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ABSTRACT

The performance of solar hybrnd liquid desiceant ceeling for
ventilation air preconditioning has been simulated for the month of
August in Miami, Florida. In the system analyzed, 95 % by weight
tricthylene glyeol was used as the desiccant.  The air dehumidifier and
the desicecant regenerator consisted of packed bed absorplion towers
operating at high hquid flow rafes. The heat required for desiccant
regencration was provided by a solar collector/storage subsystem.
Performance of the desiceant system was analvzed as a function of
system design parameters such as the desiccant storage volume, lhe
regenerator size, the hot water storage volume, and the solar collector
arca.  The chiller eclteetrical cnergy requirement, the regencralion
auxiliary energy demand. and the solar fraction for regencration were
eviluated as functions of the variables listed above. The simulation
revealed that by using solar hybrd liquid desiceant cooling for
ventilation air preconditioning in a hot and humid climate, as much as 80
% clectrical encrgy ¢an be saved compared to a conventional vapor
compression system.  However, il clectrical enerpy is to be used as
auxihary energy for the desiceant regencration, a large solar fraction for
regeneration (> 0.86) is needed in order to save electrical energy
compared to a conventional syslem. A configuration where the system
operated at a low desiceant lemperature and concentratton (20 °C and 90
% by weight) was also considered. In this configuration, it would be
required to coal the desiccant in a chiller, inereasing the chiller load as
compared to a conventional system.

NOMENCLATURE

cor cocflicient of performance

EER cnergy efficiency ratio (ratio of cooling in Bwh to the
cleetrical power input in W)

H cnthalpy (kJ7kg)

1
Author o whom all correspendence should be addressed.

[+ solar radiation incident on a tilted surface (MJAn-DAY)

Q energy requirement (GI/DAY, MI/DAY, or GI/month)

Y air humidity ratio (kg waterrkg dry air or g water/kg dry air)
€ entitalpy effectivencss

€y dehumidification etfectiveness

Subscripts

a air
equ equilibrium
IN inlet

QuUT outlet

INTRODUCTION

Conditioning of ventilation air in a hot and humid climate is an
encrgy infensive process. Since venlilation air must be adequately dried
for building humidity control, the ratia of latent 1o tolal cooling load is
large. A number of sirategies are possible for ventilation air
conditioning, as exemplitied by Rengarajan et al. (1996). In tins study,
the increased ventilation requirement due to ASHRAE Standard 62-1989
was found 1o increase the annual encrgy requirement and operating cost
by 10-15 % for a large office building in Miami, Flonda. Through
mathiematical modeling, the authors found that the conventional vapor
compression sysiem was unable to meet the increased latent cooling load,
with the result that the indoor relative humidity ltequently exceeded 60
%. Pretreating the outside air with a 100 % outside air DX (direct
cxpansion) unit or a gas lired desiccant unit maintained the indoor
refative humidity below 60 % for a larger part of the lime (93 %), as
compared to pretrealment using a heat pipe assisted water coil (30 % of
the ime) and an enthalpy recovery wheel (93 to 93 % of the lime). Also,
the desiceant systern was found to reduce the annual cleetric energy use
significantly.  Other researchers have demonstrated the viability of



desiccant systemns for ventilation air conditioning.  For example, Meckler
(1993) showed that the nstalled chiller capacily eould be reduced by 30
% by using the desiceant preconditioning unit. Thombloom and Nimme
(1993) compared a solar liquid desiceant dehumidification system to a
conventional vapor compression system for trealing the ventilation air
required for a supcrmarket in Miami, Florida. In their system, caleium
chloride was used as the desiceant and it was regenerated i a trickle
solar collector regenerator. A packed bed dehumidifier handled the
latent cooling and a vapoer compression unit handled the sensible cooling.
A cost analysis showed that the annual operating cost of the desiceant
systemn was significantly lower than tor a conventional system. In
another recent study, Spears and Judge (1997) presented resulls from a
ong year evaluation of a gas-fired desiccant ventilation air conditioner for
a Wal-Mart super center.  The control of the indoor humidily was
sipnifieantly better in the store that used the desiceant system as
compared lo a store using standard air conditioning. Besides the benefit
of improved comfort, the store using the desiceant system saved 13 %
energy compared to the control store.

