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THE OPTIMIZED OPERATION OF A SOLAR HYBRID
DESICCANT/DISPLACEMENT VENTILATION COMBINED
WITH A PERSONALIZED EVAPORATIVE COOLER

Mohammad Hammoud, Kamel Ghali, and Nesreen Ghaddar
Department of Mechanical Engineering, American University of Beirut, Beirut,
Lebanon

The study investigates by modeling and experimentation the performance of displacement
ventilation (DV) aided with personalized evaporative cooler (PEC) system that operates
in humid climate and uses a solid desiccant (SD) dehumidification system regenerated by
parabolic solar concentrator thermal source. Predictive component models of the condi-
tioned space, the SD, the solar concentrator system, and the PEC were developed and used
for the prediction of associated operational energy consumption while utilizing an opti-
mized control strategy. The control strategy seeks optimal values of supply air flow rate
and temperature and the desiccant regeneration temperature for both cases with and with-
out the aid of the PEC while meeting space load, indoor air quality, and thermal comfort
requirements. Energy consumption was calculated for the optimized strategy using genetic
algorithm optimizer and the integrated DV/SD-PEC models. The results agreed well with
experimental data obtained from tests on a DV climatic chamber. In addition, votes of com-
fort recorded by participants in the experiment using PEC were very similar to predicted
comfort. The optimized hybrid system performance was applied to a typical office space of
area of 64 m2. The operation of the hybrid system with PECs resulted in a higher supply
air temperature. The increment in supply air temperature is 1.1◦C when PEC is used com-
pared to case without PEC. This increase in temperature showed that an energy saving of
13.5% is achieved for the PEC aided hybrid system.

Keywords: Desiccant dehumidification; Hybrid air conditioning systems performance;
Optimized air conditioning control strategy; Displacement ventilation; Personalized
evaporative cooler

INTRODUCTION

The displacement ventilation (DV) system has become popular over recent years
for its improved indoor air quality (IAQ) and low energy consumption (Jiang, Chen, and
Moser 1992; Yuan, Chen, and Glicksman 2001). The DV system provides the supply fresh
air at low level and relies on buoyancy to drive the contaminants upward. Consequently,
it divides the space into two regions: lower occupied fresh and cool air zone and an upper
contaminant zone above the breathing level of occupants (Mossolly et al. 2008). To ensure
thermal comfort, the supply air temperature of a DV air conditioning system is usually
greater than 18◦C and the acceptable supply velocity is less than 0.2 m/s to prevent any
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possible thermal draft in the occupied zone. These two constraints, relatively high supply
air temperature and low air velocity, not only limit the application of the DV system to
low cooling loads of less than 40 W/m2 but also decreases the system’s energy efficiency
in hot and humid environments. Moreover, in humid climates the DV system may not
be cost effective since outdoor humidity is a major contributor to energy inefficiency if
100% fresh air is used. The high humidity of the outside air combined with ventilation
requirement increases the latent load and would jeopardize the effectiveness of the DV
system that requires relatively dry supply air. In fact satisfying these constraints requires a
large amount of energy to cool and dehumidify the air and a substantial amount of reheat
energy to bring the temperature of the DV supplied air to at least 18◦C. Such limitations
have encouraged researchers to consider various alternatives to increase the load capacity
of the DV system to cooling loads, which exceeds the limit of 40 W/m2 and to minimize
the system ineffectiveness in hot and humid climates.

Researchers have considered DV with the use of desiccant dehumidification, which
relies on the concept of removing the humidity by absorption rather than sub-cooling
and the use of heat energy to regenerate the desiccant system. The use of desiccant pre-
conditioning of supply air is a viable alternative to independently control the humidity
and air temperature to improve overall energy efficiency of the system and reduce energy
costs (Meckler 1995; Ghali, Othmani, and Ghaddar 2008; Xiong, Dai, and Wang 2010).
The dehumidification cost is high if conventional cooling coil with reheat is used. The
incorporation of solid desiccant (SD) pre-conditioning into such systems allows a higher
percentage of fresh air in the supply stream at lower energy cost (Fang, Clausen, and Fanger
1998; Ayoub, Ghaddar, and Ghali 2007). Since the desiccant system is a heat-driven cycle,
then it has the potential to use low density energy, such as natural gas, waste heat, and
solar energy (Ahmed, Kattab, and Fouad 2005; Chung, Lee, and Yoon 2008). The use of
desiccant system improves the efficiency of the DV system. It is reported that the desiccant
cooling system has an operational cost that is less than one-third of energy consumed
in conventional air conditioning system (Audah, Ghaddar, and Ghali 2011), due to the
increase in sensible cooling caused by the use of heat in the dehumidification process.

In view of the fact that desiccant system allows the delivery of the supply air at
higher temperature and to introduce more energy savings to the hybrid DV/SD system,
other researchers used personalized cooling to prevent lowering the supply air temperature
and enhancing the system’s efficiency and load coverage (Makhoul, Ghali, and Ghaddar
2013). Personalized evaporative cooling (PEC) is based on the concept of localizing the
fresh air rather than mixing it with space return air as the case with conventional air con-
ditioning systems. It aims to supply clean air direct to the breathing zone of occupants
and to provide the occupant with the opportunity of controlling his own microenvironment
(Melikov 2004). Furthermore, it provides cooling for the upper part of the human body,
which has a significant effect on the overall comfort. It was shown that integrating a duct-
less PEC system in a DV cooled space while using the lower clean and cool air of the DV
system and supplying it to the breathing zone of the occupant may improve thermal com-
fort and result in energy savings. An estimated energy savings up to 20% was reported from
using higher supply air temperature in the DV system aided with PEC while maintaining
thermal comfort (Makhoul, Ghali, and Ghaddar 2013).

