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Design of Commercial Solar
Updraft Tower Systems—
Utilization of Solar Induced
Convective Flows for Power
Generation
A solar updraft tower power plant—sometimes also called ‘‘solar chimney’’ or just ‘‘so
tower’’—is a solar thermal power plant utilizing a combination of solar air collector a
central updraft tube to generate a solar induced convective flow which drives pre
staged turbines to generate electricity. The paper presents theory, practical experi
and economy of solar updraft towers: First a simplified theory of the solar towe
described. Then results from designing, building and operating a small scale prototy
Spain are presented. Eventually technical issues and basic economic data for
commercial solar tower systems like the one being planned for Australia
discussed.@DOI: 10.1115/1.1823493#
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Introduction
Sensible technology for the wide use of renewable energy m

be simple and reliable, accessible to the technologically less
veloped countries that are sunny and often have limited raw
terials resources. It should not need cooling water and it shoul
based on environmentally sound production from renewable
recyclable materials.

The solar tower meets these conditions. Economic appra
based on experience and knowledge gathered so far have s
that large scale solar towers~>100 MW! are capable of generat
ing electricity at costs comparable to those of conventional po
plants@1#. This is reason enough to further develop this form
solar energy utilization, up to large, economically viable units.
a future energy economy, solar towers could thus help assure
economic and environmentally benign provision of electricity
sunny regions.

The solar updraft tower’s three essential elements—solar
collector, chimney/tower, and wind turbines—have been fami
for centuries. Their combination to generate electricity has alre
been described in 1931@2#. Haaf @3,4# gives test results and
theoretical description of the solar tower prototype in Manzana
Spain. Transferability of the results obtained in Manzanare
discussed by Schlaich et al.@5#. The same author provides a
overview @6#. Kreetz @7# introduces the concept of water-fille
bags under the collector roof for thermal storage. Gannon an
Backström @8# present a thermodynamic cycle analysis of the
lar tower, and also an analysis of turbine characteristics@9#. Ru-
precht et al.@10# give results from fluid dynamic calculations an
turbine design for a 200 MW solar tower. A thermal and techni
analysis targeting computer-aided calculation is described by
Santos Bernardes et al.@11#.

For Australia, a 200 MW solar tower project is currently bei
developed~http://www.enviromission.com.au!. Conditions in Aus-
tralia are very favorable for this type of solar thermal power pla
Insolation levels are high~http://www.bom.gov.au!, there are large
suitably flat areas of land available, demand for electricity
creases, and the government’s Mandatory Renewable Energy
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get~MRET!, requires the sourcing of 9500 gigawatt hours of ex
renewable electricity per year by 2010 through to 2020~http://
www.mretreview.gov.au!.

In the paper an overview is given over solar updraft tow
theory, practical experience with a prototype, and economies
large scale solar updraft tower power plants.

Functional Principle
The solar tower’s principle is shown in Fig. 1: Air is heated b

solar radiation under a low circular transparent or translucent r
open at the periphery; the roof and the natural ground below
form a solar air collector. In the middle of the roof is a vertic
tower with large air inlets at its base. The joint between the r
and the tower base is airtight. As hot air is lighter than cold ai
rises up the tower. Suction from the tower then draws in more
air from the collector, and cold air comes in from the outer p
rimeter. Continuous 24 hour operation can be achieved by pla
tight water-filled tubes or bags under the roof. The water heats
during day-time and releases its heat at night. These tubes
filled only once; no further water is needed. Thus solar radiat
causes a constant updraft in the tower. The energy contained i
updraft is converted into mechanical energy by pressure-sta
turbines at the base of the tower, and into electrical energy
conventional generators@12#.

