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1. Introduction

The EU aims to be climate neutral within 2050 with a long-term
strategy, and there is need for high-efficient technologies to meet
such ambitious goal. In this context, concentrating solar power
(CSP) is one of the most attractive technologies since it can
provide dispatchable electricity to the grid when coupled with
thermal energy storage (TES) system, although a large-scale

development is limited by significant
capital costs, which negatively affect the
levelized cost of electricity (LCOE).

CSP is expected to deliver up to 12% of
the global electricity by year 2050.[1] To
achieve this ambitious goal, many pro-
grams have been launched from Europe
(H2020) and the United States (SunShot)
aiming at achieving higher power block
thermal efficiencies and lowering capital
costs. Particular attention is given to alter-
native working fluids in order to reduce the
system complexity and size. Supercritical
CO2 power cycles are expected to be the
primary choice for next-generation power
plants, but they are penalized by dry cool-
ing in high-temperature environments,
typical of CSP locations. In fact, at high
values of minimum cycle temperature,
the benefit related to the exploitation of
real gas effect is mitigated. The H2020
SCARABEUS project[2] introduced the
adoption of innovative CO2 mixtures,
using dopants with higher critical temper-
ature than CO2, allowing transcritical

Rankine cycles even in hot and arid regions, then exploiting
the benefit of liquid-phase compression. As additional benefit,
CO2 mixtures typically possess good thermodynamic efficiency
even in a simple-recuperated layout, thus requiring less com-
ponents and minor management complexity in comparison
with a recompressed sCO2 cycle. The adoption of CO2 mixtures
could be advantageous also in the medium–high temperature
heat recovery applications.[3] The temperature glide occurring
during mixture’s condensation could be exploited for cogene-
ration scopes, such as the CO2 mixture with hexafluorobenzene
(C6F6), has been extensively studied both theoretically[4,5] and
experimentally[6] as innovative working fluid in CSP tower
plant with 550 °C turbine inlet temperature, with solar salts
as heat transfer fluid. Many other dopants have been consid-
ered in the high-temperature CSP context, such as SO2,

[7]

TiCl4, and N2O4,
[8] and even if CO2 mixtures have been inves-

tigated from the thermodynamic point of view, no studies have
been carried out in the nonequilibrium field. On the contrary,
the relevance of transport properties in heat exchangers design
and rating, as well as in the transient behavior of the mixture, is
well recognized, and this work is intended to provide insight
into the appropriate modeling of viscosity and thermal conduc-
tivity of CO2 mixtures in power cycle conditions.
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Transcritical cycles working with CO2-based mixtures gain considerable attention
due to thermodynamic efficiency gain compared to pure sCO2 in hot environ-
ments. Previous literature works prove that the adoption of CO2 mixtures pro-
vides a reduction of the levelized cost of electricity in concentrated solar power
applications and medium–high temperature heat recovery. However, for techno-
economic analysis and heat exchanger design, proper evaluation of transport
properties of the CO2-based mixtures in power cycle conditions is necessary.
Herein, it deals with the analysis of the proper transport properties models for
CO2 mixtures to assess their actual thermal behavior. A literature review on
transport properties models, and their validation with available experimental
data, proves that the friction theory is suitable for CO2 blended with dopants
having high molecular complexity. The impact of the different model selection on
the recuperator sizing, considering optimized power cycle conditions, is assessed
on the CO2 mixtures with hexafluorobenzene and decane: The TRAPP and
Chung–Lee–Starling models are imported from Aspen Plus, while the friction
theory model is implemented and calibrated in an in-house MATLAB code. The
optimal design of the recuperator for the CO2þ C6F6 mixture in a 100MWel

power block coupled with a solar power plant located in Sevilla is carried out.
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Many experimental dynamic viscosity data are available for
mixtures of carbon dioxide with impurities involved in the car-
bon capture and storage (CCS) processes, as well as with meth-
ane due to industrial interest in natural gas. Li et al.[9] collected
experimental data of CO2-rich mixtures with impurities relevant
for CCS and validated the most adequate models for that
purpose. Nazeri and Chapoy[10] tested the viscosity of several
CO2-rich mixtures and recommended the most appropriate mod-
els to be adopted, but the study regarded only CO2 mixtures with
lightweight and simple components involved in CCS processes.
In contrast, in the application of interest here, the dopant to be
mixed with CO2 is typically a compound characterized by high
molecular complexity, which helps to balance the heat capacities
within the recuperator. Due to this literature gap, this work is
aimed to assess the appropriate transport properties models
for CO2 mixtures with complex compounds. Few experimental
viscosities and thermal conductivities of CO2 mixtures with
heavy and complex hydrocarbons, from enhanced oil recovery
sector, proved fundamental to validate the reliability of the inves-
tigated models in the next sections. The scarcity of experimental
thermal conductivity data highlights the need to perform more
experimental activity in this field.

It is worth to mention that the adoption of transcritical CO2-
based cycles was proven to be an interesting solution not only for
power generation purposes but also for energy storage systems.
In fact, Liu et al.[11] proposed a two-stage transcritical compressed
CO2 energy storage system that outperforms conventional com-
pressed air energy storage in terms of overall efficiency. The
adoption of transcritical CO2-based mixtures instead of pure
CO2 could provide further advantages, and the present paper pro-
vides useful guidelines to model transport properties for compo-
nents design and rating.

In the first section, several transport properties models avail-
able from the literature that are capable of describing both dense
liquid and vapor phases are briefly presented. Afterward, the
comparison with few experimental data in high-density condi-
tions indicates that the recent friction theory model has improved
ability to reproduce transport properties of dense CO2 complex
mixtures compared to conventional one-fluid theories. Then, the
friction theory models for viscosity and thermal conductivity have
been optimized for two mixtures of interest of this work.
Specifically, the dopants considered here are hexafluorobenzene
(C6F6) that has been extensively investigated as promising dopant
in previous works and n-decane (C10H22) because it is a heavy
and complex compound (as C6F6) with CO2 mixture transport
property data available in literature in a wide range of pressures
and temperatures. Thus, the primary interest of this work is the
transport property characterization of the CO2/C6F6 mixture,
then the CO2/C10H22 is primarily investigated to assess the influ-
ence of the model selection on a mixture whose transport prop-
erties are well known. Once assessed that the friction theory
models for viscosity and thermal conductivity have superior pre-
dictivity in complex mixtures compared to other literature mod-
els available in commercial software, the coefficients required by
the friction theory models are regressed for the mixtures inves-
tigated, and the influence of the transport model used is studied
in real case studies. The CO2/C6F6 mixture is applied as working
fluid in a concentrated power plant with solar salt as heat transfer
fluid (HTF), then 550 °C as maximum cycle temperature, a

thermal level compatible with the thermal stability of the fluid.[6]

The CO2/C10H22 mixture is simulated in a concentrated solar
plant with parabolic through, with maximum cycle temperature
equal to 350 °C, compatible with the state-of-the-art thermal oil
level (around 390 °C). The composition and the operating condi-
tions are optimized for the considered case studies. Then, the
printed circuit heat exchanger (PCHE) recuperator has been
designed with different transport property methods to highlight
their influence on the size prediction and to assess whether a
method easily available from commercial software could be suit-
able for this scope and then for a realistic cost assessment and
sizing. The PCHE is the particular heat exchanger selected for
design for several reasons: 1) The working fluid mixture flows
in both hot and cold sides, then the impact of transport proper-
ties estimate is enhanced; 2) a wide range of density conditions
are encountered in the PCHE recuperator of the transcritical
cycle, from high-pressure (HP) liquid to supercritical gas condi-
tions; 3) few models are capable of describing with good accuracy
and with continuity in the transcritical transition; 4) it represents
the most cost-expensive component of the power block, then a
reliable sizing is necessary; and 5) the recuperator effectiveness
has great impact on the cycle efficiency, then an incorrect design
would lead to inefficiencies.

