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ABSTRACT

Mainly two projects are studied : a solar tower constituted from a wide circular glass collector and a
1 km high chimney, where hot air flows upwards and drives some turbines ; and a downwards tower
where dry air is cooled down by the evaporation of sprayed water droplets ("energy tower"). Each
of both projects is born by a competent team, but their credibility is undermined by competitors,
whose publications include serious basic errors.

Some other renewable energy conversion devices, which haven't been more studied in France, have
common features : research of "poor" processes (physical efficiency, materials, operating fluids),
but a centralised production in order to get the benefit of scale economies.

In all cases, the economic optimisation doesn't let enough parameters vary together, and can't deter-
mine the optimal configuration. Some technical improvements are proposed for the solar tower,
with the goal to be able to design a larger solar collector and a higher tower, and boost the global
efficiency.

Possible effects on the global biosphere circulations are described, in order to find the most neutral
or beneficent solution, e.g. a combination of energy towers and bigger towers having many
common features with solar chimneys.
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Solar chimney, water spraying Energy tower, and linked renewable energy conversion devices :
presentation, criticism and proposals.

"When rain and sun
are quarrelling,
who says : "no, no, no" ?

It's the rainbow".

ra f\\% (From my son Damien, who was aged 4, at the time

(r&& \ I began to work about this subject, 5 years ago)

—G0000000000000——= ( His text in French :
Quand se disputent
La Pluie et le Soleil,
Qui leur dit : "Non, Non, Non" ?
C'est I'arc-en-ciel )

Mainly two projects are studied : a solar tower constituted from a wide circular glass collector and a
1 km high chimney, where hot air flows upwards and drives some turbines ; and a downwards tower
where dry air is cooled down by the evaporation of sprayed water droplets ("energy tower"). Each
of both projects is born by a competent team, but their credibility is undermined by competitors,
whose publications include serious basic errors.

Some other renewable energy conversion devices, which haven't been more studied in France, have
common features : research of "poor" processes (physical efficiency, materials, operating fluids),
but a centralised production in order to get the benefit of scale economies.

In all cases, the economic optimisation doesn't let enough parameters vary together, and can't
determine the optimal configuration. Some technical improvements are proposed for the solar
tower, with the goal to be able to design a larger solar collector and a higher tower, and boost the
global efficiency.

Possible effects on the global biosphere circulations are described, in order to find the most neutral
or beneficent solution, e.g. a combination of energy towers and bigger towers having many
common features with solar chimneys.



The present document can be freely copied without any
particular authorization. Just be kind enough to quote its
origin.

The technical devices it describes can't be patented, as they
have been published :

- some of them through my book : "Vent artificiel, Tall is
beautiful", Ed. du Cosmogone, Lyon, France, 2003,

- all of them through the French version of the present
doctorate thesis, which has been officially registered, and
thus copied and spread among the French university
libraries,

- and of course through the present English version, which I
sent to all the subject specialists I know.



SUBJECT BORDERS AND PRESENTATION

If one looks for other solar-derived energy conversion processes than the best known (photo-
voltaic, wind turbines, hydroelectricity, and also concave mirrors light concentration systems), only
"poorer" research areas remain.

One of them is the thermal energy of the seas (TES, conversion of the temperature differ-
ence between the ocean's bottom and surface, to generate electricity and in some cases fresh water).
France is one of the leaders about it, so, as the field of this thesis is limited to what isn't much
studied in France, TES isn't included in it. However, there are some similarities with the techniques
which will be examined here :

- utilisation of a rather low temperature heat source (thus with a low physical efficiency),

- compensation of this drawback, through the valorisation of large quantities of free resources
(ground area or thermodynamically energetic fluid volume),

- therefore centralised electricity production, including scale economies,
- interaction between the issues of electricity production and fresh water scarceness,

- the origin of the phenomenon lies in the external geophysics, considered as a thermal machine
ultimately operating between a heat source (the sun) and a heat sink (the interstellar space), and also
using intermediate heat sources (any material heated by the sun) and sinks (polar zones, the high
atmosphere), and convection exchanges between these intermediate sources and sinks (the atmos-
phere's and oceans' movements).

In spite of these links with TES, the here examined technologies haven't, to my knowledge,
been the subject of any recent academic publication by French-speaking authors.

And, like TES which manages to approach the economical break-even point from a heat
source and a heat sink whose very low temperature difference seems to forbid any attempt in such a
direction, the here studied techniques are based on seemingly unreasonable ideas :

- the most detailed one has two reasons to be described in such a way : it seems to operate
without a heat sink, and a project of near half a billion euros is on its way with only one previously
built prototype, which had a 17,000 times lower annual electricity production capacity.

- an other one operates by using only ambient air and water, which seems to identify it as a
member of the sarcasm-drawing category of the "water engines". Because of this, I first thought that
only scientists with a poor interest in the 2" law of thermodynamics could have been bold enough
to engage this research, to such an extent that we will see some problems with the 1*" law ! But the
idea remains a good one, and other studies about this subject are very serious.
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- finally, a third technology is based on the idea of using water as a thermal insulator ! And,
also here, this is not a physical nonsense, and therefore the low cost of such a material makes it
potentially interesting.

These energy conversion projects will, first of all, be presented through a description of res-
earch publications ; second will come a more critical part, and, third, some proposals, improvement
hints, and new researches that seem necessary. As a conclusion, some aspects of their technical and
economical environment (access to the final consumers, etc.) will be discussed.

| PRESENTATION OF EXISTING PROJECTS AND RESEARCHES

I.L A The Australian solar chimney project

I.LA.1 General principles

The solar chimneys principle is simple : the sun heats the ground under a canopy ("collec-
tor") ; this heat is given to passing air, which expands ; going into a hollow tower, it obeys the
buoyancy principle : "hot air rises", and by the way it can drive one or several turbines in order to
produce electricity.

Nl
|

11 fgure |
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From 1982 to 1989, a solar chimney prototype operated in Manzanares (Spain, 150 km
south from Madrid), from the impulse of German scientists and funds. This prototype had a 200 m
high tower and a 45,000 m* collector, and reached a 44 MWh/y production, with a 50 kW' peak
power. The two-part "Solar Chimneys" article' gives a good idea of its promoters' reflection and
expectations at its building time.

"i.e. the equivalent of 880 peak power hours per year, which is only 10 % of the total annual number of hours.
We'll come back further to this ratio's strange low value.
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Among these scientists, is an architect, Jorg Schlaich, who published, in German in 1994
and in English in 1995, "The solar Chimney : Electricity from the sun"", a reference book even if its
aim was mainly popularization, and which is the basis of a large part of what follows here. Three
sizes are discussed : @, a 5 MW nominal power for a 445 m high tower, a 13.9 GWh annual
production and a 5800 €/kW cost ; @, 30 MW for 750 m and 87.4 GWh/y ; @, 100 MW for 950 m,
305 GWh/y and 3000 €/kW (600 million DM) of construction costs.

For the highest one, the thermodynamic efficiency is about 1%?, which, in Jorg Schlaich's
mind, is not a great problem as soon as we are in a desert and the economical efficiency is not too
bad, especially if the temporal horizon is far enough. The solar chimneys could be qualified as "the
poor man's solar energy" (more precisely, the urban poor) : on purpose, the chosen technologies are
not very sophisticated, so that they can easily be implemented by the developing countries them-
selves.

