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A systematic comparison of the performance and economics of concentrated solar power

plants using various heat transfer fluids including molten salts and synthetic fluids

(Dowtherm A, Syltherm, HELISOL, Malotherm and Therminol VP1) is carried out. First, a

process systems approach is used to determine the yield of the thermodynamic cycle using

different thermal fluids, their operating conditions and the water consumption. Next, an

economic evaluation is performed. For reference Almería, to the South of Spain, is the

location selected because of the high solar irradiance. The efficiency of the regenerative

Rankine cycle increases with the maximum operating temperature. The average power pro-

duction increases from 16 MW using Malotherm to 25 MW using the molten salts, while

the  water consumption decreases from 3.6 L/kWh to 2.1 L/kWh. A higher efficiency results

in  more competitive electricity prices that decrease from 0.21 D /kWh (Malotherm) to 0.12

D  /kWh (molten salts) with the maximum operating temperature. Furthermore, the effect

of  the maximum temperature on power and water consumption are computed towards a
pre-evaluation of novel fluids under development.

© 2021 The Authors. Published by Elsevier B.V. on behalf of Institution of Chemical

Engineers. This is an open access article under the CC BY-NC-ND license (http://
1.  Introduction

Solar energy is the most abundant resource on Earth. However, the

low intensity and scattered availability results in the need to trans-

form it into a handy form of energy, electricity (Martín and Martín,

2013; Martin, 2015). Two main technologies are widely used, photo-

voltaic panels (PV solar) and concentrated solar power facilities (CSP).

The first one has gained attention due to the subsidies to install PV pan-

els as well as their simple operation. However, they can only produce

electricity during daytime. CSP plants offer the possibility of operating

overnight by means of storage systems. The hourly and daily variation

in solar availability are buffered using thermal storage systems. Typ-

ically, a heat transfer fluid (HTF) is heated up using solar energy and

stored during the sun hours for its use overnight (International Energy

Agency (IEA), 2010). For longer term operation, hybrid systems combin-

ing a backup source, such as a natural gas boiler or recently biomass

(Vidal and Martín, 2015) and waste (de la Fuente and Martín, 2019),

with the CSP facility are used. In this work we focus on thermal storage
systems for overnight operation.
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Concentrated solar power facilities typically consist of the solar

field, the energy storage system, the power island, and the cooling sys-

tem. A number of studies have covered each one individually and /

or the analysis of the entire facility. Reviews on the configuration and

design of solar fields can be found in the literature (International Energy

Agency (IEA), 2010; NREL 2011). Parabolic troughs and solar towers are

the most extended designs (NREL 2011; Zhang et al., 2013). The opti-

mal lay-out of the heliostats has been addressed by different groups

using mathematical or algorithmic approaches (Mutuberria et al., 2015;

Noone, et al., 2012; Barberena et al., 2016; Leonardi et al., 2019; Collado

and Guallar, 2019; Schell 2011). The analysis of the thermodynamic

cycle has focused most of the research. Simulation (Janjai et al., 2011;

Halb et al., 2012; Li et al., 2019) or optimization approaches have been

used for the evaluation of the performance of the cycle. Within the opti-

mization one, model-based optimization (Morin et al., 2010; Montes

et al., 2009a, b; Mahmoudimehr and Sebhati 2019; Yagli et al., 2019),

neural networks (Richter et al., 2011) and mathematical optimization

(Martin, 2015; Ghobeity et al., 2011; Slocum et al., 2011) have been used.

Cooling is a critical part of these systems since CSP facilities are meant

to be installed in places with low availability of water. Cooling towers

(Martin and Martín, 2017; Halb et al., 2012; Martin and Martín, 2017) and
dry systems such as A-frames (Luceño and Martín, 2018) or dry cooling

towers (Tanimizu and Hooman, 2013) have been studied and compared

(Palenzuela et al., 2013) to evaluate the water and power consumption

 Institution of Chemical Engineers. This is an open access article
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Nomenclature

A Specific area (m-1)
Afield Area of the heliostat field (m2)
Ah Area of a heliostat (120 m2)
areasup Superficial area provided by the heliostat field

(m2)
Areahelio Area of a heliostat (m2)
b Aggregation state (liquid, steam)
B Water blowdown flow (kg/s)
COC Cycles of concentration concentration
cp Heat capacity (kJ/kg/K)
ch Humid air heat capacity (kcal/kg dry air)
Es Energy received from the Sun (kJ)
Ev evaporation flow (kg/s)
fc(J,unit,unit1) Mass flow of component J from unit to unit1

(kg/s)
Hb,(unit,unit1) Enthalpy of the stream at the state b from

the stream from unit to unit1 kJ/kg
Hsteam(isoentropy) Enthalpy of the stream at the if the

expansion is isentropic kJ/kg
hl Resistance to heat transfer (kcal/m2·s)
H Humid air enthalpy (kcal/kg)
hsun Sun hours (h)
ky Resistance to mass transfer (kg /m2s)
L/V Ratio between the water and the air flow rates

across the column in mass
Load Fraction with respect to the design conditions
nh Number of heliostats
Ndays Number of days of the particular month
Nhelios Number of heliostats
Operating Operating hours in a year /6450/
Power Mean power (MW)
pturbi Inlet pressure to body i in the turbine (bar)
P Pressure (bar)
Pv, sat Vapor pressure (mmHg)
Q(collector) Energy captured by collector (kW)
Q(unit) Energy at heat exchanger unit (kW)
Es Solar energy (J)
Radannual Annual radiation (kW/m2)
radiation Average annual radiation in the sun hours

MWh  per m2  and day
Radannual Average annual radiation MWh/m2
rendfield Field efficiency /0.55/
rendhelio Heliostat efficiency (0.9)
sb(unit,unit1) Entropy the stream at the state b for the

stream from unit to uni1 kJ/kgK
S Cross sectional area (m2)
sunhour Hours of sun a day
td days in a month (days)
t Operating time (s) /8760 h)
T (unit1, unit2) Temperature of the stream from unit 1

to unit 2 (oC)
tL Liquid temperature inside cooling tower(oC)
T Air temperature across the cooling tower (oC)
Tturbimin Saturating temperature at exit of body i (oC)
T(unit,unit1) Temperature of the stream from unit to unit

1 (oC)
tp time period
Wa  Component Water
W(unit) Work generated or needed at unit (kW)
Yi,sat Saturated moisture (kg moisture per kg dry air)

Z Height of the column (m)
z Objective function (kW)

Symbols
�helios Efficiency of the heliostats
�filed Field efficiency
�s Isentropic efficiency
�real Operating efficiency of the turbine
v Loss of efficiency due to fractional load to the

turbine
associated with the operation to determine the selection of the tech-

nology as a function of the availability of water (Martin and Martín,

2017). In spite of the low water availability, wet cooling towers are the

most efficient technology in many regions (Luceño and Martín, 2018).

