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Numerical methodology for analyzing the performance of a solar

updraft tower in various environmental conditions
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Abstract

This paper investigates a simplified and fast numerical model of

a solar updraft tower. The model applies a novel approach to

the calculation of heat transfer from the outside environment to

a collector in the tower. Complex calculations of heat transfer

are replaced by a properly defined heat flux boundary condition

- the value of which depends on the time of day and meteo-

rological conditions. The model was validated by experimental

results from a pilot plant in Manzanares, Spain. Calculations

were performed in order to investigate the effects of the chim-

ney’s height and the density of the solar radiation. Both of

these dependencies were found to be logarithmic. The require-

ments for a 250 kW plant in various locations with different

meteorological conditions were analyzed.

Keywords : Solar updraft tower, meteorological con-
ditions, OpenFOAM, heat transfer

1 Introduction

1440- The solar chimney power plant (SCPP), also
known as a solar updraft tower (SUT), is a simple
device that converts solar radiation into mechanical
and electrical power. It consists of a chimney with a
wind turbine at its base and a greenhouse - an array of
solar air heaters. During the operation of the device,
air is initially heated in the greenhouse, then sucked
through the wind turbine and further up the chimney
due to the stack effect. The major advantage of this
device is its simplicity and robustness. They can be
easily constructed, even in countries without access
to high technology, using readily available materials.
And they are able to provide power for an extended
period of time with minimal maintenance. However,
conversion efficiency is very low, reported as 0.63%
for a 5 MW plant [1].

∗Wroc law University of Science and Technology, De-
partment of Cryogenics and Aerospace Engineering,
Wyb Wyspianskiego 27, 50-370 Wroc law, Poland, arka-
diusz.brenk@pwr.edu.pl

†Wroc law University of Science and Technology,
Department of Cryogenics and Aerospace Engineer-
ing, Wyb Wyspianskiego 27, 50-370 Wroc law, Poland,
ziemowit.malecha@pwr.edu.pl

‡CERN, Esplanade des Particules 1, 1211 Geneva 23,
Switzerland, lukasz.tomkow@cern.ch

In this paper, a new numerical modelling technique
is proposed. It is validated by experimental results
obtained from the Manzanares plant in Spain. The
plant’s maximum registered power output was 41 kW.
The radius of the collector was 122 m and the height
of the chimney - 194.6 m [2]; [3]. It was constructed
in 1982 and was in operation until 1989.

Previous investigations into the numerical modelling
of solar chimneys were performed using both commer-
cial and in-house codes. Cao et al. used TRNSYS
to analyze the transient behavior of a solar chimney
depending on different meteorological conditions [4].
Fasel et al. used in-house code to investigate the
steady and unsteady flow of air in the chimney and
observed the appearance of convection cells [5].
Some improvements to the standard design were pro-
posed. Guo et al. optimized the pressure ratio of the
turbine using ANSYS and found that installing ad-
justable blades would yield better results [6]. Koon-
srisuk investigated the application of a sloped collector
and found that in certain configurations, this leads
to lower entropy generation [7]. Gong et al. pro-
posed coupling the solar chimney with an inverted U-
type cooling tower to obtain a self-powering device for
cleaning air [8].

In the paper [9] the authors performed numerical stud-
ies of an SCPP system with parameters based on the
Spanish prototype. Their numerical model was based
on Fluent software and included a radiation model
and a solar load model. The authors performed cal-
culations for a wide range of solar radiation intensity.
Nevertheless, only one height of the tower was ex-
amined and the research gave no detailed comparison
with experimental data. Among other informative re-
sults, it was shown that while collector efficiency can
vary with meteorological conditions, it remains in the
range of 0.34 – 0.47.

Zhou et al. developed a pilot experimental solar chim-
ney thermal power generating equipment [10]. They
presented power outputs in steady state for differ-
ing global solar radiation intensity, collector area and
chimney height. The range of height analyzed in this
paper was limited to 8 meters and misleadingly sug-
gested that the relationship of increase in power is
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linear or even quadratic with the chimney height.

