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Abstract

the resources available.

Waste heat, Thermal comfort

Thermally driven desiccant- and evaporative cooling-based technologies are promising greener and cheaper alterna-
tives to compressor-based systems due to the separate handling of latent and sensible loads. Desiccant air-condi-
tioning (DAC) systems comprise a desiccant dehumidifier, a sensible cooling unit, a heat source for regeneration, and
a heat recovery unit. These components of a DAC system can be arranged in various ways to give different configu-
rations with varying advantages and disadvantages. In this study, five configurations of thermally driven desiccant
dehumidifier- and dew point evaporative cooling (DPEC)-based DAC systems were investigated. Seven evaluation
criteria namely regeneration temperature, desiccant moisture removal capacity, COPt, DPEC L/H, heat exchanger UA,
system size, and fan power requirement were employed. Results show that the standard cycle in ventilation mode
offers the highest COPt despite having the highest regeneration temperature. Recirculation of the return room air can
operate at a significantly lower regeneration temperature at the expense of larger equipment size and much lower
COPt. DAC with an internally cooled dehumidification can operate at low regeneration temperature at the expense of
higher fan power and slightly lower COPt. Dividing the dehumidification process into two stages can offer operation
at moderately lower regeneration temperature without severely affecting the other criteria. This study can serve as a
guide for the selection of an appropriate DAC configuration for space cooling depending on the objective criteria and
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1 Introduction

Space cooling consumes a huge fraction of electricity
end use in tropical countries. In the Philippines, mean
maximum dry bulb temperature and specific humidity
range from 30.2 to 23.0 g/kg dry air (83.8% RH) in the
rainy months to 33.4 °C and 24.9 g/kg dry air (75.5%
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RH) in summer which is far outside the thermal com-
fort zone recommended by ASHRAE 55 [1]. In 2011,
31.1% of electricity end use in the residential sector was
used for space cooling and air-conditioning (AC) [2]. In
the ASEAN region, AC ownership is expected to grow
in the coming decades from the current average of 10%
as the region continues to industrialize and econo-
mies progress [3, 4]. Thermally driven desiccant- and
evaporative cooling-based technologies are promising
greener and cheaper alternatives to compressor-based
systems due to the separate handling of latent and sen-
sible loads. These systems utilize thermal energy as the
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primary energy source while using minimal electric-
ity to drive the flow of air. As such, these systems can
reduce the reliance on fossil fuel-derived electricity.
In addition, when operated using solar heat, these sys-
tems can run at significantly reduced operating costs
and appreciably reduce the electricity use during peak
hours, thereby lessening the strain to power producers.

Desiccant air-conditioning (DAC) systems, in gen-
eral, consist of a desiccant dehumidifier for latent heat
reduction, a cooling unit for sensible heat reduction,
a heat source for desiccant regeneration, and a heat
exchanger for heat recovery. While several studies have
been performed on DACs based on direct evaporative
cooling (DEC) [5-9], DACs based on dew point evapo-
rative cooling (DPEC) have only gained greater interest
recently [10-13]. Dew point evaporating cooling, also
known as Maisotsenko cycle, regenerative evapora-
tive cooling, or wet surface heat exchange, is an indi-
rect evaporative cooling process capable of cooling the
air to its dew point temperature which is lower the wet
bulb temperature limit of conventional DECs. In DPEC,
a single stream of air flows sequentially through the dry
and wet channels (Fig. 1) where the evaporative cool-
ing in the wet channel cools the air in the dry chan-
nel, and the warmer air in the dry channel provides
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additional driving force to the wet channel for evapora-
tion [14-16].

DAC systems can be arranged in various configurations
for air-conditioning applications. The most common con-
figuration is the standard cycle in ventilation mode, also
known as open cycle, as shown in Fig. 2. Due to the exo-
thermic nature of adsorption, the temperature increases
as humidity decreases during desiccant dehumidification.
The regeneration temperature required to desorb the
moisture from the desiccant is defined by the tempera-
ture of the regeneration air at the same relative humidity.
As such, in order to decrease the humidity level of humid
air to comfortable levels, high regeneration temperature
is usually necessary, thereby limiting the application of
the open cycle configuration.