However, there is still a particular challenge to be further evaluated,

the performance of the HTF’s.

Solar irradiance is absorbed by a fluid such as synthetic fluids,

molten salts or water (International Energy Agency (IEA), 2010, NREL,

2011, Yagli et al., 2019) that is the first stage in the conversion of the

energy harvested from the Sun to electricity. Even though the storage

system presents several additional challenges, due to the energy losses

(Sole et al., 2018), and the dynamics of the storage (Crespi et al., 2018),

the yield of the facility relies on the performance of the thermal fluid.

Direct and indirect storage systems are available, whether the heat

transfer fluid is the same as that used for power production or not.

Indirect storage is the most common technology based on its higher

efficiency (NREL, 2011). Several reviews on storage systems compare

qualitatively various media (sensible, latent and thermochemical) in

terms of properties, maturity of the technology and stability (Kuravi

et al., 2013). Among them, those based on sensible heat including syn-

thetic fluids, water and salts are the ones used at commercial scale

CSP facilities. Molten salts are widely used due to the high operating

temperature. However, they present operating issues because the salts

crystalize at 238 ◦C and solidify at 221 ◦C (NREL, 2011), and they are cor-

rosive (Fernández et al., 2012). Alternatively, synthetic fluids, organics

and silicones, can be used, but their operating temperatures are lim-

ited to 425 ◦C (Dowling et al., 2017). Over the last years several works

have compared the use of different synthetic fluids (Jung et al., 2015),

different salts (Polimeni et al., 2018) and different salt systems (Sau

et al., 2016) from a thermodynamic perspective. Even though there has

been a lot of modelling work on the performance of CSP plants, to the

best of the authors’ knowledge there is no systematic techno-economic

analysis comparing the operation of entire plants using different heat

transfer fluids with the same Rankine cycle. In addition, due to the par-

ticular allocation of CSP facilities in arid areas, the water consumption

of the cycles operating with the different HTF’s is also computed.

A process systems approach is used for the comparison of the per-

formance of concentrated solar power plants using six thermal fluids,

molten salts and five synthetic fluids, including silicones and organic

fluids. The transfer fluids are analyzed in terms of the power produced,

the water consumed per kWh and the facility investment and elec-

tricity production costs. The rest of the paper is organized as follows.

Section 2 describes the flowsheet of the process and the modelling

assumptions. In section 3 the solution procedure is presented. Next, in

section 4 the main results of the operation of the various CSP plants are

presented, including pressures, temperatures as well as the water con-

sumption of the facility for the different thermal fluids. Subsequently,

the estimation of the investment and electricity production costs are

reported. Finally, section 5 draws the conclusions.
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dium
Fig. 1 – Flowsheet of the system. HP: High Pressure; MP:  Me
water.

2.  Process  analysis

2.1.  Modeling  assumptions

The concentrated solar facility is divided into three sections.
The heliostat field is not further analysed in this work but for
its efficiency. The heat transfer fluids (HTF’s) are heated-up
at the collector and stored in tanks (Tank1&2) overnight for
the operation of the plant. The HTF is used to generate steam
for the Rankine cycle. Finally, a cooling system is considered.
The cooling load and the water consumed are evaluated. Fig. 1
shows a process diagram of the facility for a regenerative
Rankine cycle with reheating, based on typical CSP facilities
and previous work (Martín and Martín, 2013). The production
of steam is divided into three stages, compressed water heat-
ing (HX3), evaporation (HX2) and overheating (HX1). The steam
fed to the high-pressure turbine (HP) is produced using only a
fraction of the flow of HTF at high temperature from the stor-
age tank. The rest of the flow of HTF is used to reheat up the
expanded steam (HX4) before reinjecting it to the turbine at
medium pressure (MP). Both streams of HTF are mixed and
used for the evaporation (HX2) and compressed water heating
(HX3). An extraction from the MP  turbine is used to represent
the extractions of the steam turbine. The extraction is used in
the regeneration part of the cycle, reheating up the water. The
rest of the steam is expanded in the low pressure (LP) turbine.
The exhaust steam is condensed (HX5) and recycled. A natural
draft cooling tower is used as a cooling technology based on
its high efficiency (Luceño and Martín, 2018).

Each unit in the flowsheet is modeled using first principles,
including mass and energy balances, thermodynamics of the
fluids, steam and HTF’s, and industrial rules of thumb (Martín,
2016). In this section we  provide the modelling principles. For
further details of the model of the process see the Appendix.

The solar field is modeled by the yield from solar incidence
to thermal energy (Martin and Martín, 2017). Furthermore,
apart from the operating temperature, the various thermal flu-
ids show different heat capacities that characterize the heat
transfer from the Sun to the HTF and from it to the generation
of steam, affecting the flows across the units, and different

film coefficients, determining the heat exchanger areas. Since
a detailed mechanical design of the heat exchangers is not
carried out, rules of thumb (Wallas, 1990) and the manufac-
 pressure; LP: Low pressure. (-) HTF;(–) Steam; (··) Cooling

turer’s datasheets of the different fluids are used to estimate
the film coefficients (Eastman, 2019; Dow, 2019a,b, Sasol, 2019).
Two silicones, HELISOL and Syltherm, three synthetic organic
fluids, Dowtherm A, Therminol VP1, Malotherm, and molten
salts are used in the comparison.

The thermodynamics of the steam and the isentropic effi-
ciency are used to compute the power obtained after each
expansion. The efficiency of the turbine considers partial load
operation by modelling the isentropic expansion efficiency
using or developing empirical correlations from the literature
(Jüdes et al., 2009) among the ones available in the literature
(Jüdes et al., 2009; NREL, 2019; Erhart et al., 2011).

The cooling tower is modelled considering the mass
transfer using the Mickley method to compute the water con-
sumption of the process. The mechanical design of the tower is
out of the scope of this work (Martin and Martín, 2017; Guerras
and Martín, 2020).