It is evident that enhancing the overall efficiency of a DV system in hot and humid
climates requires integration with a desiccant system dehumidification that is powered by
solar energy and the use of personalized evaporative cooling to reduce the energy required
for cooling the supply air. Since more than three subsystems are used with independent



OPTIMIZED OPERATION OF SOLAR HYBRID 143

energy sources for the removal of sensible and latent loads and for providing localized
comfort, there is a major need to optimize the operation of these different subsystems for
effective performance of the DV in hot and humid climates. The objective of this work is
to optimize the operation of the integrated DV cooling system, SD dehumidification, and
the PEC subsystems to provide comfort and good environmental quality in the breathing
zone at minimal energy cost for an office space in the city of Beirut. The optimization
problem for the control of the hybrid cooling system operation will be formulated based
on minimizing energy consumption cost of system components using genetic algorithm
search method to solve for the optimal operational set points under transient load for the
DV supply flow rate and temperature and SD regeneration temperature.

SYSTEM DESCRIPTION

The hybrid air conditioning system is composed of a desiccant wheel, a sensible
wheel, a cooling coil, a regenerative coil, a variable speed fan, parabolic solar collectors,
an auxiliary heater, and PECs. Figure 1 illustrates the system components.

The processed air is supplied by an air handling unit (AHU) that integrates the
desiccant and sensible wheels, the cooling and regenerating coils, in addition to the syn-
chronized supply and return fans. The AHU draws outside air at state (1) and passes it
through a desiccant dehumidification wheel where it loses part of its moisture content and
heats up. Exiting the desiccant wheel at state (2), the air stream releases some of its heat
energy to the return air through the use of a sensible wheel and finally the processed air
is admitted to the space at state (4) after decreasing its temperature to the desired supply
temperature. Inside the space, the cool supply air picks the load and contaminants from

Figure 1 Schematic of the hybrid air conditioning system.
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the space before it leaves the space at state (5) to be heated by the sensible wheel and the
regeneration coil to regenerate the desiccant wheel before it exits the AHU at state (8).

The heat input needs of the regeneration coil are provided partly by parabolic solar
concentrators and by an auxiliary heater. The solar concentrators system is used because
it occupies smaller roof area compared to flat plate collector system and is able to sustain
longer hours of high-grade energy (Ahmed, Kattab, and Fouad 2005). Depending on the
temperature of water leaving the regeneration coil at state (14) and the temperature of the
water inside the storage tank at state (10), the three-way valve will either direct the water
leaving the regeneration coil to the solar heated storage tank or to the auxiliary heater.

Finally, a PEC is used in conjunction with the DV air conditioning system. The PEC
draws the fresh air supplied over the floor to lower its temperature by humidification and
then directing it to the upper body part of the occupant, the most comfort sensitive body
part. The PEC will be constantly supplying cool air, it is mainly used to assist the DV
system in providing thermal comfort at lower energy cost and to simultaneously provide
the occupant with the mean of controlling his own thermal comfort needs.

MODELING METHODOLOGY

A first step to formulate the optimization problem based on operating cost is to inte-
grate simulation models for the space thermal response to the DV cooling, the fan coil
unit (air handling unit), the SD wheel, the regeneration coil, the PEC, the solar concentra-
tor and the storage tank thermal response, and suitable performance prediction models of
water chiller, fans, and pumps. The simulation model of space, system, and components
should be capable of predicting space vertical temperature gradient including micro cli-
mate environment around the head and trunk when PEC is used, space stratification height
and associated DV system performance parameters subject to time-varying loads in the
space. In addition, a segmental bioheat model is needed to predict segmental skin temper-
atures and their rate of change to be used for the assessment of local and overall comfort
of the occupant.

The optimizer development aims at finding the optimum setting of the design oper-
ational variables on an hourly basis and at simultaneously achieving thermal comfort and
IAQ at minimum power consumption for the total 12 hours of system operation from 7 a.m.
till 7 p.m. The optimization of DV system operation for a single or a number of spaces
operated by a specific control strategy is a complex task that requires the minimization of
the operational energy cost over the cooling season months. To be able to calculate the
operational cost of the DV system, the following steps are followed:

1. The cooling load requirement of the space(s) shall be defined along with the detailed
physical and geometrical parameters of the space(s) including the intended choice of
the system control strategy.

2. The base control strategy (strategy A) is represented by a variable DV supply air tem-
perature, DV supply air flow rate, and regeneration air temperature at fixed PEC air flow
rate. This strategy is used when system sizing and operation is done with the expected
utilization of the PEC. A sub-control strategy is also considered for the removal of the
space load without the use of the PEC (strategy B).

