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ARTICLE INFO ABSTRACT

Keywords: Liquid desiccant air conditioning (LDAC) systems are used for dehumidification of air to low dew point tem-
Liquid fif{SiCCﬁflt peratures. In the presented study a TRNSYS model of a LDAC unit is developed and validated with laboratory
Dehumldlﬁcatlon measurements. This model is coupled with a solar thermal system that provides heating water for the regener-
Regeneration ation process. With this model dynamic annual system simulations can be carried out to simulate the dehu-
Solar heat Cdipn s s L . e . 144

TRNSYS midification of a building. The solar fraction is evaluated for various infiltration rates of the building and solar

collector areas with an internally cooled as well as an adiabatic absorption process.

The simulation results reveal that high solar fractions of 70 % to 81 % can be achieved when dimensioning the
solar thermal system to cover the regeneration heat demand on a good summer day. This is due to the good
correlation of solar irradiance and dehumidification load. Without internal cooling of the absorption process
(adiabatic conditions), the solar fraction is reduced by about 10 percent points for the same size and operating

conditions.

1. Introduction

Liquid desiccant air conditioning (LDAC) systems are used for air
dehumidification. The systems reach a low humidity ratio of the supply
air and they aim to reduce electrical energy consumption if they replace
vapor compression systems. In the recent years, LDAC systems attract
more and more attention. The systems consist essentially of an absorber,
a regenerator, as well as an internal heat exchanger for the liquid
desiccant and a desiccant storage.

LDAC systems can usually be operated with low-grade heat with
regeneration temperatures of about 60-80 °C (e. g. [1,2]). In addition,
dehumidification demand correlates to thermal solar energy supply. As a
result, the electricity consumption for room air dehumidification with
LDAC systems can be significantly reduced by using solar energy or
waste heat compared to vapor compression systems (e. g. [3,4]).
Furthermore, the LDAC system can guarantee better hygienic indoor air
quality in comparison to vapor compression systems by avoiding bac-
teria and germs and separating foreign bodies ([5,6]). LDAC systems
were tested for drying applications of agricultural goods such as hay
bales [7], tea [8] or grain [9]. In comparison to conventional drying
processes with hot air, the studies show a shorter drying time, cost
savings and a better quality of the drying goods. Kozubal et al. [4] install
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and examine four LDAC systems in the USA to dehumidify room air (in
supermarkets, a swimming pool and a campus building). The LDAC
systems provide a relative humidity in the buildings of 35-55 % and
could reduce the electricity consumption by more than 50 % in these
pilot systems compared to conventional vapor compression systems.
To investigate the performance of the LDAC systems under different
weather conditions as well as use cases, many LDAC system models were
developed like [4,10,11,12,13] and [14]. The developed model by [10]
was used to develop a model of an existing solar driven LDAC system.
The model of [10] was used to investigate the performance of the LDAC
system for three options of solar collector designs for three cities [15].
The building was not modeled by [15]. By [11] the building is repre-
sented by a previously derived cooling demand and then simulated with
an LDAC system for three days. The system models by [4] and [10]
include, contrary to the other mentioned systems, component models for
the absorber, the regenerator as well as the desiccant sump. Crofoot [10]
models the desiccant sump as a single-chamber storage with a homo-
geneous temperature and a homogeneous mass fraction. Kozubal et al.
[4] models two separate desiccant chambers (for concentrated and
diluted solution) with stratification and possible mixing. Regarding the
absorber and regenerator component models used in the developed
LDAC system models, the absorber and regenerator model by Mohaisen
and Ma [11] only describes the adiabatic process, while all other
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Nomenclature

A Area, m>

AAD Average absolute deviation

AAD%  Percentage average abs. deviation, %
ci Maximum mass transfer potential ratio
[ Specific heat capacity, J/kgK

D Diffusion coefficient, m?/s

Soolar Solar fraction

Hoorp. Sorption enthalpy flow, W

Le Lewis number

m Mass, kg

m Mass flow rate, kg/s

n Number of samples

Ninf Infiltration rate, h™!

NTU Number of transfer units

Q Thermal energy, J; kWh

Q Heat flow rate, W

Geoll Specific solar yield, kWh/m?

RSHI Regenerator specific heat input, J/kg,,
t Time, h

T Temperature, °C

AT Temperature difference, K

U Thermal transmittance, W/m2?K

v Volume, m®

x Humidity ratio, kg, /kg4,

X Water content in salt, kg, /kg;ic
Subscripts

a Air

abs Absorber

amb Ambient

aux Auxiliary heater

coll Collector

da Dry air

eq Equilibrium

in Inlet

inf Infiltration

meas Measurement

out Outlet

reg Regenerator

salt Salt (LiCl)

sens Sensible

set Setpoint

sim Simulation

sol Liquid desiccant solution

sorp Sorption

st Storage tank

v Water vapour

w Cooling or heating water

Greek symbols

a Heat transfer coefficient, W/m?K
p Mass transfer coefficient, kg/m?s
€ Effectiveness

Ke Energy balance factor

Km Mass balance factor

A Thermal conductivity, W/mK

£ Mass fraction, kg i /kg

p Density, kg/m?

