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H I G H L I G H T S

• Water footprint determines the sustainability of the future power system.

• We address the sustainable design of NDWCT, the more efficient cooling systems.

• Rigorous and simple models are developed for column design and water consumption estimation.

• The effect of the power plant location on the water footprint and on the cost is presented.

• Hotter climates with high humidity increase the water consumption and system cost.
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A B S T R A C T

Renewable based power plants must be installed where the main resource is available. The weather affects the
design and the water footprint of these plants. Two types of power cycles, a regenerative Rankine cycle, re-
presenting biomass and solar thermal plants, and the combined cycle, corresponding to biogas or gasification
based processes, are studied. The facilities are modeled unit by unit in detail to compute the cycle yield, the
condenser duty, the water consumption and the natural draft wet cooling tower geometry for its sustainable
design. Hot regions, appropriate for solar facilities, and humid regions require larger and more expensive towers.
Areas with high solar availability also show larger consumption of water presenting a tradeoff for a future
renewable based power system. In addition, design guidelines and surrogate models to estimate water con-
sumption, cooling tower size and its cost as a function of the climate have also been developed. The surrogates
are useful for the analysis on the water footprint of a renewable based power system that substitutes the fossil
based one.

1. Introduction

The Water-Energy (WE) nexus has become an important criterion
for the analysis of the sustainable growth of society [1]. This nexus is of
paramount importance in the power industry due to the strong link
between water consumption and electricity production [2,3]. Most
power plants use wet cooling towers as the technology of choice be-
cause of their efficiency [4,5], but their operation relies on the avail-
ability of water. These units cool down the water used in condensing
the exhaust steam from the turbine at the expense of evaporating a
fraction of it. Cooling towers play a key role in the cleaner production
of power to avoid thermal load released to rivers [2,6], but the make-up
water represents the consumption of water in the production of elec-
tricity. On average, Rankine based power plants consume around 2 L/
kWh in their operation on average [6–10], while combined cycles are

more efficient, presenting consumptions of around 1 L/kWh [11]. The
current trend towards a more sustainable energy system results in the
penetration of resources such as biomass, solar and wind into the en-
ergy mix [12]. The main issue related to the use of renewable resources
is that the location of the facilities that transform them into electricity is
highly dependent on the availability of the resources. In most cases the
weather conditions are not the most appropriate for the operation of
cooling technologies and, in particular, cooling towers. In a future
where water scarcity is also a major concern [13], the analysis of the
water footprint of the emerging power system is an important index for
its sustainability [14].

Different dry cooling systems are being studied recently aiming at
dealing with the water consumption on power plants, and in particular
in concentrated solar power plants (CSP). Among these designs it is
important to highlight the A-frames, air cooler condensers with a

https://doi.org/10.1016/j.apenergy.2020.114620
Received 4 November 2019; Received in revised form 3 February 2020; Accepted 5 February 2020

⁎ Corresponding author.
E-mail address: mariano.m3@usal.es (M. Martín).

Applied Energy 263 (2020) 114620

Available online 26 February 2020
0306-2619/ © 2020 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2020.114620
https://doi.org/10.1016/j.apenergy.2020.114620
mailto:mariano.m3@usal.es
https://doi.org/10.1016/j.apenergy.2020.114620
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2020.114620&domain=pdf


bundle of pipes in the form of an A [15]. While these systems are in-
teresting for solar applications, they use up to 10% of the power from
the facility to condense the exhaust [5]. Alternatively, natural draft dry
cooling towers (NDDCT) can also be used. They are similar to wet
cooling towers but within the structure a heat exchanger is built [16].
Its operation relies on convective heat transfer [17]. Although, NDDCT
operation does not consume water, it is highly dependent on the
weather conditions [18] and particularly on the crossflow wind [19]. It
has been proved that for hot days pre wet cooling is recommended [20].
Thus, the high efficiency of wet cooling towers, the fact that the power
industry is used to operate them [4] and the recent findings that show
that even under scarce water availability wet cooling towers are com-
petitive and offer a sustainable performance versus dry cooling [5]
encourages improving the sustainability and efficiency of these units
towards their implementation within renewable based power facilities.

The design of natural draft wet cooling towers (NDWCT) is an area
that combines the structural design of the unit and the unit operation of
water cooling. As a result, two lines or work have been pursued, either
structural analysis or the performance of the tower. On the one hand,
studies have focused on the structural design of the tower [21] pre-
senting new designs [22], the evolution of cooling tower sizing over
time [23] as well as the estimation of the cost of the unit from the
mechanical and structural points of view [24,25]. On the other hand,
the evaluation of the gas-liquid contact responsible for water cooling
has been studied experimentally [26] and theoretically [27] evaluating
the performance [28], optimizing it [29], presenting design rules [30]

as well as current efforts to evaluate their operation within con-
centrated solar power (CSP) plants [31], performing sensitivity analysis
on the operation [32] as well as economic [33] and environmental
analysis [34] of the tower, to optimize their performance when used for
CSP plants [35]. Simulation [36] and mathematical optimization [37]
approaches have been used to improve the performance of the tower
analyzing the transport phenomena involved in the operation, in-
cluding the systematic comparison of various fillings [38,39]. However,
to the best of our knowledge, design of NDWCT considering structural
and gas-liquid contact simultaneously has not been addressed. In ad-
dition, to achieve the goal of sustainable power production the use of
renewable resources to produce electricity is not enough. The sustain-
able design of the cooling technologies is also to be addressed. A sus-
tainable design must take into account the simultaneous analysis of the
structure, responsible for use of material, and the unit cost, and the gas-
liquid contact, linked to the performance and the consumption of water.
However, typically the estimation of the cost of cooling towers is based
on the heat load rejected alone [40,41], while the size of the tower is a
function of the weather [42]. For instance, the tower size for the same
cooling load is almost twice in the northwestern of Spain compared to
the south east [35]. Therefore, the cost estimation methods available in
the literature [40,41] do not capture the effect of the location of the
unit that is paramount for the design of the future power system to-
wards reducing its environmental impact, including the water footprint.
In addition, the analysis of water consumption has received less at-
tention. Over the years research has focused on evaluating the

