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ARTICLE INFO ABSTRACT

Dataset link: 10.5281/zenodo.17312546 The global development of Concentrated Solar Thermal Power (CSP) projects demands new technologies that
enhance the thermal efficiency of power cycles without increasing costs or environmental impact. Among the
subsystems of the power cycle, the cooling circuit plays a critical role, as it must minimize water consumption
while maintaining high efficiency; a challenge that is particularly relevant in arid regions where many CSP
plants are installed.

This paper presents a model for a cooling system that combines Dry Cooling (DC) and Wet Cooling Tower
(WCT) technologies, enabling multiple operating configurations (parallel, series, parallel-series, only-WCT, and
only-DC). The model was validated using experimental data from a 200 kW,, pilot plant, achieving a Mean
Absolute Error (MAE) below 0.97 °C for system temperatures and 19.4 1/h for water consumption.

An optimization analysis was also performed, demonstrating the potential of the proposed technology
to provide adaptive cooling for CSP plants under varying seasonal and operating conditions. For the pilot
plant during summer, optimally combining DC and WCT in a parallel series configuration enabled a nearly
continuous variation in specific electricity consumption, ranging from 0.06 kW,/kW,, in only-DC operation to
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values up to 90 % lower in only-WCT mode, at a water usage cost of 1.48 1/kWh,,,.

1. Introduction

The global energy landscape is currently undergoing a significant
transition, shifting from traditional fossil fuels to a greater reliance on
renewable energy sources like solar, wind, and hydro.

Among renewable energy sources, Concentrated Solar Power (CSP)
stands out due to its inherent capacity for energy storage at lower
costs, enabling the dispatchability of electricity even in the absence
of direct solar irradiation. This feature provides CSP with a distinct
advantage over variable-output renewables such as photovoltaic and
wind energy that depend on expensive storage (i.e., batteries), which
allow grid stability and reduce the need for auxiliary backup systems.
Spain is currently a global leader in CSP technology, with an installed
capacity of 2.3 GW,, in 2025 and is expected to reach 4.8 GW, by 2030
according to the Spanish National Integrated Energy and Climate Plan
(PNIEQ).

However, in order to significantly boost the development of CSP
technology, it is essential to increase the efficiency of the plants to im-
prove their cost competitiveness. Their efficiency is strongly influenced
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by the condensing temperature at which the steam is condensed. Two
primary strategies are employed for condensation heat rejection: wet
cooling and dry cooling. Wet cooling towers (WCT) typically allow for
lower condensation temperatures, close to ambient wet-bulb temper-
ature, leading to improved cycle efficiency and higher power output.
However, this approach demands substantial water consumption to
compensate for evaporative, drift, and blowdown losses. Dry cooling
(DC) systems, on the other hand, operate using ambient air as the
heat sink. Although they eliminate the need for water, their thermal
performance is reduced, especially at high ambient temperatures, and
have a higher associated electric energy consumption. These systems
can be classified as either direct or indirect [1]. In direct systems, steam
is delivered directly to an Air Cooled Condenser (ACC), where heat is
rejected to the environment in a single step. Condensation occurs inside
finned tubes as ambient air flows across the external finned surfaces,
which are typically arranged in an A-frame (forced draft) or delta
(induced draft) configuration. In indirect systems, steam first condenses
in a separate condenser, and the resulting warm cooling water is then
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Subscripts

a
amb, oo
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cond
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Abbreviations

ACC
ACHE
CcC
CSP
DC
DoE
HC

electrical or water consumption (kW, 1/h)
constant in ASHRAE correlation

specific heat (J kg~! K1)

diameter (m)

enthalpy (J kg™1)

relative humidity (%)

convective heat transfer coefficient for the
internal fluid (W m—2K-1)

convective heat transfer coefficient for the
external fluid (W m=2 K1)

thermal conductivity (W m~! K1)

length (m)

Lewis number

constant in ASHRAE correlation

mass flow rate (kg s~1)

Merkel number

number of tubes

thermal power (kW)

volumetric flow rate (m3 h™1)
distribution ratio (%)

internal fouling resistance (m? K W—1)
external fouling resistance (m? K W~1)
temperature (K)

heat transfer coefficient (W m=2 K1)
frequency level of the fan (%)

density (kg m~3)
humidity ratio (kg kg=1)

air

ambient conditions
surface condenser
combined cooler
condensate

dry cooler
electrical power
inner

inlet

outer

outlet

parallel component
saturated, series component
tube

vapor

water

wet cooling tower

Air Cooled Condenser

Air Cooled Heat Exchanger
Combined Cooling systems
Concentrated Solar Power
Dry Cooling

Design of Experiments
Hybrid Cooling systems

LMTD Log Mean Temperature Difference
MAE Mean Absolute Error

MAPE Mean Absolute Percentage Error
NLP Non Linear Programming

PSA Plataforma Solar de Almeria

SC Surface Condenser

LCOE Levelized Cost Of Energy

TL Thermal Load

WCT Wet Cooling Tower

circulated through an Air Cooled Heat Exchanger (ACHE) for final heat
rejection to the atmosphere.

