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Summary
The conditioning of air, for comfort or other purposes, is an energy intensive process. Doing this
with conventional technologies, such as vapour compression or absorption chillers, implies the
degradation of high quality energy, such as electricity or fossil fuels, to drive processes taking
place in the temperature range of 10 to 40 °C. The challenge lies in the development of systems
better adequated for this purpose, that are suitable to be driven by thermal effluents at
temperatures ranging between 50 °C and 80 °C. These temperatures are well within the range of
those attainable with flat solar collectors. They may also be provided by district heating networks,
and by many industrial processes.
This contribution presents R & D work undertaken to develop an air conditioning system suitable to
operate with thermal effluents in the 50 to 80 °C range. An open absorption air conditioning
system, based on components contacting air with a desiccant solution through a membrane, has
been developed, manufactured and tested in the laboratory. The experimental results obtained
show the superiority of the chosen approach, when compared with those of other designs, and with
a variety of desiccant solutions.

Zusammenfassung
Die Klimatisierung der Luft für Komfort oder andere Zwecke ist ein energieintensiver Prozess. Die
Anwendung von konventionellen Technologien wie Kompressions- oder Absorptionsaggregate für
Prozesse im Temperaturbereich zwischen 10 und 40 °C hat die Vernichtung von hochwertiger
Energie, wie Elektrizität oder fossile Brennstoffe zur Folge. Die Herausforderung liegt in der
Entwicklung von besser angepassten Systemen, welche durch Wärme im Temperaturbereich
zwischen 50 und 80 °C angetrieben werden können. Dieser Temperaturbereich ist mit flachen
Sonnenkollektoren, Fernwärme und industrieller Abwärme erreichbar.
Dieser Beitrag präsentiert eine Forschungs- und Entwicklungsarbeit zur Entwicklung eines
Klimatisierungs-System, dass mit Wärme im Temperaturbereich zwischen 50 und 80 °C
angetrieben wird. Es handelt sich um ein offenes Absorptions-Klimagerät, in dem die Luft über eine
Membran mit einer Desiccant-Lösung in Berührung gebracht wird. Ein Prototyp wurde hergestellt
und Labortests unterzogen. Die experimentelle Ergebnisse zeigen, dass die gewählte Bauweise
Vorteile gegenüber anderen offenen Absorptions-Systemen bietet. Hervorzuheben ist vor allem die
hohe Entfeuchtungs Effektivität der neuen Entwicklung.
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1. Background
Whenever a supply crisis looms near, it is only natural for us humans to react trying to make sure
the crisis is favourably solved. The looming energy supply crisis is no different. Although some
interests may put more emphasis on ensuring that enough resources are available to keep the
economy growing as before, others see the way forward preferably by increasing the efficiency of
energy use. This dicotomy of approaches is only apparent however. Improving the efficiency of
energy use ‚frees’ resources and demonstrates an ethically responsible behaviour of our
generation before future ones, and the Earth itself. Improving the efficiency of energy use, implies
essentially to allocate the adequate resource for the purpose pursued: A typical mismatch is
heating domestic hot water using electrical resistances! The same applies as well to air
conditioning, which is the main subject of this contribution. If air conditioning for comfort can be
safely, efficiently from the energy point of view, and economically done with thermal effluents at
relatively low temperatures, why then use much more valuable resources such as electricity or
natural gas ?
One obvious alternative is to use evaporative cooling-assisted sorption systems. Sorption assisted
air conditioning systems, are relatively common where the latent load is high, or an effective
control of the air humidity is required: The sorption-based system will handle the latent load, while
a conventional chiller handles the sensible load. The chiller will operate at a much higher COP,
since it is not anymore necessary to cool below the dew-point of the air, and the re-heating step
can be dispensed with, see processes in Figure 1.

