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Abstract

The new challenge of the European Commission is to limit water consumption in Concentrating
Solar Power (CSP) plants, especially significant in the cooling process. Hybrid cooling systems
are presented as a potential solution to achieve water consumption reduction since they also avoid
a high penalty of efficiency loss in the power block. In this work, a hybrid cooling pilot plant
installed at Plataforma Solar de Almeria is evaluated experimentally. The system has been tested
under different ambient and operating conditions to analyze their influence on the water and
electricity consumption. The results revealed that significant water savings were achieved in
comparison with the conventional only-wet configuration. Concretely, a maximum water
consumption saving of 67% was found at high ambient temperatures (between 25 and 30 °C) and
for a thermal load of 80% when a hybrid configuration was used. The optimal operating strategies
that achieve a tradeoff between low water and electricity consumption have been identified by
two efficiency indexes: the specific electricity and water consumption. The parallel configuration
resulted the optimal one in most of the cases. At high ambient temperatures and 80% thermal
load, the electricity and water consumptions of this configuration were 0.033 kW/kWy, and 0.071

L/kW, respectively.

Keywords: Hybrid Cooling, Pilot Plant, Water Consumption Saving, Experimental
Characterization, Optimal operating strategies

1. Introduction

Water consumption in Concentrating Solar Power (CSP) plants can reach values of up to
3000 m*/GWe. [1]. These plants are usually implemented in those locations with high Direct
Normal Irradiance but at the same time with a significant water scarcity, so it is of extreme
importance to reduce their water consumption. The condensation of the exhaust steam is the main

source of water consumption and it can be addressed by dry or wet cooling method. Wet cooling
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is accomplished using two methods: once-through or evaporative wet cooling. Once-through uses
cold water, usually from the sea, so it allows relatively low condensation temperatures, being one
of the most preferred refrigeration methods in terms of thermal efficiency of the power cycle.
However, its main drawback is the large volume of water that it uses and the pollution threat to
aquatic life due to the seawater extraction process and to the return of seawater at a higher
temperature [2]. Evaporative wet cooling is the most frequent method in CSP plants since it relies
on the wet bulb temperature and thus, leads to higher efficiency of the power block. Its main
problem is the requirement of a constant supply of fresh water due to the water evaporation, which
is more aggravated in arid regions [3]. An example of the water consumption is provided by a
wet-cooled CSP plant located in the Mojave Desert, California, which consumes about 3 m*MWh
[1]. This high amount of water makes CSP plants unsustainable. Another problem of this kind of
cooling systems is the visible plume that is generated when the saturated exhaust air from the wet
cooling tower (WCT) mixes with dry and cold ambient air, especially in winter ([4—7]). It induces
phenomena like fog, corrosion, moisture and darkness in the surrounding area that contribute to
social concerns and, in the case of CSP plants, to a possible decrease in the optical efficiency of

the solar collector mirrors closest to the cooling tower.

Dry cooling systems rely on dry bulb temperature and such plants have little or no water
consumption. The water consumption in a dry-cooled CSP plant can be reduced to about 95%
compared to wet cooling systems (having consumptions of about 0.30-0.34 m*’MWh [8]). The
typical ones are the Air Cooled Condensers (ACC) although there is an improved version of this
technology called Air Cooler Heat Exchanger (ACHE). In comparison with ACC, a power plant
with ACHE can produce 1% more electricity per year than the same plant with an ACC system
[9]. The main drawback of dry cooling systems is the higher capital costs and their significant
reduction in the power output (up to 10% [1]) due to the higher condensation temperature required
compared to wet cooling systems and to the high electricity consumption by the operation of the
fans, especially at high ambient temperatures. Many efforts have been made to increase the
efficiency of dry cooling systems to the level of wet cooling systems [10], but still there is a small

percentage of these systems installed at CSP plants.

Several studies about the comparison between dry and wet cooling systems in CSP plants can be
found in the literature. Poullikas et al. [11] presented a comparative overview of evaporative
WCTs and ACC for the Rankine cycle of CSP plants. The comparison was performed considering
the overall plant’s water requirements, the plant’s efficiency, the plant’s capital cost and the
plant’s electricity unit cost. The authors concluded that, although ACC systems offer significant
reductions in water consumption against WCTs, their integration results in the overall plant’s

efficiency reduction between 1-5% and increase in the overall capital costs ranging from 1% to



4%. This could lead to an increase in the net electricity unit cost between 2% and 9%, depending
on the CSP technology. Blanco-Marigorta et al. [12] also carried out a comparison between dry
and wet cooling technology for a CSP plant but in this case by means of an exergy analysis. They
found that the use of an ACC is not an efficient solution from an exergetic point of view for the

operation at low exit turbine pressures although they are more competitive at higher pressures.

