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Abstract: Climate change and the increase of the consumption of energy resources are expected to
further strain anticipated water stress scenarios. The operation of existing thermal plants depends
greatly on their cooling capacity, for which large amounts of water are withdrawn and consumed.
Dry-cooling systems, on the other hand, do not require water, but they are less efficient and more
expensive relative to conventional water-based systems, because of their dependency on the ambient
temperature. This paper introduces the new idea of replacing water-based cooling systems in thermal
power plants with earth-cooling air tunnels. Based on the concept of existing earth-air heat exchangers,
the system takes advantage of the low and relatively constant underground temperature for cooling
ambient air before it is introduced in the air condenser of the plant. In this work, we present an initial
design of such an open-loop system for a 20 MW concentrated solar power plant. A sensitivity study
of both geometric and flow parameters is realized using computational fluid dynamics simulations.
Under the requirements of the study, we find that a system using a design of pipes with 0.5 m
diameter and about 300 m length can be considered a technically viable zero-water alternative to
water-cooling technologies.

Keywords: cooling systems; air-cooling systems; power plants; climate change; zero water use;
water scarcity

1. Introduction

One of the main activities that contributes to climate change is power generation, due to the
emissions caused by the burning of fossil fuels [1]. In turn, climate change has a great influence on
power generation: the availability of resources, the power output and operational efficiency and the
overall associated socioeconomic costs. The efficiency of thermal power plants is expected to decrease
by about 0.4%–0.7% per rising degree of temperature and the global annual capacity could be reduced
by about 7%–12% by 2050 [2]. Furthermore, population increase, urbanization, deforestation, and the
expected increase of the consumption of valuable resources (especially by developed and developing
countries) also call for actions to mitigate the emission of greenhouse gases. The cycle of water has been
clearly altered and its availability and accessibility have been predicted to be limited in the following
decades. The redesign of systems using resources like water, therefore, is one of the actions we are
called to take.

Mean river temperatures are expected to increase annually by 1.3 ◦C, 2.6 ◦C, and 3.8 ◦C with air
temperature increases of 2 ◦C, 4 ◦C, and 6 ◦C, respectively [3]. The increase of greenhouse gases will
reduce the reserves of freshwater with rivers and aquifers drying up, and the melting of ice sheets will
furthermore escalate the sea level, as well as the salinization of freshwater. Extreme weather events are
expected to occur more frequently, with land and water resources being damaged through erosion and
pollution. According to Olsson et al. (2015) [4], global water availability may decrease by more than
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10% with a temperature increase of 2–3 ◦C. The exact regional effects will vary, but dry ecosystems
are expected to suffer the most, while wetter areas are expected to become even wetter. In addition,
the quality of freshwater will deteriorate due to environmental pollution. All these issues will cause
significant socioeconomic impacts related to competition for water accessibility that will increase the
value of water even further. This might lead to conflicts between countries, as well as big migration
movements. Demands for water, energy and food are expected to increase by 40%, 50%, and 35% by
2030, respectively. Various methods to address the water-energy-food nexus, both qualitative and
quantitative, are exposed by Endo et al. (2015) [5]. At the same time, 3.6 billion people live in areas
with a high water-scarcity risk during at least one month per year, while 1.8 billions of these people are
currently affected by desertification [6]. Water stress is considered one of the main issues to tackle in
order to achieve the millennium development goals [7]. Water stress occurs when water availability is
lower than the water demand. The United Nations defines water stress when annual water availability
drops below 1700 m3 per person, and water scarcity and absolute scarcity when water availability
drops below 1000 m3 and 500 m3, respectively [7].

Power generation requires large amounts of water mainly for cooling purposes, upon which
the efficiency and power output of thermal plants greatly depend [8]. Cooling is a necessary step of
the Rankine cycle for condensing the steam after it is expanded in a steam turbine connected to an
electricity generator. Water may be withdrawn (removed from a water source and returned after used)
and consumed (evaporated, transpired or incorporated to a circuit or product) [9]. In Europe, about
43% of water withdrawals are used for thermal power generation that generates 78% of the electricity
demand. In the United States, these numbers are about 39% and 91%, respectively [3]. In China, 84%
of total water withdrawals are consumed in thermal power plants. Globally, 10% of water withdrawals
are used in thermal power plants for the generation of 80% of the total power required [10].

Existing wet-cooling technologies (direct or once-through and indirect or recirculating) withdraw
and consume great amounts of water. This also implies great amounts of energy consumption and
damages to the environment, because the used water is heated and polluted [11]. The water dependency
of global power generation supports the importance of the reduction of water use in power plants [12].
Dry systems have the great advantage of almost zero water requirements, but they result in lower
efficiencies and greater investment costs. This is due to their dependence on ambient temperatures
that are usually higher than water temperatures (a higher cooling temperature will result in a higher
pressure at the outlet of the turbine and a lower efficiency of the power plant) [3]. Some thermal plants
may also use hybrid cooling systems that combine the use of water with air, when the water reserves
are scarce.