Figure 1 - Air dehydration processes – Paths from OA to SA: 1&2 – Dehumidification by a surface contactor;
3 – Dehumidification by a solid desiccant & evaporative cooling system (DEC); 4 – Dehumidification by a liquid
desiccant system & sensible cooling; 5 – The ideal process line.
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Certainly the resources are not well allocated in this kind of approach, since electricity (or other
kind of mechanical power for that matter) continues to represent the larger part of the driving
energy required, along with thermal energy to regenerate the sorbent of the system. Other ways of
doing this must be possible.
Among the various possibilities that may avoid this less than optimal allocation of resources, are
open absorption-based air conditioning systems.
Air conditioning systems based upon the open absorption principle, essentially an absorption
device operating at atmospheric pressure, have been proposed and investigated at many
instances in the past eighty or so years. Their potential for improving energy efficiency is clearly
recognized in the earliest research reports [1], [2]. Probably the very first system of this type
proposed and discussed in the open literature is that shown schematically in Figure 2. This system
includes already all the principal elements of a modern open absorption air conditioning system [3].
By the mid 1950s, solar thermal energy was being applied to drive open absorption-based air
conditioning systems [4].

Figure 2 - Schematic of the liquid desiccant system proposed in 1935 by Bichowsky
& Kelley for the dehydration of air. Adapted from [3].

For several reasons, however, the open absorption technology was not mature enough to take
place in the mainstream. In the past two decades, vigorous efforts have been undertaken to
reverse this situation, but success continued to elude, despite the fact that the main problems,
such as corrosion, aerosols in the supply air, etc., have been identified.
At the beginning of this project stand the question: Is it possible to develop an open absorptionbased air conditioning system that economically solves all, or most of the problems that have stand
in the way of its widespread use ? What are these problems ? How does an open absorption
system work ?
Although a strong case can be made for solar energy to drive open absorption, and sorption
systems in general, other driving possibilies also exist, such as district heating networks,
particularly those fed by waste burning plants, or even poly generation plants, that would have to
dissipate their generated thermal energy over cooling towers in Summer.
An open absorption air conditioning system shall be able to control adequately both the humidity
and the temperature of the supply air, using as driving energy thermal effluents in the temperature
range 50 °C to 80 °C. Thermodynamically three main processes are necessary:
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-

Drying the air (in the absorber or conditioner);

-

Cooling the air to the right temperature (in a direct or indirect evaporative cooler), and
eventually produce cold water;

-

Regenerating the operating fluid (desiccant solution) to keep the continuous operation
of the system.

A schematic of an open absorption system able to produce dry air and cold water is shown in
Figure 3. It is a general case, which may be simplified if only cold water or only dry air are of
interest.

Figure 3 - Schematic illustration of an Air Handling Unit (AHU) generating dry air and cold water.

The air to be dehydrated has to contact the desiccant solution, in a so-called absorber contactor.
The humidity of the air condenses and reacts with the desiccant, increasing its temperature and
reducing its concentration. The ability of the desiccant to absorb water is reduced by these two
processes. Since water has to be absorbed anyway, the increase in temperature shall be reduced
as much as possible, in order to keep the process driving force as high as possible. Thus, cooled
absorption is necessary. To regenerate the desiccant, that is to reconcentrate, it is necessary to
evaporate water from it. This is done by reversing the driving potential, i.e. increasing the vapour
pressure of the desiccant by heating, so that water vapour may be stripped away by air. The
driving forces (∆ω) are just one of three factors affecting the transport of energy and mass. The
others are transport intensity (K) and the effective area (A), equation (1).

M  K A 
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(1)

Typically, packed column contactors, as known from the chemical industry, have been used to try
getting a large K A value. However, uneven distribution of the liquid above the packings, or part
load operation, reduce the effective wetted area A and the transport coefficient K, leading to
unsatisfactory results. The same may be said for tube bundles and direct sprays.
The desiccant solutions commonly used, or proposed for use, are essentially five: Aqueous
solutions of Triethylene Glycol (TEG), and of the alkali halides, chlorides of lithium, calcium and
magnesium, and lithium bromide. Of these, TEG has a non-negligible vapour pressure, i. e. TEG
will mostly be present in the supply air, the others are non volatile but corrosive. They may
eventually be present as well in the supply air as aerosols. Other properties are also important,
particularly the vapour pressure of the aqueous solutions, viscosity and surface tension. For
comparison Figures 4 and 5 depict the vapour pressures as function of temperature and mass
fraction of aqueous LiCl and aqueous TEG, respectively [5].

Figure 4 - Vapour pressure of aqueous LiCl solutions.

Figure 5 - Vapour pressure of aqueous TEG solutions.