Power Output. The fundamental dependencies and influen
of the essential parameters on power output of a solar tower
presented here in a simplified form: Generally speaking, po
output P of the solar tower can be calculated as the solar in
Q̇solar multiplied by the respective efficiencies of collector, tow
and turbine~s!:

P5Q̇solar•hcoll•h tower•h turbine5Q̇solar•hplant (1)

The solar energy inputQ̇solar into the system can be written as th
product of global horizontal radiation Gh and collector areaAcoll :

Q̇solar5Gh•Acoll (2)

The tower~chimney! converts the heat-flow produced by th
collector into kinetic energy~convection current! and potential
energy~pressure drop at the turbine!. Thus the density difference
of the air caused by the temperature rise in the collector work
R.
005 by ASME FEBRUARY 2005, Vol. 127 Õ 117
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a driving force. The lighter column of air in the tower is connect
with the surrounding atmosphere at the base~inside the collector!
and at the top of the tower, and thus acquires lift. A press
differenceDptot is produced between tower base~collector outlet!
and the ambient:

Dptot5g•E
0

H tower

~ra2r tower!•dH (3)

ThusDptot increases with tower height.
The pressure differenceDptot can be subdivided into a stati

and a dynamic component, neglecting friction losses:

Dptot5Dps1Dpd (4)

The static pressure difference drops at the turbine; the dyna
component describes the kinetic energy of the airflow.

With the total pressure difference and the volume flow of the
at Dps50 the powerPtot contained in the flow is now:

Ptot5Dptot•v tower,max•Acoll (5)

from which the efficiency of the tower can be established:

h tower5
Ptot

Q̇
(6)

Actual subdivision of the pressure difference into a static an
dynamic component depends on the energy taken up by the
bine. Without turbine, a maximum flow speed ofv tower,max is
achieved and the whole pressure difference is used to accel
the air and is thus converted into kinetic energy:

Ptot5
1
2ṁv tower,max

2 (7)

Using the Boussinesq approximation@13#, the speed reached b
free convection currents can be expressed as

v tower,max5A2•g•H tower•
DT

T0
(8)

whereDT is the temperature rise between ambient and collec
outlet ~5tower inflow!.

Tower efficiency is given in Eq.~9! @6#:

h tower5
g•H

cp•T0
(9)

This simplified representation explains one of the basic cha
teristics of the solar tower, which is that the tower efficiency

Fig. 1 Solar tower principle
118 Õ Vol. 127, FEBRUARY 2005
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fundamentally dependent only on its height. For heights of 10
m the deviation from the exact solution, caused by the Boussin
approximation, is negligible.

Using Eqs.~1!, ~2! and ~9! we find that solar tower powe
output is proportional to collector area and tower height, i.e., p
portional to the cylinder depicted in Fig. 1.

As electrical output of the solar tower is proportional to t
volume included within the tower height and collector area,
same output may result from a large tower with a small collec
area and vice versa. As soon as friction losses in the collector
included in a detailed simulation, the linear correlation betwe
power output and the product ‘‘collector area times tower heig
is not strictly valid any more. Still, it is a good rule of thumb a
long as the collector diameter is not too large.

Collector. Hot air for the solar tower is produced by th
greenhouse effect in a simple air collector consisting of a glas
plastic glazing stretched horizontally several meters above
ground. The height of the glazing increases adjacent to the to
base, so that the air is diverted to vertical movement with m
mum friction loss. This glazing admits the solar radiation comp
nent and retains long-wave reradiation from the heated grou
Thus the ground under the roof heats up and transfers its he
the air flowing radially above it from the outside to the tower.

Storage. If additional thermal storage capacity is desired, w
ter filled black tubes are laid down side by side on the radiat
absorbing soil under the collector@7#. The tubes are filled with
water once and remain closed thereafter, so that no evapora
can take place~Fig. 2!.

The volume of water in the tubes is selected to correspond
water layer with a depth of 5 to 20 cm depending on the des
power output characteristics~Fig. 3!.

Fig. 2 Principle of thermal energy storage with water-filled
tubes

Fig. 3 Effect of heat storage underneath the collector roof us-
ing water-filled black tubes. Simulation results from †7‡.
Transactions of the ASME
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At night, when the air in the collector starts to cool down, t
water inside the tubes releases the heat that it stored during
day. Heat storage with water works more efficiently than with s
alone, since even at low water velocities—from natural conv
tion in the tubes—the heat transfer between water tubes and w
is much higher than that between ground surface and the
layers underneath, and since the heat capacity of water is a
five times higher than that of soil.