During the last decades, several water stress situations have shown the dependency of thermal
power plants on water availability [3]. European droughts in 2003 forced France to temporarily shut
down four nuclear stations, generating expenses of €300 million from imported electricity. Droughts
in California from 2007 to 2009 forced the state to burn natural gas instead of using hydropower,
which lead to an additional 12 million tonnes of emitted CO2 and $1.7 billion in extra costs. In India,
in 2012, a delayed monsoon increased the demand of water for irrigation and caused two days of
blackouts for 700 million people, while in Australia, in 2007, the generation of three coal power
stations was curtailed and the price of electricity increased significantly [13,18] Issues caused by water
scarcity during periods of droughts and heat waves have also generated conflicts between sectors and
protests in the United States and India, when thermal plants were prioritized by the authorities for
the withdrawal of water [24]. All mentioned examples show how power generation may be limited
as water resources are impacted by climate change. This may be further emphasized in the summer,
when increased electricity demand for cooling will coincide with lower water availability and higher
temperatures [14]. Van Vliet et al. (2012) estimated a summer average decrease of generated capacity of
6.3%–19% in Europe and 4.4%–16% in the United States for 2031–2060 [15]. Zhou et al. (2018) evaluated
the economic consequences of future water scarcity for cooling by a simulation model [8]. They
calculated a loss of 0.21% of the global gross domestic product in 2070–2095 and they emphasized the
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importance of saving water as an important benefit for climate change mitigation. Reducing the water
dependency of thermoelectric power plants calls for the replacement of once-through cooling systems,
the improvement of recirculating technologies, and a higher implementation rate of dry-cooling
systems [16].

Several published studies in literature have focused on the improvement of cooling systems
without efficiency reductions, including evaluations of their economic feasibility. Three areas of
innovation are highlighted by Stark et al. (2017) [17]: application of inexpensive and high efficient
manufacturing technologies for air-cooling systems, implementation of thermal storage, and the
utilization of outer space as the last point of heat waste. Elberry et al. (2018) analyzed the performance
of an absorption-cooling system when being included into a combined-cycle plant [18]. Other
investigations are focused on the optimization of the cooling water mass flow and on the improvement
of chemical treatments and monitoring systems [10,19]. Ma et al. (2018) optimized a hybrid cooling
system by reducing its total annual costs [20]. The installation of an updraft tower dry-cooling system
with a pumped secondary loop was evaluated by Liu et al. (2017), achieving lower efficiency losses
than those obtained with air condensers [21]. Furthermore, organizations such as the United Nations
and the European Union are also investing in the reduction of water withdrawal and consumption, and
in the improvement of cooling systems [22–24]. Regulations and laws are also necessary for orientating
investments towards the use of recycled water in indirect systems and the selection of dry-cooling
systems in the design of new thermal plants [12].

The present study introduces the novel idea of eliminating cooling-water for power plants through
the use of earth-cooling air tunnels (Earth CATs). The goal is to use the lower and relatively constant
underground temperature for cooling ambient air before it is used to condense the steam that flows
through the air condenser of energy conversion systems. The idea is based on existing earth-air heat
exchangers (EAHE). These systems move atmospheric air with fans through buried pipes and they
are currently mainly used in residential and agricultural applications as a complement or stand-alone
mode for heating, cooling, ventilating, and drying in buildings or greenhouses. The novelty of this
work is the application of EAHE systems to power plants. Such systems require piping arrangements
of a much larger scale than those studied for residential and agricultural applications, implying a
much greater technical system complexity and investment. EAHE systems can be open loop, that
usually have better performance and lower costs, or closed loop, where the thermal fluid is recirculated.
Not only air but also water or specific fluids and groundwater can be used [25]. They have the great
advantage of being passive systems with low energy consumption and no greenhouse gas emissions.
In ref. [26], the installation of an EAHE system, coupled with a high-pressure cooling system working
with organic refrigerants, in a low-to-medium temperature supercritical Rankine plant was studied,
obtaining an increment of 1% in the efficiency of the cycle when R134a was used and reducing the
impact of daily fluctuations of air temperature. A pipe length of 25 m and a diameter of 0.25 m were
considered. In another study, a parametric design of an earth-water heat exchanger (EWHE) for its
installation in the cooling system of concentrating photovoltaic cells was developed [27]. It was found
that incorporating an EWHE could be cost effective and enhance the cooling performance of two
concentrating photovoltaic systems previously analyzed.

Several studies have been used to define the design parameters used in the present work. One-,
two- and three-dimensional models have been developed based on fluid dynamic and heat transfer
basic equations using the k-ε and k-ω models for turbulent flow. These models have been often
simulated numerically with CFD and the obtained results have been validated experimentally. Usually
numerical simulations and experimental results agree well and temperature drops of more than 15 ◦C
have been reached.