On the basis of this book, a private society, Enviromission, was set up. In August 2002, the
Australian ministry of industry approved a project of a 1000 m high tower and a 7 km diameter
solar collector’. The 200 MW power is enough to provide a 200 000 people town with electricity.
The inner air will be 30 © warmer than the ambient air and its velocity should be at least 15 m/s
inside the tower.

Various newspapers announced the Australian governmental approval by the end of August
and during the fall 2002. Much information can be found on the internet sites enviromission.com.au
and sbp.de, notably the annual electricity production, i.e. 750 GWh, or 17,000 times more than for
the Manzanares prototype. 800 million Australian $ (441 M€ at that time) are to be spent for the
investment (2200 €/kW). From this, the kWh price can be estimated around 6 euro cents *, under
realistic financial conditions (depreciation period, interest rate)’.

From this prototype to the present project, with the intermediate steps of the various options
which are described in "The solar Chimney", the power is considerably increasing, without any new
prototype. Why ?

? This efficiency is calculated with respect to the incident solar power which, at midday and in the sunniest
regions, is classically about 1000 W/m?. As we'll see later with more details, this 1% is the result of a 3 % theoretical
efficiency (proportional to the tower height) and of various losses (light reflection and reemission by the collector,
thermal losses, air turbulence, losses in the turbo-alternator).

3 Slightly older documents show a 5 km diameter, but with the same peak power (200 MW). The tower's
diameter has a comparable uncertainty : 160 m today, 130 m previously.

* This price is not far from the wind turbines power cost (and its government-fixed sale price in Europe), which
is one of the cheapest "new" energies. However, this price remains around twice the nuclear or fossil electricity's. This
isn't enough to exactly appreciate its competitiveness with respect to fossil fuels (including uranium) plants, because we
must take into account the transport conditions, the grid connection, how well the supply matches the peak hours, etc.,
but such figures show that competitiveness is not out of reach.

> "The solar Chimney" (page 44) announces 0.18 DM/kWh, i.e. 0.09 €/kWh, for a 100 MW tower, a 40 years

depreciation period and a 8 % nominal interest rate. To extrapolate it to the 200 MW project, we must multiply this
figure by (441 M€/ 750 GWh) / (600 millions DM / 305 GWh), i.e. 0.6.
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A first reason is that, even if some of the physical principles underlying this project are com-
plex (turbulent fluid mechanics), there should not remain big surprises (and, if any, a positive one),
as the changes in sizes don't lead to changes in the nature of the phenomena. The important thing is
that, apparently, the prototype has effectively delivered the information it was designed to give.
And models built with precision and common sense can predict rather correctly the behaviour of
such structures.

But, overall, there exists a strong rationale for this unique leap, as the solar chimney profits
by scale economies (Cf. the kW costs fall, shown by the previously quoted figures) in its very
principle.

Indeed, from a thermodynamic analysis of
figure 2 aside, and under some hypotheses, it can be
proved (Cf. Appendix 1) that the tower's theoretical Ty | Tex
efficiency is equal to :

N=1-(Tex/Typs) (1) with Tex = Tagow-Ahy  (2)

where :

2%
_gM 9.81m/s 0.029kg/m01z100/km 3) .
(7/2)R  8.321/mol.K *(7/2) eu hy

provided that the outer air's temperature ’J !
should also obey the adiabatic lapse rate law : H o 8TdOW8

T = cte - Az . It isn't impossible, but the tempe-

rature gradient is often lower than 10°/km, which

reduces the solar chimney's efficiency (and the
lower Ty - T, is, the more nis reduced). Deolr

This maximum theoretical efficiency, n =1 - (Ts/ Tam), is equal to the Carnot's efﬁciency6
which we'd get with a thermal machine whose heat source would be at the collector heated air temp-
erature, upstream of the turbine, and whose heat sink would be at the temperature of the same air
when it goes out of the tower (and not the one of the ambient air at zero altitude).

It can also be found that n=Ah/T, 4) . The tower's efficiency is

proportional (oc) to its height, therefore the power output is : Peec ¢ hi. Dcon? %) .

® For a thermal engine receiving heat from a heat source at a Ty temperature (in °K) and being cooled by a
heat sink Ty, the maximum efficiency (the electricity which is produced, divided by the heat given by the heat source)
is, by compliance to the 2™ law of thermodynamics, equal to (Tsource~Tsink)/ Tsource : it is Carnot's efficiency. The lower
irreversibility causes we endure (non-perfect heat or electricity conduction, friction, air turbulence, mixing of fluids
with different temperatures, etc.), the closer we can get from this theoretical limit.
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Also in appendix 1, it is demonstrated that under two more conditions, this result remains
true even if we take into account the mechanical losses resulting from the air turbulent friction
under the collector and inside the tower. These two conditions are :

Do Decon 08 (6) and H ot o¢ D conr ht-l/3 (7)

So, the quantity of electricity that the tower can produce is, in 1% approximation’, both
proportional to the sunny area and to the tower's height. But, on the contrary, its cost is the sum of a
part which is only proportional to the area, and of another which varies only with respect to the
height (more than proportionally, but it will be taken into account). Assume that when doubling the
tower height, we multiply the cost by n. Then we can multiply the collector's area®, and therefore its
cost, by n. Of course, the cost of the whole lot will be multiplied by n as well. But the production is
multiplied by 2n. Therefore, we divide the price of each kWh by 2 !

Said differently, each tower additional metre enhances the collector's financial yield ; and
each collector additional m? enhances the tower's yield ! Such a win-win cycle is an incentive to go
on, and to target ever larger and higher sizes, hoping to reach what is, in the field of renewable
energies, the Holy Grail : competitiveness, by comparison with fossil fuels.

I.LA.2 Theresources and the selling market

This solar chimney project's goal is to substitute all the fossil energy sources (including
uranium) of centralized electricity production (photovoltaic solar energy remains the best solution
to bring power to isolated villages without paying for a grid connection).

Clearly, like all the projects based on the same idea of a low physical efficiency but a high
economical efficiency, this can be realized only in deserts, first because land has quite no value, and
also because solar light is most abundant and regular there.

At a first stage, solar chimneys could bring to the neighbouring developing countries the low
cost energy their development requires, without increasing worldwide greenhouse effect gases
emissions. The simplicity of the used materials and techniques, could help them to build the towers
and collectors by themselves, without jeopardizing their trade accounts.

7 Cf. the problem of the temperature lapse rate outside the tower.
¥ To be perfectly precise, we should then considerer that more air will have to pass through the tower, therefore

that its diameter must be wider, and that its cost will be multiplied more than by n. However, from a general point of
view, the result won't be very different.
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Later, and if energy transport costs aren't too high, they might export electricity to developed
country, most of them having no deserts near them. Such an export prospect may be based, either on
high tension (maybe direct current) electricity transport, or on more ambitious but yet uncertain
techniques (hydrogen or aluminium electrolysis, without excluding the hope of a new unexpected
breakthrough in relatively high temperature supra-conduction, which might benefit from the same
scale economies as the solar chimneys).

About 700,000 km? (a circle with a 950 km diameter) of Saharan desert could supply Eur-
ope ; for the U.S.A., about one million km? should be found near the New and old Mexicos ; China
and Japan would depend on the deserts north of Tibet ; as a lot, for the whole world, the equivalent
of a circle, 2000 km in diameter, would be necessary.

