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Modeling of Desiccant Assisted Air Conditioning Systems

M odeling of Desiccant Assisted
Air Conditioning Systems

Wilson Casas* Katrin Proelss and Gerhard Schmitz
Technische Universitat Hamburg-Harburg
Denickestr. 17, 21075 Hamburg, Germany

Abstract

In desiccant air conditioning systems, moist air is de-
humidified by means of a desiccant wheel. Water
vapour is absorbed by desiccant material as humid air
passes through the wheel. Using this technology, con-
siderable energy savings can be obtained compared to
conventional air conditioning systems. To evaluate the
performance of the desiccant assisted air conditioning
process, a model library has been developed. In this
paper, control volume models for humid air and des-
iccant material are implemented and finally the ope-
ration of the desiccant wheel is simulated. Comparison
of the dynamic and steady state results to open litera-
ture, manufacturer data as well as experimental result
is used to validate the model.

Keywords: air conditioning; desiccant wheel; sorp-
tion; rotating heat exchanger, modelica

1 Introduction

In a desiccant assisted system, moist air is first dehu-
midified using a desiccant wheel, see figure 1. The
wheel consists of a honeycomb structure, which is
coated with desiccant materials such as silica gel or
lithium chloride. Water vapour is absorbed by the des-
iccant material as humid air passes through the wheel.
The moisture is released when the desiccant is regener-
ated by heating. For regenerating the desiccant wheel,
heat input at relatively low temperatures (e.g. 60-
70°C) is required, depending on the desiccant mate-
rial. Using desiccant technology, the cooling demand
can be reduced to 30% of that of a conventional sys-
tem [2]. The energy demand for air conditioning is
thus shifted from electrical to thermal energy, primary
energy consumption is reduced as well and waste heat
can be used.

The performance of the desiccant wheel depends on
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Figure 1: Desiccant wheel for air conditioning systems

several parameters, like ambient air condition (tem-
perature and humidity), regeneration air, volume flow
rates and rotation speed. Other wheel specific param-
eters are geometry structure and sorption properties of
the material.

In order to predict heat and moisture transfer in the
desiccant wheel, conservation equations for energy
and mass need to be postulated. Convective heat and
mass transfer are described by lumped coefficients,
whereby heat and moisture transfer are coupled by the
equilibrium condition of the desiccant material, the
so called sorption isotherm. Conservation equations,
heat and mass transfer, the sorption isotherm as well
as thermodynamic state equations for air and desiccant
material result in a complex, non-linear, differential al-
gebraic system of equations (DAE).

Several solutions for such DAEs have been provided in
different works. [6] introduces the concept of charac-
teristic potentials, whereby the DAE is rewritten based
on these new independant variables. Using heat and
mass transfer analogy, a numerical solution for the
DAE can be provided. Other authors solved the DAE
by linearization and Laplace-Transformation [7], us-
ing a finite difference method [14], or finite volume
method with a Gauss-Seidel iteration algorithm [13].
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As this short literature review shows, providing a solu-
tion for the combined heat and mass transfer problem
in the desiccant wheel requires expert knowledge of
the applied numerical methods as well as good pro-
gramming skills. In addition, governing equations
have to be rewritten in a very abstract form (for ex-
ample using dimensionless variables).

A limitation of most of the methods available in the
open literature is, that they can not be used for des-
iccant materials with discontinuities in their sorption
isotherms (e.g. lithium chloride), unless the solver al-
gorithm is extended or rewritten [9]. Hence, in case of
lithium chloride as desiccant material, numerical solu-
tion methods based on heat and mass transfer analogy
mentioned above can not be applied.

In this work Modelica/Dymola was used to overcome
these limitations and to provide a component oriented
modeling approach which offers a high level of flexi-
bility with respect to boundary settings.

2 Physical Model

In air conditioning systems, or thermodynamics sys-
tems in general, a working fluid (e.g. air, water) flows
through several components (e.g. ventilators, heating
or cooling coils). Components can be modeled by al-
gebraic equations or by partial differential equations.
In this case, a distributed approach with higher dis-
cretization may be necessary. A control volume for
humid air is therefore needed.