Furthermore, Vidhi (2018) observed that the performance of EAHE systems is not improved
beyond 4 m depth [28]. Bisoniya et al. (2014) concluded that the subsoil temperature remains almost
constant after 1.5–2 m depth and that the material of the pipes does not influence the performance
significantly [29]. Materials like polyvinyl chloride (PVC), polyethylene and steel can be used, while,
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backfill materials, e.g., cement, bentonite, concrete, graphite, sand or groundwater, are usually necessary
for vertical arrangements [25,30]. Agrawal et al. (2018) mention that the soil temperature remains
almost constant at a depth of 3–4 m and concluded that the inlet temperature of the air is the most
important parameter to reach high temperature drops, while the diameter of the pipe has the greatest
influence on the heat transfer [31]. By contrast, air velocity and pipe length influence the process less.
Singh et al. (2017) concluded that longer pipes with smaller diameter achieve better heat transfer,
but lead to a higher pressure drop [32]. Typical diameters used are about 0.05–1 m, while lengths of
horizontal pipes are usually 30–70 m. In addition, the thermal performance decreases for high air
velocities (typical values are about 2–5 m s−1) [33,34]. Bansal et al. (2012) observed that the temperature
drop occurs faster at the beginning of the pipes and becomes moderate later [35], probably due to the
higher temperature difference between the air and the soil [36].

Horizontal arrangements buried into a depth of 1–2 m, are usually found to be more cost-effective
and are frequently installed when enough land space is available. Vertical arrangements, on the
other hand, have higher investment cost and the pipes are buried in a depth of 50–150 m to 500 m.
Serial connection has been seen to have better results than parallel, although more pumping power is
required, while better performance has been obtained with spiral loops than with straight tubes [25].
Finally, the distance between the pipes affects the mean fluid temperature [37], and the optimal distance
between tubes is found to be about 1.5 m [38].

The primary objective of the study presented here is to verify if the proposed idea can constitute a
technically viable alternative to existing wet-cooling technologies for a 20 MW solar thermal power
plant. An initial modelling of Earth CATs is developed based on the design parameters of EAHE
systems but on a large-scale. The viability of the idea is analyzed using computational fluid dynamics
(CFD) with the ANSYS® 19 R1 Fluent software, considering the ground temperature of the Iberian
Peninsula (a region susceptible to extremely high water stress) and through sensitivity analyses of the
geometry and flow conditions of the pipes. The parameters studied for the purpose of the work here
are presented in the Section 2 below.

2. Methodology

2.1. Scale of the Design

For the application of Earth CATs, a 20 MW concentrated solar plant is considered. At the inlet
of the turbine of the plant, a pressure of 100 bar and a temperature of 355 ◦C are considered. The
steam exists the steam turbine with a pressure of 0.06 bar and a temperature of 36.2 ◦C. To produce 20
MW under the indicated operating conditions, 16.2 kg s−1 of steam flow are necessary in the Rankine
cycle [39]. With the rise of the air temperature in the air condenser set to 10 K, the temperature
difference between the steam at the outlet of the turbine (36.2 ◦C) and the temperature of the air at
the outlet of the condenser is somewhat higher than 1 K. For these conditions, the air flow rate is
approximately equal to 3956 kg s−1. The temperature of the cooling air at the inlet of the condenser
(that is, at the outlet of the buried pipes) is set to 25 ◦C. Figure 1 shows a simplified scheme of a pipe
connected to the considered air condenser with the flow conditions of both incoming and exiting air
and steam streams.

The design of the system requires electricity for moving the air through the pipes (fans that
compensate for the pressure losses within the condenser and ensure a minimum pressure of 1.1 bar at
the outlet), as well as filters for eliminating dust particles and dryers for avoiding mildew formation
due to condensation of humidity that could damage the pipes. Pressure losses of filters and dryers
are not accounted in this work. All of the electrical requirements accounted for are assumed to be
provided by the power plant itself.
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the distance to the bottom of the soil is 6 m and the buried depth is 4 m. Panel (a) of Figure 2 shows 
the geometry of the model. 
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Figure 2. Geometry and mesh of the model. 
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tetrahedral (soil) and hexahedral (pipe) elements have been used. The element order is controlled by 
the program with a growth rate of 1.2, while curvature and proximity have been captured. An 
automatic inflation with smooth transition has been used. By controlling the element size, the number 
of elements and nodes has been varied in order to get a good quality mesh. In addition, orthogonal 
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Figure 1. Simplified scheme of a pipe connected to the air condenser with the flow conditions of both
incoming and exiting air and steam streams.

2.2. CFD Modelling

2.2.1. Geometry

The ANSYS® geometry software has been used for drawing an open-loop horizontal pipe
surrounded by a rectangular volume representing the soil. Open loop is selected due to its greater
simplicity compared to a closed-loop system, while horizontal arrangement is selected because of its
more cost-effective and easier construction, assuming that enough land space is available around the
studied power plant. The connection between the pipe and the soil is solved by the interference and
the share topology options. The horizontal distance between a pipe and the limits of the soil is 5 m, the
distance to the bottom of the soil is 6 m and the buried depth is 4 m. Panel (a) of Figure 2 shows the
geometry of the model.
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2.2.2. Mesh

For the meshing process, CFD physics and Fluent solver preferences have been selected and both
tetrahedral (soil) and hexahedral (pipe) elements have been used. The element order is controlled
by the program with a growth rate of 1.2, while curvature and proximity have been captured. An
automatic inflation with smooth transition has been used. By controlling the element size, the number
of elements and nodes has been varied in order to get a good quality mesh. In addition, orthogonal
quality and skewness have been analyzed [40]. Panel (b) of Figure 2 shows the mesh obtained for a
specific geometry of the pipe.

