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Abstract: This paper presents an experimentally validated, dynamic model of a hybrid liquid desic-
cant system. For this purpose, we developed new components for the air-solution contactors, which
are of the non-adiabatic falling-film type with horizontal tubes (made of improved polypropylene)
and the solution tanks. We also provide new experimental correlations for both the tube-solution
heat transfer coefficient and the mass transfer coefficient on the airside as a function of the air velocity.
To validate the model, the results obtained from the dynamic simulations were compared with those
obtained by monitoring a demonstration unit installed in a sports center in Taipei (Taiwan). Once
validated, the model was used to perform a sensitivity analysis at different operational conditions,
such as the inlet water temperatures in the air-solution contactors and the LiCl mass fraction at
which the system operates. The results of the sensitivity analysis were used to optimize the seasonal
performance in terms of comfort and energy required by the system. Compared with a conventional
air-handling unit that controls air temperature and humidity, the annual energy savings of the liquid
desiccant systems are 17%.

Keywords: dynamic modeling; hybrid liquid desiccant system; experimental validation; multi-
objective optimization; falling film air-solution contactor; air conditioning

1. Introduction

Liquid desiccant systems (LDS) are interesting air conditioning systems (HVAC) when
dehumidification has an important role in the thermal loads because they can achieve a low
level of humidity and be driven by low-grade heat sources [1-4]. Therefore, LDS are highly
recommended for humid climates and/or in buildings where low humidity is required.
The main components of an LDS are the absorber and the regenerator, where the moist air
is dehumidified, and the liquid desiccant is regenerated, respectively. Both processes take
place by direct contact between the humid air and the liquid desiccant material.

The combination of LDS with vapor compression refrigeration systems is called a
hybrid liquid desiccant system (HLDS). In these systems, the LDS typically handles the
latent load, and the vapor compression systems, the sensible load [5]. The cooling demand
required to provide the supply air conditions of temperature and humidity is lower than
that for conventional systems, so the evaporator of the vapor compression chiller can
operate at higher temperatures (which enhances the coefficient of performance -COP- of
the system), and post-heating is not required. Therefore, HLDS handles the temperature
and humidity control more efficiently than conventional HVAC systems [6]. For all these
reasons, it has been shown that HLDS has enhanced COP by between 23.1% and 73.8% and
made energy savings of between 26% and 80% [7].

Air-solution contactors of most commercial LDS systems are usually of the adiabatic
packed-bed type [8-10]. This is because of their simplicity, high contact surface, and low
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cost. However, Lowenstein [11] listed the main advantages of non-adiabatic air-solution
contactors over adiabatic packed-beds. In summary:

Lower air-pressure drops.

Lower liquid desiccant flow rates are needed to achieve the same dehumidifica-
tion/regeneration because the liquid desiccant temperature is kept almost constant
along with the air-solution contactor. This previous advantage leads to higher LDS
COP and lowers carryover of liquid desiccant.

For these reasons, non-adiabatic air-solution contactors have been studied in more
detail [12-17]. However, liquid desiccants are highly corrosive to most metal materials.
Consequently, alternative materials, such as plastics, have been investigated [13,17-19].
However, plastics have two limitations: low thermal conductivity and poor tube wetting.
Recently, our group studied the heat and mass transfer performance of a polypropylene
absorber with a plasma surface treatment developed by Guerriero and Fina [20] that
improves the wettability of polypropylene when it comes into contact with LiCl/H,O
solution. Air cooling and air dehumidification were found to improve by between 35% and
52% in comparison to standard polypropylene [14].

The absorption of moisture in liquid desiccants is driven by a difference between the
surface vapor pressure of the desiccant aqueous solution and the water pressure of the
surrounding moist air. When the vapor pressure at the desiccant surface is lower than that
of the humid air, the desiccant attracts moisture. Conversely, the liquid desiccant releases
moisture when the vapor pressure at its surface is higher than that of the surrounding
air. In general, the lower the liquid desiccant temperature and the higher the liquid
desiccant mass fraction, the lower the vapor pressure and, therefore, the higher the moisture
absorption. For this reason, absorber and regenerator temperatures (that is, liquid desiccant
temperatures) are interesting variables to be evaluated when analyzing the performance of
LDS.

LDS have typically been analyzed by discrete steady-state simulations [21]. In these
simulations, parametric studies can be made of system performance as a function of various
key parameters (e.g., ambient conditions or working temperatures) [22,23]. However,
dynamic simulation enables the seasonal performance of a system to be determined [24-27]
as well as the best control strategies in terms of energy-saving or comfort level [28-32].
Dynamic simulations are particularly useful for LDS because, most of the time, they operate
in transient conditions.

HLDS can easily achieve the independent control of temperature and humidity, ac-
cording to the review presented by Muhammad et al. [33]. According to their literature
review, they concluded that dehumidification is more sensitive to the inlet solution temper-
ature in the absorber. They also concluded that the optimization in the control set-points is
one of the main points to be considered to improve the overall performance of LDS under
dynamic air processing conditions.