Particular attention has been given to the selection of the most
appropriate models to determine the heat transfer coefficient of
the mixture. As a peculiarity of the transcritical cycles working
with complex dopants is that partial condensation occurs near
the recuperator cold-end, then there is a need to describe the
mixture’s behavior both in single-phase vapor and two-phase
regions.

To date, PCHEs were experimentally and numerically studied
with single-phase working fluids such as helium, water, and car-
bon dioxide; the results are well summarized in the work of Chai
and Tassou.[12] Few efforts have been made in the two-phase
field.[13] As regards mixtures, Kim et al.[14] investigated the
thermal–hydraulic performance of PCHE experimentally and
numerically with He/CO2 mixture.

The PCHE recuperator has been sized with different transport
properties models, starting from optimized power cycle condi-
tions, for the CO2 mixtures with hexafluorobenzene and decane:
The TRAPP and Chung–Lee–Starling models were imported
from Aspen Plus environment, since they are models applicable
in a wide density domain, while the friction theory model was
implemented (and calibrated) in an in-house MATLAB code.

Once the most appropriate methods are selected, the optimal
PCHE design is carried out by minimizing the LCOE for a CSP
field designed in Sevilla (Spain).

2. Transport Properties Models for CO2 Mixtures

Viscosity is a physical property that measures the internal friction
among fluid layers, and it is related to the rate of momentum
diffusion due to existing velocity gradient. In the same way, ther-
mal conductivity is correlated to the rate of heat flux resulting
from a temperature gradient. Both viscosity and thermal conduc-
tivity are functions of temperature and pressure or density.

The starting point of the theoretical basis for the calculation of
both viscosity and thermal conductivity at “zero-density”
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conditions is the elementary kinetic theory of gases.[15] In this
work, the Chung et al. model[16] is the kinetic-theory-based
method selected for the evaluation of viscosity (Equation (1))
and thermal conductivity (Equation (4)) of the pure components.
This method has been chosen because it is the most faithful to
Chapman–Enskog theory, but also it employs the acentric factor
(ω) and the dipole moment (μ) to account for the molecular
shape, the polarity, and anisotropic intermolecular forces. In
dilute-gas conditions, the mean expected deviation is lower than
1.5% for nonpolar gases and up to 4% for polar gases.[17] While
rigorous theoretical methods are not suitable for the mixtures, so
semi-empirical mixing rules has to be adopted. Wilke[18] pro-
posed a semi-empirical formula for the evaluation of the binary
mixture viscosity (Equation (2) and (3)), reporting an average
deviation of less than 1% in comparison with experimental data
of 17 mixtures.[18] Many methods have been proposed for the
thermal conductivity of dilute-gas mixtures,[17] but the most com-
monly used is the empirical model proposed by Wassiljewa,[19] in
Equation (5), where the function Aij can be calculated as pro-
posed by Mason and Saxena (Equation (6)).[20]

“zero-density” viscosity

μi, 0 ¼ 40.785
FC ðMTÞ12
VC

2
3 Ωð2,2Þ (1)

μm,0 ¼
Xn
i¼1

yi μi,0Pn
j¼1 yi Φij

(2)

Φij ¼
1þ ðμiμjÞ

1
2 ðMj

Mi
Þ14

h i
2

8 ð1þ Mi
Mj
Þ

h i1
2

(3)

“zero density” Thermal conductivity

λi,0 M
0

μi,0 Cv
¼ 3.75ψ

Cv
R

(4)

λm,0 ¼
Xn
i¼1

yiλi,0Pn
j¼1 yjAij

(5)

Aij ¼
1þ ðλtr,iλtr,j

Þ12ðMi
Mj
Þ14

h i
2

8ð1þ Mi
Mj
Þ

h i1
2

(6)

While the transport properties models at low density have a
solid theoretical basis, all methods practically used for dense
gases and liquids are empirical or semi-theoretical.[17] In this sce-
nario, the common approach considers the generic transport
property π at high density as a sum of a “zero-density” term
(π0) and a pressure/density effect contribution Δπ(T,p) known
as the “excess property” or “residual property”.

πðT , pÞ ¼ π0ðTÞ þ ΔπðT , pÞ (7)

The zero-density term π0(T ) is evaluated with the methods
described previously, while each model distinguishes on how
the residual term Δπ(T,p) is treated. The residual property can
be defined with an empirical correlation, of density and temper-
ature, regressed from experimental data, or it can be derived

from an extension of the kinetic theory (such as the extension
of the Chung–Lee–Starling model for the viscosity of dense
gases[21]).

The most successful approaches are based on the correspond-
ing state principle. According to this principle, it is possible to
evaluate the residual property of a pure fluid or mixture from
the well-known available property of a reference fluid, which

is evaluated in a corresponding state ðT0, ρ0Þ ¼ T
f i
, ρhi

� �
with

respect to a pure fluid “i” of interest. The scaling factors f i
and hi, which are related to the ratios between the intermolecular
potential function parameters (the depth of the potential well ϵ
and the equilibrium distance σ), that are in turn proportional to
the critical parameters (Tc, Vc) ratios from a macroscopic point of
view. Thus

f i ¼
ϵi
ϵref

¼ T c,i

T c,ref
(8)

hi ¼
σ3i
σ3ref

¼ V c,i

V ref
c

(9)

In case of mixtures, simple mixing rules are applied to the
pure component factors for the calculation of the scaling factors
fm and hm, considering that the properties of a mixture are con-
sistent with the behavior of a hypothetical pure fluid which is
conformal with the reference fluid. Since the straight application
of the corresponding states is accurate only for similar molecules
(said “conformal”)[22] having similar intermolecular potential,
Leach and co-workers[23] suggested the use of “shape factors”
φ and θ to correct the reducing ratios, as described later. The
authors suggested temperature-dependent correlations for the
shape factors in terms of the Pitzer acentric factor and the critical
compressibility factor.

f i ¼
T c,i

T ref
c

θi (10)

hi ¼
V c,i

V ref
c

∅i (11)

The use of shape factors distinguishes the so-called “extended
corresponding states” (ECS) methods. An example of an ECS
method is the one used in the software Refprop[24] or in the
method of Ely and Huber.[25] Exact shape factors can be obtained
by solving the simultaneous equality of the residual dimension-
less Helmholtz-free energy and the residual compressibility
factors, then the resolution of a nonlinear system. Thus,
Monnery[26] suggested to retrieve correlations for the shape fac-
tors directly from experimental data instead of thermodynamics.

Anyway, the one-fluid theory fails because the density effects
are not well addressed when dealing with mixtures of compo-
nents having high difference in size (especially for high molar
volume ratios) since the real local composition of the mixture
is different than the bulk, and it is dominated by the larger
component.

The improvement on model reliability for these specific mix-
tures follows two paths: the use of a more “conformal” reference
fluid, or another physically sound approach. In this work, CO2

was adopted as reference fluid to improve the conformability
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between the reference fluid and the CO2-rich mixtures of interest
in ECS methods. Moreover, the recent friction theory model[27] is
investigated here. In the friction theory model, an EoS is used to
compute the attractive and repulsive intermolecular interactions,
in terms of attractive and repulsive pressure or entropy, that are
used as input for the model to predict the transport property in a
wide range of conditions. Since an EoS is capable of describing
the interactions in a binary mixture in a wide range of thermo-
dynamic conditions, it is a solid basis for a transport property
model capable of describing even complex mixtures. In the fol-
lowing subsections, the most interesting models for dense CO2

mixtures are discussed.

2.1. The TRAPP Method for Viscosity and Thermal Conductivity

The TRAPP (TRAnsport Property Prediction) method was pre-
sented by Ely and Hanley in 1981 as an extended corresponding
states-based computer program for the prediction of viscosity
and thermal conductivity in hydrocarbon mixtures[28] in both
gas and liquid phases, using methane as reference fluid.
Then, propane has been used in the more recent SUPERTRAPP
model.[29] The residual property of the mixture Δηm is related to
that of the reference fluid through appropriate mixing rules, as
illustrated later.