In recent years, several efforts have been made to
reduce the regeneration temperature of desiccant dehu-
midification as well as to improve the adsorption capac-
ity of the desiccant to mimic the ideal isothermal route
by performing dehumidification with internal cooling
or multistage dehumidification with interstage cooling.
Desiccant wheels with internal cooling mechanism using
cooling water have been shown to improve the dehu-
midification performance by 45-53% [17] and 48% [18].
Improved dehumidification performance was achieved
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Fig. 2 Psychrometric (left) and process flow (right) diagram of a standard cycle in ventilation mode (StV)
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when the temperature difference between the cooling
water and inlet air was increased, when the regenera-
tion temperature was increased, and when the inlet air
humidity is high [19]. Due to the challenges involved with
the removal of adsorption heat in rotary-based desiccant
wheels, desiccant-coated heat exchangers (DCHE) were
proposed and investigated as an alternative design to
realize isothermal dehumidification (Ge et al., 2013; Ucok
et al,, 2018; Vivekh et al., 2018). The fins of the pipes of
a heat exchanger are impregnated with desiccant which
dehumidifies the air, whereas adsorption heat is removed
by the cooling water flowing in the tubes, thereby
increasing the heat transfer rate.

Elzahzby and co-authors [20] numerically investigated
a DEC-based DAC system with two stages of dehumidi-
fication performed in series and two-stage regeneration
performed in parallel using a desiccant wheel dehumidifi-
cation area to regeneration area ratio of 11:2. To compen-
sate for the lower regeneration area and parallel operation
of regeneration, a much higher regeneration temperature
was employed to expedite desorption. Nevertheless, a
COPt of 1.25 was obtained for a cooling capacity of 2.6
kW. Ge and co-authors [21] experimentally studied a
similar DEC-based DAC system with two-stage series
dehumidification and two parallel regeneration using a
process air to regeneration air mass flux ratio of 2.43:1.
As such, higher regeneration temperature was used.
Moisture removal by the desiccant displayed increas-
ing trend as regeneration temperature was increased,
whereas COPt was negatively affected. Huan and Niu
[22] numerically studied a two-stage DEC-based DAC
system wherein both dehumidification and regeneration
were performed in series. A COPt of 0.979 was realized at
a regeneration temperature of 60 °C. Gadalla and Saghafi-
far [11] studied three configurations of DPEC-based
DAC systems using three DPECs which served as either
interstage cooler or final sensible cooler. Outdoor air was
conditioned from 40 °C and 0.015 kg/kg da to roughly 13
°C and 0.0075 kg/kg da using a regeneration temperature
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of 60 °C. An average COPt of 1.77 was achieved using a
solar heater as the heat source.

An alternative means to condition air at much lower
regeneration temperature is by recirculating the colder
and drier return room air as the process air and repeat-
edly decreasing its latent and sensible heat load. Bour-
doukan and co-workers [23] compared the performance
of DEC-based DAC system for a ventilation cycle and
recirculation cycle at the same regeneration temperature.
The heating requirement for regeneration is higher for
recirculation cycle than the ventilation cycle. In addition,
ventilation cycle was found to be more sensitive to the
inlet air conditions than recirculation cycle.

DAC systems can be arranged and operated in count-
less number of ways depending on the number of com-
ponents. These arrangements have their own advantages
and disadvantages depending on the outdoor air condi-
tions and objective criteria. This study aims to consoli-
date five general configurations of DAC systems based
on DPEC for hot and humid conditions, namely standard
cycle in ventilation mode (StV) aka open cycle, standard
cycle in recirculation mode (StR), internally cooled dehu-
midification (ICD), 2-stage dehumidification without
interstage cooling (2SD), and 2-stage dehumidification
with interstage cooling (25SD-IC) as shown in Figs. 2, 3, 4,
5 and 6, respectively. These configurations were evaluated
in terms of seven criteria, namely regeneration tempera-
ture, moisture removal capacity of the desiccant, thermal
COP, DPEC L/H, heat exchanger UA, system size, and
fan power requirement. This work can serve as guide for
the selection of an appropriate configuration depending
on the situation and desired objectives.