Nomenclature

A cross sectional area (m2)
AHX area of the heat exchanger (m2)
b characteristic dimension (m)
ch humid air heat capacity (kcal/kgdry air)
Cp Heat capacity (kcal/kg °C)
d design variables
dH top diameter of the tower (m)
Dbase base diameter of the tower (m)
fair flow of air (kg/s)
fWa flow of water (kg/s)
FB blowdown flow (kg/s)
FD drift flow (kg/s)
FE evaporation flow (kg/s)
FM make-up flow (kg/s)
g gravity (m/s2)
Gflux flow of air per unit area (kg/m2s)
hL resistance to heat transfer (kcal/m2·s)
hc air entrance height, (m)
hliquid liquid enthalpy (kcal/kg)
hsteam steam enthalpy (kcal/kg)
H humid air enthalpy (kcal/kg)
ky resistance to mass transfer (kg /m2s)
Lflux flow of water per unit area (kg/m2s)
L/V ratio between the water and the air flow rates across the

column in mass
Mi molar weight of species i (kg/kmol)
Ni number of velocity heads of pressure drop due to item i.
p pressure (bar)
PHeight height of the packed section (m)
Power mean power (MW)
Q(unit) thermal energy at unit (kW)
R gas constant (atm·L/mol·K)
rt minimum radius of the hyperboloid (m)
S specific contact area (m−1)
t air temperature (°C)

T water temperature across the cooling tower (°C)
T(unit) stream temperature (°C)
THeight height of the cooling tower (m)
ν air velocity (m/s)
Vshell volume of shell (m3).
W(unit) electrical energy unit (kW)
Y, air moisture (kg moisture per kg dry air)
ZH height of the section of the tower (m)
Zu height of the section of the tower (m)
ΔHf formation energy (kW)
ΔPLoss pressure drop (Pa)
ΔPGenerated driving force for the pressure (Pa)

Subindex

i interphase conditions
in inlet
L liquid bulk
g gas bulk
out outlet
sat saturation condition
Wa component water

Symbols

ρ air density (kg/m3)
ηc efficiency of the compressor

Units

CT cooling tower
HX heat exchanger
Turb turbine
Spl splitter
Furnace
Boiler
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operation of the cooling towers at different seasons [43] and climatic
zones [44], including the effect of climate change on the future design
of the towers [45], monitoring their efficiency over time [46] and de-
fining a methodology to evaluate that performance [47], presenting
profiles of data on the water withdrawal and consumption [48], re-
porting average values for the consumption [49] and evaluating the
crosswind effect on the temperature profile experimentally [50] and on
their operation [51]. The systematic evaluation of the operation of
cooling towers resulted in rules of thumb [52], surrogate models [53]
and the development of simplified models to estimate the evaporative
loses [54–56]. Only lately, due to the concerns on future water avail-
ability have led to computing the consumption of water related to the
operation of the cooling tower [3,42], comparing its performance with
air cooling as a water saving alternative [57]. However, the effect of the
location of the unit on the water footprint due to the weather conditions
has not been evaluated nor an easy method to compute is available.

In this work an integrated mathematical formulation is developed to
provide design guidelines for the design of sustainable natural draft wet
cooling towers and to estimate their water footprint as a function of the
power plant location. The study provides process data on the water
footprint when substituting the power produced by current facilities by
renewable-based resources so as to be able to select the cooling system
based on performance and cost comparing dry and wet cooling alter-
natives. These results are needed to evaluate the future energy system
where a range of resources will contribute to meet the power demand
and whose availabilities are highly location dependent. To achieve that,
the entire power facility is considered in the analysis. Two thermo-
dynamic cycles are evaluated to cover all possible sources of energy in
thermal plants, the Rankine and combined cycles. The facilities are
modeled in detail from a process perspective to compute the power
production, the cooling needs, the water consumption and the tower
structure. Due to the effect of weather conditions on the design and
water consumption of the tower, real data of an entire country are used.
Spain is considered as a case study because it is in a vulnerable situation
regarding water availability, presenting regions with moderate

availability together with others where desertification is becoming an
issue [57]. The model is used for a variety of climate regions such as
arid ones in the South West, continental, Mediterranean, Cantabrican
and Atlantic climates and validated against industrial data. This study
also allows developing surrogate models for the quick prediction of the
water consumption and the estimation of the cooling tower sizing and
cost as a function of the location. The rest of the paper is organized as
follows. In Section 2 the methodology for the sustainable design of
cooling towers and the location effect on their water footprint is pre-
sented and the development of surrogates for conceptual design.
Section 3 shows the details of the modelling of the entire facility, from
the power island to the cooling section, including mass and energy
balances, thermodynamics, rules of thumb and geometric constraints.
In Section 4 the main results are discussed. Finally, Section 5 draws
some conclusions.

2. Methodology

NDWCTs are widely used as cooling technology for thermal plants
due to their efficiency [5]. However, their design must address the
structure and water use simultaneously to improve the environmental
footprint of the future energy systems, whose location is linked to the
availability of the resources. This work aims at designing sustainable
cooling towers and also, once installed, evaluating their water footprint
across weather conditions. The analysis presented in this work, as de-
scribed in Section 2.1 of the methodology, evaluates the water footprint
and the cooling tower design associated to the two main thermal cycles
implemented in power plants, regenerative Rankine and combined
cycle. The analysis of each of the cycles is based on a detailed first
principle model of the entire power plant. This model will be developed
and validated versus industrial data to represent the cooling tower,
including structural and gas-liquid contact features, as well as the
thermodynamic cycles. The model itself will be described in Section 3.
Aiming at the optimal sustainable design of the unit and consumption of
water, a mathematical optimization framework is formulated. An

Fig. 1. Climatic regions and locations evaluated. Adapted with permission from [59]
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objective function that considers sustainable parameters of the cooling
tower is developed, as presented in Section 2.2, including the models
described in Section 3 as constraints. The design of the cooling tower is
a different problem compared to the evaluation of the water con-
sumption. The first problem aims at the sustainable design of the
cooling tower as a function of the location, and it is discussed in Section
2.3. The second one, presented in Section 2.4, addresses the effect of the
weather conditions on the water consumption. Finally, for easy use of
the results of this work, Section 2.5 presents the approach used to de-
velop surrogate models to easily estimate the tower size, its cost and
water consumption as a function of the facility location.