With sueh promising results, desiccant cooling is of greal interest
for the application of ventilation air preconditioning,  Of the two basic
types of desiceants, liquid desiceants offer some advantages over solid
desiceant systems: according 1o [lowell (1987) the pressure drop through
a liquid desiceant system is smaller than the pressure drop through a
solid desiceant wheel; the ability to pump the liquid makes it possible to
conneet several small dehumidifiers 10 one large regeneration unit
(Harnman, 1990), which may be advantageous in large buildings: and
concentrated desiceant may be stored for use during the times when no
suilable source of regeneration heat 1s available.  This paper gives the
resulls from a system performance simulation of solar hybnd liquid
desiceant ventilation ais conditioning for the month of August in Miami,
Florida. A desiceant dehumidification system handles the latent cooling
load, while a conventional chiller is used to sensibly cool the air. The
sysiem examined in this study uses tricthylenc glyeol as a desiceant and
packed bed absorbers as the dehumidificr and the desiceant regenerator,
Solar heal is provided indirectly through a solar collector/storage systemn.
Iindings trom a previously conducted expenmental and theoretical study
of the performance of the packed bed  dehumidifier/regenerator
(Goswami and Oberg, 1997) were used as the basis for the design of
these components. TFor example, high hquid How rates are used in the
dehumidifier and regenerator to ensure welting of the packing.  The
present investigation focuses on the influence of system design
parameters such as the desiceant storage volume, the regenerator size, the
hot water storage volume, and 1he solar collector arca. Insight into the
design of solar hybrd desiecant systems is provided through an
evaluation of the chiller clecirical energy requirement, the regenuration
auxiliary energy demand, and the solar fraction for regeneration, as
functions of the parameters listed above.

SIMULATION MODEL DESCRIPTION

This study simulates the preconditioning of 0.5 m s (1000 cfm)
ventilation air using a solar hybrid liquid desiccant system (Figure 1),
and compares the cleetrical energy requirement for this process 1o that of
a conventional system.  The air 18 assumed te be cocled and
dehumidified from the ambient conditions te 24 = C and 50 % relative
Irumidity, corresponding (o a humidity ratio Y 9.5 g/kg. In the desiceant
system, the air is dried in a packed bed dehumidifier before it is sensibly
cooled by the chiller. Defore the desiccant (93 %4 by weight tnethylene
glyeol) enters the dehumidifier, 1t is cooled by exchanging heat with

water trom a cooling tower. Desiceant storage provides a buller so Ihat
the desiceant can be regenerated during the hours of the day when solar
energy is avmlable. In this study, it was assumed that the regenerator
operates al a constant desiceant flow rate between 10 AM and 7 PM solar
lime, and ihat no regencralion takes place duning the rest of the day. For
regencration, the desiccant is heated and brought into contact with a
moisture seavenging air stream in a packed bed tower. The temperature
of the desiccant entering the regencrator is set at 63 “C, wilh
regeneration hieat provided by a flat plate solar collector and hot water
storage subsystem, and by an auxiliary source if needed.
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Figure 1. Solar Hybrid Liquid Desiccant Cooling System
for Ventilation air Preconditioning