The investigations described in [10] were developed
further in [11], where the authors analyzed the influ-
ence of a much wider range of chimney heights on
solar chimney performance. Their study was based
on a zero-dimensional and empirically supported the-
oretical model. It was shown that there is an optimal
height of the SUT for which maximum energy was
produced.

The analysis performed in the current paper was con-
ducted for a wide range of SUT heights as well, but
was done using state of the art CFD analysis. One
of the results obtained suggested a logarithmic de-
pendence between height and power output, and con-
firmed the existence of an economically justified opti-
mal height for given meteorological conditions.

Numerical models applied in [5]; [6] explicitly analyzed
the entire area of the solar collector. In the proposed
model, the complex calculations of heat transfer from
the outer environment to the collector were replaced
with a properly defined heat flux boundary condition.
Its functionality was extended to make it dependent
on time and weather conditions.

Next, a number of calculations were performed in or-
der to investigate the effects of the chimney’s height
and the density of solar radiation on the performance
of the solar tower. A mathematical formula was
created to describe these dependencies. The pro-
posed model was used to estimate requirements for
a 250 kW solar tower plant in various locations with
differing meteorological conditions.

2 Methods

The presented simulations were carried out using
OpenFOAM (Open Source Field Operation and Ma-
nipulation) [12]; [13]. The robustness and trustwor-
thiness of this open source software have been proven
multiple times by the authors in diverse and challeng-
ing applications. Among these, the works [14]; [15];
[16] deal with nonstandard and highly complex fluid
flow and heat transfer systems.

Numerical calculations were made using buoyantPim-
pleFoam solver available in OpenFOAM. It exploits
finite volume discretization in conjunction with the
PISO (Pressure Implicit with Splitting of Operators)
algorithm for compressible flows [17]; [18]; [19]. PISO
schemes form part of the family of pressure correction
methods.

The vector field of flow velocity is found by solving the

Navier-Stokes equation for a compressible fluid [20]:

∂ρu

∂t
+∇ · (ρuu) = −∇p+∇ · (µ∇u) + gρ, (1)

where u = (u, v, w) is a velocity vector, ρ - fluid
density, µ - dynamic viscosity, g - gravitational accel-
eration.
Conservation of mass is ensured by the continuity for-
mula:

∂ρ

∂t
+∇ · (ρu) = 0. (2)

To find the density of air the ideal gas formula was
applied:

ρ =
1

RT
p, (3)

where R = 287 J/(Kg · K) is the individual gas con-
stant of air.

The air temperature was obtained from the energy
equation:

∂ρh

∂t
+∇ · (ρuh) = Dp

Dt
+∇ ·

(
k

Cp
∇h

)
(4)

where k is thermal conductivity of air, Cp - heat ca-
pacity of air.

In the case of realistic meteorological conditions and
SUT sizes, the flow in the SUT is expected to be
highly turbulent [21]; [22]. In the present study the
standard k − ε model was used to simulate the un-
resolved turbulent scales. In the numerical mesh the
viscous sub-layer was not resolved and the standard
wall function was employed.

The numerically modelled solar tower has a a simi-
lar geometric shape to the Manzanares facility. The
initial analysis is performed in order to compare the
results of the numerical calculations with experimen-
tal data. The height of the chimney in the model is
h = 195 m with radius of rc = 5 m. The tubular sec-
tion of the chimney starts 12 m above ground level.
The collector has the shape of a flattened cone with
its top cutcut off. off. Its internal radius is 14 m and
external is r = 122 m and its height above the ground
varies between 2.2 m next to the connection with the
chimney and 1.5 m on the external edge.

The connection between the chimney and the collec-
tor is the fragment of an ellipse tangential to both
surfaces. Part of the region at the bottom of the
chimney is cut to model a nozzle. The general view
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Figure 1: Upper: general view of the 3D original of
the considered solar tower geometry with the modelled
2D wedge section marked in blue; Lower: 2D simplifi-
cation of the 3D original geometry shown to the left.
Notice that the 2D domain has a wedge shape and
axial symmetry is assumed. The modeled solar tower
and collector are submerged inside of a larger compu-
tational domain representing a fragment of an outside
environment.

of the 3D original of the modelled system is presented
on the picture on the left-hand side in figure 1.