ΔηmðT , ρÞ ¼ ηmðT , ρÞ � η0mðTÞ ¼ FηmðηR � ηR0 Þ þ ΔηENSKOGm

(12)

Fηm ¼ ðMRÞ�0.5ðhmÞ�2
X
i

X
j

yiyjðf ijMijÞ0.5ðhijÞ4=3

where hm ¼
X
i

X
j

yiyjhij f mhm ¼
X
i

X
j

yiyjf ijhij
(13)

In case of viscosity, an Enskog term ΔηENSKOG[30] was intro-
duced to improve the accuracy of the relation when the size dif-
ference of the two components in the binary mixture becomes
large (absent for thermal conductivity). This is because the con-
centration of the larger component is locally higher than the
bulk, and it controls the value of viscosity (since viscosity is
dominated by short-range forces).

The “CO2-SUPERTRAPP”[10] model has been also considered:
The approach is the same as in the TRAPP method, but CO2 is
used as reference fluid with the polynomial correlation of
Huber et al.[31] The CO2-SUPERTRAPPmodel has not been used
for the viscosity estimate since it does not provide a general
improvement compared to the SUPERTRAPP model: the first
overpredicts the property values while the latter typically under-
predicts them, as stated by.[10]

2.2. The Pedersen and Christensen Model for Viscosity

The model of Pedersen and Christensen[22–24] (for viscosity eval-
uation lays its fundamentals on the work of Christensen
(1980,[32]). The final formulation is

μmðP,TÞ ¼
TC,mix

TC,0

� ��1
6 PC,mix

PC,0

� �2
3 Mmix

M0

� ��1
2 αmix

α0

� �
μ0ðT0,P0Þ

(14)

where the reference fluid, with the subscript “0”, is evaluated
at T0 ¼ T

TC,mix
Tc,0

αmix
α0

and P0 ¼ P
PC,mix
Pc,0

αmix
α0

.

The αmix and α0 parameters are evaluated as

α ¼ 1þ 7.378 ⋅ 10�3 ρR
1.847 M0.5173 (15)

The authors of this model suggest mixture’s pseudo-critical
parameters to be used, with simple mixing rules from the van
der Waals one-fluid approximation. Although the reference fluid
in the original model is methane, in this work carbon dioxide is
chosen as reference fluid: the resulting so-called CO2-Pedersen
model has been used by Nazeri et al. (2016,[10]) for the estimation
of CO2 mixtures properties. An advantage of this model is that it
does not require the density as input. However, high deviations
are expected with complex compounds since mixture’s critical
properties are estimated with simple vdW mixing rules.

2.3. The Friction Theory Model for Viscosity

The friction theory model was developed by Quiñones-Cisneros
et al.[27] implementing the residual viscosity term from a
mechanical point of view. In analogy with the well-known
Amontons–Coulomb friction law, the residual term (friction vis-
cosity, ηf ) is related to the attractive and repulsive pressure terms
by means of friction coefficients, as described in Equation (16).

η ¼ η0 þ ηf ¼ η0 þ
Xna
i¼1

ka,i pia þ
Xnr
i¼1

kr,i pir (16)

where kr,i and ka,i are the friction coefficient of the pure fluid, η0 is
the zero-density viscosity, and pa

i and pr
i are the ith order attrac-

tive and repulsive pressure deriving from an EoS.
At HP conditions, the intermolecular distance between the

fluid layers decreases and the short-range intermolecular forces
predominate over the long-range attractive forces. For this
reason, a second-order truncation of the repulsive term (nr= 2)
is suggested, while a first-order truncation is sufficient for
the attractive pressure term (na= 1).[33] Thus, the resulting qua-
dratic equation of the friction theory model is shown in
Equation (17).

η ¼ η0 þ krpr þ kapa þ krrpr
2 (17)

In case of mixtures, the residual friction term is calculated in
the same way, but mixing rules are applied for the mixture fric-
tion coefficients

kj ¼
Xn
i

zi kj,i with j ¼ a, r, rr (18)

zi ¼
xi

Mϵ
i ⋅
P

i
xi
Mϵ

i

(19)

where kr,i, ka,i, and krr,i are the friction coefficients of the n pure
components in mixture having mole fraction xi and molecular
weight Mi; the exponent ϵ is typically assumed to be equal to
0.30.[27]

The pure fluid friction coefficients are obtained fitting the
experimental residual viscosities: friction coefficients for many
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alkanes, but also for carbon dioxide and nitrogen, can be found in
the work of Quiñones-Cisneros and Deiters.[33] If friction coef-
ficients cannot be retrieved due to the lack of experimental data
for specific chemical compounds in a wide range of temperatures
and pressures, the general corresponding states-based friction
theory model can be used. In the general one-parameter friction
theory model, the friction viscosity is expressed in a reduced
form: the friction viscosity (residual) term ηf can be calculated
from the reduced friction viscosity η̂f and a characteristic critical
viscosity ηc, which is the only one parameter of the model that
has to characterized for each component in the mixture.

η̂f ¼
ηf
ηc

¼ η̂f ,r þ η̂f ,a (20)

By adopting the general one-parameter model, the reduced
friction viscosity η̂f is calculated in the same way as in
Equation (16), but with the pure-component friction factors kj,i
described as

kj,i ¼
ηc,i k̂j,i
Pc,i

(21)

k̂j,i ¼ k̂j,c þ Δk̂j,i (22)

where the critical isotherm contribution, with the subscript “c”,
depends on the selected EoS, while the residual temperature-
dependent contribution depends also on the pure-component
critical temperature.

The characteristic critical viscosity of the pure compounds
ηc,iis the only real degree of freedom of the model, resulting
in the choice of the cubic EoS: in this work, the PR and SRK
EoS have been evaluated for this purpose. As the results provided
from these cubic EoS are very similar, the PR-EoS, and the cor-
responding model, is then called f-PR model.

2.4. The Friction Theory Model for Thermal Conductivity

Whereas the friction theory model for viscosity has a direct deri-
vation from mechanical considerations on the shear stress
among fluid layers, the relationship between thermal conductiv-
ity and thermodynamic caloric properties is not as intuitive. In
similarity with the f-theory model for viscosity (Equation (16)),
Quiñones-Cisneros et al.[34] developed the friction theory model
as follows

λ ¼ λ0 þ λf þ λc ¼ λ0 þ
Xna
i¼1

φa,i sia þ
Xnr
i¼1

φr,i sir þ λc (23)

where φr,i and φa,i are the friction coefficients of the pure fluid, η0
is the zero-density viscosity, sa

i and sr
i are the ith order attractive

and repulsive residual entropy terms, which can be derived from
an EoS. The critical enhancement term is reported to be

λc ¼ φc ρ
3

�
∂p
∂v

� �
T

(24)

The authors suggested a second-order truncation, so the for-
mulation can be made explicit as

λ ¼ λ0 þ λc þ φa,1sa þ φa,2sa2 þ φr,1sr þ φr,2sr2 (25)

The friction coefficients can be defined with the following
expressions

φa,1 ¼ a0 exp a1
T c

T
� 1

� �
þ a2

T c

T

� �
2
� 1

� �� �
(26)

φr,1 ¼ b0 exp b1
T c

T
� 1

� �
þ b2

T c

T

� �
2
� 1

� �� �
(27)

φa,2 ¼ A0 (28)

φr,2 ¼ B0 (29)

Thus, nine coefficients (ai, bi, A0, B0, φc) need to be regressed
for each chemical species using experimental thermal conductiv-
ity data of the pure fluid. Friction coefficients are already avail-
able in ref. [34] for many compounds including CO2 and some
hydrocarbons. In this work, the PR-EoS is used to obtain the
residual attractive and repulsive entropy terms.