Two main results are expected from this work, the geometric design
of the tower and the water consumption when a particular facility is
located at a region. To present the variability in the water consumption
and tower design under different weather conditions, the model is
evaluated in different climate regions across Spain. The regions are
selected so that all the climates are represented in the study. Fig. 1
shows the map of the climatic regions of Spain. To be representative of
cold and warm regions, 10 different provinces within the main climatic
areas are considered, from arid in the southeast, to oceanic in the
northwest including Mediterranean hot, to Mediterranean mild in the
cost, from the continental, to the steppe, covering the places where
current fossil based plants are located. Furthermore, the location of
current nuclear, coal and natural gas facilities, as provided by the
Spanish national electric network, is considered for the selection of the
locations evaluated [58]. The selected locations are represented by stars
in Fig. 2.

2.1. Models structure of the thermodynamic cycles

This study considers two different cycles to represent most of the
thermal power facilities no matter the energy source. The regenerative
Rankine Cycle, from now on P1, consists of the mass, energy balances
and thermodynamic properties described in Sections 3.1 and 3.3, see
supplementary material for the full set of equations. This cycle

represents the operation of a conventional coal, any fossil fuel as well as
concentrated solar (CSP’s) and biomass power plants. This model is
written in GAMS® with around 220 equations and similar number of
variables. For the combined cycle, P2, the model includes the gas
treatment and the gas turbine while the Rankine cycle is modified so
that the energy source is the hot flue gas from the gas turbine, as pre-
sented in Sections 3.2 and 3.3. A combined cycle can be used with
natural gas, shale gas, syngas or biogas. Furthermore, it can easily be
extended to biomass or coal by integrating a gasifier into the process.
The model is larger, around 778 eqs. and 971 var., and it is also written
in GAMS®.

2.2. Objective function

For the sustainable design of cooling towers, a number of criteria
must be considered including costs and environmental impact. The
Renewable Process Synthesis Index Metric (REPSIM) [60] is used to
develop an objective function so as to simultaneously account for the
emissions saved when substituting current coal based facilities, the
emissions due to water consumption, both translated into cost using the
carbon tax and the investment cost of the materials such as the shell of
the cooling tower and the heat exchanger of the cooling system. Thus,
the objective function becomes Eq. (1).

= − + +

+ +

t

C W CO τ Water CO τ

C Volume C Volume C

Cos

( · · · ) 1
3

( · )

TAX total C

Shell Shell Wood Filling HX

2 2Power Water

(1)

The emissions due to the cooling tower shell and its packing can also
be computed. However, since the emissions due to the material are also
related to the volume of concrete, as well as its cost, it is decided not to
consider both to avoid double counting of the volume of the material in
the objective function. The emissions and costs due to the different
items are taken from the literature as well as the carbon tax, see Table 1

Fig. 2. Flowsheet of the facility based on a regenerative Rankine cycle.
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2.3. Cooling tower design problem.

The design of a unit consists of defining the features so that it is
flexible to operate over time. Therefore, the sustainable design of the
cooling tower is performed optimizing P1 and P2 using Eq. (1) as ob-
jective function following a worst case scenario approach over the time
horizon of a year. The worst case corresponds to the month with the
most complex conditions for the tower to operate, typically the one
with the lowest temperatures and largest humidity, resulting in the
need for a larger tower size. The tower height and the materials cost are
evaluated as a function of the plant production capacity, the pressure,
temperature and humidity. The problems are solved using a multi-start
optimization procedure with CONOPT as the preferred solver. The
model is validated versus industrial data. To evaluate the effect of the
production capacity on the tower size and cost, different power plant
sizes for the 10 locations are considered. For the regenerative Rankine
cycle 6 plant capacities are used from 40 to 450 MW. For the combined
cycle, a more efficient cycle, 5 plant sizes from 100 to 450 MW are used.

2.4. Water consumption evaluation

The water consumption of the optimal cooling tower installed under
different weather conditions is evaluated by solving P1 and P2 using Eq.
(1) as objective function. The problems are solved using a multi-start
optimization procedure with CONOPT as preferred solver. In this case,
for both cycles, the power production capacity is fixed to 350 MW, the
typical size of a thermal group in coal based power plants in Spain [63].
The model is also validated versus industrial facilities data. Next, the
actual weather data of the 10 locations over the entire year on a
monthly basis generate a data set of 120 points, each considered as an
independent design condition. Each thermodynamic cycle is evaluated
over the data set to evaluate the effect of pressure, temperature and
humidity on the consumption of water. Note that alternatively, we
could have used a Monte Carlo approach to generate the set of com-
binations of the independent variables. However, by using real data, the
results are expected to be more representative and allow presenting the
water consumption across Spain to see the effect of the location of the
facility on the use of water.

2.5. Surrogate model development

The use of the detailed models given by P1 or P2 may not be easy for
early stage analysis and conceptual design. The data obtained from the
optimization of the cases described along the previous two paragraphs
are used to develop surrogate models for quick estimation of the tower
geometry, its cost and the water consumption as a function of the
weather conditions and the power plant capacity. The fitting is carried
out suggesting a non-linear multivariable model that is adjusted to the
results of the detailed model minimizing the error of estimation using a
reduced gradient method in GAMS®. These correlations can be im-
plemented within the current tools [40,41] to estimate the performance
and the cost of the NDWCT.