3. The equipment capacity of the DV sub-systems (chiller, dehumidification wheel, and
solar concentrators) was sized based on peak load conditions for both cases when PEC
is used or the PEC is not used.
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4. The DV system must meet both thermal comfort constraint air quality constraints.
These constraints associated with the system physical model are: (1) thermal comfort
level must be above −0.5 for the nine-point thermal comfort scale that runs from very
uncomfortable (−4) to very comfortable (+4) and (2) the minimum permissible stratifi-
cation height H is 1.0 m. This constraint ensures that the IAQ meets ASHRAE standard
(2007) of CO2 concentration level less than a threshold value of 1000 ppm in the occu-
pied zone. To ensure that these constraints are met, we will use the segmental bioheat
model of Salloum, Ghaddar, and Ghali (2007) to predict occupant thermal response and
then use the model of Zhang (2003) to evaluate local and overall comfort associated
with space environmental conditions sustained by the DV system. The air quality, mea-
sured by the stratification height is determined from the DV-conditioned space model
of Makhoul, Ghali, and Ghaddar (2012).

5. Define the overall cost function represented by five elements that account for fan energy,
cooling coil energy, auxiliary heating energy, thermal comfort cost, and minimum
allowed stratification height cost over the optimization prediction or sampling period
(Caldas and Norford 2003).

6. Use a derivative-free genetic algorithm optimizer that searches through the different
possible control variable settings during a specific operating period to determine the
optimized control variable set points, which minimizes the energy cost while main-
taining the space requirements: load, comfort, and IAQ for the total hours of the air
conditioning system operation. The choice of genetic algorithm arises from its robust-
ness and in being acceptably good in finding near optimum solutions (Mitchell 1997).
Genetic algorithm is most efficient when the optimization problem is not uni-modal or
when the cost function is noisy.

Since several mathematical models are integrated to simulate the hybrid system oper-
ation, it becomes important to validate the integrated model results and ensure that thermal
comfort predictions are correct. The validation will be done by performing two types of
experiments: the first is concerned with predicted energy performance for given opera-
tional set points; and the second by conducting an occupant survey in which participants
record their votes on the attained comfort level. In the next section, we will present briefly
the mathematical models and the optimization methodology that will be followed by a
description of the experiments.

Mathematical Models

To determine the performance of the integrated hybrid system under optimized con-
ditions during transient operation, a set of mathematical models of the various mechanical
subsystems are integrated to predict the space and thermal comfort conditions as well as
the system energy consumption. The details of the models will not be provided here, but
they will be referenced as follows:

Displacement ventilation space model. The quasi-steady DV model devel-
oped by Makhoul, Ghali, and Ghaddar (2012) is used in this work. The model assumes
unidirectional vertical air movement and therefore divides the space into seven horizontal
layers, the first three levels are designed according to the human body segment sizes and
the last four levels are divided equally for the remaining distance. In each layer, the model
identifies three different air temperatures for the wall plume, heat source plume, and the
surrounding air.
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To simulate the indoor environmental conditions subject to internal and external
loads, Makhoul, Ghali, and Ghaddar (2012) integrated the DV with a space thermal model.
The integrated DV-space model requires the outdoor weather conditions (dry bulb temper-
ature, wet bulb temperature, wind velocity, and solar radiation) as input data to determine
the wall internal surface temperatures. This information is necessary to compute the plume
flow rates of the heat source and walls as well as the space air temperature in the different
layers.

Personalized evaporative cooler model. The cool air supplied by the PEC is
directed to the human body upper segments and thus affecting the occupant segmental ther-
mal comfort. The outlet air stream temperature of the evaporative cooler depends on the
inlet air stream’s humidity ratio, temperature, and the flow rate of the evaporative cooler.
There are many types of PECs depending on the method of introducing water in air and
PECs are commercially available products that are battery operated. The mass and energy
balances will vary depending on the mechanism of wetting and evaporation of water vapor
in air. In this work, we chose to use a published performance correlation for commer-
cially tested and available water cooling-pad-type PEC. The experimental correlation of
Chakroun, Ghaddar, and Ghali (2011) for the water cooling-pad-type PEC is adopted and
it is represented by the following equation:

TPEC = −0.024qPEC + 1.28Tin + 0.127RHin − 12.563, (1)

where TPEC is the outlet temperature of the PEC jet in (◦C), qPEC is the volumetric flow
rate in (l/s), T in is the inlet temperature in (◦C), and RHin is the relative humidity at the
inlet of the PEC. However, the PEC outlet diameter is 5 cm and it is located at x = 70 cm
from the face. This correlation was tested under flow rates ranging between 4 and 14 l/s
and inlet temperature conditions of 21–25◦C at intervals of 1◦C with relative humidity not
exceeding 51%.

The bioheat and thermal comfort modeling. This work implements the bio-
heat model developed by Salloum, Ghaddar, and Ghali (2007) to evaluate the thermal
comfort of the occupant. The model divides the body into 11 segments (head, chest, back,
abdomen, buttocks, upper arm, lower arm, hands, thighs, calves, and feet) and determines
segmental skin temperatures of the body segments, which influence the rising thermal
plume. The segmental and overall thermal state of comfort is predicted based on Zhang’s
model (2003) for transient and non-uniform thermal environments.