In this paper, we present an experimentally validated dynamic model of an HLDS
developed on TRNSYS. To model the air-solution contactors, new correlations for the heat
and mass transfer coefficients were experimentally obtained. The dynamic model was
validated with real measurement data of a new demonstration unit of an HLDS, which
consisted of non-adiabatic air-solution contactors with polypropylene tubes subject to
a plasma surface treatment that enhanced the wettability of the tubes. The validated
model was used to perform a sensitivity analysis as a function of the HLDS inlet water
temperatures and the minimum mass fraction required for the regenerator to operate.
Next, the working conditions of the system were chosen by performing a multi-objective
optimization to minimize both the energy consumption of the system and the discomfort
hours. The seasonal performance of the HLDS with optimized working conditions is also
presented. The thermal energy requirements of this system are finally compared with those
of a conventional air handling unit.
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2. Materials and Methods
2.1. Description of the HLDS

Figure 1 illustrates a simple scheme of the HLDS studied, which was coupled to a
heat pump that provided heating to the regenerator and cooling to the absorber. The
system was installed in two locker rooms of a sports center in Taipei (Taiwan). The HLDS
contained non-adiabatic air-solution contactors of the falling-film type with horizontal
tubes made of polypropylene. The main novelty of this system is that the polypropylene
tubes were subject to a plasma surface treatment [20] to increase their wettability. Although
it is usually difficult to maintain the hydrophilicity of the plasma surface treatment over
time, so far, after more than three years of operation, the dehumidification performance of
the system has not been reduced. In a previous study [14], we found that this treatment
enhances both the heat and mass transfer of the air-solution contactors.
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Figure 1. General scheme of the hybrid liquid desiccant system (HLDS) coupled to the vapor compression heat pump

(adapted from [6]).

Another innovation in this system is how the HLDS is coupled to the heat pump.
The evaporator of the heat pump provides the absorber with cooling, and the condenser
provides the regenerator with heating. At the same time, the hydraulic circuit is installed
in such a way that it can provide either chilled water from the evaporator or hot water
from the condenser of the heat pump to the coil inside the air handling unit in accordance
with the supply air temperature requirements.

The liquid desiccant material used is a solution of LiCl/H,O. In addition, the air
handling unit of the variable air volume type controls the supply air temperature with
a cooling/heating coil and the airflow rate with air fans. The return air from the locker
rooms is used to regenerate the solution through the regenerator. In summary, the HLDS is
thought to be fully integrated, providing high flexibility for all the possible requirements
and independent control of temperature and humidity. Data about the operation of the
system has been collected from the demonstration site in Taipei since November 2015 with
time intervals of one minute.

2.2. Modeling of the HLDS

Figure 2 illustrates a simplified scheme of the HLDS modeled in this study. The heat
pump model was not considered since temperatures and flow rates of the hydraulic circuit



Energies 2021, 14, 505

4 0f 20

were taken from measurements and, therefore, can be used directly for the validation of
the rest of the system.
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Figure 2. Schematic with the elements modeled for the dynamic simulations (adapted from [6]).

On the other hand, the conditioned zone (see Section 2.2.6) did have to be modeled
because the return air was used to regenerate the liquid desiccant material through the
regenerator, and the room dry-bulb temperature was used to control the system. Most of
the elements of the system are available either in the standard TRNSYS libraries [31] or
TESS libraries [32], with the exception of the solution tanks and the air-solution contactors,
which have been created for this purpose. These new models are described in the sections
below.

2.2.1. Modeling of the Air-Solution Contactors

A new component for the non-adiabatic air-solution contactors was developed in
FORTRAN to be used in TRNSYS. The physical processes in the absorber and the regen-
erator are very similar, but the opposite. For instance, heating is required to regenerate
the solution, while cooling is required to dehumidify the air. For this reason, the same
equations have been used for both components.

The mathematical model is based on the one described by Hellmann and Gross-
man [34]. This means that the same equation inputs and outputs were considered. The
main reason why this model was used is that it is relatively simple because it can be
modeled with algebraic equations. It has also been experimentally validated in [13]. Fur-
thermore, the thermophysical properties of LiCl/H,O brine (density, enthalpy, specific
heat capacity, and viscosity) were adopted from the formulations by Conde [35].

Table 1 contains the 12 equations required to obtain the 12 variables calculated: the
outlet water temperature (T, out), the outlet moist air humidity ratio (Wg,out), the outlet
moist air temperature (T 0,t), the outlet solution mass flow rate (115 0,¢), the outlet solution
temperature (T ,0,¢), the outlet solution mass fraction (X oy4¢), the air-solution interface
temperature at the top (17 ;), the air-solution interface mass fraction at the top (Xj), the
air-solution interface humidity ratio at the top (Wj), the air-solution interface temperature
at the bottom (T ), the air-solution interface mass fraction at the bottom (X ) and the air-
solution interface humidity ratio at the bottom (Wj ;). The multivariable Newton-Raphson
method was used to solve the system of equations.
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Equations used for modeling the air-solution contactors (adapted from [33]).

