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A B S T R A C T

The importance of considering the water price in the analysis of the impact of dry versus hybrid condensing
systems in the thermo economical performance of solar tower plants was demonstrated in this work. The dry
condensing system consists of several induced-draft air-cooled condenser cells (ACCs) and the hybrid system
consists of a parallel system where the condensing steam is split between the ACCs and a surface steam
condenser where circulating water is cooled in a wet mechanical-draft cooling tower. The influence of the
operating parameters of either the dry or wet cooling systems on the cooling load and fan power consumption
were studied. Then, for a given condensing system (a system with a defined number of installed ACCs units
and cooling tower units) and given the dry-air and wet-bulb air temperatures, the operating parameters were
optimized to maximize the revenues of the power plant. This optimization depends on the water-to-electricity
price ratio 𝑅, showing that at low ambient temperature when this ratio increases it is not profitable to turn
on the cooling towers since the water cost is not counterbalanced by the higher cycle efficiency obtained with
the lower condensation temperature. Finally, the annual operation and the LCOE and NPV of the CSP plant
located in Dunhuang were analyzed for both dry and hybrid condensing systems with different number of
ACCs and wet towers, showing that the most cost-effective configuration is the 16 ACCs with 3 wet cooling
towers for water-to-electricity price ratio 𝑅 = 4 ($/m3)/($/kWhe) and 𝑅 = 5 ($/m3)/($/kWhe), but for 𝑅 = 10
($/m3)/($/kWhe), the best option is with only 2 wet towers.
1. Introduction

Dry cooling is being adopted as an alternative to wet cooling to
reduce water consumption in CSP plants, which are often placed in
locations with water scarcity. This is motivated both by the goal of
reducing water withdraw and comply with environmental regulations,
considering that 94% of water consumption of a CSP plant is used by
the cooling tower in parabolic trough plant [1]. However, the drawback
of dry cooling is the lower electricity production in comparison with
wet cooling, due to the higher condensation temperature of the Rankine
cycle, especially in locations with higher temperatures. Moreover, the
cost of an air cooled condenser is approximately 1.3 times that of the
combination surface condensers plus cooling tower.

Some studies [1,2] have been published comparing the impact of
dry versus wet cooling in through plants on energy and economical
performance, but less effort has been dedicated to power towers despite
the results being very dependent on the type of technology. Plants with
higher turbine-inlet temperature, like power towers, will be in general
penalized less by an increase in the condensation temperature. Hybrid
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systems are being studied as a halfway option to reduce water consump-
tion while maintaining energy production. These systems consist of a
parallel condensing system where the condensing steam is split between
an air-cooled condenser and a steam condenser which circulating water
is cooled in a wet cooling tower. The wet side of the condensing system
is usually turned off during cold and moderate weather.

Asfand et al. [2] evaluated the water consumption and net power
generation of a hybrid cooling system for a parabolic trough CSP
plant, concluding that the best configuration in terms of water savings
was a series–parallel configuration. In this configuration the steam is
condensed in a surface condenser which circulating water is sent to a
dry cooling tower and then a fraction of this water is further cooled on
a wet cooling tower. However the parallel configuration, which sends
part of the circulating water from the condenser to a dry cooling tower
and part to a wet cooling tower, performed better in terms of energy
generation. In the study the authors highlight that further research
including an annual performance and economic analysis considering
the electricity and water prices and location would help to select the
best configuration.
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Turchi et al. [3] summarized the results of several studies contracted
with WorleyParsons Group and results from their own SAM simulations
to evaluate the impact of dry, wet and hybrid (both dry and wet
operating in parallel) cooling systems on the performance and LCOE
of parabolic trough CSP plants. They concluded that the transition
from 100% wet to 100% dry cooling will result in LCOE increase of
approximately 3% to 8% for parabolic trough plants throughout most
of the southwestern United States locations while a water consumption
reduction over 90%. Besides, they observed that hybrid cooling could
reduce the LCOE increase, but this effect would be minimal for the
Alamosa location, while clearly beneficial for Las Vegas location. The
authors stated that the water cost, which was not varied in their
calculations, has a major influence on the results and should be con-
sidered in future analysis. Another study developed later [4] where the
effect of the time of delivery (TOD) rate factors (multiplying factor
applied to the market purchase price of electricity at a given time
of delivery period) was considered revealed that hybrid cooling can
reduce the bid price of electricity when compared to exclusively dry
cooled plants even in cooler climates like Alamosa, for heavily weighted
TOD schedules.

Boukelia et al. [5] compared the effect of using dry cooling instead
of wet cooling in a CSP plant of the power tower type in terms of
thermodynamic yield (energetic and exergetic), and economic indi-
cators (investment cost, net present value (NPV), and LCOE). The
energy and economic analysis was performed using the mathematical
model integrated within SAM software, and the location of the plant
was Bechar, in South Algeria. They concluded that the annual power
generation decreased more than 6.70% for the dry cooling compared
to the wet cooling and the LCOE increased more that 9.19%. However
the annual water consumption reduced by almost 94.40%. The authors
indicate that in order to combine the advantages of dry and wet cooling
systems, hybrid options should be explored.

Boulay et al. [6] developed a methodology to evaluate the impact of
hybrid cooling system design on operating performance and economics
of a coal-burning power plant comparing the increased revenue relative
to the capital cost increment for different size dry cooling cases and a
hybrid case at two different plant locations, taking into account the
hourly ambient conditions and market energy prices. They concluded
that unless there are revenue payments based on available summer
capacity, the additional revenue for the increased energy produced by
larger ACCs or hybrid systems are not sufficient to justify the increased
capital cost when compared to the base case (dry system with the
lowest capital cost). Concerning solar towers, Marugán-Cruz et al. [7]
proposed the use of a dry Heller cooling system to diminish the water
consumption of these CSP plants. In the system presented the water
vapor from the turbine condenses in a direct contact jet condenser
where it gets in contact with liquid water coming form a natural draft
dry cooling tower. Then, part of the condensate returns to the cycle
while the rest is pumped to the tower where it rejects the heat to the
air. The study concludes that the annual energy production using the
Heller system proposed is only 3.64% smaller compared to mechanical
draft wet cooling system, while it is 5.97% greater compared to a ACC
cooling system. For the location studied (Tonopah, Nevada USA), the
total lifetime cost of the Heller cooling system could be smaller than
the cost of the wet cooling system as long as the total costs of water
are higher than 1.96 $/m3. Rohani et al. [8] simulated a parabolic
rough plant and a power tower plant to calculate the annual energy
roduced and water consumed by the different systems of the power
lant (including solar field cleaning, steam cycle and cooling system).
esides two different water management plans are compared with the
asic scenario (without water reuse) in terms of water consumption
nd LCOE, i.e. reusing the water of certain effluents or minimizing the
lowdown in the cooling tower. The evaluation of theses alternatives
as performed for different cooling systems: ACCs, steam surface con-
enser with the cooling water provided by a cooling tower and a hybrid
2

ystem consisting of the combination of the former two.
In light of the research conducted on hybrid condensing systems for
CSP plants there is a lack of thermo-economic studies of CSP plants of
the tower type that allow to decide which type of system is most cost-
effective (dry or hybrid) and which is the proportion of the cooling load
that should be covered by the wet subsystem. The models developed
with this aim should consider the water price since it is a key parameter
in the economical performance of the plant. This paper investigates the
effect of the type of cooling system (dry or hybrid) on the energy and
economical performance of a solar tower plant. The results include the
annual performance of a plant located at Dunhuang in Gansu, (China)
and analyze the effect of the water price. No previous references have
been found considering the effect of the water price on the economical
performance of solar towers. The effect of the ambient conditions on the
behavior of the dry (ACCs) and wet cooling systems (surface condenser
cooled by a mechanical-draft cooling tower) are also evaluated.

2. Modeling

The CSP plant consists of 3 subsystems: the solar subsystem, the
steam generators with the power block and the cooling subsystem. The
solar field, the evaporation train and the power block are similar to
those described in detail in Marugán-Cruz et al. [7]. The cooling system
is either an air cooling system or a hybrid system that combines air
cooled condensers and wet mechanically driven cooling towers. Fig. 1
shows the different subsystems of the CSP plant and the fluid flows.

2.1. Solar subsystem

The solar subsystem comprises the solar field, the solar receiver and
the storage system. The solar field consists of thousands of heliostats
or mirrors that follow the sun and concentrate the solar radiation on
an external receiver located at the top of a tower. The receiver is a
360◦ tubular receiver formed by metal pipes, gathered into panels, that
absorb the radiation and transfer it to the heat transfer fluid flowing
through them. The fluid (molten salts) enters the receiver at 290 ◦C
and exits at 565 ◦C and it is sent to the hot tank.

The solar field considered in this study is a radial staggered arrange-
ment surrounding the receiver and north biased. The heliostat field
has been generated with the software FluxSPT [9], representing a field
similar to that of Crescent Dunes (Tonopah, Nevada). The field consists
of 10,300 square mirrors of 10.5 m side.

To calculate the solar field efficiency SolarPILOT software [10] has
been employed. The efficiency of the heliostats depends on, among
others, the height of the receiver, the position of the mirrors, the aiming
strategy, the day of the year and the solar time, and therefore, these
values should be estimated at every hour. This software is able to
determine the optical efficiency of each heliostat, the flux heat density
and the concentration map or the ratio of flux density on the receiver at
the top of the tower. To model the hourly performance of the solar plant
the following assumptions have been made regarding the atmospheric
conditions: a cloudless year with visual range of 40 km and limb-
darkened sun model. The simulation model employed is a Hermite
simulation with 25 × 25 grid resolution. A probability shift aiming
method with a normal distribution strategy with a maximum allowable
peak flux of 1500 kW/m2 has been chosen to simulate the incident
radiation on the receiver. To reduce the calculation time, Wagner [11]
proposed to select at least 8 representative days to estimate the yearly
flux distribution. These days are: 172, 218, 238, 256, 272, 290, 310
and 355. For each of those days the hourly average efficiency of each
heliostat, 𝜂ℎ𝑒𝑙,𝑖, has been obtained.

Therefore, the incident heat power on the receiver, 𝑄𝑟𝑒𝑐 , can been
calculated as follows:

𝑄𝑟𝑒𝑐 =
𝑛ℎ𝑒𝑙
∑

𝜂ℎ𝑒𝑙,𝑖 𝜌DNI𝐴ℎ𝑒𝑙 (1)

𝑖=1
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Fig. 1. Process flow diagram of the CSP plant with hybrid cooling system. Lines: Orange line: molten salts; blue line: liquid water; red line: steam. R: Receiver, HT: Hot salt storage
tank, CT: Cold salt storage tank, PH: Preheater. SG: Steam generator, SH: Super-heater, RH: Reheater, HPT: High pressure turbine, LPT: Low pressure turbine, FW: Feedwater
eater, DEA: Deaerator, ACC Air cooled condenser, WT: Wet tower.
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Table 1
Geometrical parameters of the solar subsystem.
Parameter Value

Optical tower height, 𝐻𝑡𝑜𝑤𝑒𝑟 (m) 180
Receiver height (m), 𝐻𝑟𝑒𝑐 21.6
Receiver diameter (m), 𝐷𝑟𝑒𝑐 17.6
Field boundary radius, (m) 1380
North shift of the boundary (m) 240
Number of heliostats, 𝑛ℎ𝑒𝑙 10,300
Heliostat area, 𝐴ℎ𝑒𝑙 (m2) 110.25
Solar field area, 𝐴𝑆𝐹 (ha) 676
Number of panels 16
Number of tubes per panel 76
Internal tube diameter (m) 0.042

where 𝑛ℎ𝑒𝑙 is the number of heliostats, 𝜌 = 0.95 is the reflectivity of
the mirrors, DNI is the hourly direct irradiation for a typical mete-
orological year obtained at PVGIS [12] and 𝐴ℎ𝑒𝑙 is the area of each
heliostat. This incident heat power, 𝑄𝑟𝑒𝑐 , is partly absorbed by the
molten salts circulating through the tubes and partly lost by convection
and radiation.