Hybrid cooling systems (HC) (which integrate dry and wet cooling
methods into the same tower) and combined cooling (CC) (which
consist of separate dry and wet cooling devices) are attracting grow-
ing attention because of their potential to tackle the problems of
conventional ones. The potential of these alternative cooling systems
has been already proven in several research works published in the
scientific literature, both in conventional and solar thermal power
plants. In [1], a comparison between conventional and alternative
cooling systems was carried out in terms of water consumption. The
comparison was made by a theoretical study and for five different
locations of a conventional power plant and different cooling systems:
a direct dry cooling system (type ACC), a WCT and a CC consisting
in a WCT in parallel with an ACC. The results showed that the CC
option system achieved a water consumption reduction between 15 %
and 85 % compared to the conventional only-WCT. For reductions
below 15 %, deluged condensers or inlet spray pre-cooling become the
more suitable options. The same authors carried out the comparison
between the same alternative and conventional cooling systems but this
time in terms of cost, water use, and performance trade-offs [2]. They
concluded that the ACC eliminates water use but increases costs by
2.5-4x and reduces efficiency by 5-7 %, being thus only viable either
in extreme water-scarce regions or if water prices rise significantly. On
the other hand, it was concluded that the CC system reduces water
use by 40-75 %, with a 1.9-2.8x cost increase and a 2 % efficiency
loss. Performance depends strongly on climate, being most favorable in
arid regions with extreme climates (72 % reduction at 1.9x cost) and
least favorable in hot, arid conditions (39 % reduction at 2.8x cost).
Tang et al. [3] developed a simulation model for a conventional power
plant that uses the combination of dry (type ACC) and WCT based
on a real 300 MW, power plant located in China. They analyzed the
performance of the plant at different cooling configurations and under
varying conditions of ambient temperature, relative humidity, and heat
load. The results were successfully validated against experimental data
obtained from the real plant, and, among the main conclusions, they
highlighted the limitations of using only ACC to maintain the exhaust
pressure at higher ambient temperatures, affecting strongly the plant
performance. A gap of this study is that they did not evaluate the water
and electricity consumption.

In [4], the study considers a 107 MW, non-renewable cogeneration
plant located in Northern Italy, which also has a CC composed of a WCT
in parallel with an ACC. They developed a model using Thermoflex,
based on the same configuration of that plant, which was validated
against plant manufacturer data and real plant performance over an
extensive range of operating conditions. The study analyzed how to
maximize the power generated optimizing the condensation system
for the case of CC and only-ACC. Since the analysis did not include
the evaluation of the water consumption, the best configuration was
in general only-WCT, although a change in the plant configuration
from CC to only-ACC was recommended to maximize the net power
output when the district heating demand is very high and the ambient
temperature is below 15 °C. A different CC configuration was analyzed
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in [5]: an ACHE arranged in series with a WCT. They developed a model
of a conventional 660 MW, thermal power plant with the CC system to
evaluate the thermal performance as well as water and power consump-
tion, under three operating modes (ACHE, WCT and CC) considering
variations in ambient temperature and relative humidity; however, no
model validation is reported. Simulation results suggest assigning a
greater share of the cooling load to the dry section under relatively low
ambient temperatures to reduce the water consumption. Conversely,
at higher ambient temperatures, increasing the proportion of the load
handled by the wet section is recommended to lower turbine exhaust
pressure to improve power generation efficiency.

In the case of CSP plants, there are also several studies in the scien-
tific literature dealing with the evaluation of the impact of alternative
cooling systems on plant performance and water consumption [6-9].
In [6] different cooling systems were evaluated theoretically for a
35 MW, CSP plant using Solar Advisor Model (SAM) and IPSEpro for
the modeling of the solar field and power block, respectively. They
compared dry cooling (using ACC) and CC (composed of ACC in parallel
with a WCT) with respect to the traditional WCT in CSP. In the case of
the CC two configurations were studied in terms of thermal load going
to the WCT and to the ACC, respectively: 85/15 % and 50/50 %. Results
proved the potential of these systems by a clear trade-off between water
savings and efficiency. In the case of the CC system 85/15, a 85 % of
water reduction was achieved with a 2.3% in efficiency loss. In the case
of the CC system 50/50 the water consumption was reduced by 52 %
with only a 1.7 % in efficiency loss. Another different CC system inte-
grated into a CSP plant was evaluated in [7]. The model was developed
in Thermoflex and the CSP plant was based in the same configuration as
the 50 MW, CSP plant Andasol I (located in Spain) that uses WCT. The
study compared the performance and water consumption of this CSP
plant with respect to the one using CC system composed of ACHE and
WCT arranged to operate either in series or in parallel configurations.
The results obtained from the simulations showed that the series-
parallel configuration provided the greatest water savings, achieving up
to a 50 % reduction in water consumption compared to the only-wet
cooling option, while allowing a 2.5 % increase in power generation
relative to the only-dry configuration. In contrast, the parallel con-
figuration offered the highest power output, with a 3.2 % increase
compared to the only-dry case, along with a 30 % reduction in water
use compared to the only-wet option. The CSP plant Andasol I was also
taken as a reference case in [8]. In this case, the CSP plant was modeled
using EES software and three cooling systems were considered: a WCT,
a dry cooling system (type ACC) and a HC based on an ACC with a
wetted-media pad evaporative pre-cooling. The analysis was focused on
the evaluation of the water use, the ambient temperature effect and the
annual water consumption and energy production. The results obtained
indicated that energy production is 12.60% higher for WCT and 4.65 %
higher for HC compared to the case that uses the ACC. Additionally,
the HC system achieves 71.74 % of the water consumption reduction
compared with the case of using a WCT, with a 7.06 % reduction in
power production. The integration of other HC systems into Andasol I
CSP plant was investigated in [9]. They evaluated theoretically the
integration of a Natural Draft Dry Cooling Tower (NDDCT) and a pre-
cooled NDDCT system as innovative heat rejection solutions for the
CSP plant, and compared their performance and water consumption
with conventional alternatives, including Mechanical Draft Wet Cooling
Towers (MDWCT), ACC, and a HC consisting of a pre-cooled ACC sys-
tem that uses media pads and spray nozzles. They developed analytical
models for the cooling systems and their interaction with the CSP plant
and validated the models against results reported in the literature. The
results showed that the pre-cooled NDDCT is the most efficient option
in terms of water consumption per unit of energy generated (only 2.9 %
less efficiency compared to MDWCT with 76.7 % less water usage than
MDWCT). Among CSP research works focused on the cooling part, some
works considered the impact of the alternative systems on the costs.
Mdallal et al. [10] optimized the design of a CSP plant in terms of
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levelized cost of energy (LCOE) and annual energy production. For that,
they developed a response surface model of the CSP plant based on
the results obtained from two software tools: SAM and Design-Expert.
The study compared different cooling systems: WCT, ACC and a CC
system based on an ACC in parallel with a WCT. From the results
obtained, it can be highlighted that the CC is the most cost-effective
cooling technique and has the highest energy output compared to the
evaporative and air-cooling methods. Concretely, the highest energy
production (3.44 -10% kWh) was obtained with this CC system with an
acceptable LCOE (19.31 €/kWh). In [11], a model of a CSP located
in China is presented, which consider the integration of two possible
cooling system: an ACC and a CC system composed of a ACC in parallel
with a WCT. They analyzed the annual operation and the LCOE and
revenues of the CSP plant for both dry and CC systems, considering
different number of ACCs and wet cooling towers. Results showed that
CC offers a more favorable LCOE at low ratios of the price of water
to electricity. However, when this ratio is 10 or higher, the option of
using ACC without WCT becomes the most recommended one.