2 Methodology

2.1 DAC configurations and operating conditions

The operating conditions employed in this study are
listed in Table 1. For humidity control, rotary honey-
comb desiccant wheel with RD-type silica gel operating
in 1:1 area ratio for adsorption and desorption modes
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Fig. 6 Psychrometric (left) and process flow (right) diagram of a 2-stage dehumidification cycle with interstage cooling (2SD-/C)

was considered. For sensible cooling, a counterflow
dew point evaporative cooler was used. For heat recov-
ery, a counterflow plate-and-fin-type heat exchanger
was adopted. Table 2 shows the relevant design param-
eters of the DAC components.

In StV (Fig. 2), fresh outdoor air is dehumidified with
concurrent increase in temperature. The high-tempera-
ture dehumidified air is precooled via heat exchange with
the regeneration air, which is the room return air, after
which is sensibly cooled by the DPEC. In StR (Fig. 3), the
return room air is used as the inlet to the dehumidifier

after which is fed directly to the DPEC for sensible cool-
ing. Due to recirculation of the cold and dry room air
as the process air, the set point can be achieved even at
lower regeneration temperature at the expense of lower
specific enthalpy reduction. As a compensation, higher
air flowrates are necessary to meet the required cooling
capacity. Configuration ICD (Fig. 4) works similar to StV
with the addition of a heat rejection mechanism during
dehumidification to provide the same specific humid-
ity reduction even at lower regeneration temperatures.
However, at lower regeneration temperature, the specific
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Table 1 DAC operating parameters and air conditions
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Operating parameter Value  Configuration  Specific enthalpy Process air Regeneration air  Regeneration
reduction (kJ/kg da) flowrate (kg/h) flow rate (kg/h) temperature
(°Q)

DAC cooling capacity, kW 25 StV 517 249 249 77.1

Product air velocity, m/s 0.7 StR 11.7 1096 1096 483

DPEC working ratio 03 ICD 51.7 249 582 449

Outdoor air temperature °C 33 25D 51.7 249 249 60.3

Outdoor air humidity, kg/kg da 0.025 2SD-IC 51.7 249 249 55.0

Product air temperature °C 20

Product air humidity, kg/kg da 0.010

Return room air temperature, °C 24

Return room air humidity, kg/kgda ~ 0.013

Table 2 DAC component channel parameters and pressure drop coefficients

Equipment Channel shape Channel height, m Channel width, m fRe Minor loss component Loss
coefficient,
¢

Desiccant wheel Sinusoidal 0.00175 0.0035 52.96 [24] Sudden contraction 0.5

DPEC® Rectangular 0.004 0.040 84.70 [25] Sudden expansion 1.0

Heat exchanger Rectangular 0.004 0.006 58.86 [25] 180° diversion 1.1

@ Channel dimensions are the same for both dry and wet channels

moisture holding capacity of the regeneration air is lower
due to its higher relative humidity and hence must oper-
ate at higher air flowrates to desorb the same amount
of adsorbed moisture. In 25D (Fig. 5), dehumidification
is divided into two stages, using the same total desic-
cant length and same set of equipment as StV, to allow
the same specific humidity reduction using a moder-
ately lower regeneration temperature. The dehumidified
air exiting the first stage is precooled via heat exchange
with the return room air prior to the second-stage dehu-
midification. The dehumidified air from the second-stage
desiccant unit is then directly fed to the DPEC at much
higher temperature. In this configuration, dehumidifica-
tion is divided such that the outlet temperature in the
first stage is high enough to serve as the heat source for
the regeneration of the desiccant in the second stage.
As such, the first-stage desiccant unit does more dehu-
midification than the second. In configuration 2SD-IC
(Fig. 6), dehumidification is performed in two stages with
an additional intercooler to further precool the air enter-
ing the second stage. This increases the dehumidification
capacity of the second desiccant unit, thereby reducing
the dehumidification load in the first stage. Due to the
more even distribution of dehumidification between the
two stages, a much lower temperature can be used for
regeneration. Heat recovery is performed after the first

and second stages of dehumidification to precool the
dehumidified air as well as preheat the regeneration air.