Abbreviations

LDAC Liquid desiccant air conditioning
Nu Nusselt

mentioned models describe internally cooled and internally heated
processes.

Kozubal et al. [4] developed physical and empirical component
models for the absorber and regenerator, which were then used to derive
performance maps used for the LDAC system model. Crofoot [10] as well
as Mohaisen and Ma [11] used simplified e-NTU correlations for the
absorber as well as regenerator model. Zhang et al. [12] as well as Yang
et al. [13] based the absorber as well as regenerator models on NTU-Le
correlations. In the models by [10] and [11] the effectiveness of the heat
and mass transfer is determined on the basis of correlations depending
on boundary conditions. The models by [10,4] and [11] are suitable to
describe transient conditions while the models by [12] and [13] are only
applicable for stationary conditions.

The LDAC system model by Crofoot [10] includes a desiccant sump
that is based on empirical heat and mass transfer coefficients evaluated
for that system and is validated based on their own measurements for
transient ambient conditions. The study presents six-hour measurement
data with an average absolute deviation between the measured and
calculated humidity ratio of 2 %. The average absolute deviation of the
moisture removal rate for three days system measurements is reported as
6, 10 and 8 %, for each of the days. There is no information about the
validation of the regeneration process [10]. Mohaisen and Ma [11]
validated the component models of absorber and regenerator, the sys-
tem model was not validated.

Therewith, there is no system model of an LDAC unit available yet,
that is based on equations to model the heat and mass transfer without
detailed knowledge of the heat and mass transfer or other performance
coefficients in advance and that is also able to model transient system
behavior sufficiently.

The inertia of the system to reach the state of equilibrium is influ-
enced strongly not only by the size of the liquid desiccant storage, but
also, for example, by the mass flow rates and the design of the absorber
and regenerator. The liquid desiccant storage enables the continuous
operation of the LDAC unit for practical applications. The overall
desiccant concentration will reach a stable point, where continuous
operation is possible by matching the water vapor mass flow rate in the
regenerator and in the absorber. With the difference in air volume flow
rate, it means that the resulting difference between inlet and outlet
humidity ratio in the regenerator might differ from the absorber. To
accurately reflect this behavior, especially in dynamic conditions, it is
necessary to model the liquid desiccant storage as well. Especially the
modeling of the liquid desiccant storage with the partial mixing between
the diluted and the concentrated liquid desiccant is very important to
reach high accuracy by the simulation results.

The developed LDAC model is suitable to conduct dynamic annual
system simulations in combination with a solar thermal system. Con-
trollers are employed for the system to dynamically control the set-point
humidity in the modeled building by regulating the capacity, controlling
the solar loop and activating an auxiliary heater throughout the simu-
lation. Only few annual simulation studies of controlled solar-driven
LDAC systems can be found in literature. Coca-Ortegén [14] investi-
gated a solar driven liquid desiccant system using performance tables as
input values for the absorber and regenerator which were developed
based on measurement data. The solar fraction for their studied system
with weather data of Kuala Lumpur is in a range of 42 % to 54 %
depending on regeneration temperature and maximum LiCl mass frac-
tion in the desiccant tank. Compared to the system in the present paper,
the system of [14] works with constant regeneration temperature and
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outlet humidity ratio is not controlled.

In the following section 2, this paper describes the investigated LDAC
unit design, followed by a brief description of the component models
(section 3). Focus of this study, described in section 4, is the validation of
the system model for an LDAC unit with a 6-hour laboratory measure-
ment as well as two 6-day measurements with emulated temperature
and humidity outdoor conditions. Finally, dynamic annual system
simulation results of the LDAC system including a coupled solar heating
system are presented in section 5.

2. Overall LDAC system set-up

The investigated LDAC system includes a solar thermal system for
heat supply as well as a cooling tower as shown in Fig. 1 b). The LDAC
unit was built by AIL Research, Inc (AILR). It consists of an absorber
(dehumidifier), a regenerator, a desiccant sump and an internal heat
exchanger of the concentrated and diluted desiccant solution. In the
internally cooled absorber and heated regenerator, air passes along a
liquid desiccant film in cross flow configuration. In the absorber, water
vapor is absorbed by the concentrated aqueous LiCl-solution due to its
lower water vapor pressure above the solution compared to that of the
air. Enthalpy of absorption (evaporation and dilution) is released during
the process and is transferred to the air and liquid desiccant, as well as to
the cooling water inside the absorber. The now diluted desiccant solu-
tion flows through the internal heat exchanger into the sump before it is
concentrated in the regenerator. The absorber and regenerator are made
of corrugated fiber glass sheets as wicking fins attached to cupronickel
tube bundles, Fig. 1 a). The desiccant sump is composed of a single tank
(sump) with coupled areas for diluted and concentrated solutions that
are kept apart by the internal solution heat exchanger. In the internal
heat exchanger, sensible heat is transferred from the concentrated to the
diluted desiccant stream. Entrainment of the desiccant into the air is not
investigated. Table 1 shows the specific data of the AILR-LDAC unit.

All relevant in- and outlet parameters of the air, liquid desiccant, and
cooling or heating water are measured. Table 2 shows the measurement
errors assumed for the analysis, considering both the manufacturer’s
specifications and estimated errors due to sensor positioning.