Despite the already proved potential of HC/CC systems, their de-
ployment remains very limited. The only commercial CSP plant known
to employ this technology (ACC and WCT in parallel) is the Crescent
Dunes Solar Energy Project, a 110 MW, facility equipped with 1.1 GWh
of molten-salt thermal energy storage [12]. There are also some lab and
pilot-scale projects that allow the evaluation of this kind of systems.
At lab-scale, Asvapoositkul et al. [13] show the case of HC system
composed of a WCT with a DC section. They developed a simulation
model based on the configuration of the lab-scale facility and compared
experimental data with simulation results. At pilot scale, a HC based on
an air-cooled deluge condenser was successfully built and tested in Stel-
lenbosch, South Africa [14] within the European project MinWaterCSP.
Another pilot-scale facility is the one located at PSA, that is the only one
that allows the evaluation of CC systems. The authors of this work have
already addressed advanced research on this pilot plant, presenting
an exhaustive experimental work [15] and the model and validation
of one of the components (e.g. the wet cooling tower) [16]. In the
present paper, to the best knowledge of the authors, we present the
first thoroughly detailed model of the complete CC system composed
of a WCT and an ACHE in series and parallel configurations, which is
also validated with experimental data from the pilot plant.

The main contributions of this work are as follows:

» Develop a physics-based model for a combined cooling (CC)
system with WCT and ACHE-type DC in multiple configurations
(parallel, series, parallel-series, only-WCT, only-DC), validated
for the first time with experimental pilot-plant data.

+ Collect and analyze an extensive experimental dataset cover-
ing diverse ambient conditions and thermal loads, improving on
previous limited validations.

+ Perform multi-objective optimization of electricity and water con-
sumption using the validated physics-based model, enabling sys-
tem studies at any scale without relying on large datasets or
risking extrapolation.

The paper is structured as follows: Section 2 includes the descrip-
tion of the facility where the experimental tests were conducted, the
mathematical modeling is presented in Section 3 and the experimental
procedure in Section 4. Section 5 presents the calibration and validation
of the models, and Section 6 analyzes the operation optimization under
different case study scenarios. Finally, Section 7 summarizes the main
findings and includes recommendations for future research.

2. Combined cooling pilot plant
The combined cooling pilot plant at Plataforma Solar de Almeria

(see Fig. 1) is a unique facility that integrates a wet cooling tower and
a dry cooler in a flexible hydraulic configuration. It allows for the study
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Fig. 1. Combined cooling system facility.
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Fig. 2. Layout of combined cooling systems pilot plant.
and validation of different cooling configurations, models, and control Table 1
and optimization strategies. Cooling configurations, where I and II represents the positions of
This pilot plant consists of three circuits: cooling, exchange, and valves 1 and 2 in Fig. 2.
heating (see the layout in Fig. 2). Configuration Valve positions
In the cooling circuit, water circulates through the tube bundle Valve 1 Valve 2
of a Surface Condenser (SC), which can be cooled via WCT and/or only-DC I "
DC (ACHE-type), both with a design thermal power of 204 kW,,,. The only-WCT I _
operation of the system can be configured in different modes according fully-series I I
to the positions (I/1I) of valves 1 and 2 (see Table 1). fully-parallel T-1m? I
In the exchange circuit, a saturated steam generator with a nom- parallel series a-m a-m
inal thermal power of 80 kW, produces steam at varying pressures a values between positions I and II

(ranging from 82 mbar to 200 mbar). This steam is subsequently
condensed in the surface condenser, thereby transferring its latent heat
of condensation to the cooling water, which is heated in the process.
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Table 2

Characteristics of instrumentation (¢ value of the temperature in °C, ® of reading, ¢ full scale, ¢ mean value).
Measured variable Instrument Range Measurement uncertainty
Water temperature Pt100 0 -100 °C 0.03 + 0.005-7“

(TT-001... TT-007)