2.2.  Weather  conditions

The operation of the facility relies on the weather conditions
of the location. Table 1 shows the main features of the yearly
climate of Almería, inclduing the irradiance, the sun hours,
as well as the air temperature and moisture and the temper-
ature of the water of the Mediterranean sea (JA, 2013). These
conditions are selected to present a representative case study,
but the model can be used to evaluate the performance of CSP
plants in any other location using data from other sources or
else, if not available, computed using predictive models (Ustun
et al., 2020)

3.  Solution  procedure

The operating conditions at the units, the flows  and the power
production are computed by optimizing the model of the facil-
ity described in section 2 for different thermal fluids. The
objective function is given in eq. (1) as the maximization of the
power generated over the year using a monthly discretization,
tp:
z =
∑

tp

W(Turbine1,tp) + W(Turbine2,tp) + W(Turbine3,tp) (1)
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Table 1 – Plant operating conditions (Anon, 2021a).

MONTH kWh/m2·day Day SUN (H) Sun(h/day) T Amb (
o
C) % Humidity Twater (

o
C)

Jau 4.377 31 191 6.161 12.5 69 15.5
Feb 5.125 28 191 6.821 13.2 68 15.0
Mar 5.319 31 228 7.355 14.7 66 16.0
Apr 6.387 30 250 8.333 16.4 64 17.5
May 6.697 31 299 9.645 19.1 66 19.5
Jun 8.587 30 322 10.733 22.7 64 25.0
Jul 8.668 31 338 10.903 25.7 63 26.0
Aug 7.342 31 312 10.065 26.4 65 27.0
Sep 6.057 30 257 8.567 24.0 66 26.0
Oct 4.126 31 221 7.129 20.0 68 24.0
Nov 3.513 30 187 6.233 16.2 70 21.0
Dec 3.326 31 176 5.677 13.7 70 17.0
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Average 5.794 30.4 248 

Subject to the model for the process described in section 2
nd presented in the Appendix.

The problem formulated is a non-linear programming (NLP)
ne consisting of 263 equations and 284 continuous variables
er month and fluid. It is written in GAMS where the decision
ariables are the flow rate, the pressure and temperature of all
he streams across the process. In addition, several variables
uch as the fraction of the flow of HTF used to overheat the
team, HX1, the one needed to reheat the steam, HX4, or the air
emperature profile across the cooling tower are of particular
nterest. The problem is optimized on a monthly basis, using

 multistart optimization scheme with CONOPT 3.0 as solver.
Next, an economic evaluation is performed. The factorial

ethod is used to estimate the production cost of the elec-
ricity and the investment cost of the facility (Sinnot, 1999).
egarding the investment cost, it considers the cost of the
nits involved in Fig. 1, as well as their installation, the piping
nd instrumentation, the cost for the ground, the chemicals,
nd the administration. The cost of the equipment is updated
rom the correlations presented in (Almena and Martín, 2015)
xcept for the heliostats, whose cost is assumed to be 120

 /m2. The design point for the units corresponds to an irra-
iation of 900 W/m2 and the atmospheric conditions of July.

 solar field consisting of 3900 heliostats is considered for all
acilities to evaluate the efficiency of the HTF. The installation
f the equipment is estimated as 0.5 times their cost. To esti-
ate the cost of the piping, the isolation, the instrumentation

nd the infrastructure for the utilities factors of 0.2, 0.15, 0.2
nd 0.1 times the equipment costs are assumed, to be consis-
ent with previous work for comparison (Martín and Martín,
013). Land and edifications cost are estimated to be 8 MD  . The
hermal fluids are stored such that the facility operates dur-
ng the night. Thus, a certain volume is to be purchased of the
alts (0.665 D /kg) (Martín and Martín, 2013) and the synthetic
uids, DTA, VP-1 and Syltherm and HELISOL (0.45 D /kg), Mar-

otherm (1 D /kg) (Anon, 2021b). It is estimated that the fees
orrespond to 3% of the fix cost. The overheads and admin-
strative costs add up to 10% of the direct costs, computed as
he fix cost and the fees, and the plant layout represent 5% of
he fix cost. The plant start-up cost is estimated as 15% of the
nvestment.

Electricity production cost is computed following the pro-
edure in (Sinnot, 1999). The various items involved in the
roduction cost are estimated as follows: labour is computed
s 0.5% of the investment, the equipment maintenance adds

p to 2.5% of the fix costs, amortization is estimated to be lin-
ar with time in 20 years, taxes and overheads represent 1%
f the investment each and administration is estimated as 5%
 18.7 66.6 20.8

of labour, equipment maintenance, amortization, taxes and
overheads (Martín and Martín, 2013).

4.  Results

This section presents the discussion of the effect of the HTF’s
on the efficiency of the thermal cycle and the operating con-
ditions, the water consumption, and the economic evaluation
of the facilities operating with the different HTF’s.

4.1.  Major  operating  conditions  of  the  CSP  plants

The main operating conditions of the CSP plants for each of
the HTF’s evaluated are presented in Table 2. Those with the
same maximum temperature show the same operating pres-
sures and temperatures at the Rankine cycle. In addition, the
maximum pressure at the turbine is directly related to the
maximum operating temperature of the HTF. The maximum
pressure at the HP turbine goes from 20.4 bar for Malotherm,
with a highest operating temperature of 350 ◦C, to 30−31.5 bar
for HELISOL, DTA, Syltherm and Therminol VP1 and up to 125
bar for the molten salts. However, for the medium pressure
and low pressure all the synthetic fluids show the same pres-
sures, 2.1–2.5 bar, 1.1 bar and 0.08 bar while the salts show
larger pressures across the turbine, typically with a 1:5 ratio,
but for the exhaust pressure. The fraction of salts required to
overheat the steam increases with the maximum operating
temperature, see Table 2, from 12% when the highest temper-
ature is 350 ◦C to 16% for 400 ◦C and up to 36%. In the case of
molten salts, whose maximum operating temperature is 565
◦C. It could be possible to predict the fraction of HTF used for
reheating for a particular fluid based on the results in Table 3.
However, the extraction of stream from the turbine to heat up
the condensed water is around 8–10%.

The values reported in Table 2 are compared with results
from the literature. Most of the works reporting operating
conditions for the Rankine cycle of CSP plants focus on Ther-
minol VP1 or molten salts as HTF’s separately. Even though
in most cases a Rankine cycle with reheating is used, the
turbine structure is not the same in all cases using mostly
high- and low-pressure turbines, and the regeneration and
reheating stage are sometimes not considered which makes
the comparison among literature results and with ours not
straightforward. For comparison, Table 3 shows the values
reported in the literature. Note that the results in the literature

are obtained in simulation-based studies. It can be seen that
the operating pressure at the turbine increases with the max-
imum operating temperature of the HTF’s, as it is presented
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Table 2 – Main operating conditions of the 6 fluids.