3. Modelling of LDAC system
A TRNSYS model of the LDAC unit is connected to a solar collector, a

water heat storage, a simplified cooling tower and an industrial single
zone building model. The respective component models are briefly
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Table 1
Specific data of the AILR- LDAC unit.
Absorber Regenerator

Air volume flow rates 2000 m*/h 600 m*/h
Desiccant mass flow rates 330 kg/h 230 kg/h
Water mass flow rates 2000 kg/h 1000 kg/h
Water inlet temperatures 25°C 60 °C
Fiberglass surfaces 60 m? 27 m?
Tube bundle heat transfer surfaces 2 m? 1 m?

Table 2

Estimated measurement accuracies (based on instrument manufacturer’s data).
Used measurement technology Accuracy
Air
Inlet and outlet temperature +0.3K

+0.8 % RH (at 10...30 °C)
+1.3 % RH (at 30...60 °C)
+1.5 % of reading

Inlet and outlet relative humidity

Volume flow meter

Liquid desiccant

Inlet and outlet temperature
Inlet density

Mass flow meter

Cooling/ heating water
Inlet and outlet temperature
Mass flow rate

+0.5K
+0.005 g/cm®
+0.15 % of reading

+0.5K
+0.5 % of reading

explained below. The LDAC unit dehumidifies the indoor air continu-
ously by air circulation. A set-point humidity ratio of the indoor air of 6
g../keq, was chosen which corresponds to a dew point temperature of
6.6 °C. Those conditions might be required for an application in which
condensation on cold piping needs to be avoided, such as pumping
stations for fresh water. The moisture entry into the building is varied for
different infiltration rates. The latter is varied between 0.1 and 0.7 h™'.
Table 3 shows the standard and the self-defined TRNSYS types used in
the solar driven LDAC system simulation. The LDAC unit comprises the
first four components: absorber, regenerator, desiccant storage and so-
lution pump.

3.1. Absorber and regenerator model

The model of the absorber and regenerator is a single-node e-NTU
model based on efficiency correlations as described in [16]. The tem-
perature and the mass fraction of the desiccant are calculated at the
phase boundary with a Newton-Raphson algorithm. The heat of dilution

a) b) Absorberé ______ . Cooling tower
i Solar collector
dry air indoor air i I-
| :
i Heat storage !
Regenerator . Aux. heater :
i 4
moist air outdoor airi |
H 1
| 1
| I
1
1
1

Solution tank

air — — — water/glycol
_____ concentrated solution

water
dilluted solution

Fig. 1. a) Wicking fins in the absorber and b) regenerator and the LDAC system layout showing the LDAC unit including the solar thermal system and the cool-

ing tower.
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Table 3
Standard and self-defined TRNSYS types used in the system simulation.

Component Type number
Absorber Custom Type (user-defined)
Regenerator Custom Type (user -defined)

Desiccant storage (sump)

Solution pump

Solar thermal system
(IEA- SHC-Task 32) [13]

Custom Type (user-defined)
Type 742

Type 832 (collector)

Type 140 (DHW-tank)

Type 5 (Heat Exchanger)
Type 3 (Water/Glycol Pump)

Weather data Type 109-TMY2

Building Type 56
Auxiliary flow-through heater Type 6
Differential Controller with Hysteresis Type 2
PID Controller Type 23

and vapor pressure correlations are implemented as nonlinear correla-
tions of temperature and mass fraction according to Conde [17]. The
heat transfer coefficients and the efficiency of the heat transfer are
calculated with correlations according to [ 18], whereas the heat transfer
coefficient of water in the tubes is calculated based on Nu-correlation for
flow-through pipes, the heat transfer coefficient of air is based on Nu-
correlation for flow in plane gap and the heat transfer coefficient of
the desiccant is based on Nu-correlation for cross-flow pipe bundles.

The Lewis number (Le) is calculated from air properties as a function
of its temperature and humidity ratio (eq. (1)). Finally, the mass transfer
coefficient (4,) and the efficiency of the mass transfer is calculated in a
similar way as the parameters of the heat transfer (eq. (2)). The NTUj for
the mass transfer is given by (eq. (3)).

Le——1u ©)
Da'Cp'pa
B, = LD“.LE% (2)
}\'a
A
NTU; = b 4 (€))
Mgy

The wicking fins (Fig. 1) are considered simplified as flat plates with
a distance of 3 mm between the plates. The heat and mass transfer area
between air and desiccant is assumed to be equal to the total plate
surface. The heat transfer area between desiccant and cooling/heating
water is assumed to be equal to the tube bundle surface. The effective-
ness of heat transfer between desiccant interface and air &, ¢, as well as
cooling or heating water ey, _so depends on the dimensionless number
of transfer units NTU, and NTU,, as given in eq. (4) and eq. (5) according
to [18]:

aA,
€qasol = 1 —exp(—=NTU,) = 1 —exp - (C)]
p.allly
UA,,
Euaw—sol = 1 —exp(—NTU,,) =1 — exp( T ) (5)
pwy

The effectiveness of the mass transfer process for crossflow config-
uration is calculated analogous to the heat transfer with eq. (6) and eq.
(7) according to [18]:

1 eo m 1 .
Epa—sol = WZM{ {1 —exp( — NTUy). /:ZO ﬁNTUj,,. 1 —exp(
—cNTUg). Y ji'(ci.NTU,,,y' }
j=07"
(6)
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¢ = msall-(xeq - Xi )
! mda'(xa,in - xa.eq)

)

For the TRNSYS model of the absorber and regenerator following
geometrical data has to be defined: number of gaps (between the plates)
and the gap width, height and width of plate, plate thickness, outer and
inner tube diameter, amount of vertical and horizontal tubes, length of
single tube, distance between single tubes (horizontal and vertical) and
the cross-division ratios of the pipes.