3. Process model

This section is divided into the evaluation of the power islands of

two different thermodynamic cycles, regenerative Rankine, and com-
bined cycle, and the detailed design for the cooling tower. P1 defined in
the Section 2 consists of the models described in Sections 3.1 and 3.3
while P2 includes the processes depicted in Sections 3.2 and 3.3.

3.1. Rankine cycle analysis

The Rankine cycle is modeled unit by unit as presented in Fig. 2.
Mass and energy balances and detailed thermodynamics are used, see
supplementary material for the modelling details. Here, only the major
assumptions are presented.

The source of energy can be a fuel, where a boiler is used, or a solar
field. For a regenerative Rankine cycle two stages are considered,
production of superheated steam and steam reheating. In case a fuel is
used, both steps take place within the boiler. However, in the case of
CSP plants, a series of heat exchanges are used to heat up, evaporate
and overheat the steam and another heat exchanger is used for the
regenerative section of the cycle. The overheated steam is fed to the
turbine. This unit is modeled as consisting of high, medium and low
pressure sections. The pressure range of operation for each section of
the turbine is taken from the literature. In the literature the high
pressure turbine typically operates from 40 to 126 bar [31,64]. Thus, a
range from 90 bar to 125 bar for the steam being fed to the turbine is
considered. The high pressure superheated steam is expanded into a
medium pressure. A range from 11 to 35 bar is allowed based on data
from the literature [31,65]. A fraction of the stream is used as an ex-
traction to reheat up the condensed steam and the rest is expanded in
the low pressure turbine. This last pressure ranges from 0.05 bar to
0.31 bar [66,67]. It is also an optimization variable within the range of
0.05 to 0.35 bar. This stream can contain a small amount of vapor, up to
8%. Each turbine, low, medium and high pressure, is modeled similarly
considering a non-ideal isentropic expansion. The expansion of the
steam in the different turbines is assumed to have an isentropic effi-
ciency of 0.9 [68]. The enthalpies and entropies are computed using
surrogate models as a function of the pressure and temperature devel-
oped in previous works [42,68]. The total energy obtained in the
system to be optimized is the sum of the ones generated at the three
bodies of the turbine

3.2. Combined cycle analysis

From a gas fuel, the process consists of a treatment stage to remove
sulphur hydride and other traces of undesirable species including am-
monia, particles or CO2. Next a gas turbine is used. The model for the
gas turbine consists of four sections. The compression stages of air and
fuel, a combustion chamber and a final gas expansion. Multistage
compression with intercooling are used to model both assuming poly-
tropic compressors, Eqs. (2)–(3). The polytropic coefficient, z, is taken
to be 1.4 based on an offline simulation using CHEMCAD®. The effi-
ciency of the compressor (ηc) is assumed to be 85% [69]. A maximum
gas pressure of 40 bar is considered.

⎜ ⎟= +
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−
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R z

z η
P
P

W ( )·
· ·(T )
((MW)·( 1))

1 1Compressor
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c

out compressor
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( )

/ /

/

z
z

1

(3)

The combustion chamber is modeled as an adiabatic furnace based
on the stoichiometry of the combustion of the species with an excess of
air. The excess is used to control the final temperature before expansion
so that it is below 1600 °C, the typical upper bound for gas turbines.
Complete combustion of all the species is assumed. The model is flex-
ible so that not only natural gas but also biogas or syngas can be used,
in case syngas is produced via biomass gasification.

Table 1
Parameters of the emissions and cost objective function [25,61,62]

CO2 Emissions Cost

Power 0.632 kg/kWh 50 €/t Carbon Tax
Water Consumption 0.3 kg/m3 50 €/t Carbon tax
Concrete Shell 0.41 kg/L 200 €/m3 [20,52]
Tower filling 1.33 kg/L 25 €/m3 [20,53]
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The hot gas is expanded in a turbine to obtain power. This last
section of the gas turbine is modeled as a polytropic expansion, with z
equal to 1.3, computed offline with CHEMCAD®, and with an efficiency
of 85% [69]. The exhaust gas is used within a regenerative Rankine
cycle that is modeled similarly to the one described in Section 3.2, but
for the heat source that corresponds to the hot flue gas that generates
the steam in HX8, HX19 and HX4 and overheats the expanded steam
from the high pressure turbine in HX5. The rest is the same as for the
previous case. Fig. 3 shows the flowsheet used to model the combine
cycle plant.

3.3. Cooling tower design

The operation of the cooling tower depends on the gas-liquid con-
tact provided by the packing. An analysis of the mass and energy
transfer in this region is performed to evaluate its design. Further de-
tails of the model can be found in the supplementary material and in
previous work [42]. The height of the packing is computed as given by
Eq. (5), that is developed based on an energy balance to the packing.

∫=
−

P f
k A S

dh
h hHeight

air

y h

h

i1

2

(5)

Mickley’s method is used to solve the performance of the tower as
described in previous work [42]. The operating line is determined by an
energy balance between the air and the water flows, resulting in Eq. (6).

−
−

= = L
V

H H
t t

f
fair

2 1

L,2 L,1

Wa

(6)

The water flow, fWa, that is used to condense the exhaust steam from
the turbine, is calculated from the energy balance to HX5, see supple-
mentary material. The cooling water is heated up at most 8–10 °C across
the heat exchanger, based on rules of thumb [70–72].

⩽ − ⩽t t8 ( ) 10L in L out, , (7)

where tL,in is the temperature of the water to be cooled and tL,out the
final temperature of the water. The operation of the cooling tower

requires a minimum flow of air, typically from 1.3 to 1.5 times the
minimum given by the profile of the humid air enthalpy [66], calcu-
lated based on the inlet and outlet conditions of the air and water.

The water flow is cooled because a fraction is evaporated. Rules of
thumb are used [72] to establish the lower bound of the water losses of
the system, FE, that determines the water make-up to the system and the
humidity of the air exiting the cooling:

⩾ −F f t t1.8·0.00085· ( )E Wa L in L out, , (8)

The temperature of the air leaving the tower is calculated as the
final temperature of the profile along the cooling tower. The Lewis
relationship, Eq. (9), based on an energy balance [71], relates the op-
eration line with the equilibrium line determining the temperature of
the air.