One of the main challenges of the considered problem
was the fact that it was both an external and an in-
ternal flow problem simultaneously. The flow in the
collector and the tower was the internal flow prob-
lem, but the flow in the outside environment was the
external flow problem.

The issue was resolved by placing the whole struc-
ture of the solar tower with the collector in a larger
computational domain representing a fragment of the
outside environment. In general, this methodology al-
lows one to input an arbitrary intensity and direction
of an ambient wind. In the current study, the primary
focus was placed on the performance of the solar tower

itself and no outside wind was considered. Such anal-
ysis would be possible with the current model if minor
adjustments were made.

The outside computational domain took the shape of
a cylinder with height H and radius R. Consequently,
the flow in the tower was established naturally rather
than being forced by prescribing boundary conditions
at an inlet and outlet from the tower. Accordingly,
the walls of the tower and collector were modeled as
inner obstacles placed in the computational domain
and were modeled as zero-thickness thermal baffles
with prescribed thermal conditions.
The size of the computational domain was chosen to
minimize the influence of external boundary condi-
tions on flow in the solar tower and to maximize com-
putational efficiency. Finally its height was chosen to
be H ∼ 2.5h and radius R ∼ 1.25r, see the right
hand side picture in the figure 1.

The calculation speed of the model was increased sub-
stantially by taking advantage of the symmetry of the
system and by optimizing the mesh. An axially sym-
metrical 2D hexahedral mesh was used and a single
sector with a span smaller than 5°was modelled. In or-
der to validate the 2D simplification, a diagnostic 2D
model was successfully compared with its 3D origi-
nal. The quality of the mesh was checked by mesh
independence analysis.

The area of computational cells of the finest mesh
considered in the independence analysis varied from
0.0002m2, at the chimney’s walls to 6m2 in the bulk
of the domain (outside the chimney). The coarsest
mesh, assuring statistically the same results as the
finest mesh, had cell area in the range of 0.003m2, at
the walls to 24m2 in the bulk of the domain. In the
presented numerical calculations, the computational
mesh was built based on the cell sizes of the second
mesh.

Symmetry (wedge) conditions were applied on the
external boundaries in the angular direction (front
and back of the domain) to maintain axial symme-
try. On the top and side of the external domain con-
stant temperature (depending on meteorological con-
ditions) and zero gradient for pressure and velocity
were prescribed. The ground and walls of the chim-
ney were assumed to have zero gradient condition for
temperature (no heat flux condition).

The energy deposited in the air below the collector
was modeled as a heat flux condition prescribed on the
collector’s boundaries. Its value depended on the me-
teorological conditions and its definition is explained
in detail below.

Previously applied numerical models explicitly ana-
lyzed the entire area of the solar collector [6]; [5]. In
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the proposed model the complex calculations of heat
transfer were replaced with the single parameter of
heat transferred to the collector per unit volume (ḣ).
Additionally the ḣ parameter was made dependent on
time, the meteorological conditions and the position
of the Sun.

In order to account for different modes of heat trans-
fer several assumptions were made. It was assumed
that the roof of the collector was a single glass plate
with the transmissivity of solar radiation equal to 0.85.
53% of the remaining energy was assumed to be ab-
sorbed by the ground, while the remaining part was
accumulated in the volume of the collector and heated
up the air. A Sankey diagram of the energy distribu-
tion is presented in figure 2.

Figure 2: Distribution of solar energy arriving atthe
collector.