Hybrid cooling (HC) systems are presented as a potential solution in CSP plants to cope with the
disadvantages of each conventional cooling method. They can reduce the water consumption by
up to an 80% [9] compared to wet-cooled CSP plants and enhance the performance in warm
weather compared to dry-cooled CSP plants [13]. Several studies of HC integrated into thermal
power plants can be found in the literature. Most of them are based on modelling and simulation
and aim for the evaluation of the performance of the thermal power plant with the HC system in
terms of power generation, water consumption reduction and costs. He et al. [14] developed a 1-D
model to predict the annual performance and water consumption of three different cooling
systems integrated into a geothermal power plant: a natural draft Dry Cooling Tower, a natural
draft WCT and a HC system. The simulations were performed taking the weather data of
Birdsville, Australia. From the results, it was found that 70% of water can be saved using the HC
system in comparison with the WCT for every MW of heat rejection. In the case of Zhai and
Rubin [15], the authors carried out the assessment of the performance, water consumption and
costs for a HC system integrated into a coal or a natural-gas-fired power plant with and without
carbon capture and storage. The HC system was comprised of a wet-cooled condenser and an
ACC connected in parallel. The cost model considered the total annualized cost and total levelized
cost of electricity. From these results, the authors found reductions of roughly 91% in the water
use for the HC system, but an increase of 3-5% of the Levelized Cost of Electricity was observed.
The paper concluded that the overall costs would be minimized if the wet cooling system of the
HC operated at a 30% of the total cooling load during hot periods. Hu et al. [16] developed a
model for a 660 MW steam power plant that integrates a HC system consisting of ACC in series
with a WCT. They investigated the heat transfer phenomena and the water and power
consumption for three operation modes: only-dry, only-wet and HC modes, with respect to the
change in the ambient temperature and relative humidity. It was found that at high ambient
temperatures and low relative humidity no benefits were observed for the HC mode since the
system operated as an only-wet cooling system. However, at an ambient temperature of 0 °C, the
results were very favorable for the HC operation mode, with a 46.47% less water consumption in
comparison to only-wet and a 45.84% less power fan consumption in comparison to only-dry
operation mode. Dehaghani et al. [17] developed computational models to predict the water
saving of a thermal power plant located in Iran in the case that the current WCT was modified by

the use of a HC system (parallel wet and dry cooling system). The results were very promising



showing a 9.4% lower water consumption after the modifications and 64.6% less fan power
consumption if a high-precision air flow regulation method was used (fans with variable
frequency drives). Tang et al [18] evaluated the performance of a steam power plant with a HC
system, consisting in an ACC in parallel with a WCT, at different operating conditions (ambient
temperature, relative humidity, heat load, etc). They concluded that the condensation through the
ACC was the best option at the following combinations of ambient temperature and thermal load:
16 °C/300 MW, 24 °C/225 MW and 31°C/150 MW. At higher ambient temperatures, the steam
condensation should be prioritized through the WCT. On the other hand, the authors of the present
paper [19] carried out the theoretical assessment of the best configurations of a HC system
integrated into a CSP plant in terms of power generation and water reduction. For this approach,
a model of the power block of a CSP plant (Andasol-1 type) which integrates a HC system was
implemented in Thermoflex software. The simulation of different configurations of the HC
system (composed of an ACHE and a WCT) was carried out: series, parallel, series-parallel and
parallel-series and for each one the water consumption and the net power generation were
determined. It was found that the most favorable configuration in terms of water saving was
series-parallel, resulting in 50% of water consumption reduction when compared to the only-wet
cooling option. For this configuration, a 2.5% higher power generation resulted compared to only-
dry cooling option. Other authors have investigated hybrid cooling towers (HCT), in which the
dry and wet cooling systems are integrated into the same tower. Rezaei et al. [20] developed a
model of a HCT able to operate in parallel or series configurations. The HCT included dry and
wet sections, being the dry section composed of several compact air-cooled exchangers. Finally,
Wei et al. [21] investigated the effect of ambient conditions over the performance of a natural
draft HCT and compared it with a natural draft dry cooling tower. It was found that the operation
of this hybrid system was more flexible than the natural draft dry cooling tower under variable

environmental conditions.

Regarding experimental studies, there are limited research works on HC systems tested in real
environment. The existing ones are based on experiments at lab-scale [22,23]. In one of these
studies [23], promising results were found when the HC system was selected instead of a
conventional wet cooling system, resulting in a 35% less water consumption. These results further
demonstrate the need for experiments at pilot-scale in order to provide reliable data for industry.
In addition, the urgent need to find the best operational strategies in HC systems that reduce the
water requirements in CSP plants is crucial. From the theoretical works presented above, only the
one presented by the authors of this paper [19] has considered the integration of a HC system into
a CSP plant. This paper complements the previous theoretical study by an exhaustive
experimental analysis of a pilot scale HC system installed at the Plataforma Solar de Almeria

(PSA), in Tabernas (Almeria), Spain. This system was manufactured and then installed at PSA



under the framework of an EU H2020 project on Water Saving for Concentrated Solar Power
(WASCOP). The pilot HC system consists of an ACHE and a WCT, both sharing a surface
condenser that is coupled with a steam generator driven by a solar field. The steam generator
generates low-pressure steam (pressure between 82 and 200 mbar) with similar conditions to those
obtained in the exhaust steam from the power block of a CSP plant. The HC pilot plant is flexible
and allows the HC operation in different configurations like series, parallel, only-wet and only-
dry. From the results obtained from the experimental assessment', the optimal configurations of
the HC system in terms of water and electricity consumption under a wide range of operating
(change in the thermal load) and environmental conditions (change in the ambient temperature)

has been obtained.

2. Description of the test facility

The HC pilot plant is located at PSA, which is the largest concentrating solar technology research,
development and test center in Europe and is a division of the Centro de Investigaciones
Energéticas, Medioambientales y Tecnoldgicas (CIEMAT). PSA is located in Tabernas (Latitude
31.10 N and Longitude 2.36 W) at the South of Spain. A Typical Meteorological Year of Tabernas
has been obtained using Meteornom software and the resulting monthly ambient temperature

throughout a year is shown in Figure 1.
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Figure 1. Average monthly data of ambient temperature at PSA-CIEMAT

The HC pilot plant is composed of a WCT and an ACHE that can be tested separately (only-wet,
only-dry) or in series/parallel configurations. Fig. 2 shows the simplified schematic diagram of

this pilot plant that consists of three main circuits: heating, exchange and cooling.