Cooling water flow rate Vortex flow meter 9.8 - 25 m’/h + 0.65 % o.r.’
(FT-001..FT-003)
Water flow rate Paddle wheel 0.05 - 2 m*/h + 0.5% of F.§¢
(FT-004) flow meter + 2.5% o.r
Condensate water Coriolis flow meter 0.1 - 0.3 m*/h < 0.1%
flow rate (FT-006) +
Ambient temperature Pt1000 -40 - 60 °C +0.4@20 °C
Relative humidity Capacitive sensor 0% — 98% + 3% or @20 °C
Air velocity Impeller anemometer 0.1-15ms! +0.1 m s7! + 1.5% o.r
Outlet air temperature Pt100 -20 - 70 °C +0.5 °C
Outlet air humidity Capacitive sensor 0 - 100% + 2%
Inputs i
Environment ‘
T(Lmb :
HR '
. Outputs
Cooling load ' C B
. e
s e
¢ E Tc,in
. ] out
CC operation ; i
gc }
R, E
R, !
Wde E
Wapct ]
My g sat. vap oo
Cooling !
System !

Fig. 3. Diagram of the combined cooling model.

In the heating circuit, a solar field with a thermal power of 300 kW,
(at the design point) supplies the necessary energy to the steam gener-
ator in the form of hot water.

Instrumentation related to the CC pilot plant is detailed in Table 2.
Note that sensors measuring air velocity and temperature at the outlet
of the cooling systems have not been permanently installed. Instead,
portable sensors were used during specific experiments.

3. Simulation model

In order to study the potential advantages of using a combined
cooling system, the modeling of its components must first be developed.
As the aim is to predict performance, this section focuses on steady-
state modeling of the main components of the combined cooler, i.e., the
WCT and the DC, as well as auxiliary components such as the SC,
regulation valves, and mixer points.

Fig. 3 shows a diagram of the CC model, which includes the input
and output variables described in the Nomenclature.

3.1. Wet cooling tower model

In the case of cooling towers, the Merkel number is a dimension-
less parameter widely recognized as a performance key indicator. It
is commonly employed in experimental characterization, numerical
simulations, and optimization studies. This parameter can be evaluated
through several theoretical approaches, including the original Merkel

formulation [17], the effectiveness-NTU method [18], and the more
comprehensive Poppe model [19].

The Merkel theory is based on a number of simplifying assumptions.
Merkel assumed that the air leaving the fill is saturated with water
vapor, being characterized only by its enthalpy. Therefore, the state of
the air leaving the fill cannot be determined according to this theory.
The effectiveness—-NTU method of analysis is based on the same simpli-
fying assumptions as the Merkel theory. As a result, the performance
predictions obtained from both methods are typically very similar. In
the Poppe theory, the governing equations for heat and mass transfer
in the exchange area of the cooling tower are derived and simplified.
As a result, the evolution of key thermodynamic variables, such as air
humidity, air enthalpy, water temperature, and water mass flow rate,
can be predicted throughout the fill section.

Several investigations have compared the previously mentioned
theories for thermal performance evaluation of wet cooling towers.
Some examples include the works of [20-22]. These investigations
generally conclude that the Poppe method offers a more accurate rep-
resentation of the physics of the problem, as it enables the prediction of
moist air properties and the quantification of evaporative water losses.
Consequently, the Poppe method is recommended for applications in
which an accurate determination of the outlet air state is required.

According to the Poppe theory, the major following equations for
the heat and mass transfer are obtained:

dw _ Cp " i, [ 1, - (ws,l - a))

dT, "~ (b, —h) +@Le=1)-[(h, —h) = (0, ) h,)| - (0, —)-h, M

w
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dh _ My
T, " T,
(a): —a)) ¢, Ty
1 o “ R 2
o W T e [, B (e, o) ] (o o) |
dMe _ b 3)
dT,, (h,, —h)+@Le=1)-[(h, —h) = (0, —0) h]- (0, —0) h,

Please refer to [20-22] for a detailed derivation and simplification
of the governing equations. From Egs. (1), (2) and (3), the evolution of
key variables such as the air enthalpy, humidity ratio, and the Merkel
number along the fill height is obtained by numerically solving the set
of differential equations using a fourth-order Runge-Kutta algorithm.

The Merkel number of a wet cooling tower is not a constant value
but varies with the operating conditions. When plotted against the
water-to-air mass flow ratio (defined as the ratio between the wa-
ter and air mass flow rates within the tower) it typically follows
a straight, decreasing trend in logarithmic coordinates. As suggested
by ASHRAE [23], this behavior is often expressed through a single
correlation that depends on the water-to-air mass flow ratio, Eq. (4).

Me=c- (’"—) @
ma

3.2. Dry cooler model

The modeling of air cooled heat exchangers for the simulation of
whole power plants can involve different levels of complexity. It is
common to assume a constant effectiveness or overall heat transfer
coefficient as, for example, the type 5 in the software Trnsys [24].
However, these models cannot consider the effect of relevant operating
conditions as the water or air flow rates, which significantly affect the
heat transferred and the power consumption.

For preliminary designs, it is common to rely on empirical mod-
els, based on experimental correlations available in the open litera-
ture [25]. While this option takes into account the operating conditions,
the model must be carefully applied out of the range of the operating
conditions covered by the original correlations. Additionally, it can
be difficult to find correlations for relatively complex geometries. To
partially solve these issues, other models adjust some parameters by
performing component tests and, at the same time, keep the main
physics of the model, e.g., obtaining a Nusselt number correlation for
a specific configuration as a function of the Reynolds and Prandtl
numbers.

The following simplifying assumptions have been considered to
model the DC system in this paper (ACHE-type): steady-state condi-
tions, uniform heat transfer coefficients along the heat transfer surface,
uniform water flow distribution in the tubes, uniform flow velocity on
the air side, negligible heat losses to the surroundings and the fouling
resistances (air and water sides) are neglected.

