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Abstract

Solar updraft tower power generation has been demonstrated to be a promising approach for future applications of solar radiation to
provide energy. In this paper, the history of the solar updraft tower power plant (SUTPP, also called solar chimney power plant) tech-
nology is reviewed, its characteristics are presented, and its principle is described. The experimental studies, main important factors of
theoretical modelings, and cost studies, in the past few decades, are reviewed. The characteristics of novel non-conventional SUTPP tech-
nologies are discussed as well as environmental effect and power production conditions for the SUTPP technology.
� 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

1.1. History

Solar updraft tower power plant (SUTPP, also called
solar chimney power plant, Fig. 1) is a kind of device that
produces buoyancy to drive air to ascend for electricity gen-
eration (Schlaich, 1995). The concept of using a small SUT
device for furnishing power first appeared in Bennett
(1896)’s patent, and a household SUT device for generating
electricity was proposed in a magazine by Cabanyes (1903).
In 1926, Dubos proposed the construction of an SUTPP in
North Africa with its tower on the slope of a high mountain
(Ley, 1954). The SUTPP concept was later described in a
publication by Günther (1931). Lucier (1978, 1979a,
1979b, 1981) had a more complete design of an SUTPP,
and his patents on SUTPP were granted in Canada, Austra-
lia, Israel, and the USA, respectively.
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Schlaich together with his colleagues built the first pilot
SUTPP prototype in Manzanares, Spain in 1982 (Haaf
et al., 1983; Haaf, 1984). The pilot prototype had an
SUT 194.6 m high and a collector 122 m in radius. The
prototype operated with a peak power of about 50 kW
for seven years from 1983 to 1989 (Schlaich, 1995). The
successful operation of the prototype demonstrated the fea-
sibility and reliability of the SUTPP technology. Since
then, many researchers have shown strong interest in it
and extensively studied the potential of SUTPP technology
all over the world (Zhou et al., 2010b). In order to generate
electricity economically, a large-area collector and a high
SUT are needed for an SUTPP. Some commercial SUTPP
projects have since been proposed in several countries
(Table 1). However, until now, this technology has not
yet been commercialized.
1.2. Description

A conventional SUTPP (Fig. 1) consists of a circular
solar collector constructed on horizontal ground, a vertical
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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Nomenclature

A area (m2)
b thermal effusivity (W s1/2/K m2)
C cost (€)
cp specific heat capacity (J/kg K)
D diameter (m)
dh hydraulic diameter (m)
F force (N/m)
f Darcy friction factor
g gravitational acceleration, 9.81 (m/s2)
H height (m)
h heat transfer coefficient (W/m2 K)
i interest rate (%)
inf inflation rate (%)
k thermal conductivity (W/m K)
m pressure potential exponent
_m mass flow rate (kg/s)
N length of service life (year)
Nu Nusselt number
n pressure loss exponent
P power (W) or electricity (kW h)
Pr Prandtl number
p pressure (Pa)
q heat flux (W/m2)
R specific gas constant of air (J/kg K)
Re Reynolds number
r radius (m)
S global solar radiation (W/m2)
T temperature (K)
t time (s)
V volume flow rate (m3/s)
v velocity (m/s)
x turbine pressure drop factor
z depth in ground or height above ground (m)

Greek symbols

a thermal diffusivity (m2/s)
b volumetric thermal expansion coefficient of air

(1/K)
c specific heat ratio
D difference
g efficiency (%)
h angle (radian)
l dynamic viscosity (kg/m s)

q density (kg/m3)
s shear stress (Pa)
u effective absorption coefficient of collector
w roof heat loss coefficient (W/m2 K)

Subscripts

a ambient air
avg average
b ground at a considerable depth
coll collector
f air flow
force forced convection
g ground
h horizontal surface
ii initial investment
nat natural convection
no turb without turbine
om operation and maintenance
p absorber surface
pb absorber surface into ground
pf absorber surface to airflow
poten potential
pr absorber surface to roof
r roof
ra roof to ambient air
rf roof to airflow
rin compression rings
rs roof to sky
s sky
sup supports
sut solar updraft tower
tg turbine generators
turb turbine
turb,i turbine inlet
w wind
1 surroundings on ground level
2 collector inlet
3 collector outlet
4 turbine inlet
5 turbine outlet
6 SUT outlet
7 atmosphere at the height of SUT outlet
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solid SUT situated at the center of the collector, and tur-
bine generators installed at the collector outlet or at the
SUT inlet (Schlaich, 1995). In the solar collector, solar
radiation passes through the transparent roof and is
received by the absorber, i.e., the ground or an additional
absorber laid on the ground, and thus the indoor air is
heated. Some heat is stored in the absorber when solar
radiation is strong during day time on sunny days. The
Please cite this article in press as: Zhou, X., Xu, Y. Solar updraft tow
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heat is released from the absorber when solar radiation is
weak during night time or on cloudy days. The density dif-
ference between the warm air inside the SUT and the ambi-
ent air creates buoyancy that acts as the driving force and is
also called pressure potential. The buoyancy drives the air
to flow in the collector toward the SUT base and rise in the
SUT. Finally, the air current drives the turbines powering
generators to generate electricity.
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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Fig. 1. Schematic of a conventional solar updraft tower power plant (1: surroundings on ground level, 2: collector inlet, 3: collector outlet, 4: turbine inlet,
5: turbine outlet, 6: SUT outlet, 7: atmosphere at the height of SUT outlet).

Table 1
Several selected commercial SUTPP proposals.

Power capacity (MW) SUT height (km) Collector area (km2) Location References

200a 1 38.5 Mildura/Australia Zhou et al. (2010b) and Wikipedia (2014)
40b 0.75 3.5 Ciudad Real/Spain Zhou et al. (2010b) and Wikipedia (2014)
400c 1.5 37 Namibia Zhou et al. (2010b) and Wikipedia (2014)
– 1 – Shanghai/China Zhou et al. (2010b)
27.5d – 2.77 Wuhai/China Wikipedia (2014)
–e 1 – Near Meekatharra/Australia Evans (2011)
200f About 0.8 Over 12.7 Arizona/USA Spencer (2013)

a Proposed in 2001.
b Planned to be completed by 2010.
c Proposed in 2008.
d It consists of three phases covering a total area of 277 hectares and its total power capacity is expected to reach 27.5 MW. The first phase to build the

Wuhai pilot prototype was completed in 2010, and the final phase was planned to be completed by 2013.
e In 2011, Hyperion Energy planned to build the SUTPP to supply power to Mid-West mining projects.
f It was reported in June 2013 that EnviroMission was progressing through the permitting process and planned to start construction of the project in late

2014.
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A solar collector consists of support columns, a frame-
work matrix, and a transparent roof made of glass, plastic
or other transparent materials. An air collector is formed
when the transparent roof is suspended from the frame-
work matrix supported above the ground by the support
columns. The roof of a typical collector slowly ascends
from the collector periphery to its center to guide indoor
airflow with low friction losses.

Natural ground has a certain heat storage capacity, but
its heat storage capacity cannot always meet the need of
SUTPP operation during night time or on cloudy days.
Therefore, additional heat storage systems have been pro-
posed to help store solar energy. Since water with large spe-
cific heat capacity is a kind of cheap and effective heat
storage medium, a water-filled system placed on the ground
under the collector roof has been regarded as a typical
additional heat storage system (Kreetz, 1997; Schlaich
et al., 2005). The water-filled system is closed and airtight
to avoid heat loss by evaporation.

The SUT situated at the center of the collector is the
thermal engine of the SUTPP. The best choice for high
SUT structure has been considered by civil engineers
(Schlaich, 1995; Krätzig et al., 2009) to be reinforced con-
crete shell structure due to its long life span and favorable
cost amongst many possible structural designs, although a
guyed corrugated metal sheet flue was designed by Schlaich
and his colleagues for the Manzanares prototype just for
Please cite this article in press as: Zhou, X., Xu, Y. Solar updraft tow
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experimental purposes. Civil engineers (Schlaich, 1999;
Krätzig et al., 2009; Harte et al., 2013) designed high
ring-stiffened thin-walled reinforced concrete cylindrical
or hyperbolic shell SUTs for commercial SUTPPs.

Turbines are driven by the air current due to buoyancy
to transfer fluid power to shaft power (Fluri and von
Backström, 2008a). The typical SUT turbine is of the axial
flow type, whose characteristics (e.g., the number of rotor
blades) lie between those of wind turbine and gas turbine.
Its blades are adjustable like those of wind turbine, but
the air flow is enclosed just as in gas turbine, and the
SUT turbine may have inlet guide vanes (IGVs) (Von
Backström and Gannon, 2004). The SUT supports could
be used as IGVs of the single vertical-axis turbine installed
at the SUT base (Gannon and von Backström, 2003).
Turbine configuration is the single vertical-axis, the multi-
ple vertical-axis or the multiple horizontal-axis type
(Schlaich, 1995). Turbine layout is the single-rotor layout
(Gannon and von Backström, 2003), or the counter-
rotating layout with one pair of counter-rotating rotors
(Denantes and Bilgen, 2006), both with or without IGVs.
1.3. General characteristics

SUTPP is one of the promising renewable energy-based
power suppliers on a large scale and can be suitably located
in arid and semi-arid zones and remote regions (Zhou
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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Fig. 2. Temperature-entropy diagram of air standard cycle without
system losses for SUTPP (Gannon and von Backström, 2000).
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et al., 2013c). In general, commercial application of SUTPP
has the following advantages:

(1) The technology is simple. The construction materials,
mainly steel, concrete and glass, are widely available.
Construction sites may be desert areas. It is accessible
to almost any countries including the technologically
less developed countries.

(2) The solar collector absorbs direct and diffuse solar
radiation. The SUTPP with the natural-additional
mixed heat storage system can operate day and night
on pure solar energy. This is crucial to the develop-
ment of SUTPPs in tropical regions where the
weather is frequently overcast.

(3) Its operation and maintenance expense is relatively
low. Although turbine maintenances and sporadically
collector cleaning are costly, additional fossil fuels are
not required to substitute solar radiation due to reli-
able operation of SUTPP day and night. Cooling
water is also not required during SUTPP operation.
The moving or rotating parts are few other than tur-
bine blades and this would lead to few occurrences of
mechanical failures and high safety.

(4) Its global warming potential is low for the entire life
cycle including construction, operation and decom-
missioning phases (Zongker, 2013). It is nearly pollu-
tion free during operation. It uses renewable energy
source: solar radiation, and its operation avoids the
emissions of large amounts of greenhouse gases and
the use of potable water for cooling purposes.

(5) Its power output and efficiency increase with its
dimension, and the energy production cost is reduced
(Schlaich et al., 2004; Krätzig, 2013). Carbon credit
revenue due to carbon emission reduction can
improve its cost effectiveness (Fluri et al., 2009; Li
et al., 2014).

Therefore, commercial SUTPPs producing electric
power with almost no pollution can make the most of
abundant solar radiation on vast desert areas. The power
produced from commercial SUTPPs is thought to be a
good alternative to that from fossil fuels. However, there
are also some disadvantages of SUTPPs:

(1) The investment is huge for the construction of a com-
mercial plant due to the cost of its large-area collector
and high SUT. The commercial SUTPP construction
demands huge amounts of construction materials.
Although cooling water is not needed, large quanti-
ties of water may be required to work as a medium
of additional heat storage.

(2) Its efficiency is low due to the several-process energy
conversions and small temperature difference between
the hot and cold reservoirs. (The efficiency for a large-
scale plant, however, can reach to an acceptable level.
Levelized electricity cost (LEC) is actually a more
important indicator to determine the economic feasi-
Please cite this article in press as: Zhou, X., Xu, Y. Solar updraft tow
j.solener.2014.06.029
bility of building an SUTPP than the plant invest-
ment and efficiency (Schlaich et al., 2004; Krätzig,
2013).)

(3) Its SUT height is limited. The reinforced concrete SUT
is required to be as high as possible in order to improve
the plant efficiency. However, because of the techno-
logical constraints and the restrictions on the construc-
tion materials, it is difficult to construct a very high
SUT. There are also external limitations such as possi-
ble earthquakes, which may destroy high SUT.

(4) Environmental concerns may arise. Construction and
operation of many commercial SUTPPs may influ-
ence the local environment, ecology, and then lives
of different plant and animal species.

These disadvantages put obstacles in the way of the
commercialization of the SUTPP technology.

2. Principle of operation

The energy conversion processes related to SUTPP can
be demonstrated with a temperature-entropy diagram of
air standard cycle analysis without considering system
losses (Gannon and Von Backström, 2000) as shown in
Fig. 2. In the figure, the collector inlet area is assumed to
be large enough, resulting in a small velocity of airflow at
the collector inlet, and the velocity of airflow at Point 3
is assumed to be equal to that at Point 4. Process 2–3
occurring in the collector denotes that the air entering
through the collector inlet from the surroundings is heated
by solar radiation, its temperature and entropy increase,
and the indoor air motion is accelerated, while the total
pressure is kept constant inside the collector. Process 4–5
denotes that the air blows through the turbine into the
SUT when the temperature and static pressure decrease
slightly. This is seen as an isentropic process. Process 5–6
denotes that the air behind the turbine flows through the
SUT when the temperature decreases mainly due to the
negative work done by the gravitational force. This is also
seen as an isentropic process. Process 6–7 denotes that the
energy including kinetic energy and heat of airflow is
released into the atmosphere. In the following sections,
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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Fig. 3. Heat transfer scheme of a conventional SUTPP collector with natural ground heat storage system.
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energy conversion processes related to the main compo-
nents of the conventional SUTPP, i.e., solar collector, heat
storage, SUT, and turbines, are discussed in detail by con-
sidering the system losses.

2.1. Solar collector

Heat transfer scheme in a conventional solar collector
with natural ground heat storage system is presented in
Fig. 3. The transparent roof of the solar collector admits
direct and diffuse solar radiation and retains long-wave
radiation from the ground. This produces greenhouse effect
in the collector. The ground under the roof heats up and
transfers its heat to the airflow above it.

The conventional SUTPP is axisymmetric. Besides, as
compared to the collector diameter of several thousand
meters for a commercial SUTPP, the roof height is very
low. The air flow and heat transfer in the SUTPP collector
can be numerically simulated by solving the relevant equa-
tions of a one-dimensional compressible flow in the radial
direction. The air is regarded as an ideal gas with its density
q calculated using the state equation:

q ¼ p
RT

ð1Þ

where p, R, and T denote the static pressure, the gas con-
stant, and the temperature of the air, respectively. Rela-
tively slow changes in the airflow dynamics in the
collector induce the transient terms in the relevant equa-
tions to be negligible (Pretorius, 2004, 2007). The continu-
ity equation for variable roof height along the radius is
written as

d
dr
ðqvrHÞ ¼ 0 ð2Þ

where v denotes the velocity of the airflow at radius r, while
H is the roof height above the absorber surface. The
momentum equation in the radial direction is therefore,
Please cite this article in press as: Zhou, X., Xu, Y. Solar updraft tow
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qvH
dv
dr
¼ �H

dp
dr
þ sr þ sp þ

F sup

rDh

� �
ð3Þ

where sr is the roof shear stress, sp is the absorber shear
stress, and Fsup is the drag force exerted by the supports
of the roof. Air energy balance is represented by

qrf þ qpf ¼ �cpqvH
dT
dr

ð4Þ

where qrf and qpf are the convective heat flux from the roof
and the absorber surface to the airflow, respectively, and cp

is the specific heat capacity of air and can be assumed to be
constant at small temperature range of the air, whereas the
roof and ground surface energy balances are given by Eqs.
(5) and (6) respectively.