The project to be realized in Australia in the next years is sort of a 2™ prototype, more than
20 years after the Spanish one. Anyway, it didn't appear by chance : it is based on some advantages
and artfulness, which will now be briefly described.

I.LA.3 The materials used to produce "industrial wind"

The first advantages, which offset the gigantism drawback, are the principles simplicity
(Jorg Schlaich presents them as the gathering and adaptation of three classical technologies : the
greenhouse, the chimney and the windmill), and the materials low cost. In addition to sun light,
quasi-free "input" which is naturally the basis of the system, the project requires :

- glass, and possibly polycarbonate, materials that the truck farmers and gardeners use to
build greenhouses, and which are used here in the same goal,

- reinforced concrete to build the tower, as for nuclear plants cooling towers (it could have
been steel),

- water and plastic, for heat storage from day to night,

- air, as the operating fluid, and nothing, as a cooling fluid, as previously noticed.

The choice of glass for the collector may seem strange, because of its weight and apparent
brittleness. It has indeed important advantages : it resists very well to wear, especially as far as
transparency, which is a main parameter for a light collector, is concerned (at the time of the
prototype, there existed no plastic able to resist so well). Set on posts arranged in a rigid array with
cables tightened from one top to another, it resists also very well to bad weather. And, to cover
hundreds or thousands of km? in a sand desert, we could think about producing it on the spot.

In the current Australian project, glass might be partially substituted by polycarbonate, a
material recently appeared for greenhouses. But, at the collector centre, where the air temperature
may reach 80 °C, glass could be kept, because it is a more efficient shield against infrared reemiss-
ion towards the sky.
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The air flow must be converted to electric power by turbines, a well-established technology.
Here, there is a necessary question : in their principle, theses turbines don't seem very different from
the "naked" wind turbines which are already very successful for converting natural wind to renew-
able electricity. If a wind turbine is quite the same thing as a solar chimney from which we'd remo-
ve the collector and the tower, this is an idea for cost reduction !

However, there are important differences justifying the collector's and the tower's useful-
ness. First, the air flow which is created here is much more regular than the natural wind. This is
useful to avoid calm weather and zero-kW production risk, but also the storms which oblige wind
turbines to be designed so that to endure very severe stresses.

Besides, wind energy favourable locations without Nimby syndrome become rarer and rarer,
so that most of its future developments could come from costly offshore facilities. And, to satisfy
mankind's energy needs, it would be necessary to exploit wind energy all around our planet. Solar
energy is much more abundant, even with a 1 % efficiency.

And finally, if we intend to use a wind turbine to catch the greatest part of the wind's energy
by strongly opposing to its passing through, it will simply bypass the turbine ! That's why wind
turbines only have thin blades, often three, even two, which allow the wind a large through-passing.
The same reason explains that they rotate with majesty, i.e. rather slowly, which is a good thing for
the wind's energy harvesting efficiency, but isn't very economic for the following conversions.

A low speed near the axis indeed lessens the alternator's efficiency. Thus, it is necessary to
have a gearing box, in order to increase the number of rotations per minute. But the cogs of the first
gears, which have to transmit a great power under a low speed, are submitted to very high forces,
and this has an important cost.

For the solar chimney's turbines, it's the opposite : the wind can't bypass them, so it is
possible to design blades opposing it frontally and efficiently. Such a design let them rotate rapidly :
105 rotations per minute in spite of a 10 m radius for the 100 MW tower described in "The solar
Chimney". Then, no gear is needed, the alternator rotates at the same speed, and there is no great
problem for the conversion into electricity.

In the same book, the turbines cost was important, and, moreover, didn't seem to benefit
from scale economies. For the 100 MW tower, the mechanical components represented 26.6 % of
the total cost, and, as the tower and the collector mutually lower their costs, the turbines are at a risk
to account for a larger, and difficult to reduce, part.

However, we can read that "costs for the mechanical components were estimated very high,
between 1600 and 2000 DM/kW, in other words the same as current wind power stations exposed
to ambient, gusty wind conditions". It seems that, since 1995, a data research more directly focused
on adequate turbines for solar chimneys, helped come back to more reasonable costs, which
probably explains a great part of the drop in the kW global cost, that I noticed in page 3.
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I.LA.4 The egg and the bicycle wheel

nn

As Jorg Schlaich, who is an architect, wrote in "The Solar Chimney", "chimneys 1000 m
high can be built without difficulty ... serious plans are being made for 2000 metre skyscrapers in
earthquake-ridden Japan. But all that is needed for a solar chimney is a simple, large diameter
hollow cylinder, not particularly slender, and subject to very few demands in comparison with
inhabited buildings."

The 1 km high tower will be constituted by concrete walls, 25 cm thick for all their upper
half, and thicker at their bottom. This is, at the same time, much, because the whole tower will be
heavy (about 1 million tons), compared to possible alternative solutions which will be discussed
further, but also relatively few with respect to the tower diameter : 160 m. Hence, the question is :
how do we know that it will resist various stresses ?

25 cm compared to 160 m, is like an egg shell, and it is indeed an egg shell, if we consider
that when a pressure, even a strong one, is exerted all around an egg, it resists surprisingly well, and
doesn't collapse. It's the same here : the aspiration created by the tower in order to drive the turbines
means that there is a low pressure inside, with respect to the ambient air. This outer air compresses
the tower, but, as it has the shape of a cylinder with a constant curvature, this pressure spreads
regularly into the whole wall, which resists very well.

But this pressure is no longer uniform when the wind is blowing, and the cylinder could
oval, which, in the long run, could damage the concrete. Here comes the bicycle wheel.

A cyclist's weight is supported by the saddle, the pedal, and, eventually, the frame. What is
the frame put over ? The hubs. And them ? At first glance, they stand on the road, through the
spokes which, one after another, take place between the hubs and the ground. But it is clear that
bicycle spokes, fixed vertically on the ground, are too thin to support a bicycle, not to speak of the
cyclist himself : they would buckle (any aside shift of a spoke element enables the hub to obey the
gravity, and this generates an instability : even if the first shift was very small, the gravity gives it a
positive retroaction, so it will be amplified, and the spoke will buckle). So, the hubs don't stand on
the spokes located just under them.

But this buckling disappears if an element is submitted to tension. If a mass is hanging to a
cable, the same aside shift of a cable element would raise the mass upwards, contrarily to the
gravity. Therefore, there will be a negative retroaction, and the cable's linear shape is stable.

If a hub doesn't stand on the spokes under it, it may hang to the spokes over it, which should
themselves hang to the part of the rim which, at this time, is just under the mudguard.

And this rim, how does it transmit the cyclist's weight to the road ? Of course, it is thicker
than the spokes, but the cyclist is heavy, so it could oval, at least a little. Here come all the other
spokes we haven't talked about, which are oblique, and horizontal, forward or backward. They all
work in tension, to prevent any diameter of the rim from being longer than twice a radius. Then, the
rim is obliged, by the tension of most of its spokes, to keep its perfect circular shape. In fact, to help
us to stay on our bicycle, all the spokes work, except those situated between the hub and the ground.
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Jorg Schlaich uses the same principle to prevent his 1 km tower from ovalling. But radial
cables directly drawing the concrete could damage it. Therefore, he puts rims inside it, stiffened by
their spokes, and which will oppose any ovalling of the vertical cylinder, due to the wind.