2.1 Humid air

The model for humid air described here is based on
following assumptions:

(1) Humid air is an ideal mixture, Dalton’s Law of
Partial Pressures is valid.

(2) Air flow is incompressible.

(3) Constant specific heat capacities for dry air, water
vapour and liquid water.

(4) Heat conduction in flow direction is neglected.

Balance and state equations will be postulated for a
control volume according to figure 2. The control
volume model is assumed to be connected to other
models, whereby heat and humidity or air can be ex-
changed.

Specific values (e.g. enthalpy h, internal energy u)
used in the equations below are defined with respect

air control volume

i-1 lﬁ‘ .
air connector balance equations
m| eeed
—» B>
medium
1 properties

heat flux connector f

Q(‘on,i m
Figure 2: Air control volume

to dry air mass. Water content or absolute humidity of
air x is defined as the ratio of water to dry air mass,

_ Mui

= ®

The energy balance for an i control volume can be
written as

oU; . ) .
a—tl Qcon,j +Mi—1-hji_1 —m;-h

@)

Qcon,i is the sensible heat flux and hycon; denotes the
enthalpy of the exchanged moisture. Consequently the
term Mycon,i - hweon,i €quals the latent heat flux. The
dry air mass balance is given by the simple equation

“+Mw,con,i - Nwcon,i

oM; . :
TI =mj —Mj_1 @)
Water balance results in the relationship
OMyi  0X . . .
—atw" = a—t' “Mi = Myconi +Mi—1-Xi—1 —Mi-X .
(4)

The dynamic caloric state equation can be obtained
from the ideal gas equations,

aui ahi R. 63i

® @ e ®)
Thereby, enthalpy of humid air is
hi =Cpa-9i+Xi- (Cpw - 9i +Ahy) (6)
and its derivative
= Cpa T (cpu D1+ )
-%eri-cp,wv-% (7)
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From this follows

ou; 03
a_tl (Cpa—Ra+Xi-(Cpw —Rw)) - a—tl
aXi
+(Cpww - i +Ahy) - o (8)

Dynamic equations for air states may not be needed for
every final component model. Hence, it makes sence
to implement steady equations

aui axi .

a5 and i 0 9
to be used instead. With an appropriate parameter, the
developer may be able to decide if dynamic or steady

state equations are to be used.

=0

2.2 Desiccant material and supporting struc-
ture

First, a control volume for the supporting structure ac-
cording to figure 3 is defined. Since the wheel has to
be discretized in axial and eventually also in tangential
direction, it is advantageous to choose a “pie piece” of
the wheel. The control volume will be connected later
to the humid air model using the heat flux and moisture
connectors. Following assumptions are made:

(1) The homogeneous, uniform wheel consists of
supporting material (e.g. cellulose) and desiccant
material (mass fraction x) both with constant spe-
cific heat capacities ¢, and cs.

(2) Axial heat conduction is neglected.

(3)

Humidity transport and diffusion in the wheel is
neglected.

Heat and mass transfer between air and matrix
can be described by lumped transfer coefficients.

(4)

process—| ‘ ‘
air Ay

regeneration air

m w,con,i

Figure 3: Convective heat and moisture transfer

The mass of the matrix material in a control volume V
follows from

Mi :Vi Pr (10)

where py is the density of the supporting structure.
The humidity ratio in the desiccant material is defined

as
_ My

g = X M;
The change of water in control volume can be calcu-
lated from
ot

whereby my,coni equals the sorbed or desorbed water.
The energy balance results in

(11)

]

= Mi X ot = r‘hwpon,i y (12)

oU; : )
a_tl = Qcon,i + Mw.con;i - Nwcon,i

(13)
As for the air side, Qcon,i is the sensible heat, My, con; -
hweoni the latent heat transferred with the moisture.
Enthalpy of sorbed water vapour comprises heat of
sorption, which consists of heat of vaporization and
binding enthalpy,

Ah3| + Cp7w\/ . 'SaJ
= AhB’i + Ahy + Cpw - 3a7i

hw700n,i

(14)

Binding enthalpy Ahg; depends on the desiccant ma-
terial properties and is supposed to be known from ex-
perimental data.