T(HP) (
o
C) P(HP) (bar) P(MP) (bar) P(Ext) (bar) P(exha) (bar) % HTF Reheating % Extraction

Dowtherm A 400 31.5 2.1 1.1 0.08 16 8
Syltherm 400 31.5 2.1 1.1 0.08 16 8
Therminol: VP1 400 31.5 2.1 1.1 0.08 16 8
Malotherm 350 20.4 2.1 1.1 0.135 12 8
Helisol 425 29 2.5 1.1 0.08 17 10
Salts 565 125 11 6.5 0.19 36 8

Table 3 – Literature operating conditions (Halb et al., 2012; Morin  et al., 2010, Ghobeity et al., 2011; Nezammahalleh et al.,
2010; Xu et al., 2011; Palenzuela et al., 2011).

HTF T(HP) (
o
C) P(HP) (bar) P(MP) (bar) P(Ext) (bar) P(exha) (bar) Reference

VP1 371 104 17 - 0.18 Palenzuela et al. (2011)
VP1 371 104 17 - 0.31 Palenzuela et al. (2011)
VP1 371 104 17 - 0.18 Palenzuela et al. (2011)
VP1 371 104 17 (2/4/6/10/16) 0.18 Palenzuela et al. (2011)
Salts 540 40 - - 0.05 Ghobeity et al. (2011)
VP1 392.9 98.7 18.6 - 0.08 Morin et al. (2010)
VP1 373 100 18 - 0.06-0.2 Halb et al. (2012)
Salts 552 126 - 31 0.1 Xu et al. (2011)
Salts 552 126 - 31 0.1 Xu et al. (2011)
Salts 552 240 48 30 0.1 Xu et al. (2011)

7/2.1/0.5 0.07 Nezammahalleh et al. (2010)
None 500 90 18 

in this work. However, for Therminol VP1, operating pressures
around 100 bar are reported in the literature, while the opti-
mization suggests values around 31 bar. Note that Palenzuela
et al. (2011) use a high-medium pressure turbine alone, while
Morin et al. (2010) show a more  detailed thermodynamic cycle
with high, medium and low pressure turbines. However, in
both cases the medium pressure is around 18 bar versus the
2.1 the optimization suggests. Morin’s work shows values of
2.73 and 0.96 at two of the medium and low-pressure turbine
sections, similar to the ones shown in the optimization results.
Halb et al. (2012) results are similar to the ones reported by
Morin et al. (2010) using a high, medium and low-pressure tur-
bine. With regards to the extractions, Halb et al. (2012) reported
24% while Morin et al. (2010) 19% vs the 8% that our results
show. However, they considered a detailed simulation of the
cycle versus the optimization we presented. In addition, Palen-
zuela et al. do not consider regeneration in the analysis of the
cycle. In case of using molten salts, the optimization results
report pressures similar to the values presented by Xu et al.
(2011), a system that considers no reheating or regeneration
and simulates the turbine as consisting of high- and low-
pressure turbines, around 130 bar, but larger than the ones
in Ghobeity et al. (2011) that shows 40 bar using a simpli-
fied regenerative Rankine cycle. No data for the extraction is
reported in any of the two cases.

The operating pressures decrease with the maximum oper-
ating temperature of the thermal fluid in the literature results
as well as in this work. In the high pressure turbine the lit-
erature reports values from 126 bar for molten salts to 100
in the case of Therminol VP1, while this work shows a larger
decrease, from 125 bar to around 35 bar. In the medium pres-
sure turbine the pressure decrease from the 11 bar when using
molten salts, to 2.1–2.5 in all other five cases. The ones in
the literature show values from 10 to 17 bar for the medium
pressure (Montes et al., 2009a,b; Palenzuela et al., 2011), when
reported. Similarly, the low-pressure turbine operates at 6.5
bar for the molten salts and only 1.1 bar for all six synthetic

thermal fluids. This pressure is not reported in some cases pre-
sented in the literature. Finally, the exhaust pressures shown
Fig. 2 – Profile of the power production over time for the six
thermal fluids.

for the synthetic fluids are in the range of 0.08 bar for the
optimization while Palenzuela et al. (2011) show values in the
range of 0.18–0.31 bar and Halb et al. (2012) and Morin et al.
(2010) present values from 0.06–0.2 bar.

Fig. 2 shows the profile of the production of electricity for
the six thermal fluids operating 8760 h during the entire year.
During summer, a peak of 40 MW can be reached using molten
salts as HTF, while in November and December minimum val-
ues just below 20 MW can be achieved. For the synthetic fluids
it is possible to see that the maximum production capacity is
30% lower compared to the use of molten salts. The power
production profile follows the solar availability in all cases.
On average, the facility using Malotherm fluid produces 16
MW while if salts are used as an HTF, the production capacity
reaches 25 MW. In between we have the other four fluids, with
an average production of around 18 MW.

4.2.  Effect  of  maximum  fluid  temperature  on  plant
efficiency

Once the performance of a CSP facility has been evaluated

using different HTF’s, the process model is used to study the
effect of the maximum operating temperature of an HTF in the
power production. For this evaluation, the turbine is assumed
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Fig. 4 – Water consumption over time.

Fig. 5 – Effect of thermal fluid operating temperature on
water consumption.
ig. 3 – Effect of operating temperature of the fluid on the
ower production. Reference: Molten salts.

o operate at 100% load. Fig. 3 shows the decrease in the power
roduced relative to a reference that, for this case, is the facil-

ty that uses molten salts. A correlation, eq. (2), is developed
or further evaluation of fluids and for fluid selection purposes
s a function of their maximum operating temperature. It can
e used as a simple rule of thumb to estimate the production
f power in the context of prescreening promising HTF’s.

ower(MW)  = 0.6015·Ln(Tmax(oC))−2.8031 (2)

The efficiency of the cycle increases with the tempera-
ure of the hot source as expected. The correlation developed
s interesting towards comparing biomass and solar as
esources. Note that, for a particular location where the
eather conditions do not jeopardize the cooling (cold end),

he performance of the Rankine cycle only depends on the
emperature of the hot source and therefore the results pre-
ented in Fig. 3 can allow estimating the yield of any other HTF.
s a result, if the temperature further increases, the power
xtracted from the cycle will also increase, achieving the effi-
iencies that are found for a boiler as evaluated in a previous
ork (Guerras and Martín, 2020).