Tower Tube. The tower itself is the plant’s actual therm
engine. It is a pressure tube with low friction loss~like a hydro
power station pressure tube or pen stock! because of its favorable
surface-volume ratio. The updraft velocity of the air is appro
mately proportional to the air temperature rise (DT) in the collec-
tor and to the tower height@cf. Eq. ~8!#. In a multi-megawatt solar
tower the collector raises the air temperature by about 30 to 3
This produces an updraft velocity in the tower of~only! about 15
m/s at nominal electric output, as most of the available press
potential is used by the turbine~s! and therefore does not accele
ate the air. It is thus possible to enter into an operating solar to
plant for maintenance without danger from high air velocities.

Turbines. Using turbines, mechanical output in the form
rotational energy can be derived from the air current in the tow
Turbines in a solar tower do not work with staged velocity li
free-running wind energy converters, but as shrouded press
staged wind turbo generators, in which, similarly to a hydroel
tric power station, static pressure is converted to rotational en
using cased turbines. The specific power output~power per area
swept by the rotor! of shrouded pressure-staged turbines in
solar tower is roughly one order of magnitude higher than tha
a velocity staged wind turbine. Air speed before and after
turbine is about the same. The output achieved is proportiona
the product of volume flow per time unit and the pressure diff
ential over the turbine. With a view to maximum energy yield, t
aim of the turbine control system is to maximize this produ
under all operating conditions.

To this end, blade pitch is adjusted during operation to regu
power output according to the altering airspeed and airflow. If
flat sides of the blades are perpendicular to the airflow, the turb
does not turn. If the blades are parallel to the air flow and all
the air to flow through undisturbed, there is no pressure dro
the turbine and no electricity is generated. Between these
extremes there is an optimum blade setting: the output is m
mized if the pressure drop at the turbine is about 80 percent o
total pressure differential available. The optimum fraction d
pends on plant characteristics like friction pressure losses.

Prototype
Detailed theoretical preliminary research and a wide range

wind tunnel experiments led to the establishment of an exp
mental plant with a peak output of 50 kW on a site made availa
by the Spanish utility Union Electrica Fenosa in Manzana
~about 150 km south of Madrid! in 1981/82~Fig. 4!, with funds
provided by the German Ministry of Research and Technolo
~BMFT! @4,5#.

The aim of this research project was to verify, through fie
measurements, the performance projected from calculations b
on theory, and to examine the influence of individual compone
on the plant’s output and efficiency under realistic engineer
and meteorological conditions.

The main dimensions and technical data for the facility
listed in Table 1.

The tower comprises a guyed tube of trapezoidal sheets, g
1.25 mm, corrugation depth 150 mm. The tube stands on a
porting ring 10 m above ground level; this ring is carried by 8 th
tubular columns, so that the warm air can flow in practically u
hindered at the base of the tower. A prestressed membran
plastic-coated fabric, shaped to provide good flow characteris
forms the transition between the roof and the tower. The towe
Journal of Solar Energy Engineering
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guyed at four levels, and in three directions, to foundations
cured with rock anchors. The tower was erected at ground le
utilizing a specially developed incremental lifting method pr
posed by Brian Hunt of SBP: First, the top section of the tow
was installed on a lifting ring on the ground, and then it was rais
onto the supporting ring by means of hydraulic presses. Su
quently the other sections were assembled on the ground,
nected to the already installed top tower section~s! and then the
whole assembly was lifted. So the complete tower was built in
shots of 10 m each.

The turbine is supported independently of the tower on a s
framework 9 m above ground level. It has four blades, which a
adjustable according to the face velocity of the air in order
achieve an optimal pressure drop across the turbine blades~Fig.
5!. Vertical wind velocity is 2.5 m/s on start-up and can attain
maximum of 12 m/s during turbine operation.

The collector roof of the solar tower not only has to have
transparent or translucent covering, it must also be durable
reasonably priced. A variety of types of plastic sheet, as wel
glass, were selected in order to determine which was the be
and in the long term, most cost effective—material~Fig. 6!. Glass
resisted heavy storms for many years without harm and prove
be self-cleaning thanks to the occasional rain showers.

The plastic membranes are clamped to a frame and stre
down to the ground at the center by use of a plate with dr
holes. The initial investment cost of plastic membranes is low
than that of glass; however, in Manzanares the membranes
brittle with time and thus tended to tear. Material~temperature and
UV stability! and design improvements~e.g., membrane domes!
achieved in the last years may help to overcome this partic
disadvantage.