2.2 Psychrometric and performance analysis

Process and regeneration air conditions were ana-
lyzed using psychrometric relationships and illustrated
in a psychrometric chart. Adiabatic dehumidification
and regeneration were assumed to follow the constant
enthalpy line. Regeneration temperature is depicted to be
the temperature of the regeneration air at the same rela-
tive humidity as that of the dehumidified air. Likewise,
the outlet relative humidity after regeneration cannot
exceed that of the supply air.

The specific enthalpy of air was calculated as a function
of temperature and humidity ratio. The mass flowrate
of the process air, m,, is calculated based on the 2.5 kW
cooling capacity (Qqypy) and the specific enthalpy dif-
ference between the supply air and the product air. The
mass flowrate of the regeneration airstream is calculated
from the moisture balance between dehumidification and
regeneration. Heating load (Q,,,) is calculated as the
difference between the enthalpy before and after heat-
ing. Thermal COP was calculated as the cooling capac-
ity divided by the total heat input. Additional cooling
related to internal cooling for /CD and interstage cooling
for 2SD-IC was disregarded in COPt calculation on the



Lao etal. Int. J. Air-Cond. Ref. (2022) 30:12

assumption that the coolant is sourced from the ambient
and is free.

h=CpaT + (CouT + hyap) W (1)

", — Qoutput 9
P (hpr,in — hppEC,0ut) @

= mp(WDH,in - WDH,out) 3)
(WRG,out — WrG,in)

Qinpur = my (hHT,out + hHT,in) (4)
COP; — Qoutput (5)
input

h,p is the latent heat of vaporization of water at O °C
(2501 KkJ/kg), whereas Cpa = 1.006 kJ/kg-K and Cow =
1.805 kJ/kg-K. Outlet temperatures during heat exchange
were calculated via the NTU method at 80% effective-
ness. Likewise, the heat exchanger UA, which represents
the required heat transfer area given a certain overall
heat transfer coefficient, was also derived to compare the
design requirement to achieve 80% heat recovery.

2.3 Component design parameters

During dehumidification, sorption occurs only at a cer-
tain span of the entire sorbent bed length also known
as the mass transfer zone or breakthrough curve length.
This length, which depends of rates of heat and mass
transfer, prescribes the minimum length of the bed which
will give the desired minimum humidity of the air. At the
onset of dehumidification, the breakthrough curve com-
mences at the entrance region and slowly moves toward
the flow direction as the sorbent reaches its maximum
adsorption capacity. Increasing the bed length beyond
the breakthrough curve length does not affect the outlet
air humidity but rather allows for a longer dehumidifica-
tion period before switching to regeneration while also
increasing pressure drop and material cost. Customarily,
the desiccant bed length is designed to be slightly longer
than the breakthrough curve length under ordinary
operating conditions but not overly long to extensively
increase pressure loss and material cost. On the assump-
tion that the minimum humidity achievable mainly
depends on the relative humidity of the regeneration air,
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and that the desiccant wheel operates at their optimum
rotational speed, a fixed desiccant bed length of 0.3 m
was used per 0.015 kg/kg da humidity reduction for all
configurations. For multistage systems, the bed length
was divided relative to the humidity reduction per stage.
For the system operating in recirculation mode, the des-
iccant length was calculated based on humidity reduction
at the onset of operation which is greater than when at
steady state. The length of the DPEC was calculated by
multiplying DPEC L/H (see Section 2.5) to the channel
height. For the plate-fin heat exchanger, its length was
calculated as follows for laminar flow [25]:

_ PrRed,NTU

Ly = —7"— 6
HX ANy (6)

Nu =7541(1 - 2.61a + 4.97a® — 5.119a° + 2.702a* — 0.548a°)
(7)
where a is the ratio of the shorter side to the longer side
of the channel. The flow cross-sectional areas of the DAC
components were calculated as a function of the air volu-
metric flowrate, derived using the average air density per
process.