The perfonmance simulation was carried out in three steps. Initially,
hourly weather data for the month of August in Miani, Flonda, was
obtained using a weather gencrating subroutine available in the
simulation program TRNSYS (Klein ¢t al., 1990). Next, the perfonnance
of the system, excluding the solar subsystem, was modeled by carrying
oul mass anc energy balanees on each component.  This analysis was
conducted using a FORTRAN computer program. Fourly cliller loads
and regeneration energy tequirement for the desiccant system were
calculated as a function of the desiccant slorage volume and the desiceant
flow rate to the regencrator duning dayiime hours,  This flow rate
influenees the size of the regenerator part of the system, including the
size of the solar subsystem. The clectrical energy requirements to meet
the chiller loads were found by dividing the cooling loads by the
coctlicient of performance (COP). In the desiceant system, the chiller
moslly handles (he sensible cooling load. Thus, it should be noted that
sinee the air does not bave to be cooled below its dew point to condense
moisture, the chiller may be able to operate at a higher evaporator
temperature compared to that in a conventional system. Therefore, the
COP for the ¢hiller in the desiccant system may be higher than the COP
for a conventional chiller.  Nevertheless, a constant COP of 29
(correspoading to an EER-10) was assumed for botly chillers in this
study. Tinally, using the hourly regencration heat requirctnent oblained
from the simulation duseribed above, the solar hol water storage



subsystemn was modeled separately using TRNSYS (Klein et al., 1990),
Results from this part of the simulation included the meonthly solar
fraction for regencration (1.c., the pant of the regencration heat provided
by solar energy), and auxiliary energy requirement as a function of the
hot water storage velume and the solar colleetor area.  Note that (he
source of auxiliary energy is not specified.  Also, the auxiliary heat only
cames on if the temperature n the tank is too low to heal the desiceunt
to 65 "C. Tor this simulation, the solar collectors were at a lilt angle of
207, facing south.

Compenents in the desiccant system were desertbed using algebraic
cquations  rtepresenting  energy  and mass  balances, wath  certain
simplifying assumptions deseribed elow.  The cooling tower was
madeled by using a linear relationship between (he temperature of the
water Jeaving the cooling tower and the ambient wet bulb temperature.
This relationship was obtained from a curve fit of cooling tower
performance data given by ASHRAE (1992). The perfonnance of the
packed bed dehumidifier and repencrator was modeled using the
following relationships: a dehumidification eflectivencss, €  {(equation
1), defined as the actual change in huinidity ratio across the packed bed
divided by the maxinum possible change; and an enthalpy effectiveness,
€ ,, (cquation 2), defined as the actual change in air enthalpy across the
packed bed divided by the maximum possible change.
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Here, subscript equ refers to the value of the humidity ratio and cnthalpy
of air in ¢quilibrium with 1he desiceant at the local desiceant temperature
and concentration.  3oth the dehumidification eflectiveness and the
enthalpy effectiveness were assumed to be constant at 0.8, Findings
from expermmental and theorctical modeling of the packed bed
absorber/regencrator have shown that this is a conservative assumplion,
as the values may be as high as 0.9 (Goswani and Oberg, 1997). In
keeping with the operating ranges specified by Goswamni and Oberg
(1997), the hquid to air mass flow ratios i the dehumidifier and the
regenerator were sct at 4.5 and 3.75, respectively. It should also be noted
that only the amount of air necessary lo meet Lhe 1oad is passed through
the dehumidifier.  That s, if the conditions of the air and the desiccant
entering are such that the humidity ratio of the air leaving the
dehumidifier will be lower than 9.5 g/kg, some of (he air is bypassed so
that the humidity ratic at the mixing point following the dehumidifier is
9.5 g/kg. The desiccant flow rate (hrough the dehumiditier s then
adjusted 1o maintain the same liquid to air mass flow ratio. Furthermore,
it the dehumidifier cannot meet 100 % of the latent load, the remaining
latent cooling requirement is imposed on the ehiller. The effectiveness
of the liquid-to-liquid heat exchangers was assumed to be (L8, and the
effectiveness of the air-to-air heat exchanger in the regenerator section
was assumed to be 0.6.