Desiccant wheel model. The desiccant wheel is divided into two sections:
regeneration and dehumidification section to simultaneously dehumidify the processed air
and regenerate the desiccant. The rotary regenerative wheel exposes one section of the
desiccant material to the humid fresh air stream, while the regeneration air steam passes
the other wheel section simultaneously in a counter flow arrangement. As a result, the pro-
cessed air exiting the dehumidification section undergoes an increase in temperature but
with a decrease in its humidity, and on the other side the regenerative air stream exits the
wheel with a lower temperature but higher humidity. We use the one-dimensional model
of Zheng and Worek (1993) of coupled heat and mass transfer for a rotary dehumidifier
to predict the temperature and humidity profiles of the two air streams. The model has
shown to yield good results when used in other research works (Ayoub, Ghaddar, and
Ghali 2007) and hence it will be used in the current work. The simulation of the desiccant
model requires the following input parameters: conditions of the process air at state (1),
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conditions of regeneration air at state (7), rotational speed of the wheel, wheel dimensions,
and air velocity. The simulations of the coupled equations will result in the temperature
and humidity ratio of the air leaving the desiccant wheel at state (2) and the regenerating
air leaving the desiccant wheel at state (8).

Solar concentrator model. To determine the portion of solar heat provided for
regenerating the desiccant, the transient performance of the solar concentrator and storage
tank is simulated using the model presented by Duffie and Beckman (2003). A well-mixed
storage tank model is used in which the concentrator circuit coil is embedded. The calcu-
lated useful heat gain Qu will be then used in determining the water transient temperature
inside the storage tank for the required load extracted from the tank by water circuit before
entering the regenerator coil.

The above models will be integrated and then will be coupled to a genetic algorithm
optimizer that seeds the simulation models with different sets of operational variables to
select the values that would set the integrated system to the optimal operating point that
minimizes the energy consumption and satisfies the constraints of thermal comfort and air
quality.

Optimization Tool

The hybrid system components are integrated with the space dynamic component
models to calculate the associated power consumption for the given operational design
parameters: regeneration temperature, supply air flow rate, and temperature. The optimizer
development aims at finding the optimum setting of the design operational variables while
meeting constraints of comfort and IAQ on an hourly basis based on minimizing the cost
function J for the total hours of system operation. The objective cost function is given by

J = αHI′
H + αSI′

S + αfIf + αcIc + αauxIaux, (2)

where Ic is the cooling coil energy, If is the fan energy consumption, and Iaux is the regen-
eration coil energy consumption, the stratification and thermal sensation constraints are
represented in the form of IS and IH, respectively. The weighting factors, α’s are applied
on each term to represent its priority. These factors may be changed repetitively while
running the genetic algorithm so that the best combination of these weighting factors is
reached for a convenient performance of the system (Wright, Loosemore, and Farmani
2002). The stratification height cost term I′

H represents the normalized deviation from the
set minimum stratification height given by

I′
H = exp

(
Hmin

H

)
− 1. (3)

The weighting factors, α, are selected such that all the elements have important contribu-
tion and are given in Table 1.

When using genetic algorithms for multi-objective optimization, weighing factors
are internally assigned to the different variables (Knoak et al. 2006). The assigning of
weights is done to reduce the computational time. Moreover, not all constraints will have
the same importance in our analysis. There are two types of weighting factors that appear in
the objective function (see Eq. (2)): (i) the weighting factors for the cost functions and (ii)
the weighting factors for constraint functions. The weighting factors for the cost functions
are simply the factors of conversion that convert the energy to the cost in dollars. For the
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Table 1 Weighting Factors Values

Weighting factor Description Value

αH ($) Stratification height weighing factor 1
αS ($) Thermal sensation weighting factor 100
αc ($/W) Cooling coil weighting factor 1
αf ($/W) Fan weighting factor 1
αaux ($/W) Auxiliary heater weighting factor 1

constraints, the weighting factors are chosen such that the constraints are comparable to
the cost (in dollars). As an example if the cost in dollar is in the order of 100 and thermal
sensation is of an order of unity, then a weighing factor of 100 is chosen to make the
numbers comparable so that the optimization is meaningful. The choice of α’s for the
constraint terms is done after few trials.

The optimization of the integrated model is solved using genetic algorithm proce-
dures implemented on MATLAB (Zheng and Zaheer-Uddin 1996) to identify the pay-off
characteristics between daily energy cost, zone thermal comfort, and IAQ (Zhang et al.
2010). The interaction between the model simulation and the optimization tool (genetic
algorithm) is a continuous process until the optimum results are reached. The genetic algo-
rithm optimizer coupled with the system simulation is shown in a flow chart presented in
Figure 2. The main genetic algorithm parameters used in our simulation include a popu-
lation size equal to 20 times the number of variables. The crossover fraction is set to 0.1,
the elite count is set to 2; generations are set to 100; and the tolerance function is taken as
1×10−14.

Solution Methodology

To perform the integrated system simulation, the physical dimensions of the space,
solar-storage tank system as well as the internal loads are needed as input information.
Then, the simulation will start at the first hour of operation (7 a.m.) by using the ambient
conditions (dry bulb temperature, humidity ratio, and solar irradiance) and assuming initial
values for the water temperature and space conditions. The optimizer will randomly seed
values for the DV supply air temperature and air flow rate and regeneration air temperature.
The simulation of the integrated model will then calculate the energy cost associated with
the selected operational variables and will also check if the constraints are satisfied. The
same process is then repeated for the entire operational hours extending from 7 a.m. till
7 p.m. in office buildings. For the rest of the daily hours between 7 p.m. and 7 a.m., the
space model and the water storage tank system are simulated without the operation of the
DV system to obtain the initial assumed values for the storage water temperature and space
conditions. Finally, the hourly simulation is repeated over several days to obtain steady
periodic solution where the difference in the initial values is less than 0.1% from one day
to the other. Each month of the cooling season is represented by 1 day.