The corrosion problem can be solved using nobler materials, for example, although economy will
suffer. Aerosols may eventually be stopped with better designed demisters, but again economy
might suffer. These are not the only hurdles that the system must overcome to establish itself as a
serious alternative to conventional solutions, however:
-

A fully wetted and stable interface air-desiccant is practically impossible to get with
conventional designs;

-

Conventional designs, such as contacting columns, are bulky;

-

Different manufacturing methods are required for each component;

With the exception of titanium alloys, all metallic alloys are more or less strongly corroded by the
alkali halide solutions in the presence of oxygen.
-

To address the corrosion problems suitable polymeric materials were selected in this
project;

-

To address the bulkiness question, components were designed as stacks of modular
elements, with various types of components being assembled of equal elements;

-

And finally, to get fully wetted interfaces between the air and the desiccant, these
interfaces are made across micro-porous polymeric membranes.
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2. Methods
From the beginning it was clear that a continuously cooled absorber, and a continuously heated
desorber would be necessary in the prototype to be built. The first studies on corrosion, with
copper-nickel alloys, demonstrated that even high nickel content alloys would not stand the
corrosivity of aqueous LiCl solutions, which have been selected as the desiccant to use, Figures 6
and 7.

Figure 6 - Corrosion tests on 'corrosion resistant'
tubes of three different copper-nickel alloys. Note
the corrosion on the samples in the Petri dishes, in
contrast to all others that show no sign of it.

Figure 7 - Phase diagram humid air - aqueous LiCl showing the
corrosion test conditions and expected operation conditions of the
components in an air handling unit.

Although the first contactors were designed as cross-flow three-stream tube bundles, the results of
the corrosion studies, practically showed that these would not be a satisfactory solution. Selected
were then twin-wall structured polymeric plates, that allowed not only for a very compact, but also
for a modular design of the components: The components such as the absorber, the desorber, and
indirect evaporative coolers, all can be assembled out of equal elements, their number being
selected according to the required performance. This performance was calculated with a model of
the processes.
Table 1 – Design conditions for a Summer case air-conditioning point.
Process Air Data for the Design Case
OA(1)

SA(2)

RA(3)

TDB

32.0

18.0

26.0

°C

Relative Humidity



40.0

55.0

40.0

%

Humidity Ratio



12.709

7.516

8.927

g.kgDA1

Barometric Pressure

P

95.461

95.461

95.461

Dry-Bulb Temperature

(1)
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Outside Air; (2) Supply Air; (3) Return Air; (4) Exhaust Air.

EA(4)

95.461

Units

kPa

The design conditions were for one point defining a typical Summer case air conditioning problem,
Table 1. The sizing obtained by this method was used to draft the manufacturing drawings.
The membranes selected for the prototype are hydrophobic, micro-porous membranes,
manufactured by the Celanese® [6] process. The hydrophobic properties of the polymer are
essential for proper operation of both absorber and desorber: with the right size of pores, a rather
high pressure is necessary for a liquid to penetrate them (~10 bar), but this depends as well both
on the temperature, and surface tension of the desiccant solution. Figure 8 shows a scanning
electron microscopy (SEM) image of the selected membranes, with a magnification of 30 000x.
As may be seen from Figure 8, the pores are not all equal and have an approximated elliptical
shape. An analysis of pore size distribution was made based on SEM images. The distribution is
shown in Figure 9. Interesting here is that although the maximum of the distribution lies at a
relative small pore size (represented by the hydraulic radius), there are pores of significatively
larger sizes.

Figure 8 - SEM image of a micro-porous membrane
manufactured by the Celanese® process. Image made
at the EMEZ – ETH Zurich .

Figure 9 - Pore entrance size distribution for the elected
membrane.

A schematic and a picture of a sample of the designed membrane-based contactor elements are
shown in Figure 10.

Figure 10 - Schematic of a three-stream cross flow membrane contactor (left) and picture of one such contactor
element (right).
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These elements are stacked one upon the other
to form a component (absorber, desorber,
evaporative cooler) as shown in Figure 11 for the
absorber.

Water

Desiccant

An experimental setup was prepared at EMPA to
test the essential of the components considered
in this development. A P & I diagram of this setup
is depicted in Figure 12, while a picture is shown
in Figure 13.
Air

Figure 11 - The absorber.

Figure 12 - P & I diagram of the experimental setup.
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Figure 13 - View of the experimental setup as assembled in the climatic chamber at EMPA (Photo
Empa).