2.2.3. Materials and Boundary Conditions

All material properties (shown in Table 2) have been considered isotropic and constant [41].
For the pipe, PVC has been selected based on most references found in literature and because of its
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economical and constructive advantages. No specific properties from a specific type of soil have
been selected.

The boundary conditions set the parameters of the different surfaces comprising the geometry.
Specific parameters have been defined at the inlet and outlet of the pipe, as well as at the wall of the
pipe and the limits of the soil. The inlet temperature of the air is the ambient temperature. As described
in Section 2.1, fans are used to move the air through the pipes and ensure a pressure at the inlet of
the condenser enough to compensate the losses. Therefore, a gauge pressure of 8675 Pa (that is, an
absolute pressure of 1.1 bar) is set as the outlet boundary condition. Regarding the soil, a temperature
of 20 ◦C at 4 m depth is defined as an average estimation for the Iberian Peninsula [42]. The considered
boundary conditions are summarized in Table 1.

Table 1. Boundary conditions of the model.

Boundary Condition Type Parameter Value Material

Inlet Velocity-Inlet Velocity
Temperature

0.1–3 m s−1

Ambient
Air

Air Interior - - Air

Exterior Pipe Wall Wall Thickness
Temperature

10 mm
Ambient PVC

Pipe Wall Wall-Coupled Thickness 10 mm PVC
Outlet Pressure-Outlet Gauge pressure 8675 Pa Air

Soil Interior - - Soil
Soil Wall Wall Temperature 20 ◦C Soil

2.2.4. Solver

A pressure-based and steady-state solution has been calculated. A pseudo-transient COUPLED
solver with hybrid initialization has been applied in order to get good equilibrium between the
simulation time and the robustness of the convergence [43]. All default parameters of the solver have
been selected, while the convergence criterion for all of the equations has been set to 1 × 10−6 for a
maximum of 1000 iterations. Details related to the three-dimensional numerical modelling used to
solve the air flow dynamic and the heat transfer process between the air, the pipe, and the soil are
presented in the Appendix A of the paper.

Table 2. Material properties [31,44,45].

Material Density [kg m−1] Specific Heat [J kg−1 K−1] Thermal Conductivity [W m−1 K−1]

Air 1.225 1006 0.02
PVC 1380 900 0.16
Soil 2050 1840 0.52

2.2.5. Grid Study

A grid study is realized to ensure that the mesh of the model is good enough to obtain accurate
results. The results will be accurate and independent from the size of the mesh with more elements
and nodes, but the computational effort will be higher as well. Therefore, a good equilibrium between
a grid independent model and the computational effort required for the convergence of the solution
has to be found.

In the present model, a grid study has been developed for different pipe diameters and lengths
(Figure 3) in order to ensure that the quality of the mesh is maintained during the sensitivity analyses
of Earth CATs. The air temperature at the outlet of the pipe is then analyzed.
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A coarse mesh of about 180,000 elements, a medium mesh of about 370,000 elements and a fine
mesh of about 500,000 elements have been tested for each geometry. As it can be observed, almost no
difference is appreciated in the results, so it is concluded that the model is independent of the mesh.
Finally, a mesh of about 460,000 elements (depending on the size of the pipes the number of elements
slightly varied) has been used for each geometry, since the computational effort was acceptable and
quality parameters are seen to be better than with fewer elements.

2.2.6. Model Validation

Before starting the sensitivity study of Earth CATs, the CFD model has been validated using
published studies. Specifically, two model validations were realized:

Model validation 1:
The model is first validated with experimental results published by Bansal et al. (2012) [44] for

a pipe with an inner diameter of 0.15 m and a length of 23.42 m. These results were also used by
Belatrache et al. (2017) [45], Barakat et al. (2016) [41], and Benhammou et al. (2015) [46] to validate
their numerical models. The outlet temperature of the air is then analyzed by calculating the relative
error with each reference. In addition, the total pressure drop is compared with the theoretical pressure
drop (∆p) along a smooth pipe, according to the following equations [33]:

∆p = f (Re) ×
LP

DP
× ρA ×

V2

2
(1)

f = (1.82 × log Re− 1.64)−2 (2)

Re =
ρA·V·DP

µA
(3)

where LP and DP are the length and the diameter of the pipe, respectively, ρA is the density of the air
considered here equal to 1.225 kg m−3, V is the velocity of the air, f is the Darcy friction factor for a
Reynolds number (Re) greater than 2300, and µA is the dynamic viscosity of the air, considered here
equal to 1.8 × 10−5 kg s−1 m−1. For a pipe with a length of LP, the length of the curvature at the inlet
and the outlet of the pipe is considered.

A grid study has been previously developed for getting a good quality mesh. Then, four
simulations are tested varying both the inlet temperature and the flow velocity of the air, for a soil
temperature of 26.70 ◦C (the material properties are those of Table 1). The results obtained are shown
in Table 3.



Energies 2020, 13, 797 8 of 19

Table 3. Results of model validation 1.