Water mass balance
Desiccant material mass balance
Energy balance
Air-solution interface mass balance at the top
Interface mass balance at the bottom
Interface energy balance at the top
Interface energy balance at the bottom
Water vapor pressure equilibrium at the top
Water vapor pressure equilibrium at the bottom

Tube-solution heat transfer equation

Air-solution mass transfer equation

Air-solution heat transfer equation

ms,out'(l - Xs,out) _Ams,in'(l - Xs,in.) + ma,in'(wa,out - Wa/in) =0
ms,aut‘Xs,vut = ms,in'Xs,uut
mw,in‘(hw,ouf - hw,in) + ms,out'hs,vut - ms,in'hs,in + ma,in'(ha,out - ha,in) =0
ﬁIsA'(Xs,in - Xl,f) - UHA'(Wu,aut - Wl,t) =0
ISIsA'(Xs,our - XI,b) - UuA'(Wa,in - Wl,b) =0
0a A (Toout — Trp) — aisA-(Trt — Tsin) + 0aA-(Waout — W) -hwair = Bis A (X in — X14)-hwsi
wa A (Toin — Trp) — a1sA-(Trp — Tsout) + 0aA-(Wein — Wrp) - hwarp = BisA-(Xsout — X1p)hwsip

pws (X, Tre) = pwa(Wi)
pws(X1p, Trp) = pwa(Wrp)

. 1
muv/in'Cp,w,in'(Tw,ouf - Tw,in) = UA~100071~(TS,M — lw,out — Ts,vtlt+Tza,in)'(ln ((Ts,in - Tw,out)‘(Ts,out - Tw/in) 1)

.1 . 1\ !
_Ua'A'ma,in =In |:1 - (Wa,out - Wa,z‘n - Wl,t + Wl,b)'<wl,b - Wa,in - (Wl,f - Wl,b)'ma,in'(ga'A) 1) :|'

. — . — 71
*U'a'A'mg,[ln =In |:1 - (ha,auf - hu,in - hl,t + hl,b)'<hl,b - ha,in - (hl,t - hl,b)'ma,in'(UH'A) 1) }'
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Moreover, heat and mass transfer coefficients are required. The overall heat transfer
coefficient between the water and the film (U) was calculated considering the thermal
resistance of water inside the tubes (Ry), the thermal resistance of the tube wall (R;), and
the thermal resistance of the film outside the tubes (Rys). The thermal conductivity of the
water, Ay, was obtained using correlations from [36]. Depending on the water flow regime,
the Nusselt number was calculated using the empirical correlations for internal forced
convection in cylindrical pipes available in Nellis and Klein [37]:
If Reyyt is lower than 2300, then:

04) ! 0.6\ !
Niup_; = 436 + ((0.1156 + 0.08569-<Prw' ) )-sz>-(1 + 0.1158-Gz% ) )— (13)

If Reyy is between 2300 and 10,000, then:

Ny = £/8 (Rew — 1000)-Pryp- (1 +127- (2)05- <Pr§, - 1) ) o (14)
If Rey is higher than 10,000, then:
Nuy ¢ = 0.023-Rel8.Pr — (15)
¢ is the pipe friction coefficient which is calculated as:
£ = (0.79-InRe,, —1.64) > (16)

n is a constant that is equal to 0.4 for heating the water (absorber conditions) and 0.3
for cooling the water (regenerator conditions).
The thermal resistance of the tube wall R; was calculated with the following expres-

sion: p p
- 0. o
Ri= e ’"(di) 17)

Since the solution-tube thermal resistance and the mass transfer coefficient in the
airside depend on the wetting of the tube surface, correlations for these two coefficients
had to be determined for these specific air-solution contactors.

The solution-tube thermal resistance was obtained from the measurements of the
air-solution contactors of the HLDS presented in this paper. The data measurement used
to obtain the correlations (18) and (19) can be found in [6]. The specifications of both
air-solution contactors (absorber and regenerator) are listed in Table 2. The correlation
obtained for the solution-tube thermal resistance (R;s) as a function of the air velocity is
expressed as:

R s = 165.5-0,%%1 (18)

Similarly, the mass transfer coefficient on the airside was correlated as a function of
the air velocity:
a4 = 2.06-10 2.9, 102 (19)

Table 2. Specifications of the air-solution contactors.