The equations for a general heat exchanger [26] are applied: heat
transferred from the hot fluid (water), heat transferred to the cold fluid
(air) and the heat transfer based on the overall heat transfer coefficient
and the logarithmic mean temperature difference:

Qdc = mdc ) cp,c ) (Tdc,in - Tdc,out)’ (5)
Qdc = ma ) cp,a ) (Ta,r)ut - Tamb)’ (6)
0,4.=U,. - A-F-LMTD, %)

where F is the correction factor for the LMTD (Log Mean Temperature
Difference), which is calculated for a cross flow heat exchanger with
three tube rows and three tube passes [27], and the product of the over-
all heat transfer coefficient and the heat exchange area is calculated
from:

1
Uy - A= +
a (Ai'hi

In(Dyy,/ Dy ;) 1 >_l 8)

2-m-ky-Lyy-ny A, -h,
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Table 3

Main DC features at pilot plant.
Concept Value Unit
Number of tubes 60 -
Number of passes per tube 3 -
Tube length 3.6 m
Outer tube diameter 12.7 mm
Inner tube diameter 9.4 mm
Tube material Copper -
Fin thickness 0.21 mm
Fin spacing 2.4 mm

Fin material Aluminum -

being &, the convective heat transfer coefficient for the external surface
of a single horizontal tube, D, , the outer tube diameter, D,,; the inner
tube diameter, k,, the thermal conductivity of the tube wall material,
and h; the convective heat transfer coefficient for the water inside the
tube.

The convective heat transfer coefficient on the internal side (cooling
water), h;, is calculated using Gnielinski’s correlation [28].

The convective heat transfer coefficient on the external surface (air),
h,, cannot be easily calculated from correlations in the open literature
due to the geometry involved (tube arrays with transversal plate fins).
Thus, as described in Sections 4 and 5.2, an experimental campaign
was performed, covering a wide range of operating conditions, to fit
the experimental data to an equation that related the air side Nusselt
number and the air side Reynolds number, as follows:

Nu, = G - Re - P03, 9

where Nu, = h,- L,,/k,,, and G and m are parameters to be determined
by fitting to experimental data, and the exponent for the Prandtl
number, Pr, is assumed to be the same value as that proposed by
Zukauskas for staggered tube banks [29].

Table 3 presents the main characteristics and design specifications
of the DC at the pilot plant.

3.3. Surface condenser model

The surface condenser can be modeled using similar heat balances
as in the previous Section. This law states that, under ideal conditions,
the heat released as a result of condensation (Eq. (10)) is equal to
the heat gained by the cooling water (Eq. (11)) and also to the heat
transferred by the condenser heat transfer surfaces (Eq. (12)).

Qc =1y, - (hsat,vap - hSdT-“q) (o
Qc = mc TGy (Tc,out - Tc,in) (11)
0. =U, - A-LMTD, 42

being U, the overall heat transfer coefficient given by Eq. (13):

R, In(D,,,/D,,.) R\ 7!
UC A= < 1 + _lf + tb,a/ th,i 1 4 _0f> ) (13)
Ai'hi A; 2'”'krb'Ltb’nrh Ao'ho A,

where R;, and R,, are the fouling resistances (inside and outside,
respectively).

The model assumes steady-state regime, uniform heat transfer co-
efficients along the surface of the condenser, ie., independent of the
position in the tube, known condenser geometry, negligible heat losses
to the surroundings, and constant and uniform fouling resistances
across the condenser surface.

The shell-side heat transfer coefficient &, is estimated using the Nus-
selt method [30] for laminar-flow condensation over a horizontal tube
bundle (0 < Re < 30x10°) including the Kern correction for condensate
inundation, while the tube-side convective heat transfer coefficient for
the water flow inside the tube bundle, 4;, is approximated using the
Petukhov-Kirillov-Popov correlation for fully-developed turbulent flow
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Table 4

Main features of the surface condenser at the pilot plant.
Concept Value Unit
Number of tubes 96 -
Number of passes per tube 4 -
Tube length 3 m
Outer tube diameter 21.34 mm
Tube thickness 2.108 mm
Thermal conductivity of the tube wall 50 W/(m K)
Tube-side inlet pressure 5 bar
Inner tube-side fouling 1.72:107 m? K/W
Outer tube-side fouling 1.72:107 m? K/W

through smooth circular tubes [31], valid within 0.5 < Pr < 10° and
4000 < Re < 5 x 106.

Table 4 presents the main physical characteristics and design spec-
ifications of the surface condenser, provided by the manufacturer.

3.4. Valves

The two divergent three-way valves are modeled using the distribu-
tion ratio R as inputs, so the mass flow rate at the outlets of each valve
can be easily estimated as:

Qv.outl = R- dp,in> a4)

Qv.out2 = (1 - R) “yin» (15)

being R a value in the range [0,1], which implicitly includes the
nonlinearities of the valve.

3.5. Mixers

The mixer’s outlet flow, g, ,,» and temperature, T, ,,,» can be de-
termined using simple mass and energy balances from its inlet streams,
such as described in the following equations:

qmix,uut = qmix,in,l + qmix,in,Z’ (16)

mix,out * Cp : Tmix,our = bmix,in,1 * Cp : Tmix,in,l + mix,in2 ° Cp : Tmix,in,Z’ (17)

where ¢, can be assumed to be the same for the mixing temperature
differences of this type of system.