VInlet
[m s−1]

TInlet
[◦C]

Present Model Theoretical ∆P Bansal et al.
(2012)

Belatrache et al.
(2017)

Barakat et al.
(2016)

Benhammou et al.
(2015)

TOutlet
[◦C]

∆P
[Pa]

∆P
[Pa]

Relative
Error [%]

TOutlet
[◦C]

Relative
Error [%]

TOutlet
[◦C]

Relative
Error [%]

TOutlet
[◦C]

Relative
Error [%]

TOutlet
[◦C]

Relative
Error [%]

2 43.4 31.42 18.04 16.60 8.67 33.10 5.08 33.40 5.93 31.23 0.61 30.05 4.56
3 42.5 33.07 36.77 33.77 8.88 33.10 0.09 35.30 6.32 32.36 2.19 31.66 4.45
4 42.3 34.36 61.15 56.06 9.08 33.50 2.57 36.60 6.12 33.35 3.03 33.04 4.00
5 42.2 35.34 90.90 83.19 9.27 34.20 3.33 37.40 5.51 34.16 3.75 34.10 3.64
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The results show good agreement with the references, showing a maximum relative error equal to
6.32%. A very good agreement is achieved with the experimental results of Bansal et al. (2012) [44], with
the minimum relative error equal to 0.09% and the maximum equal to 5.08%. Slight differences between
geometries have to be considered when analyzing the relative errors between results. For the total
pressure drop, there is also good agreement with the theoretical values obtained from Equations (1)–(3),
with all the differences being less than 10%.

Model validation 2:
In addition to the first model validation, our model is also validated with the results obtained

by Barakat et al. (2016) [41]. Their work was selected because they used EAHE systems in a
thermal plant, specifically for cooling the air of a gas turbine and because the geometry and flow
parameters of the system are presented. Material properties and boundary conditions are summarized
in Tables 4 and 5, respectively.

Table 4. Material properties of model validation 2 [41].

Material Density [kg m−1]
Specific Heat
[J kg−1 K−1]

Thermal Conductivity
[W m−1 K−1]

Air (30 ◦C and 60% RH) 1.153 1021 0.0265
PVC 1380 900 0.16
Soil 1868 1995.4 1.74

Table 5. Boundary conditions of model validation 2 [41].

Parameter Value

Pipe depth [m] 5
Pipe inner diameter [m] 0.35

Pipe length [m] 85
Air inlet velocity [m s−1] 4.5

Soil temperature [◦C] 25
Air inlet temperature [◦C] 40

The published results for different pipe lengths, pipe diameters and inlet velocities have been
taken and compared with our model (Table 6). The total pressure drop along the smooth pipe is also
analyzed. Differences between our results and those of the model of Barakat et al. are greater than in
the first model validation, but almost every result has a relative error less than 10%. Specifically, the
minimum difference between calculated temperatures is found to be equal to 0.71% and the maximum
equal to 11.70%. For the total pressure drop, we find a maximum difference of 14%. Again, slight
differences between geometries have to be considered when analyzing the differences between the
obtained results. Overall, it can be concluded that the developed CFD model can properly predict the
performance of EAHE systems and can be applied to design Earth CATs in the present study.

2.2.7. Sensitivity Study

The objective of the design presented in this work is to obtain a temperature of 25 ◦C at the outlet
of the Earth-CAT when the incoming ambient air temperature (and the temperature of the air exiting
the air condenser) is 35 ◦C. The total air flow of 3956 kg s−1, required by the scale of the design, is
divided among a certain number of parallel pipes according to the following equation:

.
mA = NP·

π
4

D2
P·ρA·V (4)

The relationship between the number of parallel pipes NP, the diameter DP and the flow velocity
V is NP·D2

P·V � 4112. The objective is not only to cool the air down to the desired temperature but to
also achieve it with the minimum number of pipes through an optimal diameter and flow velocity, as
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well as an acceptable length and pressure drop. This will help us to reduce the land space and the
economic costs of the overall project.

Table 6. Results of model validation 2.

LP
[m]

DP
[m]

VInlet
[m s−1]

TSoil
[◦C]

TInlet
[◦C]

Present Model Theoretical ∆P Barakat et al. (2016)

TOutlet
[◦C]

∆P
[Pa]

∆P
[Pa]

Relative
Error [%]

TOutlet
[◦C]

Relative
Error [%]

25
0.35 4.4 25 40

36.23 27.42 24.53 11.78 35.50 2.06
75 32.89 59.45 54.67 8.74 30.00 9.63
125 29.06 94.92 84.81 11.92 27.00 7.63

85
0.2

4.5 25 40
25.32 142.32 124.84 14.00 25.50 0.71

0.4 33.51 58.77 53.77 9.30 30.00 11.70
0.6 36.13 35.34 33.02 7.03 33.00 9.48

85 0.35
2

25 40
27.32 15.76 14.92 5.63 26.50 3.09

4 30.97 54.57 51.19 6.60 28.80 7.53
6 33.38 113.50 105.84 7.24 30.30 10.17

3. Results and Discussion

Sections 3.1–3.5 show the results of the sensitivity analyses realized, while Section 3.6 discusses
the proposed model and its performance.