In case of mixtures, simple mass fraction-based mixing rules
are applied to the friction coefficients as suggested by Quiñones-
Cisneros. The validation of the model for mixtures is still an open
point due to very few reliable experimental data are available. For
this reason, a general one-parameter f-theory model for thermal
conductivity is still missing. However, the model is reported to be
satisfactory for most of the mixtures evaluated.[34]

3. Transport Properties Models Validation with
CO2 Mixtures Experimental Data

The transport properties models described in the previous sec-
tion were implemented inMATLAB environment[35] for their val-
idation with proper CO2 mixtures experimental data. A survey of
available CO2 mixtures experimental data was carried out.
Looking at the application in transcritical cycle, particular atten-
tion was given to dataset in the dense region (high operating
pressure) and to mixtures with heavy and complex dopants.
The few experimental data available for CO2 mixtures mainly
come from the CCS sector where most of them concern the
gas field at room pressure.[9] The selected pure fluids are N2

and some lightweight (CH4, C2H6) and heavy hydrocarbons
(C10H22, C12H26). Their molecular parameters are reported in
Table 1 together with the values of pure CO2. Although the main
investigated dopant is a perfluorocarbon, the n-decane can be
used as a reference fluid for the transport properties validation

Table 1. Main characteristics of pure components.

Species MW [kg kmol�1] PC [bar] TC [K] VC [cm3mol�1]

CO2 44.010 74.74 304.12 94.07

N2 28.010 33.98 126.20 90.10

CH4 16.043 45.99 190.56 98.6

C2H6 30.07 48.72 305.32 145.5

C10H22 142.285 21.10 617.70 624

C12H26 170.338 18.20 658.00 754
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due to its molecular mass and complexity. The comparison with
the data available in the gas phase at ambient pressure was
excluded because they are outside the range of interest and typi-
cally the zero-density properties models are particularly accurate
(with an average error typically below 3–4%[17]). Themodels accu-
racy is represented by the percentage average absolute deviation
(AAD%), between the calculated and the experimental values
weighted on the number of available data (see Equation (30)).
Table 2 reports the AAD% of the models in comparison with
the experimental viscosity in gas or liquid phase at various molar
compositions.

AAD% ¼
X
i

jηi � ηi,expj
Npoints

⋅ 100 (30)

As stated by Nazeri et al.,[10] the CO2-Pedersen represents the
best model of viscosity for CO2 mixtures in CCS application, i.e.,
with lightweight and simple compounds. However, since the
methods implement simple mixing rules for the mixture’s criti-
cal parameters, it is not reliable with complex mixtures and for
this reason its results are reported only for two datasets in
Table 2.

Even if the TRAPP method is extendable into the liquid
region, the density effects are very much influenced by mass
and molecular size differences between the reference fluid (pro-
pane in the SUPERTRAPP) and the component in the binary
mixture. These discrepancies are more evident when the critical
volume of the component increases compared to the critical vol-
ume of the reference fluid, which is representative of high size
differences

σi
σ0

� �
3
≅
ρco
ρci

¼ V c
o

V c
i

(31)

The local size differences especially affect the viscosity estima-
tion considering that, at high densities, the momentum transport
takes place predominantly by intermolecular forces rather than
collisions between molecules in free flight. A second-order effect
of the repulsive intermolecular forces is considered into the fric-
tion theory model for viscosity, making it physically consistent.

As it can be noted, when the complexity of the mixture
increases, the one-fluid theory lead to high errors (more than
15%). Figure 1 shows, as an example, the comparison between
the experimental viscosities of the CO2/n-dodecane mixture and
the estimated values. This particular dataset has also been evalu-
ated in the literature with specific models for liquids based on the

Eyring theory,[36] but without success: the reported AAD of the
Grunberg and Nissan model was 63%, while the Katti and
Chaudri model achieves an AAD equal to 43%. So it is possible
to conclude that the friction theory model has the largest poten-
tial of providing accurate estimate when dealing with complex
and dense mixtures.

As regards the thermal conductivity, the comparison between
the scarce experimental data from the literature and the
considered models is illustrated in Table 3. The recent data of
Patek et al.[37] have been selected for the comparison of the
CO2þCH4 mixture in the gas phase, while the recent data of
Kim et al.[38] have been used for the dense-liquid phase.

An improvement in the thermal conductivity prediction can be
noted when carbon dioxide is used as reference fluid (CO2-
SUPERTRAPP) with respect to propane. However, regarding
the CO2þ n-decane mixture, the comparison with the data in
ref. [39] shows how the corresponding states-based models
fail when dealing with complex mixture, especially in the
dense-liquid phase. Instead, the adoption of the friction theory
model, with optimized friction coefficients (as explained in
the following section), yields reasonably good results with an
AAD of about 4%.

This preliminary analysis confirms that the f-theory has the
largest potential of providing reliable results even for asymmetric
mixtures in a wide range of operating conditions, thus it will be
used to estimate the transport properties for the PCHE recuper-
ator design of the two case studies.

Table 2. Viscosity models comparison with experimental data.

Mixtures Phase References NP T [K] P [bar] AAD [%]

f-theory SUPERTRAPP CO2-Pedersen

CO2þN2 G [67] 35 293 1–22 2.57 2.45 0.6

CO2þ CH4 G [68] 88 323–473 3.3–69.7 4.58 4.55 2.77

CO2þ C2H6 G-L [69] 70 280–320 21–348 7.12 9.4 /

CO2þ C10H22 L [70] 70 311–403 69–347 7.1 17.3 /

CO2þ C12H26 L [36] 20 284–351 14–142 9.9 24.2 /

Figure 1. Experimental and calculated viscosities comparison for 40%
CO2þ n-dodecane mixture at different temperature and pressure.
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4. Friction Theory Models Optimization for the
Case Studies

The friction theory models for viscosity and thermal conductivity
are optimized here for the two selected CO2 blends,
CO2þC10H22 and CO2þ C6F6. The model predictions are com-
pared with two models identified in Aspen Plus environment,[40]

valid in both gas and liquid fields: the Chung–Lee–Starling and
TRAPP methods. The friction theory models are fitted with
selected experimental data of the pure components of the mix-
ture. Data in dense conditions are crucial for a proper character-
ization of the residual property (friction term). About the critical
characteristic viscosity of the pure compound compounds ηc,i,
only one parameter has to be fitted. On the other hand, nine coef-
ficients (ai, bi, A0, B0, φc) need to be regressed in the friction the-
ory model for thermal conductivity. The regression is carried out
in MATLAB environment by using a nonlinear least-squares
optimization with Levenberg–Marquardt algorithm. The results
of the fitting procedure are presented in Table 4.

4.1. CO2þ n-Decane Mixture: Viscosity and Thermal
Conductivity Assessment

For the reference mixture, the general one-parameter f-theory
model for viscosity (Equation (16)–(22)) is available in
literature with the characteristic critical viscosities optimized
both for CO2

[41] and n-decane[27]: ηc,CO2= 376.872 μP and
ηc,C10H22= 257.928 μP. As already presented in Table 2, these
coefficients allow the estimation of the viscosity with reasonably
good results (with an AAD of 7%). As an example, Figure 2
shows the calculated viscosities with the three models compared
with liquid experimental measurements at 311 K and a CO2

molar content of 15%. The TRAPP and the Chung–Lee–
Starling models are far from the real mixture behavior,
overestimating and underestimating the experimental dynamic
viscosities respectively with a minimum AAD of 19%.

The thermal conductivity of the mixture has been modeled
with the friction theory model for thermal conductivity
(Equation (23)–(29)). The nine coefficients, reported in
Table 4, of the pure CO2 are taken from the original model.[34]

On the other hand, the friction coefficients of pure n-decane, pro-
posed in ref. [34], lead to large deviations when they are adopted
for the mixture, even if the agreement with pure n-decane exper-
imental data was very good. For this reason, the parameters of the
pure n-decane were here regressed against the recent experimen-
tal data of Zheng et al.[42] providing an AAD= 0.87%. To obtain
f-theory coefficients that provide good results also for the mix-
ture, some constraints have been imposed in the regression to
have sign concordance of the coefficients (A0, B0) of both
n-decane and CO2 associated to the quadratic residual entropy.
As reported in Table 3, the f-PR model with the coefficients in
Table 4 has an AAD equal to 4.03%, while the corresponding
states models have deviations over 15%. In Figure 3, some
experimental thermal conductivities at different mixture

Table 3. Thermal conductivities models comparison with experimental data.