In the system simulation, desiccant storage volumes between 2.5 m*
and 10 n Y were considered, and the desiccant flow rate to the
regencralor was varied between 7650 kg/hr and 12000 kg/hro The

performance of the solar system was modeled using the output from the
system simulation for the case with 5 m * desiceant storage and the
desiecant flow rate to the regenerator equal to 7650 kg/hr. With this flow
rate, aml assuming that the amount of air to be exhausted from the
buildng equals the amount of ventilatien air, dry relurn air can be used
in the regenerator, which gives the desired desiccant to air flow ralio
3.75. In the solar subsystem simulation, the solar collector arca was
varied between 200 m 2 and 600 m? |, and the hot water storage volume
was varied between S m Yand 15 m ? Duc to additional system
companents i the desiceant system compared to the conventional
system some parasitic clectrical energy will be required, e.g., pumping
power lor desiccant and water, and additional fan power due to inereased
systetn air pressure drop. For the present study, these parasitic energy
requirements have been assuned negligible compared to the fan and
ehiller power requirement of a conventional system.

RESULTS AND DISCUSSION

Figure 2 shows the daily solar radiation incident on the solar
collectors for the month of August in Miami, Florida. The <atly cooling
Joads neeessary to bring 0.5 m */s from the ambieat condilions to 24 “C
and 30 % relative hwinidity are plotted in Figure 3. It can be seen that
the latent cooling load makes up a large part of ihe total coeling load.
The systermn performance is presented below as a lunction of design
parameters stch as storage size and collector area.

Effect of Desiccant Storage Volume and Desiccant
Regenerator Size

The driving torce for the mass transfer process in the dehumidifier
1s the difference in the vapor pressures in the air and the desiccant.
When the desiceant vapor pressure is lower than the vapor pressure in the
air, waler is absorbed from the air into the desiecant. A higher desiceant
concentration and/or a lower desiceant temperature decreases its vaper
pressure.  In order to meet the dehumidification requirement of the
ventilation air eonditioning, the desiceant concentration and temperature
entenng the deliumidifier must be such that the equilibrium air humidity
ratio al the top of the dehumidifier (Y )15 low enough so that the outlet
air humidity ratio (Y o) can mecet the load. Dunng the hours when the
regenerator is not operating, the desiccant concentration in the slorage
witl steadily decrease. At some point, it may be too low to satisfy the
latent coaling requircment.  The average concentration in the desiccant
storage tank during a 24 hour period can be maintained at higher levels
by increasing the storage volume, by regenerating for longer hours,
andfor by increasing (he destecant flow rate to the repenerator during the
haurs when the regenerator is operating. For a given packed bed height,
if the inlet condilions of the air and desiceant to the regencerator, and the
liquid to air mass flow ratio are constant, the change in the desiceant
coneentration (hrough the regenerator s constant regardless of the
desiceant flow mate.  Thus, by increasing the destceant flow rate to the
regencrator, more water is removed {rom the desiceant storage per unil
ume.  However, inereasing the desiceant flow rale requires a larger
regenerator, making a larger solar subsystem necessary.

Figure 4 shows the monthly pereent latent load met by the
dehumiditier, as a function of the desiccant storage volume and the
desiceant flow rate to the regenerator. Over 90 % of the latent load is
net by the desiceant system for the entire range of operating conditions,
The percent of the latent load met by the dehumidifier slightly inereases
with increasing desiceant flow rate and/or increasing desiceant storage
volume. Figure 4 also shows the pereent electnical energy saved at the
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Figure 2. Daily Solar Radiation Incident on the Tilted
Collector Surface for the Month of August in Miami,

Florida
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Preconditioning of 0.6 m’/s Ventilation Air for the Month of
August in Miami, Florida
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Figure 4. The Influence of Desiccant Storage Size and
Regenerator Flow Rate on the Fraction of the Latent Load
Handled by the Dehumidifier, and the Percent Electrical
Energy Saved at the Chiller

chilfer, which is only marginally influenced by lhe two parameters. In
summary, Figure 4 illustrates that in order to handle 100 % of the latent
load in the dehumidifier, the desiceant storage volume and the desiceant
flow rate to the regenerator must be very large. However, the resulting
additional cleetrical energy savings at the chiller may be insignificant, so
it 1s 1nore advisable to size the system at lower percentages.