As the molten salt enters into the receiver it is divided into two flow
paths, passing through half of the panels that form the receiver. In each
panel the salt is divided into the 76 tubes that compose the panel, and,
as long as the flow regime of the molten salts through the tubes is under
the turbulent regime [13], the total mass flow rate through the receiver,
̇ 𝑠𝑎𝑙𝑡, can be calculated as:

̇ 𝑠𝑎𝑙𝑡 =
𝑄𝑠𝑎𝑙𝑡

𝑐𝑝
(

𝑇𝑜 − 𝑇𝑖
) (2)

where 𝑐𝑝 = 1.52 kJ∕kg◦C is the specific heat [14] and 𝑇𝑜 = 565 ◦C and
𝑇𝑖 = 290 ◦C are the outlet and inlet temperature of the receiver, and
𝑄𝑠𝑎𝑙𝑡 is the heat rate absorbed by the molten salts as they flow through
the receiver that can be calculated as: 𝑄𝑠𝑎𝑙𝑡 = 𝜂𝑟𝑒𝑐 𝑄𝑟𝑒𝑐 , where 𝜂𝑟𝑒𝑐 = 0.8
is the thermal efficiency of the receiver.

If the heat rate absorbed by the molten salts through the receiver,
𝑄𝑠𝑎𝑙𝑡, is higher than the mass flow rate needed to produce the steam
to run the power block, 𝑄𝑖𝑛, then the exceeding mass of the hot salts
can be stored to be later used when there is no solar irradiation.
Hence, electricity production can be decoupled from the solar resource.
Similarly to Crescent Dunes solar tower plant, a two-tank molten salt
storage system with a storage capacity of 10 h (𝑛𝑠𝑡 = 10 h) has been
considered.

The main design parameters of the solar tower plant are described
in Table 1.

Under nominal conditions the molten salts are able to produce a
3

constant mass flow rate of steam of 87.46 kg/s at high temperature c
and pressure, which corresponds to full load conditions of the steam
turbine. The heat supplied by the molten salts at the heat exchangers
is 𝑄𝑖𝑛 = 244.98 MW.

2.2. Power block and steam generator

The hot molten salts enter the superheater and reheater at 565 ◦C
and leave the preheater at 290 ◦C (see Fig. 1). Under nominal condi-
tions the steam mass flow rate at the exit of the superheater (or the
inlet of the high pressure turbine) is 87.46 kg/s at 550 ◦C and 126 bar,
and the thermal efficiency of the power block is 44.1% while the mass
flow rate of the steam through the condenser is �̇�𝑐 = 61.07 kg∕s.

The power block considered in this work is a reheated and regener-
ative Rankine cycle, with six closed feedwater heaters and a deaerator,
commonly used in CSP plants (see Fig. 1). The details of the power
block can be found in Marugán-Cruz et al. [7].

Due to the freezing (240 ◦C) and decomposition (565 ◦C) of the
olten salts, the temperatures at the exit of the last feedwater heater
245 ◦C) and at the inlet of the high pressure turbine (550 ◦C) are
imited. These temperature limitations reduce the efficiency of the
ower block. Moreover, the variation of the pressure at the outlet of
he turbine affects the mass flow rate and the pressure at the extraction
ines, and hence the net power, the efficiency of the power block
nd the heat rejected by the condenser change when the condensing
ressure is not the nominal condensing pressure (𝑝𝑐 = 0.1 bar). The
ariation of the enthalpy at the end of the expansion line has been
alculated using the method proposed by Spencer et al. [15],Srinivasan
16] and modified by Marugán-Cruz et al. [7], and the net power
roduced at the power block can be calculated as:

𝑃𝐵 = 𝑊𝑃𝐵,𝑟𝑒𝑓 − �̇�𝑐
(

𝑎 𝑝𝑏𝑐 − 𝛥ℎ𝑟𝑒𝑓
)

(3)

here 𝑊𝑃𝐵,𝑟𝑒𝑓 is the net power produced by the power block under
esign conditions, 𝑎 = 6.266 105 [J/kg Pa−𝑏], 𝑏 = 9.759 ⋅ 10−2, 𝑐 =
.441 ⋅ 106 [J/kg] and 𝛥ℎ𝑟𝑒𝑓 = 9.84 ⋅ 104 [J/kg].

.3. Condensing system

In this work, a comparison of the impact of dry versus hybrid
ondensing systems on energy and economical performance of solar
ower plants was conducted. The dry condensing system consists of
everal air-cooled condenser cells connected in parallel, while the
ybrid cooling consists of a parallel condensing system where the
ondensing steam is split between some air-cooled condensers, and a
team condenser where circulating water is cooled in one or more wet
ooling towers connected in parallel. To analyze both dry and hybrid
ondensing systems, the air-cooled condenser and the system formed
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Table 2
Heat transfer condensing system equations.

Air-cooled condenser Surface condenser Wet cooling tower

𝑄 �̇�𝑐 (ℎ𝑐,𝑖 − ℎ𝑐,𝑜) = �̇�𝑎 𝑐𝑝,𝑎(𝑇𝑎,𝑜 − 𝑇𝑎,𝑖) �̇�𝑐 (ℎ𝑐,𝑖 − ℎ𝑐,𝑜) = �̇�𝑤 𝑐𝑝,𝑤 (𝑇𝑤,𝑜 − 𝑇𝑤,𝑖) �̇�𝑤 𝑐𝑝,𝑤
(

𝑇𝑤,𝑖 − 𝑇𝑤,𝑜
)

= �̇�𝑎
(

ℎ𝑎,𝑜 − ℎ𝑎,𝑖
)

𝑄𝑚𝑎𝑥 �̇�𝑎 𝑐𝑝,𝑎(𝑇𝑐 − 𝑇𝑎,𝑖) �̇�𝑤 𝑐𝑝,𝑤 (𝑇𝑐 − 𝑇𝑤,𝑖) 𝐶𝑅𝑚𝑖𝑛
(

ℎ𝑠𝑎𝑡,𝑤,𝑖 − 𝜆 − ℎ𝑎,𝑖
)

𝜀 1 − exp(−𝑁𝑇𝑈 ) 1 − exp(−𝑁𝑇𝑈 )
1 − exp

[

−𝑁𝑇𝑈
(

1 − 𝐶𝑒
)]

1 − 𝐶𝑒 exp
[

−𝑁𝑇𝑈
(

1 − 𝐶𝑒
)]

𝑁𝑇𝑈 𝑈𝐴
�̇�𝑎 𝑐𝑝,𝑎

𝑈𝐴
�̇�𝑤 𝑐𝑝,𝑤

𝑀𝑒 �̇�𝑤

𝐶𝑅𝑚𝑖𝑛

𝑈𝐴, 𝑀𝑒
[

1
ℎ𝑎𝑒𝐴𝑎

+ 1
ℎ𝑐𝐴𝑐

]−1 [

𝑑𝑜
𝑑𝑖

𝑅′′
𝑡𝑓 + 1

𝑈𝑐𝑙

]−1

𝑛𝑡 𝑛𝑤𝑝 𝜋 𝑑𝑜 𝐿𝑠
ℎ𝑑𝑟𝑧 𝑎𝑟𝑧 𝐻𝑇 𝑖

𝐺𝑤
+

ℎ𝑑𝑓𝑖 𝑎𝑓𝑖 𝐿𝑓𝑖

𝐺𝑤
+

ℎ𝑑𝑠𝑝 𝑎𝑠𝑝 𝐿𝑠𝑝

𝐺𝑤
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t
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Table 3
Draft equations of the condensing system.
Air-cooled condenser

𝛥𝑝𝐹𝑠 =
𝐾𝑡𝑠

2 𝜌𝑖

(

�̇�𝑎

𝐴𝑓𝑟

)2

+
𝐾𝑢𝑝

2 𝜌𝑜

(

�̇�𝑎

𝐴𝑒

)2

+
𝐾𝑑𝑜

2 𝜌𝑜

(

�̇�𝑎

𝐴𝑒

)2

+
𝐾𝜃𝑡

2 𝜌𝑖𝑜

(

�̇�𝑎

𝐴𝑓𝑟

)2

+

𝑝𝑎

[

(

1 −
0.00975(0.5𝐿𝑡 cos 𝜃 +𝐻𝑑𝑖𝑓 )

𝑇𝑎,𝑜

)3.5

−
(

1 −
0.00975(0.5𝐿𝑡 cos 𝜃 +𝐻𝑑𝑖𝑓 )

𝑇𝑎

)3.5]

𝛥𝑝𝐹𝑟𝑠 = 320.85 − 6.9604𝑉𝐹𝑟 + 0.31373𝑉 2
𝐹𝑟 − 0.021393𝑉 3

𝐹𝑟

𝑊𝐹𝑟 = (4245.1 − 64.134𝑉𝐹𝑟 + 17.586𝑉 2
𝐹𝑟 − 0.71079𝑉 3

𝐹𝑟)

Surface condenser

𝛥𝑝𝐹𝑠 =
(

𝐿𝑠

2 𝑑𝑖
𝑓 + 1.25

)

𝑛𝑤𝑝 𝜌𝑤

(

𝑉𝐹

𝐴𝑡 𝑛𝑡

)2

+ 𝜌𝑤 𝑔 𝐻𝑓𝑖

𝛥𝑝𝐹𝑟𝑠 = 2 ⋅ 105 − 1.65 ⋅ 105 𝑉𝐹𝑟 + 2.46 ⋅ 105 𝑉 2
𝐹𝑟

𝑊𝐹𝑟 = 𝑉𝐹

[

(

𝐿𝑠

2 𝑑𝑖
𝑓 + 1.25

)

𝑛𝑤𝑝 𝜌𝑤
(

𝑉𝐹

𝐴𝑡 𝑛𝑡

)2
+ 𝜌𝑤 𝑔 𝐻𝑓𝑖

]

4.1𝑉𝐹𝑟 − 4.96𝑉 2
𝐹𝑟

Wet cooling tower

𝛥𝑝𝐹𝑠 =

(
∑

𝐾𝑖 +𝐾𝑢𝑝𝑓𝑖
)

2 𝜌𝑎𝑣

(

�̇�𝑎𝑣

𝐴𝑇𝑓𝑟

)2

𝛥𝑝𝐹𝑟𝑠 = 320.85 − 6.9604𝑉𝐹𝑟 + 0.31373𝑉 2
𝐹𝑟 − 0.021393𝑉 3

𝐹𝑟

𝑊𝐹𝑟 = (4245.1 − 64.134𝑉𝐹𝑟 + 17.586𝑉 2
𝐹𝑟 − 0.71079𝑉 3

𝐹𝑟)

Table 4
Air-cooled condenser specifications and reference fan characteristics [17].
Parameter Value