2.4 Moisture removal capacity

RD silica gel was used as the desiccant in the study. The
effective moisture removal capacity (MRC) of the des-
iccant dehumidifier was calculated as shown in Eq. 8.
Adsorption uptake for RD silica gel was evaluated
according to the Dubinin-Astakhov model in Eq. 9 [26]:

> mads,i(winlet,i - Wregen,i)

Z Myds,i

RT,. P\"
w=woexpy —{ % lnF )

where w, = 0.48 kg HZO/klg adsorbent, R = 8.314 ]/
mol-K, E = 3030 + 192RH ™13 J/mol, and n = 1.6. The
mass of the desiccant was calculated from the desiccant
wheel design parameters and a desiccant thickness of
0.0002 m.

MAC = (8)

2.5 DPECL/H

The ratio of the DPEC length to its channel height was
used as the criteria to evaluate the dimensionless length
required for the DPEC inlet air to be cooled to the desired
product air temperature. This parameter was estimated
using the following empirical correlation as developed
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by Lin et al. [27] which describes the relationship among
DPEC geometric parameters, operating parameters, and
supply and outlet air conditions.
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much higher flowrate for both the process and regenera-
tion sides to realize the required cooling capacity. These
characteristics are major determinants in the many of the
evaluation criteria in the following sections.

0.0941 o 1.4606
T 3 T <HL) {hva;;(Dw;(pvs,eprv,m) } (1 _ 0'2024‘5’”—0,52818)
p in — 97537 1/2 w( dp,in— in) (10)
Tap,in — Ti (tzpeec )048 ( ZDPEC,1/2 )0'401
v Lppec

For the determination of p ., mass and energy bal-
ances were performed assuming a product air tempera-
ture at the dew point and employing a fixed working ratio
of 0.5 [27].

2.6 Fan power

The minimum fan power requirement was calculated
based on the pressure drop across all the DAC compo-
nents according to the following equations [28]:

APV
pp="2"0 (11)
nont
L pu?® ou?
AP =f—"— — 1
I35 +> ¢ (12)

where 7, #,, and 7, are the fan internal efficiency,
mechanical efficiency, and motor capacity coefficient
with values of 0.75, 0.90, and 1.1, respectively. fRe, from
which the friction factor, f, was derived, and the loss coef-
ficient, (, is listed in Table 2 [28].

3 Results and discussion

3.1 General features

The general operating parameters for the five DAC con-
figurations are summarized in Table 1. For a continu-
ous and balanced operation, the moisture adsorbed by
the desiccant during dehumidification must be equally
removed during regeneration. For a 1:1 desiccant allot-
ment for dehumidification and regeneration, the process
and regeneration air flowrates are generally identical as
can be observed for StV, StR, 25D, and 2SD-IC (Table 1).
For ICD, however, due to the lower moisture hold-
ing capacity of the regeneration air at low regeneration
temperature and higher relative humidity, regeneration
air flowrate must be 2.34 times that of the process air
(Fig. 4). For StR, recirculation of the colder and drier
return room air while limiting the extended increase in
desiccant temperature allows for a lower regeneration
temperature. This approach, however, also limits the
specific enthalpy reduction and hence must operate at

3.2 Regeneration temperature

The effect of employing various strategies to lower regen-
eration temperature can be seen in the psychrometric
plots in Figs. 2, 3, 4, 5 and 6 and summarized in Table 1.
StV required the highest regeneration temperature at
77.1 °C. In 28D, regeneration temperature was brought
down to 60.3 °C by dividing dehumidification into two
stages and further down to 55 °C when interstage cooling
is employed. In SR, recirculation of room air can lower
the regeneration temperature to 48.3 °C at the expense
of increased flowrate. In ICD, heat rejection by internal
cooling can reduce the regeneration temperature to a
very low level depending on the temperature of the cool-
ant and how much heat can be removed. In this case, a
conservative regeneration temperature of 45 °C was
assumed.