1 Based on experiments carried out at PSA-CIEMAT
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Fig. 2. Schematic diagram of the HC pilot plant at PSA-CIEMAT
2.1. The heating circuit

In the heating circuit, hot water flows inside the tube bundles of a steam generator (see Fig. 2 and
Fig. 3 (b)) water, coming from a condensate tank, flows inside the shell of this steam generator.
Heat is then transferred from the tubes to the shell and subsequently steam is generated. Hot water
is provided from a storage system, which is connected to a 300 kW, flat-plate solar field (see Fig.
3 (a)) by a heat exchanger through which the thermal energy is transferred. For the sake of brevity,
no further details about the solar field are given but further information can be found in Chorak
et. al [24]. The water flow rate inside the tube bundles of the steam generator (FT-005) is
controlled using a Proportional, Integral and Derivative (PID) controller that uses the input to the
variable frequency drive of Pump 4 (SC-006 in Fig. 2) as a control signal. On the other hand, the
hot water inlet temperature (TT-010) is controlled at the desired value by the aperture of Valve 3.
A PID controller acts over the aperture of this valve in order to mix the hot water from the storage
system with the colder water coming from the steam generator. By controlling hot water flow rate
and inlet temperature in the steam generator, different steam flow rates can be evaluated in the
pilot plant. Therefore, it allows the operation of the HC system at different thermal loads,
simulating thus its integration into a real CSP plant that usually is under partial load conditions

due to the solar radiation variability.



Fig. 3. HC pilot plant at PSA-CIEMAT: a) flat-plate collectors of the heating circuit, b) steam
generator: hot water inlet (1) and outlet (2).

2.2. The exchange circuit

In the exchange circuit, a vacuum system (Pump 5 in Fig. 2) connected to a surface condenser
allows choosing the desired vacuum pressure in the circuit by a Programmable Logic Controller
(PLC) (in the range 82-200 mbar). The steam generated flows to the surface condenser (see Fig.
2 and Fig. 4) where it is condensed while releasing the condensation heat to the cooling water
circulating inside the tube bundle, which is in turn heated. The condensate from the surface
condenser flows by gravity to a small deposit and it is then pumped to a condensate tank. The
variable frequency drive of Pump 2 (SC-005 in Fig. 2) maintains the condensate level (LT-001 in
Fig. 2) inside such deposit. Finally, water inside the condensate tank is pumped to the steam
generator through Pump 3, closing the exchange circuit. This pump is turned on/off to maintain
the level of liquid inside the steam generator (L'T-002 in Fig. 2) at the desired value. Technical

data of the steam generator and the surface condenser can be found in Table 1.
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Fig. 4 HC pilot plant at PSA-CIEMAT, exchange circuit: (a) steam generator (1) and surface
condenser (2), (b) surface condenser (1), condensate tank (2) and small deposit under the
surface condenser (3).



2.3. The cooling circuit

The cooling circuit is composed of an ACHE and a WCT (see Fig. 2 and Fig. 5). Cooling water
coming from both towers is pumped to the tube bundle of the surface condenser where it is heated
by the heat transferred by condensation of the steam generated by the steam generator. Then, the
heated cooling water flows back to the hybrid cooler to repeat the cooling process. The aperture
of Valves 1 and 2 are modified to choose the desired configuration (see Table 2 and Fig. 2): only-
dry, only-wet, series or parallel. In addition, a split ratio (defined as the wet fraction) can be
selected in parallel configuration. The water flow rate in the tube bundle of the surface condenser
(FT-003 in Fig. 2) is controlled using a PID controller that uses the variable frequency drive of
Pump 1 (SC-004 Fig. 2) as control signal to maintain the nominal operating conditions despite
the different head losses existing in each configuration. On the other hand, the variable frequency
drives of the fans in both cooling towers (SC-001, SC-002 and SC-003 in Fig. 2) are used as
control variables to maintain the inlet temperature to the surface condenser (TT-005 Fig. 2) at the
desired value. Although most of the water in the cooling circuit recirculates, a small percentage
of water evaporates in the WCT and must be replaced. A float valve installed in the WTC basin
allows filling it with make-up water when the water level goes down. The make-up water
consumed by the WCT is measured by a flow meter located at the inlet of this cooling tower (FT-

004). Technical data of the cooling systems can be found in Table 1.

Fig. 5. Cooling circuit in the HC pilot plant at PSA-CIEMAT. WCT (1) and ACHE
2)

Table 1

Technical data of the equipment in the cooling and exchange circuits.

Steam generator
Thermal power @42°C 80 kW,
Tube side Hot water
Shell side Cold water/Steam




Surface condenser

Thermal power @42°C 80 kW,

Tube side Water

Shell side Steam
WCT

Thermal power 204 kW

Evaporation 0.28 m3/h
ACHE

Capacity 204 kW,

Exchange surface 617.58 m?