Completion of the construction phase in 1982 was followed
an experimental phase, the purpose of which was to demons

Fig. 4 Prototype of the solar tower prototype plant at Manza-
nares, Spain

Table 1 Main dimensions and technical data of the Manza-
nares prototype

Tower height 194.6 m
Tower radius 5.08 m
Mean collector radius 122.0 m
Mean roof height 1.85 m
Number of turbine blades 4
Turbine blade profile FX W-151-A
Blade tip speed to air transport velocity ratio 10:1
Operation modes stand-alone or grid

connected mode
Typical collector air temp. increase DT520 K
Nominal output 50 kW
Collector covered with plastic membrane 40,000 m2

Collector covered with glass 6,000 m2
FEBRUARY 2005, Vol. 127 Õ 119
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the operating principle of a solar tower. The goals of this phas
the project were~1! to obtain data on the efficiency of the tec
nology developed,~2! to demonstrate fully automatic, powe
plant-like operation with a high degree of reliability, and~3! to
record and analyze operational behavior and physical relat
ships on the basis of long-term measurements.

In Fig. 7 the main operational data, i.e., solar insolation, upd
velocity and electric power output, are shown for a typical d

Fig. 6 Glass roof of the prototype plant at Manzanares, Spain

Fig. 7 Measurement from Manzanares: updraft velocity and
power output for a typical day

Fig. 5 Turbine of the prototype plant
120 Õ Vol. 127, FEBRUARY 2005
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Two things shall be pointed out: First, that power output duri
the day correlates closely with solar insolation for this small pl
without additional storage. But, second, there is still an upd
during the night, which can be used to generate power du
some hours of the night~Fig. 8!.

With increasing collector size, i.e., generally speaking with
creasing thermal inertia of the system, this effect increases, as
be seen later from the results of simulation runs for large sc
plants~Fig. 10!.

In order to arrive at a thorough understanding of the phys
relationships and to evolve and identify points of approach
possible improvements, a computer simulation code was de
oped that describes the individual components, their performa
and their dynamic interaction. This program was verified on
basis of experimental measurement results from Manzanares
day, it is a development tool that takes all known effects in
account, and with the aid of which the thermodynamic behavio
large-scale plants under given meteorological conditions can
calculated in advance@3,14#.

From mid-1986 to early 1989 the plant was run on a regu
daily basis. As soon as the air velocity in the tower exceeded a
value, typically 2.5 m/s, the plant started up automatically a
was automatically connected to the public grid. During this
month period, the plant ran, fully automatically, an average of
h per day. In 1987 there were 3067 h with a solar global horizon
irradiation of over 150 W/m2 at the Manzanares site. Total oper
tion time of the plant with net positive power to the grid was 31
h, including 244 h of net positive power to the grid at night.

These results show that the system and its components ar
pendable and that the plant as a whole is capable of highly reli
operation. Thermodynamic inertia is a characteristic feature of

Fig. 8 Manzanares solar tower prototype input Õoutput charac-
teristics

Fig. 9 Comparison of measured and calculated monthly en-
ergy outputs for the Manzanares plant
Transactions of the ASME
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Fig. 10 Results of simulation runs „electric power output versus time of day … of a 200 MW
solar tower with 25 percent of collector area covered by water-filled bags as additional thermal
storage „weather data from †17‡…
f

f

t

d

o

a

e
n

v
o

c

r
r

a
r

by
sid-
ing
col-

ccu-

s
or
ize
by

n-
st:
llec-
or
.

cial

nd
is

eat
on

ed,
tor
nd
an
ime

ir,
tput

of
hout

ak
nd
nt’s
an-
e no

r

ny
ter
system, continuous operation throughout the day is possible,
for large systems even abrupt fluctuations in energy supply
effectively cushioned.