3.6. Electrical consumption

The electrical consumption of the cooling pump and WCT and DC
fans was modeled using third-order polynomial regressions based on
experimental data, as described in [15]:

Co=p X +py- X +p3-x+py (18)

where C, represents electrical consumption (kW) and x is the value
applied to the variable frequency drive of the fan (in percentage).
The p; coefficients correspond to a polynomial regression which were
calibrated for each component.

4. Experimental campaigns

As reported in [16], to calibrate and validate the WCT model, 19
and 17 test runs, covering a representative range of operating values,
were used [32]. To complement this and establish a reliable CC model,
new experimental campaigns were carried out. Table 5 summarizes
these new experimental campaigns, describing the design of experi-
ments (DoE) employed and indicating the number of tests conducted
under steady-state conditions. The ranges of the variables involved in
the experiments are also indicated, with those used to define the DoE
for each test campaign shown in bold.

In summary, three new experimental campaigns have been con-
ducted at the pilot plant:
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» Model calibration data.

- As air mass flow rate measurements are a specific require-
ment for the DC model, the r,;,-w,. relationship was de-
rived during an experimental campaign (DC-f). Air velocity
and temperature were measured at 10 different fan speed
levels, ranging from 11% to 100% in 10% increments. The
ACHE fan area was divided into eight quadrants, and mea-
surements were taken at the center of each quadrant. The
recorded values were then averaged to obtain the mean air
velocity and temperature, which were used to calculate the
air mass flow rate.

— An experimental campaign for DC (DC-cal) was designed
and performed to calibrate the Nusselt number correlation
as described in Section 3.2. This campaign comprises 27
tests.

— An experimental campaign for SC (SC-cal) was designed and
performed to calibrate the global heat transfer coefficient,
U,, as a function of inlet water temperature, T, ;, and water

flow rate, g.. This campaign comprises 15 tests.

» Models validation data. The experimental campaigns designed
for the thermal models calibration were repeated to validate the
models of DC and SC.

» CC model validation. An additional experimental campaign was
designed and performed to validate the complete model of the CC
system. This campaign comprises 24 tests.

Three performance metrics were calculated to assess the quality of
the models’ fit to the experimental data: coefficient of determination
(R?), Mean Absolute Error (MAE) and Mean Absolute Percentage Error
(MAPE), as described in the following equations:

n 832
=)
R Lyz 19)
2 i =P
n
1 .
MAE=— 3 |y, ~ 3. (20)
=
1’ < | i — 9
MAPE = ~ Z|—' x 100%, (21)
n 4 V;
i=1 i

where y; is the measured or observed value for the output variable,
in the ith observation, J; is the estimated value of the same variable,
n is the total number of observations and y is the mean value of the
experimental values.

5. Models calibration and validation
5.1. Wet cooling tower

Previous studies have provided a comprehensive thermal charac-
terization of the wet cooling tower (WCT) implemented in the pilot
plant [16,33]. The experimental campaign consisted of 19 test runs
to calibrate the model, covering a representative range of operating
parameters. Based on the collected data, the authors reported the
Me —m,, /m, relationship shown in Eq. (22). It is important to note that
the Merkel number was calculated using the Poppe formulation.

—0.69
Me=1.52-<.—w> 22)
mﬂ
As described in [16], the validation dataset contained 17 tests
and the MAE obtained was 0.27 °C and 6.74 l/h for T, ., and C,,
respectively.

5.2. Dry cooler

The following n1,-w,, relation was obtained with the DC-f dataset

i, = 0.30195 - w,, — 1.02179. (23)
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DC Nusselt number validation

—— Perfect fit O Air side Nusselt number

Nusselt number | R2=0.93 [-] | MAE=0.54 [-]
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model validation
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Fig. 4. Calibration and validation of DC model.
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Table 5

Experimental campaigns performed at the CC pilot plant, where GD-n,-n, refers to the spatial grid distribution (n,) around the
fan with n, measurements in each quadrant (n, X n, measurements); BB-n,-n, denotes a Box-Behnken design with n, variables and
n, levels; and FF-n-...-n; indicates a full factorial design with i variables, each with »; levels.

Features Component calibration Component validation System validation
DC-f DC-cal SC-cal DC-val SC-val CC-val
DoE GD-8-10 BB-4-3 BB-3-3 BB-4-3 BB-3-3 FF-2-2-2-3
NumTests 80 27 15 27 15 24
T, CCO) 26 12 - 29 - 13 - 32 - 12 - 37
HR (%) - - - - - 14 - 63
m, (kg/h) - - 118 - 328 - 133 - 287 200 - 310
0. kW) - - 78 - 216 - 88 - 187 132 - 202
g, (m?/h) - - 10 - 24 - 10 - 24 18 - 24
44 (m3/h) - 5-25 - 5-24 - 5-24
Qe (/M) - - - - - 6 - 24
Tyein CO) - 35-41 - 31 - 42 - 33-54
Tiein - Theow CC) - 2-7 2-9 1-11
T, (CO) - - 36 - 56 - 36 - 56 36 - 57
Tyerin CC) - - - - - 33 - 54
wy, (%) 11 - 100 11 -76 - 11 - 98 - 11 - 100
Wy (%) - - - - - 21 - 87

The DC model uses this linear function to estimate the air mass flow
rate, with the w,, input applied in the pilot plant.

Once the air mass flow rate is established, the set of 27 experimental
points (defined as DC-th in Table 5) was used to fit the experimental
data to Eq. (9). To do so, Egs. (5) and (8) were used to determine
the air side heat transfer coefficient using the inlet and outlet water
temperatures, the air inlet temperature, and the mass flow rates for
both fluids as known values. The obtained correlation is described as
follows:

Nu, = 0.006411 - Re2143 . pr036 29

Fig. 4(a) shows the predicted air side Nusselt number values com-
pared with the actual values. As can be seen, 82% of the data points
have a deviation of less than 20%. The straight line represents the per-
fect fit: the closer the values are to this line, the better the correlation.