.3.  Effect  of  the  HTF  on  the  consumption  of  water

ater consumption can jeopardize the operation of solar facil-
ties due to the limited availability in the regions of higher solar
ncidence. In previous work (Luceño and Martín, 2018) it was
hown that even in arid regions, wet cooling towers were more
ustainable than dry technologies. In addition, the consump-
ion of water is another metric to evaluate the efficiency of
he thermal cycle. Water consumption accounts for the losses
ue to evaporation (Ev), determined from the analysis of the
peration of the plant, and blowdown (B), computed as eq. (3).
he cycles of concentration (COC) are assumed to be 5 based
n rules of thumb. It is assumed that the drift is negligible as

t has been demonstrated for newly  design facilities (Guerras
nd Martín, 2020).

 = Ev

COC − 1
(3)

The average consumption is 2.1 L/kWh, in the case of
sing molten salts. However, for the rest of the thermal flu-

ds, the lower efficiency of the Rankine cycle results in larger
ater consumption ratios as a function of the highest operat-
ng temperature. HELISOL consumes around 3.0 L/kWh, DTA,
yltherm and Therminol VP1 consume an average of around
.1 L/kWh while the Marlotherm reaches an average value of
3.6 L/kWh. The monthly values are presented in Fig. 4. Typi-
cally, for CSP towers facilities values from 2.6 to 3.4 (Macknick
et al., 2012) or 2.7 to 3.8 L/kWh (Stillwell et al., 2011) are
reported. The range can be due to the use of different thermal
fluids. The studies presenting values for VP1 report consump-
tions of water of 2.95 L/kWh (Palenzuela et al., 2013), similar
to the ones obtained in this work, while molten salts-based
facilities are reported to consume 2. 8 L/kWh (Stoddard et al.,
2006). In addition. The location of the facility can also affect
and modify the water consumption as presented in a previous
paper (Guerras and Martín, 2020), where the water – energy
nexus and the tower design is presented if synthetic thermal
fluids are used. Rankine cycles in CSP plants operate at lower
temperature at their hot end, increasing the cooling needs per
kWh produced and the water consumption. However, if the
temperature of the hot source of the cycle is above that of
the molten salts, the relative water consumption reaches an
asymptote, see Fig. 5.

Similarly as for the evaluation of the power production,
assuming different maximum temperatures and full load
operation at the turbine, the effect of the maximum operating
temperature of the HTF on the water consumption is evalu-
ated. It can be seen that the system is more  efficient operating
at higher temperatures. The consumption of water decreases
with the maximum temperature of the HTF, see Fig. 5 and eq.
(4). Beyond 565 ◦C an asymtote is reached

Rel(Water/WaterSalts) = 729·Tmax(oC)-1.047 (4)

Eq. (4) can be used to estimate the water consumption of
Rankine cycles operating with other HTF’s as a screening tool

for novel synthetic fluids
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4.4.  Economic  evaluation

In this section the major economic parameters of the pro-
cesses using the six heat transfer fluids are discussed,
including investment and production costs.

With regards to the investment cost, it is important to high-
light that the turbine is sized for the power production under
the design conditions presented in Table 5. In addition, the
size of the units depends on the flows  they process as well as
on the fluid properties. In particular, the heat transfer coef-
ficient determines the area of the heat exchangers involved.
Fig. 6 shows the cost of different sections. The details of the
units cost can be seen in the supplementary material. The
distribution is similar in all the cases. One half of the cost
comes from the solar field, the heat transfer units represent
around 30%, while the turbine reaches 20% of the units costs.
Table 5 shows the investment costs for the six different fluids.
As a rule, the power production increases with the maximum
operating temperature. However, the efficiency of the Rankine
cycle results in the fact that the investment costs are larger for
Marlotherm than for other fluids such as the rest of synthetic
fluids, HELISOL, Syltherm, Therminol VP1 and Dowtherm A,
and the molten salts. There is also an effect of the physical
properties of the fluid on the flowrate of the thermal fluid as
well as on the heat exchanger areas.

Table 4 also shows the production costs for electricity for
the different heat transfer fluids. In the supplementary mate-
rial the different items considered for the production costs are
presented. The values are in the range from 0.12 D /kWh to 0.21
D /kWh. In general, the production cost of electricity decreases
with the hottest temperature of the HTF. This is because of
the higher yield and efficiency of the thermodynamic cycle.
The effect of the properties of the fluid cannot be seen in
the performance of the Rankine cycle but on the economics
of the facility. For fluids with the same maximum operating
temperature, Dowtherm A, Syltherm and Therminol VP1, the
differences in the economics are related to the physical prop-
erties of the fluid, namely, the heat capacity, that determines
the flow of liquid required to absorb the power from the sun,
and the liquid film resistance, that determines the area of the
heat exchangers. Corrosion issues are considered within the
amortization of the units. As a result, HELISOL shows the low-
est production cost among the synthetic oils, showing lower
investment cost than any other HTF, but a production cost for
the electricity 33% higher than using molten salts.

5.  Conclusions

A techno economic analysis has been performed to eval-
uate the operation of solar thermal plants operating with
six different heat transfer fluids, Malotherm, Therminol VP1,
Dowtherm A, Syltherm, HELISOL and molten salts. A math-
ematical optimization framework has been developed to
evaluate the operating and an economic analysis has been
performed to estimate the investment and electricity produc-
tion costs. The different physical properties of the fluids as
well as their range of operating temperatures determine the
power production, the consumption of water involved and the
electricity costs.

On average over a year, using Malotherm as heat transfer

fluid allows producing an average of 16 MW while if molten
salts are used, up to 25 MW can be produced. The produc-
tion capacity of the other fluids, DTA, Syltherm, HELISOL and
 Design 1 6 8 ( 2 0 2 1 ) 46–58

Therminol VP1, reaches an average value of around 18 MW.
However, the investment cost is not directly related to the
power production, since the larger the production capacity
the larger the turbine, that represents a large share in the
investment cost. Furthermore, the area of the heat exchang-
ers is directly related to the physical properties of the fluids
resulting in the fact that, for the same maximum operating
temperature, there is a 10% difference in the investment cost.
The electricity production cost for the different HTF’s ranges
from 0.12 D /kWh to 0.21 D /kWh. This value is a direct result
of the production capacity, taking into account the differences
in the investment. Molten salts show the best performance,
with the fifth largest investment, 400 MD  , and the largest pro-
duction capacity. The results presented do not only allow the
comparison of the six HTF but also provide the information
for the quick screening of novel HTF’s using the correlations
developed. Although the results are promising, a detailed
engineering of the facility is required for a more  accurate com-
parison.
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Appendix  A.  Modeling  details

Collector and heliostats field
The solar energy is redirected to a tower using heliostats

where the heat thermal fluid is used. Typically, heliostats size
ranges from 70 to 150 m2. In our case we consider a mean
value, 120 m2. The tower has a heat exchanger in the top that
is used to heat up the HTF by the concentrated solar energy.