Using the custom-made thermodynamic simulation code ba
on finite volumes that solves the equations for conservation
energy, momentum and mass, the theoretical performance o
plant was calculated and the results compared with the meas
ments obtained. The code includes simulation of collector per
mance based on standard collector theory@15#, extended by an
integration of thermal storage effects of the natural collec
ground and—if required—additional thermal storage by wat
filled bags into the model@7#. Fluid dynamics of collector, turbine
and tower are calculated, taking into consideration friction in
respective system components. Calculation of pressure losse
lies on standard calculation procedures@16#, and where this is
considered not to be applicable or sufficient, on experimental
including wind tunnel tests. Turbine behavior is modeled based
the CFD design calculations done by the Institute of Flu
Dynamics and Hydraulics Machinery of the University
Stuttgart@10#.

Figure 9 shows a comparison between the measured and c
lated average monthly energy outputs, showing that there is g
agreement between the theoretical and measured values. Ov
it may be said that the optical and thermodynamic processes
solar tower are well understood and that models have attain
degree of maturity that accurately reproduces plant behavior u
given meteorological conditions.

Commercial Solar Tower Power Plants

Scale-Up. Detailed investigations, supported by extensi
wind tunnel experiments, show that thermodynamic calculati
for collector, tower and turbine are very reliable for large plants
well @5#. Despite considerable area and volume differences
tween the Manzanares pilot plant and the projected 200 MW
cility, the key thermodynamic factors are of similar size in bo
cases. Using the temperature rise and air velocity in the colle
as examples, the measured temperature rise at Manzanares w
to 17 K, wind speed was up to 12 meters per second du
turbine operation, while the corresponding average figures f
simulation runs for a 200 MW facility are 18 K and 11 meters p
second, respectively.

Therefore measurements taken from the experimental plan
Manzanares and solar tower thermodynamic behavior simula
codes are used to design large plants with an output of up to
MW. Results of such a simulation are shown in Fig. 10@17#.
Shown are four-day-periods for summer and winter. This pl
with additional storage covering 25 percent of total collector a
operates 24 h per day, at or close to nominal output in summ
and at significantly reduced output in winter.
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In this way the overall performance of the plant, by day and
season, given the prescribed plant geometry and climate, con
ering all physical phenomena including single and double glaz
of the collector, heat storage system, and pressure losses in
lector, tower and turbine can be calculated to an estimated a
racy of 65 percent.

Optimization. Electricity yielded by an updraft solar tower i
in proportion to the intensity of global solar radiation, collect
area and tower height. There is in fact no optimum physical s
for such plants. Optimum dimensions can be calculated only
including specific component costs~collector, tower, turbines! for
individual sites. And so plants of different optimum key dime
sions will be built for different sites—but always at optimum co
if collector area is cheap and concrete expensive, then the co
tor will be large and the tower relatively small, and if the collect
is expensive, there will be a smaller collector and a tall tower

General System Characteristics. Apart from working on
a very simple principle, solar towers have a number of spe
features:

1. The collector can use all solar radiation, both direct a
diffuse. This is crucial for tropical countries where the sky
frequently overcast.

2. Due to the soil under the collector working as a natural h
storage system, solar updraft towers can operate 24 h
pure solar energy, at reduced output at night time. If desir
additional water tubes or bags placed under the collec
roof absorb part of the radiated energy during the day a
release it into the collector at night. Thus solar towers c
operate as base load power plants. As the plant’s pr
mover is the air temperature difference~causing an air den-
sity difference! between the air in the tower and ambient a
lower ambient temperatures at night help to keep the ou
at an almost constant level even when the temperature
natural and additional thermal storage also decreases wit
sunshine, as the temperaturedifferenceremains practically
the same.

3. Solar towers are particularly reliable and not liable to bre
down, in comparison with other power plants. Turbines a
generators—subject to a steady flow of air—are the pla
only moving parts. This simple and robust structure guar
tees operation that needs little maintenance and of cours
combustible fuel.

4. Unlike conventional power stations~and also some othe
solar-thermal power station types!, solar towers do not need
cooling water. This is a key advantage in the many sun
countries that already have major problems with wa
supply.
FEBRUARY 2005, Vol. 127 Õ 121
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5. The building materials needed for solar towers, mainly c
crete and glass, are available everywhere in sufficient qu
tities. In fact, with the energy taken from the solar tow
itself and the stone and sand available in the desert, they
be reproduced on site. Energy payback time is two to th
years@18#.