Power consumption 5.67 kW,

Table 2

Configurations in the cooling circuit (see valve positions I and II in Fig. 2)

Valve positions

Configuration Valve 1 Valve 2
Only-dry II 1I

Only-wet - I

Series 1 II

Parallel split ratio II Between I and II to achieve

the desired split ratio

3. Methodology

3.1. Test campaign

The test campaign was designed to evaluate the different configurations of the HC system as a

function of the ambient and operating conditions. Table 3 shows the range of variation for all of

the variables. A total of 54 experiments were conducted in the year 2020 and 2021 and they were

designed as follows:

Three ambient temperature ranges were selected in order to cover the different seasons
of the year in the location of Tabernas (Almeria). This way, ambient temperature between
10 and 15 °C would represent the operation of the HC system in winter, ambient
temperature between 18 and 23 °C would represent the operation of the HC system in
spring and autumn and ambient temperature between 25 and 30 °C would represent the

operation of the HC system in summer (see Figure 1).

For each ambient temperature range, three thermal loads of the surface condenser were
tested; a partial load of 60%, which corresponds to a thermal power between 120-125
kWi,; a partial load of 80%, which corresponds to a thermal power between 170- 175 kW,
and nominal conditions (i.e., thermal load of 100%) that corresponds to a thermal load

between 200-225 kWi

For each ambient temperature range and for the three thermal loads, configurations only-

dry (DC), only-wet (WC), series (SS) and parallel were tested. In the case of DC, WC



and SS, the maximum cooling flow rate (24 m*/h) circulates through both cooling towers.
In the case of parallel configurations, three split ratios were tested by the use of Valves 1
and 2 of cooling circuit (see Table 2 and Fig. 2): 25%, 50% and 75% for configurations
P25, P50 and P75, respectively. In the case of P25, FT-001 is 6 m*h and FT-002 is 18
m>/h; in the case of P50, FT-001 and FT-002 is 12 m*h and in the case of P75, FT-001
is 18 m*h and FT-002 is 6 m*/h. The set point of cooling flow rate was established in the
variable frequency drive of pump 1 (SC-004 in Fig. 2).

In all tests, the temperature of the steam produced by the steam generator (TT-008 in Fig.
2), which would represent the exhaust steam from a turbine in a CSP plant, was
maintained at 45 °C, which is the typical condensation temperature in a CSP plant located
at the South of Europe. It was controlled by establishing a set point of vacuum pressure

in the PLC of the vacuum system (Pump 5 in Fig. 2).

In all tests, the hot water flow rate flowing inside the tube bundle of the steam generator
(FT 005 in Fig. 2) was kept at 9.75 L/s. On the other hand, the hot water inlet temperature
in the steam generator (TT-010) varied between 68 °C and 76.5 °C to assure the thermal

loads above-mentioned.

Finally, the temperature at the inlet of the surface condenser (TT-005 in Fig. 2) was
established in all cases at 33 °C (i.e., the design temperature of this equipment). It was
established by the control of the variable frequency drives of both cooling towers (SC-
001, SC-002 and SC-003 in Fig. 2). In the case of series configuration, as the cooling
water is cooled firstly through the ACHE and then through the WCT, the temperatures at
the outlet of the ACHE (TT-003 in Fig. 2) and WCT (TT-006 in Fig. 2) were maintained
at 36 °C and 33 °C, respectively.

Table 3

Range of variation of the ambient and operating variables
Variable Range of operation
Ambient temperature, Ty (10-30) °C
Thermal load, TL (60-100) %
Cooling water flow rate through the ACHE, (6-24) m*h
FT-002
Cooling water flow rate through the WCT, (6-24) m*/h
FT-001
Hot water inlet temperature in the steam (68-73.5) °C
generator, TE-WAS-010
Variable frequency drives (VFD) of the (11-98)%

ACHE, SC-002 and SC003
Variable frequency drive (VFD) of the WCT, (21-100)%




SC-001

It is important to ensure steady state conditions during the operation of the HC, especially in the
steam flow rate generated by the steam generator and in the make-up water consumed by the
WCT (FT-004 in Fig. 2). In the case of the generated steam, the level of the steam generator (LT-
002 in Fig. 2) was maintained to be stable as possible around 330 mm in order to assure that the
tube bundles were completely flooded. The water circulation from the surface condenser to the
condensate tank was also kept as steady as possible. For that purpose, the level in the small deposit

at the outlet of the surface condenser (LT-001 in Fig. 2) was maintained around 200 mm.

The data was logged every second and the average value of each variable was determined in a
steady stage period of between 15-20 minutes. An error analysis was performed considering the
measurement uncertainties of all the instruments. In the case of the indirect parameters an
uncertainty propagation analysis was carried out in order to quantify the goodness of the results.
For this purpose, a tool from the Engineering Equation Solver software described in NIST
Technical Note 1297 was used [25]. The measurement uncertainties of all measured variables are

shown in Table 4.

Table 4

Measurement uncertainty of the direct variables
Parameter Measurement uncertainty
Electricity consumed by the WCT, ACHE and pump 1%
1
Make-up water consumed by the WCT +0.5% of F.S* + 2.5% o.1°
Condensate mass flow rate +0.2% o.r®
Saturated steam pressure +0.3% o.r® + 0.8% of URL?
Temperatures 0.3+0.005-T¢

aF.S = full scale. It is 10 for FT-WAS-004 and 1.1 bar for PT-001
®0.r = of reading

“is the value of the temperature in °C

3.2. Assessment of the hybrid configurations

The HC configurations were evaluated by determining the improvements achieved in terms of
electricity consumption reduction, in comparison to only-dry operation mode (i.e. (ecpc-
ecyc)lecpc) and in terms of water consumption reduction, in comparison with only-wet operation
mode (i.e. (Weyc-Weye)/weye). ecye and ecpc are the electricity consumptions of the hybrid
and DC configurations, respectively, and wcyc and wcy, are the water consumptions of the
hybrid and WC configurations, respectively. The results obtained at different thermal loads and

ambient temperatures are shown and explained in section 4.