Mixtures Phase References NP T [K] P [bar] AAD %

f-theory SUPER TRAPP CO2-SUPER TRAPP

CO2þ CH4 G [37] 180 300–425 7.27–119.7 3.13 8.66 1.34

CO2þ CH4 L [38] 8 223.7–295.6 71.4–198.5 5.16 5.17 5.01

CO2þN2 L-SC [38] 11 223.8–308.4 54.5–201.5 4.72 5.05 5.68

CO2þN2 G [71] 22 321.4–381.8 11–250 1.74 9.84 2.2

CO2þN2O G [72] 33 300.65 8–42.5 1.2 1.3 2.28

CO2þ C10H22 L [39] 23 298.15–328.15 11.3–105 4.03 21.1 22.3

Table 4. Optimized parameters for the friction coefficients of the f-theory thermal conductivity model.

a0 a1 a2 b0 b1 b2 A0 B0 Φc

CO2 �0.3868 35.6309 �15.9827 �3.6295 2.6629 �2.6629 0.2274 0.3120 �0.6579

C10H22 0.0330 11.6087 �2.6466 �1.5481 20.00 �10.3860 0.0616 0.0171 �0.0072

C6F6 �0.9287 5.5583 �1.8031 �0.0344 0.0022 0 0.0142 0.0018 �0.0408

Figure 2. Comparison among viscosity models, 15%CO2þ n-decane mix-
ture (T= 311 K).
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compositions[39] are compared with the calculated values with the
three models. The measurements are characterized by two dif-
ferent temperatures (298 and 328 K) and a pressure range of
1–10MPa. Results agree with the viscosity outcome: the
TRAPPmodel overestimates the thermal conductivity of the mix-
ture especially at high carbon dioxide fractions (AAD= 18.4%),
while the Chung–Lee model gives the opposite trend with a sim-
ilar AAD (17.1%).

4.2. CO2þ C6F6 Mixture: Viscosity and Thermal Conductivity
Assessment

To calibrate the general one-parameter f-theory model for viscos-
ity in case of pure C6F6, the relatively recent experimental liquid
viscosities of Freire et al.[43] have been mainly used. As men-
tioned by Freire et al., viscosity measurements of fluorocarbons
in literature are scarce and often discordant. Moreover, the vis-
cosity of fluorinated compounds is remarkably higher than their
homologous hydrocarbons[43]; and the viscosity increases from
linear structures to cyclic and aromatic structures (i.e., C6F6).
Even if only five data points are available for the C6F6 in the tem-
perature range 298.15–318.15 K, they are crucial to assess the
behavior of its viscosity at high densities (liquid-phase region)
and then to characterize the residual term. Some experimental
data of Dymond et al.[44] are also used for a better regression at

higher temperature (up to 323.2 K) and pressure (0.1–47.7MPa).
Some data are excluded from the evaluation since there are some
inconsistences: for example, at atmospheric pressure, there are
liquid viscosities data above the normal boiling temperature. The
regressed value of critical characteristic viscosity is ηc,
C6F6= 640.76 μP, which guarantee a mean absolute deviation
of 6.1% that is satisfactory for the scope of this work, as can
be seen in Figure 4 (left). Results of the TRAPP and Chung–
Lee–Starling models, in Figure 4 (right), show large deviations
from the experimental data.

The f-theory model for thermal conductivity has been opti-
mized by regressing the friction coefficients on the only three
liquid data at ambient pressure available for C6F6 from Irving
et al.[45] Additional data obtained by the interpolation of the
Irving experimental data were needed to find the nine friction
coefficients. For a better fitting procedure, more experimental
points would be necessary. However, even few data in the liquid
phase are helpful in the characterization of the residual friction
term since the residual attractive and repulsive entropies are high
in the liquid phase. The regressed parameters that describe the
friction coefficients are reported in Equation (23)–(29). In conclu-
sion, the resulting mixture behavior in terms of transport
properties cannot be validated because no experimental measure-
ments has been found in literature for this specific dopant.
The comparison of the models with the experimental data, in

Figure 3. Comparison between models and experimental data (298 K left, 328 K right) of CO2þ n-decane.

Figure 4. f-PR vs experimental liquid viscosity of pure C6F6 at ambient pressure (left); comparison with isothermal data at high pressure (right).
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Figure 5, shows that the results of the TRAPP and Chung–Lee
models overestimate the measurements.

As reported by Irving, the thermal conductivity of fluorinated
hydrocarbons is lower than that of the corresponding hydrocar-
bons. The more the fluorine atoms in the molecule, the lesser is
the thermal conductivity if compared to the same hydrocarbon
structure. As it can be noted, in fact, the thermal conductivity
of pure C6F6 is relatively low considering that it is in the liquid
phase at medium-low reduced temperatures (0.56–0.65), where
the density is very high (1614 kgm�3 at 298 K and 1 atm accord-
ing to Counsell et al.[46]) if compared to benzene whose thermal
conductivity is about 150% higher in the same conditions.

In conclusion, the resulting mixture behavior in terms of
transport properties cannot be validated because no experimental
measurements has been found in literature for this specific
dopant.

5. PCHE Recuperator Design Methodology

The transport properties are implemented into a PCHE design
code to define the heat transfer coefficients and its size. PCHEs
are composed by an alternation of overlapping hot and cold plates
(in which minichannels are chemically etched) that are joined by
means of a diffusion bonding process. A stack of plates (Figure 6)
is jointed to form a core block of the desired geometry, called
unit. The total PCHE volume consists of blocks with dimensions
up to 0.6� 0.6� 1.5 m. If larger heat exchangers are required,
multiple blocks can be welded together. The width Lx of a single
plate is limited to 0.6 m, and a stack of plates Ly equal to 0.6 m is
usually used in the diffusion bonding procedure, while the max-
imum axial length of the block is fixed by the maximum plate
length of 1.5m.[47] In this work, the most applied configuration
with counter-current flow in 2mmwidth straight minichannels is
considered with channel pass equal to 2.4mm and a plate thick-
ness tp equal to 1.5mm. The mechanical integrity of the PCHE
with the considered channel geometry is verified as in ref. [48].

A segment-by-segment method is implemented to catch the
local variations of the mixture thermophysical properties. The
PCHE recuperator has been discretized along the axial direction
into N segments (subheat exchangers), as shown in Figure 7,
characterized by the same exchanged thermal duty, following
the approach proposed by Jiang et al.[49]

The thermophysical properties of the mixture are calculated
locally at the segment temperature and at its pressure level
(considering the pressure drop in the segment). The axial length
Lz,i of the PCHE segment is evaluated with logarithmic mean
temperature difference method once the local convective heat
transfer coefficients of both sides hhot,i and hcold,i are estimated
with appropriate models. Convergency is reached on the free-
flow area to guarantee the design with desired % pressure drop
in the LP side.

Figure 5. Liquid thermal conductivity of pure C6F6 at ambient pressure
(Irving et al.) vs models.

Figure 6. PCHE: a) Plate stack, b) module cross section.[66]

Figure 7. Segmentation procedure adopted for the PCHE design.
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The number of channels per plate Nch,P and the number of
plates NP in a block are obtained from Equation (32) and (33),
respectively. Each block has side margins (depending on header
thickness and the attachment welds) and block ends that do not
accommodate channels; a side margin Δδ of 50mm and end
plates Δy of 5mm are assumed here.