Sr þ qpr ¼ qra þ qrs þ qrf ð5Þ

where Sr is the global solar radiation absorbed by the col-
lector roof, qra is the convective heat flux from the roof to
the environment mainly due to ambient winds, and qpr and
qrs are the radiative heat flux from the absorber surface to
the roof and from the roof to the sky, respectively, and

Sp ¼ qpr þ qpf þ qpb ð6Þ

where Sp is the global solar radiation absorbed by the
absorber, and qpb is the heat flux from the absorber surface
into the ground at a considerable depth.

In the solar collector, the heat gains from solar radiation
are used to heat and raise the indoor air and accelerate the
air motion. As compared to the heat gains of the airflow,
the increases in the gravitational potential energy of the
air and the fluid power of the airflow inside the collector
are negligible. In this case, the thermal efficiency of the
solar collector, gcoll, can be approximated as

gcoll ¼
cp _mðT 3 � T 2Þ

AcollSh
ð7Þ
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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where _m is the mass flow rate of air inside the SUTPP, Acoll

is the collector area, and Sh is the global solar radiation on
a horizontal surface.
2.2. Heat storage

The two main heat storage systems for SUTPPs are the
natural ground system and the typical natural-additional
mixed system with a closed water-filled system. The former
is more convenient and cheaper but has worse heat storage
capacity than the latter. Different heat storage mechanisms
for SUTPP have been used in various mathematical mod-
els. They are summarized in Table 2.

The heat transfer process in the natural ground heat
storage system has been considered as conduction by many
Table 2
Summary of SUTPP heat storage mechanisms in different mathematical mode

References Mechanism The
diffu
dire

Ming et al. (2008a, 2013a), Zheng et al. (2010) and Xu
et al. (2011)

Natural,
porous

Ver
rad

Haaf et al (1983), Pasumarthi and Sherif (1998a),
Hedderwick (2001), Kröger and Buys (2002), Pretorius
(2004), Pretorius (2007)b, Pretorius and Kröger
(2006b), Bernardes (2013), Gholamalizadeh
and Mansouri (2013) and Xu et al. (2014)

Natural,
non-porous

Ver

Pastohr et al. (2004), Sangi et al. (2011) and Hurtado et al.
(2012)c, Asnaghi and Ladjevardi (2012) and Asnaghi
et al. (2013)

Natural,
non-porous

Ver
rad

Guo et al. (2013, 2014) and Gholamalizadeh and Kim
(2014)

Natural,
non-porous

Ver
circ

Kreetz (1997)d, Bernardes et al. (2003)e and Schlaich et al.
(2005)d

Mixed, non-
porous

Ver

Papageorgiou (2006)f and Pretorius (2007)b Water –
Bernardes and Zhou (2013a)g Mixed, non-

porous
Ver

Ming et al. (2013c)h Mixed, non-
porous

Ver

a The heat transfer of the heat storage system in two directions was con
computational fluid dynamics (CFD) packages while the heat transfer in three d

b The heat storage performance of various kinds of ground was studied, and
tank was covered by a thin transparent plastic film, and its inner bottom surfa
thermally insulated and a bulk mean water temperature was assumed.

c The ground was modeled as a solid material with a varying-with-depth bu
were used to describe the ground porosity approximately without the air flow

d The water tubes (or bags) were black. Their black top surfaces would absor
heat in the water and ground.

e In each water bag, the water lay between an upper transparent film and a b
while the bottom absorber absorbs solar radiation.

f The water layer was used as the only heat storage medium in floating SUT p
temperature was assumed.

g In each water bag, the water lay between an upper transparent film and a bo
in the water bags was considered, which results from the natural convection driv
cold and hot water. In order to model the vertical thermal stratification cause
based on the assumption of the heat conduction process and no heat convectio
order in each time step.

h A water pool for heat storage was covered by a thin transparent plastic film
with depth in water.
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researchers. Because of axisymmetric body of the solar col-
lector, the heat conduction in the circumferential direction
in the heat storage system is negligible. Besides, the heat
conduction in the radial direction is much weaker than that
in the vertical direction. The transient heat conduction in
the heat storage system can approximately be described
by the reduced one-dimensional Fourier–Biot diffusion
equation in the radial direction (Pretorius and Kröger,
2006b; Bernardes and Zhou, 2013a):

1

ag

@T g

@t
¼ @

2T g

@z2
ð8Þ

where the ground thermal diffusivity ag is defined as

ag ¼ kg

qgcpg
. The following boundary conditions are valid

for Eq. (8): The heat flux from the ground surface (z = 0)
ls.

rmal
sivity

ctions

Flow or not Thermal resistance
below water layer or
not

tical and
iala

Airflow –

tical No –

tical and
iala

No –

tical, radial and
umferentiala

No –

tical Convection in water Yes

– Yes, thermal insulation
tical Convection in water producing

vertical thermal stratification
Both cases: with and
without thermal
resistance

tical and radial No No

sidered in a two-dimensional axisymmetric model using the commercial
irections was considered in three-dimensional model using CFD packages.
the heat storage capacity of water tanks was also investigated. Each water
ce was black. The bottom and sides of the water tank were assumed to be

lk density and a varying-with-depth effective thermal conductivity, which
in the ground considered.

b solar radiation in form of heat, transfer the heat downward and store the

ottom absorber. The upper transparent plastic film admits solar radiation,

ower plant by excluding the heat storage of the ground. A bulk mean water

ttom plastic film with good absorptivity. The vertical thermal stratification
en by the thermal buoyancy because of the temperature difference between

d by the natural convection in the water bags, the temperature calculated
n in water for each water sub-layer was sorted in a temperature-descending

. The heat was absorbed at each water sub-layer by an exponential decline

er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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into the ground qpb is equal to �kg
@T g

@z

���
z¼0

, and at a consid-

erable depth zb the temperature gradient @T g

@z

���
z¼zb

equals

zero. The ground heat storage capacity depends on the

ground thermal effusivity defined as bg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qgcpgkg

p
. A lar-

ger thermal effusivity of the ground leads to a better heat
storage capacity and thus produces a more uniform profile
of the SUTPP power output (Pretorius, 2007; Pretorius and
Kröger, 2007). More compacted ground having larger ther-
mal effusivity is therefore more beneficial for the SUTPP
heat storage capacity. This is in agreement with CFD sim-
ulations carried out by Hurtado et al. (2012).

The air flow in the ground regarded as porous media has
been considered in addition by a few researchers in CFD
simulations of SUTPP (Ming et al., 2008a, 2013a; Zheng
et al., 2010; Xu et al., 2011). CFD simulations showed that
the air flow in the porous media is helpful in improving the
heat transfer performance in the ground (Ming et al.,
2008a). However, the density and the effective specific heat
capacity due to the consideration of the porosity become
smaller. The effect of the air flow in the porous media to
the SUTPP heat storage capacity cannot be concluded
from the definition of the ground thermal effusivity and
the previous studies involving the air flow in the porous
media for the SUTPP.

Different mixed heat storage systems with additional
closed water-filled systems have been designed, and differ-
ent heat storage mechanisms have been proposed. These
are shown in Table 2. The special issue is vertical thermal
stratification in the water bags (Bernardes and Zhou
2013a). The thermal stratification is caused by thermal
buoyancy because of the temperature difference between
cold and hot water. The thermal stratification produces
higher temperatures in the upper layer of the water bags,
and influences the heat transfer to air flow as well as the
heat storage in ground. In order to evaluate the heat stor-
age capacity of the water-filled systems, researchers have
made comparisons between the daily power output profile
for an SUTPP with water storage and that without water
storage. Table 3 presents the proportions of the daily peak
and valley power outputs of SUTPPs with water storage
for several representative depths to the peak output with-
out water storage, which are obtained from existing litera-
ture. The predictions are not uniform, which may be
attributed mainly to the use of different heat storage mech-
anisms related to water. However, all the predictions
returned good dynamic control of power output by using
closed water-filled system because of the good heat storage
capacity of water. Bernardes and Zhou (2013a) evaluated
the SUTPP heat storage capacity by the efficiency of heat
storage system, which was defined as the ratio of the heat
extracted from the storage to the heat stored into it. The
efficiency of the heat storage system with 0.2 m thick water
bags in which vertical thermal stratification was considered
can reach higher than 0.97, which is higher than the effi-
ciency of 0.89 for the same plant without water bags.
Please cite this article in press as: Zhou, X., Xu, Y. Solar updraft tow
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2.3. Solar updraft tower

Various SUT shapes have been proposed. The conven-
tional SUT for power generation is a cylinder where the
cross sectional area almost does not change with height
(Schlaich, 1995, 1999; Pretorius and Kröger, 2006b). The
flow area in the SUT was proposed by von Backström
and Gannon (2000a) to increase gradually with height from
the SUT inlet to its outlet by 14% to keep the through-flow
Mach number constant in order to eliminate the pressure
drop associated with the vertical acceleration of the indoor
air that is about three times the pressure drop associated
with wall friction. The lower part of SUT was proposed
to be hyperboloid like cooling tower in order to give bene-
fits of shape strengthening (Borri et al., 2010; Harte et al.,
2012). A convergent SUT was designed and built by
Pasumarthi and Sherif (1998a, 1998b). It was indicated
from the simple analytical model developed by Padki and
Sherif (1999) that when the turbine was installed at the
SUT outlet, the convergent SUT was helpful to increase
the plant power output not by increasing the mass flow rate
of the updraft in the SUT but by increasing the updraft
velocity at the SUT outlet. A divergent SUT, together with
other three cylindrical SUTs, was designed and built by
Koonsrisuk (2009). The experimental data showed that
divergent SUT helped increase the mass flow rate of air
in the SUTPP (Koonsrisuk, 2009). CFD simulations
showed that SUT shape influenced the performance of
SUTs (Koonsrisuk and Chitsomboon, 2013b; Ming et al.,
2013a; Putkaradze et al., 2013). Later, Patel et al. (2014)
found the optimum divergent angle of 2� for a divergent
SUT by using CFD simulations.

Relevant conservation equations for continuity,
momentum, and air energy have been derived for a one-
dimensional compressible flow in the vertical direction in
an elementary control volume for variable SUT cross-sec-
tional area with height (Von Backström and Gannon,
2000a; Von Backström, 2003). The equations are suitable
for various-shaped SUTs. The continuity equation is writ-
ten as

d

dz
ðqvAsutÞ ¼ 0 ð9Þ

where the SUT cross-sectional area Asut is a function of
height z that is assumed to increase from the ground
(z = 0) to the SUT outlet (z = Hsut where Hsut is the SUT
height). The momentum equation without the inclusion
of the buoyancy force is expressed as

qv
dv
dz
¼ � dp

dz
� 4ssut

Dsut
þ F rin

Asut

� �
� qg ð10Þ

while the momentum equation with the buoyancy force is

qv
dv
dz
¼ � dp

dz
� 4ssut

Dsut
þ F rin

Asut

� �
� ðq� qaÞg ð11Þ

where Dsut is the SUT diameter, qa is the density of the
ambient air, and Frin is the drag force per unit SUT height
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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Table 3
Proportions of daily plant peak and valley power outputs with water
storage to peak output without water storage.

References Water
storage
thickness
(m)

Proportion of valley
with water to peak
without water
storage(%)

Proportion of peak
with water to peak
without water
storage(%)

Kreetz (1997)
and Schlaich
et al. (2005)

0.1 22.7a 51.1a

0.2 27.7a 43.9a

Bernardes et al.
(2003)

0.1 12b 74b

0.15 12.9a 73.9a

Papageorgiou
(2006)c

0.125 39.4a 56.5a

0.225 42.9a 55.2a

Pretorius (2007) 0.1 13 90
0.2 30.9a 62.8a

Ming et al.
(2013c)

0.1 32.7 69.0
0.2 38.1a 64.9a

a Obtained from the figures in the references.
b Not reported in the reference but presented by Bernardes and Zhou

(2013a).
c The heat storage capacity of the ground was assumed to be equivalent

to that of a 2.5 cm thick water.
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exerted by the evenly spaced internal spoked bracing
wheels that are used to pre-stress the compression rings
(Schlaich, 1999; Von Backström et al., 2008), or by the
intrusive part of evenly spaced compression rings not pre-
stressed by spoked wheels (Niemann et al., 2009), both of
which are used to reinforce the high thin-walled shell
SUT structures. The momentum equation of Eq. (10) is
used with actual boundary conditions, that is, the total
pressure at the inlet is specified as the ambient pressure
on the ground level, and the static pressure at the SUT out-
let is specified as the ambient pressure at its height. While,
the pressure in the momentum equation of Eq. (11) should
exclude the hydrostatic pressure variation due to qa

(ANSYS, 2012a). Therefore Eq. (11) is used with the
assumed (impractical) boundary conditions, that is, both
the total pressure at the SUT inlet and the static pressure
at the SUT outlet are specified as the same value, which
is always the local ambient pressure on the ground level.
Because the energy losses of the updraft in the reinforced
concrete SUTs are negligible, SUT air energy equation is
given by

cp
dT
dz
¼ �v

dv
dz
� g ð12Þ

The pressure potential of the SUTPP is in essence equal
to the ambient atmospheric pressure difference between the
collector inlet (Point 1) level and the SUT outlet (Point 7)
level minus the gravitational force of the whole air inside
the plant (Zhou et al., 2013d). It therefore can be given
by (Schlaich, 1995):

Dppoten ¼ g
Z Hsut

0

ðqa � qÞdz ð13Þ
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The energy conversion efficiency of the SUT can be
defined as the proportion of the fluid power of the air cur-
rent at the SUT inlet to the heat gains of the heated air cur-
rent obtained from the solar collector. Schlaich (1995)
presented a simplified form of the SUT efficiency:

gch ¼
_mv2

4=2

cp _mðT 3 � T 2Þ
¼ gH sut

cpT 1

ð14Þ

where the velocity of air flow at the SUT inlet under no

load condition, v4, can be expressed as v4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gHsut

T 3�T 2

T 1

q
(Haaf et al., 1983; Schlaich, 1995; Padki and Sherif, 1999).

2.4. Turbine pressure drop

Most of the SUTPP pressure potential Dppoten will be
used at the turbine as static pressure, and the remaining
will be used as the exit dynamic pressure and the system
pressure losses (Von Backström and Gannon, 2000a;
Pretorius and Kröger, 2006b). If all the pressure potential
or no part of the pressure potential is used at the turbine
as static pressure, no power will be produced from the
SUTPP. The turbine pressure drop factor x is defined as
the ratio of the turbine pressure drop Dpturb to the plant
pressure potential:

x ¼ Dpturb=Dppoten ð15Þ

Under a turbine load condition, the static pressure and
temperature of air behind the turbines can be given by

p5 ¼ p1 � Dpcoll � Dpturb;i � Dpturb ð16Þ

T 5 ¼ T 4 �
DpturbV avg

cp _m
ð17Þ

where Dpturb,i is the turbine inlet pressure loss, and Vavg is
the average volume flow rate between Points 4 and 5.
The average volume flow rate Vavg can be calculated with
the average pressure and the average temperature between
Points 4 and 5:

V avg ¼
_m

qavg
ð18Þ

where the average density qavg is given by

qavg ¼
p4 þ p5

RðT 4 þ T 5Þ
ð19Þ
2.5. Power output

The electric power extracted from the turbine generators
under a turbine load condition, P, can be calculated by
using the following equation (Pretorius and Kröger,
2006b; Zhou et al., 2014):

P ¼ gtgDpturbV avg ð20Þ

where gtg is the turbine generator efficiency, which is usu-
ally specified as a constant value. Selected values used in
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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Table 4
Selected values of turbine generator efficiency.