Polypropylene Tubes with

Tube Material Plasma Surface Treatment [14]
Contact surface (m?) 59.29
Tube thermal conductivity (W-(m-°C)~1) 0.21
Tube length (m) 0.68
Bundle width (m) 0.90
Inside tube diameter (mm) 5.10

Outside tube diameter (mm) 6.50
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The heat transfer coefficient between the air-solution interface and moist air was
obtained by using the Chilton-Colburn analogy, in which convective heat transfer and mass
transfer coefficients are related by the Lewis number according to the following expression:

0g = c,[,,a-(ra-Leﬁl3 (20)

Because the Lewis number is much higher in the solution film than in the air, the
thermal resistance between the interface and the solution can be neglected. Therefore,
as Hellman and Grossman suggested in [34], the heat transfer coefficient between the
LiCl/H;0 solution and the air-solution interface was set 500 times higher than the heat
transfer coefficient between the air-solution interface and moist air. They also showed that
the mass transfer coefficient between the air-solution interface and the solution could be
assumed to be three times lower than the mass transfer coefficient of the solution.

The left-hand graph in Figure 3 shows a comparison between the dehumidification
achieved by the absorber at steady-state conditions and the dehumidification calculated by
using the mathematical model and equations given above. According to this graph, the
deviations between measured and calculated dehumidification were, in most cases, lower
than 5%. Similarly, the right-hand graph in Figure 3 shows a comparison between the
heat duty achieved by the absorber at steady-state conditions and the heat duty calculated
using the same model. In this case, deviations between measured and calculated heat were
always lower than 2.5%. As in the absorber, deviations of the water regenerated, and the
heating required between measurements at steady-state conditions and calculated by the
model were lower than 5% in almost all the cases. These deviations were in the range of
the measurement uncertainties.

0.012
. 28 —
3 e Calculated e Calculated ,/ >
S * Measured 7 « Measured iy Sl
g 26 1 ’I 'I
= 0.011 - </
g —_ ’l Py ,l
= = ’ ’
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Figure 3. Calculated and measured dehumidification (a) and absorber heat duty (b).

2.2.2. Modeling of the Liquid Desiccant Tanks

The energy storage capacity of the solution tanks is related not only to the temperature
of the liquid desiccant but also to the liquid desiccant mass fraction. As a consequence, the
model of the liquid desiccant tanks must consider that both the mass inside them and the
liquid desiccant mass fraction are changeable. The solution tanks have two inlet streams
and one outlet stream.

The solution tanks model was based on energy and LiCl and total mass balance
equations. Moreover, complete mixing was assumed. The calculation of the water mass
considered the amount of water content in the previous time step (—1) and the mass balance
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Tiank = Trank,—1 + / {
’ Mt:mk th’lk Mtank Mtank,—l Cp,s

of water in the tank at that time. Therefore, the mass balance was calculated at every time
step as:

May = M1+ [ it (1= Xin) + st e (1= Xin2) = itous-(1 = X, 1)}-dE - @1)
Miici

Mtank

To calculate the tank temperature at every time step, the energy balance in the tank
was formulated considering the temperature of the tank at the previous time step. This
means:

Xtunk = (22)

min,l'Tin,l min,Z'Tin,2 . 7’.nouz,"’l—‘out . UAtunk'(Ttank,fl - Tumh)

dt (23)

To achieve convergence along with the simulation and to ensure the accuracy of the
results, we set a simulation time step (6 s).

Table 3 contains the parameters of the liquid desiccant tanks for the simulations. The
initial mass value of the solution tank was the amount of liquid desiccant added to the
system during its operation in the demo site in Taipei. The overall heat transfer coefficient
of the solution tanks was adjusted by evaluating the evolution of the liquid desiccant
temperature measured inside the solution and the ambient temperature.

Table 3. Specifications of the liquid desiccant tanks.

Parameter Value
Initial mass (kg) 200
Initial LiCl mass fraction (%) 35%
Initial temperature (°C) 25
Specific heat of the solution (k]~(kg~OC)*1) [35] 2.71
Overall heat transfer coefficient (kW-°C~1) 0.021

2.2.3. Modeling of Other Components

As well as the air-solution contactors and the solution tanks, other components were
included in the system model. All the components described in this section were taken
from standard TRNSYS libraries or TESS libraries.

The solution heat exchanger and the air-air heat exchanger were modeled with the
standard component Type91. The cooling/heating coil was modeled with the standard
component Type5d. Table 4 contains the specifications of the heat exchangers.

The hydraulic components of the LDS are the two pumps that take the liquid desiccant
from the solution tanks and two diverting valves that distribute the liquid desiccant flow
through the different branches of the circuit. The pumps were modeled with Type3b, which
is a constant flow rate pump. The liquid desiccant flow rate was set at 2.5 kg/s, which
agrees with the measured values of the system. The diverting valves were modeled with
Type647 from the TESS libraries. The split ratio, which is the recirculated solution flow
divided by the total solution flow, was set at 0.93 for the two diverting valves of the circuit.
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Table 4. Specifications of the heat exchangers.
Parameter Solution Heat Exchanger Air-Air Heat Exchanger Cooling/Heating Coil
Cold side specific heat (kJ-(kg-°C)~1) 2.72 1.02 4.19
Hot side specific heat (kJ-(kg-°C)~1) 2.66 1.02 1.02
Effectiveness (-) 0.83 0.67 -
Overall heat transfer coefficient (kW-°C~1) - - 1.00

2.2.4. Modeling of the Control Strategy

One of the main advantages of dynamic simulations is that they can include the
control strategy in the model. Two different standard components were used to implement
the control:

o  Type2d, which is a generic differential on/off controller. This component was used to
start/stop the regeneration process as a function of the LiCl mass fraction at the inlet
of the absorber with a dead hysteresis band of 2.5%.

e  Type2b, which is a temperature differential on/off controller. This component was
used to set the operational mode of the system—that is, heating or cooling—as a
function of the room temperature with a dead hysteresis band of 2 °C.