Hydraulic diameter 𝑑𝑒 (m) 0.02975
Length of finned tube, 𝐿𝑡 (m) 9.5
Number of tube rows, 𝑛𝑟 (-) 2
Number of tubes per bundle (first row), 𝑛𝑡𝑏(1) (-) 57
Number of tubes per bundle (second row), 𝑛𝑡𝑏(2) (-) 58
Number of steam passes, 𝑛𝑣𝑝 (-) 1
Number of bundles, 𝑛𝑏 (-) 8
Effective frontal area of one bundle (second row), 𝐴𝑓𝑟 (m2) 27.55
Apex angle of V-frame, 𝜃 (◦) 30
Fan diameter, 𝑑𝐹 (m) 8
Fan hub diameter, 𝑑ℎ (m) 1.2
Test fan diameter, 𝑑𝐹𝑟 (m) 1.536
Reference rotational speed, 𝑁𝐹𝑟 (rpm) 750
Reference air density, 𝜌𝑟 (kg/m3) 1.2
Height of heat exchanger above ground level, 𝐻ℎ𝑒 (m) 12
Diffuser height, 𝐻𝑑𝑖𝑓 (m) 3
Heat exchanger inlet support loss coefficient, 𝐾𝑡𝑠 (-) 1.5
Total loss coefficient for flow obstacles at the fan suction, 𝐾𝑢𝑝 (-) 0.39
Total loss coefficient for flow obstacles at the fan discharge, 𝐾𝑑𝑜 (-) 0.17

by the steam condenser and the wet cooling tower were modeled sepa-
rately to obtain the condensing heat, parasitic consumption and water
use for different operating parameters such as ambient temperature.
The heat transfer and draft equations used in the modeling of both dry
and hybrid condensing systems are summarize in Tables 2 and 3

2.3.1. Dry cooling system
The dry system proposed in this work consists of several air-cooled

condenser units, or cells, connected in parallel. In this Section, the
4

(

numerical model of an induced-draft air-cooled condenser formed by
two rows of staggered, plate-finned, flattened tubes according to [17]
is presented. The specifications of the air-cooled condenser can be seen
in Table 4. For the air temperature (𝑇𝑎), the atmospheric pressure (𝑝𝑎)
at the plant location, and given the fan rotational speed (𝑁𝐹 ), the con-
densing temperature (𝑇𝑐) and vapor quality at the outlet of the turbine
(𝑋), the energy and draft equations of the air-cooled condenser are
solved to calculate the air mass flow rate (�̇�𝑎), air outlet temperature
(𝑇𝑎,𝑜), fan shaft power (𝑊𝐹 ) and condensate mass flow rate (�̇�𝑐). The
energy equation to calculate the air outlet temperature is solved with an
iterative procedure applying the Effectiveness-NTU method. Each row
of the air-cooled condenser has different performance characteristics;
thus the problem must be solved for each row separately. The outlet
air temperature for each row is calculated from the effectiveness:

𝜀 = 𝑄
𝑄𝑚𝑎𝑥

(4)

where the effectiveness of a heat exchanger where a phase change oc-
curs is calculated as shown in Table 2. Once the air outlet temperature
of both first and second tube rows of the heat exchanger is obtained,
the condensate flow rate out of the first and second tube rows are
calculated from the energy balance assuming that all steam entering
the tube is condensed.

To solve the energy equation to obtain the air outlet temperature, an
initial value of the air mass flow rate (�̇�𝑎) is assumed for the iterative
rocess. To confirm the value assumed for the air mass flow rate, the
raft equation is solved (see Table 3). The heat exchanger inlet support
oss coefficient 𝐾𝑡𝑠 and the total loss coefficients for flow obstacles at
he fan suction 𝐾𝑢𝑝 and discharge 𝐾𝑑𝑜 are shown in Table 4. 𝐾𝜃𝑡 is the
otal loss coefficient for the bundle with inlet and downstream losses
ue to oblique flow, which can be calculated with expression given in
17]. The actual fan static pressure difference 𝛥𝑝𝐹𝑠 is related to the
an static pressure difference 𝛥𝑝𝐹𝑟𝑠 (see Table 3) of a reference fan
reference values included in Table 4) by the fan affinity laws. Once
he actual air volume flow rate through the fan (𝑉𝐹 ) is obtained from
he draft equation, the fan shaft power is obtained by the fan affinity
aws from the reference fan power (see Table 3) given in [17]

.3.2. Wet cooling system
The hybrid cooling system consists of a parallel condensing sys-

em where the condensing steam is split between several air-cooled
ondensers connected in parallel (dry cooling system), and a steam
ondenser where circulating water is cooled in one or more wet cooling
owers connected in parallel (wet cooling system). To analyze the
et cooling system, the steam condenser is first studied to obtain
ome parameters such as the cooling water mass flow rate and outlet
emperature that are inlet parameters for the wet cooling tower model
see Fig. 3).
Steam surface condenser
A tubular heat exchanger was modeled as the steam surface con-

enser for the cooling tower system. The specifications of the surface
ondenser can be seen in Table 5. Given the cooling water inlet tem-
erature to the steam condenser (𝑇𝑤,𝑖), the pump rotational speed
𝑁 ), the condensing temperature (𝑇 ) and vapor quality at the outlet
𝐹 𝑐
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Table 5
Steam surface condenser specifications. Reference conditions obtained
from [17].
Parameter Value

Tube external diameter 𝑑𝑜 (mm) 28
Tube wall thickness, 𝑡ℎ (mm) 0.8
Length of tubes, 𝐿𝑠 (m) 7.4
Number of cooling water passes, 𝑛𝑤𝑝 (-) 2
Number of tubes per pass and tower, 𝑛𝑡 (-) 503
Reference cooling water density 𝜌𝑟 (kg/m3) 995.73
Reference rotational speed 𝑁𝐹𝑟 (r.p.m.) 3000
Cooling water pressure 𝑝𝑤 (atm) 5

Table 6
Cooling tower specifications and reference fan characteristics [17].
Parameter Value

Tower height, 𝐻𝑇 (m) 12.5
Fan height, 𝐻𝐹 (m) 9.5
Tower inlet height, 𝐻𝑇 𝑖 (m) 4
Tower inlet width, 𝑊𝑇 𝑖 (m) 12
Tower breadth, 𝐵𝑇 𝑖 (m) 12
Fill height, 𝐿𝑓𝑖 (m) 1.878
Height of spray zone, 𝐿𝑠𝑝 (m) 0.5
Frontal area of the fill, 𝐴𝑇𝑓𝑟 (m2) 𝐵𝑇 𝑖 ×𝑊𝑇 𝑖
Fan diameter, 𝑑𝐹 (m) 8
Reference fan diameter, 𝑑𝐹𝑟 (m) 1.536
Reference fan rotational speed 𝑁𝐹𝑟 (rpm) 750
Reference air density, 𝜌𝑟 (kg∕m3) 1.2

of the turbine (𝑋), the energy and draft equations of the surface
condenser are solved to calculate the cooling water mass flow rate
(�̇�𝑤), cooling water outlet temperature (𝑇𝑤,𝑜) and pump shaft power
𝑊𝑃 ). The draft equation to calculate the cooling water mass flow rate
s solved with an iterative procedure assuming that the cooling water
utlet temperature is known. Water pressure drop along the surface
ondenser tubes is calculated as shown in Table 3, where 𝑓 is the
riction factor obtained from a formulation by Bhatti and Shah for
ydraulically smooth tubes [18]

= 0.00512 + 0.4572𝑅𝑒−0.311𝑤 (5)

here 𝑅𝑒𝑤 = 𝑉𝐹 𝑑𝑖 𝜌𝑤∕(𝜇𝑤 𝐴𝑡 𝑛𝑡).
The actual pump static pressure difference 𝛥𝑝𝐹𝑠 is related to the

ump static pressure difference 𝛥𝑝𝐹𝑟𝑠 (see Table 3) of a reference
ump (see reference conditions in Table 5) by the affinity laws. Thus,
he cooling water volume flow rate 𝑉𝐹 is obtained solving the draft
quation and the pump power consumption is calculated as a function
f the water pressure drop along the surface condenser tubes and the
ump efficiency (see Table 3). Once the cooling water volume flow rate
𝐹 is calculated from the draft equation, the Effectiveness-NTU method
see Table 2) is applied to confirm the value assumed for the cooling
ater outlet temperature. The calculation of the overall heat transfer
oefficient of clean condenser 𝑈𝑐𝑙 is based on the HEI Standards of
team Surface Condensers [19]

𝑐𝑙 = 2.7
(

𝑉𝐹
𝐴𝑡 𝑛𝑡

)2
𝐹𝑚 (0.5707 + 0.0274 𝑇𝑤,𝑖 − 0.00036 𝑇 2

𝑤,𝑖) (6)

here 𝐹𝑚 = 0.87 for stainless steel tubes [20]. The overall heat transfer
oefficient for the surface condenser considers also the tube fouling by
eans of a tube inside fouling resistance 𝑅′′

𝑡𝑓 = 0.5 ⋅ 10−5 [20].

Wet cooling tower
An induced-draft wet-cooling tower was modeled according to [17].

he specifications of the cooling tower can be seen in Table 6.
For the air temperature 𝑇𝑎, wet bulb temperature 𝑇𝑤𝑏 and atmo-

pheric pressure (𝑝𝑎) at the plant location and given the inlet water
emperature (𝑇𝑤,𝑖), water outlet temperature (𝑇𝑤,𝑜) and water mass flow
ate (�̇�𝑤) required by the steam surface condenser, the energy and
raft equations of the cooling tower are solved to calculate the dry
5

ir mass flow rate (�̇�𝑎), air outlet temperature (𝑇𝑎,𝑜), outlet pressure
𝑝𝑎,𝑜), fan rotational speed (𝑁𝐹 ), fan shaft power (𝑊𝐹 ) and rate of
ater evaporation (�̇�𝑒𝑣). The energy equation to calculate the air
utlet temperature is solved with an iterative procedure applying the
ffectiveness-NTU method for evaporative systems [21], assuming that
he air is saturated at the tower outlet. With this method the saturated
ir temperature at the tower outlet is determined from the effectiveness
f the cooling tower. The Merkel transfer characteristic of the cooling
ower, 𝑀𝑒, (see Table 2) has been calculated taken the equations for
he rain zone 𝑟𝑧, the fill 𝑓𝑖 and the spray zone 𝑠𝑝 given in [17].
Once the temperature of the saturated air at the tower outlet has

een obtained from the Effectiveness-NTU method, the mass flow rate
̇ 𝑎 is calculated from the energy balance, and the amount of water lost
ue to evaporation can be calculated by:

̇ 𝑤,𝑒𝑣 = �̇�𝑎
(

𝑤𝑜 −𝑤𝑖
)

(7)

ince a portion of the circulating water must be discharge as blown-
own to keep the ratio of dissolved solids in the circulating water to
hat of the makeup water (cycle of concentration, 𝑁𝑐) below a rea-
onable value, and considering negligible drift losses, the total makeup
ater can be calculated from the evaporated water as

̇ 𝑤,𝑚𝑎𝑘𝑒𝑢𝑝 = �̇�𝑤,𝑒𝑣

(

𝑁𝑐
𝑁𝑐 − 1

)

(8)

where 𝑁𝑐 has been taken equal to 3.
Besides, it is possible to confirm the value assumed for the pressure at
the outlet of the fill (before the fan inlet) in the iterative procedure:

𝑝𝑎,𝑜 = 𝑝𝑎

[

1 −
0.00975

(

𝐻𝑇 𝑖 + 𝐿𝑓𝑖∕2
)

𝑇𝑎

]3.5(1+𝑤𝑖)
(

1− 𝑤𝑖
𝑤𝑖+0.622

)

−
∑

𝐾𝑖

(

�̇�𝑎𝑣∕𝐴𝑇𝑓𝑟
)2

(

2 𝜌𝑎𝑣
)

(9)

where �̇�𝑎𝑣 is the average air-vapor mass flow rate, 𝜌𝑎𝑣 is the harmonic
mean air-vapor density and the geometry parameters can be found in
Table 6.
The loss coefficients 𝐾𝑖 of the different tower elements can be calcu-
lated with correlations and performance data provided in [17].
On the other hand, the draft equation of the cooling tower is solved to
calculate the rotational speed of the fan𝑁𝐹 (see Table 3), where the fan
upstream loss coefficient 𝐾𝑢𝑝𝑓𝑖 can be calculated with the expression
iven in [17] and the static pressure difference 𝛥𝑝𝐹𝑠 and the actual
low rate of the fan 𝑉𝐹 are related to the fan static pressure difference
𝑝𝐹𝑟𝑠 (see Table 3) and the flow rate of a reference fan respectively
reference values included in Table 6) by the fan affinity laws. Once
he actual rotational speed of the fan (𝑁𝐹 ) is obtained from the draft
quation, the fan shaft power is obtained by the fan affinity laws from
he reference fan power (see Table 3) given in [17].