−
−

= −H H
T t

h
k

i

i L

L

y (9)

Even though the ideal operation suggests that the slope (-hL/ky) is
–inf, it typically ranges between −3 and −10. The profile of the air
temperature is computed as the ratio of the change on enthalpy and
temperature as it exchanges moisture with the liquid flow Eq. (10).

−
−

=(H H)
(T T )

dH
dT

i

i g g (10)

The mass transfer coefficient, ky, is computed using the correlation
given by Coulson & Richardson [73] assuming that the contact area
provided by the fillings is constant and equal to 250 m2/m3, where Gflux

and Lflux are the cross sectional flows and S the specific contact area.

= ⎛
⎝

⎞
⎠S

k 2. 95 ·(G ) ·(L )y flux
0.72

flux
0.26

(11)

The specific flows across the contact region are computed per the
gas and liquid flows and the actual area

= ⎛
⎝

⎞
⎠

A π D
4

· base
2

(12)

=
f
A

G ;air
flux (13)

=
A

L fWa
flux (14)

To compute the column diameter, a bound related to the height of
the packing is added,

⩾ PD 5· ;Base Height (15)

The design of the structure of the cooling tower aims to provide
enough driving force to allow the air flow across the tower. The driving

Fig. 3. Scheme of the flowsheet for a combined cycle.
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force, ΔPGenerated, is given by buoyancy, Eq. (16).

= −P T g ρ ρΔ · ·( );Generated Height g in g out, , (16)

where Theight is the total height of the tower, g is gravity and ρg the air
density. Assuming ideal gases, the air density across the tower is
computed as follows:

⎜ ⎟= ⎛
⎝

+ ⎞
⎠

ρ
M

Y
M

RT
p

1
g

air water

g

(17)

The driving force generated by the parabolic structure must be en-
ough to counterbalance the pressure drop generated across the support
of the tower, the contraction as the air enters the structure, the packing,
the pressure drop generated by the water spray generated to cooldown
the water and that of the mist eliminator [24,25], see Eq. (18).
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The driving force should be, at least, 10% larger that the pressure
drop across the tower.

⩽1.1·ΔP ΔPLoss Generated (19)

The geometry of the cooling tower is that of a hyperboloid [4], see
Fig. 4. Thus, the dimensions involved in the pressure drop must comply
with that geometry where each section of the hyperboloid, ZH and Zu, is
computed using eq (20) where di is the diameter at Zi, dt is the largest
diameter.

− = ∀ ∈
d
d

Z
b

i u H1 { , }i

t

i
2

2

2

2 (20)

The total height of the tower, THeight, is given by adding the three
sections in Fig. 4, where hc is the height of the opening for the air fed to
the CT.

= + +T Z Z hHeight H u c (21)

Further constraints based on rules of thumb are imposed to avoid
unstable designs [25]. Almási suggested typical ratios for the dimen-
sions of the shell as shown in Eq. (21) [74].

⩽ ⩽
⩽ ⩽

⩽ ⩽
⩽ + ⩽

⩽ ⩽

D r D
D r D

D CT D
D Z Z D

D Z D
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0.61· 2· 0.73·

1.25· 1.5·
1.1· 1.3·

0.92· 1.02·

base t base

base H base

base Height base

base u h base

base u base (22)

Diameter ratio to prevent cold inflow around 0.58 is recommended
[38]. The volume of the concrete in the tower shell can be approxi-
mated by

= +V π r r t T
2

(2· 2· )· ·Shell u H s Height (23)

where ts is the thickness of the cooling tower shell and it is computed
based on data from actual columns where tratio is 0.0023 .

=t t Ds ratio Base (24)

The capital cost of the tower shell is approximated by Eq. (25).

=C V ·Cs Shell conc (25)

where Cconc is the cost of concrete per unit volume, which includes the
cost of construction.

The cost of the fill is given by

= = ⎛
⎝

⎞
⎠

C V C π D P C·
4

· · ·fill fi fi base Height fi
2

(26)

where Cfi is the cost per cubic meter of fill. See the Table 1. A detailed
implementation of the CT model can be found in [35].

3.4. Water consumption

The water lost by the operation of a cooling tower is related to the
recycle ratio, known as cycles of concentration (COC). Industrial
practice uses COC’s from 3 to 7 [75]. A value of 6 is assumed for the
calculations. The water lost is due to the blow down losses, FB, the
evaporation losses, FE and the drift. FD. Drift is expected to be negligible
in newly designed towers. FB losses is computed as a function of the FE
as follows

= −F F /(C.O. C. 1)B E (27)

Thus, the lost waster is computed by Eq. (28)

= +F F FM E B (28)

4. Results

The results section is divided into three major subsections. First,
major operating characteristics of the power cycles are presented,
Section 4.1 that will help present the different water consumption and
cooling tower size for the two thermodynamic cycles. Next, in Section
4.2 the design problem is addressed, by presenting the geometric fea-
tures of the cooling towers required across different climates are pre-
sented and validated versus real plant data. In addition, the effect of the
weather conditions on the tower height, the characteristic variable of
the cooling tower, and on the cost is evaluated and validated. Finally,
surrogate models are developed for quick estimation of both. The final
section of the results focuses on the water-energy nexus, Section 4.3.
The effect of the weather conditions on the consumption of water is
analyzed and once validated, surrogate models are developed as a
function of temperature, humidity and pressure.

4.1. Operation of the renewable based thermodynamic cycles

In Section 2, the thermodynamic cycles, regenerative Rankine and
combined cycle, that are used for power production in thermal plants
from not only renewable resources but also fossil resources are de-
scribed. Their performance determines the cooling needs. The major
results of the operation of both cycles are reported in this section in the
form of cooling requirements. Table 2 shows the cooling load required
per kW of power produced and, in the case of the combined cycle, the
contribution of each of the two turbines towards the power plant

Fig. 4. Scheme of the structure of the cooling tower.
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operation, steam turbine production corresponds to 45% of the total
power obtained in the combined cycle. It is important to note that the
energy integrated within the combined cycle reduces the cooling needs
almost by half. This fact will not only determine the tower size but also
the consumption of water related to that particular cycle and raw ma-
terial as it will be presented in the following sections.