References Value

Haaf et al. (1983)a, Lodhi (1999), Kashiwa and Kashiwa (2008)a and Hurtado et al. (2012)a 83%
Schlaich (1995)b 77, 78.3, and 80.1%
Schlaich (1995)b, von Backström and Gannon (2000b)a, Dai et al. (2003)a, Pretorius (2004, 2007), Pretorius and Kröger (2006a,

2006b, 2007, 2009), Nizetic et al. (2008), Fluri et al. (2009)c, Bernardes et al. (2009), Zhou et al. (2009f, 2010c), Bernardes and von
Backstrom (2010), Larbi et al. (2010)a, Cao et al. (2011, 2013a, 2013c, 2014)a, Cervone et al. (2011)a, Xu et al. (2011)a, Ming et al.
(2013c) and Niroomand and Amidpour (2013)

80%

Bernardes et al. (2003) 75%
Zhou et al. (2007b) 50–90%
Bilgen and Rheault (2005)a and Zhou et al. (2013d, 2014) 77%
Ming et al. (2012)d and Ming et al. (2013b)d 72%

a The turbine efficiency in the references was actually used as the turbine generator efficiency.
b The values of 77%, 78.3%, and 80.1% were indicated for 5 MW, 30 MW, and 100 MW SUTPPs, respectively, in a table of this reference. Whereas, an

approximate value of 80% was used for the 30 MW SUTPP in the appendix of this reference.
c Called the efficiency of the power conversion unit (PCU).
d The multiply of the turbine efficiency at about 0.8 and the generator efficiency at 0.9.
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existing literature are shown in Table 4. In this model, the
turbine generator efficiency is actually the total-to-total
efficiency of the PCU. The PCU of a commercial SUTPP
consists of one or several turbine generators, power elec-
tronics, a grid interface and the flow passage from collector
outlet to SUT inlet. The assumption made by many other
researchers that the turbine generator efficiency of a com-
mercial SUTPP is 80% has been confirmed by Fluri and
von Backström (2008b) using an analytical model. The
SUTPP power output was also estimated conveniently by

using the terms x and
ffiffiffiffiffiffiffiffiffiffiffi
1� x
p

to scale the pressure potential
and the theoretical maximum volume flow rate at the SUT
inlet under no load condition to obtain the turbine pressure
drop and the volume flow rate at the SUT inlet respectively
(Bernardes et al., 2003; Koonsrisuk and Chitsomboon,

2010) as P ¼ gtgðxDppoten;no turbÞð
ffiffiffiffiffiffiffiffiffiffiffi
1� x
p

V 4;no turbÞ. In this

case, the pressure potential is independent of flow rate,
and the maximum plant power is produced when the x

value is 2/3. The power output estimated using the scaling
method, however, was recently found significantly lower
than that calculated using Eq. (20) under a turbine load
condition, based on the assumed x value of 0.8 (Zhou
et al., 2013d).
3. Important factors

Following the above introduction and analysis of the
operation principle of SUTPP, it is seen that some factors
are significant and can influence SUTPP performance to a
large extent. Such factors for example, include the heat
transfer coefficient, the turbine pressure drop factor, the
pressure potential, the coefficients of the pressure losses
in the SUT, and the turbine efficiency among others. In
recent work on theoretical modelings and numerical simu-
lations, different expressions or constants of some impor-
tant factors (e.g., the heat transfer coefficient, the turbine
pressure drop factor, and the pressure potential) have been
used by different researchers. The expressions give rise to
Please cite this article in press as: Zhou, X., Xu, Y. Solar updraft tow
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different results (e.g., Bernardes et al., 2009). All of the tur-
bine inlet loss, the inside wall friction, the internal drag
forces, the vertical acceleration of axial airflow, and the exit
kinetic energy loss contribute to a pressure drop over the
height of the SUT. The comprehensive work about the
SUT pressure loss coefficients has been conducted by
Von Backström and Gannon (2000a) and Von
Backström et al. (2003). The SUT pressure losses also influ-
ence the turbine pressure drop factor. The comprehensive
work about the turbine efficiency has been done by Fluri
and von Backström (2008a, 2008b). In theoretical model-
ings and numerical simulations of SUTPP, the turbine gen-
erator efficiency is always assumed to be a constant, and
various constants used in existing literature have been sum-
marized in Table 4. Therefore, the work related to the SUT
pressure loss coefficients and the turbine efficiency will not
be discussed in this paper.

Other factors such as the air moisture and the ambient
winds may, also influence SUTPP performance. In the fol-
lowing sections, discussions of the important factors of
SUTPP used in literature are presented.

3.1. Heat transfer coefficient

With regard to the conventional SUTPP, there exist
mainly radiative heat transfer from the collector roof to
the sky and between the absorber and the roof, conductive
heat transfer in the heat storage system, and convective heat
transfer related to solar collector. The convective heat trans-
fer behavior related to solar collector consists of two parts:
the convective heat loss from the roof to the environment,
and the convective heat transfer in the collector, i.e., between
the ground and the indoor airflow, and between the roof and
the indoor airflow. The correlations of the coefficients of the
radiative and conductive heat transfer related to the collec-
tor have commonly been taken to be uniform in most previ-
ous studies. While, different mechanisms of convective heat
transfer related to the collector have been considered, and
different correlations have been used to calculate the convec-
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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Table 5
Summary of convective heat transfer mechanism from roof to environment and equations of heat transfer coefficient.

References Mechanism Condition Equations for coefficient

Bernardes et al. (2003) Natural convection – Based on Rayleigh number
Hedderwick (2001), Kröger and Buys (2001), Pretorius (2004), Larbi et al.

(2010)a, Asnaghi and Ladjevardi (2012)a, Asnaghi et al. (2013)a, Ming et al.
(2013c) and Zou et al. (2014)

Forced convection – Using Eq. (21)

Pasumarthi and Sherif (1998a), Bilgen and Rheault (2005) and Zhou et al.
(2010c)

Forced convection – Using Eq. (22)

Bernardes et al. (2009) Mixed convection – Using Eq. (23)
Pretorius and Kröger (2006a) Forced convection or

mixed convection
– Using Eq. (21) or Eq. (24)

Pretorius and Kröger (2006b), Pretorius (2007) and Bernardes and Zhou
(2013b)

Forced or mixed
convection

When
Tr > Ta

Employing the higher of the
values using Eqs. (24) and (25)

Pretorius and Kröger (2006b), Pretorius (2007) and Bernardes and Zhou
(2013b)

Forced convection When
Ta > Tr

Using Eq. (25)

Zou et al. (2012, 2013) Mixed convection – Using Eq. (24)
Gholamalizadeh and Kim (2014) Forced convection – Using Eq. (25)

a They used an equation: h = 5.67 + 3.86vw where the constants approximate to those of Eq. (21).
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tive heat transfer coefficients. In this section, the correlations
of the convective heat transfer coefficients related to the col-
lector, which determine the rates of the heat transfer between
the roof and the environment, between the roof and the
indoor airflow, and between the absorber and the indoor air-
flow, are summarized.
3.1.1. Convective heat transfer coefficient from roof to

environment

Ambient winds will carry heat from the collector roof by
convection. Different convective heat transfer mechanisms
from the roof to the environment that have been used are
shown in Table 5. Many researchers have regarded the con-
vective heat loss from the roof to the environment as forced
convective heat transfer other than Kröger’s group and a
minority of other researchers.

The temperature of the collector roof should be higher
than that of the ambient winds during most of a day.
Bernardes et al. (2003) therefore thought of the flow over
the roof as a natural convection flow over a heated hori-
zontal surface facing upward, and used common correla-
tions based on Rayleigh number to calculate the natural
convective heat transfer coefficient.

When ambient winds are strong and the temperature
difference between the roof and the ambient winds is not
significant, the forced convective heat transfer mechanism
over the roof will dominate. Some previous studies about
SUTPP (Hedderwick, 2001; Kröger and Buys, 2001;
Pretorius, 2004; Larbi et al., 2010; Ming et al., 2013c) eval-
uated the forced convective heat transfer behavior from the
collector roof to the environment by employing the follow-
ing equation, which is based on Jurges’s experimental data
(Duffie and Beckman, 2013):

h ¼ 5:7þ 3:8vw ð21Þ

While other previous studies (Pasumarthi and Sherif,
1998a; Bilgen and Rheault, 2005; Zhou et al., 2010c) used
another equation to determine the forced convective heat
Please cite this article in press as: Zhou, X., Xu, Y. Solar updraft tow
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transfer coefficient to describe the heat transfer due to
winds blowing over a roof surface (Duffie and Beckman,
2013):

h ¼ 2:8þ 3vw ð22Þ

Eq. (22) gives smaller value than Eq. (21) and was recom-
mended by Watmuff et al. (1977) who suggested that Eq.
(21) might include natural convection and radiation effects
overestimating the forced convective heat transfer rate. The
linear regression equations (including Eqs. (21) and (22)) of
ambient wind-induced convective heat transfer from a flat
plate to environment were effective in fitting the experimen-
tal data, even though fundamental heat transfer theory
predicts a power relation between convective coefficient
and ambient wind velocity (Palyvos, 2008). The convective
heat transfer coefficient governed by either of Eqs. (21) and
(22) is influenced only by ambient wind velocity. In this
case, the mechanism of the ambient wind-induced convec-
tive heat transfer governed by either of Eqs. (21) and (22) is
considered as forced convective heat transfer in this paper
like in many references (e.g., Sharples and Charlesworth,
1998; Palyvos, 2008), though there is a constant heat trans-
fer coefficient at no wind.

When both the forced convection due to the ambient
winds and the natural convection take important effect,
the flow may be seen as the mixture of a blown flow and
a natural convection flow over a heated horizontal surface
facing upward. Bernardes et al. (2009) used a natural-
forced mixed convection correlation to calculate the coeffi-
cient of convective heat transfer over the roof under windy
conditions:

Nu ¼ Nu3
force þNu3

nat

� �1=3 ð23Þ

Whereas, Pretorius and Kröger (2006a, 2006b) used a
mixed convection correlation during times when the collec-
tor roof temperature Tr exceeds the ambient temperature
Ta, which was developed by Burger (2005) based on
experimental data. The correlation is of the form:
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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h ¼
0:2106þ 0:0026vw

qT avg

lgDT

� 	1=3

lT avg

gDTcpk2q2

� 	1=3
ð24Þ

where, Tavg is the average of the roof temperature Tr and
the ambient temperature Ta. They also used another mixed
convection correlation on any condition of whether or not
Tr exceeds Ta, which was developed by Burger (2005) based
on experimental data. The correlation is given by

h ¼ 3:87þ 0:0022
vwqcp

Pr2=3

� �
ð25Þ

The mechanism of the ambient wind-induced convective
heat transfer governed by Eq. (25) is also considered as
forced convective heat transfer for the same reason as those
by Eqs. (21) and (22) in this paper.

3.1.2. Convective heat transfer coefficient in collector

Airflow is heated in the collector mainly by convection.
The flow between the absorber and the roof in the collector
may be regarded as having various flow conditions. Owing
to a reasonable distance between the absorber surface and
the collector roof, the flow in the collector has been
regarded by many researchers as a flow involving two inde-
Table 6
Summary of convective heat transfer mechanisms in collector (i.e. from absorbe

References

Pasumarthi and Sherif (1998a), Bilgen and Rheault (2005), Bernardes et al.
(2009)a, Larbi et al. (2010), Bernardes (2011)b, Cao et al. (2011) and Najmi
et al. (2012)c

Lodhi (1999), Kröger and Buys (1999, 2001, 2002)d, Hedderwick (2001)d,
Bernardes et al. (2003), Bernardes et al. (2009)a, Pretorius (2004)e, Petela
(2009), Bernardes (2011)b, Ming et al. (2013c) and Najmi et al. (2012)c

Kreetz (1997), Pastohr et al. (2004), Sangi et al. (2011) and Niroomand and
Amidpour (2013)

Pretorius and Kröger (2006a)

Pretorius and Kröger (2006a)

Pretorius and Kröger (2006b), Pretorius (2007) and Bernardes and Zhou
(2013b)

Pretorius and Kröger (2006b), Pretorius (2007) and Bernardes and Zhou
(2013b)

Zhou et al. (2009f), Li et al. (2012b), Zou et al. (2012, 2013) and Islamuddin
et al. (2013)

Gholamalizadeh and Mansouri (2013)f

a Forced convection is general while natural convection becomes significant
b The flow in the collector was regarded as a forced, natural or mixed con

convection flow in a channel between infinite parallel plates, or a forced co

developing. Eqs. (24) and (25) were used for mixed convective heat transfer

mended for calculating the local Nusselt number for thermally developing flow
fully developed flow is given by: Nu � 2r/Dcoll (Bernardes, 2003).

c The flow was regarded as forced convection flow when the roof was too lo
d The coefficient applicable in the region of fully developed flow was differen
e Using Eq. (26).
f Eq. (25) was used for calculating the convective heat transfer between th

claimed to be applicable for calculating the convective heat transfer between th
the convective heat transfer between the roof and the indoor airflow.
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pendent horizontal flat plates with the indefinitely and sep-
arately developed boundary layers (e.g., Bernardes et al.,
2003; Pretorius and Kröger, 2006a, 2006b; Bernardes,
2011). The flow in the collector also may be seen as a flow
in a channel between two infinite parallel plates (Pretorius
and Kröger, 2006a, 2006b; Bernardes, 2011), or a flow
between two finite stationary disks with converging flow
developing (Bernardes, 2003, 2011).

Various mechanisms used to describe the convective
heat transfer behavior in the collector are presented in
Table 6. During most of a day, the mean temperature of
the air inside the collector should be lower than that of
the absorber surface and higher than that of the roof.
Therefore, the flow in the collector was regarded as a nat-
ural convection flow. In the collector, the current driven by
the SUT is in essence a blown flow. The flow in the collec-
tor was also regarded as forced convection flow. For exam-
ple, Pretorius and Kröger (2006a, 2006b) used Gnielinski’s
equation to determine the coefficient of forced convective
heat transfer including the effect of the specific surface
roughness for fully developed turbulent flow between two
parallel plates on the conditions of whether or not the roof
temperature Tr and the absorber surface temperature Tp

exceed the air flow temperature T:
r surface and roof to indoor air) and equations of heat transfer coefficients.

Mechanism Condition Equations for coefficients

Natural
convection

– Based on Rayleigh number or
Grashof number

Forced
convection

– Based on Reynolds number

Mixed
convection

– Using Eq. (27)

Forced or mixed
convection

When Tp > T

or Tr < T

Employing the higher of the
values using Eqs. (24) and (26)

Forced
convection

When Tp < T

or Tr > T

Using Eq. (26)

Forced or mixed
convection

When Tp > T

or Tr < T

Employing the highest of the
values using Eqs. (24)–(26)

Forced
convection

When Tp < T

or Tr > T

Employing the higher of the
values using Eqs. (25) and (26)

Mixed
convection

– Using Eq. (24)

Forced
convection

– Using Eq. (25), (26)

for low velocity flows.
vection flow between two independent flat plates, or a forced or natural
nvection flow between two finite stationary disks with converging flow

coefficients. The equation Nu ¼ 230 2r
Dcoll

� 	0:65
1� 2r

Dcoll

� 	�0:386
was recom-

between two finite stationary disks, while the Nusselt number for thermally

w and as natural convection flow when the roof was too high.
t from that applicable in the region of developing flow.

e absorber surface and the indoor airflow though the equation was also
e roof and the indoor airflow. Whereas, Eq. (26) was used for calculating

er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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h ¼ ðf =8ÞðRe� 1000ÞPr

1þ 12:7ðf =8Þ1=2ðPr2=3 � 1Þ
k
dh

� �
ð26Þ

The flow in the collector was also seen as the mixture of a
blown flow driven by SUT and a natural convection flow
over a heated horizontal surface facing upward or a cooled
horizontal surface facing downward. Kreetz (1997),
Pastohr et al. (2004), Sangi et al. (2011), and Niroomand
and Amidpour (2013) used the following correlation to cal-
culate the mixed convective heat transfer coefficient:

Nu ¼ ðNu4
force þNu4

natÞ
1=4 ð27Þ

Pretorius and Kröger (2006b) used Eq. (24) to calculate
the coefficient of mixed convective heat transfer from the
absorber surface to the indoor air during times when Tp

exceeds T, and to calculate the coefficient of mixed convec-
tive heat transfer from the roof to the indoor air during
times when T exceeds Tr. They also used Eq. (25) on the
conditions of whether or not Tp and Tr exceed T. Follow-
ing Pretorius and Kröger (2006b), some researchers, e.g.,
Zhou et al. (2009f), Li et al. (2012b), Zou et al. (2012,
2013), Islamuddin et al. (2013), Gholamalizadeh and
Mansouri (2013), and Bernardes and Zhou (2013b)
employed one, two, or three of Eqs. (24)–(26) as basic
equation(s) to describe the convective heat transfer behav-
ior in the collector.
3.2. Pressure potential

The essential expression (Eq. (13)) of the SUTPP pres-
sure potential is an integral form and inconvenient to use
in the modeling calculations. Therefore, in most previous
models, the essential expression is broken down and simpli-
fied for convenient calculation by assuming the air to be
incompressible gas. The results will not be accurate enough
due to the simplification.