The number of heliostats is computed for an average power
of around 20 MW, taking Power in eq (A.1) equal to 25 MW
(NREL 2010). The area needed in the heliostat field is calculated
using the annual radiation as given by eq. (A.2).

Afield · Radannual = Power · t (A.1)

Afield = nh · Ah · �h (A.2)

Where the heliostat efficiency (�h) is 90% and Radannual =
520kWh/m2

With that field of heliostats, for each month, we  have the
capability of gathering a certain amount of energy given by Eq
(A.3). Note that, for the sake of simplicity in the presentation
of the equations, from this point on we are not presenting the
ẗime periodïndex in each one of them. The efficiency of a helio-
stat field depends on several parameters such as cosine losses
(20%), shading and blocking (2% losses) (Moore et al., 2010),
heliostat reflectivity (typical efficiency values range from 0.90
to 0.95 (Mancini, 2000) and transmission losses through the
atmosphere (5% loses) (Ruiz Gernandez, 2009). To be on the
safe side we  consider a field efficiency (�field) of 55%.
Energy = Es = Radi · td · Afield · �field (A.3)
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Fig. 6 – Distribution of unit costs for the different thermal fluids.

Table 4 – Main Units and costs for the various fluids.

Fluid MaxP (MW) Cooling (MW) Investment Cost (MD  ) Electricity Cost (D /kWh)

Heliosol 69 140 384 0.165
Dowtherm A 68  141 383 0.167
Syltherm 68 141 398 0.174
Therminol VP1 68 141 383 0.168
Malotherm 60 149 469 0.209

h
l

Salts 86 123 

The heliostat field only collects energy during the sun
ours. Eq. (A.4) determines que energy available for the col-
ector:

Q(collector)

3600 · hs · td
= Es (A.4)
400 0.117

The range of operating temperatures depends on the ther-
mal  fluid. DTA, Syltherm DOW 2019), and VP1 (Eastman, 2019)

operate from 200 to 400 ◦C. Malotherm from 200 ◦C to 350 ◦C
(SASOL 2019) and the molten salts from 290 ◦C and are heated
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up to 565 ◦C using the energy collected from solar radiation.
Thus, the flow of the HTF is calculated as eq. (A.5) during the
sun hours with the heat capacity of the HTF (Dow 2019, Lie
2017; Eastman, 2019; Sasol 2019). The flow of the HTF in and
out of the collector is the same, eq. (A.6):

Q(Colector) = fc(HTF,Colector,Tank1) ·
T(Colector,Tank1)∫
T(Tank2,Colector)

cpHTFdT (A.5)

6 different synthetic fluids, heat transfer fluids (HTF), are
considered. The heat capacities of the different fluids used are
shown in Table A1.

fc(HTF,Tank2,Colector) = fc(HTF,Colector,Tank1); (A.6)

The flow rate of the HTF across the Power cycle cannot
exceed the maximum possible flow produced at the collector
corrected by the fraction of sun hours in a day, as presented
in eq (A.7):

fc(HTF,Tank1,Spl1) ≤ (sunhours)
24

· fc(HTF,Tank2,Colector); (A.7)

HTF operates in a closed cycle, modelled as in eq. (A.8):

fc(HTF,HX3,Tank2) = fc(HTF,Tank1,Spl1); (A.8)

Turbine system
A regenerative Rankine cycle is typically used (Moore et al.,

2010). High pressure steam is generated using the HTF. The
highest pressure at the turbine ranges typically from 30 to 125
bar (Pavlovic et al., 2012; Palenzuela et al., 2011, 2013; Xu et al.,
2011; Bakos and Tsagas, 2002; Halb et al., 2012; Morin et al.,
2010; Richter et al., 2011; Ghobeity et al., 2011). The steam is
expanded into a mean pressure within the rage of 5 to 35 bar
(Pavlovic et al., 2012; Palenzuela et al., 2013; Halb et al., 2012;
Morin et al., 2010).

First, we present the mass and energy balances to the set
of heat exchangers that transfer the solar energy stored in the
HTF into the water/steam that follows the power cycle. In Fig. 3
we  follow the HTF path. The flow of HTF from storage tank 1 is
split so that part of HTF is used to heat up steam before being
fed to the turbine, HX1, and the rest is used for a reheating
stage, heat exchanger 4 (HX4), eq. (A.9)

fc(HTF,Tank1,Spl1) = fc(HTF,Spl1,HX1) + fc(HTF,Spl1,HX4); (A.9)

The saturated steam at the operating pressure of the tur-
bine is heated at HX1 employing the hot thermal fluids. The
entalphy and entrophy of the different water stream, either as
compressed liquid, saturated liquid, saturated vapor or super-
heated steam, were correlated as function of the pressure and
temperature, eqs. (A.10–A.19) (Martín and Martín, 2013)

H and S for Compressed liquid

H (kJ/kg) = 4.2921 · (T) + 4.1269 (A.10)

S

(
kJ

(kgK)

)
= 1.1902 · 10−5 · (T)3 − 3.7465 · 10−3 · (T)2
+ 4.5352 · (T) + 0.64547 (A.11)
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H and S for Saturated liquid

H (kJ/kg) = 3.6082 · 10−12(T)6 − 3.4120 · 10−9(T)5

+1.2303 · 10−6(T)4 − 2.0306 · 10−4(T)3+

1.5552 · 10−2(T)2 + 3.7216 (T) + 3.0035

(A.12)

S

(
kJ

(kgK)

)
= 1.0372 · 10−12(T)5 − 8.6494 · 10−10(T)4

+ 2.8965 · 10−7 · (T)3 − 5.6730 · 10−5(T)2+

1.6802 · 10−2 (T) − 2.1997 · 10−2

(A.13)

H and S for Saturated Vapor

H (kJ/kg) = −6.5690 · 10−12(T)6 + 6.3049 · 10−9 · (T)5

−2.3080 · 10−6(T)4 + 3.8339 · 10−4(T)3

−3.0632 · 10−2(T)2 + 2.7553 (T) + 2.4957 ∗ 103

(A.14)

S

(
kJ

(kgK)