In addition, it is fairly straight forward to use the models presented
in Section 2 to compute the power-to-feed ratio. Table 3 shows the
operation of the Rankine and the combined cycle from different re-
newable resources. The power produced per kg of raw material using
the Rankine cycle is computed based on the LHV of the biomass/bio-
waste. Alternatively, biomass can be used within an Integrated Gasifi-
cation Combined cycle (IGCC) scheme via the production of biosyngas
from biomass. Using the model developed by Vidal and Martín [63], the
syngas composition and flowrate per kg of biomass used can be calcu-
lated. Biosyngas composition can be fed to the model described in
Section 2 for the combined cycle to compute the yield to power, see
Table 3. Note that the use of biosyngas is more efficient than using
directly the biomass, due to the water decomposition within the process
to generate hydrogen. Instead of syngas or natural gas, biogas without
upgrading can also be used as raw material for the combined cycle. The
composition of the biogas before upgrading is computed from [68]. By
optimizing the model presented in this paper, it is possible to compute
the power obtained per kg of waste, see Table 3. These ratios represent
the operation of power facilities based on renewable resources that
together with the water consumption provide the basis for the cap-
abilities of using waste and biomass in the transition of the power in-
dustry. For further information of CSP plants we refer to previous work
[37,42]. .

4.2. Sustainable design of cooling towers

4.2.1. Geometric design across climates
Cooling tower sizing and costing in typically based on cooling load

[41]. However, the weather conditions play an important role on the
operation and also on the water-energy nexus [37]. For tower sizing, as
described in Section 2.3, the worst case scenario is used at the 10 dif-
ferent places. Evaluating summer and winter, it turned up that January
was the most challenging month in terms of the operation of the cooling
tower due to the cold weather and high humidity of the air. The tower
size across Spain is computed. Analyzing the results, several conclu-
sions can be drawn. It was found that the major tower dimensions can
be related to the tower height that can be used as characteristic variable
of the tower size. Using it as a reference, a number of ratios between
geometric variables are computed representing the main tower fea-
tures. Table 4 shows the results. These ratios held in all designs. It is

possible to see that the tower height is suggested to be 25% larger than
the base diameter. Another interesting feature is the ratio between the
base and the top diameters. Typically, the top diameter is 60% that of
the base. In addition to the geometric ratios, the effect of the climate on
the tower size is represented in Fig. 5. As it was expected, the tower size
increases with the production capacity, since larger cooling needs are to
be removed, see also Table 2. However, it is more interesting to see the
effect of the site, given by the temperature, humidity and pressure, on
the tower height. In general, larger towers are required towards the
South-East. The lower the relative humidity and the higher the tem-
perature, the larger the tower size. Evaluating the tower cost as a
function of the site, the trends and conclusions are similar to those
presented for the tower height because the tower size can be re-
presented by its height as shown in Table 4. Note that CSP facilities are
being built to the South and South-East because of the high solar in-
cidence. The location of CSP plants shows a tradeoff between power
produced and the cost in cooling facilities [37,44].

The geometric ratios presented in Table 2 are compared with two
industrial towers whose geometry is reported in detail in the literature
[21]. The height to diameter and the top to bottom diameter ratios are
1.38 and 1.72 for the Gundremmingen tower in Germany and 1.48 and
1.53 for the 200 m tall project. Both ratios are close to the ones reported
in Table 2 of 1.25 and 1.64, validating the model results. However, a
more sustainable design shows values in between the values of the two
industrial towers. With regards to the heights of the difference sections
of the tower, the optimization reports values of 0.13 and 0.77 respec-
tively. For the Gundremmingen tower the values are 0.22 and 0.70,
while for 200 m tall one, ratios of 0.3 and 0.64 are reported. The bottom
section is always larger than the top one, but a more sustainable design
suggests a taller lower section.

4.2.2. Simplified models for tower sizing and costing
The results show that the tower size depends on the weather as it

was presented in Fig. 5. To provide with information at an early stage
and for conceptual level design, surrogate models are developed to
estimate tower size and cost as a function of the production capacity of
the facility and the weather conditions. Since the tower can be char-
acterized by its height, see Table 4, the tower sizing can be carried out
by developing a surrogate model of the tower height as a function of the
power plant capacity, the pressure, the temperature and the humidity.
The rest of the dimensions are computed from the ratios presented in
Table 4. This surrogate model can be implemented in any design tool,
i.e. [40,41] for conceptual tower design and costing. Note that the
Rankine and the combined cycles have several differences and show
different tower sizes. Therefore, two sets of surrogate models have been
developed, one set per cycle, to characterize the tower height and its

Table 2
Thermodynamic cycle cooling needs.

Definition

Cooling rate to power (Rankine Cycle) 1.18
Cooling rate to power (Combined Cycle) 0.56
Cooling rate to power

Including gas turbine cooling
(Combined Cycle)

0.67

Steam turbine contribution (Combined Cycle) 0.45

Table 3
Renewable based power plant yields.

Raw material Rankine Combined cycle

Biomass 6757 kJ/kg of wet biomass Syngas comp. (CO2 = 0.013; CO = 0.898; H2 = 0.089)
7663 kJ/kg wet biomass

Biogas NA Biogas comp. (Wa = 0.12; CO2 = 0.47; CH4 = 0.385; N2 = 0.02; O2 = 0.006; NH3 = 0.000)
3023 kJ/kg food waste

Table 4
Major rules for cooling tower design (40–450 MW)

Definition

Tower height to Base diameter 1.25
Tower height to entrance height 10.41
Base diameter to Opening diameter 1.64
Zh to tower height 0.13
Zu to tower height 0.77
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cost. In the case of the regenerative Rankine cycle, Eq. (29) shows the
correlation developed, while for the combined cycle, the correlation is
presented in Eq. (30), where the temperature (T) is in Celsius
(3.2–11.38 °C), the relative humidity (H = 0.64–0.82) is given as a
fraction, the pressure (p = 0.89–1) is in atm and Power ranges from 40
to 450 MW.