Nch,P ¼ int
Lx � 2 ⋅ Δδ

pass

� �
(32)

NP ¼ int
Ly � 2 ⋅ Δy

tp

 !
(33)

The recuperator is made by SS316 since it is compatible with
the operating conditions of interest.[50] The metal thermal con-
ductivity is considered as in ref. [51], and the roughness of
the channel is assumed to be 10 μm. Dewson and Gray reported
a cost of 30 $ kg�1 in 2003[52] based on the weight of the delivered
SS316-based PCHE. The cost per kg is actualized by using the
medium Chemical Engineering Plant Cost Index of the
period January–April 2022.[53] The final value is then 66 $ kg�1.
Thus, the recuperator capital cost is estimated as

PCHEcost ¼ ðV � V channelsÞ ρSS316 CSS316 (34)

Vchannels ¼ Ach Nch,tot Lz (35)

where ρSS316 is equal to 7980 kgm�3. This correlation comes
from commercial practice for the cost evaluation based on the
real PCHE weight, subtracting the volume occupied by
channels.[54]

For the calculation of the local (each segment) heat transfer
coefficients and pressure drop, models valid for both single-
phase and two-phase flow are considered as partial condensation
occurs in the LP side. The heat transfer coefficient has been com-
puted with accurately selected models in both single-phase
region and two-phase region, since partial condensation occurs
inside the PCHE recuperator for the CO2-based mixtures consid-
ered. The Gnielinski correlation can provide a good match
between simulated and experimental results in case of straight

channels PCHE, as in this work, with a maximum error of
5%.[55] Moreover, as there are no experimental works on two-
phase flows in PCHEs, we adopted a heat transfer coefficient
model for two-phase mixtures that we have validated in a previ-
ous experimental work on a CO2 mixture.[56] The correlations are
discussed in detail in the Supporting Information section.

6. Power Cycle Application: PCHE Design and
Impact

The assessment of the two CO2-based power cycles applied in
CSP context is carried out to show the impact of the transport
properties prediction on the design of the PCHE recuperator
as well as on the cycle performance. The mixture with n-decane
is here considered as a reference CO2 blend with heavy com-
pounds due to the well-known thermo-physical mixture proper-
ties. The cycle results and the thermodynamic input parameters
for the PCHE design are obtained in the Aspen Plus. The simple
recuperative cycle layout and its representation in the T-s dia-
gram are reported in Figure 8. In this configuration, the fluid
is typically in the two-phase region at the outlet of the recuperator
LP side (6). The condensation of the mixture is completed in the
condenser (6-1). The design of the PCHE has been carried out
starting from a base case of 1% pressure drop across the LP side
(ΔPH,rec), and then increasing the values (up to 4%) to highlight
the impact of the design on the capital costs and the cycle
performance.

The main assumptions of the power cycles are summarized
in Table 5: most of the values are taken from previous
studies.[8,57–59] The maximum temperature depends on the mix-
ture thermal stability and, as a consequence, on the related CSP
technology: for the CO2þ C6F6 mixture, the power cycle can be
coupled with a CSP-tower plant configuration with molten salts
as HTF, while, for the CO2þ C10H22 mixture, a linear Fresnel
reflector with commercial HTFs is considered. However, long-
term thermal stability of the latter should be investigated: the
selected temperature level (350 °C) is in line with the upper limit
range for thermal stability of hydrocarbons and n-Decane exper-
imental data availability range (up to 402 °C).

2

3

5

6

1

Pump

Condenser

Recuperator

Primary HE

Turbine G

4

Figure 8. Plant layout of the cycle working with CO2 mixtures (left). T-s diagrams of transcritical CO2þ C6F6 mixture with xCO2
¼ 84% molar (right); the

regeneration is highlighted by dashed lines.

www.advancedsciencenews.com www.entechnol.de

Energy Technol. 2024, 12, 2300677 2300677 (10 of 18) © 2023 The Authors. Energy Technology published by Wiley-VCH GmbH

 21944296, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ente.202300677 by C

ochraneItalia, W
iley O

nline L
ibrary on [24/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.entechnol.de


The composition of the mixture is optimized to achieve the
maximum cycle efficiency at the selected operating conditions.
The evaluation of the power cycle performance at the various
PCHE design will include the cycle thermodynamic efficiency
and the effectiveness of the recuperator, defined in Equation (36)
and (37), respectively.

ηCycle ¼
WTurbine �WPump

Q in
(36)

ϵRec ¼
QRecuperated

Q∞
¼ hðT3,P3Þ � hðT2,P2Þ

hðT5,P5Þ � hðT2,P6Þ
(37)

A detailed description of the results of the recuperator can be
found in the section of the CO2þ C6F6 mixture, while the section
of the CO2þ C10H22 mixture is aimed to highlight the relevance
of the properties estimation for a mixture with accessible experi-
mental data on transport properties.

6.1. CO2þ n-Decane Mixture

The power cycle is evaluated for a net power output of 50MW.
The PR EoS with an optimized binary interaction parameter
kij= 0.1141[60] is used. From a preliminary analysis, the mixture

composition that maximize the cycle efficiency corresponds to a
CO2 molar fraction of 89%, as shown in Figure 9. Table 6 collects
the main operating conditions of the cycle for this composition,
while the cycle power balance and the main PCHE features at
design condition (base case with 1% ΔPH,rec) are reported in
Table 7. It can be noticed that the amount of recovered heat
power in the recuperator is remarkably high for this working
fluid, if compared to the net mechanical power and the thermal
power input. The T-Q diagram of the PCHE recuperator is shown
in Figure 10. The minimum internal temperature approach
(5 °C) is encountered at 28% of the total exchanged thermal duty

Figure 9. Mixture CO2þ C10H22: cycle thermodynamic efficiency as a
function of the mixture composition.

Table 6. Mixture CO2þ C10H22: main thermodynamic conditions (base
case 1% ΔPH,rec).

Streams T [°C] P [bar] xvap [-]

1 51 106.3 0

2 68.2 255.6 0

3 282.4 255.1 1

4 350 253 1

5 294.9 109.5 1

6 75.9 108.4 0.6

Table 7. Mixture CO2þ C10H22: cycle performance at design conditions
(base case 1% ΔPH,rec).

Parameter units Value

ṁ kg s�1 1200.7

Wpump MW 28.7

Qrec MW 516.9

QPHE MW 154.1

Wturb MW 78.7

Qcond MW 104.1

UArec MW K�1 70.7

ϵrec % 96.2

ηcycle % 32.5

Figure 10. Mixture CO2þ C10H22: T-Q diagram of the recuperator (base
case 1% ΔPH,rec).

Table 5. Assumptions for the power cycle simulations.

Parameters Units CO2þ C10H22 CO2þ C6F6

Values Values

Tmin,cycle °C 51

Tin,turb °C 350 550

Pin,turb bar 250

ΔTmin,rec °C 5

ΔPH,rec % [bar] 1 (1.1) 1 (0.81)

ΔPC,rec bar 0.45a) 0.23a

ΔPPHE % 2

ΔPCOND % 2

Turbine/Pump Isentropic Efficiency % 92/88

a)The pressure drop in the HP side is in accordance with the design results.
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near the recuperator hot-end, where the dew point occurs
(around 224 °C), thus the heat transfer mostly falls in the two-
phase region for the hot side. The well-balanced heat capacities
of the two streams inside the recuperator yield a good thermo-
dynamic efficiency of the cycle although the turbine inlet temper-
ature is 350 °C.

The design of the PCHE recuperator is carried out with three
different models for the prediction of the transport properties:
the TRAPP model, the Chung–Lee–Starling model, and the fric-
tion theory model (f-PR). The trend of the dynamic viscosity and
thermal conductivity of the mixture at the upper and lower
(two-phase field) isobars in the heat exchanger temperature range

is represented in Figure 11. The differences between the models
are quite evident, especially at low temperatures in the HP side
and in the liquid phase at LP. On the other hand, the values of the

Figure 11. Mixture CO2þ C10H22: thermal conductivity and viscosity calculated with different models in the HP side (top) and in the two-phase region LP
side (bottom) of the recuperator.