Using the previous correlations, Egs. (5)—(8) and (23)-(24), the DC
model can be used to estimate the outlet water temperature, T, .,
using as inputs iy, Wy, Typp and Ty, 4.

A new set of 27 experiments was conducted to validate the pre-
viously developed model. Fig. 4 shows the comparison between the
predicted and experimental values. The model’s performance is evident,
with MAE of 0.39 °C.

5.3. Surface condenser

Following the same methodology as in the previous case, a set of 15
experiments was firstly used (SC-cal in Table 5) to calculate the global
heat transfer coefficient, U,, with Eq. (8) and the SC specifications. U,

is in this case calibrated as a function of the input variables 7, ;, and
4., obtaining the following relation:

) . .2 2
Uc =D Tc,in +py- mMe b + D3 Mesp Tc,in + P4t D5 mc,tb + Pe - Tc’m’ (25)

where 71, ,, is the water mass flow rate inside each condenser tube,
p=12.71, p,=2.91, p;=9.5 -1073, p,=343.29, ps=-1 -10~3 and ps=-4.83
-1072, where each parameter, p; has units consistent with the variables
involved.

Using the previous relation and Egs. (10)-(12), the surface con-
denser model can be solved to estimate T, ,,; and 7T,,, assuming that the
water leaving the shell side of the condenser is saturated at temperature
T,. In this case the inputs of the model are T, ;,, i, and 1.

To validate this model, a different data set of 15 steady state tests
(SC-val in Table 5) has been used with the results depicted in Fig. 5. The
predicted outlet water temperature in the tubes shows good agreement
with the experimental measurements, with a low MAE. In contrast, the
prediction error is larger for the condensate water temperature at the
shell-side outlet (MAE = 1.86 °C). This discrepancy may arise because
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Condenser model validation
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Fig. 5. Surface condenser validation.

the experimental outlet temperature does not exactly match the vapor
saturation temperature (7T},), but is instead 0.1 to 1.7 °C subcooled.

5.4. Combined cooler

The complete model of the combined cooler has been validated with
a different dataset composed of 24 tests (CC-val in Table 5). Fig. 6
compares the experimental results with the predicted values using as
input variables those defined in Fig. 3 . To visualize the operational
characteristics of each test, the data points are represented with the
following information:

+ The dashed circle represents the nominal cooling power (200 kW,;,).

» The filled circle represents the cooling power measured in the test
relative to the nominal value. The closer it is to the dashed circle,
the closer the cooling power is to the nominal one.

The measured cooling power is achieved using a certain per-
centage of DC and WCT. These contributions are distinguished
by green and purple, respectively. For example, if the ring is
mostly green, it reflects that the cooling contribution from DC is
predominantly larger than that from WCT.

The filling color inside the circle represents the ambient tem-
perature. From low temperature (no filling) to high ambient
temperature (dark yellow).

With this representation, it can be observed that the CC model
provides satisfactory results over a wide range of operating and ambient
conditions. The temperatures related to DC, WCT and SC show a MAE
lower than 0.97 °C, with the largest error occurring in T, ,,,, When the
cooling power was far from the nominal value. This may be due to the
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Table 6
Performance metrics obtained with the CC models (s.u. means same units as
predicted variable).

Predicted Performance metric
variable
R? (9 MAE (s.u.) MAPE (%)
Cnt CC Cnt CcC Cnt CcC
Tyeow CC) 0.99 0.98 0.29  0.46 0.90 1.17
Toeton CC) 0.92 0.94 1.01 097 3.01 272
C, (/h) 0.87 0.82 16.55 19.40 10.42 11.03
T, °C) 0.98 0.99 0.23 0.41 1.51 1.00
T..n CC) - 0.99 - 0.53 - 1.52

need to improve the relation r,;,—w,,, relationship at low flow rates. In
the case of water consumption, the trend of the predicted values follows
that of the experimental data, although with a higher discrepancy
(R?=0.82), with the MAE being 19.4 1/h. The results suggest that the
error is not related to ambient temperature, cooling configuration, or
thermal cooling requirements.

A summary of the models’ results using dataset CC-val is shown in
Table 6. This table includes the performance metrics of each component
simulated individually (Cnt column) and those obtained with the com-
plete model (CC column). The performance metrics obtained validate
the model and provide the opportunity of using it for the analysis of
the CC technology under different cases of study.

6. Optimization analysis

After the validation process, the CC model was used to analyze the
potential of applying optimization algorithms to improve the operation
of cooling systems in CSP plants. The primary objective of the cooling
system is to condense all incoming saturated vapor into saturated
liquid, thereby fulfilling the cooling requirements. To achieve this, the
system relies on two resources: electricity and water. Due to the inher-
ent characteristics of the process, the consumption of these resources
follows conflicting trends, making the problem inherently a case of
multi-objective optimization. Consequently, there is no single optimal
solution; instead, a set of equally viable solutions exists; the Pareto front
region [34,35], representing a trade-off between the objectives.