In order to find ḣ, the instantaneous flux of solar en-
ergy q̇s(t) given in W /m2 has to be considered. It
is calculated based on the assumption of sinusoidal
distribution of the solar energy during the day:

q̇(t) =

{
q̇av · (sin(A) + 1), t ∈ 〈12− td

2 : 12 + td
2 〉

0, t /∈ 〈12− td
2 : 12 + td

2 〉
(5)

where A =
(t−(12− td

2 ))·π·2
td

− π
2 and q̇av is the aver-

age daily insulation and td is the daily period of solar
operation. Then ḣ is calculated with the following
formula:

ḣ(t) = 0.4 · q̇(t) ·Ac
Vc

, (6)

The formula (6) takes into consideration the afore-
mentioned losses, Ac is the area of the collector and
Vc is the volume of air under it.

Figure 3 shows a comparison of the heat flux calcu-
lated using the formula (6) for the Manzanares loca-
tion and its comparison with real meteorological data
gathered at this location.

As mentioned earlier, the model that was developed
assumed constant collector efficiency of 0.4. In gen-
eral, collector efficiency can vary with the meteoro-
logical data, typically in the range of 0.34–0.47 [9].
Nevertheless, the satisfactory comparison of the pre-
sented results with the experimental data showed that
the value of 0.4 was properly chosen and most likely,
its constancy did not have a major influence on the
results obtained. Moreover, it significantly simplified
the model.

Figure 3: Comparison of the heat flux calculated using
the formula (6) for the Manzanares location and its
comparison with real meteorological data gathered at
this location.

The simplification of the collector region enables
faster computation while keeping the numerical re-
sults close to the experimental ones. Complex heat
transfer relations are replaced with a properly defined
boundary condition.

3 Results and Discussion

The comparison between the experimental and numer-
ical results for the Manzanares solar tower is presented
in the figure 4. The plots from the figure compare
changes in power output as a function of the time
of day. Satisfactory comparison can be seen and the
proposed numerical model is validated.

The visible discrepancy for the time after 19:00 can
be explained by a lack of implementation of a ground
heat release mechanism after sunset. This mechanism
was not crucial for the scope of the current studies,
where the isolated influence of tower height and ge-
ographical location on solar tower performance are
examined. The introduced numerical methodology
could be independently expanded with this mecha-
nism.

Figure 5 shows temperature and velocity magnitude
distribution in the collector and along the chimney
for the chimney’s height of 300m and the solar ra-
diation of 500W/m3. It should be noted that the
direction of the velocity vector in the chimney is pre-
dominately vertical and the velocity magnitude shown
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Figure 4: Comparison of the experimental data and
numerical results of the Manzanares solar tower. Sat-
isfactory comparison can be seen.

on the figure varies close to the vertical component of
the velocity, compare with the figure 6a.

Figure 5: Temperature and velocity magnitude dis-
tribution along the SUT for chimney height of 300m
and solar radiation of 500W/m2. Note that for better
visibility only the SUT is shown.

Figure 6a shows the flow velocities established in the
chimney as a function of time and for various chimney
heights h = (50, 75, 100, 150, 200, 300) m for solar
radiation 500 W /m2 . It can be noticed that steady
flow was achieved for time ≈ 600 s. The steady-
state velocities as a function of tower height are shown
in figure 6b. It can be seen that this dependency is
logarithmic in nature.

In the same manner, the dependence of flow veloc-
ity on the intensity of solar radiation was analyzed.
Figure 7 shows temperature and velocity magnitude

Figure 6: a) Changes of velocity in time in the so-
lar tower for various chimney heights; b) Steady-state
velocities established in the chimney as a function of
chimney height.

distribution in the collector and along the chimney for
the solar radiation of 50W/m3 and 250W/m3. It
should be noted that the direction of the velocity vec-
tor in the chimney is predominately vertical and the
velocity magnitude shown on the figure is vary close to
the vertical component of the velocity, compare with
the figure 8a.

Figure 8a shows the dependence of the updraft flow
velocity in time in a function of the solar radiation
for the tower with geometry similar to Manzanares.
The steady state results and the corresponding ap-
proximating function are presented in figure 8b. As in
the previous case, it has the logarithmic nature.