The absorber and regenerator model were validated with laboratory
measurements for a wide range of the inlet parameters for the absorp-
tion and regeneration process [16]. These included variations of heating
and cooling water temperature and mass flow rate, the humidity ratio of
the inlet air, the air mass flow rate at absorber inlet, and the desiccant
mass flow rate.

3.2. Desiccant sump and heat exchanger model

Each storage tank of the desiccant sump is described as single-node
model with homogeneous temperature and water mass fraction. If the
desiccant mass flow rate through the absorber is higher than the desic-
cant mass flow rate through the regenerator, part of the diluted desic-
cant solution flows into the other tank and is mixed with the
concentrated solution. The used internal solution counter flow heat
exchanger model is a standard TRNSYS type. The overall heat transfer
coefficient multiplied with the heat transfer surface (UA) of the solution
heat exchanger was estimated from the experimental data and was
assumed to be equal for all simulations (UA = 500 W/K).

3.3. Building model

The building model is developed with TRNBuild. It is a single zone
model with a volume of 1000 m®. Indoor air is circulated and dehu-
midified with the LDAC unit. The location for the weather data used is
Kassel, Germany. The humidity load is solely caused by infiltration, with
varying infiltration rates. Other factors of the building like the wall
constructions and radiation through windows have little influence on
the performance of the dehumidification system. This was confirmed by
simulations with different building types. For the study a building with a
footprint of 200 m?, a total exterior shell area of 850 m? and U-values of
0.193 W/(m?K), which corresponds to a KfW-40 standard of the German
Energy Act for Buildings," is used. The building type is a standard TRNSYS
component, the energy as well as the moisture balance both match.
Therefore, the accuracy of modeling a theoretical building is viewed as
sufficiently high when the infiltration rate is indicated as a parameter.

3.4. Solar thermal system, auxiliary heater and cooling tower model

The TRNSYS model of the solar thermal system including the storage
tank is based on the IEA-SHC-Task 32 TRNSYS deck file [19]. The col-
lector loop is connected to a heat exchanger that feeds into a storage
tank. The auxiliary heater is a simple electric water heater that is placed
in the feed water from the storage tank and heats, if necessary, the water
mass flow prior to entering the regenerator of the LDAC system. To
simplify the modeling of the cooling tower, it is assumed that the cooling
tower can provide cooling water at 3 K above the wet-bulb temperature
of the ambient air.

3.5. System control

The LDAC system for the annual system simulations is controlled by a
PI controller to not exceed the set-point humidity ratio of 6 g, /kg,,. The

1 Gebiudeenergiegesetz vom 8. August 2020 (BGBL. 1 S. 1728).
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controller reflects a capacity control of the LDAC unit. It regulates the
mass flow rates of all fluid streams evenly by a single factor between 0.1
and 1. A factor of 1 corresponds to each design value, lower values are
used for partial load. When reducing the mass flow rate of the liquid
desiccant down to 0.1 of the design value, attention must be paid to
ensure proper wetting of the wicking fins in practical implementation.
When the system is running and the humidity ratio drops below the set-
point of 6 g, /kg,, at the lowest capacity of 0.1, the system keeps running
until a humidity ratio of 5.5 g, /kg,, is reached, to avoid excessive
cycling (by using a differential controller with hysteresis). Besides the PI
controller for the mass flow rates there is a PID controller that regulates
the auxiliary heater and therewith the temperature of the heating water
for regeneration. This PID controller acts if the LDAC unit is running at a
high rate of over 0.7 and provides the auxiliary heater with a target
temperature between 40 °C and 80 °C for regeneration. The auxiliary
heater raises the heating water temperature coming from the storage
tank to the target temperature, if necessary. Both (simulated) PID con-
trollers were tuned based on the method of Ziegler and Nichols [20]. The
tuning values used in the simulation are shown in Table 4. Tuning values
for real PID controllers might differ from the ones used in the simulation
due to the simulated timestep of 30 s for the annual system simulation.
An example of employing a PID controller for volume flow control can
be found in [21]. The pump of the solar loop will turn on as soon as the
temperature in the collector is higher than the temperature at the bot-
tom of the storage tank.

4. Comparison of modeled and measured data of the LDAC unit

In this section, measured and modeled results of the LDAC unit are
presented that are carried out for a six-hour period with constant inlet
air conditions and for a six-day period with variable inlet air conditions
emulating weather data for Stuttgart, Germany. The six-day measure-
ments are carried out twice, first for adiabatic absorber conditions
(without internal cooling of the absorber) and then with internal
cooling.