This is a very interesting idea, which probably enables us to trust the computer models used
to determine the tower's parameters. Of course, they have a reasonable security interval : from "The
solar Chimney", published in 1995, to a 1999 article™ describing more precisely this bicycle wheel
spokes principle, the upper walls thickness has increased from 16 to 25 cm (this latter value is also
used for the current Australian project).

Only this upper part has such a low thickness. At its base, the wall becomes thicker, until
one metre. Three reasons can explain this : thick walls may be necessary to support the weight of all
the concrete above them ; it's useful to make the base heavier to help the tower resist the wind,
whose stopping creates a pressure to be multiplied by a 160,000 m? area (the problem of its stiffness
has been solved, but not the question of the tower falling aside in one piece) ; and the danger of

earthquakes is also stressed in "The solar Chimney"’.

I.LA.5 Current state of the reflection about the collector operating

A solar chimney collector efficiency is lower than 100 % because it loses part of its energy :

- by direct light reflection on its transparent canopy. This reflection varies with the number
of dioptres (2 for single glazing, 4 for double glazing), the refractive index (higher for glass than for
polycarbonate), and the incidence angle' ;

- by immediate reemission by the ground (or dust lying over the collector itself), which
would be equal to zero if it were perfectly black, equal to 100 % if it were perfectly white, and
intermediate with respect of the darkening effort we agree to make ;

- by conduction : the collector's warm air transmits its heat to the glass which transmits it to
the free air above ;

- by conduction within the ground. In the long run, the ground will get warmer because of
this and of the geothermal heat flow, and this phenomenon will disappear, or even get inverted. But
in the short run, it could lead to underestimated collector efficiency measures by comparison to the
long run value ;

? The need to reinforce the walls because the inner pressure is lower than the outer air's, proves negligible by
comparison with these three points.

10 But, even for glass, for the first 45 degrees, the reflection ratio is remarkably stable, because with one

polarization the reflection begins with a decrease and will have a zero, which compensates the growth of the reflection
by the perpendicular polarization.
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- by infrared reemission : the ground, for the part of its behaviour which obeys the black
body's theory, emits infrared radiation. The warmer it is, the closer their wavelength will be, with
the higher cumulated intensity (T* Wien's law). As for a greenhouse, a large part of these infrareds
will be absorbed by the glass and a half will be reemitted downwards, but this must be combined
with the previous point (conduction), which explains why double glazing are interesting.

Even if not conceptually very complex, a precise modelling of all of these phenomena requi-
res a methodical organisation. The thermal interaction between the air (the operating fluid), and the
parts of the collector which have to communicate their heat to it, varies as the air moves from the
collector's periphery (where it is still cool and moves slowly) to its centre (where it is warmer and
where its convergence movement accelerates). A very recent article™ gives a good example of such
a model, synthesized by the figure 3 below :
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Fig. 3. Thermal network for the collector of solar chimneys.
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This is a "maximum" model, as we've got at the same time a double glazing (the "2™ cover"
and "1% cover" layers to which the subscripts | and , refer), a heat storage ("water" layer, the notions
of storage and therefore of thermal inertia lie in the electrical symbol of a condenser - or "capacity",
Uy) on the right hand diagram ; and even an insulating air layer between this water layer and the
ground. Of course, if we want to study the behaviour of a more simple facility, we just have to
eliminate the exceeding elements.

The right hand diagram is useful for a good analysis : being constructed in analogy with the
electrical notions of resistance and capacity, it allows us to verify rather simply whether we forget
anything, and which are the model's underlying hypotheses (notably of linearity) ; it helps to write
down relations between heat flows (analogous to the intensity I) and temperature differences (analo-
gues of the potential difference AV, or voltage U) between two knots of the network, so it is useful
to set up a system of n equations in n unknowns (whose right hand members are in particular the
heat converted light flows, S; to S4), and to solve it by constituting a n X n matrix, letting a comp-
uter invert it, and multiplying the right hand n x 1 matrix with this inverted n x n matrix. That's in
fact what the authors do.

The older documents bore much less details. Although, since the beginning, the heat losses
towards the ground (maybe responsible for part of the low electrical production in Manzanares) had
been considered as a "long run heat storage", the idea of a water heat storage, enabling a night use
of a daily collected heat, hadn't been mentioned even in the book "The Solar Chimney" ", and
appeared only in the1999 article, "Tension structures for solar electricity generation" "'

However, a thorough reflection about the thermal exchanges had already taken place. This
book indicated that the temperature rise between the collector's inlet and outlet should increase for
more powerful towers (25.6° for 5 MW, 31° for 30 MW, 35.7° for 100 MW)'!, leading to a
decrease in the collector's annual mean efficiency (respectively 56.24 ; 54.72 and 52.62 %). A
higher temperature when the power increases can indeed be justified :

- because the outer air temperature frequently diminishes more slowly with respect to the
altitude than the inner air temperature'”, and this reduces the inner air buoyancy, and hence the
power output ; thus, as the higher the tower is, the more important this effect is, it is preferable to
have in this case a large initial temperature gap, so that a greater part remains at the tower top ;

- because, for the same power, it allows the air to move slower in the collector and thus to
avoid mechanical losses as its glass roof already reaches a height which might be difficult to incr-
ease (20 m at the centre for the 100 MW tower).

"t shows an evolution from the first ideas. We could read in the 1983 Haaf and alii article’ : "there is an upper
limit of temperature increase, above which there is no point in increasing the size of the collector, as the losses due to
radiation, convection and friction then become excessive. This limit is AT; =12 - 15 K."

12 That's why, in the first presentation of the scale economies which lies page 4, as well as for the energy towers

12 % ratio (formula 9, page 15), I write each time that my reasoning is only a 1* approximation, and must be checked
against more detailed calculations.
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Part of the modelling which is done further (notably in appendix 3) to evaluate the hypothe-
sis of even higher towers, could have been based on the extrapolation of these evolutions, or on a
liberty of speed control under the only condition that the thermal efficiency should keep on
decreasing with respect to the air temperature ; however, to be prudent, in particular because
infrared radiation losses grow very rapidly with respect to the temperature (the black body T*
Wien's law), the figures for the 100 MW (950 m high) have been kept. And the announcement that
the temperature rise in the Australian tower would be only 30 °, confirms such a prudence.

The Australian project, as it has been presented in 2002, includes a non negligible compon-
ent of nightly electricity production. Part of the daily stored heat is easily given back to the even
more cooler air which comes into the collector by night "°. Such an idea was much less developed in
"The solar Chimney". Indeed, with a power (200 MW) which is only twice than for the book's
highest tower, the electricity production is multiplied by nearly 2.5 (750 GWh / 305). This enables
to get a higher economical return from the tower, and thus to lower its part of the kWh cost'*.

A 24 h quasi-constant power was even thought about in the 1999 article il which explains
that in order to store the daily received heat with a high efficiency and a low cost, it is possible to
lay water-filled black plastic bags on the ground. The water is heated during the day, and gives its

heat back to the cold neighbouring nightly moving air.