3.3 Moisture removal capacity

The adsorption uptake coverage and adsorption capaci-
ties of the desiccant at their respective operating condi-
tions are shown in Fig. 7. The initial moisture content of
the desiccant is defined by the relative humidity of the
regeneration air. The high regeneration temperature in
StR significantly lowers the relative humidity of the des-
iccant after regeneration consequently allowing more
room for moisture adsorption during dehumidifica-
tion. As regeneration temperature decreases and relative
humidity increases, the initial moisture content of the
desiccant also increases, thereby limiting the room for
additional moisture adsorption. The adsorption capac-
ity of the desiccant reflects the amount of adsorbable
moisture per cycle of dehumidification. A low adsorption
capacity denotes that the desiccant gets saturated more
quickly and hence must be regenerated more frequently.
A high regeneration frequency increases heat carryover
from regeneration to dehumidification and negatively
affects the heat balance in the desiccant system [29, 30].

3.4 Thermal COP

Thermal COP describes the amount of cooling output
obtained per heat input and can be visually depicted as
the q,upue and Ginpye respectively, in Figs. 2, 3, 4, 5 and
6. Figure 8 summarizes the heating load, while Fig. 9
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Table 3 Dimensions of the components of the DAC systems

Configuration Desiccant wheel DPEC Plate-fin heat exchanger
No.of units Diameter Length No.ofunits Height Width Length No.ofunits Height Width Length
m m m m m m m m
Stv 1 0405 0.300 1 0328 0.360 0614 1 0358 0.358 0.323
StR 1 0.816 0.091 1 0.683 0.760 0.569 0
ICD 1 0.395 0.300 1 0324 0.360 0.397 1 0.347 0.347 0423
2SD 2 0400 0.187 1 0334 0.360 0.704 1 0.354 0354 0330
0.395 0113
2SD-IC 2 0.399 0.148 1 0.325 0.360 0484 2 0.355 0.355 0.321
0.396 0.152 0.351 0.351 0333
0.50
o 045
=4
S~
s 0.40
= 0.41
- 035 0.19 031 0.31
= 030 0.30 '
= 025
=
8 020
=
g 0.15
]
Z 0.10
Ist stage
< 005 £
2nd stage
0.00
StV StR ICD 28D 28D-IC
Fig. 7 Adsorption uptake coverage (bars) and moisture removal capacity (numbers) of the various configurations studied

compares the thermal COP, along with electrical COP,
and total COP. It can be observed that StV has the low-
est heating load, hence giving the highest COPt of 2.24
followed by 2SD-IC at 2.06. The high COPt of StV can be
attributed to the effect of heat recovery which minimizes
the heating load, whereas the slightly lower COPt for
28D-IC is mainly due to the exergy destruction associated
with intercooling, thereby increasing the heating load. In
28D, heat recovery was performed only once despite hav-
ing two stages of dehumidification. In effect, additional
heating and cooling were necessary for the heat source
and DPEC, respectively, hence a slightly lower COPt of
1.42. In ICD, heating load is much higher as most of the
heat generated during dehumidification is not recovered
but rejected to the environment resulting to a reduced
COPt of 0.907. In StR, the specific heat input becomes
greater than the specific enthalpy reduction resulting to a
very low COPt of 0.51. The total COP of the DPEC-DAC
systems investigated is almost equal to the thermal COP

due to the significantly smaller electrical power require-
ment (discussion in Section 3.8). This corroborates the
assertion of DACs as being a thermally driven cooling
system.

3.5 DPECL/H

DPEC L/H describes the dimensionless length required
for the DPEC inlet air to be cooled to 20 °C relative to the
channel height. For the same target product air tempera-
ture, inlet air humidity ratio, and operating conditions, it
can be observed from Fig. 10 that the DPEC L/H is directly
proportional to the inlet air temperature. Internal cooling
for ICD and 2SD-IC effected a lower temperature at the
DPEC inlet, thereby lowering DPEC L/H. On the other
hand, as the DPEC inlet air comes directly warm from the
2nd stage of dehumidification in 25D, a much higher DPEC
L/H becomes necessary. It should be noted, however, that
as the inlet air temperature increases, the rate of increase in
DPEC L/H becomes less. This can be corroborated by the
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increase in dew point effectiveness of DPEC with increas-
ing inlet temperature as shown by other studies [31, 32].

