities are compared with the calculated values by the Peng Rob-
inson EoS, the PC-SAFT EoS and the embedded EoS in the software
Refprop. In the second part of the paper, a complete thermodynamic
analysis of the various power cycles is carried out, while the third sec-
tion considers the economic analysis of the power block.
The outcomes of this work can be summarized as follows:

e The PC-SAFT EoS is assessed as a suitable and effective equation to
properly model the thermodynamic behavior of the COy + SO3
mixture.

Cycle simulations are proposed along with a wide selection of plant
layouts that shows significant potentialities both in the most efficient
power cycles and in heat recovery power cycle configurations. In
almost all the configurations considered the heat introduction tem-
perature of the innovative transcritical CO5 + SO cycle substantially
decreases with respect to the respective sCOy configuration, the
specific work increases, and the relative size of the recuperators
decreases.

From a cycle efficiency perspective, the recompression layout allows
for the most significant improvement in thermodynamic perfor-
mances with respect to sCO9 cycles, while the dual recuperated

W Secondary Compressor ® Main Pump / Compressor

85% CO, + 15% SO, Cycle sCO, Cycle

158

152 a
141 >

133
130 127 129

377 365

313 295 356 321 302

38 137 37
39 a1 38 36
‘ 114 115 113 ‘ i 115 ’—1316 ‘ ‘&4‘ 122 ‘ (120?
E B BN E-
I'58
250 300 200 250 300 200 250 300

Maximum pressure [bar]

Fig. 18. Resulting power block CAPEX breakdown for the recompression plant layout at various working fluid compositions and cycle maximum pressures for a cycle

net power of 100MW,;,
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Fig. 19. Resulting power block CAPEX breakdown for the dual recuperated plant layout at various working fluid compositions and cycle maximum pressures for a

cycle net power of 100MWy,

layout is presented as the most appropriate one for heat recovery
applications.

In the recompression configuration, the adoption of the mixture al-
lows for two percentage points increase in cycle efficiency (50.84%
versus 48.79%) than the respective sCO5 cycle with the same layout.
Regarding the dual recuperated layout, comparable values of cycle
efficiency are obtained, while a drop of 70 °C are obtained in the heat
introduction temperature of the transcritical cycle with reference to
the analogous sCO; cycle layout.

Considering reasonable values for the electromechanical and auxil-
iary losses, the transcritical COy + SO cycles shows a higher net
electric efficiency than the respective sCO, counterparts for a refer-
ence maximum pressure of 250 bar and a CO2 molar fraction of 85%,
for any cycle configuration considered.

An economic analysis of the power block is carried out, using cost
functions from the literature of sCO; cycles: the benefits of the
transcritical configuration are confirmed from the economic
perspective. Regarding the recompression cycle working with the
optimal CO3-SO5 mixture a specific CAPEX of 1000 $/kWg is ob-
tained, while a value of 1160 $/kW, is computed for the sCO; cycle
with the same cycle layout. Similarly, the specific CAPEX of the dual
recuperated cycle working with the optimal CO2-SO5 mixture is 718
$/kW,], an improvement when compared to the sCO5 cycle in which
the value is 795 $/kW for the same cycle layout.

Considering the findings of this work, the COy + SOz mixture is
evidenced as a promising one for closed power cycles. Others important
research fields for this innovative working fluid, different than CSP, can
be also identified considering the high thermal stability of the mixture:
for this reason, the application in high temperature heat recovery from
exhaust gases (in the temperature range above 700 °C, like in the
petrochemical, iron or steel industry [41]) can be beneficial from a
technoeconomic perspective.

The major findings of this work can be nonetheless interpreted under
a CSP perspective, where the higher fraction of the CAPEX (capital cost)
is divided into solar field, thermal energy storage (TES) and power block
costs.

Considering the operation of the power block in a CSP plant and
assuming a constant net power output, a cycle efficiency increase from
48% to 50% (similar to the benefit that would bring adopting the
recompression layout with the CO + SO, mixture) leads to a reduction
of the thermal power input by more than 4% which can be translated in a
smaller heliostat field by the same amount (the most expensive part of
the solar plant). Similarly, the thermal energy storage (TES) would also
reduce its size by 4%, since a lower HTF inventory would be necessary to
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deliver the heat from the receiver or the TES to the power cycle.
Therefore, the overall plant cost would reduce by around 4% in CAPEX
which results into lower LCOE. On the other hand, the cycle efficiency is
not the only important parameter: for example, a lower cycle heat
introduction temperature would lead to a reduction in the TES specific
cost, since a lower HTF flow rate would be necessary to transfer the same
thermal power, and a much lower auxiliary consumption for the HTF
circulation pump would be experienced.

For these reasons, depending on the applications of the innovative
transcritical cycle, future works could analyze the integration of the
power block with the solar power plant and the evaluation of the LCOE.
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