The following sections describe the calculations of the electricity and water consumptions.

3.1.1. Electricity consumption

The electricity consumption (ec) is measured with an electrical energy meter (CEM-C21)
installed in the electrical distribution panel of the facility that provides the instantaneous
power consumption of the Pump 1 and of WCT and ACHE fans. This consumption depends on

the percentage applied to the corresponding VFD, as can be observed in Fig. 6.
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Fig. 6. Electricity consumption measurements at different percentages applied to the VFDs.

The total electricity consumption measured is the sum of each one of the contributions. It is
important to highlight that the operating point of Pump 1 in the experimental campaign
described in this paper corresponds to values in the VFD, SC-004, between 91% and 97%. In
the case of the ACHE operation, the values in the experimental campaign analyzed in this paper
cover the whole range of SC-002 and SC-003 depicted in Fig. 6, while in the case of the WCT

operation, the maximum percentage required in SC-001 has been 40%.

3.1.2. Water consumption

As already mentioned, wc is measured by a flow meter located at the inlet of the make-up water
pipe (FT-004 in Fig. 2). As it is evaluated when steady-state conditions are reached, the make-up

flow can be considered to correspond to the water evaporated in the WCT.



3.3.Efficiency calculation and selection of optimal configurations

Two efficiency indexes that determine the specific electricity energy consumption (SEC) and the
specific water consumption (SWC) are proposed to decide which is the optimal configuration
according to the ambient and operating conditions. There must be a trade-off between the water
and the electricity consumption, considering also the relation of these values with the thermal
power. In other words, the optimal configurations will be the ones that allow reducing as much
as possible the water and electricity consumptions per kW used to condensate the available

steam. The calculation of these indexes is as follows:

kw, ec (1)
kW, TP
L/h wc (2)
Swc ==
(kWth> TP’

where ec is the electricity consumption measured in kW., wc is the water consumption in L/h and
TP is the thermal power of the surface condenser measured in kWi, It is defined as the heat
transfer rate by condensation of the steam generated and can be determined by Eq.Error!

Reference source not found.:

TP = mgAcong + me (hl,sat —he), (3)

where mi; is the steam mass flow rate generated by the steam generator, 4., is the latent heat
of condensation at the pressure measured in PT-001 (see Fig. 2), mi, is the condensate mass flow
rate at the outlet of the surface condenser, h; 4, is the specific enthalpy of saturated liquid in the
surface condenser at pressure PT-001 and h,. is the specific enthalpy of the subcooled condensate

leaving the surface condenser, at the temperature TT-007 (see Fig. 2) and pressure PT-001.

Notice that, as the evaluation of the HC is performed at steady state conditions, the steam entering
the surface condenser is completely condensed, so it can be assumed that nig = .. In addition,
the VFD of Pump 2 is regulated to maintain LT-001 at a steady-state value, so the mass flow rate

at the outlet of the surface condenser (mi,) is that measured in FT-006 (see Fig. 2).

The optimal configurations are obtained by a cost function, J;j, which is evaluated for each

configuration, i, thermal load, j, and ambient temperature, k, being i={ WC,P75,P50,P25,SS,DC},
Jj={TL-60,TL-80,TL-100} and k={(10-15), (18-23), (25-30)} °C:

SECij, — SEC/R™ SWCij — SWCR™ (4)
. . + az . —,
SEC/Re* — SECTm SWCRE* — SWCim

Jijk = 1



SEC[H™ = min{SEC;,} ~ Vi={WC,P75,P50,P25,55,DC}, (5)

SEC® = max{SECj.} vi={WC, P75,P50,P25,55,DC}, (6)

where SEC and SWC are normalized to bring all values into the range [0,1] and @; and a, are
weighting factors to tune the importance of each term in relation to the other. In this case, the
values established for these factors are: a;=1 and a,=1.2, because the priority is to reduce the

water consumption. The optimal value for each load and ambient temperature range, 6jy,

corresponds to that configuration that gives the minimum value of J:

6jic = min{Jyji} VY i = {WC, P75, P50,P25,SS,DC}. (7)

4. Results

4.1 Variation of the electricity consumption

This section shows the variation of the electricity consumption and of the temperatures in the
cooling circuit (i.e., the inlet and outlet temperatures from the ACHE and WCT) with the TL and
with the ambient temperature for the different HC configurations (see Fig. 7 and Figure 8). TL-
100 corresponds to the operation at thermal load 100%, TL-80 to the operation at thermal load
80% and TL-60 to the operation at thermal load 60%. In addition, this section shows the
percentages of ec reduction of the HC configurations in comparison to configuration only-dry
(the one with the highest electricity consumption) for the different TL and ambient temperature
ranges (see Table 5). The errors obtained from the uncertainty propagation analysis are also shown

in this table together with the percentage results.
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As observed in Fig. 7, the value of ec increased in all configurations with the thermal load and
with the ambient temperature. The increase with the thermal load is explained by the rise in the

cooling water temperatures at the inlet of the WCT and ACHE (TT-001 and TT-002, respectively)