= − − +

− +

+ + − − +

+ +

+ − + + −

− +
+ + − + −

− − +

− + + −

− − +
+

− − −

− −

−

−

T m T H p

T H T p

H p T H p
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H p T H T p H p

T
H p Power T

H p

T H T p H p T

H p
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(1.5485·10 ·

21.8527· 32.4850· 3.5460· · 0.1973· · 210.8925· ·

3.1559·
139.613· 223.761· 148.1987)· ( 1.9657

1336.49058· 2991.472·

178.296· · 215.8447· · 10534.978· · 34.1144·

6522.0254· 4220.9457·
4712.888)
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5 2 2 2 3 2

3 3

3

2 2 2

2 2

2

2 2

(29)

To validate the detailed model presented in Section 2 and Eq. (29),
the two cooling towers of the La Robla power plant and the three ones
corresponding to Andorra power plant are used. The two towers of the
La Robla power plant serve two different groups of 284 MW and
370 MW each. The plant is located in the North-West of Spain, close to
the city of León. The technical leaflet shows 100 m per tower [76]. Note
that the height reported is the same but one of the groups has almost
25% larger production capacity. This correlation assigns 117 m and
128 m for the design condition of January. For the Andorra power
plant, located in Teruel, the literature reports 107 m high and 81 m
base diameter per group of 350 MW [77]. Eq. (29) overestimates again
the height, 130 m, but the industrial tower matches the ratio between
tower height and diameter given in Table 2. The overestimation may be
due to the fact that in Eq. (19) the draft must be 10% larger than the
pressure drop together with the fact that the packing of the towers is
not reported and it can be different than the one used in the model.

Fig. 5. Tower size (Height (m)) across the climatic regions por different production capacities (MW). Blue: Rankine; Red: Combined cycle.
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Eq. (30) is used to estimate the height of the tower of the Elcogas
power plant. It is a combined cycle facility with a production capacity
of 350 MW that had a natural draft cooling tower of 86 m of diameter
and 122 m high [78]. For the design conditions of January at Puerto
Llano, Ciudad Real (Spain), Eq. (30) predicts a tower size of 142 m. As
in the case of the Rankine cycle, the correlation overestimates the size
to make sure there is enough draft.

Similarly, correlations for the cost estimation of the cooling towers
for the two different cycles are developed so that they can be used in
conceptual design and/or implemented in current tools, i.e.
[40,41,67,72]. The tower cost is estimated using Eq. (25) as presented
in Section 2. For the regenerative Rankine the surrogate model is shown
in Eq. (31), where the variable “Power” is given in kW and the rest of
the variables are computed within the same ranges presented for Eqs.
(29) and (30). Fig. 6 shows the fitting of the optimization results. The
fitting is good, the correlation between the estimated and the computed
values, R2, is 0.9, but there are a few points with an error beyond 20%.
Note that the cost estimated corresponds to the unit alone as given by
[24].
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A similar analysis is carried out for combined cycle based power
facilities. To capture the plant production capacity, Eq. (32) is devel-
oped, and Fig. 7 shows the fitting. In this case the fitting is better, with
almost all values within 20%. The correlation between the estimated
and the computed values, R2, is 0.92.
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The cost of the construction of the unit includes the civil en-
gineering, excavation, tunnels, electrics, etc. The value computed from
Eqs. (31)–(32) only corresponds to the material as given by [24].
However, to compute the investment cost of the cooling tower, a ratio
from the literature is used. It is reported that the direct cost of the

project is around 10 times that of the tower itself [79,80]. Using this
correction, for the average value of each capacity within the range
40–450 MW the cost is compared with the updated values from the ones
estimated from Matche [41] and from the EPA [81]. In the supple-
mentary material it is possible to see that while Matche [41] under-
estimates the costs, the correlation from the EPA consistently reports
higher values. The average values for each capacity computed by the
correlations are consistently in between. Note that neither of the esti-
mations from the literature can cope with the effect of the weather
conditions nor it is possible to know the exact weather conditions for
which the towers estimated with the literature correlations are de-
signed.

4.3. Water consumption in renewable based plants.

4.3.1. Water consumption across weather conditions
Apart from the structural design of the tower and its costing, water

consumption is a major issue in the power industry [1–3,82–84].
Computing the consumption of water allows evaluating the water-en-
ergy nexus in the power industry as a function of the location of the
facility as a first stage to evaluate the water footprint of any power
system. The model described in Section 3 is used to determine the
consumption of water for the two cycles, the regenerative Rankine and
the combined cycle, for a set of weather conditions including air tem-
perature, humidity and pressure.

To validate the models water consumption data from 18 towers
from thermal power plants from the literature, 12 coal based gropus
and 6 using natural gas, located in US [85], South Africa [9] Spain [86]
and China [85,87] are compared with the ones predicted the model, see
Table S1 in the supplementary material for the actual values. Using the
average weather for each of the locations and Eqs. (33)–(34), the water
consumption is estimated and compared with the ones reported. Note
that the cycles of concentration (COC) must be corrected in some cases
since the model in this work used 6. It is important to highlight that in
some cases the COC value is not reported and the same value as in the
model is assumed. Fig. 8 shows good agreement between the predicted
and the reported ones in the case of combined cycle, while in the case of
the Rankine cycle the values are underestimated unless drift is con-
sidered, blue symbols in the Figure. Note that while combined cycle
facilites are newer, most coal based ones are older. More efficient
cooling towers are explected for newer facilites. In addition, in the
model description it was assumed that the drift was expected to be
neglibible. Using a parameter estimation approach, the average drift of
all the towers is 0.006 of the water flow fed to the column, see orange
cycles in Fig. 8, with a R2 of 0.85. It is a value lower than the one
suggested by the rules of thumb [72], around 0.01, but still not negli-
gible. Note that even thought it is not a good value, the results are

Fig. 6. Fitting of the effect of weather on cooling tower costs. Rankine cycle.
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within 15% error using generic settings for the cooling towers. Alter-
natively, the model can be used to simulate a particlar tower by using a
parameter estimation approach as long as detailed data of its operation
is provided including packing features and profiles of its operation.