4.1. Evaluation procedure

The moisture removal rate, m, of the absorber is calculated from
both, air and liquid desiccant (solution) side, as described by eq. (8) and
eq. (9):

mv, a — mda . (xoul - xin) (8)

g s, = it (Xow — Xin) with X = % ©)

With mg, as the mass flow rate of the dry air. The transferred vapor
mass flow rate in the regenerator is called humidification rate and is
calculated in the same manner as the moisture removal rate of the
absorber. To evaluate the plausibility of the measurements, a mass
balance factor and energy balance factor, x, and x. are defined ac-
cording to eq. (10) and eq. (11), respectively for the absorber and the
regenerator.

my ,

Km = = (10)
my, 5ol

Table 4
Controller parameters.

Controller Range Gain Integral Derivative

Constant Time Time
Capacity (volume 01..1 -5.10° 20 min 0
flow) controller
Auxiliary heater 40..80 —3-10° 200 min 2.4 min

controller °C
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_ Hsorp
Qusens T Qsol + Oy

The deviation of the evaluated values from 1 is a quality measure of
the experiments. H,,, is the sum of evaporation and dilution enthalpy
flow. The average absolute deviation (AAD) and the percentage average
absolute deviation (AAD%) for any evaluated variable P between the
experimental and the simulation results, are defined as:

1D

Ke

1
AAD(P) = E ‘Psim 7Pmeas‘ (12)
n

E'Paim - Pmeas‘
ZPmeas

The AAD% of the moisture removal and humidification rates and the
AAD for temperature change of the fluids are evaluated.

AAD%(P) = é < ) 100% as)

4.2. Measurement results of an internally cooled absorption process with
constant inlet conditions (six-hour period)

The heat sources and sinks for the LDAC system for internal heating
and cooling of the sorption processes and for pre-conditioning of the
inlet air are emulated by water and air conditioning units in the labo-
ratory. The set-point inlet variables of the LDAC unit six-hour mea-
surements are shown in Table 5.

The mass balance and energy balance factors x,, and k. for this
measurement are: 0.85 and 1.02 for the absorption process and 0.92 and
0.96 for the regeneration process. Fig. 2 shows the temperature and
humidity ratio at the internally cooled absorber inlet and the internally
heated regenerator inlet. While the values of the inlet temperatures of
the two components differ only slightly from each other, the values of
the humidity ratio differ by about 2 g, /kg,, due to stratification of the
inlet air during pre-conditioning.

Fig. 3 shows measured as well as simulated moisture removal rates of
the air flow in the absorber and the humidification rates of the air flow in
the regenerator, m,. The measured and the simulated curves are almost
parallel after about 30 min, and they slowly approach one another.
Thus, the model depicts the dynamic behavior of the LDAC system well
after the start-up phase. The percentage average absolute deviation
between the measured and simulated values after 1 h (in the period 1 h
< t < 6h)is about 5 % for the absorption and 12 % for the regeneration
process. However, the measurement accuracy of the latter was poor due
to inappropriate positioning of the temperature sensor of the outlet air.
The temperature as well as the relative humidity sensors were installed
after the air ventilator behind the regenerator. This resulted in a change
of air temperature due to the ventilator that influenced the measured
value. The uncertainty of the measured moisture removal rate of the
absorber is about + 11 % and of the humidification rate of the regen-
erator is about + 12 %. These uncertainties are the average values of the
last 30 min of each measurement calculated according to uncertainty
propagation of the equation (8).

The measured and simulated air temperature difference between in-
and outlet of the absorber and regenerator is shown in Fig. 4. The
average absolute deviations between the calculated and measured
values are about 0.7 K in the absorber and 0.9 K in the regenerator (for 1
h < t < 6 h). The uncertainty of the measured change of the air tem-
perature is about + 0.7 K. Fig. 5 shows the measured and simulated
difference between water in- and outlet temperatures for the absorber

Table 5
Average values of the inlet conditions of the six-hour measurement.
Tt in Tain Xain Hlsolin Tty in Tywin
kg/h °C 2. /kea kg/h kg/h °C
Regenerator 355 24.5 12.0 228 985 60
Absorber 1188 24.9 14.1 323 1998 25
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Fig. 2. Measured inlet air temperatures and humidity ratios at the internally
cooled absorber and the regenerator during six-hour measurement.
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Fig. 3. Measured and simulated moisture removal rate in the internally cooled
absorber and humidification rate in the regenerator during six-hour
measurement.

and regenerator. The accordance between measured and calculated
values is very well. The average absolute deviation is less than 0.2 K for
both, absorber and regenerator (for 1 h < t < 6 h).

Compared to typical accuracies reached for heat and mass transfer
models for liquid desiccant systems, the accuracy for the moisture
removal rate m, is very high, especially when considering that the heat
and mass transfer coefficients are modelled solely with standard corre-
lations and without any parameter fit. A percentage average absolute
deviation of the vapor mass flow rate in the absorber of only 5 % for the
six-hour measurements is reached with the model presented in this
work. Also, the heat transfer between the three fluids is modelled very
precisely, shown in the accuracy of simulating the measured air
temperatures.