From the enthalpy of wet material

hi = (Cr +Cs X+ X - di - Cw) - B (15)
follows the dynamic state equation
N (Cr+Cs X+ ---c)@
a rtCs X+X-qi-Cw ot
. . 0gi
+ X-di-Cw-Ji ot (16)

The convective heat transfer between air and desiccant
material (see figure 4) can be described using New-
ton’s Law of Cooling,

Qcon,i =0i-Agi- (Daj — i)

A denotes the effective heat transfer area, 34 is the
fluid temperature and o; the local heat transfer coeffi-
cient. The effective heat transfer area can be written as
the ratio of Volume to specific surface

\Y,
Ae,i = a) )

7)

(18)
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Figure 4: Convective heat and moisture transfer

Table 1: Geometry data for desiccant wheel

2b 2,0mm 74

2a 3,4mm

c 0,125 mm T/

U 884mm | op -
A 3,4 mm?

Dp || 1,539 mm y

w || 2600 m?/m3 U
or || 129,5kg/m? X

whereby specific surface can be calculated from rotor
geometry, refer to table 1.

The Nusselt-Number Nu = o - Dp/A and thus also the
heat transfer coefficient for laminar flow in sinusoidal
ducts can be obtained from numerical work [8, 12, 1,
11].

In analogy to (17), convective mass transfer could be
described by

Mwconi = Bi - Pa,i - Aeji - (XaJ - X|y*:0) (19)

Bi denotes thereby the mass transfer coefficient and
X|y:—o is the moisture content of the boundary layer
at the surface of the desiccant material. Hence con-
centration difference (xa; —X|y-—o) is the driving force
for convective moisture transfer. It has to be assumed,
that the boundary layer is in equilibrium with the wall
with respect to temperature and moisture content, for
instance water content of the boundary layer X|y-—o
equals Xeq := f(q,9w), namely the water content of
air at equilibrium with desiccant of water load q and
temperature of matrix 9.

Sorption equilibrium is given by the sorption isotherm

OJeq = d(Pwv, D) (20)

describing the equilibrium moisture content of desic-
cant for a constant temperature depending on vapour
partial pressure. The function gq(pw,9) is usually
given as a correlation of measurement data. Another
equivalent formulation is

Peq = P(d, D) (21)

denoting the equilibrium partial pressure for a known
moisture content and temperature.

For most solid desiccants (e.g. silicagel), the sorp-
tion isotherm is continuous. For lithium chloride,
depending on water content, sorption isotherm slope
changes discontinuously due to phase changes of the
system (LiCl hydrate formation). As figure 5 shows,
for the interesting temperature range of 20 —90°C, the
LiCl-water system can consist of dilute solution, sat-
urated solution with monohydrates or anhydrous LiCl
and monohydrates. Figure 6 shows sorption isotherms
from experimental data [5] and the developed corre-
lation used in this work, as well as other correlations

3.
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Figure 5: Phase diagram for the system LiCl-water
(based on [10])
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Figure 6: Sorption isotherms for the system LiCl-
water
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It should be noticed, that for implementation in Mod-
elica, appropiate crossing functions should be used to
avoid numerical instabilities during simulation and to
reduce computation time.

If the sorption equilibrium equation (21) is known, Xeq
in (19) follows to

. — Ra  Pei(d,9)
=

7 Rw (P— Peqi(a,9i))

To determine the convective mass transfer coefficient

in (19), the Lewis number Le = a/Dj2 may be used to
relate the two convective transfer coefficients [4]

(22)

a A

Z=_" (1-n)
B Di-Len

=p-Cp-Le (23)
It has to be pointed out, that the relationship given
above can only be used, if convective mass transfer
at the surface dominates the overall mass transfer re-
sistance. Other moisture transport mechanisms in the
material (e.g. pore diffusion) are thus neglected.