Some previous studies (Mullett, 1987; Lodhi, 1999;
Bilgen and Rheault, 2005; Cao et al., 2013a, 2013c) simpli-
fied the essential expression of the SUTPP pressure poten-
tial into the following form by assuming the density
difference between the air inside the SUT and the ambient
air not to change with height:

Dppoten ¼ ðqa � qÞgH sut ð28Þ

Based on the Boussinesq approximation, the SUTPP pres-
sure potential can further be given by:

Dppoten ¼ qgbðT � T aÞH sut ð29Þ

where b is the volumetric thermal expansion coefficient of
air. The above equation was used by Koonsrisuk et al.
(2010) and Lorente et al. (2010). A variation of Eq. (29)
for estimating the SUTPP power potential was used by
Schlaich (1995):

Dppoten ¼ qgH sut
T � T a

T a
ð30Þ
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Many previous studies (Haaf et al., 1983; Lodhi, 1999; Dai
et al., 2003; von Backström and Fluri, 2006; Nizetic et al.,
2008; Larbi et al., 2010; Bernardes and von Backstrom,
2010; Al-Dabbas, 2011b; Sangi, 2012; Buğutekin, 2012;
Okoye and Atikol, 2014) also used Eq. (30) to estimate
the SUTPP pressure potential. By substituting an empirical
expression of air density with temperature within a small
range into the essential expression (Eq. (13)) and employ-
ing the function of the temperatures with height, other sim-
plified expressions were derived to estimate the SUTPP
pressure potential (Zhou et al., 2009e, 2009f; Li et al.,
2012b).

In order to reduce labor intensive programming and
program debugging, some commercial CFD packages
(mainly including Fluent and CFX) have been used by
many researchers to simulate the air flow and heat transfer
related to SUTPP by activating the built-in buoyancy mod-
els. A Boussinesq buoyancy model and a full buoyancy
model can be activated in CFX (ANSYS, 2012a), whereas
only the Boussinesq buoyancy model can be activated in
Fluent (ANSYS, 2012b). Pastohr et al. (2004), Ming
et al. (2008b, 2012, 2013a, 2013b), Zheng et al. (2010),
Sangi et al. (2011), Al-Dabbas (2011b), Xu et al. (2011),
Li et al. (2012a), Asnaghi and Ladjevardi (2012), Asnaghi
et al. (2013), Guo et al. (2013, 2014), Xu et al. (2014),
and Zou et al. (2014) simulated the air flow and heat trans-
fer in SUTPP using the Boussinesq buoyancy model with
FLUENT. Stamatov (2010) used the Boussinesq buoyancy
model with the Finite Element Analysis Simulator, FEM-
LAB. Bernardes et al. (1999), Chergui et al. (2010) and
Zandian and Ashjaee (2013) used the Boussinesq buoyancy
model in their numerical simulations. Koonsrisuk and
Chitsomboon (2007), Koonsrisuk and Chitsomboon
(2009a, 2009b), and Patel et al. (2014) have done similar
work using the full buoyancy model with CFX, whereas
Maia et al. (2009a) used the full buoyancy model in their
numerical simulations. In Boussinesq buoyancy model,
the Boussinesq approximation is employed, and the buoy-
ancy force is evaluated approximately from the difference
between air temperature and a constant reference tempera-
ture based on an incompressible flow, while in full buoy-
ancy model, the buoyancy force is evaluated directly
from the difference between air density and a reference den-
sity, and the reference density is kept constant though the
compressibility of air is considered. Neglecting the com-
pressibility of the air inside or outside the SUT results in
inaccuracy in the calculated results (Zhou et al., 2009d).

In order to ensure the accuracy of calculation, it is nec-
essary to consider the compressibility of the air inside and
outside SUT to estimate the SUTPP pressure potential.
The SUTPP pressure potential is usually considered to be
equal to the dynamic pressure at the SUT inlet under no
load condition and is given by Dppoten ¼ 1

2
q5v2

5. This is taken
to be equal to the difference between the ambient pressure
on the ground level and the static pressure at the SUT inlet
under no load condition, that is, Dppoten = p1 � p5. Based
on this, Kröger and Blaine (1999) developed an expression
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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Table 7
Constants and expressions of optimal turbine pressure drop factor.

References Constants and expressions

Pasumarthi and Sherif (1998a), Pastohr et al. (2004), Onyango and Ochieng (2006), Sangi et al. (2011), Asnaghi and
Ladjevardi (2012) and Zandian and Ashjaee (2013)

16/27

Haaf et al. (1983), Lautenschlager et al. (1984), Mullett (1987), Schlaich (1995)a, Lodhi (1999), von Backström and
Gannon (2000b), Dai et al. (2003), Zhou et al. (2007b), Kashiwa and Kashiwa (2008), Petela (2009), Koonsrisuk and
Chitsomboon (2010), Koonsrisuk and Chitsomboon (2013a), Larbi et al. (2010), Al-Dabbas (2011b), Hurtado et al.
(2012), Sangi (2012), Fasel et al. (2013), Meng et al. (2013), Islamuddin et al. (2013) and Chen et al. (2014)

2/3

Schlaich (1995)a 0.82
Hedderwick (2001) 0.66–0.7
Bernardes et al. (2003)b 0.97
Schlaich et al. (2005), Zhou et al. (2013d, 2014) and Gholamalizadeh and Kim (2014) 0.8
Von Backström and Fluri (2006)c (n � m)/(n + 1)

Nizetic and Klarin (2010)d 1� v2
5T 1

2gHsut

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u
w � Sh �

v2
5
T 1

2gHsut

q� ��1

Bernardes and von Backstrom (2010)e Variable
Zhou et al. (2010a) 0.9
Li et al. (2012b)f Variable
Guo et al. (2013)g 1� mþ1

3

Ming et al. (2013c) 0.85
Koonsrisuk and Chitsomboon (2013a)h Variable
Bernard es and Zhou (2013b)i Variable

a An optimal value of 2/3 was obtained in the theoretical model of this reference, while a value of about 0.82 was calculated from the data for 5, 30, and
100 MW SUTPPs in a table of this reference.

b Bernardes et al. (2003) found an optimal value as high as approximately 0.97, but pointed out that this value was hard to achieve in reality, and
recommended a value between 0.8 and 0.9. They selected a value of 0.9 in their model.

c m and n are the pressure potential exponent and the pressure loss exponent, respectively. m is typically a negative number between 0 and �1, and n is
typically equal to 2. The optimal x value therefore changes from 2/3 for a constant pressure potential, independent of flow rate to approximately 1.

d u is the effective absorption coefficient of the collector, and w is the roof heat loss coefficient. The optimal x values are in the range of 0.8–0.92 for
various expected SUT inlet airflow velocities from 9 to 15 m/s and u/w ratios from 0.09 to 0.18 for the Manzanares prototype.

e The optimal value remained around 0.9 during most of a day but could drop to 0.52.
f The optimal value calculated with the developed theoretical model increased from 0.825 for solar radiation of 500 W/m2 to 0.855 for solar radiation of

1000 W/m2 for the Manzanares prototype.
g The optimal values for the Manzanares prototype reached about 0.91, 0.92, 0.93, and 0.93 for solar radiation of 200, 400, 600, and 800 W/m2

respectively using the developed theoretical model where m values were determined using CFD simulations. The values are slightly higher than those
reaching about 0.91, 0.91, 0.89, and 0.88 using sole CFD simulations, respectively.

h The optimum value was equal to 2/3 for a constant pressure potential, and was a function of the plant size and solar heat flux for a non-constant
pressure potential. The optimum value for the proposed Thai SUTPP with a collector radius of 200 m and an SUT height of 400 m was equal to 0.84
approximately.

i The optimal value remained around 0.8 during most of a day but could drop to about 0.2.
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containing no integral for the pressure potential of the con-
ventional SUTPP during relatively quiet (no significant
ambient winds) periods by considering the dry air inside
and outside the SUT as an ideal gas. The expression is of
the form:

Dppoten ¼ p1 1�
1� gHsut

cpT 1

1� gHsut
cpT 5

 !c=ðc�1Þ0
@

1
A ð31Þ

Eq. (31) has been proved to predict the SUTPP pressure
potential as accurately as the essential expression of Eq.
(13) could (Zhou et al., 2013d). Some researchers
(Pretorius, 2004, 2007; Pretorius and Kröger, 2006b;
Zhou et al., 2012, 2013d, 2014) have used the accurate
expression to predict the SUTPP pressure potential in their
models.

3.3. Turbine pressure drop factor

The pressure drop at the SUT turbine is very important
for the power extracted from the turbine. The turbine pres-
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sure drop factor can significantly influence the SUTPP per-
formance, and can be considered as an independent control
variable of the SUTPP power output (Schlaich et al., 2005;
Bernardes and von Backstrom, 2010; Bernardes and Zhou,
2013b; Guo et al., 2013). The optimal turbine pressure drop
factor has been widely used conveniently for producing the
maximum power from SUTPPs. By now, some constants
and expressions of the optimal turbine pressure drop factor
have been presented, which are summarized in Table 7.

The maximum possible power extracted from the tur-
bine was considered by some researchers (Pasumarthi and
Sherif, 1998a; Onyango and Ochieng, 2006; Zandian and
Ashjaee, 2013) to be equal to the wind kinetic energy mul-
tiplied by the Betz’s coefficient of 16/27. A few researchers
(Pastohr et al., 2004; Sangi et al., 2011; Asnaghi and
Ladjevardi, 2012) used the Betz’s coefficient of 16/27 as
the turbine pressure drop factor for calculating the maxi-
mum pressure jump at the turbine in their CFD simula-
tions. Practically, only the wind turbine in an open wind
farm follows the Betz limit. However, the airflow in the
SUTPP is not an open flow, and the SUT turbines work
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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as shrouded pressure-staged turbines. Therefore, the theo-
retical maximum power from the SUT turbines cannot be
calculated according to the Betz’ law (Fluri and von
Backström, 2008a; Li et al., 2012b). The use of optimal tur-
bine pressure drop factor at 16/27 is also improper for
SUTPPs.

Several constants of 2/3, 0.8, 0.82, 0.85, 0.9, and 0.97
that are higher than 16/27 have been used as the optimal
turbine pressure drop factor for the SUT turbines in refer-
ences. Difference among the constants can be attributed to
the difficulty in maximizing the plant power output which
is related to too many parameters and the optimal x tur-
bine pressure drop factor value for the constant is deter-
mined by the parameters. In order to determine the
optimal x value for an SUTPP under any condition, some
researchers endeavored to put forward its expressions.
From the two analytical expressions of the optimal x value
for the maximum fluid power reported by Von Backström
and Fluri (2006) and for the maximum plant power output
reported by Nizetic and Klarin (2010) respectively, the
optimal x value was found to be related to the solar radia-
tion intensity, the collector temperature rise, the air mass
flow rate, the effective absorption coefficient of solar collec-
tor, the roof heat loss coefficient, the SUT height, the col-
lector area, the ambient temperature, and so on. Another
analytical expression of the optimal x value for the maxi-
mum plant power output reported by Guo et al. (2013) is
equivalent to that reported by Von Backström and Fluri
(2006) when n is equal to 2. The theoretical analyses
(Von Backström and Fluri, 2006; Nizetic and Klarin,
2010; Li et al., 2012b; Guo et al., 2013) and CFD simula-
tions (Guo et al., 2013) were based on assumed steady-state
flow in the plants. Certainly, the predicted optimal x values
are between 2/3 for a constant pressure potential, indepen-
dent of flow rate (Von Backström and Fluri, 2006;
Koonsrisuk and Chitsomboon 2013a) and approximately
1.

Besides, the daily variations of the optimal x value have
been studied by using the Bernardes’s heat transfer scheme
(Bernardes and von Backstrom, 2010) and the Pretorius’s
heat transfer scheme (Bernardes and von Backstrom,
2010; Bernardes and Zhou, 2013b), respectively. The vari-
ation range by using either of the two heat transfer schemes
is found to be far wider than those for steady-state flow,
and the lowest value is out of the range from 2/3 to approx-
imately 1. The occurrence of low optimal x values can be
attributed to insufficient heat gains of the airflow inside
the collector during some time (Bernardes and Zhou,
2013b).

The large difference among the optimal x values should
also be ascribed to the use of different SUTPP mathemati-
cal models. Further work about the optimal x values
should be conducted under comprehensive consideration
of solar radiation and more influencing parameters such
as SUT pressure loss coefficients, heat transfer scheme
and expression, heat storage capacity, and ambient wind
velocity.
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3.4. Moisture

In most previous mathematical models of SUTPP, the
air is assumed to be dry lacking any moisture, and the
dry adiabatic lapse rate (DALR) is applied for the temper-
atures of the air inside and outside the plant. An Interna-
tional Standard Atmosphere (ISA, with a mean lapse rate
of 0.0065 K/m from the ground to a height of 11 km)
assumption is sometimes applied for the air outside the
plant. In reality, the air moisture has some influence on
the air performance, and therefore affects the SUTPP pres-
sure potential (Kröger and Blaine, 1999; Ninic, 2006; Zhou
et al., 2009a, 2010c, 2014). The influence of the moisture
cannot be neglected especially for the cases where the SUT-
PP is integrated with an open water source. The open water
source may be, for example, an open seawater for desalina-
tion (Zhou et al., 2010c), an open wet ground for agricul-
ture purposes (Dai et al., 2003; Pretorius, 2007; Stinnes,
2010), or an open wet crop for drying purposes (Ferreira
et al., 2008; Maia et al., 2009b), in the solar collector. A
solar pond also may act as an open water source of the
SUTPP without solar collector (Akbarzadeh et al., 2009).

The wet air has been considered by Bernardes et al.
(2003) as a mixture of two ideal gases to simulate the Man-
zanares prototype. The simulations based on the meteoro-
logical data were shown to accord with the measurements
in the prototype. However, further analyses about the
influence of moisture on the simulation results have not
been discussed.

Kröger and Blaine (1999) pointed out that the air mois-
ture inside the SUTPP could help enhance the plant pres-
sure potential when the DALR or the ISA assumption
with a constant lapse rate is applicable outside the SUTPP.
However, since the air inside a conventional SUTPP gener-
ally comes from the ambient atmosphere on the ground
level, moisture of air inside the collector is the same as that
of the atmosphere on the ground level. In this case, the air
moisture has a small negative effect on the pressure poten-
tial of sloped-collector SUTPP, which is suitable for con-
ventional SUTPPs (Zhou et al., 2014). In other words,
low moisture content is better for SUTPP operation only
if the vapor condensation along with the release of latent
heat does not occur.