Figure 12. Mixture CO2þ C10H22: U along the PCHE for CO2þ n-decane,
model comparison (base case 1% ΔPH,rec).

Table 8. Mixture CO2þ C10H22: PCHE design results (base case 1%
ΔPH,rec) with different transport properties models.

TRAPP f-PR Chung-Lee

G [kg sm�2] 403 396 428

Nch,hot/cold� 106 1.897 1.93 1.79

Lz [m] 8.36 7.95 7.22

A [m2] 81 523 78 904 66 301

V [m3] 164.8 159.5 134

Cost [M$] 60.6 58.6 49.2

Table 9. Mixture CO2þ C6F6: main thermodynamic conditions (base case
1% ΔPH,rec).

Streams T [°C] P [bar] xvap [-]

1 51 77.7 0

2 71.9 255.5 0

3 406 255.1 1

4 550 250 1

5 457.5 80.1 1

6 90.1 79.3 0.53
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vapor phase at LP are quite in agreement. It is evident that the
TRAPP model results are higher with respect to those of the f-PR
model: this is in accordance with the experimental data compar-
ison shown in Figure 2.

The trend of the overall heat transfer coefficient U along the
heat exchanger is illustrated in Figure 12. It is possible to
conclude that the heat transfer area obtained with TRAPP and
friction theory models are similar even if the transport
properties are differently predicted: an overestimation of the

viscosity by the TRAPP model leads to lower Reynolds and
Nusselt numbers, but this is compensated by an overestimation
of the thermal conductivity in the calculation of the heat transfer
coefficient.

The results of the design using the different models are
reported in Table 8. Since the Chung–Lee–Starling method
seems to underestimate the viscosity of this mixture (as proved
by the experimental comparison in Figure 2) without penalizing
the thermal conductivity, the high Reynolds numbers favor the
heat transfer, and the heat exchanger results are more compact.

6.2. CO2þ C6F6 Mixture

The power cycle is evaluated for a net mechanical power output
of 100MW and properties assessment is carried out with the PR
EoS, by using an optimized BIP from.[6] A mixture composition
with a CO2 molar content of 84% is chosen according to the same
work[6] to maximize the gross cycle efficiency (around 42%).
The most relevant thermodynamic points of the cycle are sum-
marized in Table 9 for the base case. To see the impact of the
PCHE design on the cycle performance, the hot-side pressure
drops have been varied from 1 to 4% (corresponding to
0.81 ÷ 3.2 bar). The cycle power balance and the main PCHE fea-
tures at design condition are reported in Table 11.

The T-Q diagram of the PCHE recuperator is shown in
Figure 13, where the internal pinch point is identified at the
dew point near the cold-end. The values of the dynamic viscosity

Figure 13. Mixture CO2þ C6F6: T-Q diagram of the PCHE (base case 1%
ΔPH,rec).

Figure 14. Mixture CO2þ C6F6: thermal conductivity and viscosity calculated with different models in the HP side (top) and in LP side two-phase region
(bottom) of the recuperator in the heat exchanger temperature range.
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and thermal conductivity of the mixture along the upper and
lower (two-phase field) isobars in the heat exchanger temperature
range, calculated with the three investigated transport properties
models, are represented in Figure 14. Moreover, Figure 15
shows the same properties in the single-phase LP side of the
recuperator.

It can be noted that the thermal conductivity predicted with the
f-PR model is lower if compared to the other two models as
shown in Figure 5 where both TRAPP and Chung–Lee models
overestimate the experimental data of pure C6F6. The overall heat
transfer coefficient is reported in Figure 16. In the HP stream,
the viscosity increases about four times from the hot-end to the
cold-end: this enhancement across critical conditions entails a
drastic variation of the Reynolds number. Consequently, there
is a reduction of the convective heat exchange performance at
the cold-end that is only partially relieved by the increase of
the thermal conductivity in that region. The counterbalanced
trends of viscosity and thermal conductivity in the cold-side
are well represented by the Prandtl numbers and the
Reynolds number in Figure 17.

In the LP stream, the Reynolds number increases due to a
reduction of the viscosity between the hot-end and the condensa-
tion onset, thus enhancing even the Nusselt number. However,

the marked decrease of the thermal conductivity, from the hot-in
to the pinch-point, determines an overall progressive reduction of
the convective heat transfer coefficient in the LP side. On the
other hand, the TRAPP model provides a higher thermal conduc-
tivity but at the same time higher viscosity compared with the
fitted f-PR model. As a consequence, the resulting heat transfer
coefficients are quite similar using the two models especially in
the single-phase region, while notable difference can be seen in
the two-phase region. In the end, the resulting recuperator design
with the two models is very similar because the two-phase field
corresponds only at about 20% of the total exchanged thermal
power. While the Chung–Lee–Starling model estimates a higher
thermal conductivity and, at the same time, a similar or even
lower viscosity compared to the f-PR model, leading to a more
compact PCHE. The design results are reported in Table 10.

The cycle power balance and PCHE design, using f-PR, at dif-
ferent hot-side percentage pressure drop, keeping a constant net
mechanical output, are reported in Table 11. The different PCHE
design affects both the upper and the lower isobars. The pump
inlet pressure is fixed to achieve saturation conditions at 51 °C,
while the pressure at turbine inlet is set as constant parameter at
250 bar. Thus, the different pressure drops in the HP and LP
streams of the recuperator affect both the pump outlet and
the turbine outlet conditions. When the allowable pressure drop
in the PCHE channel increases, also the channel length increases
due to more duty exchanged in the single channel, even if the
heat transfer coefficients are higher.

The LCOE is so computed to see the impact of the PCHE
design at different pressure drops on the overall CSP plant.
The cost functions to assess the capital costs of the power block
are taken from Weiland et al.[61] for turbine, pump, motor, and
generator, whereas Thermoflex has been used to determine the
cost of the PHE. The economic analysis is carried out installing
the power block and the CSP tower in Sevilla (Spain). The cost
functions of the solar tower, receiver, HTF pump, and piping are
taken from Kelly et al.,[62] while the solar field cost is assumed
equal to 145 $m�2 of heliostat area as suggested in System
Advisor Model.[63] An 8-hours TES, which consists of two molten
salts tanks, is assumed computing the related cost from the work
of Manzolini et al.[64] The design of the solar field, for a thermal
input of 717MWth at the receiver, as well as additional financial

Figure 15. Mixture CO2þ C6F6: transport properties in the single-phase LP side with different models.

Figure 16. Mixture CO2þ C6F6: U along the PCHE, model comparison
(base case).
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and operating expenses related to the CSP plant, is presented in
ref. [65]. The LCOE is calculated as

LCOE
$

MWhel

� �
¼ CSPPlant CAPEX ⋅ CRF þ CSPFixedOPEX

YearlyNet Electric Energy Produced

þ CSPVariableOPEX

(38)

Table 12 reports the capital cost related to the components of
the power block. The overall power block cost decreases as the
allowable pressure drop across the PCHE increases, but at the
same time, the size of the other power block components slightly
increases at fixed 100MW electrical output. The solar field and
the tower are fixed, while the TES size is computed for each
power cycle based on the optimal LCOE condition. An optimal
TES size of 8 h is found, and the dimensions of the tanks to pro-
vide the design thermal have a low impact on the capital costs
from one case to another. The results of the annual analysis con-
sidering Sevilla as location of the CSP plants with different power
block and TES design are represented in Table 13.

As highlighted in Figure 18, a local minimum of the LCOE is
found around a hot-side pressure drop of 3% due to a more com-
pact PCHE with respect to the base case without affecting much
the cycle efficiency (Table 11). The LCOE local minimum is not
very significative, but it is relevant for many aspects: lower invest-
ment cost compared to the base case, lower number of PCHE
modules operating in parallel reducing the risks of maldistribu-
tion, lower block welding and associated labor, and lower main-
tenance costs. When the available solar power exceeds the power
block thermal input, the TES stores the exceeding energy until its

capacity is saturated and defocusing of the heliostats is practiced.
The adoption of a more compact PCHE recuperator represents a
good solution also because defocusing hours are reduced.