3 Modelicaimplementation

The humid air and desiccant models were imple-
mented in a Modelica library. The base model of the
desiccant wheel Rot Pai r is built up from two pairs
of each one air and desiccant wall model instances,
see figure 7. Each air and desiccant wall component
is divided into n elements (control volumes). The two
model pairs represent two opposites “pie pieces” of the
desiccant wheel (see figure 3), so one model pair is in
the regeneration and the other in the process air stream.
After half a revolution, the boundary conditions (air
inlet) changes, since the pie piece goes from process
to regeneration side. Therefore, auxiliary models have
to be used and outer connectors can not be joined di-
rectly to air models. In addition, during regeneration,
the first element (i = 1) of the desiccant wall model
is connected to the last element of the correspond-
ing air model (i = n). Boolean signal connectors are
used to change the connection order in the desiccant
wall model according to the angular position of the pie
piece in the wheel.

Higher discretisation in tangential direction (more “pie
pieces”) can be used, but computation time increases
drastically. In addition to increased number of equa-
tions in the system, more state events are gener-
ated during simulation each time boundary conditions
change. Discretisation in tangential direction makes
hence only sence, if inlet conditions change with time

air_ B gH b |

Reg2 _J—E’ AirCv - h‘.‘% e

out n 1 E
OUTLE ; " INLET

r T wall B

o
‘m‘ wall_A

WeEl A BUTLET

H O

N W AirCV gaj out
'“ air_A %\é

Figure 7: Rot Pai r Desiccant wheel base model (di-
agramm layer)

rapidly. In that case, outlet conditions have to be com-
puted as a mean value from m pie elements. If only
one pie element is simulated, and inlet conditions are
constant, air outlet conditions result as mean value for
half a revolution and is therefore integrated over time,
e.g. for temperature

5 1 t+At8d
out—A—t/t t

Figure 8 plots the temperature of both pie piece con-
trol volumes at the process air outlet side and the cal-
culated time mean value according to equation above.
Concerning axial discretisation, best compromise is
obtained with n = 10...15 for a wheel width of 250
mm.

(24)

60

00 0 0l x x X %X X0 0O 0 O
55 \ i
©) “\ :\ "
° \
[
_OEp 50} ) i
\ I\
o = = ‘ =
é 45 o~ xj hc \O\b B
o
[}
g— 40
Q o Oair_A[n]
35 x xair_B[1] .
— — —process air
mean value
30
850 900 950 1000 1050
timeins

Figure 8. Mean value computation for rotating speed
1/3 rpm (At =90 s)

Figure 9 shows the structure of the Rot Pai r model.
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{7 DecLib.BaseClasses.Desiccant

¢ RotPair %I‘:I%Lib.BaseCIasses.Air
= DesicantWall AirCV
| DesicantWallCon AirCon
| DesiccantWallBalances AirBalances
— DesiccantWallVar AirVar
AirProp

— DesiccantWallProp

DecLib.BaseClasses.Sorption
Sorplso_Gazinski
Sorplso_Johnson
Sorplso_Perasan

TwcantWheelGeo L SorpHeat_Gutermuth
WheelGeo Sorplso_PerasanMills

—— ConvectiveHeatTransfer
—— SorptionMassTransfer

L NoMassTransfer replaceable model

Figure 9: Structure of the model

The Desi ccant WAl I model consists of several
classes containing balance equations and material
properties. In order to use the same model with other
desiccant materials (e.g. Silicagel) or for simula-
tion of rotary heat exchangers (no mass transfer at
all), some classes are replaceable. For instance, the
MassEqui | i bri umvbdel containing the descrip-
tion of the sorption isotherm can easily be exchanged,
as well as the latent (sorption) heat model.

4 Simulation results

In this section, first dynamic simulation results will be
shown and compared to open literature. Subsequently,
results from steady state simulation will be discussed
and a total system simulation will be presented.

4.1 Dynamicsimulation

The Modelica model described in this paper was used
to simulate the dynamic behaviour of a rotary LiCl
dehumidifier, see figure 10. The matrix is assumed
to be at a regenerated state with uniform temperature
Ainit = 75°C and water load of gini; = 0.3 kg/kg. The
air flows through the matrix with an inlet temperature
Pajn = 25°C and humidity Xain = 15 g/kg. Initial con-
ditions and other parameters chosen here correspond
to those used in [9], so simulation results can be com-
pared.