In addition, a PID component (Type23 of standard libraries) was included in the model
for three different controls:

1. To set the airflow rate as a function of the room set-point temperature (25 °C).

2. Toset the water flow rate at the inlet of the absorber as a function of the room set-point
humidity ratio (0.010 kg /kgqa)-

3. To set the water flow rate at the inlet of the cooling/heating coil as a function of the
supply air set-point temperature (19 °C in summer conditions and 31 °C in winter
conditions).

Gain, derivative, and integral constants of the proportional-integral-derivative (PID)
controllers were separately tuned to improve their actuation. Moreover, the maximum and
minimum values for the water and airflow rates in the PID controllers are in agreement
with the fans and pumps specifications of the experimental installation.

2.2.5. Modeling of the Ambient Conditions

The dry bulb temperature and relative humidity were measured every minute for a
whole year. These measured data were used for dynamic simulations. As a summary of the
weather conditions, Figure 4 shows the monthly mean ambient temperature and humidity
ratio collected by the sensors. As can be observed, both the ambient temperature and the
humidity ratio were very high for six months (from May to October), with mean ambient
temperatures higher than 30 °C and mean humidity ratios of about 0.020 kg, /kgq, during
these months. The other months were cooler and drier, with mean ambient temperatures
and humidity ratios around 20 °C and 0.012 kg, /kgg,, respectively.

2.2.6. Modeling of the Internal Loads

To model the internal loads of the locker rooms, Type759 from the TESS libraries was
used. This component calculates the room air temperature and humidity levels using
two differential equations to solve the heat and mass balances. The user must provide
internal loads and ventilation conditions. In this case, the internal loads and the ventilation
conditions were calculated from real data taken during the system operation time. The
internal loads were calculated from the measured supply and return air conditions (airflow,
air temperature, and humidity ratio) obtained from monitoring the demonstration unit for
a whole year with a measurement time step of 1 min.

Figure 5 shows the monthly internal loads (sensible cooling, sensible heating, and
latent cooling) of the room. It is essential to mention that this room was closed in February
for one week, for two weeks in August, and three weeks in December. As can be seen from
this Figure, latent loads were always present and represented a significant amount of the
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total loads. However, sensible heating was more important from January to March and
sensible cooling, from April to November.

0.030 40
= Tamb M L 35
0.025 - -
~ —e— Wamb | 30
=4 —
= 0.020 - o
= VQ F25 o
= e
=
2 0.015 - M L20 &
e S
g 15 E
g 0.010 - P
3 L 10
0.005 -
L5
0.000 - 0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 4. Monthly mean ambient temperature and humidity ratio.
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Figure 5. Monthly internal loads.

3. Results
3.1. Validation of the Model

To validate the model, outputs calculated from simulations were compared with real
measurements of the system during operation. The left-hand graph in Figure 6 shows
the comparison between the air humidity ratios (supply and room values) calculated
from the dynamic simulation and the measurements of the real system for a typical day.
Similarly, the right-hand graph in Figure 6 shows the comparison between the absorber
water temperature calculated from the dynamic simulation and the measured values for
the same day of operation. According to the results, discrepancies between the calculated
and measured humidity ratios and absorber water temperatures were very small. The
differences found between Wy, and Wieom after 22:00 are because the system was shut
down at this time.

Table 5 also shows a statistical comparison between the results obtained by the simu-
lated model and the measured data during operation. In the same way, as in the figures
above, the compared variables are a good approximation of the modeled HLDS.

We also made a monthly and an annual comparison between the energy transferred
within the main components of the system (that is, the absorber, the regenerator, and the
heating/cooling coil). As an example, Figure 7 shows this comparison for three different
months: February, which is the coolest and driest month; April, which is an intermediate
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month; and June, the warmest and most humid month. As can be seen in this Figure, for
these three months, the discrepancies between the measured and the calculated results
were small. In the same way, the measured and the estimated annual results showed small
differences between them, as can be observed in Figure 7. Comparison between calculated
and measured monthly energy transferred in the main components of the system during
February (a), April (b), and June (c).
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Figure 6. Comparison between the calculated and measured air humidity ratios (a) and between the calculated and
measured absorber water temperatures (b) for a typical day.

Table 5. Statistical comparison between measured and simulated data of some parameters of the system.