6. Solar towers can be built now, even in less industrially
veloped countries. The industry already available in m
countries is entirely adequate for solar tower requireme
No investment in high-tech manufacturing plants is need

7. Even in poor countries it is possible to build a large pla
without high foreign currency expenditure by using loc
resources and work-force; this creates large numbers of
while significantly reducing the required capital investme
and thus the cost of generating electricity.

Nevertheless, solar towers also have features that make
less suitable for some sites:

A. They require large areas of flat land. This land should
available at low cost, which means that there should be no c
peting usage, like, e.g., intensive agriculture, for the land.

B. Solar towers are not adequate for earthquake prone area
in this case tower costs would increase drastically.

C. Zones with frequent sand storms should also be avoided
either collector performance losses or collector operation
maintenance costs would be substantial there.

Technology. Structural design of large plants showed tha
glass collector of the Manzanares design can be used for l
plants without major modifications. This design represents
proven, robust and reasonably priced solution. The Manzan
experience also provided cost calculation data for the collecto

Towers 1000 m high are a challenge, but they can be b
today. The CN tower in Toronto, Canada, is almost 600 m h
and serious plans are being made for 2000 m skyscraper
earthquake-ridden Japan. What is needed for a solar tower
simple, large diameter hollow cylinder, not particularly slend
and subject to very few demands in comparison with inhab
buildings.

There are different ways of building this kind of tower: fre
standing in reinforced concrete, guyed tubes with skin made
corrugated metal sheet, or also cable-net designs with claddin
membranes. The respective structural approaches are well kn
and have been used in cooling towers. No special developme
needed.

With the support of international contractors especially exp
enced in building cooling towers and towers, manufacturing a
erection procedures were developed for various tower type
concrete and steel and their costs were compared. The typ
lected is dependent on the site. If sufficient concrete aggre
materials are available in the area and anticipated seismic a
eration is less than about one third of the earth’s gravitatio
acceleration, then reinforced concrete tubes are the most suit
Both conditions are fulfilled world-wide in most arid areas su
able for solar towers. Detailed statical/structural research sho
that it is appropriate to stiffen the tower at several levels w
cables arranged like spoked wheels within the tower, so that t
ner walls can be used. This is maybe the only really new fea
of solar towers compared to existing structures.

For mechanical design, it was possible to use a great dea

Table 2 Typical dimensions and electricity output

Capacity MW 5 30 100 200

Tower height m 550 750 1000 1000
Tower diameter m 45 70 110 120
Collector diameter m 1250 2900 4300 700
Electricity outputa GWh/a 14 99 320 680

aAt a site with an annual global solar radiation of 2300 kWh/~m2 a!.
122 Õ Vol. 127, FEBRUARY 2005
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experience from hydro and wind power stations, cooling tow
ventilation technology and the Manzanares solar tower’s year
operation. Although one single vertical axis turbine arranged
the base of the tower might be seen as the straightforward s
tion, current designs and cost estimates are based on horiz
axis turbines arranged concentrically at the periphery of the tow
in order to realize redundancy, and also to be able to utilize
bines of existing sizes—particularly with regard to rotor diamet
Aerodynamic design for entrance area and turbines was achi
by means of wind tunnel airflow experiments and computer fl
dynamics.

Typical dimensions for selected solar towers without additio
water heat storage are given in Table 2. The numbers are base
typical material and construction costs. Costs for unskilled la
are assumed to be 5C% /h.

Economy. Based on specific costs, dimensions and electric
output from Table 2, investment costs were calculated. With
respective annual energy outputs from simulation runs, leveli
electricity costs are calculated using an interest rate of 6 per
and a depreciation time of 30 years~Table 3!.

From Table 3 it becomes obvious that LEC for a small 5 M
solar tower are relatively high, comparable, e.g., to a PV-Syst
With increasing plant size, a significant reduction of electric
generation cost is associated, leading to LEC of 0.07C% /kWh for
a 200 MW plant in the given example at an interest rate
6 percent.

A variation of the financial parameters interest rate and dep
ciation time is shown in Fig. 11. The upper boundary was cal
lated for a depreciation time of 20 years, the lower boundary
40 years.