The temperature and water content profile of the ma-
trix with respect to the axial coordinate are shown in
figure 11a,b. Each curve corresponds to one time shap-
shot. Figure 11c,d shows the temperature and moisture
content of outlet air during the process.

Boclean Constant]

k={true}

MassFlowRate

DesiccantWall

AVAVA |

,\\[ 8 = (] Jor %
|

25°C 10.015 kgikg

k={0.826415}

Figure 10: Test model for dynamic simulation

At the beginning of the process, the hot matrix is
cooled down very fast, since sensible heat exchange
due to high temperature differences between matrix
and air dominates. It can be seen that outlet tempera-
ture of air rises very quickly (inlet 25°C, outlet 73°C).
But after a few seconds, the temperature in the matrix
remains at 56°C. At this temperature, a phase change
in LiCl-water system from hydrate to saturated solu-
tion occurs. Equilibrium condition changes and sorp-
tion rate decreases, resulting in arising outlet moisture
content of the air. The next phase change from satu-
rated solution to unsaturated solution occurs at 46°C.
During this process, outlet air states stay nearly con-
stant. When only unsaturated solution remains, the
sorption rate drops and air outlet states approach the
inlet conditions rapidly.

Simulation results show good agreement with theoret-
ical simulations in [9]. Differences in temperature and
moisture content appear, which could be due to differ-
ent equations for the description of sorption isotherms
between [9] and the present work.

4.2 Steady statesimulation

Figure 12 shows the air outlet moisture content of the
air for a LiCl rotary dehumidifier (diameter 895 mm,
V = 2300 m3/h) at constant process air inlet tempera-
ture 94in = 32°C and rotation speed 1/3 rpm depend-
ing on inlet humidity and regeneration temperature.
For comparison, manufacturer data is plotted in dashed
lines.

As can be seen, outlet humidity decreases at higher
regeneration temperatures, but there is a deviation of
approximately 0,5 g/kg between simulation and man-
ufacturer data. Besides of that, outlet humidity ac-
cording to manufacturer appears to decrease linearly
with respect to regeneration temperature, whereas sim-
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Figure 12: Air outlet water content and temperature
for different regeneration temperatures, comparison
between simulation and manufacturer data

ulated humidity approaches a limiting value at 3 5 reg =
68°C and decreases again for higher temperatures.
This behaviour is in full agreement with the sorp-
tion isotherm: for temperatures at around 60...65°C
LiCl saturated solution forms at the regeneration side.
Lower matrix water load does not result in higher sorp-
tion potential according to sorption isotherm. Only if
water load is reduced under a certain value, anyhdrous
LiCl can form and sorption potential is higher. Al-
though there is a limit for outlet humidity — if regen-
eration temperature is high enough, so that the whole
matrix can be dryed (q — 0), increasing regeneration
temperature does not affect outlet humidity. This be-
haviour is in agreement with simulation results for
higher temperatures (e.g. 80°C, not shown in figure
12). Manufacturer data seems not to comply with this
limit and there is no data available for higher regener-
ation temperatures.

In terms of outlet temperature, simulation results show
good agreement with manufacturer data. Deviation
averages to 1°C and is even lower for high regener-
ation temperatures. Simulated temperature is higher
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than reference data, which can be explained due to
higher dehumidification in the simulation. This leads
to higher latent heat flux and therefore to the increased
outlet temperature.

Figure 13 shows air outlet humidity for different ro-
tating speeds at constant process and regeneration air
inlet conditions. For low speeds, the matrix remains a
long time on process air side and dehumidification ca-
pacity is exhausted before the drying period ends. At
increasing speeds and shorter time periods, air dehu-
midification is higher and reaches a maximum value
(lowest outlet humidity). For higher speeds, the pro-
cess is dominated by heat transfer, thus dehumidifica-
tion rate sinks. From figure 13 follows, that optimal
rotating speed should be u ~ 0.3 — 0.5 rpm for this in-
let conditions.