3.1. Pipe Diameter

Figure 4 shows the variation of the outlet temperature with the pipe diameter and the flow velocity
for a pipe with a length of 70 m and a thickness of 10 mm.
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Figure 4. Variation of the outlet air temperature with pipe diameter and air velocity.

In accordance with published EAHE studies, smaller diameters and lower velocities increase
the temperature drop, since less mass of air is flowing through the pipe. In other words, a greater
air volume comes into contact with the surface area of the pipes during more time than in the case
of bigger diameters and higher velocities. By reducing the diameter of the pipes, the surface area is
reduced, but the ratio area-volume of the pipes is higher than with big diameters. Trying to increase the
contact surface area between the pipes and the air by, for example, corrugated walls, is an important
parameter to be studied for the enhancement of heat transfer. The cooling capacity of the system is
very low for velocities from 1 to 3 m s−1 and diameters from 1.5 to 2.5 m. For a pipe diameter of 3 m,
there have been convergence problems. Table 7 summarizes the quantitative results.
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Table 7. Quantitative results of pipe diameter study.

DP
[m]

VInlet
[m s−1]

mP
[kg s−1]

NP
[−]

TOutlet
[◦C]

∆P
[Pa]

0.5

0.1 0.0241 164,480 22.28 0.05
0.5 0.1203 32,896 28.25 0.81
1 0.2405 16,448 30.79 2.71

1.5 0.3608 10,965 31.93 5.56
3 0.7216 5483 33.31 19.19

1

0.1 0.0962 41,120 27.09 0.02
0.5 0.4811 8224 32.22 0.34
1 0.9621 4112 33.43 1.18

1.5 1.4432 2741 33.90 2.45
3 2.8863 1371 34.43 8.63

1.5

0.1 0.2165 18,276 29.84 0.01
0.5 1.0824 3655 33.41 0.23
1 2.1648 1828 34.13 0.80

1.5 3.2471 1218 34.40 1.67
3 6.4943 609 34.69 5.95

2

0.1 0.3848 10,280 31.27 0.01
0.5 1.9242 2056 33.92 0.17
1 3.8485 1028 34.41 0.59

1.5 5.7727 685 34.60 1.24
3 11.5454 343 34.79 4.45

2.5

0.1 0.6013 6579 32.09 0
0.5 3.0066 1316 34.18 0.14
1 6.0132 658 34.55 0.50

1.5 9.0198 439 34.70 1.07
3 18.0396 219 34.84 3.90

Based on these results, it is necessary to analyze which design is more effective: small diameters
together with high flow velocities or, on the contrary, big diameters together with low flow velocities.
The first design will require more pipes, but perhaps less land space and the system might be less
complex due to the size of the pipes. Although the best performance would be achieved for small
diameters together with low flow velocities, this design has not been considered, as this design would
require a very high number of pipes, occupying a large surface area and strongly reducing the overall
economic viability of the project. The next step of the design is to analyze how the cooling capacity of
Earth CATs can be improved by increasing the pipe length together with the flow velocity.

3.2. Pipe Number and Length

Figure 5 shows the variation of the outlet temperature with the pipe length and the flow velocity
for diameters of 0.5 m and 2.5 m.

Longer pipes improve the cooling capacity because the air stays in contact with the surface area
of the pipes during more time, as occurs with EAHE systems. Flow velocities of 1, 1.5 and 3 m s−1

are analyzed for a diameter of 0.5 m; the objective of 25 ◦C is reached for a flow velocity of 1 m s−1

and a 200 m pipe, and for a flow velocity of 1.5 m s−1 and a pipe length of 300 m. This last design of
1.5 m s−1 and 300 m would require 10,965 pipes for the studied 20 MW concentrated solar plant. For
the pipe diameter of 2.5 m, the objective is reached by a 450 m length and a flow velocity of 0.1 m s−1,
for which 6579 pipes would be required. The pressure drop is increased with the pipe length and the
flow velocity.
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3.3. Pipe Thickness, Pipe Material, and Distance between Pipes

The influence of the pipe thickness is analyzed for an intermediate pipe with a diameter of 1.5
m and a length of 150 m. Thickness is seen to have a very slight influence on the performance of the
system [47]. This is due to its very small magnitude, when compared to the soil surrounding the pipe.
For the same reason, the material of the pipe has no influence on the cooling performance and a cheap
material like PVC can be used [48].

Panel (a) of Figure 6 shows the influence of the distance between three pipes. As previously, an
intermediate pipe with a diameter of 1.5 m and a length of 150 m is used. Two flow velocities (0.1 m s−1

and 1 m s−1) and a distance of 1, 1.5, 2, 3, and 5 m are studied. The mean outlet temperature of the
three pipes is found to be somewhat higher than before and, at the same time, the middle pipe results
in a higher outlet temperature than the side pipes. When the flow velocity is 0.1 m s−1, the outlet
temperature decreases by about 1.5 ◦C when the distance between the pipes is increased from 1 m to
5 m. When the flow velocity is 1 m s−1, the influence of the distance becomes somewhat less noticeable,
and the outlet temperature of the middle pipe gets closer to that of the side pipes.
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3.4. Inlet and Pipe Wall Temperature