Ninic (2006) studied the impact of humidity on the
height potential of SUTPP. The latent heat released from
the vapor condensation of the moistened air was shown
to help increase the height potential. When the vapor con-
densation of the moistened air occurs in high enough SUT,
the latent heat released could also increase the air temper-
ature (Zhou et al., 2014), hence, enhance the pressure
potential. However, it will require a lot of energy to
moisten the air entering through the inlet from the atmo-
sphere in the collector. More than six times in excess of
the solar energy needed by dry collector would be used
for producing saturated air at the same temperature rise
for dry air, and this leads to large reduction of the efficiency
of the collector filled with saturated air (Ninic, 2006).
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/

http://dx.doi.org/10.1016/j.solener.2014.06.029
http://dx.doi.org/10.1016/j.solener.2014.06.029


X. Zhou, Y. Xu / Solar Energy xxx (2014) xxx–xxx 15
Based on the assumption that dry air enters through the
collector inlet, the power output from the SUT turbines
of a 500 m high SUTPP open to seawater under the collec-
tor roof was approximately 30.4% of that of the same plant
without open to seawater (Zhou et al., 2010c). This would
result in revenue loss, though a part of the resulting reve-
nue loss could be offset by the revenue from additional
fresh water products. Therefore, it is preferable to admit
ambient air with high moisture into the collector from
the point of view of height potential and pressure potential,
but it is not cost effective to use solar energy to moisten the
air in the collector.

Once a commercial SUTPP is built and starts operation,
a large amount of warm plume will flow from high SUT
outlet into the atmosphere at high altitude continuously.
This only could result in a local atmospheric circulation,
if the plume is assumed to be dry. In fact, the humidity con-
tent of the plume coming from the ground is much higher
than that at an elevated height. When the plume rises, its
temperature drops, and its relative humidity becomes
higher than the suroundings. In addition, abundant tiny
granules transported in the SUT updraft coming from
the ground can be used as effective condensation nuclei
of vapor (Zhou et al., 2008; VanReken and Nenes, 2009).
Therefore, besides the local atmospheric circulation, a
cloud system would probably form around the SUTPP,
which can increase the probability of rainfall in the local
area. A special climate can then form around a commercial
SUTPP (Zhou et al., 2008). The humidity content of the
plume could determine the dimension of the cloud system.
The lower-velocity ambient winds at high altitude and the
latent heat released from vapor condensation also could
aid the plume to rise to a higher altitude (Zhou et al.,
2009a).

3.5. Ambient winds

Ambient winds will influence SUTPP performance in
three main ways: by producing the convective heat loss
from the collector roof to the environment, by blowing
the indoor heated air through the collector and to the out-
side of the collector rather than up the SUT, and by gener-
ating a suction effect through the SUT outlet to increase
the updraft in SUT. The first two processes will lead to a
reduction of collector efficiency, while the last one will
result in the increase in SUT efficiency. The convective heat
loss by the first process has been included as the term qra in
the energy equation (Eq. (5)) of common mathematical
models for SUTPP. The quantity is determined by the heat
transfer coefficients from the roof to the environment as
discussed in Section 3.1.1.

The heat loss by the second process has not been
included in the common mathematical models of SUTPP,
but has been investigated based on logarithmic ambient
wind velocity profiles using CFD simulations by Serag-
Eldin (2004a, 2004b) and Ming et al. (2012, 2013b).
Serag-Eldin (2004a) predicted the effect of ambient winds
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on the SUTPP performance by neglecting the convective
heat loss from the collector roof to the environment
whereas Ming et al. (2012) did similar work by considering
the convective heat loss from the collector roof to the envi-
ronment. It was concluded that comparably weak ambient
winds would deteriorate the SUTPP performance due to
the ambient winds blowing the indoor heated air through
the collector and to the outside of the collector, whereas
strong enough ambient crosswinds might slightly increase
the air mass flow rate due to a suction effect at the SUT
outlet (Ming et al., 2012).

In Pretorius (2007)’s comprehensive SUTPP model,
except for the heat loss by the second process, the heat loss
by the first process and possible gain by the last process due
to ambient winds have been considered. Numerical simula-
tions with this model showed that the annual power output
of the proposed commercial SUTPP for a linear ambient
wind velocity profile with a value of 2 m/s at 10 m height
dropped by approximately 11% from that under quiet
ambient conditions (Pretorius and Kröger, 2009). The
power reduction mainly results from the convective heat
loss from the collector roof to the environment. Besides,
it was also found that ambient winds around the SUT out-
let had a positive effect on the SUTPP power output
because a suction effect is generated through the SUT out-
let (Pretorius and Kröger, 2009). When the heat losses by
the first two processes due to ambient winds were not con-
sidered, Zhou et al. (2012) observed a positive effect of
ambient crosswinds through the SUT outlet on the SUT
pressure potential and indoor updraft velocity. Even for
an SUT without solar collector heating the air, ambient
crosswinds were found to produce an SUT updraft with
its velocity at the SUT inlet reaching 26% of the velocity
of the crosswinds through the SUT outlet.

4. Non-conventional technologies

In Section 1.2, some main disadvantages of conven-
tional SUTPP have been discussed. In order to overcome
one or several disadvantages, many non-conventional tech-
nologies have been proposed. The representative concept
and the characteristics of the selected non-conventional
technologies are summarized in Table 8.

Some hybrid concepts of SUTPP combined with moun-
tains have been proposed. The concepts include the sloped-
collector SUTPP (Bilgen and Rheault, 2005), the sloped-tower
SUTPP (Günther, 1931), the mountain hollow SUTPP
(Zhou et al., 2009c), and the segmented floating tower
SUTPP (Zhou and Yang, 2009). The hybrid SUTPPs can
reach a high height with high safety when constructed next
to mountains in steady-geology regions. The sloped-
collector SUTPP has become a hot study area because of
high thermal performance and an additional “SUT” effect
of the ascending collector (Bilgen and Rheault, 2005). The
investment of the sloped-collector SUTPP may be much
lower than that of conventional SUTPP having the same
power capacity (Cao et al., 2013b). A trapezoidal-shaped
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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Table 8
Representative concepts and characteristics of selected non-conventional technologies.

Representative concept Category Typical products Advantages References

Sloped collector Combined
with
mountain

Electricity High thermal performance,
additional “SUT” effect, and
high safety

Bilgen and Rheault (2005), Cao et al. (2011,
2013b, 2013c), Panse et al. (2011), Koonsrisuk
(2012, 2013), Zhou et al. (2013d, 2014) and
Kalash et al. (2013)

Sloped SUT Combined
with
mountain

Electricity High safety Günther (1931)

Mountain hollow as SUT Combined
with
mountain

Electricity High safety Zhou et al. (2009c)

Segmented floating SUT Combined
with
mountain
and soft SUT

Electricity Easy and safe to reach high
height

Zhou and Yang (2009)

Trapezoidal-shaped collector Combined
with landfill

Electricity To impel harmful landfill
gases to upper levels, and to
reclaim closed landfill areas

Stamatov (2010)

Floating SUT Soft SUT Electricity Easy to reach high height Senanayake (1996), Papageorgiou (2003), Zhou
and Yang (2009) and Zhou et al. (2009b)

Inflatable free-standing flexible
SUT

Soft SUT Electricity Easy to reach high height,
and stable structure

Putkaradze et al. (2013)

Solar pond as heat source Instead of
collector

Electricity Easy to control power
output, and no need of
collector

Golder (2003) and Akbarzadeh et al. (2009)

Industrial hot water as heat
source

Instead of
collector

Electricity To capture waste heat and no
need of collector

Chen et al. (2014)

Greentower Multiple
products

Electricity and
agricultural
products

Cost-effective Thomashausen (2010), Stinnes (2010), Hummel
(2010) and Ademes (2010)

Hybrid seawater desalination Multiple
products

Electricity, fresh
water, and even raw
materials of crude
salts

Cost-effective Zhou et al. (2010c), Zuo et al. (2011, 2012)
and Niroomand and Amidpour (2013)

Solar cyclone Multiple
products

Electricity and
fresh water

Cost-effective Kashiwa and Kashiwa (2008)

Tornado-type wind tower
installed at SUT outlet

Improving
performance

Electricity To enhance ventilation effect Li et al. (2012a)

Wind channel installed at SUT
outlet

Improving
performance

Electricity To enhance ventilation effect Zhou et al. (2013a)

Double glazed collector roof Improving
performance

Electricity To enhance power output Bernardes et al. (2003) and Pretorius (2007)

Solar pond(s) as additional
external heat source(s)

Improving
performance

Electricity To enhance power output Davey (2006) and Zhou et al. (2009f)

Hot exhaust gases from a
nearby gas turbine power
plant as additional external
heat source

Improving
performance

Electricity To enhance power output
and capture waste heat

Islamuddin et al. (2013)

Geothermal hot water as
additional external heat
source

Improving
performance

Electricity To enhance power output Cao et al. (2014)

Collector with controllable
flaps or a blockage installed
around the periphery

Improving
performance

Electricity To reduce heat loss due to
ambient winds blowing
indoor heated air to outside
of collector

Serag-Eldin (2004b) and Ming et al. (2013b)

Enclosed collector Improving
performance

Electricity Easy to control power output Papageorgiou (2013)

Collector with secondary roof
and possible multiple radial
channels under it

Improving
performance

Electricity Easy to control power output Pretorius (2007)

Collector with a double glazed
secondary roof

Improving
performance

Electricity Easy to control power output Pretorius (2007)

Collector with a secondary and
tertiary roof

Improving
performance

Electricity Easy to control power output Pretorius (2007)
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Table 8 (continued)

Representative concept Category Typical products Advantages References

Collector with auto-movable
roof

For practical
use

Electricity To be automatically
unloaded

Zhou et al. (2013b)

Modular collector For practical
use

Electricity To be assembled with less
works and lower cost

Papageorgiou and Katopodis (2009)

Collector with ribs and their
branchings

For practical
use

Electricity To reduce the friction loss
and construction cost

Bonnelle (2004)

Hybrid cooling tower Another use
and even
outputting
power

Cooling and even
electricity

To enhance cooling rate and
even to capture rejected heat

Zou et al. (2012, 2013, 2014) and Zandian and
Ashjaee (2013)

Drying only Another use Dried agricultural
products

Good drying effect and
suitable for small dimension

Ferreira et al. (2008) and Maia et al. (2009b)

Seawater desalination only Another use Fresh water, and
even raw materials
of crude salts

To enhance desalination
effect

Khoo et al. (2011)
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collector SUTPP constructed over a landfill was proposed
by Stamatov (2010) to impel large volumes of harmful
landfill gases from lower to upper levels of the atmosphere.

Three concepts of soft SUTs instead of reinforced con-
crete SUT have been proposed. Specifically, two concepts
of floating SUT with the help of buoyant-gases-filled units
were invented by Senanayake (1996) and Papageorgiou
(2003), respectively, and an inflatable self-supporting,
free-standing flexible SUT with the help of air-filled units
was proposed by Putkaradze et al. (2013). The soft SUTs
can readily reach very high height with very high safety
and low cost (Papageorgiou, 2003; Zhou et al., 2009b;
Putkaradze et al., 2013). A solar pond (Golder, 2003;
Akbarzadeh et al., 2009) and industrial hot water (Chen
et al., 2014) were respectively proposed to substitute for
solar collectors as heat sources of the air current moving
towards the SUT.

Some novel concepts of combined SUTPP for both pro-
ducing electric power and other purposes of agriculture
(Thomashausen, 2010; Stinnes, 2010; Hummel, 2010;
Ademes, 2010), desalination (Zhou et al., 2010c; Zuo
et al., 2011, 2012; Niroomand and Amidpour, 2013), or
harvesting atmospheric water (Kashiwa and Kashiwa,
2008) have been proposed. The combined systems are
expected to produce both electric power and other prod-
ucts to improve the cost effectiveness. The concepts refer
to vaporization or condensation process.

In order to enhance the plant power, some effective mea-
sures have been proposed to improve the energy conversion
efficiency, to lessen the collector heat losses, or to obtain
heat from additional external heat source. A tornado-type
wind tower (Li et al., 2012a) and a wind channel (Zhou
et al., 2013a) were respectively proposed to be installed at
the SUT outlet to increase the updraft in the SUTPP. Dou-
ble glazed collector roof was put forward to substantially
reduce the convective heat loss from the roof (Bernardes
et al., 2003; Pretorius, 2007). Controllable flaps (Serag-
Eldin, 2004b) and a blockage (Ming et al., 2013b) were
respectively proposed to be installed around the periphery
to reduce the heat loss due to the ambient winds blowing
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the indoor heated air through the collector and to the out-
side of the collector. Solar pond(s) (Davey, 2006; Zhou
et al., 2009f), hot exhaust gases from a nearby gas turbine
power plant (Islamuddin et al., 2013), and geothermal hot
water (Cao et al., 2014) were respectively proposed as addi-
tional external heat sources of SUTPP mainly to help it
work during night time.

To control and enhance SUTPP power output profile,
apart from laying closed water-filled heat storage system
down on the ground (Kreetz, 1997; Schlaich et al., 2005;
Bernardes and Zhou, 2013a), some modifications of the
conventional collector were proposed by Pretorius (2007),
which include the incorporation of an intermediate second-
ary roof and possible further implementation of multiple
radial channels under it, the incorporation of a double
glazed secondary roof, and the incorporation of a second-
ary and tertiary roof. In the modified collector, the collec-
tor airflow area was regulated by an airflow regulating
mechanism at the collector outlet to achieve effective con-
trol of the power output. Papageorgiou (2013) proposed
an enclosed solar collector encircled by a peripheral wall,
in which some electro-mechanical air stop systems were
used to control the number of open openings separately
to adjust the SUTPP power output.

In vast regions suitable for commercial SUTPP con-
struction sites, SUTPPs will be probably confronted by
dust and sand weather (Höffer et al., 2010, 2012), or snow
and ice weather (Kuck et al., 2010), and the collector may
encounter overloads. In order to solve the problem of solar
collector resisting the overloads, Zhou et al. (2013b)
designed a novel solar collector with an auto-movable roof
for unloading. The collector can be automatically unloaded
without any other energy input and addition of operation
costs, except for a little additional investment on the neces-
sary components as compared to conventional solar collec-
tor. Since the construction of vast solar collector on desert
is laborious and expensive, Papageorgiou and Katopodis
(2009) proposed a modular solar collector constituted by
parallel series of reverse V transparent tunnels. The tunnels
can be assembled on site with less effort and lower cost. In
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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Fig. 4. Picture of Manzanares pilot plant prototype (Schlaich, 1995).

Fig. 5. Picture of Wuhai pilot plant (Qin, 2013).
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order to reduce the friction losses effectively, a collector
concept with ribs containing their branchings was pro-
posed by Bonnelle (2004). Compared with the conventional
collector, this new design has larger entrance area, which
leads to smaller air velocity, thus lower friction loss.
Accordingly, the roof can be lowered and then the collector
construction cost reduced.