Experimental measurements were carried out at the conditions indicated in Table 2.
Table 2 - Testing conditions of the experimental setup.

Cooling
water inlet

Air inlet conditions
Temperature
°C

Relative
humidity
%

Water vapour
content g/kgDA

Temperature
°C

34.1

43.0

15.27

24.6 (23.7)

32.7

51.4

16.96

23.5 (24.4)

30.5

46.9

13.59

21.0 (21.7)

27.5

45.2

10.96

18.6 (18.9)

26.0

49.0

10.88

17.6 (18.4)

24.5

39.3

7.94

15.9 (15.5)

The other conditions for the tests, concerning the absorber loop only, were as follows:
-

Cooling water flow rate 140 litres/hour at a supply pressure of 0.3 bar;

-

Desiccant solution flow rate 35 litres/hour at a supply pressure of 190 mmca, and an
inlet LiCl mass fraction of 0.405;

-

Air flow rate 143 m3/hour.
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The analysis of the results can be better understood by looking at the absorber alone, Figure 14.
And the balance equations for the absorber may be written:

M da ha ,o  ha ,i   M s ,o Cp s ,o Ts ,o  M s ,i Cp s ,i Ts ,i  M w Cp w,o Tw,o  Cp w,i Tw,i   0
M s ,o  M s ,i  M da 
A measure of the performance of the absorber is
given, in general, by the ‚dehydration effectiveness’
  defined as the ratio of the actual dehydration to
the maximum possible dehydration of the air
(infinitely large absorber):

 

i  o
 i   eq

Where  eq is the water vapour content of the humid
air in equilibrium with the desiccant solution at the
inlet to the absorber. Figure 15 shows the
equilibrium states for the six points analysed here in
a phase diagram of the desiccant solution – humid
air system.
Figure 14 - Schematic of the absorber.

Figure 15 - Equilibrium conditions of the humid air with the desiccant solution at absorber inlet.

10

3. Results
A comparison of the results obtained in the experiments for the absorber, is made with results
published in the last thirty years for six different types of absorbers using the most common
desiccants, Figure 16.
The oldest set of results refers to an absorber built as a tube bundle, cooled with water, over which
aqueous TEG was sprayed [7], [8]. The next set of measurements is that of Roeben [9] for
aqueous calcium chloride, with simultaneous cooling. Kessling [10] studied a cooled absorber
similar to Roeben’s, using aqueous lithium chloride. Lazzarin et al. [11] reported on a conventional
system with a packed tower and no cooling of the absorber, which used aqueous lithium bromide.
Vestrelli [12] reports measurements on an absorber developed for automotive application, built as
a membrane contactor, and using aqueous lithium chloride as desiccant. Finally, Laevemman et al.
[13] report measurements obtained while monitoring an application of an absorber of the type
developed by Kessling.
This comparison includes different kinds of systems operating under a wide range of conditions
and having very different capacities and designs. The systems compared also include the most
studied desiccant solutions. This comparison has a very interesting quality as it compares the
really important performance parameter to characterize the quality of an absorber – the

‚dehydration effectiveness’.

Figure 16 - Graphical comparison of experimental data sets for various absorber systems with the
results obtained in this project.

As may be ascertained from the graph, the performance obtained with the prototype described is
singularly good, and this despite the additional resistance represented by the membrane at the
interface liquid - gas. The reasons for this are the warranted full use of the contacting surface, the
cooling provided in counter current to the air flow, and the uniform distribution of the three streams,
air, desiccant and cooling water, over the whole contactor.
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4. Conclusions and Outlook
The results obtained in the MemProDEC research project [14] clearly show the importance of
cooling the absorption during the process, keeping a high driving potential. It shows furthermore
that the membrane interface does not hinder the performance of the process, on the contrary,
improves it by guaranteing the full use of the interface area. On the other hand, the presence of the
membrane as interface liquid-gas completely eliminates the formation of desiccant solution
aerosols. The materials used in the construction of the prototype are not corroded by the desiccant
solution. Thus, from this view point as well, the development has been successful.
Furhter work is necessary on the manufacturing methods, on testing for durability, on testing a
complete air handling unit and on the development of an operation and control system. These shall
be the subject of a next phase of the project now under consideration.
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