Eftect of Hot Water Storage Velume and Solar Collector Area

The amount of auxiliary energy is a function of the amount of solar
heat provided by the solar subsystem. Therefore, the monthly auxiliary
cnergy requirement was determined as a funclion of the hot waler storage
size as well as the solar collector arca, as shown in Figure 5a. Tor a
given hot water storage volume, the auxiliary energy requirement
decreases rapidly with inereasing solar collector area until a collector
area is reached where the slope of the curve flattens out.  Figure 5b
shows the daily auxiliary energy requirement for three days with varying
cloudiness. For a very clear day (August 16) the auxiliary energy
requiremient is climinated by using a collector area of 300 m *, while for
a very eloudy day (August 11) inereasing the collector arca has no effect
on the auxiliary energy requirement.  Figure Sa displays that a
combination of large collector arca and large hot walcr storage volume
gives the largest reduction in auxiliary cnergy requirement.  Ilowever,
not even 600 m? collector area in combination with a 15 m ¥ hot water
storage eliminates the need for auxiliary energy to precondition 0.5 m s
{1000 ¢fm) ventilation air.

It is also of interest to know the fraction of the regeneration energy
that can be provided by solar cnergy. Figure Ga shows the monthly
percent solar energy lor regencration as a function of the hol water
storage volume and the solar collector area. Tor a fixed solar collector
area, increasing (he hot walter storage volune from 3 m *to 10 m*
significantly increases the percent of the regeneration energy that is
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Figure 5. Auxiliary Energy Requirement versus Solar
Collector Area: (a) Monthly Performance for Various Hot
Water Storage Sizes; (b) Dally Performance for a Range of
Climatic Conditions

Figure 6. Percent Solar for Regeneration versus Solar
Collector Area; (a) Monthly Performance for various Hot
Water Storage Sizes; (b) Daily Performance for a Range of
Climatic Conditions



provided by solar energy. An additional increase of the storage volume
from 10 m * 1o 15 m* does not have as large an effect. Also, (or a given
kot water storage volume, as the solar collector area increascs the pereent
solar energy for regenceralion increases, However, as the solar collector
area becomes large the slope of this curve levels oft. Figure Ob shows
that for a very clear day, a 300 m * colleclor arca makes it possible for
the solar subsystem to provide all of the regeneration heat. However, on
a very cloudy day Ihe solar system does not provide any heat for
regeneration regardless of collector area.

Figures 5 and 6 indicale that to design a system using 100 % solar
energy for regeneration would require a very farge sofar collector arca in
combination with a very large hot water slorage volume, Tbus, it seems
more likely that a system would use some auxiliary energy. Figure 7
shows that a linear relationship exists between the auxiiiary energy
requiretient and the percent solar cnergy used for regeneration as
obtained from all the simulations performed on the solar subsystem. The
monthly ¢leetrical energy saving at the chiller as compared to a
conventional system 1s also indicated in Tigure 7. Note that the auxiliary
energy requirement should not be larger than the clectrical encrgy
savmgs at the chiller if cleetric heaters are to be used to supply auxiliary
leat.  Thus, the minimum pereent solar for using clectrical auxihary
energy 1s found from the curve it by sctling the awxliary cnergy
requircment equal to the savings at the chiller.  In this study, this
minimum value was found to be about 86 %. Similarly high vajues
(about 88 %) were obtained by Herndndez ct al. (1996) n their
performance analysis of a solar-assisted hybrid liquid desiceant system
combining a solar absorption chiller with a desiccant dehumidilier.

Low Temperature and Low Concentration Desiccant System

Operating the desiceant system at a temperature below 26 °C has
been suggested as an alternalive mode of operalion. Siek et al. (1988)
studied a liquid desiceant system in which the desiccant was cooled in 4
chiller before entenng the dehumidifier. Thus, both latent and sensible
cooling ol ventilation air was oblained in the packed bed desiceam
conditioner.  Because of s simplicity, such a contiguration appears
altractive.  Furthermore, when using tricthyvlene glyeel as the desiceant,
lower temperatures will minimize the evaporation of glyeol in the
dehwmnidifier.  Chung et al. (1995 and 1993) camied out expenmental
studics of the dehumidification of air in packed bed absorplion towers
using dusiceant temperatures between 15 “C and 21 °C. In a hunid
climate, such low desiccant temperatures are not always possible to
obtain by nsing cooling water from a cooling tower, so cooling using a
chiller may be required.