I.B The "Energy Towers"

Meteorologists, notably Israelis, have noticed that negatively buoyant air was sometimes
"falling" from the sky, because it had been cooled down by the vaporisation of some rain coming
from a cloud above it'. After Ph. Carlson who, in 1975, issued a patent about this principle on
behalf of the Lockheed company, these meteorologists, and a lot of scientists of the Technion
Institute, in Haifa, drew from this a project of a turbines tower, producing renewable energy, but
without a solar light collector : the idea is to put instead, at the tower's top, a water droplets spraying
device, in order to mimic this natural phenomenon.

" We could wonder whether this would happen with a higher efficiency than during the day, as the temperature
difference between the incoming air and the collector's ground is at its maximum. However, as we saw it in formula (1),
page 4, the efficiency doesn't vary as a function of this temperature difference, but of the difference between the inner
air at the tower bottom, and the same air as it goes out from the same tower's top.

' but not necessarily to enhance in the same proportions its global competitiveness. In the case of a coexistence
with nuclear power, which can easily produce electricity by night, it is rather useless to produce solar energy at the
same time. On the contrary, in a 100 % solar economy, being able to produce electricity even when the sun is hidden,
would be a valuable asset.
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Demo Plant Project : R water droplets spraying
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[.B.1 Airtemperature decrease potential

The behaviour of a mix of air (either saturated by steam or not) and liquid water is well
known. Therefore, the details of the following results are given in appendix 2. It is possible to work
with diagrams like the following one, where we have :

- the exponential which results from Clapeyron's equation integration, and gives the satur-
ating steam pressure with respect to the temperature.

- a line segment (arrow) which shows how the air gives the vaporisation latent heat. Evapor-
ating a little quantity of water is enough to get a large temperature decrease, therefore this arrow's
slope is low.

The temperature fall potential is equal to the abscissa decrease we get by following this

arrow until it intersects the exponential.

Pu.o

figure 5

T
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If we want to cool a warm and partially moist air, the temperature we get is approximately
the one at which the already present steam becomes saturating. And 10 or 12° are needed to
multiply the saturating pressure by 2. Therefore, with a 50 % relative humidity, the temperature can
fall, at best, by 12° ; with 25 %, by 24° ; etc..

If we want to cool down an air already so cold that Clapeyron's curve has a lower slope than
the line we try to intersect, the cooling is much less efficient, and becomes twice more difficult each
time we want to reach a 10° lower temperature. The limit between these two first cases lies around
T~=284K,1.e. 11°C (Cf. Appendix 2, p. 143).

And if we want to cool down a warm and dry air, we get a large temperature fall which anal-
yses first as in the 1* case above and, when the temperature gets lower, looks more like the 2™,

These towers operate efficiently only if the air has enough temperature decrease potential,
1.e. if it is warm and dry enough, hence only when the sun has risen enough. Therefore, we can ask
the same question as for solar chimneys : wouldn't it be a better idea to remove the tower and the
sprayers, and get the same result with natural wind ? But, another time, the same arguments can
advocate the existence of a tower : the wind is more even, the turbine rotation is quicker and more
powerful because the wind can't bypass it.

[.B.2  First theoretical feasibility ratio

To use this air's negative buoyancy, it must be generated at a rather high altitude, therefore
we must pump large quantities of water up to considerable heights. Are we sure, at least from a
theoretical point of view, that we won't spend more energy to pump the water up, than what we'll
get back from the turbines ?

To calculate the corresponding ratio, we look for the negative buoyancy created by the
vaporisation of one mole of water. It generates a cooling which equals, in Joules, to the vaporisation
latent heat, L. If n air moles undergo this cooling, their enthalpy H = 7nRT/2 decreases by L, hence
their Kelvin temperature T falls by 2L/7nR.

Thus, as a percentage, T diminishes by 2L/7nRT. As the air density is inversely proportional
to T, the generated negative buoyancy equals, as a first approximation, this ratio 2L/7nRT multipli-
ed by the air's weight, whose mass is, in grams, 29n (as the air's molar mass is around 29). This
product of 2L/7nRT by 29n yields' 29L/3.5RT.

!5 Simplification by n. Therefore, the result doesn't vary as a function of n : the ratio we're looking for will be
the same if the water's vaporisation sharply cools down a little quantity of air, or slightly cools down a lot of air.
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We get this weight's work, along a height h, by multiplying this "negative buoyancy mass"
by the gravity acceleration g, and by h, but it is the same for the mole of water we pump up to the
same height in the same gravity field. So, the ratio we look for will simply be got by dividing 18
grams (mass of the considered water mole) by the "negative buoyancy mass" we've just calculated :

Ratio water pumping up energy / theoretical power output — 18/ (29L/ 3.5 RT) (8)

) Pu.0
But Clapeyron's equation tells us that

RT#L is equal to 8T, i.e. the temperature differ-

ence for which the neperian logarithm of the ‘e
maximum steam concentration in the air varies
by 1, i.e. this saturating vapour concentration is ce E

multiplied by e ; 8T is around 17°. = T

0°C 17°C 34°C 5I1°C

Figure 6
Thus, we finally get :

Ratio water pumping up energy / theoretical power output

~(182/29g)x3.5x 8T/ T ~(18/29)x3.5x17/300~0.12=12%  (9)

This ratio is widely lower than 1, so there is indeed a theoretical possibility to produce elec-
tricity from this principle.

.B.3 The available resource

As for hydroelectric or wind energies, the electricity we could produce in an "energy tower"
comes only indirectly from solar energy. It must only be a (more or less whether we're connected in
parallel, in series in the same direction, or in series but in opposition) prudent taking off from a little
pipe of the big thermal machine which is the biosphere as a whole, and which, at its level, is directly
fed by the sun.

Therefore, we must wonder whether the available resource is limited. From a practical point
of view, this question is about the water, especially if we must convey hundreds of thousands of m*/s
to the very centre of a desert. But, from a theoretical point of view, the resource is mainly dry air. It
comes from the cycle which is known as Hadley's cell : some humid (equatorial or temperate) air
loses its steam, as it rains, when it's cooled down during its travel towards high altitudes. Being
dried, it migrates towards the tropical deserts, where it gets down, and therefore warms up. At that
time, it is in a state where its steam concentration is widely lower than if it were saturated. It is then
possible to operate energy towers.
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From the rain quantity which creates this flow, we can estimate '° that about 1 or 2 10"* m*/y
of dry air are produced in the high atmosphere and can be redistributed onto the subtropical deserts.
The mean (night and day) corresponding electrical power is about some 10* GW.

To get the same power from a solar tower, from a mean light flow around 250 W/m?, and an
efficiency about 1%, we'd need about 10’ km2. But, according to "The solar Chimney", the world's
primary energy demand could be satisfied, from the same solar data, with only about 3. 10° km?.
Therefore, the energy towers resources are higher than what would be required.

A comparable evaluation is given by this project's promoters, in a document" which is the
present best basis for the possible decision to build a first demo plant.

This paper gives an estimate for the heat carried by Hadley's cells on the whole planet :
between 2 and 4 10'® kWh/y, corresponding to a 1 cm/s mean downwards air velocity. With a 1 %
efficiency for 1000 m high towers ', it yields a possible production of 2 or 4 10'* kWh/y (i.c. a
mean value between 2 and 4 10"* W, in the same range than the previously calculated "some 10*
GW?"). Then, the authors divide this result by a figure of 5000 kWh/y corresponding to the energy
which should be available to any human being, and this shows that the resource could be sufficient
for 40 or 80 billion people.