Figure 17. Mixture CO2þ C6F6: Prandtl and Reynolds numbers trend along the PCHE.

Table 10. Mixture CO2þ C6F6: PCHE design results (base case).

TRAPP f-PR Chung-Lee

G [kg s m�2] 432 429 449

Nch,hot/cold� 106 1.8 1.82 1.74

Lz [m] 4.07 4.15 3.97

A [m2] 37’800 38’780 35’267

V [m3] 76.4 78.4 71.3

Cost [M$] 28.1 28.8 26.2

Table 11. Mixture CO2þ C6F6: cycle performance at different PCHE
pressure drop using f-PR as transport properties model.

Parameter Units 1% ΔPH,rec 2% ΔPH,rec 3% ΔPH,rec 4% ΔPH,rec

ΔPC,reca) bar 0.23 0.45 0.68 0.92

ṁ kg s�1 1224.7 1237.7 1251.3 1265.3

Wpump MW 25.4 25.7 26.0 26.4

Qrec MW 609.4 617.0 624.9 629.1

QTH,in MW 237.7 239.1 240.5 242.0

Wturb MW 125.4 125.7 126.0 126.4

Qcond MW 137.7 139.1 140.5 142

UAPCHE MW K�1 33.3 33.7 34.1 34.5

ϵrec % 92.85 92.88 92.92 92.96

ηcycle % 42.1 41.8 41.6 41.3

G kg (sm2)�1 429 602 737 850

Nch,hot/cold� 106 – 1.82 1.31 1.08 0.95

Lz M 4.15 4.49 4.65 4.76

A m2 35’267 30’218 25’836 23’193

V m3 78.4 61.1 52.2 46.9

Cost M$ 28.8 22.4 19.2 17.2

a)The pressure drop in the cold side of the recuperator is in accordance with the
results of the design.

Table 12. Mixture CO2þ C6F6: power block capital costs at different PCHE
recuperator design.

PB costs Units 1% ΔPH,rec 2% ΔPH,rec 3% ΔPH,rec 4% ΔPH,rec

Pump M$ 4.85 4.89 4.94 5

Turbine M$ 3 3.02 3.04 3.07

PHE M$ 24.2 24.5 24.7 25

Condenser M$ 8.78 8.86 8.91 9

Power Block M$ 74.5 68.6 65.8 64.3

PCHE/PowerBlock % 38.6 32.7 29.1 26.7
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7. Conclusions

Over the last years, new closed power cycle configurations adopt-
ing CO2-based mixtures as innovative working fluid are consid-
ered as promising alternative to sCO2 cycles when dry cooling in
hot environments is performed. In particular, some works
suggested the use of CO2 mixture with heavy and complex
compounds, such as CO2þ C6F6, in simple recuperative tran-
scritical power cycle. Although preliminary analysis highlighted
the benefits of this solution, a detailed design of the power block
components requires the knowledge of the thermophysical prop-
erties of binary mixtures of interest. Previous literature works
focused only on thermodynamic assessment of the CO2-based
mixture, but neither theoretical nor experimental studies on
the transport properties have been performed. Starting from
an extensive literature review, this work explored the adoption
of suitable transport properties models for the design of the heat
exchangers of the cycle, focusing on the PCHE recuperator of the
transcritical power cycle with the CO2þ C6F6 and CO2þ C10H22

mixtures.
In general, the comparison of most appropriate models with

available experimental data of CO2-based mixtures highlights the
shortcomings of the properties in the nonequilibrium field with

respect to thermodynamics. On the other hand, the adoption of
the recent friction theory model results to be a valid tool for
modeling the transport properties from the dilute region to
dense fluid states, even for asymmetric mixtures, compared to
corresponding state-based models available in commercial soft-
ware. Moreover, the f-theory models can be optimized on the
pure component experimental data, without needing for binary
interaction parameters, and this is a great benefit since experi-
mental data of CO2 mixtures are scarce especially in the HP con-
ditions of a transcritical power cycle.

As there are no experimental data on the investigated
CO2þC6F6 mixture, an additional CO2 blend with a heavy dop-
ant, CO2þ n-decane, whose transport properties are well known,
is selected to prove this concept. The two CO2mixtures have been
investigated in optimized cycle conditions in concentrated solar
power plants. The CO2 mixture with n-decane showed a very
high thermodynamic efficiency (32.5%) at 350 °Cmaximum tem-
perature due to well-balanced heat capacities within the recuper-
ator, in a simple-recuperated layout. On the other hand, the low
mean temperature difference along the PCHE recuperator leads
to a large heat transfer area and volume. Compared to TRAPP
and Chung–Lee–Starling models, imported from commercial
software, the adoption of the optimized friction theory model,
implemented in an in-house code, proved to be effective in
describing the heat transfer behavior of the mixture.

In case of the CO2þ C10H22 mixture, the use the Chung–Lee
model overpredicts the global heat transfer coefficient (around
þ16%), due to an underestimate of the dynamic viscosity.
Instead, the heat transfer area obtained by the TRAPP method
is similar to that obtained by the friction theory model (represen-
tative of real mixture behavior), even if the deviations in the trans-
port properties prediction are marked: an overestimate of the
viscosity by the TRAPP method entails lower Reynolds and
Nusselt numbers, but it is compensated at the same time by
an overestimate of thermal conductivity. This leads to compara-
ble areas and volumes predicted by TRAPP and friction theory
models.

The same outcome can be observed for the PCHE recuperator
of the CO2þC6F6 mixture: compared to the optimized f-theory
model, the TRAPP overestimate both viscosity and thermal con-
ductivity, providing a similar heat transfer area and volume. Even
if the TRAPP and Chung-Lee models are recognized as equally
valid in a wide density domain, this research shows that the
TRAPP model provides reasonable results for the CO2-based
mixtures investigated in terms of heat transfer area and volumes,
even if the transport property prediction is questionable as evi-
denced by the comparison with experimental data of the case
studies. Obviously, the use of the latter model could be not suit-
able, for example, in the calculation of pressure losses in the
pipes of the power plant. In any case, dedicated analysis should
be performed for each specific CO2 mixture investigated, and the
use of the optimized friction theory model results to be a useful
tool to improve the reliability of the design results.

A better understanding of the heat transfer behavior of CO2

binary mixtures is not only crucial for the cycle design but also
to predict the off-design performance, and this work provides
useful guidelines when dealing with the design of the heat
exchangers of a transcritical CO2-based cycle.

Table 13. Mixture CO2þ C6F6: annual analysis of the CSP plant at
different recuperator design.

CSP Plant results Units 1%
ΔPH,rec

2%
ΔPH,rec

3%
ΔPH,rec

4%
ΔPH,rec

Yearly Electric Energy GWhel year
�1 407.5 405.45 404.07 401.98

Equivalent Hours
of Defocusing

h year�1 77 68 61 52

Solar Multiple – 2.52 2.5 2.49 2.47

TES Cost M$ 60.11 60.5 60.76 61.16

Solar Field Cost M$ 183 183 183 183

Tower Cost M$ 24 24 24 24

Specific CSP CAPEX $ kWel
�1 5330 5262 5231 5218

PCHE % Investment Cost – 5.5 4.3 3.7 3.4

LCOE $MWhel
�1 133.9 133.1 132.9 133.3

Figure 18. Mixture CO2þ C6F6: LCOE of simple recuperated 100MW
cycle at different PCHE design conditions.
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The optimal design of the PCHE of the transcritical power
cycle working with CO2þ C6F6 applied in a CSP located in
Sevilla is found to be around 3% hot-side pressure drop, a solu-
tion that allows more compactness (lower capital costs) without
affecting much the cycle efficiency and reducing the maldistribu-
tion risks too.
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