The cooling performance of a pipe based on the inlet air temperature is shown in Panel (b) of
Figure 6 for the intermediate pipe with a diameter of 1.5 m and a length of 150 m. When the flow
velocity is 0.1 m s−1, the temperature drop is almost 14 ◦C and 11 ◦C for inlet temperatures of 45 ◦C and
40 ◦C, respectively, while for lower ambient temperatures (30 ◦C) the objective of 25 ◦C is reached. For
velocities of 0.5 m s−1 and 1 m s−1, the thermal performance is very low, which shows the importance
of selecting the appropriate air flow for the designed pipe. In addition, the temperature of the pipe wall
is found to have the same temperature as the flowing air, as the air flows through the pipe; warmer at
the beginning and colder at the outlet.

3.5. Soil Temperature

The effect of Earth CATs on the soil temperature is qualitatively analyzed. At higher velocities, a
larger volume of the soil around the pipe is heated. This is because the air has more thermal energy
due to its greater mass flow. In this case, the air is less time in contact with the ground through the
pipes and this is why the temperature drop of the air is lower [44]. Figure 7 shows the volume of the
soil that reaches a temperature of 21 ◦C or more around the pipe. The results show that, although the
soil close to the pipe is heated and will get warmer for higher flow velocities, most part of the soil
volume (i.e., the volume not shown in the figure) remains between 21 ◦C and the initial 20 ◦C. Thus,
according to the obtained steady-state solution, the soil seems to be able to dissipate the heat overall
and the temperature of the soil surrounding the Earth CATs barely increases after a certain distance
from the pipes. However, how the temperature of the soil between the parallel pipes is affected must
be further analyzed, with the objective of sustaining constant system performance.
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3.6. Viability of the Design

An initial Earth-CAT comprised of PVC pipes with a diameter of 0.5 m and a length of 300 m
length with flow velocities of 1.5 m s−1 is proposed here for the studied 20 MW concentrated solar
power plant. This design is chosen because it requires a relatively smaller surface area around the
plant, when compared to other alternatives, and because it achieves its operational objective: with the
set parameters, the temperature of the air is decreased from 35 ◦C to 25.13 ◦C.

Pipes with a diameter of 0.5 m, length of 300 m and air flow velocity of 1.5 m s−1, would lead to
an Earth-CAT including 10,965 pipes. It is seen that the outlet temperature of the air increases when
the pipes are arranged in parallel, so an optimal distance between the pipes must be selected. In order
to reduce the required space, pipes are also chosen to be arranged in parallel in both the horizontal
and vertical directions, increasing the depth of the system to 10–15 m. Five parallel pipes installed
vertically with a 1 m distance would need a depth of 10.5 m. A sketch of this piping arrangement is
shown in Figure 8 (only three sets of pipes are shown in the horizontal direction). In this case, the total
horizontal surface is found to be 3.3 km × 300 m, that is a surface of 99 hectares (assuming a horizontal
distance between the pipes of 1 m). Such a horizontal surface is almost half that needed by the 20 MW
concentrated solar plant Gemasolar located in Seville (Spain) (the plant covers a horizontal area of
about 195 hectares [49]).
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The power required by fans to move the air through the pipes can be calculated as follows:

PFans =
.

QP × ∆PP+C (5)
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where
.

QP is the volumetric flow of the air and ∆PP+C is the pressure loss in both the Earth-CATs system
and the air condenser (considered here equal to 200 Pa). For the total volumetric flow of the plant
(3956 kg/s−1/1.225 kg/m3 � 3230 m3/s), together with the total pressure drop for the pipe of 0.5 m
diameter and 300 m length with a flow velocity of 1.5 m s−1 (25.99 Pa, obtained from the simulations)
and the condenser, the PFans would be approximately equal to 0.73 MW, with the power required for
each pipe equal to 65 W.

Lastly, the investment cost of the pipes can be estimated based on the price of typical PVC pipes.
A 0.5 m long pipe operating at a 6 bar nominal pressure has a cost of about €120 per meter [50]. Each
300 m pipe would thus cost €36,000, which would result in a total cost of about €395 million if 10,965
pipes are installed for the 20 MW plant studied here.

Earth CATs can be considered a technically viable zero-water alternative to existing wet-cooling
technologies of thermal power plants if they will be capable to operate effectively and at an acceptable
cost. Further analyses are needed to reduce the number of pipes, as well as the required land space. To
achieve that, the air mass flow per pipe as well as the length of the pipes must be increased.

4. Conclusions

The presented study proposed the design of a dry-cooling system with earth-cooling air tunnels
(Earth CATs), in order to eliminate cooling water use (water withdrawn and consumed for cooling
purposes) in a 20 MW solar concentrated power plant in the Iberian Peninsula. The motivation behind
the study was to make the power plant work independent of water availability, since future water
restrictions in arid regions are expected to lead to substantial power plant efficiency reductions with
significant cost and social impact. The proposed tunnels have been tested for cooling down ambient
air before that air is used in the air condenser of the plant.