.3.3. Operating restrictions
In this section, inequality constraints are written to define the fea-

ible region for the optimization problem, as well as feasible operating
onditions for an optimal air-cooled condenser, surface condenser and
ooling tower. First of all, condensing temperature must be the max-
mum temperature of the cooling system. The effectiveness of all the
eat exchangers is lower than 100%; thus, the air outlet temperature in
he air-cooled condenser must be lower than the steam condensing tem-
erature, the cooling water outlet temperature to the surface condenser
𝑤,𝑜,𝑆𝐶 , must be lower than the steam condensing temperature, and the
ooling water outlet temperature from the cooling tower 𝑇𝑤,𝑜,𝑊 𝑇 must
e higher than the wet-bulb air temperature. Moreover, an upper limit
f 50 ◦C on the cooling water inlet temperature 𝑇𝑤,𝑖,𝑊 𝑇 is specified
o avoid fouling, scaling and corrosion [22], and the water-to-air mass
low ratio in the cooling tower must be in the range 0.5 < �̇�𝑤∕�̇�𝑎 < 2.5
ccording to Singham [23]. Feasibility constraints are summarized in
ig. 2 for the different elements of the cooling elements.
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2.4. Solution procedure

The main purpose of this work is to optimize the cooling system
operation parameters to maximize the power plant revenue. Two dif-
ferent cooling systems have been analyzed: a dry cooling system formed
by several air-cooled condenser units 𝑛𝐴𝐶𝐶 connected in parallel, and
hybrid cooling system where the condensing steam is split between the
air-cooled condenser system and a steam condenser which circulating
water is cooled in one or more wet cooling towers 𝑛𝑊 𝑇 (see Fig. 1).
Thus, the total heat rated dissipated by the cooling system is obtained
as:

𝑄𝑐 = 𝑛𝐴𝐶𝐶 𝑄𝐴𝐶𝐶 + 𝑛𝑊 𝑇 𝑄𝑊 𝑇 (10)

where 𝑄𝐴𝐶𝐶 is the heating load rejected by a single unit of air-cooled
condenser, and 𝑄𝑊 𝑇 is the heating load dissipated by a single unit of
ooling tower.
To calculate the heat rate rejected by a single unit of both air-cooled

ondenser and wet cooling tower, independent simulations of each
ooling subsystem were conducted varying different inlet parameters.
or the simulations of the dry cooling system, the dry-air temperature
as varied from −20 to 50 ◦C and the fan rotational speed was varied
rom 84 to 132 r.p.m. For the simulations of the wet cooling system,
he wet-bulb air temperature was varied from −4 to 28 ◦C, the cooling
ater inlet temperature to the surface condenser was varied from 10
o 40 ◦C, the pump rotational speed was varied from 2250 to 3000
.p.m., and the wet cooling tower fan rotational speed was varied from
4 to 132 r.p.m. In both dry and wet cooling systems, the condensing
emperature was varied from 33 to 80 ◦C (see Fig. 2).
The cooling system analyzed in this work is part of the solar thermal

ankine power plant proposed by Marugán-Cruz et al. [7]. Comparing
he cooling load required by the Rankine cycle with the heat rate dis-
ipated by the cooling system (Eq. (10)) obtained from the simulations
f each cooling subsystem separately, different combinations of the
peration parameters such as the number of both air-cooled condensers
nd wet cooling towers working, the condensing temperature, the
an and pump rotational speeds, and the cooling water temperature
ight be possible for each ambient conditions. The best combination of
arameters is the one that maximizes the revenue, which is calculated
s the difference between the earning due to the net energy produced
y the power plant, 𝐸𝑛𝑒𝑡, and the total makeup water costs. Therefore
he revenues can be calculated as:

= 𝑃𝑒 𝐸𝑛𝑒𝑡 − 𝑃𝑤
𝑛𝑊 𝑇 𝑚𝑤,𝑚𝑎𝑘𝑒𝑢𝑝

𝜌
(11)

here 𝐵 is the hourly revenue, 𝑃𝑒 is the electricity price, 𝑃𝑤 is the water
rice. Notice that the hourly net energy, 𝐸𝑛𝑒𝑡, is the energy produced by
he power block, minus the parasitic consumption due to the air-cooled
6

nd cooling tower fans, the steam condenser and air-cooled pumps (see
q. (12))

𝑛𝑒𝑡 = 𝐸𝑃𝐵 − 𝑛𝑊 𝑇 (𝐸𝐹 ,𝑊 𝑇 + 𝐸𝑃 ,𝑊 𝑇 ) − 𝑛𝐴𝐶𝐶 (𝐸𝐹 ,𝐴𝐶𝐶 + 𝐸𝑃 ,𝐴𝐶𝐶 ) (12)

𝐸𝐹 ,𝑊 𝑇 is the hourly energy consumed by the wet cooling tower fan,
𝐸𝑃 ,𝑊 𝑇 is the hourly energy consumed by the wet cooling tower pump,
𝐸𝐹 ,𝐴𝐶𝐶 is the hourly energy consumed by the air-cooled fan, 𝑚𝑤,𝑚𝑎𝑘𝑒𝑢𝑝
is the hourly makeup water, and 𝐸𝑃 ,𝐴𝐶𝐶 is the hourly energy consumed
by the downstream air-cooled condenser pump, which is necessary to
rise the air-cooled condenser outlet pressure to the saturation pressure
𝑝𝑐 . Note that the condensation process does not take place at a constant
steam temperature in the air-cooled condenser due to the pressure
changes along the finned tubes, whereas the pressure drop of the
condensing water along the surface condenser is negligible compared
to the pressure drop of the condensing water along the air-cooled
condenser. Thus, in sake of simplicity, the condensation process is
considered to take place at a constant steam temperature and pressure
in the surface condenser, whereas the pressure and temperature drops
along the air-cooled condenser were considered in the calculations. As
both condensing water streams from the surface condenser and from
the air-cooled condenser are mixed before being pumped by PUMP 3
to the feedwater heaters, an additional pump (𝑃 ,𝐴𝐶𝐶) downstream the
air-cooled condenser is necessary to rise the air-cooled condenser outlet
pressure to the saturation pressure 𝑝𝑐 (see Fig. 1). The hourly energy
required by the air-cooled condenser pump is calculated as

𝐸𝑃 ,𝐴𝐶𝐶 = 𝑚𝑐 (ℎ𝑠𝑎𝑡(𝑇𝑐 ) − ℎ𝑐,𝑜) (13)

where 𝑚𝑐 is the hourly water mass-flow through the air-cooled tube-
bundles, ℎ𝑐,𝑜 is the specific enthalpy of the condensing steam at the
outlet of the air-cooled condenser, and ℎ𝑠𝑎𝑡(𝑇𝑐 ) is the saturated water
specific enthalpy evaluated at the condensing temperature 𝑇𝑐 .

Fig. 3 shows the calculation algorithm used in this work to accom-
plish the cooling system optimization and analyze the anual operation
of a solar tower power plant.

3. Results

3.1. Simulation of the cooling system with variable inlet parameters

The cooling system proposed in this work consists of a combination
of two systems connected in parallel: (i) air-cooled condensers (see
Section 2.3.1); (ii) steam surface condenser with cooling towers (see
Section 2.3.2). Independent simulations of each system were conducted
varying different inlet parameters to obtain the dissipated heat and
net energy produced. The inlet parameters for the air-cooled condenser
system were the dry-air temperature, the condensing temperature, and
the fan rotational speed. Fig. 4 shows the results of heat dissipated by

the air-cooled condenser and fan power consumption as a function of
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Fig. 3. Calculation algorithm.
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the dry-air and condensing temperatures, for different fan rotational
speeds. As shown, keeping constant the dry-air temperature, higher
condensing temperatures result in higher heating load at the condenser
and, therefore, lower efficiency. Besides, the energy consumed by the
fan has a strong dependence on the rotational speed, but it is almost
independent from the condensing and dry-air temperatures.

The variable inlet parameters for the system formed by the steam
surface condenser and the cooling tower were the dry-bulb and wet-
bulb temperatures, the condensing temperature, the surface condenser
pump rotational speed, and the cooling water inlet temperature to
the surface condenser (which is the outlet temperature of the cool-
ing tower). Fig. 5 shows the results of the power released by the
cooling tower system and the fan power consumption as a function
of the wet-bulb and condensing temperatures, for different cooling
water inlet temperature to the steam surface, for a pump rotational
7

speed of 2550 r.p.m. As shown, most of the wet-bulb and condensing t
temperature combinations give results that do not satisfy the cooling
tower operation constraints (see Fig. 2). Fig. 5 shows that the wet-bulb
emperature has a strong influence on the water outlet temperature, as
he former must be lower than the latter. Comparing Figs. 5 and 6, it
s shown that higher rotational speeds of the surface condenser pump
esult in higher temperature differences between the outlet cooling
ater temperature and the wet-bulb air temperature, which results
n lower condensing temperatures for a given wet-bulb temperature.
owever, as the cooling water mass flow rate increases with the surface
ondenser pump rotational speed, the air mass flow rate circulating
hrough the cooling tower and then, the fan power consumption also
ncreases.
Comparing the condensing temperature results for dry and wet

ooling systems (Figs. 4–6), the maximum condensing temperature is
educed from 80 ◦C for the air-cooled condenser system to 60 ◦C for

he wet cooling system (a valid solution that satisfies the wet cooling
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ower operation constraints was not found for condensing temperatures
igher than 60 ◦C).