A hybrid SUT cooling tower concept was proposed to
generate additional updraft force for higher cooling rate
Table 9
Main structural parameters and technical data of Manzanares plan

Item

Location

SUT height (m)
SUT radius (m)
Collector shape

Collector radius or area
Turbine configurations and layouts

Number of turbine blades
Operation modes

Collector air temperature rise (K)
Nominal power output (kW)

Collector covered with plastic membrane (m2)
Collector covered with glass (m2)

a The measured power output for average ambient wind velocity
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(Zou et al., 2012, 2013, 2014), and even to capture the
rejected heat from the condenser into dry cooling tower
to generate electricity (Zandian and Ashjaee, 2013). SUT
was not proposed for producing electric power but for sole
purpose of drying (Ferreira et al., 2008; Maia et al., 2009b)
or desalination (Khoo et al., 2011).
5. Experiment

In the past decades, after the construction of the Man-
zanares pilot plant prototype, the Wuhai pilot plant and
other small experimental setups were built and tested with
a view of taking measurements of important parameters for
use in many countries. The main structural parameters and
technical data of the Manzanares plant (Fig. 4) (Schlaich
et al., 2005) and the Wuhai plant (Fig. 5) (Wei and Wu,
2012) are presented in Table 9. The measured operational
data, e.g., solar radiation, and power output of the Man-
zanares plant on a typical day and the Wuhai plant during
a time span of a day are shown in Fig. 6. The measure-
ments from the Manzanares plant have always been used
to validate mathematical models by researchers. The
Wuhai plant started operation in the desert region of Jinsh-
awan in Wuhai City of Inner Mongolia Autonomous
Region in North China in October 2010. Due to the restric-
tion of the requirements of airport clearance protection,
the 53 m high SUT built near the Wuhai airport is much
lower than expected. This leads to only approximately
3 kW of power output under weak ambient windy condi-
tions for average ambient wind velocity of lower than
2 m/s (Wei and Wu, 2012). Different from the Manzanares
plant, some openings in the peripheral wall of the Wuhai
plant were used to control the mass flow rate of the ambi-
ent winds entering the collector by opening and closing
them. The measurements showed the ambient winds have
a significant effect on the mass flow rate of air inside this
t (Schlaich et al., 2005) and Wuhai plant (Wei and Wu, 2012).

Schlaich et al. (2005) Wei and Wu (2012)

39�02034.4500N 39�46003.2500N
3�15012.2100W 106�49049.2500E

194.6 53
5.08 9.25
Approximate circular
shape

Ellipse shape

122 m (radius) 6170 m2 (area)
Vertical-axis single-
rotor type

Horizontal-axis single-
rotor type

4 3
Stand-alone or grid
connected mode

Stand-alone or grid
connected mode

20 (Typical value) –
Approximately 50
(Peak)

Approximately 3a

40,000 0
6000 6170

of lower than 2 m/s.
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Fig. 6. Measured power outputs of (a) Manzanares plant on June 8, 1987 (Schlaich et al., 2005) and (b) Wuhai plant from 13:55:30 to 14:25:30 p.m. on
December 29, 2010 (Wei and Wu, 2012).
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plant with a small collector the area of which is 13.4% of
that of the Manzanares plant.

The main structural parameters and technical data of
small experimental SUTPP setups built in many countries
are presented in Table 10. The largest collector among
these setups is 1020 m2 in area, and the highest SUT among
them is 60 m in height. Generally, the main work related to
the setups was to study the SUT system performance by
mainly testing the temperature and velocity of the air cur-
rent. In some locations, the effects of dimensions, SUT
shape, collector design parameters, cover materials, ground
heat storage materials and so on, on the performance of
SUT setups were also studied. Except for several non-con-
ventional SUT setups, the setups were the prototypes of the
conventional SUTPP, where similar temperature distribu-
tions and low velocities were obtained. The ambient winds
always have a significant influence on the air parameters
especially the mass flow rate in far smaller collectors than
the collector of the Wuhai plant (Motsamai et al., 2013).
However, little work on analyzing the respective contribu-
tion of buoyancy due to solar radiation and ambient winds
on the air mass flow rate inside the collector has been
reported. The experimental work about the basic SUTPP
performance has laid down a solid foundation for develop-
ment of mathematical models on which commercial SUT-
PPs can be predicted and carefully designed.
Please cite this article in press as: Zhou, X., Xu, Y. Solar updraft tow
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6. Power production conditions

It is important to note that suitable conditions for
obtaining high performance of SUTPP should be taken
into account. In order to produce electric power from
SUTPP, four good conditions should be satisfied, that is,
large enough size, good climate conditions, cheap local
construction materials and labor force, and vast desert
region. Correlations of commercial SUTPP power output
and main factors are demonstrated in Table 11.

All of the SUT height, collector diameter, solar radia-
tion, local construction material prices, labor force cost,
and land value are the important factors to determine the
cost-effectiveness of power output from SUTPP. Firstly,
the SUT power generation has strong effects of scale econ-
omies, implying that the energy cost decreases with its size.
A larger collector area leads to a higher collector air tem-
perature, while a higher SUT produces a stronger updraft
in it. A larger-scale SUTPP can induce a higher power out-
put and a lower LEC. Secondly, as a typical solar radiation
dependent device, SUTPP needs abundant solar radiation.
The SUTPP should generally be constructed in the regions
with average annual global solar radiation on a horizontal
surface exceeding 1950 kW h/(m2 a). The level of higher
than 2200 kW h/(m2 a) will be better, as stated in
Schlaich (1995). Thirdly, low prices of local construction
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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Table 10
Main structural parameters and technical data of small experimental SUTPP setups.

No Site SUT
height
(m)

SUT
diameter (m)

Collector
diameter/
area

Roof
material

Velocity in
SUTa (m/s)

Collector
temperature
risea (K)

Construction
date (year)

References

– Connecticut,
USA

10 – 6 m – – – 1983 Krisst (1983)

– Izmir, Turkey 2 0.07 9 m2 – – – 1985 Kulunk (1985)
(a) Florida, USA 7.92 2.44–0.61b 9.14 m Plastic – 13.9d 1997 Pasumarthi and

Sherif (1998b)
Florida, USA 7.92 2.44–0.61b 18.3 m Plastic – 27.8d 1997 Pasumarthi and

Sherif (1998b)
Florida, USA 7.92 2.44–0.61b 18.3 m Plastic 3.1c 28.1d 1997 Pasumarthi and

Sherif (1998b)
(b) Bundoora,

Australiae
8 0.35 4.2 m – 1 11 2002 Golder (2003) and

Akbarzadeh et al.
(2009)

(c) Wuhan, China 8.8 0.3 10 m Glass 2.81 24.1 2002 Zhou et al. (2007a)
(d) Belo

Horizonte,
Brazilf

12.3 1 25 m Plastic 2.9c 27 ± 2 2003g Ferreira et al. (2006)
and Maia et al.
(2009b)

(e) Isparta,
Turkey

15 1.2 16 m Glass – – 2004 Koyun (2006) and
Üc�gül and Koyun
(2010)

(f) Kerman, Iran 60 3 40 � 40 m2 Glass – – 2005h Najmi et al. (2012)
and Koyun (2006)

(g) Berlin,
Germany

– – – – – – 2006h Koyun (2006)

(h) Gaborone,
Bostwana

22 2 15 � 15 m2 Glass 7.5c,i 6.8c 2008g Motsamai et al.
(2013)

(i) Weimar,
Germany

12 – 420 m2 Plastic 2.42d 17.2d 2008 Hartung et al. (2008)

(j) Nanjing,
Chinaj

2.5 0.08 – Glass – 14 2008g Zuo et al. (2012)

(k) Baghdad, Iraq 4 0.2 6 m Plastic 2.309 22 2009g Ahmed and
Chaichan (2011)

(l) Karak, Jordan 4 0.58 36 m2 Plastic – – 2009 Al-Dabbas (2011a)
(m) Gafsa, Tunisia 16 0.4 15 m Glass + Plastick – – 2009 Dhahri and Omri

(2013)
(n) Nakhon

Ratchasima,
Thailand

8 2 8l m Plastic – – 2009 Koonsrisuk (2009)

(o) Nakhon
Ratchasima,
Thailand

8 2 to 2.82m 8l m Plastic – – 2009 Koonsrisuk (2009)

(p) Nakhon
Ratchasima,
Thailand

8 2 8.2n m Plastic – – 2009 Koonsrisuk (2009)

(q) Nakhon
Ratchasima,
Thailand

4 1 3.36l m Plastic – – 2009 Koonsrisuk (2009)

(r) Zanjan, Iran 12 0.25 10 m Plastic 2.9 26 2010 Kasaeian et al.
(2011)

(s) Kompotades,
Greeceo

– – – – – – 2010 Papageorgiou (2013)

(t) Adıyaman,
Turkey

17.15 0.8 27 m Glass 5.5c 26 2010 Buğutekin (2012)

(u) Pau, France 2.5 0.041 3.65 m2 Plastic – – 2011p Manon et al. (2011)
(v) AlAin, United

Arab Emirates
8.25 0.24 10 � 10 m2 Plastic 3.4c 26.8c 2011g Mohammad and

Obada (2012)
(w) Hamirpur,

India
0.8 (I) 0.08, (II)

0.10, (III)
0.12

1.4 m Plastic (I) 0.49c, (II)
0.45c, (III)
0.36c

(I) 1.7c, (II)
2.5c, (III) 3.2c

2011 Mehla et al. (2011)

20 X. Zhou, Y. Xu / Solar Energy xxx (2014) xxx–xxx

Please cite this article in press as: Zhou, X., Xu, Y. Solar updraft tower power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
j.solener.2014.06.029

http://dx.doi.org/10.1016/j.solener.2014.06.029
http://dx.doi.org/10.1016/j.solener.2014.06.029


Table 10 (continued)

No Site SUT
height
(m)

SUT
diameter (m)

Collector
diameter/
area

Roof material Velocity in
SUTa (m/s)

Collector
temperature
risea (K)

Construction
date (year)

References

(x) Karnataka,
India

4 0.24 3 – 1.2 – 2011 Bekal (2013)

(y) Texas, USAq 5.08 0.19 11.58 Plastic 2c – 2012p Raney et al. (2012)
(z) Damascus,

Syriar
9 0.31 12.5 m2 Glass 2.9 19 2012g Kalash et al. (2013)

(aa) New Jersey,
USA

7.1 – 100 m2 Plastic – – 2012 Herrick (2013)

(ab) Kompotades,
Greeces

25 2.5 1020 m2 Plastic – – 2013 Papageorgiou (2013)

(ac) Tehran, Iran 2 0.2 3 m Glass 1.3 11.05 2013 Kasaeian et al.
(2014)

a The data are the maximum values measured and listed in the references. The velocity and the collector temperature rise may not match each other.
b The SUT was convergent.
c The values are obtained from the figures in the references.
d The values are obtained from the tables in the references.
e Solar pond instead of collector was used as heat source.
f Used as drier for sole drying.
g The construction dates were not mentioned in the references. The years when the experiments were conducted are given.
h The construction dates were not mentioned in the references. The years when Koyun (2006) visited the websites about the setups are given.
i The maximum SUT velocity of about 7.5m/s and the corresponding collector temperature rise of about 6.23K were measured at the ambient wind

velocity of about 2.5m/s at 12:37 of a day, while the minimum SUT velocity of about 2.5m/s and the corresponding collector temperature rise of about
2.11K were measured at the ambient wind velocity of about 1.1 m/s at 20:37 of the day.

j Hybrid system for both power production and seawater desalination.
k The inner and outer covers of the collector were glass and plastic, respectively. The distance between the two covers was less than 2.5cm.
l The collector was octagonal, and the length of its diagonal line is given.

m The SUT was divergent.
n The collector was approximately squared with four openings at the four corners, and the length of its symmetric line through the geometric centers of

two openings is given.
o Floating SUT.
p The construction dates were not mentioned in the reference, and the publication years of the references are given.
q The experiments were conducted by varying SUT height, SUT diameter, collector roof slope and roof material.
r Sloped-collector SUTPP.
s Enclosed-collector SUTPP.
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materials and low cost of labor force are necessary for
SUTPPs with enough low LECs. Finally, a great amount
of lands are needed for large-scale SUTPP. In order to
improve the competitiveness, valuable agricultural lands
should not be used as SUTPP construction sites, and only
low- or no-valuable lands like desert lands are suitable for
SUTPP sites.

The global distribution of average annual global solar
radiation on a horizontal surface based on daily data aver-
aged from July 1983 to June 2005 is shown in Fig. 7. The
global distribution of the desert lands based on the data
in 2011 is shown in Fig. 8. As shown in the two figures,
most of the barren or sparsely vegetated lands and open
shrub lands, mainly including the Sahara Desert, the Ara-
bian Peninsula Deserts, the Australian Desert, the Kalahari
Desert, the Atacama Desert, the deserts in Iran and the sur-
rounding regions, the North American Desert, the Takli-
makan Desert, and the Gobi, where solar radiation is
abundant, are suitable for SUTPP sites. The potential
power production from SUTPPs is considerable. This can
be achieved by making full use of abundant solar radiation
on desert lands.
Please cite this article in press as: Zhou, X., Xu, Y. Solar updraft tow
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7. Energy cost estimate

The economic competitiveness of the SUTPPs is one of
main factors to influence the development and commercial-
ization of the technology, which was always evaluated by
using the estimated LECs. The LEC is defined as the static
electricity cost per unit electricity output during the service
life of the SUTPP, which is calculated by dividing the total
cost by the total electricity output or by dividing the equiv-
alent annual cost by the annual electricity output during
the service life (Schlaich, 1995; Fluri et al., 2009; Zhou
and Yang, 2009). It can be expressed as

LEC ¼
Com

inf�i
1þinf

1þi

� 	N
� 1

� �
þ Cii

� �
ið1þiÞN

ð1þiÞN�1

� 	
P

ð32Þ

where Com is the operation and maintenance (O & M) cost
in the first year of the service life, Cii is the capital cost, inf

is the inflation rate, i is the interest rate, N is the length of
the service life and P is the annual electricity output.

The details of the annual electricity outputs, the initial
investment costs, the O & M costs, and the LECs of the
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/

http://dx.doi.org/10.1016/j.solener.2014.06.029
http://dx.doi.org/10.1016/j.solener.2014.06.029


Table 11
Correlations of commercial SUTPP power output and main factors.

Factors Correlation References

Solar radiation PC Schlaich (1995)
Atmospheric temperature NC Schlaich (1995) and

Zhou et al. (2010a,
2014)

Diurnal temperature range PC Zhou and Yang (2009)
Moisture content NC Zhou et al. (2014)
Wind velocity a NC Pretorius (2007) and

Pretorius and Kröger
(2009)

Static pressure PC Zhou et al. (2014)
SUT height PC Schlaich (1995)
Collector diameter PC Schlaich (1995)
Land value NC Schlaich (1995) and Li

et al. (2014)
Local labor force cost NC Li et al. (2014)
Local transportation price NC Li et al. (2014)
Local construction material price NC Li et al. (2014)
Grid connection costs NC –
Electricity transmission losses NC –

PC: Positive correlation and NC: Negative correlation.
a The heat loss due to ambient winds blowing the indoor heated air

through the collector and to the outside of the collector is assumed to be
eliminated by taking some effective measures, for example, installing
controllable flaps (Serag-Eldin, 2004b) or a blockage (Ming et al., 2013b)
around the periphery. In this case, ambient winds will influence SUTPP
performance in two main ways: by producing the convective heat loss
from the collector roof to the environment, and by generating a suction
effect through the SUT outlet to increase the updraft in SUT.
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commercial SUTPPs in literature are summarized in
Table 12. The estimated LECs of the plants change in a
wide range. However, only three plant LECs are higher
than 0.15 €/kW h. The LECs of the 8.2 MW plant esti-
mated with various parameters ranged from 0.24 to
0.78 €/kW h (Nizetic et al., 2008), which are attributed to
far smaller dimensions than the other plants with the power
capacities of higher than or equal to 28.8 MW. The LECs
of the two 100 MW plants estimated by Fluri et al.
(2009) are much higher, which is mainly due to much
higher initial investment costs and lower electricity outputs
than those by Schlaich et al. (2004), Bernardes (2004), Cao
et al. (2013b) and Li et al. (2014). Higher initial investment
costs by Fluri et al. (2009) are mainly induced by higher
collector costs. This is mainly because compared to the
tempered glass covered collectors used by Fluri et al.
(2009), all of the materials for the glass covered collector
used by Schlaich et al. (2004), for the glass covered collec-
tor used by Bernardes (2004) and for the (tempered) glass
covered collector in China (Cao et al., 2013b; Li et al.,
2014) are much cheaper. Lower electricity outputs by
Fluri et al. (2009) are attributed to the use of Pretorius
(2007)’s comprehensive SUTPP model that are different
from the other research groups’ models.