)
= −2.0373 · 10−12(T)5 + 1.8589 · 10−9(T)4

−7.1901 · 10−7(T)3 + 1.6112 · 10−4(T)2

−2.8904 · 10−2 (T) + 9.1915

(A.15)

H and S for Superheated steam (Up to 10 bar)

H (kJ/kg) =
(
−6.3293 · 10−6 · (P (bar)) +  3.3179 · 10−4

)
· (T)2

+ (0.0124 · (P (bar)) +  1.8039) T

+ (−6.0707 (P (bar)) + 2504.6)

(A.16)

S

(
kJ

(kgK)

)
= 9.42 · 10−10(T)3 − 3.09 · 10−6(T)2 + 5.24 · 10−3 · (T)

+
(

6.8171 · (P(bar))(−0.069455)
)

(A.17)

H and S for Superheated steam (10 bar -150 bar)

H (kJ/kg) =
(
−1.1619 · 10−13(P (bar))2 − 8.7596 · 10−12 (P (bar))

−2.2611 · 10−10
)

(T)4(
4.298 · 10−10(P (bar))2 + 3.276 · 10−8 (P (bar)) +  7.313 · 10−7

)
(T)3+(

5.801 · 10−7(P (bar))2 − 4.6 · 10−5 (P (bar)) −  5.009 · 10−4
)

(T)2 +(
3.383 · 10−4(P (bar))2 + 0.02947 · (P (bar)) +  2.195

)
(T) +(

−0.072042 · (P (bar))2 − 7.7877 · (P (bar)) +  2440.8
)

(A.18)

S

(
kJ

(kgK)

)
=

(
1.5719 · 10−11 (P (bar)) +  7.4013 · 10−10

)
· (T)3+

(
−1.0074 · 10−10(P (bar))2 − 3.0171 · 10−8 (P (bar)) −  2.8872 · 10−6

)
(T)2+

(
9.4914 · 10−8(P (bar))2 + 2.9097 · 10−5 (P (bar)) +  5.0938 · 10−3

)
· (T)

(
4.1223 · 10−5(P (bar))2 − 0.028841 · (P (bar)) +  5.9537

)

(A.19)
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Table A1 – Heat capacities of the different HTF’s.

HTF Cp (kJ/kg K) Reference h(kW/m2 K) Reference

Molten Salts Composition: 60%w/w

NaNO3 -40% w/w KNO3

Cp = 1.443 + 0.000172·T(◦C)

Liu et al. (2017) 1.4 Wallas (1990)

DTA Cp = 1.493 + 0.00274·T(◦C) Dow (2019a) 0.8 Wallas (1990); DOW (2019a)
Syltherm Cp = 1.5742 + 0.0017076T(◦C) Dow (2019b) 0.45 Wallas (1990); DOW (2019b)
VP1 Cp = 1.4864 + 0.0028229T(◦C) Eastman (2019) 0.8 Wallas, 1990; Eastman, 2019)
Malotherm Cp = 1.52 + 0.0031872T(◦C) (SASOL, 2019) 0.56 Wallas (1990); SASOL (2019)
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HELISOL Cp = 1.609 + 0.00188T(◦C) Jung et

Thus, the energy provided by the heat trasnfer fluid, cal-
ulated by eq. (A.20), corresponds to the energy transferred to
he steam in HX1 as given by eq. (A.21):

(HX1) = −fc(HTF,Spl1,HX1)

T(HX1,Mix1)∫
T(Spl1,HX1)

cpsaltdT (A.20)

(HX1) = fc(Wa,HX2,HX1) ·
(

Hsteam,(HX1,Turbine1) − Hsteam,(HX2,HX1)

)
(A.21)

Eq. (A.22) is used to make sure that the feed to HX1 is sat-
rated:

turb1 · 760 = e

(
A(Wa)− B(Wa)(

C(Wa)+T(HX2,HX1)

)
)

(A.22)

For each heat exchanger in the system we  allow that a mini-
um approach temperature of 10 ◦C. The hot fluid leaving HX1

s mixed with the HTF from Tank 1. The mixing is modeled
sing eq. (A.23–A.26).

c(HTF,HX1,Mix1) = fc(HTF,Spl1,HX1) (A.23)

c(HTF,HX1,Mix1) + fc(HTF,HX4,Mix1) = fc(HTF,Mix1,HX2) (A.24)

c(HTF,Spl1,HX4) = fc(HTF,HX4,Mix1) (A.25)

c(HTF,HX1,Mix1)

T(Mix1,HX2)∫
T(HX1,Mix1)

cpHTFdT

+ fc(HTF,HX4,Mix1)

T(Mix1,HX2)∫
T(HX4,Mix1)

cpHTFdT = 0 (A.26)

The flow of thermal fluid from Mix1 is used to evaporate
he saturated water coming from HX3 in HX2. HX2 is modelled
sing eqs. (A.27–A.30)

(HX2) = −fc(HTF,Mix1,HX2) ·
T(HX2,HX3)∫
T(Mix1,HX2)

cpHTFdT = 0 (A.27)

(HX2) = fc(Wa,HX3,HX2) ·
(

Hsteam,(HX2,HX1) − Hliq,(HX3,HX2)

)
(A.28)
c(Wa,HX3,HX2) = fc(Wa,HX2,HX1) (A.29)

fc(HTF,HX2,HX3) = fc(HTF,HX3,Tank2) (A.30)
015) 0.45 Wallas (1990); Jung et al. (2015)

The HTF leaving HX2 are used in HX3 to heat up the
compressed liquid stream already at Pturb1 from HX6. HX3
is modelled using mass and energy balance given by Eqs.
(A.31–A.34)

Q(HX3) = −fc(HTF,HX2,HX3)

T(HX3,Tank2)∫
T(HX2,HX3)

cpHTFdT (A.31)

Q(HX3) = fc(Wa,HX6,HX3) ·
(

Hliq,(HX3,HX2) − Hliq,(HX6,HX3)

)
(A.32)

fc(Wa,HX6,HX3) = fc(Wa,HX3,HX2) (A.33)

fc(Wa,HX1,Turbine1) = fc(Wa,HX2,HX1) (A.34)

The superheated steam is sent from HX1  to the high pres-
sure turbine. We  consider that high, medium and low pressure
turbines are available. All of them are modelled similarly. Isen-
tropic expansion is assumed in all turbines, with an efficiency,
�s, of 0.9 (Nezammahalleh et al., 2010). Therefore, the stream
exiting the high pressure turbine can be calculated using eqs.
(A.35–A.41)