.2. Optimization of the cooling system inlet parameters

Once the numerical simulations of each cooling subsystem was
onducted varying different inlet parameters, an optimization process
as carried out to determine the inlet parameters (i.e. the number
f working ACC and wet tower units, the condensing temperature)
hat maximize the power plant revenues obtained after subtracting the
ater cost. The results of the optimization depend on the ratio of the
ater to electricity prices, 𝑅 = 𝑃𝑤∕𝑃𝑒, where 𝑃𝑤 is the water price
$∕m3) and 𝑃𝑒 is the electricity price ($∕kWhe): low water to electricity
rices will lead to a higher use of the wet tower units and therefore
higher efficiency of the power plant while high water to electricity
rices will lead to a reduction of the use of the wet cooling towers,
igher condensing temperatures and a reduction of the efficiency of
he CSP plant.
The left column of Fig. 7 shows the condensation temperature and

he net power supplied by the CSP plant as a function of the ambient
emperature, whereas the right column shows the average number of
orking ACC and wet tower units at each ambient temperature, for
he different condenser systems studied: dry system with 16, 20 or 24
CCs connected in parallel, and hybrid system where the condensing
team is split between 16, 20 or 24 ACCs and a steam condenser which
irculating water is cooled in 1, 2 or 3 wet towers. The operation
trategy of the cooling system is to increase the number of working
8

2

CCs and wet towers as the ambient temperature increases. As a
ooling system operation condition, the wet towers are not operating
or dry-bulb temperatures below 0 ◦C, and the ACC units are started-up
n groups of four.
As expected for all the systems, the condensing temperature in-

reases with the ambient temperature. However, at some points, the
ondensing temperature abruptly decreases, which is due to the start-
p of a group of four ACC units. Comparing the cooling system with 1,
or 3 wet towers, it is shown that increasing the number of available
et towers reduces the condensing temperature of the system, which
esults in an increase of the efficiency of the power block and a rise
f the net power supplied by the CSP plant. Comparing the net power
upplied by the CSP for the cooling system with 16, 20 or 24 ACCs, it
s shown that the higher the number of ACC available units, the higher
he net power supply by the CSP for a certain ambient temperature.

.3. Solar tower plant annual analysis

Once the optimization process was conducted to determine the
ooling system operation parameters for each dry and wet-bulb air tem-
eratures, the annual operation of the CSP plant located in Dunhuang,
hina (40.03◦ N, 94.25◦ E) was analyzed comparing the effect of hav-
ng a dry or hybrid cooling system. Dunhuang has an arid cold climate
ith very low precipitation and dry ambient temperature that ranges
uring the year from −17 ◦C to 37.4 ◦C (see Fig. 8(b)): it is very cold in
inter with an average dry temperature of −2.6 ◦C that never exceeds
5 ◦C, while during the central days of the year (from the 10th of June
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Fig. 5. Cooling tower heat transfer rate and fan power consumption for different cooling tower water outlet temperatures for surface condenser pump rotational speed of 2550
r.p.m.
to the 1st of September) the mean dry ambient temperature is 26.6 ◦C
nd it never falls under 15 ◦C. It has an average relative humidity of
3.7%, and the wet bulb temperature varies from −18.18 ◦C to 17.02 ◦C
see Fig. 8(c)). Based on the data of TMY [12], the solar annual direct
ormal irradiation in Dunhuang is 1923 kWh/m2/year. The Köppen–
eiger system classifies the climate into five main classes, named A,
, C, D and E, the classes are divided into 6 sub-classes, and there
re subgroups within the sub-classes depending on the temperature.
9

According to the Köppen–Geiger climate system classification the solar
tower plant of Dunhuang is located in a BWk climatic region (B: arid,
W: desert, k: Cold) [24].

The performance of the CSP with the different cooling systems has
been simulated and compared. The cooling systems here studied are:
(i) dry cooling system with either 16, 20 or 24 ACC condensers; (ii)
hybrid system composed of 16, 20 or 24 ACC condensers and 1, 2
or 3 wet towers. Independently of the condensation system, the total
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Fig. 6. Cooling tower heat transfer rate and fan power consumption for different cooling tower water outlet temperatures for surface condenser pump rotational speed of 3000
r.p.m.
number of working hours of the solar plant in Dunhuang is 5066 per
year. Changing the condensing system varies the power output, since
the condensing temperature varies, but the number of working hours
remains the same, since the steam mass flow rate at the turbine inlet
remains constant (see Section 2.2).

To select the optimum configuration of air-cooled condensers the
peration of the plant has been analyzed for 16, 20 and 24 ACCs.
10
Fig. 9 shows a histogram of the number of hours with a given
condensing temperature for the 3 dry configurations (16 (red), 20
(blue) and 24 ACC (green)) for the 10 h storage CSP plant in Dun-
huang. It can be seen that the condensing temperature ranges from
33 C to 64 ◦C, depending on the condensing system. Furthermore, for
the smallest condenser system (16 ACC) the condensing temperature
reaches a temperature of 64 ◦C, while for the cases of 20 and 24 ACC
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Fig. 7. Performance comparison with different condensing systems as a function of dry ambient temperature for the water to electricity price ratio of 10 ($/m3)/($/kWhe). Blue
line corresponds to dry condensing system, whereas red, green and cyan lines correspond to hybrid systems with 1, 2 or 3 available wet cooling towers, respectively. (a),(c) and
(e) Net power output (left axis) and condensing temperature (right axis) for 16, 20 and 24 ACC available cells respectively. (b), (d) and (f) Average number of working cells (left
axis) of ACC dry condensing system and average number of wet cooling towers working (right axis) for 16, 20 and 24 ACC available cells respectively.
the maximum condensing temperature is of 58 ◦C and 54 ◦C respec-
ively. Increasing the number of air condenser implies the condensation
emperature decreases, and hence the number of hours that the cycle
an operate at lower condensing temperatures. In particular, for the
argest cooling system (24 ACC), 4033 h the condensing temperature is
11
lower than the 𝑇𝑐,𝑟𝑒𝑓 = 45◦C (that is close to 80% of the working hours),
while for the 20 ACC system the number of hours working under the
reference condensing temperature is 3607, (slightly bigger than 70%
of the working hours), and for the 16 ACC system the fraction of time
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Fig. 8. Distribution of (a) DNI, (b) dry-bulb temperature and (c) wet bulb temperature, based on the data from Dunhuang (Gansu Sheng, China)[12].
that the condensing temperature is over the reference value is close to
a 60% (or 2922 h).

Fig. 10 shows the number of working hours of the cooling towers
for the 3 hybrid configurations (16 (top figure), 20 (middle figure) and
24 (bottom figure) ACC available cells). The blue bars show the number
of hours where the steam is condensed only by the ACCs, red bars rep-
resent the hours when ACCs work in parallel with only one wet tower,
green bars when ACCs work in parallel with two towers and cyan when
three wet cooling towers are used to condense the steam in parallel
12
with the ACC system. For the different configurations (16, 20 and 24
ACCs) as the ratio of the price of the water to electricity, 𝑅, increases
the number of working hours of the wet cooling towers diminishes,
becoming zero when this for a ratio 𝑅 of 50 ($/m3)/($/kWhe). As the
number of ACC cells increases the decay in the number of working
hours of the wet cooling towers is faster because the heat condensed
by the wet cooling system can be enhanced by increasing the number
of cells working or by increasing the speed of the fans.
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Fig. 9. Histogram of the condensation temperature for the different dry systems 16 ACC (red), 20 ACC (blue) and 24 ACC (green).
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The condensing pressure (or temperature) and the heat transfer
rate at the condenser depend on the cooling system and on ambient
conditions: for dry cooling systems they depend on air dry bulb tem-
perature and if the condensing system is a wet or hybrid cooling system
they depend on wet bulb temperature too. Fig. 11 shows the annual
distribution of the heat dissipated by the cooling system for the three
different dry condensing systems with 16, 20 and 24 cells. It can be
observed that the system is not working at certain hours of the day since
the capacity of the storage system is not big enough to maintain the
power block working the entire day. In addition, it can be seen that for
cold days all three systems are able to reject the same heat rate, because
the condensing temperature and hence the cycle efficiency is almost
the same in the three cases, however as the dry ambient temperature
increases the smaller the ACC system rejects the most heat. This is
so because the 16 ACCs system is unable to reduce the condensing
temperature as much as the other two, and therefore the cycle needs
to reject more heat, and its efficiency is reduced. Note that when the
condensation temperature varies, the mass flow rate of steam that goes
to the condensation system �̇�𝑐 changes, since the mass flow rates at the
ifferent extraction lines also vary.
Fig. 12 shows the heat rejected by the different hybrid condensers

for a water-to-electricity price of 10. The left column of Fig. 12 shows
the distribution along the year of the heat rejected by the ACC units for
hybrid cooling systems that have, either one, two or three wet cooling
towers, whereas the right column shows the distribution of the heat
rejected by the wet cooling tower units, for 𝑅 = 10 ($/m3)/($/kWhe).
As shown in the figure, when both dry and wet-bulb air tempera-
tures increase (summer) a greater use of the cooling towers is needed
to reduce the condensing temperature and therefore, to increase the
power cycle efficiency, whereas during approximately 30% of the year
(winter) the wet cooling towers are switched off. As expected, as the
number of available wet tower units increases, the heat load rejected
by the ACCs decreases, because a higher fraction of the condensation
heat is dissipated in the wet part of the system. In fact, the wet cooling
system goes from giving up to 20% (see Fig. 12 a and b) of the required
power when only 1 wet tower is available, to give up to 50% when 3
wet towers are available (see Fig. 12 e and f).

3.4. Thermo-economic optimization

Based on the annual energy analysis using the TMY data of Dun-
huang an economical comparison of the different condensing configu-
rations has been performed using the Levelized Cost of Energy, 𝐿𝐶𝑂𝐸
(c$/kWh𝑒). The LCOE is an economic indicator that measures the total
13

costs over the energy yield, 𝐸𝑎𝑛𝑛 [25]. For a project with a constant
energy output, constant operation and maintenance (O&M) costs, and
no financing, the LCOE can be calculated as follows:

𝐿𝐶𝑂𝐸 =
𝐶𝑖𝑛𝑣𝑒𝑠𝑡 ⋅ (𝑓𝑖𝑛𝑠,𝑎𝑛𝑛 + 𝑓𝑐𝑟) + 𝐶𝑂𝑀

𝐸𝑎𝑛𝑛
(14)

where 𝐶𝑖𝑛𝑣𝑒𝑠𝑡 are the investment costs, 𝐶𝑂𝑀 the O&M costs, 𝑓𝑖𝑛𝑠 the
nsurance costs and 𝑓𝑐𝑟 is the capital recovery factor, that depends on
he discount rate 𝑖𝑟 and the expected lifetime, 𝑛𝑦𝑟, in years.