3.6 Heat exchanger UA

Figure 11 shows the heat exchanger UA which represents
the required heat transfer area given a certain overall
heat transfer coefficient to compare the design require-
ment to achieve 80% heat recovery. Despite the difference
in the operating temperature ranges for heat exchange,
the heat exchanger UA are similar for StV, 28D, and
2S8D-IC per heat exchanger. However, as 2SD-IC utilizes
to units for heat recovery, its total heat exchanger UA is
twice as large. ICD has a smaller heat exchanger UA due
to the low heat capacity ratio of the process and regen-
eration airstreams. Meanwhile, for StR at steady state, the
dehumidified air temperature is lower than the outdoor
air temperature; hence, no practical heat exchange can be
made.
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3.7 System size and design geometry

Table 3 and Fig. 12 show the equipment design geom-
etries and space requirement, respectively, for the des-
iccant wheels, DPECs, and heat exchangers for the
configurations studied. Among the DAC components,
DPEC requires a relatively larger space. Without consid-
ering airflow ducts, StV and 28D will demand a similar
space requirement as the two configurations differ only in
desiccant division in terms of design. Despite the absence
of a heat exchanger, StR will require the largest space,
about twice than that of StV, due to the higher airflow.
ICD and 2SD-IC will require a comparatively larger space
than StV depending on the additional space requirement
for intercooling and interstage cooling, respectively. It
should be noted that the space requirement for all con-
figurations will increase further as the heat source is inte-
grated into the system which was not accounted for in
this study.
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Fig. 11 Heat exchanger UA of the various configurations studied
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Fig. 12 Overall space requirement of the configurations studied (**internal cooling and *interstage cooling unaccounted for)
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3.8 Fan power

As shown in Fig. 13, the smallest fan power requirement,
without considering the airflow ducts, is for StV and 25D
due to the simple design. StR requires a considerably
higher fan power requirement due to the higher mass
flow of air. On the other hand, the fan power require-
ment for ICD is several folds larger due to the squared
effect of velocity on pressure drop particularly for the
regeneration airstream. It should be noted, also, that total
power requirement for all configurations may increase
further with the integration of the flow ducts and heat-
ing system and much further for /CD and 2SD-IC due to
internal cooling and intercooling. In terms of electrical
power consumption, DAC systems have very high COPe,
as shown in Fig. 9, due to the minimal fan power require-
ment. As a result of the minimal contribution of electric-
ity input to the total energy consumption, the total COP
of the system is almost equal to its thermal COP.

4 Conclusion

In this study, various configurations of DAC systems
based on DPEC were evaluated using seven criteria. Fig-
ure 14 summarizes the relative differences of the eight
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criteria against StV. In this comparison, the inverse
of MRC was taken and used instead, to represent the
amount of desiccant required per amount of moisture
removed, or in the context of a desiccant wheel, is the
regeneration frequency or rotational speed, and is here-
after referred to as RF. Similarly, heating load, or the
inverse of COPt, was used instead to represent the total
amount of sensible heat input required per cooling out-
put. As such, a smaller magnitude for all the seven evalu-
ation criteria are considered more desirable. In this study,
the following can be generalized:

1. StV, the most common and simple among all
the configurations, provide the lowest heat-
ing load and the lowest fan power and space
requirement but require the highest regenera-
tion temperature.

2. Recirculation of return room air (StR) can provide
the same cooling capacity and cold air temperature
at significantly lower regeneration temperature at a
higher air flowrate. This results to a larger equipment
size, higher regeneration frequency, and significantly
higher heating load.