EXPERIMENTAL VALIDATION OF THE HYBRID SYSTEM MODEL

Although each of the component models of the hybrid system has followed a known
and validated model in literature, it is necessary to test the validity of the integrated
system model energy consumption, occupant’s thermal comfort for the range of operational
parameters of supply air temperature, regeneration temperature, and flow rate during the
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Figure 2 Optimization data flow chart.

system operation considering the inherent assumptions in each of the models. The valida-
tion of model will be done experimentally using a climatic chamber equipped with DV/SD
cooling and dehumidification system. The objectives of the experiments are: (1) to compare
the experimentally measured and predicted energy consumption, space thermal response,
desiccant wheel exit temperature, and humidity as function of regeneration temperature and
(2) to verify that thermal comfort constraint, based on participant votes, is met at all times
in the space with the use of PEC during the system operation under transient space load.

Description of the Experimental Setup and Procedures

A schematic of the experimental facility is shown in Figure 3(a and b), which include
a twin-room outdoor climatic chamber of dimensions 2.8 m × 2.8 m × 2.7 m, cooling coil
and chiller, sensible wheel and latent SD wheel, electrically heated storage tank, supply
and exhaust fans, and water pumps for the chiller and for the hot water tank. The climatic
chambers’ walls are highly insulated with a wall conductance of U = 1 ± 0.1 W/m2·K.
The chambers have three internal walls and one external south-oriented wall. The cooling
load of the space is mainly due to the internal loads. The DV air flow rate is supplied at a
constant flow of 0.126 m3/s and the control of the supply air temperature is achieved by
regulating the chilled water flow rate (provided by a chiller of a 16.9 kW capacity) passing
through a cooling coil using a double regulating valve. The desiccant wheel rotates at a
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Figure 3 Schematic of (a) the experimental facility showing sensor location and (b) the twin-room climatic
chamber floor plan.

speed of 6 rpm and is regenerated by raising the temperature of the chamber’s return air
stream using a heating coil that receives hot water from the hot water tank heated by a 6 kW
electric heater with a temperature regulator of ± 1.0◦C. The regeneration air temperature
is controlled using a double regulating valve connected to the inlet of the heating coil.
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Inside the room our main concern is the temperature and relative humidity at the sup-
ply and the return grills. The air temperature measurements are recorded inside the AHU
and the supply and return ducts using QAM2161.040 duct temperature sensors with an
accuracy of ±0.3◦C. The relative humidity before and after the dehumidification wheel is
measured using HX71-V1 sensor with an accuracy of ±3.5%. Moreover, an OM-EL-USB-
2 relative humidity and temperature logger is used to record temperature and humidity of
room supply air and ambient air with an accuracy of ±0.5◦C in temperature and ±3.0% in
relative humidity. Moreover, temperature and flow rate measurements are recorded at the
inlet and the outlet of the regeneration and the cooling coils for both the air side and the
water side. The water temperature is measured using an industrial rigid stem thermometer
with an accuracy of ±1◦C and the water flow rate is measured using FL46300 in line flow
meter with an accuracy of ±5%. These measurements were needed to estimate thermal
energy consumption in the regenerator and cooling coil in the experiments.

Experiments will be performed operating the SD and DV cooling system at three
regeneration temperatures of 64◦C, 72◦C, and 76◦C, each regeneration temperature was
set for a day. The supply air temperature is fixed at 21◦C and the thermal load in the space
is set such that the return air temperature is 25 ± 0.5◦C. On the day of each experiment,
the system would be turned on at 8 a.m., but the actual data recording is started at 2 p.m.
after ensuring that quasi-steady conditions are reached in the system. For the regeneration
temperatures 72◦C and 76◦C, the experiments involved also human subject participation
to record their thermal comfort and sensation votes on segmental and overall comfort on
the nine-point scale of Zhang et al. (2010), which runs between −4 (very uncomfortable)
and +4 (very comfortable). Four experiments are performed on two 24- year old male par-
ticipants with an average weight of 75 kg and a height of 175 cm. Tests are carried with
the PEC placed at distance x = 35 cm from the seated person and air is withdrawn at a
height of 30 cm above the floor. The PEC flow rate was fixed to 10 l/s. A condition in
selecting the subjects is that they should be living in Beirut. Moreover, to minimize varia-
tions due to differences in clothing, subjects were asked to wear the typical formal office
clothing ensemble in Beirut. The typical clothing for males is long-sleeved shirts with long
trousers having a clothing insulation of 0.6 clo. Before entering the experimental DV room,
the participant is asked to sit for 1 hour in the second pre-conditioned space of the twin
chambers at air temperature of 25◦C to eliminate transient human body thermal effects.
The participant is asked to fill the thermal comfort questionnaire after spending 1 hour
inside the DV-conditioned room. The questionnaire used in this work is adapted from the
questionnaire published by de Dear Cândido, Lamberts, and Bittencourt (2010) and is pre-
sented in two parts: the subjects’ demographic and anthropometric characteristics, such
as age, height, weight, and gender, and overall and segmental thermal sensation and dis-
comfort. Each subject answered the questionnaire on two separate occasions during the
same experiment. The experiment was repeated with two different subjects to average the
reported comfort. The experiments involving participants were done simultaneously with
the energy validation experiments since conditions in the conditioned space were fixed
during all experiments.