𝑓𝑐𝑟 =
𝑖𝑟(1 + 𝑖𝑟)

𝑛𝑦𝑟

(1 + 𝑖𝑟)
𝑛𝑦𝑟 − 1

(15)

Furthermore, the investment costs of a solar tower plant include the
particular equipment of these plants, 𝐶𝑠𝑜𝑙𝑎𝑟 (solar field, solar mirrors,
tower and receiver, thermal storage system and auxiliary systems), the
conventional plant components and systems, 𝐶𝑝𝑝 (turbine, feed water
heaters, grid connection), and the cooling system, 𝐶𝑐𝑜𝑜𝑙 (see Eq. (16)). It
should be noticed that these costs comprehend contingency, 𝑓𝑐𝑜𝑛𝑡, and
ndirect costs too, 𝑓𝑖𝑛𝑑 . Estimating these costs is complicated since the
quipment and operation costs vary depending on the country and level
f maturity of the technology and they are rarely published. In Table 7
he key parameters that affect the project costs are shown.
The investment costs of these plants can be calculated as follows:

𝑖𝑛𝑣𝑒𝑠𝑡 = (𝐶𝑠𝑜𝑙𝑎𝑟 + 𝐶𝑝𝑝 + 𝐶𝑐𝑜𝑜𝑙)(1 + 𝑓𝑐𝑜𝑛𝑡)(1 + 𝑓𝑖𝑛𝑑 ) (16)

here

𝑐𝑜𝑜𝑙 = 𝑛𝐴𝐶𝐶 ⋅ 𝐶𝐴𝐶𝐶 + 𝑛𝑊 𝑇 ⋅ 𝐶𝑊 𝑇 + 𝐶𝑆𝐶 (17)

herefore the cost of the cooling system depends on the number of dry
ells, 𝑛𝐴𝐶𝐶 , the cost of each cell, 𝐶𝐴𝐶𝐶 , the number of wet cooling
owers, 𝑛𝑊 𝑇 , the cost of each one, 𝐶𝑊 𝑇 (see Table 7), and the cost
f the surface condenser, 𝐶𝑆𝐶 . The cost of the latter depends on the
ontact surface area of this equipment, that depends on the number
f tubes per tower and the number of towers. Following the model
mployed by Nithyanandam et al. [26], the cost of the heat exchanger,
𝑆𝐶 :

𝑆𝐶 = 3.291 ⋅𝐹𝑝 ⋅𝐹𝑙 ⋅𝐹𝑚 ⋅ 𝑒𝑥𝑝(12.0310− 0.8709 𝑙𝑜𝑔(𝐴) + 0.0986 ((𝑙𝑜𝑔(𝐴))2))

(18)

here 𝐹𝑝 is the pressure factor, calculated using the maximum pressure
n the condenser (𝑝𝑚𝑎𝑥 = 60 kPa), 𝐹𝑙 is the tube length correction factor
hat is equal to 1, and 𝐹𝑚 is the material factor, which can be calculated
rom: 𝐹𝑚 = 𝑎+(𝐴∕100)𝑏, where 𝑎 and 𝑏 have been obtained from Seider
t al. [27] and 𝐴 = 𝜋 𝑑 𝐿 𝑛 𝑛 (see Table 5). The investment costs
𝑜 𝑠 𝑡 𝑊 𝑇
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Fig. 10. Number of working hours of the dry and wet cooling tower as a function of
the water to electricity price ratio, R. (a) 16 ACC, (b) 20 ACC (c) 24 ACC.

of the plant using this methodology is in agreement with the costs of
the project of Shouhang Dunhuang in China [28–30].

The operation and maintenance costs include the labor costs, the
maintenance of the equipment and the water consumption (see
Eq. (19)).
14

𝐶𝑂𝑀 = 𝐶𝑙𝑎𝑏𝑜𝑟(𝑛𝑒𝑚𝑝𝑙−𝑝𝑙𝑎𝑛𝑡+𝑛𝑒𝑚𝑝𝑙−𝑆𝐹 𝐴𝑆𝐹 )+𝑓𝑂𝑀𝐶𝑖𝑛𝑣𝑒𝑠𝑡+𝑚𝑤,𝑚𝑎𝑘𝑒𝑢𝑝 𝑃𝑤 (19) s
Table 7
Detailed costs of the plant. Prices have been updated to 2020 prices in dollars. The
details of the calculation of investment costs are in appendix A.
Source: 1 Gómez-Hernández et al. [31], 2NRE [32], 3 Turchi et al. [33], 4Turchi and
eath [34], 5 Carapellucci and Giordano [35], 6 Ameri et al. [36], 7Luceño and Martín

[37], 8Glatzmaier [38], 9 Panjeshahi et al. [39],10, Stallings [40],11EIA [41], [12]Li et al.
[42].

Value

Solar subsystem, 𝐶𝑠𝑜𝑙𝑎𝑟 (M$) 348.03[1−8]
Power plant block*, 𝐶𝑝𝑝 (M$) 135.56[1−8]
Air cooled unit, 𝐶𝐴𝐶𝐶 ($) 805.250[7]
Wet cooling tower, 𝐶𝑊 𝑇 ($) 495.390[9,10]

Labor cost per employee and year ($/year) 48,000[5]
Number of employees (for plant operation), 𝑛𝑒𝑚𝑝𝑙−𝑆𝐹 30[3]
Number of employees (field maintenance), 𝑛𝑒𝑚𝑝𝑙−𝑝𝑙𝑎𝑛𝑡
(empl/m2)

2 ⋅ 10−5 [5]

O&M operations, 𝑓𝑂𝑀 (%) 1[2]
– –
Annual insurance cost, 𝑓𝑖𝑛𝑠 (%) 0.5[2,3]
Contingency cost, 𝑓𝑐𝑜𝑛𝑡 (%) 7[8]
Indirect cost, 𝑓𝑖𝑛𝑑 (%) 11[11]
Debt interest rate, 𝑖𝑟𝑎𝑡𝑒 (%) 8[2,3]
Inflation rate, 𝑓𝑖𝑛𝑓 (%) 3[12]
Lifetime (years), 𝑛𝑦𝑟 30[2]

Another important economic indicator is the Total Net Present
Value, TNPV, that measures the profitability of an investment: a posi-
tive TNPV indicates that the investment is viable. This parameter is the
present value of the annual project after-tax cash flow. The total net
present value is calculated as follows:

𝑇𝑁𝑃𝑉 =
𝑛𝑦𝑟
∑

𝑖=1

𝐵𝑖 − 𝐶𝑖
(1 + 𝑖𝑟𝑎𝑡𝑒)𝑖

(20)

where 𝐵𝑖 are the annual revenues of the plant, 𝐶𝑖 the annual costs and
𝑟𝑎𝑡𝑒 is the discount rate.
The annual revenues, 𝐵𝑖 of the plant can be calculated as the in-

omes due to the electricity sale and the income of carbon credits [43]
see Eq. (21)). China has recently launched a national carbon market
ith an initial price of carbon credit, 𝑃𝐶𝑂2

= 6.3 $/ton that is expected
o increase up to 𝑃𝐶𝑂2

= 21.4 $/ton by 2050. Although the price of
arbon credits is still uncertain, a linear increase in the price has been
ssumed for the present study.

𝑖 = 𝐸𝑎𝑛𝑛 ⋅ 𝑃𝑒 + 𝐸𝑎𝑛𝑛 ⋅ 𝐶𝐼 ⋅ 𝑃𝐶𝑂2 ,𝑖 (21)

here 𝐶𝐼 is the carbon intensity emission factor of the grid 𝐶𝐼 = 0.580
on/MWh [44].
The annual costs of a CSP plant, 𝐶𝑖, include the repayment of the

oans, 𝐶𝑙𝑜𝑎𝑛, the operation and maintenance costs, 𝐶𝑂𝑀 , and the tax
osts, 𝐶𝑡𝑎𝑥: 𝐶𝑖 = 𝐶𝑙𝑜𝑎𝑛,𝑖 + 𝐶𝑂𝑀,𝑖 + 𝐶𝑡𝑎𝑥,𝑖. It can be assumed that the total
nvestment costs, 𝐶𝑖𝑛𝑣𝑒𝑠𝑡, are borrowed from banks and the repayment
f the loans is done by even repayment schedule: 𝐶𝑙𝑜𝑎𝑛,𝑖 = 𝐶𝑝𝑟𝑖𝑛 + 𝐶𝑖𝑛𝑡,𝑖,
here the principal, 𝐶𝑝𝑟𝑖𝑛 (the portion of the unpaid balance), is paid
qually each year, while the payment of the interest, 𝐶𝑖𝑛𝑡,𝑖, diminishes.
or the current study the repayment period, 𝑛𝑦𝑟, is the same as the
xpected lifetime of the power plant, so the principal can be calculated
s: 𝐶𝑝𝑟𝑖𝑛 = 𝐶𝑖𝑛𝑣𝑒𝑠𝑡∕𝑛𝑦𝑟 and the interest on the year 𝑖:

𝑖𝑛𝑡,𝑖 = (𝐶𝑖𝑛𝑣𝑒𝑠𝑡 − (𝑖 − 1)𝐶𝑝𝑟𝑖𝑛) ⋅ 𝑖𝑟𝑎𝑡𝑒 (22)

here an interest rate 𝑖𝑟𝑎𝑡𝑒 = 0.08 has been chosen [32].
The operation and maintenance costs increase year by year with

nflation, 𝐶𝑂𝑀,𝑖 = 𝐶𝑂𝑀 (1 + 𝑓𝑖𝑛𝑓 )(𝑖−1). Finally, in China for high-tech
rojects the income tax rate is 15%, and the depreciation and interest
f loans can be excluded from the taxable income [42]. As proposed
y Zhou et al. [43], double-declining balance depreciation method is
mployed to calculate the depreciation of the equipment assuming null
alvage value at the end of the service period.
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Fig. 11. Hourly distribution of the heat dissipated by the air condenser system: (a) 16 ACC (b) 20 ACC and (c) 24 ACC).
To compare among plants with dry and hybrid cooling systems the
𝐶𝑂𝐸 and 𝑇𝑁𝑃𝑉 are calculated for a plant with a dry condensing
ystem with either 16, 20 or 24 ACC cells and a plant with hybrid
ondensing system with an additional wet part composed of either one,
wo or three cooling towers.
Concerning the results for the configuration with a dry air cooled

ystem, Table 8 shows the total investment costs, the annual energy
15

roduction, the capacity factor, which is the ratio of the net electricity
generated to the energy that could have produced with continuous
operation at nominal conditions for a period of time considered, and
the LCOE. As expected, the investment costs, the annual energy yield
and the capacity factor increase with the number of dry cooling units,
since as the number of dry cooling tower increases the condensing
temperature can be reduced and therefore the efficiency of the cycle
and the power produced increases. It is interesting to notice that the

increase in the annual energy production (and therefore in the capacity
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Fig. 12. Distribution of (a) heat rejected by ACC for 20 ACC + 1 WT system, (b) heat rejected by WT for 20 ACC + 1 WT system, (c) heat rejected by ACC for 20 ACC + 2
T system, (d) heat rejected by WT for 20 ACC + 2 WT system, (e) heat rejected by ACC system for 20 ACC + 3 WT system, and (f) heat rejected by WT for 20 ACC + 3 WT
ystem. All the cases shown in the figure correspond to a water-to-electricity price, 𝑅, of 10 ($/m3)/($/kWhe).
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Table 8
Summary of the simulation results for the solar plant with different dry cooling systems
Dry cooling Investment Annual Capacity LCOE
units costs energy yield factor
𝑛𝐴𝐶𝐶 𝐶𝑖𝑛𝑣𝑒𝑠𝑡 (M$) Eann (GWh) CF (c$/kWh𝑒)

16 589.73 533.78 0.609 11.94
20 593.55 538.98 0.615 11.90
24 597.38 541.24 0.618 11.93

factor) is not linear with the number of cooling units. Hence, for the
case of Dunhuang the optimum dry cooling system is the system with
20 ACC units, since it has the lowest LCOE.