WS“P Wioom

Statistical Parameter (kg -Kgas 1) (kguw kgan—1) Tsup (°C) Troom (°C) Tw,out,abs (°C) Tw,outreg (°C)
Standard deviation 0.0004 0.0003 0.3 0.3 0.2 0.1
Average calculated 0.0088 0.0129 20.6 25.6 19.7 49.3
Average measured 0.0086 0.0127 21.2 25.9 19.7 49.5
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Figure 7. Comparison between calculated and measured monthly energy transferred in the main components of the system
during February (a), April (b), and June (c).

Table 6, which contains the yearly difference between the energy transfer measured
and calculated as a percentage.
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Table 6. Annual difference between the measured and calculated energy transferred.

Absorber Regenerator Cooling Coil Heating Coil
Energy transferred difference (%) 49 9.9 11.1 52

These results show that the system can be regarded as validated. Therefore, in the
sections below, the model is used to make a sensitivity analysis of the system in different
working conditions.

3.2. Sensitivity Analysis

We used the model to perform a sensitivity analysis of three operational variables of
the system: the minimum LiCl mass fraction at the entrance to the absorber (a variable that
is used to activate the regeneration process), the inlet water temperature in the absorber,
and the cooling coil and the inlet water temperature in the regenerator and the heating
coil. In this regard, the system was simulated at 45 operational conditions. The inlet water
temperature in the absorber ranged from 12 °C to 16 °C, and inlet water temperature in
the regenerator ranged from 51 °C to 55 °C. These temperature values are in agreement
with the working temperatures that the heat pump can provide. The minimum LiCl mass
fraction ranged from 25% to 35%. The maximum LiCl mass fraction at the entrance to
the absorber (a variable that stops the regeneration process) was set 2.5% higher than the
minimum LiCl mass fraction.

The following annual variables of the system were analyzed:

e  The heating required by the HLDS, which is the annual heating needed in the regener-
ator and the heating coil.

e  The cooling required by the HLDS is the annual cooling needed in the absorber and
the cooling coil.
The air cooling (sensible + latent) in the absorber.
The number of hours in discomfort conditions.

Conditions were regarded as being uncomfortable whenever the room temperature
was higher than 26 °C or lower than 22 °C or whenever the room humidity ratio was
higher than 0.012 kg /kg4,. These criteria are in agreement with those suggested by
ASHRAE [38].

Mlustration (a) in Figure 8 shows the heating required by the HLDS as a function of the
three operational parameters evaluated. The minimum LiCl mass fraction at the entrance
to the absorber was the parameter with the greatest effect: the higher the minimum LiCl
mass fraction, the higher the heating required by the HLDS. This effect is because more
energy is required to regenerate more water from the desiccant. Furthermore, the higher
the inlet water temperature in the regenerator, the higher the annual heating required
in the regenerator. This effect is due to an increase in water regeneration at high water
temperatures. Inlet water temperature in the absorber did not show any significant effect
on the heating required by the HLDS.

As is shown in illustration (c) of Figure 8, both the inlet water temperature in the
regenerator and the LiCl mass fraction at the entrance to the absorber were the variables
that most affect air cooling in the absorber. The higher the inlet water temperature in the
regenerator, the higher the air cooling in the absorber. This effect is due to the higher air
dehumidification achieved in the absorber because of greater water regeneration. On the
other hand, the air cooling in the absorber reached a maximum at medium values of the
minimum LiCl mass fraction at the entrance to the absorber. This is due to two opposite
factors: (1) high LiCl mass fractions decrease the sensible cooling of moist air in dry months,
and (2) low LiCl mass fractions decrease the latent cooling of moist air in hot and humid
months.

Similarly, graph (b) in Figure 8 illustrates the annual cooling required by the HLDS. In
this case, since the cooling required was the cooling added to the absorber and the cooling
coil, the lower sensible cooling observed in the absorber for the higher LiCl mass fractions
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at the entrance of the absorber was compensated by the sensible cooling provided in the
cooling coil. This is why the cooling required by the HLDS remained stable when LiCl
mass fractions were high. Moreover, the inlet water temperature at the entrance to the
absorber also affects the cooling energy required because the cooling provided to the air
through the cooling coil was greater at lower temperatures.
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Figure 8. Annual heating required by the HLDS (a), annual cooling required by the HLDS (b), annual air cooling in the
absorber (c) and the number of hours at discomfort conditions (d) as a function of the minimum LiCl mass fraction, the inlet
water temperatures in the absorber, regenerator and the heating and cooling coil.

Finally, graph (d) in Figure 8 shows the number of hours in discomfort conditions as
a function of the three operational variables evaluated. The number of hours in comfort
conditions was inversely correlated to the cooling required by the HLDS: the lower the
number of hours, the higher the inlet water temperatures in the regenerator, the lower the
inlet water temperatures in the absorber, the higher the minimum LiCl mass fractions at
the entrance to the absorber.