The amortization period used for estimating LEC in lit-
erature is always between 15 and 40 years. In fact, intended
designed service lives of commercial SUTPPs are 80–
120 years (Von Backström et al., 2008; Krätzig et al.,
2009; Harte et al., 2013) and even more than 120 years
Please cite this article in press as: Zhou, X., Xu, Y. Solar updraft tow
j.solener.2014.06.029
(Krätzig, 2013), admitting renewals of the turbo-generators
and parts of the glass-roof. Taking the 100 MW SUTPP
designed by Schlaich et al. (2004) as an example, the vari-
ation of LEC estimated using Eq. (32) based on Fluri et al.
(2009)’s economic parameters and estimated electricity out-
put with amortization period is shown in Fig. 9. With an
increase in amortization period, LEC intially decreases
negative exponentially but remains little changed when
the amortization period exceeds 40 years. In order to indi-
cate the benefits induced by long service life, the SUTPP
service life was divided into several service phases (Zhou
et al., 2009b, 2009c; Li et al., 2014). The loans are amor-
tized in the first phase, and the SUTPP is considered to
be free for further use for producing power except for a lit-
tle O & M cost in other phases.

It is concluded that larger-scale SUTPPs located in the
regions where solar radiation is abundant and the main
construction materials are cheap are competitive with other
renewable energy power technologies and even with coal-
fired power plants with rising coal price in the future. Once
the benefits due to long service lives are considered, larger-
scale SUTPPs are more competitive and even some profits
could be produced. Additional revenue generated by car-
bon credits could result in a reduced LEC. The financial
incentives and strategies such as a non-returnable subsidy,
enhanced feed-in tariffs, soft loans with low interest rates,
and favorable income tax waivers could further improve
the competitiveness of SUTPPs.

8. Environmental impacts

Besides abating the emissions of greenhouse gases, and
avoiding the use of potable water for cooling purposes,
SUTPP operation can help in soil rehabilitation, forestry,
and desert cultivation at local regions (Stinnes, 2010).
The SUTPP can be used to suppress air pollutions in cities
by spraying water at the SUT outlet to force the airflow
downward (Lodhi, 1999). The technology was also pro-
posed to impel large volumes of harmful landfill gases from
lower to upper levels of the atmosphere to reduce the envi-
ronmental impacts of uncontrolled emissions of the harm-
ful landfill gases to the neighboring areas (Stamatov, 2010).
The special climate induced by the continuous air outflow
from a high SUT as described in Section 3.4 can have a
positive effect on the local environment and atmosphere,
and produce some positive ecological effects (Zhou et al.,
2008, 2009a).

However, similar to other renewable energy utilizing
technologies, some negative environmental impacts exist
for large-scale application of SUTPP technology. Environ-
mental concerns have come up in the use of solar panel
arrays in some parts of the US Southwest (Wikipedia,
2014). The SUTPP project would face significant chal-
lenges due to the collector expanse. Super-high SUTs
may affect the normal movement of aircrafts (Wesoff,
2011). The SUTPP may affect and even endanger some
plants and animals. For example, the desert tortoise
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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Table 12
Summary of estimated LECs of commercial SUTPPs.

Estimated LEC
(€/kW h)

SUTPP type Location, solar
radiation
(kW h/m2 a)

Dimension Cost Economic parameters References

Power
capacity
(MW)

SUT
height
(m)

SUT
diameter
(m)

Collector
diameter/
area

Annual
electricity output
(GWh/a)

SUT
costa (M€)

SUT
priceb

(€/m2)

Collector
costc

(M€)

Collector
priceb

(€/m2)

PCU
costd

(M€)

Total initial
investment
cost (M€)

O & M
coste

(M€)

Amortization
period (years)

Interest
rate (%)

Inflation
rate (%)

0.145f Convectional –, 2400.24 100g(36h) 1000 176 4364 m 280 97f 175.43 269f 17.98 55f 421f 10.525f,i 20 10 5 Haaf et al. (1983) and
Pasumarthi and Sherif
(1998b)

0.1045f Convectional –, 2300 100 950 115 3600 m 305.2 68.2f 198.71 134.8f 13.24 79.8+17.2f,j 300.0f 1.0f,k 20 8l 3.5 Schlaich (1995)
0.05-0.064f Convectional – 100h 1000 – 2 km2 876 – – – – – – – 20 – – Lodhi (1999)
0.1000 Convectional –, 2300 100 1000 110 4300 m 320 156 452.00 131.0 9.02 75.0+40j 402.0 1.9i 30 6 – Schlaich et al. (2004)
0.0370 Convectional Petrolina, Brazil,

1946
100 850 110 4950 m 281 64.4 219.24 190.0 9.87 76.7+21.29 j 352.4 1.0k 30 8 2.5 Bernardes (2004)

0.24–0.78 Convectional Dubrovnik,
Croatia, 1606

8.2g 550 82 1250 m 5–6 35 247.03 10 8.15 8+7.0j 60 3.3i 20-40 6-10 6 Nizetic et al. (2008)

0.270 (0.232m) Convectional Sishen, South
Africa, 2785.38n

66g 1000 110 4300 m 190.4 145 419.59 497 34.22 27 668.4 1.9k 30 6 3.5 Fluri et al. (2009)

0.434 Convectional Sishen, South
Africa, 2785.38n

62g 850 110 4950 m 181.32 111 377.89 656 34.09 25 792 1.0k 30 8 3.25 Fluri et al. (2009)

0.1269o(0.1001m,o) Floating SUT Northwest, China,
1800

100 – – 4300 m 250.4p 89.01f –q 232.73f 16.03 45.96f 367.71f 2.4k 15r 2 4 Zhou et al. (2009b)

0.1f,s Mountain hollow SUT –, 2300 100g 1000/
1124t

124.9 19.3 km2 210p 438.57f 994.4 81f 4.20 34.93f 554.5f – 30u 6 3.5 Zhou et al. (2009c)

0.110f,m Convectional Lanzhou, China,
1394.44

104.7 1000 110 4300 m – 96.64f 279.65 222.79f 15.34 50.63f 370.06f 1.9893k 30 6 4 Cao et al. (2013b)

0.079f,m Sloped collector Lanzhou, China,
1394.44

104.7 580 78 8.55 km2 – 54.37f 382.55 156.14f 18.26 50.63f 261.15f 1.9893k 30 6 4 Cao et al. (2013b)

0.099 Convectional –, 2200 75g 750 67.5, 75v 3500 m 219.4 60.5 360.38 213.3 22.17 48.8+15j 337.6 – 33w – – Krätzig (2013)
0.1397o(0.1294m,o) Convectional – 100 1000 110 4300 m 255.2 108.03f 312.61 273.98f 18.87 69.88f 451.89f 1.9k 30x 3y (6) 3y (3.5) Li et al. (2014)
0.1422 (0.138m) Conxectional Kyrenia, North

Cyprus, 1668.605n
28.8g 750 70 2900 m 94.5 49 297.09 48 7.27 32+16j 145 0.6i 20 6y (6) –y (3.5) Okoye and Atikol (2014)

a The SUT cost mainly includes the cost of materials, the transportation cost, the construction cost and the hoisting cost.
b The SUT price is calculated by dividing the SUT cost by the superficial area of the SUT assumed in cylindrical shape, and the collector price is calculated by dividing the collector cost by the collector area.
c The collector cost mainly includes the cost of materials, the transportation cost and the construction cost.
d The PCU cost includes the cost of the turbines, the generators, the power electronics, the ducting, the central structure, the control and the supports, the balance-of-station cost (including the cost for

foundations, transportation, roads and civil works, assembly and installation, electrical interfaces and connections, permits, and engineering), the soft cost (e.g., the insurance cost), etc.
e The O & M cost includes the cost of cleaning the collector, maintaining the turbines, paying for staffs, etc.
f The exchange rates between Euro, Deutsche Mark, US dollar and Yuan (China) are: 1 Euro = 2 Deutsche Marks = 1.4 US dollars = 8.5 Yuan (China).
g The values were the peak power outputs.
h The values were the mean daily output averaged over 24 h.
i The values were the annual O & M costs.
j The values following the plus signs were the additional costs including the cost of roads, buildings and workshops, the infrastructure cost, the planning and site management cost , the rounding cost,

the cost of engineering, tests, misc., the cost of electrical installations, the cost of insurance, etc., which are included in the PCU cost in this paper.
k The values were the O & M costs in the first year of the service life. The O & M cost increases with inflation.
l The value of 8% used by Schlaich (1995) was a nominal interest rate, while the other values in the table were real interest rates. The real interest rate equals the nominal interest rate subtracting the

inflation rate approximately.
m The LEC values are estimated with the total cost subtracting the additional revenue generated by carbon credits, which are the product of the carbon credits price and the reduced CO2 emissions due

to the SUTPP operation.
n The annual global solar radiation values were not given in the two references. The value for Fluri et al. (2009) is estimated by authors using the data of solar radiation from Pretorius and Kröger

(2006b). The value for Okoye and Atikol (2014) is estimated by authors using the data of solar radiation from Okoye and Atikol (2014).
o The LEC values in the first amortization phase that were not presented are calculated with Eq. (32) by authors.
p The annual electricity output was calculated based on the proportion of the annual global solar radiation used by Zhou et al. (2009b) to that used by Schlaich et al. (2004), or based on the simulation

model established by Zhou et al. (2009c).
q The SUT price used by Zhou et al. (2009b) was the average of the prices of the four kinds of floating SUTs with different materials and construction shapes (Papageorgiou, 2004).
r The service lives of the collector and the PCU were estimated at 90 years, while the floating SUT were estimated at 15 years.
s The LEC value was the average of the LECs at all phases of the service life estimated using the stepwise method.
t The mountain was 1000 m in height, whereas the total length of the SUT hollow consisting of a sloped segment and a vertical segment was 1124 m.
u The life span of a mountain hollow SUT in geologically stable region could reach up to 300 years. The assumed service life of 150 years was divided into five phases at intervals of 30 years while the

service lives of the collector and the turbine generators were estimated at 30 years.
v The throat diameter and the top diameter of SUT were 67.5 m and 75 m, respectively.
w The whole service life could exceed 120 years, and the plant LEC would decrease to less than 0.02 €/kW h after the first amortization period of 33 years.
x The assumed service life of 120 years was divided into four phases at internals of 30 years.
y The values were given in the two references, while the values in the brackets are used for estimating LECs by authors.
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Fig. 7. Global distribution of average annual global solar radiation on a horizontal surface based on daily data averaged from July 1983 to June 2005
(NASA SSE, 2014).

Fig. 8. Global distribution of desert lands based on the data in 2011 (NASA Earth Observations, 2014).
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(Gopherus agassizii), an endangered species in California
(Cruger, 2011), may suffer from negative effect and become
extinct as the SUTPP expands there. Before commercial
application of the SUTPP technology, like other new tech-
nologies, comprehensive studies of its environmental effects
should be carried out.

9. Outlook and conclusions

Solar updraft towers can be used for power generation,
whose technical feasibility has already been demonstrated.
The technology is simple and reliable, can operate day and
Please cite this article in press as: Zhou, X., Xu, Y. Solar updraft tow
j.solener.2014.06.029
night, does not need any additional fossil fuels and cooling
water, and is nearly pollution free during operation. Many
novel non-conventional SUTPP technologies proposed can
overcome one or several drawbacks and provide more
choices of producing electric power under various situa-
tions. Main important factors are crucial in theoretical
studies to predict the commercial SUTPP performance.
Consideration of the factors in a proper manner will
improve the reliability of prediction using mathematical
models, which will pave the way for commercialization of
the technology. Vast desert regions with strong solar radi-
ation worldwide are suitable for SUTPP sites, implying
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/
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Fig. 9. Variation of LEC with amortization period of 1000m high SUTPP
of Fluri et al. (2009).
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that there is a huge potential of power production from
SUTPPs. The environmental impacts of concern that
would be produced by the SUTPP technology should be
studied properly before its commercial application. With
the dwindling reserves of fossil fuels and the exacerbation
of air pollution and greenhouse effect, SUTPP technology
should be on the way to commercialization.
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eléctrica.

Cao, F., Zhao, L., Guo, L.J., 2011. Simulation of a sloped solar chimney
power plant in Lanzhou. Energy Convers. Manage. 52, 2360–2366.

Cao, F., Li, H.S., Zhao, L., Bao, T.Y., Guo, L.J., 2013a. Design and
simulation of the solar chimney power plants with TRNSYS. Sol.
Energy 98, 23–33.

Cao, F., Li, H.S., Zhao, L., Guo, L.J., 2013b. Economic analysis of solar
chimney power plants in Northwest China. J. Renew. Sustain. Energy
5, 021406.

Cao, F., Zhao, L., Li, H.S., Guo, L.J., 2013c. Performance analysis of
conventional and sloped solar chimney power plants in China. Appl.
Therm. Eng. 50, 582–592.

Cao, F., Li, H.S., Ma, Q.M., Zhao, L., 2014. Design and simulation of a
geothermal–solar combined chimney power plant. Energy Convers.
Manage. 84, 186–195.

Cervone, A., Romito, D.Z., Santini, E., 2011. Design of solar chimney
power plant for Mediterranean countries. In: 2011 International
Conference on Clean Electrical Power. Ischia, Italy, pp. 480–484.

Chen, K., Wang, J.F., Dai, Y.P., Liu, Y.Q., 2014. Thermodynamic
analysis of a low-temperature waste heat recovery system based on the
concept of solar chimney. Energy Convers. Manage. 80, 78–86.

Chergui, T., Larbi, S., Bouhdjar, A., 2010. Thermo-hydrodynamic aspect
analysis of flows in solar chimney power plants – a case study. Renew.
Sustain. Energy Rev. 14, 1410–1418.

Cruger, R., 2011. Threatened Tortoises Slow Down Desert Solar Project,
May 15 <http://www.treehugger.com/solar-technology/threatened-
tortoises-slow-down-desert-solar-project.html>.

Dai, Y.J., Huang, H.B., Wang, R.Z., 2003. Case study of solar chimney
power plants in Northwestern regions of China. Renew. Energy 28,
1295–1304.
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/

http://refhub.elsevier.com/S0038-092X(14)00328-4/h0010
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0010
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0015
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0015
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0015
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0020
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0020
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0025
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0025
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0040
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0040
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0045
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0045
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0045
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0065
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0065
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0065
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0070
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0070
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0070
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0070
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0075
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0075
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0085
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0085
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0085
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0100
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0100
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0105
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0105
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0105
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0080
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0080
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0080
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0095
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0095
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0090
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0090
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0090
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0110
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0110
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0135
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0135
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0140
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0140
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0145
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0145
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0145
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0150
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0150
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0150
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0155
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0155
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0155
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1005
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1005
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1005
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1010
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1010
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1010
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0165
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0165
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0165
http://www.treehugger.com/solar-technology/threatened-tortoises-slow-down-desert-solar-project.html
http://www.treehugger.com/solar-technology/threatened-tortoises-slow-down-desert-solar-project.html
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0175
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0175
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0175
http://dx.doi.org/10.1016/j.solener.2014.06.029
http://dx.doi.org/10.1016/j.solener.2014.06.029


26 X. Zhou, Y. Xu / Solar Energy xxx (2014) xxx–xxx
Davey, R.C., 2006. Device for generating electricity from solar power.
Patent, PCT/AU2007/001151/21-08-2006.