4.3. Measurements with emulated outdoor conditions of a six-day period

The LDAC unit model is validated with two six-day measurements for
dynamic inlet conditions, one with internal cooling and the other one
with an adiabatic absorption process. Table 6 shows the average
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Fig. 4. Measured and simulated difference between air in- and outlet temper-
atures for the absorber and regenerator during six-hour measurement.
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Fig. 5. Measured and simulated difference of water in- and outlet temperatures
for the absorber and regenerator during six-hour measurement.

Table 6
Average values of the inlet conditions of the transient six-day measurement.
g in Mgolin iy in Twin
kg/h kg/h kg/h °C
Regenerator 360 237 1002 60
Absorber 1190 304 2000 25

absolute values of the flow rates and hot water inlet temperature for the
measurements. The air inlet temperature and humidity ratio profiles
used in both measurements are shown in Fig. 6.

The air inlet temperature varies in a sinus-like six-day profile with a
maximum temperature of approx. 30 °C and a minimum temperature of
11 °C. The amplitude of the humidity ratio between day and night is
much smaller than that of the air temperature. Due to the stratification
in the air duct, the humidity ratio at the inlet of the absorber is signif-
icantly higher than that of the regenerator with a deviation of about
1-2 g, /kg4,- During the six-day period, the inlet humidity ratio of the
absorber decreases from approx. 14 g, /kg,, to approximately 6 g, /kgy,
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Fig. 6. Measured inlet air temperature and humidity ratios at the absorber and
regenerator during six-days measurements.

after about 4.5 days. Therewith, the measurements cover a wide range of
inlet humidity ratios.

4.4. Results for the internally cooled absorption process with dynamic
ambient air conditions

Fig. 7 shows the moisture removal rate of the air flow in the absorber
and the humidification rate of the air flow in the regenerator, m,,
evaluated from the measurements and simulations. The two curves at
the bottom show the deviations between measured and calculated
values (referred to the right axis). The trend of the curves for the
measured and calculated values agree well also for the internally cooled
absorption and the regeneration process. The percentage average ab-
solute deviation between the measured and calculated values of the
moisture removal rate of the internally cooled absorption process yields
6 % and the percentage average absolute deviation of the humidification
rate in the regenerator yields 7 %. Therewith, the deviations increase
only very slightly, by 1 percent point (from 5 to 6 %), for the mea-
surement with dynamic inlet conditions compared to constant inlet
conditions.

The average deviation between the measured and calculated air-
temperature rise is 0.3 K in the internally cooled absorber and the
heating-water temperature drop in the regenerator is 0.1 K (Fig. 8).

=-==-Absorber, sim
Regenerator, meas
——Regenerator, dev

—— Absorber, meas
----Regenerator, sim
3 —— Absortber, dev
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70
60
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0 12 24 36 48 60 72 84 96 108120 132
Time in h
Fig. 7. Measured and simulated moisture removal rate of the air in the inter-

nally cooled absorber and humidification rate in the regenerator with the
corresponding deviations over the time.
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Fig. 8. Measured and simulated air (absorber) and heating water (regenerator)
temperature difference over the time.

Thus, despite of the dynamic inlet conditions, the values are within the
measurement accuracy, and it can be concluded that the modelling of
the heat transfer is very precise.

4.5. Results for the adiabatic absorption process with dynamic ambient
air conditions

Fig. 9 shows the moisture removal and humidification rates analog to
Fig. 7. Compared to the six-day internally cooled absorption process, in
the adiabatic process the simulation results yield a decrease of the
moisture removal rate of about 18 %, the measurements yield a decrease
of about 15 %.

Similar to the internally cooled process, the calculated trends of the
moisture removal rates agree well with the measured ones for both, the
absorption and regeneration process. The percentage average absolute
deviation between calculated and measured values of the moisture
removal rate yields 8 % for the adiabatic absorption process and 10 %
for the regeneration process (Fig. 9, right axis). Thus, compared to the
internally cooled absorptions process, the accuracy of the modeled
moisture removal rate of the adiabatic operation is reduced. The

-===Absorber, sim
——Regenerator, meas
Regenerator, dev
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Fig. 9. Measured and simulated moisture removal rate of the air in the
absorber (adiabatic process) and humidification rate of the air in the regener-
ator over the time. The curves at the bottom show the deviations between
measured and calculated values.
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percentage average absolute deviation of the moisture removal rate of
the adiabatic absorption process increases from 6 to 8 %. For the
internally cooled operation, the curves are smoother. Moreover, the
absolute values of m, are lower for the adiabatic process, which leads to
a smaller relative measurement accuracy. Additionally, a dependency
between the model accuracy and the inlet air temperature can be
observed for the adiabatic system. The deviation of the moisture
removal rate in the absorber increases with higher inlet air tempera-
tures, while the deviation of the humidification rate in the regenerator
increases with sinking inlet air temperatures as seen in Fig. 9, when
considering the input conditions in Fig. 6. This behavior was not visible
for the system with the internally cooled absorber.

The model results for the temperature changes are very precise for
both operating conditions. As shown in Fig. 10, the average absolute
deviation between the measured and calculated temperature rise of the
air in the adiabatic absorber is 0.4 K (blue lines) and the deviation of the
heating-water temperature drop is 0.1 K (red lines).