However, although the air movements we get would rather reinforce, and not destabilise, the
current atmospheric circulation, it would be prudent to exploit only part of this potential. So, we
can't exclude the idea that it should be complementary with other sources of renewable electricity,
even if they are more expensive.

I.B.4 The disposal of the salt dust the energy towers would produce

Direct water spraying into the air flow, resulting in a fog escaping from the facility, doesn't
seem very environment-friendly : the fresh water is often scarce where the air is warm and dry
enough for energy towers to have a good efficiency ; but using sea water would result in letting out
into the environment, in large quantities, a salted fog which would soon be transformed by the sun's
action into a rather irritant mix of air and tiny salt crystals (6.7 kg per electrical net kWh).

16 Take the equatorial zone as a 2,500 km wide and 40,000 km long strip, whose area would be 10® km? ; with
a mean 2m/y annual rainfall, the corresponding water quantity is 2. 10'* m*y. With a steam concentration equal to 10 g
per air m? (the same that the tower's top water sprayers can re-create), the relevant air volume is 10" m¥y. Assuming
that 5 % to 10 % are efficiently redistributed over tropical zones where towers could be built (and neglecting the dry air
masses coming from the temperate zone), this yields 1 to 2 times 10'® m*/y, or, in m%s, the same figure divided by 107~.
If each m? is cooled down, thanks to the water droplets vaporisation, by 12 ° =4 % of its Kelvin temperature, the created
negative buoyancy will be equivalent to 4 % of its weight, which is about 12,5 N. These 0.5 N are to be multiplied by an
approximately 1000 m downwards move, which yields, for each m3, 500 J of electricity convertible work. Therefore,
the 1or 2. 10" m¥/s yield 1.5 or 3. 10" J/s. This is, as announced, "some 10* GW". Divided by 1 % of 250 W/m?, it is
equivalent to 10" m2, or, as written, "about 107 km?".

"1t is the same figure as for solar chimneys, and this is not by chance : we start from the same maximum theo-
retical efficiency, i.e. 3 %, and we keep finally about one third of it because of various losses (up to 2/3 as we mainly
look for an economical optimum rather than a physical theoretical one).
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The project's promoters seem to have solved this problem. Their presentation paper *' isn't
very much detailed : it only mentions the words "enhanced coalescence". Coalescence is the phen-
omenon which occurs when little water droplets collide and result in one bigger drop. As it is
heavier, it will then "fall" faster in the ambient air, and will meet other droplets on its way down. It
will become a real rain drop, and eventually reach the ground.

What does "enhanced" mean ? It is a process, known in other industries, which consists in
giving electrostatic charges to some droplets, in order to modify their relative movement to the
other droplets, and generate the coalescence. An French company engineer has eye-witnessed it and
says that an experiment in a 12 m high tower is rather convincing.

These towers would then reject sort of a cool and humid sea air. If it's mainly sea air, i.e. if,
for example, the coalescence stops only 99 % of the salt, then we could have non negligible
settlings : for a final goal of 3.10" kWh/y (Cf. previous page), 2 billion tons of salt each year. But
if the "cool and humid" characteristics overcame this drawback, then it could be a useful help for
irrigation which develops in some deserts, even very dry ones, and which generates a great evapo-
transpiration.

[.B.5 Possibility to operate near the maximum power point (mpp)

Knowing that we don't need first to collect the solar energy, so we're no longer dependent
from an input we have to manage with economy (in the case of a solar chimney, we had to beware
of the thermodynamic efficiency, i.e. the power output divided by the incoming solar energy ; for
example, letting too large air flows move in the system, 1%, would rise the friction losses, and, 2“d,
is rather useless, as we're anyway limited by the global efficiency, n =A h,/ T,, (4), page 4).

For energy towers, we can turn over the whole argumentation within the brackets : for a
given tower, making it most profitable means producing the highest possible power, without any
regard to its physical efficiency : we'd rather have 1 million m?*/s pass through it with only a 50 %
mechanical efficiency (38 % will remain after having subtracted the 12 % corresponding to the
water pumping up), than 100 000 m?/s with a brilliant 90 % mechanical efficiency : 0.38 x 1000000
> (.78 x 100000 . Such a reasoning is the maximum power point (mpp) theory.

It is detailed in the Indian-Israeli document which has already been quoted *'. The authors
name the tower section A, the turbine - alternator system's efficiency n, the air density p, a dimen-
sionless losses coefficient resulting from the air movement, F. Last, E, is the energy balance
(expressed as a pressure difference between upstream and downstream the turbines) from the negat-
ive buoyancy we create and collect, minus the energetic cost of the water pumping up, noticing that
this cost is partly offset by the fact that the water droplets reinforce the voluminal mass excess of
the air they are mixed with'®,

'™ if they were totally static with respect to the air, this help would be 100 % net value, and we would only have
to calculate the cold air's voluminal mass, including the remaining droplets. As they "fall" with regard to the air, there is
viscosity in the air, then energy losses, and this help is lower than 100 %. Another way to look at the question is to
consider that the droplets move downwards faster than the air ; thus, they stay a shorter time in the tower ; and their
weight has got less time to push downwards ; therefore we must weight their action with a lower than 1 coefficient
representing this shorter time they spend in the tower.
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They get a power N (W), and a volume flow Q (m?/s), "very close" to the following results :

Nopt = Ac N {(2Enet/3)%/pF}” (10) and Qopi = A {2Enet/3pF}”*  (11)

They don't explain how they get such a result, but it is rather simple. The gross power output
is : N = QE,. Then, we must subtract the air's friction : as a 1* approximation, it is proportional to
the velocity (which mean value is Q/A.), squared. To get a pressure loss (and compare it with E ),
we use the formula which, in fluid mechanics, often yields a pressure from a kinetic energy : “2pv*,
and the F coefficient is here on purpose to give a friction-like result : Y2 pFv?, i.e. 2pF (Q/A.)* We
subtract it from E,., we multiply the whole lot by the Q flow and by the turbines and electrical
generators efficiency 7, and we get the power we want to maximize :

N=mnQ {Enet - 2pF (Q/Ac)*}  (12).

For this maximisation, we must equate to zero this formula's derivative with respect to Q,
which implies to derive Q and Q?® functions, which yields : Nt Enet - 3Me.”2 pF (Q/A.)? = 0.
So, we get, as announced,

Qopt = Ac {2Enet/3pF} (11)  ,hence:  Nop =Acn: {(2Enet/3)*/pF}* (10).

We notice that, from the total power that the system generates at once, 1t Qopt Enet , only 2/3
remain in the electrical power output, 1/3 being dissipated in the losses resulting from the air's
movement. This result is very classical when we want to maximise a product which is mainly
proportional to a variant, but with a proportionality coefficient which is subtracted with a loss factor
proportional to this variant, squared.

However, why are these results only "very close" to the real optimum values ?