when the TP in the surface condenser increases, as can be seen in Figure 8. Such temperature rise
leads to a higher percentage required in SC-001, SC-002 and SC-003 to achieve the desired
temperature at the inlet of the surface condenser (33 °C). Likewise, higher percentages in SC-001,
SC-002 and SC-003 are directly related with a higher electricity consumption of the cooling
system, as indicated in Fig. 6. On the other hand, the higher the ambient temperature the higher
the percentage needed in the VFD of both cooling towers to achieve the cooling requirements,
which leads to a rise in the ec, as seen in Fig. 6. This ec increase is especially significant in the
case of the ACHE (configuration DC), as seen in Fig. 7, since in this case the ec increases at a
higher rate the higher the percentage used in SC-002 and SC-003 is. For the rest of configurations,
it can be seen that at low and medium ambient temperatures, there are no significant differences
between them in terms of ec, for the different thermal loads. It can be seen that WC, SS, P75 and
P25 have similar ec, and configuration P50 was the one with the lowest electricity consumptions.
It is important to highlight that, although a lower ec for configuration WC is expected compared
with the HC configurations, the head losses in the cooling circuit for this configuration are higher
than for the others, which led to a higher electricity consumed by Pump 1. At high ambient
temperatures, the differences in ec between configurations became more significant, especially at
higher thermal loads. At TL-80, the configurations that showed the highest ec were P25 and SS
and at TL-100, P50 and SS.

The results shown in Table 5 can help selecting the most suitable configurations in terms of ec
reduction compared to the conventional only-dry cooling system. As it can be seen, the ec
reduction of configurations P50, P75, P25, WC and SS with respect the configuration only-dry
was higher the higher the thermal load and ambient temperature were. This is a reasonable result
given the reasons mentioned before regarding the significant effect of both variables (T'L and
ambient temperature) in the ec of the ACHE. At low ambient temperatures (i.e., between 10 and
15 °C) and the lowest TL (TL-60), the percentage of reduction in the ec with respect to the
operation with configuration only-dry was not very significant, being the highest one 11.7% for
configuration P25. When the TL was increased up to 80%, the percentage of ec reduction
compared to only-dry became more significant for some configurations, being P50 the one that
showed the higher ec reduction (24.0%), followed by P25 that obtained a percentage of ec
reduction of 18.9%. At nominal conditions (TL-100), the HC operation allowed an important ec
reduction compared to the conventional only-dry operation and the same configurations as before
(P50 or P25) achieved higher improvements in terms of ec (the percentages of reduction were
34.7% and 28.6%, respectively). At medium ambient temperatures (i.e., between 18 and 23 °C),
the percentages of ec reduction increased with respect to the operation at low ambient
temperatures, being more pronounced at higher TLs. In the case of TL-60, the recommended

configuration in terms of ec saving would be P50, since it showed the highest ec reduction



(34.0%). At TL-80, apart from P50 (whose percentage of ec reduction compared with DC was
46.7%), P75 also gave good results (40.0% of ec reduction), so these two HC configurations could
be suitable in case ec is prioritized. At nominal load, the same HC configurations are
recommended in terms of ec reduction. Finally, at high ambient temperatures (i.e. between 25
and 30 °C), the percentages of ec reduction in comparison with the only-dry configuration were
the highest ones, achieving values close to 50%. Among the tests performed at the lowest TL, it
was found that the operation with configurations P50, P75 and WC is recommended when a
significant ec reduction is required compared with the conventional only-dry configuration. The

percentages of reduction obtained were 44.4% for P50, 40.1% for P75 and 40.6% for WC.

Table 5

Percentages of electricity consumption reduction of the HC configurations with the associated
errors in comparison to configuration only-dry for the different thermal loads and ambient
temperature ranges

Ambient temperature ranges

Configuration Thermal Load (10-15) °C (18-23) °C (25-30) °C
TL-60 4.6+13)% (224+1.1)%  (40.6+0.8)%
we TL-80 (112¢13)%  (38.8:0.9)%  (52.7+0.7)%
TL-100 (23.7£1.1)%  (53.8£0.71\%  (49.7+0.71)%
TL-60 B121.20% (247+1.1)%  (40.1:0.8)%
P75 TL-80 (14.5£1.2)%  (40.0£0.8)%  (52.7+0.71)%
TL-100 (25.8£1.1)%  (54.620.6)%  (49.7+0.71)%
TL-60 (227412)%  (34.0£0.9)%  (44.4+0.8)%
P30 TL-80 24.0+1.1)% (46.740.1)%  (46.4+0.8)%
TL-100 (34.740.9)%  (59.4£0.6)%  (0.0+1.4)%
TL-60 (154£12)% (28.7+1.00%  (28.8+1.0)%

P25 TL-80 (189+1.1)% (38.6£0.9)%  (3.1+1.4)%
TL-100 (28.6£0.9)%  (53.2:0.1)%  (1.41.4)%
TL-60 4421.3)% (222+1.0%  (37.9£0.9)%
sS TL-80 (10.7£1.3)% (37.620.9)% (25.2+1.1)%
TL-100 (23.151.1)%  (50.6£0.71)% (22.4%1.1)%




4.2 Variation of the water consumption

This Section shows the variation of the water consumption of the HC at different TL and
ambient temperature (see Figure 9). In addition, it shows the percentages of wc reduction of

the HC configurations in comparison to configuration only-wet, which can be found in Table
6.
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Figure 9. Effect of the thermal load on the water consumption for a) Tams (10-15) °C; b) (18-
23) °C and c) (25-30) °C. All the errors are represented as error bars

As observed in Figure 9, wc increased in all configurations with the thermal load, except in the
case of configuration SS. This increase is due to the rise in the cooling water temperature at the
inlet of the WCT with the thermal load (see Figure 8). An increase in this cooling water
temperature leads to a higher energy demand required to reduce the enthalpy of the water through
the WCT to reach the desired 33 °C at the outlet. Then, the air flow rate must increase (by means
of the VFD of the fan) in order to cover such energy demand, causing higher losses by evaporation
and consequently higher water consumptions. In series configuration, wc presented similar values
at different TLs because the cooling water temperature at the inlet of the WCT (TT-001 in Figure
8) was maintained at 36 °C. This makes the VFD of the fan work at similar operating conditions,

being the air flow rate then similar and therefore the losses by evaporation.