Denantes, F., Bilgen, E., 2006. Counter–rotating turbines for solar
chimney power plants. Renew. Energy 31, 1873–1891.

Dhahri, A., Omri, A., 2013. A review of solar chimney power generation
technology. Int. J. Eng. Advan. Technol. 2, 1–17.

Duffie, J.A., Beckman, W.A., 2013. Solar Engineering of Thermal
Processes, forth ed. Wiley Interscience, New York.

Evans, N., 2011. Dallas Dempster’s Sky-High Comeback, December 31
<http://www.perthnow.com.au/archive/business/dallas-dempsters-
sky-high-comeback/story-e6frg2qu-1226233935573>.

Fasel, H.F., Meng, F.L., Shams, E., Gross, A., 2013. CFD analysis for
solar chimney power plants. Sol. Energy 98, 12–22.

Ferreira, A.G., Maia, C.B., Valle, R.M., Cortez, M.F.B., 2006. Balanc�o
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Pretorius, J.P., Kröger, D.G., 2006a. Critical evaluation of solar chimney
power plant performance. Sol. Energy 80, 535–544.
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Pretorius, J.P., Kröger, D.G., 2009. The influence of environment on solar
chimney power plant performance. Res. Develop. J. South African
Inst. Mech. Eng. 25, 1–9.

Putkaradze, V., Vorobieff, P., Mammoli, A., Fathi, N., 2013. Inflatable
free-standing flexible solar towers. Sol. Energy 98, 85–98.

Qin, P., 2013. Investigation into static and dynamic response of solar
chimney under different kinds of loads. Master thesis, Huazhong
University of Science and Technology, Wuhan, China.

Raney, S.M., Brooks, J.R., Schaffer, J.P., French, J.J., 2012. Experimental
validation of solar chimney performance models and operational
characteristics for small scale remote applications. In: Proceedings of
the ASME 2012 6th International Conference on Energy Sustainabil-
ity. San Diego, California, pp. 27–32.

Sangi, R., 2012. Performance evaluation of solar chimney power plants in
Iran. Renew. Sustain. Energy Rev. 16, 704–710.

Sangi, R., Amidpour, M., Hosseinizadeh, B., 2011. Modeling and
numerical simulation of solar chimney power plants. Sol. Energy 5,
829–838.

Schlaich, J., 1995. The Solar Chimney: Electricity From the Sun. Edition
Axel Menges, Stuttgart, Germany.
Please cite this article in press as: Zhou, X., Xu, Y. Solar updraft tow
j.solener.2014.06.029
Schlaich, J., 1999. Tension structures for solar electricity generation. Eng.
Struct. 21, 658–668.

Schlaich, J., Bergermann, R., Schiel, W., Weinrebe, G., 2004. Sustainable
electricity generation with solar updraft towers. Struct. Eng. Int. 14,
225–229.

Schlaich, J., Bergermann, R., Schiel, W., Weinrebe, G., 2005. Design of
commercial solar updraft tower systems – utilization of solar induced
convective flows for power generation. J. Solar Energy Eng. – Trans.
ASME 127, 117–124.

Senanayake, D., 1996. Chimney. US Patent, no. 5527216.
Serag-Eldin, M.A., 2004a. Mitigating adverse wind effects on flow in solar

chimney plants. In: Proceedings of the 4th International Engineering
Conference. Sharm El Sheikh, Egypt.

Serag-Eldin, M.A., 2004b. Computing flow in a solar chimney plant
subject to atmospheric winds. In: Proceedings of 2004 ASME Heat
Transfer/Fluids Engineering Summer Conference. Charlotte, North
Carolina.

Sharples, S., Charlesworth, P.S., 1998. Full-scale measurements of wind-
induced convective heat transfer from a roof-mounted flat plate solar
collector. Sol. Energy 62, 69–77.

Spencer, R.W., 2013. Update on EnviroMission’s Arizona Solar Tower
Project, June 27 <http://www.drroyspencer.com/2013/06/update-on-
enviromissions-arizona-solar-tower-project>.

Stamatov, V., 2010. Utilisation of solar updraft towers for electricity
generation and improvement of air quality near closed landfills in
Australia. In: 2009 Annual Bulletin of the Australian Institute of High
Energetic Materials, vol. 1, pp. 1–14.

Stinnes, W.-W., 2010. Humus as the backbone of GreenTower revenues –
green revolution in agriculture, soil rehabilitation, forestry, desert
cultivation and CO2 sequestration. In: Proceedings of the 2nd
International Conference on Solar Chimney Power Technology.
Bochum, Germany, pp. 345–354.

Thomashausen, A., 2010. GreenTower in world politics – how it solves
shortages in power, fuel, food and water and reduces conflict
potentials. In: Proceedings of the 2nd International Conference on
Solar Chimney Power Technology. Bochum, Germany, pp. 339–344.
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D.G., Niemann, H.-J., van Zijl, G.P.A.G., 2008. State and recent
advances in research and design of solar chimney power plant
technology. VGB PowerTech J. PT07 10, 64–71.

Watmuff, J.H., Charters, W.W.S., Proctor, D., 1977. Solar and wind
induced external coefficients – solar collectors. Cooperation Mediter-
raneenne pour l’Energie Solaire, Revue Internationale d’Heliotech-
nique, 2nd Quarter, 56.
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/

http://refhub.elsevier.com/S0038-092X(14)00328-4/h1025
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1025
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1025
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0650
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0650
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0650
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1030
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1030
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1030
http://www.gchimneytech.com/technology.html
http://www.gchimneytech.com/technology.html
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0670
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0670
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0670
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0670
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0675
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0675
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0675
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0680
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0680
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0680
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0685
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0685
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0685
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0685
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0690
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0690
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0690
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0695
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0695
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0710
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0710
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0715
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0715
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0720
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0720
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0720
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0725
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0725
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0725
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0730
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0730
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0740
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0740
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0745
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0745
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0745
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0750
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0750
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0755
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0755
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0760
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0760
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0760
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0765
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0765
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0765
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0765
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1040
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1040
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1040
http://www.drroyspencer.com/2013/06/update-on-enviromissions-arizona-solar-tower-project
http://www.drroyspencer.com/2013/06/update-on-enviromissions-arizona-solar-tower-project
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0805
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0805
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0805
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0805
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0805
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0805
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0805
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0805
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0805
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0805
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0805
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0805
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0810
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0810
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0810
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0815
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0815
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0815
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0820
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0820
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0820
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0825
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0825
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0825
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0830
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0830
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0830
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1045
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1045
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0835
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0835
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0835
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0840
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0840
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0840
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0840
http://dx.doi.org/10.1016/j.solener.2014.06.029
http://dx.doi.org/10.1016/j.solener.2014.06.029


X. Zhou, Y. Xu / Solar Energy xxx (2014) xxx–xxx 29
Wei, Y.L., Wu, Z.K., 2012. Shed absorbability and tower structure
characteristics of the solar heated wind updraft tower power. In: Zhou,
X.P. (Ed.), Proceedings of the 3rd International Conference on Solar
Updraft Tower Power Technology. Wuhan, China, pp. 26–34.

Wesoff, E., 2011. EnviroMission Wins $29.8 M In Debt/Equity for Solar
Updraft Tower, January 13 <http://www.greentechmedia.com/arti-
cles/read/enviromission-secures-30m-hybrid-debt-equity-facility>.

Wikipedia, 2014. Solar Updraft Tower <http://en.wikipedia.org/wiki/
Solar_updraft_tower> (retrieved on January 25).

Xu, G.L., Ming, T.Z., Pan, Y., Meng, F.L., Zhou, C., 2011. Numerical
analysis on the performance of solar chimney power plant system.
Energy Convers. Manage. 52, 876–883.

Xu, H.T., Karimi, F., Yang, M., 2014. Numerical investigation of thermal
characteristics in a solar chimney project. J. Solar Energy Eng. –
Trans. ASME 136, 011008.

Zandian, A., Ashjaee, M., 2013. The thermal efficiency improvement of a
steam Rankine cycle by innovative design of a hybrid cooling tower
and a solar chimney concept. Renew. Energy 51, 465–473.

Zheng, Y., Ming, T.Z., Zhou, Z., Yu, X.F., Wang, H.Y., Pan, Y., Liu, W.,
2010. Unsteady numerical simulation of solar chimney power plant
system with energy storage layer. J. Energy Inst. 83, 86–92.

Zhou, X.P., Yang, J.K., 2009. A novel solar thermal power plant with
floating chimney stiffened onto a mountainside and potential of the
power generation in China’s deserts. Heat Transf. Eng. 30, 400–407.

Zhou, X.P., Yang, J.K., Xiao, B., Hou, G.X., 2007a. Experimental study
of the temperature field in a solar chimney power setup. Appl. Therm.
Eng. 27, 2044–2050.

Zhou, X.P., Yang, J.K., Xiao, B., Hou, G.X., 2007b. Simulation of a pilot
solar chimney power equipment. Renew. Energy 32, 1637–1644.

Zhou, X.P., Yang, J.K., Xiao, B., Hou, G.X., Shi, X.Y., 2008. Special
climate around a commercial solar chimney power plant. J. Energy
Eng. – Trans. ASCE 134, 6–14.

Zhou, X.P., Yang, J.K., Ochieng, R.M., Xiao, B., 2009a. Numerical
investigation of a plume from a power generating solar chimney in an
atmospheric cross flow. Atmos. Res. 91, 26–35.

Zhou, X.P., Yang, J.K., Wang, F., Xiao, B., 2009b. Economic analysis of
floating solar chimney power plant. Renew. Sustain. Energy Rev. 13,
736–749.

Zhou, X.P., Yang, J.K., Wang, J.B., Xiao, B., 2009c. Novel concept for
producing energy integrating a solar collector with a man made
mountain hollow. Energy Convers. Manage. 50, 847–854.

Zhou, X.P., Yang, J.K., Wang, J.B., Xiao, B., Hou, G.X., Wu, Y.Y.,
2009d. Numerical investigation of a compressible flow through a solar
chimney. Heat Transf. Eng. 30, 670–676.

Zhou, X.P., Yang, J.K., Xiao, B., Hou, G.X., Xing, F., 2009e. Analysis of
chimney height for solar chimney power plant. Appl. Therm. Eng. 29,
178–185.
Please cite this article in press as: Zhou, X., Xu, Y. Solar updraft tow
j.solener.2014.06.029
Zhou, X.P., Yang, J.K., Xiao, B., Li, J., 2009f. Night operation of solar
chimney power system using solar ponds for heat storage. Int. J.
Global Energy Issues 31, 193–207.

Zhou, X.P., Wang, F., Fan, J., Ochieng, R.M., 2010a. Performance of
solar chimney power plant in Qinghai–Tibet Plateau. Renew. Sustain.
Energy Rev. 14, 2249–2255.

Zhou, X.P., Wang, F., Ochieng, R.M., 2010b. A review on solar chimney
power technology. Renew. Sustain. Energy Rev. 14, 2315–2338.

Zhou, X.P., Xiao, B., Liu, W.C., Guo, X.J., Yang, J.K., Fan, J., 2010c.
Comparison of classical solar chimney power system and combined
solar chimney system for power generation and seawater desalination.
Desalination 250, 249–256.

Zhou, X.P., Bernardes, M.A.d.S., Ochieng, R.M., 2012. Influence of
atmospheric cross flow on solar updraft tower inflow. Energy 42, 393–
400.

Zhou, X.P., Qin, P., Liu, C., Qian, C.Q., 2013a. Wind channel installed at
the chimney outlet for enhancing ventilation effect. Chinese Patent, no.
ZL2012203055549.

Zhou, X.P., Qin, P., Zheng, H.M., Liu, C., Qian, C.Q., 2013b. A
greenhouse equipment (solar collector) with auto-movable roof and
application. Chinese Patent, no. ZL2012101347814.

Zhou, X.P., von Backström, T.W., Bernardes, M.A.d.S., 2013c. Intro-
duction to the special issue on solar chimneys. Sol. Energy 98, 1.

Zhou, X.P., Yuan, S., Bernardes, M.A.d.S., 2013d. Sloped-collector solar
updraft tower power plant performance. Int. J. Heat Mass Transf. 66,
798–807.

Zhou, X.P., Xu, Y.Y., Yuan, S., Chen, R.C., Song, B., 2014. Pressure and
power potential of sloped-collector solar updraft tower power plant.
Int. J. Heat Mass Transf. 75, 450–461.

Zongker, J.D., 2013. Life cycle assessment of solar updraft tower power
plant: EROEI and GWP as a design tool. M.Sc. Eng. thesis, Wichita
State University, Wichita, Kansas.

Zou, Z., Guan, Z.Q., Gurgenci, H., Lu, Y.S., 2012. Solar enhanced
natural draft dry cooling tower for geothermal power applications.
Sol. Energy 86, 2686–2694.

Zou, Z., Guan, Z.Q., Gurgenci, H., 2013. Optimization design of solar
enhanced natural draft dry cooling tower. Energy Convers. Manage.
76, 945–955.

Zou, Z., Guan, Z.Q., Gurgenci, H., 2014. Numerical simulation of solar
enhanced natural draft dry cooling tower. Sol. Energy 101, 8–18.

Zuo, L., Zheng, Y., Li, Z.J., Sha, Y.J., 2011. Solar chimneys integrated
with sea water desalination. Desalination 76, 207–213.

Zuo, L., Yuan, Y., Li, Z.J., Zheng, Y., 2012. Experimental research on
solar chimneys integrated with seawater desalination under practical
weather condition. Desalination 298, 22–33.
er power generation. Sol. Energy (2014), http://dx.doi.org/10.1016/

http://refhub.elsevier.com/S0038-092X(14)00328-4/h1050
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1050
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1050
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1050
http://www.greentechmedia.com/articles/read/enviromission-secures-30m-hybrid-debt-equity-facility
http://www.greentechmedia.com/articles/read/enviromission-secures-30m-hybrid-debt-equity-facility
http://www.en.wikipedia.org/wiki/Solar_updraft_tower
http://www.en.wikipedia.org/wiki/Solar_updraft_tower
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0870
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0870
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0870
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0865
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0865
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0865
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0875
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0875
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0875
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0880
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0880
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0880
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0885
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0885
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0885
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0950
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0950
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0950
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0955
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0955
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0960
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0960
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0960
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0930
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0930
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0930
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0935
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0935
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0935
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0940
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0940
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0940
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0945
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0945
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0945
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0965
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0965
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0965
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0970
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0970
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0970
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0910
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0910
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0910
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0915
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0915
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0920
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0920
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0920
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0920
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0890
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0890
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0890
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0905
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0905
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0975
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0975
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0975
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1055
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1055
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1055
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0990
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0990
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0990
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0980
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0980
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0980
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0985
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0985
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1000
http://refhub.elsevier.com/S0038-092X(14)00328-4/h1000
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0995
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0995
http://refhub.elsevier.com/S0038-092X(14)00328-4/h0995
http://dx.doi.org/10.1016/j.solener.2014.06.029
http://dx.doi.org/10.1016/j.solener.2014.06.029

	Solar updraft tower power generation
	1 Introduction
	1.1 History
	1.2 Description
	1.3 General characteristics

	2 Principle of operation
	2.1 Solar collector
	2.2 Heat storage
	2.3 Solar updraft tower
	2.4 Turbine pressure drop
	2.5 Power output

	3 Important factors
	3.1 Heat transfer coefficient
	3.1.1 Convective heat transfer coefficient from roof to environment
	3.1.2 Convective heat transfer coefficient in collector

	3.2 Pressure potential
	3.3 Turbine pressure drop factor
	3.4 Moisture
	3.5 Ambient winds

	4 Non-conventional technologies
	5 Experiment
	6 Power production conditions
	7 Energy cost estimate
	8 Environmental impacts
	9 Outlook and conclusions
	Acknowledgements
	References