The logarithmic form of both approximated functions
shows that only an initial increase of the height of the
tower can have a significant impact on the obtained
power. It suggests an existence of an optimal tower
high, above which the further increase of its height
would not result in significant increase of the power.
This observation, based on the presented comprehen-
sive CFD analysis, reaffirms the conclusions stated in
[11] and validates the 0D theoretical model proposed
there.

Similarly, for a given tower height, only an initial in-
crease of the intensity of solar radiation would sig-
nificantly influence the obtained power. The further
increase would not have such strong impact on power
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Figure 7: Upper(Lower) row: Temperature and ve-
locity magnitude distribution along the SUT geomet-
rically similar to Manzanares facility for the solar ra-
diation of 50(250)W/m3.

generation any more.

Figure 10 shows the numerical results of an exem-
plary solar tower located in two different geographic
regions: Poland and Sudan, characterized by a very
distinct weather conditions presented in figure 9. It
was assumed that the nominal power of the desired
solar tower should reach 250 kW and was supplied
with WES250 wind turbine with a rotor diameter of
30 m. The other dimensions of the analyzed solar
tower are shown in table 1.

For simplicity, the physical model of the WES250 wind
turbine was not coupled in the calculation. The tur-
bine was coupled using its performance characteristic
curve.

Figure 10a shows the dependence of flow velocity on
the height of the tower for different radiation inten-
sity conditions. The changes of power and velocity in
function of day time are presented in figure 10b.

The numerical results show that the African location
is much more favorable. To obtain the same velocity
and power in Central European location the tower

Figure 8: a) Changes of velocity in time in the so-
lar tower for a various solar radiation intensity; b)
Steady-state velocities established in the chimney in
the function of the solar radiation intensity.

Table 1: Technical data of the proposed solar tower
for numerical analysis.

Data Value
Nominal installed power 250 kW

Wind turbine type WES250
Chimney radius 15 m

Height of chimney beginning 20 m
Collector radius 35 to 250.0 m
Collector height 2 to 4 m
Collector area 192 510 m2

Volume under collector 536 794 m3

Radius of transition area 25 m

would have to be 3 times higher. Such design is
unfeasible from engineering, financial and environ-
mental point of view. The obtained power would be
small when compared to other possible power sources
using the same resources.
On the other hand, the construction and exploitation
of the tower with the smaller height is relatively cheap
and simple. Such solution is readily applicable in hot
and sunny regions with low technical background.
The analysis showed that the application of solar
towers in such regions could easily provide some of
electric power without the effort connected with the
construction of supply lines and other infrastructure.
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Figure 9: Solar radiation calculated using formula (6)
for two different geographic regions: Poland and Su-
dan, characterized by a very distinct weather condi-
tions.

Figure 10: Comparison of numerical results obtained
for exemplary locations characterized with distinct
weather conditions; a) Changes of the updraft veloc-
ity in a function of the chimney height; b) Changes of
the updraft velocities and corresponding power pro-
duction in a function of the time of a day.

4 Conclusions

The presented numerical model proved to be fast and
reliable. The presented numerical approach proposed
to model a solar tower as a zero thickness thermal
baffles located in a much larger computational do-
main representing a fragment of an outside environ-
ment. Thanks to that, the flow in the solar tower
was established naturally as a response to the applied
solar conditions, rather than being forced by defining
boundary conditions at the inlet and outlet from the
solar tower. The proposed 2D simplifications allowed
for much faster calculations and gave opportunity to
study a wide range of parameters, such as chimney’s
height and solar intensity in reasonably short compu-
tational time. This methodology is ready to apply
for solar towers with more complex, axial symmetric
geometries, e.g. complex shape of the chimney. The
proposed method for modeling of a heat delivery from
the solar collector to the air, as a heat flux boundary
condition greatly simplified the model. It allows for
trustworthy numerical analysis of a solar tower oper-
ation in different regions with distinct meteorological
conditions.

It was shown that the flow velocity in the chimney de-
pends logarithmically on height and intensity of solar
radiation. It has important consequences when com-
paring the feasibility of the technology in regions with
different meteorological conditions.
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