First, a precision : for the formula N = n; Q {Eyet - Y2 pF (Q/A¢)?} (12) to be really the power
we want to optimise, it is necessary to check that the water pumping power has been subtracted.
The answer is that this subtraction is included in E,;. However, E, is then multiplied by 7. There-
fore, in E,, the water pumping power value must previously be divided by ;. Equally, it will have
to be divided by the pumping up efficiency, which is also lower than 100 %, first because the pumps
are not ideal, but also because the water requires an additional pressure to inject the water jets (into
the incoming air flow) with a high velocity, which is necessary to ensure a good scattering.

All this can perfectly be included in E,, and thus be consistent with the maximisation
calculation we've just made. But, oppositely, two other points modify, in theory, this calculation,
because two parameters assumed to be constant in the derivation, depend in reality on Q. The first
one is F : the turbulent friction losses are in fact slightly less than proportional to v, therefore F is
slightly decreasing with respect to Q. But we must also consider E,. The droplets evaporation
occurs after a delay during which the air is not yet totally cooled down, and not much heavier than
the ambient air. The higher the air velocity, the taller the part of the tower where we must take this
effect into account, therefore the lower Ep.
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[.B.6 Elements of economical comparison with other renewable energies

a) Comparison with solar chimneys

The previous page's demonstration is not far from truth, but it neglects the cost (not the ener-
getic cost, but the financial one) of a facility able to pump up and spray large quantities of water. To
take it into account, a useful comparison is between the heat captured by a solar collector, and the
coldness quantity that water evaporation produces in a dry air. This process might be competitive if
it can evaporate, at a 1000 or 2000 m altitude (where the air is cooler), 6 litres of water per day as
an annual mean value, for a lower price than 1 m? of collector'’.

However, this conclusion, probably favourable to the energy towers, depends on a number
of hypotheses which may be questioned. Notably, we assume that we use similar towers, or at least
towers with identical costs per electrical kWh, which is far from being obvious.

The solar chimneys are generally rather slender (because if they were very wide, they'd need
a gigantic collector to feed them with warm air). Besides, contrarily to the energy towers, they oper-
ate rather far from the mpp, because we can't afford to waste, as turbulent losses, 1/3 of the warm
air the costly collector produces. For both reasons, a solar chimney air flow is much lower than for a
regular energy tower (noticing that none of both have ever been really built up).

On the other hand, from a thermodynamic point of view, a very tall energy tower would not
be very well justified, because water vaporisation can't efficiently cool down high altitude air,
which is already rather cold, while a solar chimney's efficiency remains more or less proportional to
its height up to several thousand metres.

In addition, all the energy towers projects include at their base an additional element, called
a diffuser, which canalises the air flow until it is far enough from the tower and is scattered on a
sufficient perimeter. So, this air can go out without having too high a velocity, and the exit opening
can be low enough so that not to waste a great part of the cool air altitude difference between top
and exit, which is the energy tower's engine. This additional building has a much lower area than a
solar collector, but its cost isn't negligible, compared to the tower's.

Finally, the building principles of these two competing projects are rather different. We've
seen that for the solar chimney, the chosen material is the reinforced concrete. For the energy tow-
ers, it is a much lighter structure, a steel tetrahedrons (or other triangle-based rigid structure) lattice.
But this seems to come much more from the various promoter's architectural preferences, rather
than from logical operating principles oppositions between both types of towers.

' The water vaporisation latent heat is 43.5 kJ/mol, i.e. 2417 J/g, which may be lowered to 1800 J/g to take
into account the -12 % of formula (9) page 15, a comparable -8 % ratio (formula 25, page 52), and the fact that the
mechanical losses will be important if we operate closely to the maximum power point. A solar collector operating from
a 2200 kWh/y/m? incident solar flow, with a 52 % efficiency, will transmit, each day, 11.3 MJ/m?. So, 11.3/ 1.8, i.e. 6.2
water kilograms are necessary to get the same result from energy towers.
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b) Comparison with hydroelectric power

Being so far the most developed and cheapest source of renewable electricity, the hydro-
electric power is an interesting point of comparison, which "The solar Chimney" often refers to.

The energy towers principles can also be implemented if we replace the tower by a dam *".
This option's thermodynamic interest will be described further. However, it already brings a possi-
bility to make a first comparison with hydroelectric power : its seems easiest to build a dam able to
be filled with cold air, than with the same volume of water ; and its place can be chosen only with
respect to its topography, without needing a neighbouring river.

|.B.7 Forecast structure and sizes

At first glance, nothing would prevent us from building energy towers according to the same
principle than the solar chimneys, i.e. in reinforced concrete, with Schlaich's "bicycle wheels". In
the document describing this project ', there is an option of a concrete building in case a huge water
reservoir should be set up, at the top, in order to store gravitational energy and finely tune the power
supply with respect to the demand, regardless of the hours when electricity production from dry air
is the easiest.

However, for their basis solution, the authors rely to a much lighter structure. The idea is to
separate two functions that the reinforced concrete both fills :

- the function of isolating the inner space from the outer atmosphere, which can be realised
by a 1 or 2 mm thick sheet-steel as well as by a 100 times thicker concrete wall ;

- and the structural rigidity function, i.e. mainly the resistance against buckling, which is
quite realised as well, in a hundred-feet crane, by a correctly designed (with enough triangles) steel
bars lattice, as if it were a much heavier concrete column with the same outer size.

The authors imagine to use series-made standardised modules, and to let a robot put them
into places and make the array grow from only easily programmable movements.

They deduce the following investment costs :
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Table 1 - Total investment in towers ($M) of different dimensions, for AR=2

Height (m)

300 | 400 | 500 | 600 | 700 | 800 | 900 | 1000 | 1100 | 1200 | 1300 | 1400

100 21 26 32 38 46 56 67 80
150 42 51 60 71 83 97 113 131 149 168 192 220
200 87 101 117 135 156 178 201 225 247 277 310
E; 250 156 179 205 234 264 295 325 352 388 428
.% 300 260 296 335 375 415 452 485 530 579
_E 350 359 407 458 511 562 609 648 705 763
= 400 483 546 613 680 745 803 851 921 992
450 636 717 801 886 966 | 1038 | 1097 | 1183 | 1268
500 822 923 | 1028 | 1133 | 1231 | 1319 | 1392 | 1497 | 1598

Being able to calculate, for each couple of sizes and with respect to the climatic data of the
forecast place (Israel's most southern point for a 1** prototype), the electrical power output, they get,

for each table compartment, the cost per kWh, in § cents :

Table 2 - Cost of electricity production in Towers of different dimensions ; discount rate 10%;
operation and maintenance taken as 0.556 ¢/kWh; construction time 4 years, with investment
spread over 4 years: 20%, 20%, 30%, 30% ; project life 30 years

Height (m)

300 | 400 | 500 | 600 | 700 | 800 | 900 | 1000 | 1100 | 1200 | 1300 | 1400

100 | 1329 | 879 | 7.10 | 637 | 6.10 | 6.10 | 6.26 | 6.57
150 [ 11.19 | 7.48 | 599 | 527 | 494 | 4.81 | 481 | 490 | 5.05 | 533 | 5.56 | 591
200 7.02 | 560 | 490 | 454 | 436 | 429 | 430 | 435 | 448 | 459 | 4.80
E 250 547 | 476 | 439 | 419 | 408 | 4.04 | 404 | 412 | 4.16 | 4.30
% 300 474 | 435 | 413 | 401 | 394 | 392 | 395 | 3.96 | 4.06
_% 350 435 | 4.12 | 3.99 | 3.91 | 3.87 | 3.88 | 3.86 | 3.95
0 00 4.18 | 4.04 | 3.94 | 3.89 | 3.88 | 3.85 | 3.93
450 4.11 | 401 | 3.94 | 3.93 | 3.89 | 3.96
500 4.10 | 4.03 | 401 | 3.96 | 4.03

The economical optimum, corresponding to the minimum kWh cost, lies with a height in the
1100 - 1300 m range, and a diameter between 350 and 400 m.
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I.C Sorensen's principle

In 1983, J. O. Sorensen issued a patent "', for a system which was thermodynamically sim-
ilar to solar chimneys or energy towers, but with a different structure : the tower was no longer
firmly fastened to foundations, but was hanging to a balloon filled with buoyant gas. Of course, this
tower was no longer built, as for the Australian project, with one million tons of concrete, but was
"inflatable", and therefore made with a much thinner and lighter material. However, this needed a
31 modification, which, as shown in the following drawings, is related to the turbines location.