Model Validation Results

The recorded weather data, space dimensions, internal load of the experiment, regen-
erator hot water, and DV supply air flow rates will be used as input to the integrated
simulation model. In order to achieve fast steady state conditions, a simulation was run for
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Table 2 Experimental and Simulation Energy Consumptions at Different Regeneration Temperatures

Regeneration
temp. (◦C)

Ambient
temp.
(◦C)

Ambient
humidity
ratio (kg

H2O/kg air)

Cooling coil
consumption

(kWh)

Regenerating
coil

consumption
(kWh)

Humidity
ratio leaving
dehumidifier
(kg H2O/kg

air)

Temperature
leaving

dehumidifier
(◦C)

Humidity
ratio supply
(kg H2O/kg

air)

Experimental
76 33.5 0.0189 0.619 ± 0.062 1.599 ± 0.137 0.0115 53.5 0.0114
72 33.0 0.0192 0.535 ± 0.062 1.155 ± 0.122 0.0125 52 0.0121
64 32.5 0.0194 0.468 ± 0.061 1.066 ± 0.119 0.0111 48 0.0111

Simulation
76 33.5 0.0189 0.58 1.41 0.0104 54.5 0.0104
72 33.0 0.0192 0.50 1.32 0.0104 52.4 0.0104
64 32.5 0.0194 0.369 1.05 0.0101 49.8 0.0101

24 hours to acquire the initial conditions that will be used in the succeeding simulations.
The energy consumption evaluated from measured temperatures and humidities across the
cooling coil and the regenerator of the DV/SD system will be compared to values predicted
by the integrated DV/SD-PEC simulation model. The experiments were conducted on July
9, 10, and 12, 2012. However, the thermal comfort experiments were performed on 2 days
July 9 and 10 for two regeneration temperatures 72◦C and 76◦C and the supply temperature
varied between 20.7◦C and 21.5◦C for day 1 and between 20.5◦C and 21.1◦C for day 2. The
outdoor temperature during the operation of the experiments varied between 32.5oC and
33.5oC. The inner wall temperature measured during experiments varied between 26.8oC
and 27.5oC. The recording period between 2 p.m. and 4 p.m. showed only a change of
0.5◦C in ambient air temperature and return air temperature, which is within the accept-
able error range for which we can consider that we have steady state operation suitable for
testing the system energy performance and the participants’ thermal comfort.

Table 2 presents measured and model predicted values of the regeneration energy and
cooling coil thermal energy consumption in addition to the humidity ratio and air temper-
ature at the dehumidifier exit for three values of the regeneration temperature. The highest
regeneration temperature is associated with the highest energy consumption for both cool-
ing and regeneration. Moreover, as the regeneration temperature decreases, the cooling
coil energy consumption decreases due to lower temperature difference across the coil.
Additionally, less energy is required to increase the water temperature passing through the
regeneration coil. However, good agreement is observed between measured experimental
values and integrated model predicted values of energy consumption. Table 3 presents the
thermal comfort average segmental votes recorded by participants and the local thermal
comfort predicted by the bioheat and thermal comfort models based on room environmen-
tal conditions and PEC flow rate. There is an excellent agreement between recorded vote
and predicted segmental thermal comfort.

THE DV/SD HYBRID SYSTEM OPTIMIZATION MODEL APPLIED TO A TEST

CASE IN BEIRUT CLIMATE

A case study is selected to apply the optimization procedure for the operation of the
integrated DV/SD-PEC cooling systems and assess the associated energy savings when
comparing system performance with the use of PEC and without the use of PEC, and with
the performance of conventional system. The considered case study is an office with 8 m ×
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Table 3 Experimental and Simulation Local Thermal Comfort Level on the Scale that Runs from Very
Uncomfortable (−4) to Very Comfortable (+4)

Regeneration
temp. (◦C)

Average supply
air temp. (◦C)

Local thermal
comfort

Head Chest Back Feet

76 21.1 Subject 1 1.10 1.70 1.30 1.65
Subject 2 0.90 1.80 1.20 1.45
Simulation 1 0.92 1.81 1.35 1.47

72 20.8 Subject 1 1.20 1.75 1.25 1.55
Subject 2 1.00 1.65 1.35 1.50
Simulation 2 1.01 1.85 1.34 1.46

Table 4 Wall Layer Properties

Layer
number

Layer material Thickness
(mm)

Density
(kg/m3)

Specific heat
(kJ/kg-K)

Thermal
conductivity

R-value
(m2-K/W)

1 Gypsum board 15.88 800.9 1.09 0.161 0.098
2 LW concrete block 101.59 608.7 0.84 0.38 0.266
3 Face brick 101.59 2002.3 0.92 1.33 0.076

Figure 4 Occupancy schedule for a period of 24 hours.