Regarding the behaviour of the wc with respect to the ambient temperature, it is expected that the
water consumption in the WCT increases with increasing ambient temperature because the energy
demand required to reduce the enthalpy of the water through the tower (and reach 33 °C at the
outlet) depends on the air enthalpy difference between the outlet and the inlet. Since the air inlet
enthalpy increases with the ambient temperature, the air flow rate must increase (by means of the
VED of the fan) in order to cover the energy demand, causing higher losses by evaporation (i.e.,
higher water consumptions). As seen in Figure 9, this increase was observed in the case of
configurations WC and P75. However, in the case of P50 and P25 configurations, the tendency
was opposite to the previous cases and the wc decreased with the ambient temperature. This fact
is directly related to the cooling capacity of the WCT. When the WCT is operating with medium-

low cooling flow rates (12 m*h in the case of P50 and 6 m*/h in the case of P25) and the ambient



temperature and/or the water inlet enthalpy are low (i.e. partial loads), the temperature at the outlet
of the WCT (TT-006 in Figure 8) is under 33 °C because the minimum fan percentage (21%) is
achieved. Therefore, the air mass flow in these cases is higher than needed in order to achieve the
required operating conditions and the losses by evaporation are higher than expected. To
understand this fact better, configuration P50 at TL-100 is taken as an example. At low ambient
temperature, the VFD of the WCT was at the minimum value, and the outlet temperature of the
WCT was lower than required, 30 °C. Then, it canseen in Figure 8 that the temperature difference
between the inlet (TT-001) and the outlet of the WCT (TT-006) was higher at low ambient
temperatures than at high ambient temperatures, which is directly related to the water

consumption as explained previously.

In the case of SS configuration, as already mentioned, the water inlet temperature to the WCT is
always maintained at 36 °C (TT-001 in Figure 8), and a similar water consumption can be
observed for the three ambient temperature ranges. This is caused because the temperature
difference between the inlet and outlet temperatures in the WCT was low (only 3 °C), which led

to a low required heat transfer to achieve this temperature difference through water evaporation.

The comparison between configurations was carried out by evaluating the water consumption
reduction in the case of using a HC configuration instead of a only-wet configuration, which is
the configuration with the highest wc. The values obtained together with the resulting errors from

the uncertainty propagation analysis can be found in Table 6.

Table 6
Percentages of water consumption reduction of the HC configurations with the associated errors
in comparison to configuration only-wet for the different thermal loads and ambient temperature

ranges.

Ambient temperature ranges

Configuration Thermal Load (10-15) °C (18-23) °C (25-30) °C
TL-60 (26249.9)%  (23.2+10.0)%  (24.249.1)%

P75 TL-80 (269+7.9)%  (23.048.02)%  (38.1£6.5)%
TL-100 (27.9+7.1)%  (21.8+7.2)%  (23.6:6.7)%

TL-60 (33.989.4)% (22.8£10.0)% (38.78.1)%

P50 TL-80 (33.6:7.4%  (38.6:7.1)%  (51.6+5.8)%
TL-100 (33.046.8)%  (41.6£6.1)%  (43.3+5.6)%

TL-60 (50248.3)% (47.8483)%  (56.9+7.0)%

P25 TL-80 (60.4+5.9)%  (59.7£5.9)%  (66.9+5.0)%
TL-100 (58.255.4)%  (61.6£5.0)%  (61.3+4.7)%

TL-60 (27.249.9%  (25.6£9.8)%  (37.3+8.2)%



SS TL-80 (44.3+6.8)%  (44.7x6.7)%  (52.8+5.7)%
TL-100 (54.4+5.60)%  (57.9+5.2Y%  (59.7+4.8)%

As expected, the highest wc reduction was obtained from configuration P25 (66.9% at high
ambient temperature and TL-80) since this is the configuration with the least use of the WCT,
with only 6 m*/h of water flow rate through the WCT. On the opposite side, P75 was the HC
configuration that makes the highest use of the WCT (18 m*/h of water flow rate) so it achieved
the lowest water reduction in comparison to configuration only-wet (24.2% at medium ambient

temperature and TL-60).

The water consumption reduction in configuration P25 increased with TL and ambient
temperature between 50.2% and 66.9%, a considerable reduction that emphasizes the importance
of combining wet and dry cooling to reduce the water consumption along the year and for all
thermal loads. In the case of SS configuration, the percentages of water consumption reduction
also increased with the ambient temperature and T'L but it was more significant at TL-80 and TL-
100 (between 44.7% and 59.7%). At low thermal load, TL-60, the percentage of increase was
between 25.6% and 37.2%, which was closer to the values obtained with parallel configurations.
The percentages of increase with configuration P50 were lower than in the previous cases and did
not show a specific tendency with the ambient temperature and the TL because of the WCT
cooling capacity limitation in some of the experiments, as explained previously. In the case of
configuration P75, the percentages at different TLs and several ambient temperatures varied over
a narrow range (between 21.8% and 27.9%), and did not follow a clear tendency because the
water consumption in this configuration was closer to the one obtained with configuration only-

wet.