The difference between these two solar chimneys drawings lies in the structure of the gradual
range of grey from top to bottom, but these greys, representing the air pressure, obey some common
rules :

- outside the tower, the pressure lessens rapidly with the altitude, identically in both
drawings: it's the reference atmospheric pressure.

- inside the towers, it also diminishes, in each drawing, from bottom to top, but more slowly.
This is because the pressure corresponds to the weight of the air (or water, etc.) one has above him,
so the pressure variation rate is equal to the fluid's density. In a solar chimney, the inner air is hotter
than outside, and therefore lighter, so the variation in greys is slower inside.

- globally, the right tower's inside is darker (higher pressure) than for the left drawing. Why ?
Because, on the right (Sorensen's tower), the pressure equalization between inside and outside is
done at the bottom, so the whole tower benefits from the high pressure of altitude zero, while

pressure equalization is barred, at the top, by the turbine .

On the left drawing, representing the standard solar tower, it's the opposite : pressure equal-
ization takes place at the top of the tower, and the pressure gap takes place at the turbines level, at
the bottom, thus the pressure is lower inside the tower than outside.

2 To drive the turbine, the pressure must be lower downstream than upstream. Both diagrams comply to this.
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That's why Sorensen can make its tower from a thin material : because, having placed the
turbine at the top, he creates a positive pressure difference between inside and outside, and his
tower is really "inflatable" : it keeps its shape only from the effect of the inner air's overpressure, its
envelope working only in tension. And, as we saw it about the bicycle's spokes, thin materials can
resist tensions'.

Sorensen's inflatable towers principle is used in none of the publications I found about this
subject. As we'll see further, it has indeed a powerful enemy : the wind. However, for less radical
projects than a very high tower only held by a buoyant balloon at its top and a punctual attachment
at its base, some elements can be recycled, according to the following principles : it is a good idea
to let some materials work in tension if the inner air has a pressure, either higher than outside, or
slightly lower ; to have a higher pressure, this air must be situated between the system's inlet and the
turbines, and, for a solar chimney, at a higher altitude than the inlet (the energy towers could benefit
from the Sorensen's principle without modifying the turbines location).

I.D Solar ponds systems

This topic isn't in the mainstream of what is studied here, but it has some common points :

- if we remember the limits of the subject, as including all the massive renewable energy
conversion methods having some common points with the thermal energy of the seas but not well
known in France, then the solar ponds fit in pretty well ;

- one of the Israeli scientists who issued the patent about a dam used as an energy tower
(G. Assaf) *", is also a co-discoverer of a solar pond based electricity production system ™ ; in fact,
it may be that Pr. Zaslavsky's team, from the Technion institute, which works today on energy tow-
ers, was at once specialised in solar ponds, and has later shifted to energy towers, which they proba-
bly viewed as more interesting for power production (which, more modestly, was also my case) ;

- two remarks relating to solar ponds publications (one, in physics, about an electricity
production system, and the other, in economics, about a solar ponds based sea water desalinisation
plant), will be generalized to other subjects.

[.D.1  Solar ponds principle

The basis idea of a solar pond is that water, as well as air, is a good thermal insulator.

Our daily experience seems to prove the contrary : we can use a moist sponge to get refresh-
ed in summer, boil food in a pan, water is used for a lot of domestic or industrial thermal exchanges.

! Which is impossible in compression : A tower, whose turbines are at the bottom, can remain perfectly
cylindrical only if it's rigidly built.
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But, to describe correctly the latter function, we must say that water is carrying the heat, that
it belongs to cold or hot water circuits : the heat transfer results from the water movement, from heat
convection. It is the same for the pan, which is heated from under. When we boil food, boiling is
both a thermodynamic transformation, and the creation of steam bubbles which generate a movem-
ent, as they're much lighter than liquid water. Both phenomena meet again when these light steam
bubbles finally carry their heat very efficiently from the pan's bottom to the food.

But we can say that water is a good insulator, by assuming that if the pan were heated from
above™, the heat would very slowly penetrate into the water. And this is true (as well as it is true
that air is a good insulator if it's prevented from convecting ; that's why we imprison it inside wool,
glass wool, expanded polystyrene or double glazing) : water thermal conductivity is 0.6 W/m.K. So,
with a 1 m thick layer, which is the minimum order of magnitude for a solar pond, and a 75 ° tempe-
rature gap between the upper and the lower layers, the conduction heat loss will be only 75x0.6/1
=45 W/m?, widely lower than the 250 W/m? (24 h mean value) a good sun can provide.

How is it possible to collect the solar energy and insulate the captor with water ? We've got
not much choice : the sun is above us, therefore the captor must turn its blackened face upwards.
We want to use water as an insulator, therefore, to prevent this heat from returning immediately into
the atmosphere, the water must be above the captor. Therefore, we're in the same situation as in the
pan : the heat source is at the bottom, the water above. Thus, how can we induce a different beha-
viour, so that the same cause won't produce the same effect ?

First, examine the reasons why the pan water was convecting. It's because its heating from
below was dilating it, thus lightening it, so that it became buoyant. In a solar pond, the same
phenomenon exists, but it is offset by a larger opposite feature : the water's salt concentration rises
with regard to its depth. This stops the convection, and the bottom water temperature can rise with
low thermal losses, to such an extent that one of the hazards is that it could start boiling.

How realise a progressive salt concentration gradient from the surface until the pond's
bottom ? This is not very difficult, and in fact the solar ponds technique doesn't result from the
invention of a renewable energies genius, but from a natural observation : solar ponds can appear
spontaneously, and be stable. All is needed is that, by the shore of a salted water pond, the wind and
the sun evaporate so much water that the remaining becomes very salted, and sinks down. Thus, the
salted bottom is naturally regenerated, and this is enough to offset the salt diffusion towards the low
concentration zones (this diffusion also smoothens possible concentration gradient irregularities in
the bottom - top interval ; last, the same diffusion could increase the upper layer's salt concentra-
tion, but the fresh water inputs (rain, rivers) which float upon the salted water, offset this effect).

More precisely, this major feature of creation and stabilisation of a salt concentration
gradient must be completed by other behaviours by the two ends of the water column :

- at the bottom, where a large part of the solar energy is received on a very thin surface, if
the water were perfectly stratified, hence much insulating, we'd have a very stro