3.3. Optimization and Annual Results

To select the operational conditions that optimize the seasonal performance of the
system, the results of the previous sensitivity analysis were used in a multi-objective
optimization analysis. The two graphs in Figure 9 illustrate the hours in discomfort
conditions as a function of the cooling (left) and the heating (right) required by the HLDS.
Since the three variables should be minimized, the Pareto front multi-objective optimization
method can be used. The darker points represent the operational conditions that coincide
with the Pareto front in both graphs. In this case, the number of hours out of comfort
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conditions was chosen as lower than 300. With this requirement, the selected point was the
value with a better ratio between the required energy and the number of discomfort hours.
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L .
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Figure 9. The number of hours out of comfort conditions as a function of the heating required by the HLDS (a) and the
cooling required by the HLDS (b).

The selected point corresponded to an inlet water temperature in the absorber equal
to 12 °C, an inlet water temperature in the regenerator equal to 55 °C, and a minimum LiCl
mass fraction equal to 30%. Table 7 contains the annual results of the HLDS working in the
optimized working conditions.

Table 7. Annual results of the HLDS working in the optimized working conditions.

Annual Result Value
Heating required by the HLDS (kW-h) 152,950
Cooling required by the HLDS (kW-h) 145,462
Total number of hours in discomfort conditions 262.6
Air cooling provided in the absorber (kW-h) 117,370

Figure 10 shows the monthly results of the system at the same working conditions.
Since the system does not recirculate any air from the room, the thermal loads were
significantly affected by the ambient conditions. During summer, the cooling required by
the HLDS was greater than the heating. However, during the winter, the heating required
was more than twice the cooling. This difference is due not only to the heating in the coil
but also to the heating in the regenerator, which was higher in the winter months than the
heat duty in the absorber. This suggests that a control strategy that changes the operational
conditions throughout the year could increase the seasonal performance of the system.
Finally, most of the total cooling required was provided by the absorber. There are two
reasons for this: latent cooling is higher than sensible cooling, and part of the sensible
cooling is provided by the absorber.
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Figure 10. Monthly results of the different thermal loads calculated from the monthly optimized control strategy.

4. Discussion

When a conventional air handling unit (CS) has to control both the moist air humidity
and temperature, it requires two devices: a cooling coil that cools the air below the dew
point to dehumidify it to the set-point supply air humidity ratio, and a heating coil to
achieve the set-point supply air temperature. A CS is less efficient than an HLDS, which
dehumidifies moist air without first having to decrease its temperature (see Figure 11).

Pressure = 101.3 [kPa] AirH20
1
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Figure 11. Conventional air handling unit cycle and HLDS cycle to control humidity and temperature

separately.

To evaluate the energy savings of the HLDS studied, it was compared with a CS in
terms of the thermal energy required by the two systems. Since the compared cases require
both cooling (to dehumidify the air in the CS and to dehumidify and cool the air in the
HLDS) and heating (to heat the air in the CS and to regenerate the liquid desiccant in
the HLDS), we assumed that both systems were coupled by a water-to-water heat pump.
Therefore, the comparison was made by quantifying the maximum thermal load (heating
or cooling) for each time step, assuming that the minimum thermal load was provided by
the waste heat of the same heat pump. Once the maximum demand was obtained for each
time step, they were integrated for every month and the whole year to calculate the energy
savings.

For the comparison between the two systems to be fair, the supply air conditions of
both systems were required to handle the internal loads (sensible and latent loads). The
assumptions in the energy consumption calculation in the CS are summarized in Table 8.
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Table 8. Assumptions made for the conventional air handling unit.

Parameter Value
Cooling coil bypass factor (-) 0.08
Supply chilled water temperature (°C) 7.0
Return chilled water temperature (°C) 12.0

According to the results, the annual thermal energy saving achieved by the HLDS
was 36,021 kWh, 16.97% of the CS energy requirements. As can be seen in Figure 12, the
highest energy savings were mostly for months with moderate ambient conditions, such
as March (29.60%) or November (26.55%). Moreover, the thermal energy required for the
HLDS was always lower than for the CS.

30,000

mConventional
25,000 - OHLDS

20,000 -

15,000 -

10,000 -

Thermal energy required (kWh)

5000 -

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 12. Monthly results of the thermal energy required by a conventional system and the HLDS at optimal working
conditions.

The HLDS was also compared with the CS in terms of exergy efficiency. Since the
HLDS was working most of the time at transient conditions, the comparison of the exergy
efficiency was made at nominal conditions. Table 9 shows these conditions. Operational
conditions of the HLDS correspond with the selected in Section 3.3 for the HLDS and Table
for the CS.

Table 9. Nominal conditions for the exergy efficiency calculation.