For the initial design presented in this work, a sensitivity study of the geometry of the pipes and
the air flow conditions was developed through CFD simulations. The simulations show that pipes
with smaller diameters and higher flow velocities require shorter pipe lengths than pipes with greater
diameters and lower flow velocities, while the pressure drop is greater in the first case. In addition, for
the same temperature drop, smaller diameters and shorter lengths imply the installation of more pipes
than in the case of pipes with bigger diameters and longer lengths. Smaller diameters and shorter
lengths, however, are associated with less land space and lower costs. Shorter distances between pipes
increase the outlet temperature of the air, especially for low-flow velocities. Selecting the appropriate
distance between the pipes would depend on the necessity of saving land space. The thickness of the
pipes is seen to have a small influence on heat conduction, when compared to the soil surrounding the
pipes. Thus, a cheap material like PVC was assumed in the study. With a good design of Earth CATs,
the air is cooled down to the required temperature. For larger air flows, a larger volume of soil is
heated around the pipe, but the soil surrounding the Earth CATs is not affected after a certain distance.
The final design proposed in this work for the 20 MW plant includes 10,965 PVC pipes, each with a
diameter of 0.5 m and a length of 300 m, and with a flow velocity of 1.5 m s−1. This design can achieve
the desired performance required in this work.

The novelty of the topic leaves much open to future research. Some important topics to consider
are the reduction of the required land space and associated costs, as well as the increase of the contact
surface area between the pipes and the air, and the air mass flow per pipe and length unit of the
proposed system. In addition, the dynamic effect the technology would have on the efficiency of power
generation plants needs to be further studied (transient simulations). Future work must also include
closed-loop Earth CAT designs that might make the system independent from the ambient temperature
and reduce the inlet temperature of the air and the size of the system. Lastly, further feasibility studies
should include detailed economic analyses, also accounting for savings due to the reduction of water
consumption and social and environmental benefits.

Author Contributions: The manuscript was written through contributions of all authors. All authors have given
approval to the final version of the manuscript.



Energies 2020, 13, 797 16 of 19

Funding: Fontina Petrakopoulou is funded by the Ramón y Cajal Programme of the Spanish Ministry of Science,
Innovation and Universities (Grant no. RYC-2016-20971).

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Three-Dimensional Numerical Modelling

The three-dimensional and steady-state fluid dynamic fundamental equations are applied for
solving the air flow dynamic and the heat transfer process between the air, the pipe and the soil.
Heat transfer occurs by convection between the air and the pipe, and by conduction between the
air and the soil through the pipe wall and the soil surrounding the pipe [51]. The air is assumed
incompressible [52,53]. These equations are solved using control volumes by the discretization of the
geometry (finite volume method, FVM). The fundamental equations are [29,31]:

Continuity equation:
∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0 (A1)

Conservation of momentum equations (Navier-Stokes equations):
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= −
1
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[
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]
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[
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Energy equation:

u
∂T
∂x

+ v
∂T
∂y

+ w
∂T
∂z

= α

[
∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

]
(A5)

where, u, v, and w are the flow velocity components in the x, y and z cartesian directions; p and T are
the pressure and temperature of the flowing air; ρ and ϑ are the density and kinematic viscosity of air;
and α is the thermal diffusivity of the domain in contact with the air.

The SST k-ω turbulence model:
In this study the shear stress transport (SST) k-ω model has been applied according to the advice

of ANSYS®. This model is suitable for the accurate prediction of the separation and the amount of
separated fluid from a surface in the turbulent regime. It combines the k- ε and k-ω models, where k
represents the turbulent kinetic energy (L2 T−2 units), ε the turbulent eddy dissipation (L2 T−3 units)
and ω the frequency of turbulence (T−1 units). The k-ε model is applied in the flow regions free of
frictional shear stresses, while the k-ω model calculates the turbulent behavior inside the bounds of
the boundary layer. The k-ω SST model solves two transport equations and relates the Reynolds
stresses with the velocity gradients and the turbulent viscosity of the flow. The transport equations are
expressed as follows [54]:

∂(ρk)
∂t

+
∂
∂xi

(ρuik) =
∂
∂x j

[(
µ+

µt

σk

)
∂k
∂x j

]
+ G̃k −Yk + Sk (A6)

∂(ρω)

∂t
+

∂
∂xi

(ρuiω) =
∂
∂x j

[(
µ+

µt

σω

)
∂ω
∂x j

]
+ Gω −Yω + Dω + Sω (A7)

where, G̃k is the turbulence kinetic energy due to mean velocity gradients, Gω is the generation of ω, σk
and σω are the turbulent Prandtl numbers, µt is the turbulent viscosity, Yk and Yω are the dissipation
of k and ω due to turbulence, Dω is the cross-diffusion term and Sk and Sω are source terms. The
calculation of these variables is described in the ANSYS® Fluent documentation [54]. Standard settings
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of the software and standard values for all the constants of the model have been selected: α∗∞ is 1, α∞
is 0.52, is 0.09, a1 is 0.31, βi,1 is 0.075, βi,2 is 0.0828, σk,1 is 1.176, is 1, σω,1 is 2, σω,2 is 1.168, the energy
and wall Prandtl numbers are 0.85, and the Production Limiter Clip Factor is 10.
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