Table 9 shows the annual results of energy production, water con-
sumption and CO2 emissions avoided of the different configurations
(including dry and hybrid) for different values of the ratio of water to
energy price, 𝑅. The CO2 emissions avoided by the CSP plant have been
calculated multiplying the annual energy production by the carbon
16
intensity emission of the grid 𝐶𝐼 = 0.580 ton/MWh [44]. As could be
expected, for the dry condensing systems the water to energy price, 𝑅,
has no effect on the annual energy yield, the emissions avoided or the
water consumption, while for hybrid condensing systems as the water
cost increases the annual energy production decreases, and in particular
if the variable 𝑅 = 50 ($/m3)/($/kWhe) the hybrid condensing system
orks as a dry system. Hence, the increase of the water cost discourages
he start of the wet towers, and hence the water consumption is smaller
t higher 𝑅 for a given configuration. From another point of view, for
a particular water to electricity price, 𝑅, with the exception of 𝑅 = 50
($/m3)/($/kWhe), increasing the number of wet towers increases the
annual energy yield, water consumption and CO2 emissions avoided. It
is interesting to remark that the amount of CO2 avoided increases with
the number of ACC cells, and also increases when adding wet cooling
towers to the cooling system while the water to electricity price has a
minimum impact on this magnitude.

On one hand, increasing the number of wet towers increases the

fixed and the operation costs, but on the other the annual energy yield
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Table 9
Summary of simulation results for different water and electricity price ratio, 𝑅.
ACC WT Energy Water Avoided ACC WT Energy Water Avoided ACC WT Energy Water Avoided

prod. consump. CO2 prod. consump. CO2 prod. consump. CO2
(GWh/yr) (105 m3/yr) (105 t/yr) (GWh/yr) (105 m3/yr) (105 t/yr) (GWh/yr) (105 m3/yr) (105 t/yr)

R = 0

16 0 533.78 0 3.10 20 0 538.98 0 3.13 24 0 541.24 0 3.14
16 1 539.47 1.83 3.13 20 1 542.01 1.64 3.14 24 1 543.28 1.55 3.15
16 2 542.72 3.46 3.15 20 2 544.00 3.26 3.16 24 2 544.74 3.12 3.16
16 3 544.66 4.74 3.16 20 3 545.36 4.49 3.16 24 3 545.76 4.28 3.17

R = 4 [($∕m3)∕($∕k𝑊 ℎ𝑒)]

16 0 533.78 0 3.10 20 0 538.98 0 3.13 24 0 541.24 0 3.14
16 1 538.75 1.74 3.12 20 1 541.38 1.51 3.14 24 1 542.69 1.37 3.15
16 2 541.39 3.14 3.14 20 2 542.80 2.67 3.15 24 2 543.62 2.30 3.15
16 3 542.85 4.13 3.15 20 3 543.72 3.50 3.15 24 3 544.21 3.01 3.16

R = 5 [($∕m3)∕($∕k𝑊 ℎ𝑒)]

16 0 533.78 0 3.10 20 0 538.98 0 3.13 24 0 541.24 0 3.14
16 1 538.58 1.72 3.12 20 1 540.86 1.34 3.14 24 1 542.56 1.29 3.15
16 2 541.07 3.06 3.14 20 2 541.88 2.34 3.14 24 2 543.40 2.17 3.15
16 3 542.44 4.05 3.15 20 3 542.52 3.07 3.15 24 3 543.92 2.81 3.15

R = 10 [($∕m3)∕($∕k𝑊 ℎ𝑒)]

16 0 533.78 0 3.10 20 0 538.98 0 3.13 24 0 541.24 0 3.14
16 1 537.76 1.55 3.12 20 1 540.55 1.23 3.14 24 1 542.00 0.99 3.14
16 2 539.63 2.73 3.13 20 2 541.35 2.16 3.14 24 2 542.23 1.73 3.15
16 3 540.63 3.61 3.14 20 3 541.82 2.84 3.14 24 3 542.67 2.25 3.15

R = 50 [($∕m3)∕($∕k𝑊 ℎ𝑒)]

16 0 533.78 0 3.10 20 0 538.98 0 3.13 24 0 541.24 0 3.14
16 1 533.78 0 3.10 20 1 538.98 0 3.13 24 1 541.24 0 3.14
16 2 533.78 0 3.10 20 2 538.98 0 3.13 24 2 541.24 0 3.14
16 3 533.78 0 3.10 20 3 538.98 0 3.13 24 3 541.24 0 3.14
(
o

c
l
a
d
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is also bigger. The water consumed has an effect on the 𝐿𝐶𝑂𝐸 since
it is part of the operation and maintenance cost of the plants that use
cooling towers. This change of cost of the electricity resulting from the
acquisition of wet towers and the water costs can be measured using
𝛥𝐿𝐶𝑂𝐸 that takes into account the variation of the electricity costs
due to the cooling system (see Eq. (23)). Negative 𝛥𝐿𝐶𝑂𝐸 means that
the costs to produce electricity are reduced and therefore that it is a
cost-effective combination, while positive values of 𝛥𝐿𝐶𝑂𝐸 mean that
it is unprofitable.

𝛥𝐿𝐶𝑂𝐸 = 𝐿𝐶𝑂𝐸 − 𝐿𝐶𝑂𝐸𝐴𝐶𝐶 (23)

where 𝐿𝐶𝑂𝐸𝐴𝐶𝐶 is the LCOE for the power plant using only dry units.
𝛥𝐿𝐶𝑂𝐸 depends on the water price 𝑃𝑤, but also in the electricity price,
𝑃𝑒, since the operation strategy of the cooling system is to increase the
net annual income of the power plant, hence it depends on the water to
electricity price ratio, 𝑅. Fig. 13 shows the variation of the LCOE with
the number of wet towers.

As it can be seen in Fig. 13 when the water price is null it is always
advantageous the acquisition and use of hybrid systems compared to
dry cooling systems. Furthermore, when 𝑅 = 0 increasing the number
of towers is always favorable, because the electricity cost decreases,
although it decreases more slowly with the addition of each wet tower.
Finally, it can be noticed that the smaller the dry system the bigger
the reduction in the levelized cost of electricity. When the water to
electricity price ratio, 𝑅, increases the use of hybrid systems becomes
less cost-effective. For the case of the condensing system with fewer
cells the use of hybrid condenser is always advantageous, however for
𝑅 = 10 ($/m3)/($/kWhe) for the systems with 20 and 24 cells the water
costs became too expensive to make the hybrid system profitable. For
the case of 20 ACC and 𝑅 = 4 ($/m3)/($/kWhe) the most profitable
option is the use of 3 WT (𝐿𝐶𝑂𝐸 = 11.87 c$/kWh𝑒) however if
the water to electricity price increases to 𝑅 = 5 ($/m3)/($/kWhe),
then the most beneficial configuration is 1 single WT (𝐿𝐶𝑂𝐸 = 11.89
c$/kWh𝑒). In Fig. 13, it can also be seen that for the 24 ACC system
and 𝑅 = 4 ($/m3)/($/kWhe) the smallest levelized cost of electricity
is for 1 WT (𝐿𝐶𝑂𝐸 = 11.86 c$/kWh ) while the use of 3 WT is
17

𝑒 r
Fig. 13. Variation of LCOE with the cooling system.

disadvantageous because it has higher levelized costs of energy than
using only dry condensers. Finally, for the 24 ACC system and 𝑅 = 5
$/m3)/($/kWhe), the LCOE of 1 WT is approximately equal to the use
f only ACCs, and increasing the number of WT increases the LCOE.
Fig. 14 shows the variations of the TNPV with the number of

ooling towers for different water to electricity price ratios for the total
ifetime. It shows that all the configuration proposed: dry and hybrid
re economically viable. Furthermore, in view of the results, the three
ry cooling configurations (16, 20 and 24 ACC) are very similar, being
he most profitable the 20 ACC system regardless of the water price.
owever for the hybrid systems, the most cost-effective configuration
s the 16 ACC with 3 wet cooling towers for all water to electricity price
atio except for the 𝑅 = 10 ($/m3)/($/kWh ) where the best option is
e
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Fig. 14. Variations of TNPV with water-to-electricity price ratio for different cooling
ystems: 16 ACC (left), 20 ACC (center), 24 ACC (right).

ith only 2 wet towers. As it could be expected, the higher the water
o electricity price the less profitable become the wet towers.

. Conclusion

A solar tower plant located at Dunhuang (China) was simulated to
tudy the influence of the type of condensing system on the energy
nd economical performance. Dry systems of 16, 20 or 24 ACC cells
nd hybrid systems of 16, 20 or 24 ACC cells in parallel with a
et system of 1, 2 or 3 mechanical draft cooling tower units were
nalyzed. The selection of the operational parameters for the dry and
et systems was done with the aim of maximizing the revenues of the
ale of the net energy produced minus the cost of the water consumed
uring the operation of the condensing system. This optimization gives,
mong other results, the proportion of the cooling load that is covered
y the wet subsystem. At high dry-air and wet bulb temperatures, a
igher proportion is recommended unless the water price to electricity
rice ratio is high in which case the higher cycle efficiency does not
ounterbalance the higher water cost incurred and hence it is better to
witch off a certain number of cooling tower units.
esides, the effect of the ambient dry and wet temperature on the heat
issipated by the condenser and the power consumed by the fan of a
ry and a wet cooling systems was discussed. With this aim, simulations
f each type of cooling subsystem (ACC, surface condenser and cooling
ower) were done varying the inlet parameters. For the ACC, higher
ry-air temperatures lead to a higher condensing temperature and
ence lower cycle efficiency while the energy consumed by the fan
s independent from the dry-air temperature and condensing temper-
ture. Concerning the wet cooling system a higher rotational speed
f the pump of the surface condenser leads to a lower condensation
emperature but the fan power consumption augments.
he results of the annual simulation of the CSP plant located at Dun-
uang reveals that for dry cooling systems, the number of ACC units
oes not change the energy performance during cold days. Nevertheless
hen ambient temperature increases, the smaller the condensation
ystem, the higher the condensation heat rejected, since a system
ith a lower number of ACC units operates at higher condensation
emperature and hence it has a lower cycle efficiency. On the other
and considering an hybrid system with 20 ACC units, having either
ne, two or three cooling tower units does not make a difference in the
nergy performance during cold days, since the wet part of the cooling
ystem is switched off. However, during hot days the proportion of the
18
condensing heat that is rejected by the cooling towers augments, from
a 20% for a cooling system with only one wet cooling tower to a 50%
for a system with three cooling towers.
Finally the LCOE and NPV of the CSP plant with different condensing
system configurations were calculated and the system composed of 16
ACC cells and three wet cooling towers presents the lowest LCOE and
highest NPV for a water to electricity price ratio of 4 or 5 while a system
with 16 ACC cells and two wet cooling towers would the best option if
this ratio is equal to 10.
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Appendix A

See Table A.10.

ppendix B. Notation

.1. Acronyms

𝐴𝐶𝐶 Air-cooled condenser
𝐵𝑂𝑃 Balance of Plant
𝐶𝑆𝑃 Concentrating solar energy
𝐶𝑇 Cold salt storage tank

𝐷𝑁𝐼 Direct Normal Irradiation
𝐻𝑇 Hot salt storage tank

𝐻𝑃𝑇 High pressure turbine
𝐿𝐶𝑂𝐸 Levelized cost of energy [c$/kWh𝑒]
𝐿𝑃𝑇 Low pressure turbine
𝑆𝐶 Surface condenser
𝑆𝐺 Steam generator
𝑃𝐵 Power block
𝑃𝐻 Preheater
𝑅𝐻 Reheater
𝑅𝐶 Receiver
𝑆𝐻 Superheater
𝑇 Turbine