To examine the use of a cool and more dilute desiceant in the solar
hybrid desiceant system, a simulation was carried out for an average day
in August in Miami Florida, using triethylenc glyeol at 20 °C. Because
the desiceant 18 now cooler, a more dilute destecant can be used while
still  maintaining  the  vapor  pressure  low  enough to  achieve
dehumtdification.  The system layout was modilicd as shown in Figure
8. Dy using the cool desiceant, both the dehumidification and sensible
cooling of the air took place in the dehumidifier. The chiller was placed
between the desiccant storage tank and the dehunudifier. Overall, this
layout deercases the number of system components, which could help m
reducing the first cost of the systemn. Another benefit of aperating al low
desiceant lemperature and coneentration is that the desiceant lemperature
at the regenerator entrance is now 435 °C compared to 65 “C when using
a higher desiccant concentration. A lower regencration temperature
results in a higher efficiency of the solar collectors.
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Results from the simulation of 1he low desiccant temperature system
are shown in Figure 9. The hourly chiller load of this system is
compared to that of a conventional vapor compression system.  As
shown, the desiceant systemn has a much higher chiller load compared 1o
a conventional systemn.  This is due to the parasitic heat added to the
desiceant storage, especially duning the hours of regeneration (10 AM to
7 PM). Configurations where a cooling tower was added between the
desiceant storage and the chiller and between the regenerator side and the
desiceant storage were also examined.  No significant improvement of
the desiccant system was oblained by hese additions, which ¢an be
aftributed to the high wet bulb temperatures in Miamt. Theretore, despite
the apparent benefits of using a coal dilute desiecant, it is not desirable
from an energy peint of view. These (indings difter from the results
presented by Sick et al. (1988), who showed the chiller load and the
operaling cost to be reduced for the solar desiceant systemn as compared
1o a conventional systent. This may be explained by the lower ratio of
desiceant flow rate to air flow rate in the dehurmidifier as compared to the
ratio in the present study. For a lower desiceant o air flow ratio, the
amount of desiccant o e cooled per unil ass of air to be conditioned
is lower. As previously mentioned, the higher desiceant flow rates
emploved 1 the present study were selected based on expernnents
conducted on a packed bed absorplion tower (Goswami and Oberg,
1997). With a low flow rate, adequate wething of Lhe packing was not
possible, and resulted in low cffectiveness of the dehumidification and
regeneration processes.  Thus, in actual desiceant cooling systems, the
need for relatively high desiceant to air flow ratios may severely penalize
this particular configuration.
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CONCLUDING REMARKS

By using solar hybrid Jliquid desiceant cooling for ventilation air
preconditioning in & hot and humid elimate, as much as 80 % clectrieal
cnergy can be saved compared 10 & conventional vapor compression
systeny. To save cleetrical energy using cleetric heaters as the souree of
auxiliary heat, the ainount of anxiliary energy cannot exceed the amount
of eleetrical energy saved at the chiller. Hunce, a large solar lraction for
regenceration (> 0.86) would be needed in order to save clectrical energy
compared (o a conventional system. Because of cloudy days where no
uscful energy is provided by the solar syslem, very large collector arca
and hot water storage volume arc required in order to obtain such high
monthly solar fractions. Therefore. a scasonal performance analysis,
exploring a number of sources for auxiliary heat is warranted at this

stage.  This should include a cost analysis, as well as an coergy
ctticieney analysis starting at the primary encrgy source.

Since the simulation was conducted on a per air flow rate basis, the
resulls presented in this paper can be scaled up or down depending ou the
flow rate needed.  Some cases where desiccant ventilalion  air
preconditioning may result in large annual clectrical energy savings and
improved indoor humidity control arc laboratories, supernmarkets, and
health care facilitics. Thercfore, filure studies of desiceant cooling tor
these applications are of greal interest.
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