Parameter Value
Ambient air temperature (°C) 31.0
Ambient air humidity ratio (kgw /kgqa) 0.0190
Air flow rate (kg/s) 0.875
Supply air temperature (°C) 17.73
Supply air humidity ratio (kgw /kgga,) 0.0084
Room air temperature (°C) 26.0
Room air humidity ratio (kgw /kgg,) 0.0110

The exergy efficiency for the HLDS was calculated as:
NEx,HLDS = (Exsup - Examb) '(Exabs,in + Exccoil,in - Exabs,out - Exccoil,uut)_l (24)
The exergy efficiency for the CS was calculated as:
— -1
NEx,CS = (Exsup - Exumb) '(Exccoil,in - Exccoil,aut) (25)

In both cases, the heating required by the system was not considered as it was obtained
from the heating provided by the condenser of a water-to-water heat pump.
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According to the results, at nominal conditions, the exergy efficiency of the HLDS
was 40.8%, and the exergy efficiency of the CS was 25.8%. This enhancement in the exergy
efficiency is due to the lower cooling and the higher cooling water temperatures required
to dehumidify the air in the HLDS.

5. Conclusions

The model used for the air-solution contactors was based on the proposal by Hellmann
and Grossman [34] with new correlations for the solution-tube heat transfer and the
air-solution mass transfer coefficients as a function of the air velocity. At steady-state
conditions, the air-solution contactors model achieved deviations between the measured
and the calculated heat duty and dehumidification values that were less than 5% in the
absorber. Similarly, deviations were also less than 5% for the liquid desiccant regeneration
and the heating required in the regenerator.

When comparing the results obtained with the dynamic model of the HLDS in this
study with the measurements of a real HLDS, small discrepancies were found for a typical
day. Furthermore, when comparing the results for a whole year, the differences in the main
components of the HLDS were lower than 11.1%.

The validated model was used to perform a sensitivity analysis in terms of the heating
and cooling energy required by the HLDS, the cooling of the moist air in the absorber, and
the number of hours in discomfort conditions under different operational conditions of the
HLDS: inlet water temperatures in the absorber and the regenerator and minimum LiCl
mass fraction at the entrance to the absorber. We found that the operational variable that
most affected the seasonal performance of the system was the minimum LiCl mass fraction
at the entrance of the absorber, for which values of about 30% maximized the air cooling in
the absorber. However, the inlet water temperature in the absorber and the regenerator
also had a significant effect, especially at high LiCl mass fractions.

To determine the operational conditions that minimized the number of hours out of
comfort conditions and the heating and cooling required by the HLDS, a multi-objective
optimization analysis was carried out. In this regard, the selected point corresponded to
an inlet water temperature in the absorber equal to 12 °C, an inlet water temperature in
the regenerator equal to 55 °C, and a minimum LiCl mass fraction equal to 30%. When
analyzing the monthly results of the system operating under these conditions, it can be seen
that ambient conditions had a considerable effect on system performance. This suggests
that a control strategy that modifies the operational conditions throughout the year could
increase the seasonal performance of the HLDS.

Finally, the HLDS studied (operating at optimal conditions) was compared with a
conventional air handling unit in terms of the thermal energy required and the exergy
efficiency. The results showed that the annual energy saving achieved by the proposed
HLDS system was 16.97% and that energy savings were highest in months with moderate
ambient conditions, such as March or November. At nominal conditions, the exergy
efficiency of the HLDS was increased from 25.8% to 40.8% due to the lower cooling and the
higher cooling water temperatures required to dehumidify the air in the HLDS.
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Abbreviations

A Air-solution contact surface (m?2)

Cp Specific heat capacity (kJ-kg~!-°C~1)

d Tube diameter (m)

Ex Exergy (kW)

Gz Graetz number (-), Gz = d;-Pr-Re-L ™1

h Specific enthalpy (kJ-kg™1)

hwa Partial enthalpy of water in air (l(]-l(g{1 oC
hws Partial enthalpy of water in solution (l<]~l<g*1 oC 1
Le Lewis number (-), Le = oc-0~! 'cp_l

m Mass flow rate (kg-s~1)

M Mass (kg)

n Constant (-)

Nu Nusselt number (-)

p Pressure (kPa)

Pr Prandtl number (-), Pr = cp~pt-/\_1

R Thermal resistance (m2-°C-kW~1)

Re Reynolds number (-), Re = vd;v!

T Temperature (°C)

u Overall heat transfer coefficient (kW-°C~1.m~2)
v Velocity (m-s~1)

144 Humidity ratio (kgw -kga‘l)

X Lithium chloride mass fraction (%)

Greeks

o Convective heat transfer coefficient (kW-m~—2.°C~1)
B Solution-interface mass transfer coefficient (kg~m_2-s_1)
€ Friction coefficient of tube (-)

A Thermal conductivity (kW-m~1.eCc™1)

o Air-interface mass transfer coefficient (kg-m=2-s71)
n Efficiency (-)

H Dynamic viscosity (N-s-m~2)

v Kinematic viscosity (m?2-s~1)

Subscripts

a Air

abs Absorber

amb Ambient conditions

b Bottom

ccoil Cooling coil

da Dry air

i Internal

in Inlet

0 External

out Outlet

real Real values from measurements

reg Regenerator

room Room conditions

s Solution film

sup Supply conditions

t Top

w Water
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