8 m floor area and the height of the room is 3 m. The single room office is conditioned by
using DV, desiccant dehumidification, and personalized evaporative cooling systems. The
room consists of two external south and west walls with two partitions and the floor and
ceiling are next to conditioned spaces at 25 ◦C. The wall configuration is a widely used
wall configuration that consists of the layers listed in Table 4. The overall thickness of the
wall is 219.06 mm and the overall U-value of the wall is 1.28 W/m2·K. The solar flux has
an impact on the external walls that are present in the building. The occupancy schedule
and the internal load schedule for all the test cases are identical and are shown in Figures 4
and 5, respectively. The climate-dependent load is part of the overall thermal load and its
ratio to the internal load (at peak load) is 0.5813 and at the minimum thermal load is 0.045.
A solar concentrator of 6 m length connected to a 1 m3 hot water storage tank (Audah,
Ghaddar, and Ghali 2011) to supply heat to air passing for desiccant regeneration. The
solar concentration system is considered since it provides high solar fraction and does not
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Figure 5 Internal sensible load schedule for a period of 24 hours.

Table 5 Parabolic Solar Concentrator Module Design Parameter

Parameter Value

Length of solar concentrator 6 m
Width of solar concentrator 1.2 m
Receiver emittance 0.3
Absorber diameter 0.06 m
Transparent envelope outer diameter 0.09 m
Thickness of transparent envelope 0.004 m
Thermal conductivity of tube 16 W/m ◦C
Wall thickness of tube 0.05 m
Specific heat of fluid passing

collector (i.e., water)
4,186 J/kg ◦C

occupy more than 20% of the room plan area. The specifications of the solar system are
provided in Table 5.

The integrated models were simulated according to the optimized strategy A where
variable supply air temperature, supply air flow rate, and regeneration air temperature at
fixed PEC air flow rate. The simulations will be repeated with strategy B, the PEC flow
rate is zero. The simulation will be done for all the months of the cooling season. The
optimizer-simulator is run to determine the optimum values of the design variables within
the range specified by the user. The upper and lower bounds for supply air range between
17◦C and 25◦C; for supply air flow rate range between 0.07 kg/s and 0.25 kg/s; and for
regeneration temperature range between 50◦C and 85◦C.

RESULTS AND DISCUSSION

The DV/SD hybrid system was simulated and the developed optimization tool was
used to evaluate performance and energy consumption associated with the proposed strate-
gies for a representative day each of the cooling season months (June, July, August,
September, and October).

Figure 6(a and b) shows (a) the predicted supply air temperature variations in time for
strategy A with the use of PEC at flow rate of 10 l/s and (b) strategy B without the use of
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Figure 6 Supply air temperature for the hybrid system (a) with PEC and (b) without PEC.

the PEC. It is apparent that all the months follow same trend in DV supply air temperature
variation throughout the day. In the early hours of the morning, the supply temperature is
the highest then it drops in a decreasing slope. The lowest supply air temperature for the
DV is observed in the middle of the day around 1:00 p.m. since the highest cooling load
and highest occupancy are attained at this hour. The supply air temperature then keeps
increasing afterward through the rest of the day. This trend in the supply air temperature
variation follows the shape of variation in the internal load and the schedule of occupants.
The lowest DV supply air temperature between the months is observed for the month of
August where higher ambient air temperatures are attained. This increase in the external
cooling load will entrain a decrease in the DV supply temperature for effective cooling and
maintaining acceptable comfort conditions. The opposite phenomenon is observed for the
month of October since it has the lowest ambient temperature. As seen in Figure 6(a) and
6(b), the use of the PEC modules leads to an increase in the supply air temperature between
0.8◦C and 1.335◦C. The use of PEC allows higher DV supply air temperatures that lead to
lower chiller electrical energy consumption.

Figure 7(a and b) shows (a) the predicted regeneration temperature variations with
the time of the day for (a) strategy A with the use of PEC at a flow rate of 10 l/s and (b)
strategy B without the use of the PEC. Similarly, Figure 8(a and b) shows (a) the predicted
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Figure 7 Regeneration temperature for the hybrid system (a) with PEC and (b) without PEC.

supply flow rate variations with time of the day for (a) strategy A and (b) strategy B. An
increasing–decreasing pattern for the fresh air flow rate is observed during the working
hours of the day. A low fresh air flow rate value is recorded at 7:00 a.m. in the morning and
then increases with the increase of the ambient temperature and the internal load. The opti-
mized fresh air flow rate reaches a maximum at the peak hours from 12 a.m. till 2 p.m. and
then starts to decrease again. For strategy A where PEC is used, lower air flow rates were
encountered compared to strategy B where the PEC modules are turned off. This reduction
in the DV airflow rates leads to slightly lower regeneration air temperatures, which results
in reduced energy consumption for the auxiliary unit. The month of October has lowest
regeneration temperature since it has milder climatic conditions with low humidity ratios.
Whereas, the month of August requires high regeneration temperature since the airflow
rates and the ambient humidity ratio are the highest during summer.