10.5
10
9.5
9
8.5
8
7.5

water content x in g/kg

0 1 2 3 4 5
rotating speed u in rpm

Figure 13: Air outlet water content for different desic-
cant wheel rotating speeds

As figure 14 shows, process air state changes change
from adiabatic dehumidification (h = const) to simul-
taneous mass and heat recovery from regeneration air
at higher rotating speeds (u > 5 rpm). This effect is
also known as enthalpy recovery and is used in prac-
tice in winter operation mode, to recover heat and hu-
midity at different temperature and humidity levels be-
tween process and regeneration air. Hence, in winter,
dry outside air can be humidified and heated by en-
thalpy recovery. Enthalpy recovery can be controlled
by changing rotating speed.

4.3 Comparison to experimental data

Within the scope of a research project, experiments
have been carried out at TUHH. Measured process and
regeneration air states were used as input for the sim-
ulation. Figure 15 shows the inlet temperatures and
simulated outlet water content and experimental re-
sults. Deviation between experiment and simulation
ammounts approx. to 1 g/kg.

<fregeneration
air mIet

o .
° ~[process aif 2
S [ utet 2 —50%
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8 30— - 74 :
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M// 4, / k 20 S%%mﬂo enthalpy kJ/kg

6 8 1012141618
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Figure 14: Air state changes for dehumidification and
enthalpy exchange
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Figure 15: Simulation of LiCl desiccant wheel and
comparison to experimental data

It has to be taken into account, that experimental re-
sults for outlet water content are calculated from rel-
ative humidity measurement and temperature. But at
higher temperatures, e.g. for outlet process air, the ac-
curacy for humidity measurement (+3% r.H.) results
in an absolute error Ax = 0.8 g/kg. Simulation’s devi-
ation from experimental results is thus nearly between
accuracy range. Furthermore, air flow measurement
used as input for the simulation contains also approx.
5—10% error. In addition, there is actually air carry
over effect and air leakages which are not taken into
account in the model. For high pressure differences
between regeneration and process air, air flows directly
from one side to the other making it difficult to deter-
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Figure 16: Desiccant assisted air conditioning plant

mine actual air state changes. Time delay in process
outlet response for the simulation is an effect of mean
value computation (90 s mean value). As stated above
in section 3, tangential discretization should be used
for changing inlet conditions.

4.4 Desiccant AC plant simulation

The presented Modelica models were used to simu-
late the performance of a desiccant air conditioning
plant, see schematics in figure 16. The plant model in-
cludes models for reading climate data, heat exchanger
(heater and cooler) and fan models as black box mod-
els, as well as models for temperature and humidity
control.

Outside air first flows through the desiccant wheel,
beeing subsequently pre-cooled using a rotating heat
exchanger and finally cooled to supply air temperature.
Air leaving the room passes first the rotating heat ex-
changer and is heated to regeneration air temperature
in order to take the moisture out of the wheel. Tem-
perature sequence controller regulates first the rotating
speed of the rotating heat exchanger and secondly the
cooling capacity of the cooler. Humidity control in-
creases heat input in regeneration air heater if actual
humidity higher than set value.

Figure 17 shows results for supply temperature and
regeneration air temperature needed for dehumidifica-
tion during a week in summer operation mode. Supply
set value (19°C) can be mantained for the operation
hours of the plant. As expected, regeneration air tem-
perature varies with outside air humidity due to higher
dehumidification load. For the simulation period, the

calculated temperature of regeneration air remains un-
der 60°C. This is advantageous, since low temperature
heat sources can be used for the dehumidification pro-
cess. Supply air humidity can be maintained within
desired humidity level (8-9 g/kg). The resulting heat-
ing and cooling capacity can be seen in figure 18. The
regeneration air heater has a heating capacity of 15
kW, whereas for cooling 7 KW are needed. Integrating
capacity results in heating and cooling energy demand
for the simulated period, e.g. 843 kWh heating, 434
kWh cooling demand.
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Figure 17: System simulation: temperatures and water
content
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Figure 18: System simulation: heating/cooling capac-
ity and demand

5 Conclusions

In this paper, a Modelica model for the simulation of
air dehumidification by means of a desiccant wheel has
been presented. The model is based on a finite vol-
ume approach for air and desiccant material. Heat and
mass transfer are described by lumped convective co-
efficients. The model was tested for LiCl as desiccant,
but can be used for other availabe desiccants, if equi-
librium equations (sorption isotherm) are provided.
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