It can be concluded that the accuracy of the system model presented
in this paper is similar to the values reported by Crofoot [10], while it
does not require detailed information of heat and mass transfer co-
efficients to be evaluated as model parameter. The deviation between
simulated and measured values are within the measurement accuracy.
This means that a well-suited model was developed that uses only well-
known correlations, geometric parameters, physical as well as chemical
properties. The transport properties are calculated dynamically based on
the input conditions. This model is independent of any parameter that
needs to be fitted with measurements. Therefore, the applicability of this
model to other LDAC systems should be high but could only be verified
for this one LDAC unit so far. Further improvements of the model could
be implemented by accounting for impartial wetting of the wicking fins
which was not considered in this model but can greatly influence the
performance of the LDAC unit.

5. Annual system simulation results
5.1. Heat load and solar irradiance

The heat load for the regeneration can be calculated based on the
dehumidification load and the regenerator specific heat input (RSHI)

which describes the heat input into the regenerator per absorbed water
mass in the absorber (eq. (14)).

RSHI = 22 a4
My abs
Regenerator, meas ----Regenerator, sim
18—Absorber, meas -==-Absorber, sim
-
-
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<
0 L] T T L] L] ) L] L] I L]
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Fig. 10. Measured and simulated air temperature rise in the absorber and
heating water temperature drop in the regenerator over the time.
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For the investigated building, the infiltration of ambient air is the
sole load of humidity. Using the difference between the ambient air
humidity ratio x,,, and the set-point humidity ratio x,., the mass flow of
water vapor i, ;,r into the building through infiltration can be calculated
according to eq. (15).

mv.inf = (-xamb - xsel)'Va'pa'ninf' (15)

h

3600s

V, is the air volume inside the building with a density of p,. All
positive values of the infiltration water vapor mass flow rate m, ;,r can be
considered a dehumidification load and needs to be removed in the
absorber of the LDAC system to reach the set-point humidity ratio inside
the building. The correlation between infiltration rate and dehumidifi-
cation load is proportional to the air volume of the building V, as seen in
eq. (15). Furthermore, the correlation is influenced by the set-point
humidity ratio and the ambient conditions. Assuming a constant RSHI
of 7000 kJ/kg, based on experimental data, and a set humidity ratio of
6 g,,/kg,, the total regeneration heat load can be calculated using eq.
(14), eq. (15) with the ambient weather data for Kassel. Mean temper-
ature and humidity values are shown in Fig. 11. The calculated regen-
eration heat load is used for dimensioning of a solar thermal system. The
regeneration heat load in relation to the infiltration rate is shown in
Fig. 12. The heat demand for dehumidification occurs predominantly
during the summer months and therefore shows a good correlation to
the course of solar irradiance as shown in Fig. 12.

5.2. Dimensioning of the solar thermal system

Typical dimensioning for solar process heat is based on the VDI 3988
[22] to achieve full solar coverage of the heat demand on a good summer
day and thereby avoid solar surpluses. In contrast to most solar appli-
cations this kind of dimensioning still generates solar surpluses for the
considered application, which unavoidably occur during winter months
because the heat demand drops to zero. For this investigation the solar
thermal system (collector area A, and storage volume V) is dimen-
sioned for summer days with high irradiance of more than 6 kWh/(m2d).
Of the corresponding daily heat demands the 0.85 quantile is used for
dimensioning of the solar system. This way the heat demand on days
with high irradiance can mostly be covered. Table 7 shows the resulting
size of the solar thermal system based on this deduction of the daily heat
demand for a good summer day and following the guidelines in
VDI 3988 [22]. Additionally, simulations are carried out with the size of
the solar system increased and decreased by 50 %, respectively, as
shown in Table 7. This includes a resizing of the collector area A, as
well as the volume of the solar water storage tank V. The simulated
LDAC unit remains the same throughout the parameter variation.
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Fig. 11. Monthly mean temperature and mean humidity ratio in Kas-
sel, Germany.
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Fig. 12. Monthly solar irradiation on a tilted surface (30°) and monthly heat
load of regeneration per infiltration rate; set humidity ratio: 6 gw/kgda.

Table 7
Investigated infiltration rates with the corresponding size of the solar thermal
system.

Infiltration Daily Heat VDI VDI + 50 VDI -50 %
rate Demand (0.85 %
quantile)
A Vst Acn Vse  Acon Vst
h! kWh m? m®  m? m®  m? m®
0.1 22.1 7 1 10.5 1.5 3.5 0.5
0.3 66.3 22 3 33 4.5 11 1.5
0.5 110.5 38 4 57 6 19 2
0.7 154.7 53 6 79.5 9 26.5 3

5.3. Impact of infiltration rates and of the dimension of the solar heating
system

The effectiveness of the solar assisted LDAC system in maintaining
the desired humidity level is shown in Fig. 13. It shows the sorted annual
humidity inside the simulated building (for the most humid 5000 h). The
control effect is clearly visible with almost straight lines at 6 g, /kg,, for
around 1000 h up to over 3000 h of the year. For lower infiltration rates
such as 0.1 h™%, the control effect of the differential controller that keeps
the LDAC system running at the lowest rate of 0.1 until a humidity ratio
of 5.5 g, /kg,, is reached plays a greater role, reducing the active time of
the PID controllers to maintain 6 g, /kg,, and increasing the time where
the humidity is between 6 g, /kg,, and 5.5 g, /kg,,. At the high humidity
end of the graph, transgressions of the set humidity ratio can be seen.