A comparison of the energy consumption between DV/SD hybrid system while PEC
is introduced (strategy A) and a standalone DV/SD hybrid system (strategy B) is presented
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Figure 8 Air flow rate for the hybrid system (a) with PEC and (b) without PEC.

in Table 6. The chiller thermal energy is divided by the coefficient of performance with a
value of 3.5 to obtain its electric energy consumption. The value of 3.5 was selected as a
representative value that can encompass average value of the summer months of the given
system. The coefficient of performance (COP) depends on the ambient air temperature and
supply chilled water temperature. In the analysis the chilled water supply temperature is
considered to be constant, thus the only variable considered is the ambient air tempera-
ture. Besides, the efficiency of the auxiliary heater is assumed to be 100% meaning that
the electrical energy consumption is equal to the thermal energy consumption. Also, the
fan electric power consumption is calculated based on the affinity law for prime movers.
The fan power is proportional to the cube of the flow rate ratio taken with respect to a
reference. The comparison showed that the use of PEC leads to an increase in the sup-
ply air temperature initiating a reduction in the chiller electrical energy consumption up
to 19%. In addition, the decrease in air flow rates directly reduces the fan energy and the
auxiliary energy consumption. For that reason, an energy savings up to 13.5% are obtained
for the total energy consumption of the whole hybrid system. It is of interest to compare
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Table 6 Energy Consumption for Strategies [A] and [B]

Month Strategy Electric Energy Consumption (kWh)

Chiller Fan Auxiliary Total

June [A]: With PEC 4.60 0.698 7.13 12.43
[B]: Without PEC 5.49 0.782 7.83 14.10

July [A]: With PEC 4.65 0.717 7.80 13.16
[B]: Without PEC 5.54 0.799 8.26 14.59

August [A]: With PEC 4.83 0.745 7.98 13.56
[B]: Without PEC 5.72 0.824 8.55 15.10

September [A]: With PEC 4.49 0.620 7.79 12.90
[B]: Without PEC 5.32 0.658 8.30 14.28

October [A]: With PEC 3.84 0.433 9.07 13.34
[B]: Without PEC 4.49 0.561 10.09 15.14

Table 7 Thermal Comfort for Case Optimized Setting Without the PEC for Strategy [B] and Use of Same Setting
of Strategy [B] While Turning the PEC On

Time (hour) 7 8 9 10 11 12 13 14 15 16 17 18

Strategy [B] 1.49 1.49 1.42 1.44 1.41 1.43 1.48 1.30 1.15 1.05 0.96 1.14
Strategy [B] + PEC 1.46 1.44 1.21 1.35 1.02 0.70 0.74 0.45 0.21 0.08 0.04 0.30

the performance of the optimized system with PEC to a reference conventional system that
delivers same air quality (100% fresh air) and indoor air temperature of 24◦C for the same
test case and load conditions. At peak load hour, the reference conventional system electri-
cal energy consumption is 4.6 kWh for the chiller and 1.5 kWh for the reheat resulting in a
total consumption of 6.1 kWh. On the other hand, the overall energy consumption at peak
hour of the optimized system with PEC is 4.156 kWh and of the optimized system without
PEC is 4.58 kWh.

With the purpose of assessing the sensitivity of optimized values of the integrated
hybrid system model to use of the PEC, the optimized output values of regeneration tem-
perature, supply flow rate, and supply air temperature for strategy B are used as input to
the integrated model while operating the PEC without running the genetic algorithm solver.
These simulations were done with the intention of monitoring the human thermal comfort
and what changes will take place if the PEC was introduced. In order to perform the assess-
ment, the supply air temperatures and air flow rates of the DV/SD hybrid system without
PEC for the month of August were considered as inputs for the space and human body
models while turning the PEC on. Table 7 shows the difference in thermal discomfort for
the two cases. It is clear that when the PEC is ON for an optimized strategy B, the thermal
comfort deteriorates. From 7 a.m. till 11 a.m., the drop in thermal comfort is small; how-
ever after 11 a.m. it reaches values indicating uncomfortable occupants. This illustrates
that combining a PEC to the hybrid desiccant/displacement system will lead to changes in
the three optimized operation variables.

CONCLUSION

The optimal operational control strategy demonstrated that it is feasible to use the
hybrid SD/DV system aided with PEC to provide space environmental comfort and energy
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savings. A numerical modeling of the various components of the hybrid system was
performed to assess its performance and to meet needed comfort conditions at 100% fresh
air in Beirut humid weather. The hybrid system aided with PEC proved to save up to 13.5%
of the energy consumption when operating in the optimum mode versus operating with-
out PEC. In addition, the use of PEC has improved comfort conditions to reach desired or
neutral level. Therefore, the implementation of this system in office buildings will have a
large impact on the comfort of the occupants and on the quality of the air inside the space.
Besides, it will allow the occupants to control their own microclimate according to their
needs by varying the PEC flow rate which will contribute to reducing the percentage of
people thermally dissatisfied in office spaces.

NOMENCLATURE

Symbols

AHU air handling unit
ASHRAE American Society of Heating Refrigeration and Air Conditioning Engineers
DV displacement ventilation
H stratification height, m
I energy, kWh
IAQ indoor air quality
PEC personalized evaporative cooler
S thermal sensation
SD solid desiccant
T Temperature, ◦C
RH relative humidity
qPEC air flow rate of the personalized evaporative cooler, l/s
Qu useful heat gain

Greek Letters

α weighing factor

Subscripts

in inlet
f fan
c cooling coil
aux auxiliary heater
min minimum
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