4.2. Optimal configurations

Fig. 10 shows the results of SEC and SWC obtained for each one of the configurations, thermal
loads and ambient temperature ranges. The maximum error obtained from the uncertainty analysis
resulted of 0.0007 kW/kWy and 0.11 L/h-kWi, for the SEC and SWC, respectively. The optimal

configurations obtained are represented in bold type.
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Fig. 10. SWC against SEC for each configuration, at different thermal loads and at different
ambient temperature ranges (a) (10-15) °C, (b) (18-23) °C and (c) (25-30) °C. Optimal
configurations are represented in bold type.

At low ambient temperatures (Fig. 10 (a)), the best results were obtained from configuration P25
at TL-60 and TL-80. At this ambient temperature, the electricity consumption in the ACHE is
low, so it is recommendable to operate as much as possible with this configuration in order to
reduce the water consumption. At TL-100, configuration P50 presented better results than P25,
due to the difference of the electricity consumption between these two configurations.
Configuration P25 resulted also the best one in the case of medium ambient temperatures (Fig.
10 (b)), but it is also important to highlight that configuration P50 allowed to reduce the SEC even
more at the expense of increasing the SWC. It is important to mention that in all ambient
temperature ranges, the lowest specific consumptions were obtained operating at TL-100, which
means that partial loads penalize the consumption per kWu.In the case of high ambient
temperatures (Fig. 10 (¢)), the specific consumptions increased, mainly because of the electricity
consumption in the ACHE. For this reason, at high ambient temperatures it would be
recommendable to reduce the use of the ACHE, being the optimal configurations SS at TL-100
and P50 at TL-80 and TL-60.



5. Conclusions

This study deals with the assessment of the best operating strategies of a HC system in terms of

reduction in the water and electricity consumptions in comparison with the conventional only-

dry and only-wet cooling systems. An exhaustive experimental campaign has been carried out at

a HC pilot plant at PSA-CIEMAT, testing different configurations under a wide range of

operating (different thermal loads) and ambient (different ambient temperatures) conditions.

The results obtained from this study can help the CSP industry to invest in HC solutions at

industrial scale, since it has been proven that there are strategies that allow to reach a trade-off

between the water and the electricity consumption depending on the thermal load of the power

block and on the ambient temperature. The main conclusions obtained from the experimental

evaluation are detailed below:

The most favorable configuration in terms of reduction in the electricity consumption at
all tested conditions is parallel with a split ratio of 50%. For this configuration, a
maximum reduction of 59.3% was obtained compared to only-dry configuration, at

nominal load (TL-100) and high ambient temperature (25-30 °C).

Configuration parallel with a split ratio of 25% has shown the highest reduction in the
water consumption when compared with conventional only-wet configuration. A
percentage of 66.6% was obtained when the pilot plant operated at a thermal load of

80% and the ambient temperature was between 25 and 30 °C.

The assessment of the optimal operating strategies has been done by the evaluation of
two efficiency indicators, which consider the relation of the water and electricity
consumptions with the thermal power required to condensate the available steam. These

efficiency indicators are the SEC and the SWC.

At low ambient temperatures, the optimal strategy at partial loads (TL-80 and TL-100)
is the operation with configuration parallel with split ratio of 25%. However, when the
load is reduced to TL-60, it is recommended to change the strategy, operating with

configuration parallel with split ratio of 50%.

At medium ambient temperatures, the best strategy is to operate with configuration

parallel with a split ratio of 25% at all thermal loads.

In the case of high ambient temperatures, the most favorable strategy at partial loads

(TL-60 and TL-80) is the operation with configuration parallel with a split ratio of 50%.



When the thermal load increases at TL-100, the strategy should be changed to

configuration series that provide an optimal trade-off between the water and electricity

consumption.
Nomenclature
Symbols
TP Thermal power, kW,
Ec Electricity consumption in the cooling circuit, kW,
ecpc Electricity consumption in only-dry configuration, kW,
ecHc Electricity consumption in a hybrid configuration, kW.
ecwe Electricity consumption in only-wet configuration, kW,
h, Specific enthalpy of the condensate, kJ/kg
hygae Specific enthalpy of the saturated liquid, kJ/kg
me Condensate mass flow rate (FT-006 in Fig. 2), kg/s
my Steam mass flow rate between the steam generator and the
surface condenser, kg/s
SEC Specific electric energy consumption, kWe/ kW,
SwC Specific water consumption, L/h- kW,
Tombp Ambient temperature, °C
TL Thermal load, %
wc Water consumption, L/h

WCyc Water consumption in a hybrid configuration, L/h



WCwc Water consumption in only-wet configuration, L/h

Acond Latent heat of condensation, kJ/kg

Abbreviations

ACC Air Cooled Condensers

ACHE Air Cooler Heat Exchanger

CIEMAT Centro de Investigaciones Energéticas, Medioambientales y
Tecnoldgicas

CSP Concentrated Solar Power

DC Only-dry

VFD Variable Frequency Drive

HC Hybrid cooling

HCT Hybrid cooling tower

PID Proportional, Integral and Derivative control

PLC Programmable Logic Controller

PSA Plataforma Solar de Almeria

P25 Parallel with a split ratio of 25%

P50 Parallel with a split ratio of 50%

P75 Parallel with a split ratio of 75%

SS Series

WASCOP Water Saving for Concentrated Solar Power



WwC

WCT

Only-wet

Wet Cooling Tower
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