A straightforward approach to solve the multi-objective optimiza-
tion problem is to do a grid-search over the decision space, that is,
evaluating the model for every combination of decision variables and
validating that they produce feasible solutions. The selected decision
variables are related to the operation of the cooling system: hydraulic
configuration (R, R,), the cooling provided by each component (rep-
resented by its fan speeds, w,, ®,,,) and the coolant recirculation flow
(q.). The problem can be formally defined as follows:

min J = f(C,,C,) (26)
u

st. T,=T* (27)

with u=[gq,, R,, Ry, 0gc, Oyt ], (28)

where T is the established value for the vapor temperature, which is
assumed to be the temperature of the water leaving the shell side of
the condenser. It is important to note that this optimization problem
considers only the cooling system and not the connected process. If
the performance of the CSP plant were included in the optimization
problem, the temperature of the condensate water leaving the shell side
of the surface condenser would become an additional decision variable,
as it would affect the cycle thermal performance.

Next, the Pareto front is determined from the set of feasible points,
evaluated in terms of the two consumptions: electricity (C,) and water
(C,). By definition, the Pareto front consists of solutions where no
objective can be improved without worsening the other. To identify
it, each feasible point is compared against all others: if a point is
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Combined cooler model validation
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Fig. 6. CC validation.
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dominated, that is, another point performs better in both objectives,
it is excluded. The remaining non-dominated points form the Pareto
front.

Four case studies (see Table 7) have been analyzed through sim-
ulation, each undergoing an optimization process. The cooling power
demand was varied using a thermal load (TL) factor at two levels:
nominal operating conditions (200 kW), corresponding to a TL of
100 %, and a partial load condition at 60 % TL. For each cooling
load, the impact of environmental conditions on system performance
was assessed. Specifically, typical summer (ambient temperature =
30 °C, relative humidity = 40 %) and winter (ambient temperature =
10 °C, relative humidity = 70 %) conditions in the location of Tabernas
(Almeria, Spain) were considered. Additionally, the temperature of the
vapor was set at 42 °C.

The upper plot in Fig. 7 shows the Pareto fronts obtained for the
four case studies. Each point is associated with specific values that
define the operating configuration (q,, R, Ry, Tyeous Tiperou)> the
decision variables in the optimization procedure. A point with zero
water consumption represents only-DC operation, while a point with
minimum electricity consumption represents only-WCT operation. The
remaining points correspond to combined configurations.

In Case I, which presents the highest water and electricity consump-
tions, it is observed that water consumption always exceeds 100 1/h.
This indicates that the use of the WCT is essential, as the DC alone
is not capable of cooling 200 kW, of vapor at 42 °C under summer
conditions. If the system operated only with the DC, the vapor temper-
ature (i.e., turbine backpressure) would increase, negatively impacting
the power cycle performance of a CSP plant. Maintaining the same
ambient conditions, when the thermal power is reduced (Case II),
it becomes feasible to operate only with DC, although with a high
electricity consumption of 7.4 kW,. By combining DC with WCT, elec-
tricity consumption can be reduced by half, with water consumption
remaining below 50 I/h. Under more favorable winter conditions (Cases
III and IV), the DC alone becomes more efficient as demonstrated by the
significant reduction in electricity demand. Still, when coupled with
the WCT, electricity consumption can decrease by about 35 % at full
thermal load (TL 100 %), with a limited water consumption of 50 1/h.
At reduced thermal load (TL 60 %) the additional benefit of the WCT
becomes negligible, making this the only case where operating with DC
alone is more favorable.

Some detailed results from Case III are represented in the bottom
part of Fig. 7. The green and purple areas correspond to the use of
DC and WCT, respectively. To avoid water consumption, steam must
be cooled exclusively using the DC (zero water consumption in x-axis).
At the other extreme of the x-axis, the only-WCT operation is repre-
sented. At intermediate optimal points, both systems are combined.
This is achieved through parallel-series configurations that prioritize
dry cooling (for low water consumption in the x-axis) and progressively
increase the use of WCT. As expected, the cooling water flow rate
(Fig. 7 - Hydraulic distribution) is higher (17 m3/h) for a DC operation,
since the reduced temperature component of the cooling driving force
is limited and therefore needs to be compensated with a higher flow. It
is higher compared to the WCT operation due to its inherently higher
temperature difference, allowing for a better (lower) flow of 10 m3/h.
In Fig. 7 - Cooling power distribution it is also interesting to highlight how
the series-parallel flexibility of the system enables it to achieve almost
a continuous division of the cooling power from only-DC to only-WCT,
at least for this particular case.

7. Conclusions

This paper takes an important step toward reliable studies of com-
bined cooling systems for CSP plants. It proposes a combined cooling
technology that integrates dry cooling and wet cooling towers. The
system shows promise and is being further investigated to assess its
commercial feasibility for CSP applications.
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Table 7
Cases of study.
Case TL (%) T (°C) HR (%)
1 100
9 60 30 40
3 100
4 60 10 70

Pareto fronts in different representative scenarios
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Fig. 7. Pareto fronts in different representative scenarios.

To support this goal, a physical model of the combined cooling
system was developed and validated using data from a pilot plant. The
model achieved mean absolute errors below 0.97 °C (3.0 % MAPE)
for temperatures and 19.4 1/h (10.4 % MAPE) for water consumption,
demonstrating its reliability and accuracy.

The model was then used in an optimization process to identify
the WCT-DC configuration that minimizes both electricity and water
use. Four case studies, covering different seasons and thermal loads,
were analyzed. For instance, in summer conditions, WCT operation is
essential to maintain vapor temperatures near desired values (close
to ambient temperature conditions). However, relying solely on WCT
leads to high water consumption— around 300 1/h for a 200 kW,
load, or 170 1/h for 120 kW,;,. Combining WCT with DC in a parallel-
series setup allows flexible operation depending on water availability,
significantly reducing consumption through partial DC use.

The developed model and optimization framework offer a solid
foundation for further studies. They can be readily adapted to com-
mercial CSP plants and used to compare combined cooling performance
against conventional systems.
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