Using the 10 locations and considering the weather of each month
as an independent design condition, both cycles are studied for a fixed
power production capacity of 350 MW. Drift is considered negligible.
Fig. 9 presents the water consumption across different weather condi-
tions in Spain. The integrated design of the combined cycle results in a
reduction of water consumption almost by half with respect to the re-
generative Rankine one, see Table 2. In terms of the effect of the
weather conditions, the consumption of water increases to the South-
East due to the humidity and temperature of the places. The higher the
temperature, the larger the consumption of water. But humidity also
plays a role. As a result, the water footprint of a power system where
biomass thermal plants and CSP facilities have a high share is de-
termined by the availability of the biomass, the solar incidence and the
water to be consumed while operating the facility. Avoiding the Med-
iterranean coast will reduce water consumption, because of the high
humidity coupled with high temperatures. Also at the North, char-
acterized by high humidity, water consumption increases. Note, how-
ever, that water consumption must be relative to its availability, as
exposed in the literature [60].

The results showed in Fig. 9 for the Rankine cycle range from 1 to
2 L/kWh, within the ones reported in the literature. In particular, while

typical values from 1.8 L/kWh [82] to 2.6 L/kWh [8] are reported in
the literature for coal thermal plants, values of 2.7 L/kWh and 3.2 L/
kWh [82] are shown for nuclear and CSP plants respectively confirming
the variability of the model results and the fact that CSP facilites are
located in regions where they require larger consumption of water as
well as the lower efficiency of the thermodynamic cycle. Furthermore,
it can be seen that when a particular region is analyzed, see the state of
Texas, the water consumption varies from location to location from
0.54 to 5.87 L/kWh [82] with an average value of 2.1 L/kWh [82].
With regards to the combined cycle, the consumption of water is around
0.8 L/kWh, see Fig. 9. In the literature values of 1 L/kWh are found for
combined cycles [11,81]. In particular, for natural gas combined cycles
values in the range of 0.7 L/kWh [82] to 1.4 L/kWh [8] are reported,
for an average value of 1 L/kWh, while for integrated gasification
combined cycle values of 1.3±0.4 L/kWh are shown in the literature
[82]. For the state of Texas the average water consumption from
combined cycle plants is 0.9 L/kWh [83]. In the literature the results for
US consumption of water in the thermal production of electricity is
1.25 L/kWh on average, with a range from 0.7 for combined cycles to
2.0 for steam turbine when using cooling towers [84]. Thus, the results
obtained in this work are within the ranges reported validating the
model. Note that in the case of the combined cycle, only the stream
from the steam turbine is condensed and both, the gas and the steam
turbines, are responsible for the production of power.

4.3.2. Surrogate models for water consumption
The interactions between the variables prevent from a simple re-

presentation of the effect of the variables on the consumption of water.
Using the set of results, surrogate models to estimate the water con-
sumption as a function of the weather conditions of the site for both
cycles are developed. As in the case of tower sizing, the aim is to pro-
vide easy to use models that can be useful in conceptual design, i.e.
[40]. For the regenerative Rankine cycle, the surrogate model to com-
pute the water consumption is given by Eq. (33), where the range of
application is for the temperature, 3.2–32.4 °C, for the pressure,
0.89–1 atm, and for the humidity, 0.41–0.83. The good fitting can be
seen in Fig. 10, with a correlation between the values estimated by the
surrogate model and the computed ones by the detail one, R2, is 0.94.
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Similarly, for the combined cycle, the correlation given by Eq. (34)
is developed. The fitting is also good, as it can be seen in Fig. 11, with a
correlation between the values estimated by the surrogate model and
the computed ones by the detail one, R2, of 0.92.
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3
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5. Conclusions

In this work a mathematical optimization framework is developed
to conceptually compute the geometry of wet cooling towers and the
water consumption rates for the sustainable design of the new power
system where different energy sources and thermodynamic cycles are
used. As a case study Spain has been used, a country very sensitive to
water stress issues.

The optimal sustainable design of the tower results in the

Fig. 7. Fitting of the effect of weather on cooling tower costs. Combined cycle.

Fig. 8. Comparison between average water consumption and estimated one for
different locations. Square: Combined cycle; Circle: Rankine. Blue: No drift;
Orange: Drift.
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Fig. 9. Water consumption (L/kWh) across the climatic regions for 350 MW over the design conditions. Blue: Rankine; Red: Combined cycle. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Water consumption fitting. Rankine cycle. Fig. 11. Water consumption fitting. Combined cycle.
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development of design guidelines in terms of geometric ratios that re-
duce material use and tower cost, maintaining tower performance and
reducing water consumption. The geometry is validated versus actual
towers; however, a higher lower section of the paraboloid is suggested
from the analysis. Moreover, water consumption has been validated
versus industrial data. Using the validated model, the operation of
cooling towers across different climate areas is analyzed. It was shown
that for the same production capacity, larger towers are to be installed
to the South-East, where high temperatures and sometimes also mod-
erate to high humidity are found. As a result of the weather conditions
higher water footprint is reported also to the South-East. A large scale
analysis comparing different cooling technologies would be needed to
decide on the selection of the location of new facilities and their cooling
system.

The analysis also allowed developing surrogate models to compute
the water consumed, the tower size and its cost as a function of the
humidity, the temperature and the atmospheric pressure for different
power plant sizes. These correlations are useful to estimate the water
stress of the energy transition from current fossil and nuclear based
power to renewable one as well as to evaluate the water footprint of the
next power production system where solar energy will play a key role.
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