0.0075
— n=0.7 h'i (vDI)
—— n=0.5 h! (VDI)
0.0070 —— n=0.3 h™* (VDI)
— n=0.1 h*(VDI)

0.0065 -

0.0060

0.0055 -

humidity ratio in kg/kg

0.0050

I 1
2000 3000
hoursin h

T T 1
0 1000 4000 5000

Fig. 13. Sorted resulting humidity ratio inside the building with the employed
solar assisted LDAC system and its control with different infiltration rates.
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They occur at extreme outdoor ambient conditions with the highest
humidity ratio and represent times when the LDAC system is tempo-
rarily not able to completely meet the dehumidification load for high
infiltration rates.

The solar fraction f,, is defined as the heat provided by the solar
thermal system divided by the total energy provided by the solar ther-
mal system and the auxiliary heater (eq. (16)):

Qsolar
f;ular B Qsolar + Qaux (16)

Quoir is calculated as the total heat provided by the solar system into
the storage tank, while Q,,, is the total heat added to the passing fluid in
the auxiliary flow through heater.

Fig. 14 shows the annual solar fraction f;,,, for the different collector
areas and storage volumes as shown in Tab. 7 with a LDAC system as
shown in Fig. 1. The dimensioning based on the VDI shows high solar
fractions between 70 % for an infiltration rate of 0.1 h™* and 81 % for an
infiltration rate of 0.5 h™. By increasing the size of the solar system by
50 %, the solar fraction increases by 10 up to 19 percent points.
Decreasing the solar system size by 50 % leads to solar fractions of 39 %
for a low infiltration rate and up to 53 % for an infiltration rate of 0.7
h7l.

Increasing the size of the solar system leads to more solar surpluses,
thus decreasing the area-specific solar yield q.,; of the collector as
shown in Fig. 15.

Qsolar

a7
Acoll

geoll =

The solar yield not only decreases with the collector sizing, but also
with the infiltration rate. To achieve higher dehumidification capacity
the LDAC system requires higher regeneration temperatures. This de-
creases the collector efficiency and increases the auxiliary heat to raise
the temperature from the storage tank to the necessary level.

Fig. 16 shows the comparison of a LDAC system with an internally
cooled and an adiabatic absorber, both with the same solar thermal
system size based on the VDI. Without the cooling tower the solar
fraction decreases between 7 and 12 percent points for the otherwise
identical system configuration and the same simulation parameters. The
solar yield is unchanged with or without the cooling tower, but the
auxiliary heater needs to provide more heat, because the dehumidifi-
cation process is running less efficiently (higher RSHI) if not cooled, as
shown in Fig. 17. The RSHI for the internally cooled absorption process
is between 12 % and 20 % lower than for the adiabatic absorption
process. The cooling water for the internally cooled absorber represents
an additional input to drive the process, which is not accounted for in
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Fig. 14. Annual solar fraction for different infiltration rates and different solar
thermal system sizes.
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Fig. 16. Annual solar fraction for an internally cooled and an adiabatic
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Fig. 17. Annual regenerator specific heat input (RSHI) for an internally cooled
and an adiabatic absorber for different infiltration rates.
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the RSHI. The RSHI also decreases with increasing infiltration rate for
this investigation. For high infiltration rates, the auxiliary heater often
increases the regeneration temperature drastically to meet the peak load
of the dehumidification. For low infiltration rates, the LDAC unit is
running mostly in part load. The auxiliary heater is often employed to
keep the minimum regeneration temperature of 40 °C. Therefore, the
regeneration temperature is mostly higher in the simulations with high
infiltration rate. Higher regeneration temperatures increase the energy
efficiency and therefore decrease the RSHI.

6. Conclusion

A TRNSYS model of a liquid desiccant air conditioning system to
dehumidify indoor air is developed and validated with measurements.
The determined accuracies of the system model show that the model
describes the steady-state and dynamic operating characteristics of the
LDAC-unit in a suitable manner. In opposite to most models presented in
the literature, the presented model describes the heat and mass transfer
correlations with solely geometric as well as physical and chemical
properties and is therefore independent of measured values. Moreover,
it includes a liquid desiccant storage tank and describes transient con-
ditions with an average absolute deviation between measured and
calculated values of the moisture removal rate of about 6 % for a period
of 6 days with ambient air conditions and an internally cooled absorp-
tion process.

Having the infiltration into a building as a main source of humidity
leads to a high correlation between the irradiance and the dehumidifi-
cation load. Sizing the solar system based on full solar coverage on a
good summer day yields high solar fractions between 70 % and 81 %.
Solar fractions up to 94 % can be reached if the collector size is increased
by 50 % of the initial sizing.

The use of a cooling tower to internally cool the absorption process
increases the efficiency by decreasing the RSHI of the LDAC system by
12 to 20 % and thereby increases the solar fraction by about 10 percent
points versus a system with an adiabatic absorber.
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