As expected, electricity generating costs of the capital intens
solar towers are dominated by interest rate. Depreciation time
has a significant influence. Assuming an interest rate of, e.g., 1
and a depreciation time of 20 years leads to LEC of 0.12C% /kWh
for the 200 MW system. When, e.g., by clever financial engine

Table 3 Investment cost and LEC

Capacity MW 5 30 100 200

Tower cost Mio.C% 19 49 156 170
Collector costa Mio. C% 10 48 107 261
Turbine cost Mio.C% 8 32 75 133
Engineering, tests, misc. Mio.C% 5 16 40 42
Total Mio. C% 42 145 378 606
Annuity on investment Mio.C% /a 2.7 10.2 27.1 43.7
Annual operation and
maintenance cost

Mio. C% /a 0.2 0.6 1.7 2.8

Levelized electricity cost
~LEC!b

C% /kWh 0.21 0.11 0.09 0.07

aCost for unskilled labor assumed to be 5C% /h.
bAt an interest rate of 6 percent and a depreciation time of 30 years.

Fig. 11 Levelized electricity cost versus interest rate for se-
lected typical solar tower systems
Transactions of the ASME
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ing, an interest rate of 6 percent and a depreciation time of
years is achieved. LEC drop to 0.06C% /kWh, i.e., half the formerly
calculated cost.

In Fig. 12 a schematic and more general comparison betw
power generation using a coal-fired plant and a solar towe
shown. In the selected example, electricity costs for the s
tower are higher than those for the coal-fired power plant in
first years of operation.

The gap between the two electricity costs closes with increa
fossil fuel costs. After 20 years, electricity generation costs
identical. Then both plants are paid for in this example; no m
annuities have to be paid. From this point in time on the so
tower produces electricity at low cost, as only operation and m
tenance costs have to be paid. In contrast to that, electricity
eration costs of the coal fired plant are still comparatively high
they are governed by fuel costs.

In our example, a new coal fired plant must be built after
years, whereas the solar tower is still operating in its origi
configuration. This reflects the difference in technical life tim
between the two systems. Thus the cost difference between
fired plant and solar tower is further increased. In the case of
solar tower, loan redemption governs the cost of electric
whereas in the case of fossil fuel power plants the variable
costs are the deciding factor.

In the example shown in Fig. 12 the interest rate and coal p
escalation are deliberately chosen in such a way that calcul
electricity costs are identical for both plants exactly after dep
ciation time. In reality, depending on actual cost and financ
data, it may take longer until cost parity is reached, but this po
might also be reached earlier.

In countries with very low wages, investment costs, and the
fore mostly electricity generation costs of the solar tower, will
further reduced. This holds especially true as the collector, wh
alone amounts to roughly one half of the overall solar tower
vestment costs, is a low-tech component and can be built a
where with unskilled labor.

Summary and Conclusions
The updraft solar tower works on a simple proven principle;

physics are well understood. As thermodynamic efficiency of
plant increases with tower height, such plants have to be larg
become cost competitive. Large plants mean high investm
costs, which are mostly due to labor costs. This in return cre
jobs, and a high net domestic product for the country with

Fig. 12 Electricity generation costs for a solar tower and coal
fired power plant
Journal of Solar Energy Engineering
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creased tax income and reduced social costs~5human dignity,
social harmony!, and in addition no costly consumption of foss
fuels. The latter reduces dependence on imported oil and c
which is especially beneficial for the developing countries, rele
ing means for their development.

There is no ecological harm and no consumption of resour
not even for the construction, as solar towers predominantly c
sist of concrete and glass which are made from sand and s
plus self-generated energy. Consequently in desert areas—
inexhaustible sand and stone—solar towers can reproduce th
selves. A truly sustainable source of energy!
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Nomenclature

Latin

A 5 area, m2

G 5 global solar radiation, W m22

H 5 height, m
P 5 power, W
Q̇ 5 heat flux, W
T 5 temperature, K
cp 5 specific heat at constant pressure, J kg21 K21

g 5 gravitational acceleration, 9.81, m s22

ṁ 5 mass flow, kg s21

p 5 pressure, N m22

v 5 velocity, m s21

Greek

r 5 density, kg m23

h 5 efficiency, -

Prefix

D 5 change in value

Subscript

0 5 at ground level
a 5 ambient

coll 5 collector
d 5 dynamic
h 5 horizontal
s 5 static

tot 5 total
max 5 maximum
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