�real =
Hsteam,(Turbine1, HX4) −  Hsteam,(HX1, Turbine1)

Hsteam,(isoentropy) − Hsteam,(HX1, Turbine1)
(A.35)

Where

Hsteam,(isoentropy) = f
(

p(Turbine1,HX4), T∗
(Turbine1,HX4)

)
(A.36)

T* corresponds to the isoentropic temperature after the
expansion so that eq. (A.37) must hold.

ssteam,(HX1,Turbine1) = f
(

p(HX1,Turbine1), T(HX1,Turbine1)

)
=

f(p(Turbine2,HX4), T∗
(Turbine1,HX4))

(A.37)

Eq. (A.38) is used to ensure that the steam exiting the tur-
bine is superheated:

pturb2 · 760 = e

(
A(Wa)− B(Wa)

(C(Wa)+Tturb1min)

)
(A.38)

T(Turbine1,HX4) > Tturb1min (A.39)

In addition, the efficiency of the turbien depends on the
load correcting the isentropic efficiency. Correlations from the
literature are used to compute those losses:

� = (−1.0176 · (Load)4 + 2.4443 · (Load)3 − 2.1812 · (Load)2 +
1.0535 · Load + 0.701) (Jüdes et al., 2009) (A.40a)( )
� = 1 − 0.191 − 0.409 · Load + 0.218 · (Load)2 (NREL, 2019)
(A.40b)

� = 0.4097 · Load + 0.5903 (Erhart et al., 2011) (A.40c)
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Therefore, the actual efficiency is given by eq. (A.41):

�real = �s� (A.41)

The power produced by expanding the steam at the high
pressure turbine is given by eq. (A.42):

W(Turbine1) = fc(Wa,HX1,Turbine1) ·
(

Hsteam,(HX1,Turbine1)

−Hsteam(Turbine1,HX4)

)
(A.42)

The superheated steam is reheated up in HX4 using a frac-
tion of the total flow of HTF stored in Tank1. Next, the stream
is fed to the medium pressure turbine. HX4 is modeled using
eqs. (A.43–A.44)

Q(HX4) = fc(Wa,Turbine1,HX4) ·
(

Hsteam,(HX4,Turbine2)

−Hsteam,(Turbine1,HX4)

)
; (A.43)

Q(HX4) = − fc(HTF,Spl1,HX4) ·
T(HX4,Mix1)∫
T(Spl1,HX4)

cpHTFdT (A.44)

In the medium pressure turbine, the steam is expanded to
a lower pressure. A fraction of the stream is used in the regen-
erative section of the cycle, to HX6, while the rest is used in
the low-pressure turbine where it is expanded exiting as satu-
rated vapor within 0.05 bar to 0.31 bar (Pavlovic et al., 2012;
Palenzuela et al., 2011; Halb et al., 2012; Morin et al., 2010;
Ghobeity et al., 2011). The stream splitter located after the
medium pressure turbine is modelled by eq. (A.45):

fc(Wa,HX4,Turbine2) = fc(Wa,Turbine2,HX6) + fc(Wa,Turbine2,Turbine3′);

(A.45)

The exhaust steam is condensed in HX5, eq. (A.46). The
liquid is reheated at HX6 using the extraction from the turbine

Q(HX5) = fc(Wa,Turbine3,HX5) ·
(

Hliq,(HX5,HX6) − Hsteam(turbine3,HX5)

)
;

(A.46)

The energy from HX5 is removed from the system using a
cooling tower, see section 2.1.3. The stream exiting HX6 must
be liquid. To save energy, a liquid stream is compressed up to
Pturb1. To ensure that the stream exiting HX6 is liquid eq. (A.47)
is used:

T(HX6,HX3) ≤ Tturb2min; (A.47)

Where Tturb2min is the temperature of saturation, computed
using Antoine equation, at the operating pressure in HX6. The
power generated at the high, medium and low pressure tur-
bines given by eq. (A.48) is to be optimized.
Wtotal = W(Turbine1) + W(Turbine2) + W(Turbine3); (A.48)

Cooling tower
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A cooling tower is used to cool down the water used to con-
densate the exhaust steam from the third body of the turbine.
The actual operation is a function of the atmospheric con-
ditions, freshwater and air temperatures and humidity and
represents a limit to the operation of the production facility.
We use the Mickley method to evaluate the performance of
the cooling tower (Geankoplis, 1993).

The equilibrium line for the air - water system at a given
total pressure is computed as given by eq. (A.49), sequentially
computing, for any given temperature, the vapor pressure, the
saturating moisture, and the air enthalpy:

Ti → Pv,sat → Yi,sat → Hi (ti, Yi) (A.49)

Next, the operating line is computed using eq. (50) given by
an energy balance to the air and the water.

VdH = Ldh = LcLdtL = LdtL (A.50)

We  use cL =1 kcal/(kgoC) for simplicity in the form of the
equations

H2 − H1

tL2 − tL1
= L

V
(A.51)

The liquid flow (L) is calculated assuming that the cool-
ing water used in HX5 can only be heated up between 8 to
10 ◦C from the inlet temperature, that of the water in the
environment, as given by eq. (A.52) since this increment in
the temperature determines the water evaporative loses (Perry
and Green, 1997)

8 ≤
(

T(HX5,Cooling) − T(Cooling,Mix2)

)
≤ 10 (A.52)

We  assume that the flow of air is within 1.3 to 1.5 times the
minimum required by the operation (Geankoplis, 1993).

Rules of thumb (Perry and Green, 1997; Ahmetovic et al.,
2010) are used to impose a lower bound of the water losses by
evaporation, eq. (A.53):

fc(Wa,Cooling,Snk1) ≥ 1.8 · 0.00085 ·
fc(Wa,HX5,Cooling)

(
T(HX5,Cooling) − T(Cooling,Mix2)

)
(A.53)

The humid air temperature is computed discretizing an
energy balance across the tower including the Lewis relation-
ship, eq. (A.54–A.55)

hlaSdZ (tL–ti) = Ldh = VdH = kyaSdZ (Hi–H) (A.54)

Hi-H
ti − tL

= −hL

ky
(A.55)

Where the slope (-hL/ky) is between -3 and -10 in industry and
eqs. (A.56–A.57).

ky a S dZ(Hi-H)

kych a S dZ(ti − tg)
= VdH

Vchdtg
(A.56)

(Hi-H)
(ti − tg)

= dH
dtg

(A.57)
See Martín and Martín (2013) for the details on the discretiza-
tion. An upper bound for the air moisture of 95% is assumed.
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