30
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20

15

Fan power (Watts)

StV StR

ODH

ORG
BDPEC dry
ODPEC wet
OHX hot
BHX cold

*k k

*

=
o

—

ICD 28D 28D-IC

Fig. 13 Fan power requirement of the configurations studied (**internal cooling and *interstage cooling unaccounted for)
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Fig. 14 Relative difference plot of the evaluation criteria against the standard cycle in ventilation mode or StV (RT, regeneration temperature; RF,
regeneration frequency; HT, heating load; LH-DPEC L/H, UA-heat exchanger UA; FP, fan power; SZ, system size)
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3. In a DAC with internally cooled dehumidification
(ICD), regeneration temperature, DPEC L/H, and
heat exchanger UA can be lowered significantly.
However, the imbalance between the specific mois-
ture removed during dehumidification and the spe-
cific moisture removal capacity of the regeneration
air results to an increased air flow requirement for
regeneration consequently increasing the fan power
requirement quadratically. In addition, higher heat-
ing loads are required as a significant amount of the
heat generated during dehumidification is not recov-
ered but rejected to the environment.

4. Two-stage dehumidification without intercooling
(28D) performs similar to an StV at lower regen-
eration temperature but at the expense of additional
heating load and slightly higher DPEC L/H and
regeneration frequency.

5. Two-stage dehumidification with intercooling (25D-
IC) can reduce regeneration temperature and DPEC
L/H with the addition of an intercooler and a second
heat exchanger. This system also entails a slightly
higher heating load, fan power, regeneration fre-
quency, and space requirement.

Among the criteria evaluated, DPEC L/H and heat
exchanger UA are factors that affect capital cost, while
heating load, fan power, and regeneration frequency
mainly affect operating cost. The overall system size,
while affecting capital cost, may also limit the extent of
application of the technology as well as consumer accept-
ance. Regeneration temperature is a limiting factor which
depends on the quality of the heat source available which
may also affect capital and operating costs. Regeneration
heat may be sourced from electric heating, combustion,
waste heat, district heating, solar heat, or heat pumps.
The accessibility and availability of these resources may
vary temporally with location and climate, and hence,
one heat source may be preferred over the other. This
study can be used as a guide for the selection of a suitable
DAC configuration for space cooling based on the objec-
tive criteria and the resources available.

5 Nomenclature

Symbols

Isobaric-specific heat, k]/kg

Water-air diffusion coefficient, m?/s

d, Hydraulic diameter

E Characteristic energy of adsorption, J/mol
f Friction factor

H Height, m

P

wa

g0
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h Enthalpy, kJ/kg-K

Latent heat of vaporization, kJ/kg

k Thermal conductivity, W/m-K

L Length, m

m Mass, kg

Nu Nusselt number

P Pressure, kPa

P Vapor pressure, kPa

Prandtl number

Heat input or output, kJ

Specific heat input or output, kJ/kg da
DPEC working ratio

Gas constant, J/mol-K

Temperature, °C

Velocity, m/s

Volumetric flowrate, m?/s

Humidity ratio, kg/kg dry air
Adsorption uptake, kg H,O/kg adsorbent
Channel height

vap

NEg<EARTLOF

Greek letters

a Ratio of channel height to channel width

19 Combined thickness of plate and water film in
DPEC, m

¢ Loss coefficient

n Efficiency

v Kinematic viscosity, m?/s

p Air density, kg/m?

Py Vapor density, kg/m?

Subscripts

1/2 Half

a Air

dp Dew point

ex Exhaust

in Inlet

p Process

r Regeneration
Saturation

v Vapor

vap Vaporization

w Water

Abbreviations

2SD: Two-stage dehumidification; 2SD-IC: Two-stage dehumidification with
interstage cooling; AC: Air-conditioning; DAC: Desiccant air-conditioning; DEC:
Direct evaporative cooling; DH: Dehumidification; DPEC: Dew point evaporat-
ing cooling/cooler; COPe: Electrical coefficient of performance; COPt: Thermal
coefficient of performance; FP: Fan power; HT: Heating/heater; HX: Heat
exchanger; ICD: Internally cooled dehumidification; MRC: Moisture removal
capacity; NTU: Number of transfer units; oa: Outdoor air; pa: Product air; ra:
Return air; RG: Regeneration; StR: Standard cycle in recirculation mode; StV:
Standard cycle in ventilation mode.
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