𝑇𝑁𝑃𝑉 Total net present value [M$]
𝑇𝑂𝐷 Time of delivery
𝑊 𝑇 Wet cooling-tower

.2. Latin letters

𝐴 Heat transfer area [m2]
𝐴𝑐 Inside tube area exposed to the condensing steam for the each

tube row of the air-cooled condenser [m2]
𝐴𝑒 Effective fan area [m2], 𝐴𝑒 =

𝜋⋅(𝑑2𝐹−𝑑
2
ℎ)

4
𝑎𝑓𝑖 Wetted area divided by the volume of the fill or area density

[-]
𝐴𝑓𝑟 Effective frontal area of one bundle of the air-cooled condenser

[m2]
𝐴𝑇𝑓𝑟 Effective frontal area of the fill of the cooling tower [m2]
𝐴ℎ𝑒𝑙 Heliostat area [m2]
𝐴𝑆𝐹 Solar field area [m2]
𝐴 Surface condenser tube cross section [m2]
𝑡
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Table A.10
Economic estimations ($) for different power plant components.
Component Costs Comments

Solar subsystem
Solar Field 𝐶𝑆𝐹 = 140 ⋅ 𝑛ℎ𝑒𝑙 ⋅ 𝐴ℎ𝑒𝑙 + 16 ⋅ 𝐴𝑆𝐹 𝐴𝑆𝐹 : Solar field area (m2) [33,45]
Solar Tower 𝐶𝑡𝑜𝑤𝑒𝑟 = 3 ⋅ 107 + 1835.7 ⋅𝐻2

𝑡𝑜𝑤𝑒𝑟 − 285868 ⋅𝐻𝑡𝑜𝑤𝑒𝑟 𝐻𝑡𝑜𝑤𝑒𝑟: Tower height (m)[33]
Receiver 𝐶𝑟𝑒𝑐 = 104.6 ⋅ 106((𝜋 ⋅𝐷𝑟𝑒𝑐 ⋅𝐻𝑟𝑒𝑐 )∕1571)0.7 [46,47]
Storage system 𝐶𝑠𝑡 = 22 ⋅ 103 ⋅ 𝑛𝑠𝑡 ⋅𝑄𝑖𝑛 [33]

Power block & Steam generators
Steam turbine 𝐶𝑇 = 5075.5 ⋅𝑊 0.7

𝑃𝐵 𝑊𝑃𝐵 Power block power (kW)
(1 + 0.05

(1−𝜂)3
) ⋅ (1 + 5(𝑒𝑥𝑝( 𝑇𝐻𝑃𝑇 −866

10.42
))) 𝑇𝐻𝑃𝑇 : Temperature (K) at the inlet of HPT [35]

Steam generator 𝐶𝑆𝐺 = 5.063 ⋅ 106 Superheater, reheater, evaporator and preheater [31]
Deaerator 𝐶𝑑𝑒𝑎 = 145315 ⋅ 𝑚0.7

𝑑𝑒𝑎 𝑚𝑑𝑒𝑎: mass flow rate through deareator [36,48]

Feed water heater 𝐶𝐹𝑊𝐻 = 66 ⋅𝑄𝐹𝑊𝐻

(

1
𝑇𝑇𝑇𝐷+𝑎3

)0.1
𝑄𝑇𝑇𝐷 : Heat exchanged in FWH
𝑇𝑇𝑇𝐷 : Terminal temperature difference
𝑎3 = 3 for low pressure feed water heaters
𝑎3 = 6 for high pressure feed water heaters

Water pump 𝐶𝑃 = 1773 ⋅𝑊 0.7
𝑃 𝑊𝑃 : Power of water pumps (kW) [31,48]

Buildings 𝐶𝑏𝑢𝑖𝑙 = 21 ⋅ 106 Buildings, structures support and fire protection [32]
Mechanical and electrical BOP [32]
Power distribution system 𝐶𝑒,𝑠𝑦𝑠 = 23 ⋅ 106 Power distribution system + Back-up + Instruments and Control System
Inflation costs 𝐶𝑆𝑇 ,𝐵𝑂𝑃 = 20 ⋅ 106

𝐶2020 = 𝐶 ⋅ (1 + 𝑓𝑖𝑛𝑓 ,2020) 𝑓𝑖𝑛𝑓 ,2020: inflation to year 2020.
𝑎 Surface area per unit volume [m−1]
𝐵 Economic hourly revenue [$]

𝐵𝑇 𝑖 Cooling tower breadth [m]
𝐵𝑖 Net annual income [-]
𝐶𝐼 Carbon intensity emission factor [ton/MWh]

𝐶𝑅𝑚𝑎𝑥 Maximum capacity rate [kg/s], 𝐶𝑅𝑚𝑎𝑥 = 𝑚𝑎𝑥
( �̇�𝑤 𝑐𝑝,𝑤
𝑑ℎ𝑠𝑎𝑡,𝑤∕𝑑𝑇𝑤

, �̇�𝑎

)

𝐶𝑅𝑚𝑖𝑛 Minimum capacity rate [kg/s], 𝐶𝑅𝑚𝑖𝑛 = 𝑚𝑖𝑛
( �̇�𝑤 𝑐𝑝,𝑤
𝑑ℎ𝑠𝑎𝑡,𝑤∕𝑑𝑇𝑤

, �̇�𝑎

)

𝐶𝑒 Evaporative capacity rate ratio [-], 𝐶𝑒 =
𝐶𝑅𝑚𝑖𝑛
𝐶𝑅𝑚𝑎𝑥

𝐶 Cost [$]
𝑐𝑝 Specific heat [J/(kgK)]
𝑑𝑒 Hydraulic diameter [m]
𝑑ℎ Fan hub diameter [m]
𝑑𝑖 Internal diameter [m]
𝑑𝑜 External diameter [m]
𝐸 Hourly energy [kWh𝑒]

𝐸𝑎𝑛𝑛 Annual energy [kWh𝑒]
𝐹𝑚 Correction factor [-]
𝑓 Friction factor [-]

𝑓𝑐𝑜𝑛𝑡 Contingency costs factor [-]
𝑓𝑐𝑟 Capital recovery factor [-]
𝑓𝑖𝑛𝑑 Indirect costs factor [-]
𝑓𝑖𝑛𝑓 Inflation rate [-]
𝑓𝑖𝑛𝑠 Insurance costs factor [-]
𝑓𝑂𝑀 O&M costs factor [-]

𝐺 Mass velocity, [kg/sm2]
𝑔 Gravity constant, 9.81 [m/s2]

𝐻𝑑𝑖𝑓 Diffuser height of the air-cooled condenser [m]
𝐻𝐹 Fan height of the cooling tower [m]
𝐻𝑓𝑖 Height of the cooling tower fill [m], 𝐻𝑓𝑖 = 𝐻𝑇 𝑖 + 𝐿𝑓𝑖 + 𝐿𝑠𝑝

𝐻ℎ𝑒 Height of the air-cooled condenser heat exchanger above
ground level [m]

𝐻𝑇 Cooling tower height [m]
𝐻𝑇 𝑖 Cooling tower inlet height [m]

ℎ𝑎𝑒 𝐴𝑎 Effective heat transfer coefficient from the air side for each
tube row of the air-cooled condenser [W/K)]

ℎ𝑐 Condensation heat transfer coefficient from the steam side for
each tube row of the air-cooled condenser [W/(m2 K)]

ℎ𝑑 Mass transfer coefficient [kg/(m2 s)]
ℎ Specific enthalpy [J/(kg)]
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𝑖𝑟 Interest rate [-]
𝐾𝑑𝑜 Total loss coefficient for flow obstacles at the fan discharge of
the air-cooled condenser [-]

𝐾𝑡𝑠 Heat exchanger inlet support loss coefficient of the air-cooled
condenser [-]

𝐾𝑢𝑝 Total loss coefficient for flow obstacles at the fan suction of the
air-cooled condenser [-]

𝐾𝑢𝑝𝑓𝑖 Fan upstream loss coefficient of the wet cooling tower [-]
𝐾𝜃𝑡 Total loss coefficient for the bundle with inlet and downstream

losses due to oblique flow of the air-cooled condenser [-]
𝐿𝑓𝑖 Fill height of the cooling tower [m]
𝐿𝑠𝑝 Height of the spray zone of the cooling tower [m]
𝐿𝑠 Length of surface condenser tube [m]
𝐿𝑡 Length of air-cooled condenser finned tube [m]

𝑀𝑒 Merkel number [-]
�̇� Mass flow rate [kg/s]
𝑁 Rotational speed [-]
𝑁𝑐 Cycle of concentration [-]

𝑁𝑇𝑈 Number of transfer units [-], 𝑁𝑇𝑈 = 𝑈 𝐴
𝐶𝑚𝑖𝑛

𝑛𝑦𝑟 Expected lifetime [year]
𝑛𝐴𝐶𝐶 Number of air-cooled condenser units [-]

𝑛𝑏 Number of air-cooled condenser tube bundles [-]
𝑛𝑟 Number of air-cooled condenser tube rows [-]
𝑛𝑡 Number of tubes per pass and tower [-]
𝑛𝑡𝑏 Number of air-cooled condenser tubes per bundle [-]
𝑛𝑣𝑝 Number of steam passes [-]
𝑛𝑤𝑝 Number of cooling water passes [-]
𝑛𝑊 𝑇 Number of wet cooling tower units [-]

𝑄 Heat rate [W]
𝑃𝐶𝑂2

Price of carbon credit [$/kWh𝑒]
𝑃𝑒 Electricity price [$/kWh]
𝑃𝑤 Water price [$/m3]
𝑝 Internal pressure [MPa]
𝑅 Water to electricity price ratio[($/m3)/($/kWhe)]
𝑅𝑒 Reynolds number [-]
𝑡ℎ Tube thickness [m]
𝑇 Temperature [◦C]
𝑈 Overall heat transfer coefficient [W/(m2 K)]
𝑉 Volume flow rate [m3/s]
𝑊 Electrical power [W]

𝑊𝑇 𝑖 Cooling tower inlet width [m]

𝑋 Vapor quality at the outlet of the turbine [-]
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B

R

B.3. Greek symbols

𝜆 Correction factor [-], 𝜆 =
(

ℎ𝑠𝑎𝑡,𝑤,𝑜 + ℎ𝑠𝑎𝑡,𝑤,𝑖 − 2ℎ𝑠𝑎𝑡,𝑤
)

𝜀 Effectiveness [-]
𝜂 Efficiency [-]
𝜃 Apex angle of V-frame of air-cooled condenser [◦]
𝜌 Density [kg/m3]
𝜔 Humidity ratio [-]

.4. Subscripts

𝑎 Air
𝑎𝑣 Average air-vapor
𝑐 Condensing

𝑑𝑒𝑎 Deaerator
𝑒𝑣 Evaporation
𝐹 Fan
𝐹𝑟 Reference fan
𝑓𝑖 Fill

𝐹𝑊𝐻 Feedwater heater
ℎ𝑒𝑙 Heliostat

𝑖 Inlet
𝑜 Outlet
𝑖𝑜 Average inlet–outlet
𝑃 Pump

𝑟𝑒𝑐 Receiver
𝑟𝑒𝑓 Reference
𝑟𝑧 Rain zone
𝑠𝑎𝑡 Saturation temperature
𝑠𝑝 Spray zone
𝑤 Cooling water
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