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Abstract

Solar desiccant cooling systems, SDEC, could be an effective alternative to conventional cooling 

systems, which mainly depend on electrical energy. The main objective of this work was to 

determine experimentally the seasonal coefficient of performance, SCOP, of a SDEC system 

composed of a desiccant wheel, an indirect evaporative cooler and a thermal solar system, to 

control indoor conditions in a research lab room. The dependence of coefficient of performance 

on outdoor air conditions and percentage of renewable energy used by the SDEC system were 

also analysed. Experimental tests were carried out for six weeks during spring and summer 

seasons in Martos, Spain.

The experimental results showed that the SDEC system independently adjusted the temperature 

and humidity of the supply air. 75% of the energy consumed by this air handling system comes 

from renewable sources. A seasonal coefficient of performance of the SDEC system of 2 was 

obtained for the period analysed. It is shown that the higher the outdoor temperature, the higher 

instantaneous COPs is. These results suggest that the use of SDEC systems in hot climates, such 

as southern European climates, could contribute to achieve the EU's energy goals within the frame 

of Nearly Zero Energy Buildings.
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Nomenclature

cp specific heat [kJ kg-1 K-1]
COP instantaneous coefficient of performance [-]
DCOP daily coefficient of performance [-]
Eren renewable energy used [%]
h Enthalpy [kJ kg-1]
P pressure [Pa]
Q thermal energy [kJ]
Q thermal power [kW]
RH relative humidity [%]
SCOP seasonal coefficient of performance [-]
t time [s]
T temperature [ºC]
V flow rate [m3/h]
W electric energy consumption [kJ]
W electric power [kW]

Greek letters
Δ increment, decrement
ρ density [kg m-3]
ω humidity ratio [g kg-1]

Subscripts
a air
c cooling
d dehumidification
DW desiccant wheel
HC heating coil
i inlet
IEC indirect evaporative cooler
L latent
o outlet
OA outdoor air
S sensible
T total

Superscripts
average value

Acronyms

DW desiccant wheel
EA exhaust air
EC evaporative cooler
F fan
FT filter
HC heating coil
HE heat exchanger
HP hydraulic pump
HVAC heating, ventilating and air conditioning
IEC indirect evaporative cooler
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1 Introduction 

Nowadays, energy consumption in buildings in the EU is approximately 40% of the total energy 

consumption and 36% of the CO2 emissions [1]. EU directives reinforced the goal of reducing 

energy consumption and the integration of renewable energies in buildings, instead of using fossil 

fuels [2]. A large part of current energy consumption and CO2 emissions are due to heating, 

ventilating and air conditioning, HVAC, systems. Therefore, based on the European energy 

framework, the development of new efficient HVAC systems is required.

Currently, conventional HVAC systems based on vapour compression units are widely used. 

However, these systems present some restrictions due to the environmental problems derived 

from the use of refrigerant gases [3]. In addition, conventional HVAC systems suitably control 

air temperature, usually leaving the indoor moisture content in free evolution. Hybrid HVAC 

systems, composed of innovative elements, such as desiccant systems, evaporative cooling 

systems or renewable energy systems, could be an appropriate alternative to conventional air 

conditioning technologies. Hybrid HVAC systems could be very useful for combined control of 

indoor air temperature and humidity.

One type of air dehumidification system widely studied is the desiccant wheel, DW, [4–7]. 

Usually high regeneration air temperatures are demanded to carry out the desiccant 

dehumidification process, so a significant energy consumption is required to regenerate the DW. 

Renewable energy sources could be a safe and reliable solution to carry out the dehumidification 

NTC negative temperature coefficient
OA outdoor air
RA return air
SA supply air
SDEC solar desiccant cooling
V three-way valve
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process and decarbonize the energy infrastructure. In addition, the main thermal demand of 

buildings, especially in the tertiary sector, such as offices or hotels, has a direct relationship with 

the hours of solar radiation that is received, where the thermal energy demand is increasing, in 

parallel to the available solar irradiance [8]. Several previous studies have analysed the thermal 

activation of a DW with a thermal solar system [9,10], achieving high energy savings in this 

process compared to conventional heating technologies, such as electric heaters or condensers of 

vapour compression units.

The heat generated by the dehumidification process of the DW causes the outlet process air 

temperatures to be high. Therefore, an efficient cooling system to reduce the high air temperatures 

generated in the dehumidification process and control the supply air temperature, would allow the 

sensible and latent heat to be decoupled. Numerous hybrid HVAC systems have been analysed 

by some authors in the available literature [11–14]. A DW integrated with a vapour compression 

system was analysed, where the evaporator was used to cool the process air and the condenser to 

thermally activate the DW [15,16], but these systems almost always depend on electrical energy. 

Other HVAC systems with a DW combined with an enthalpy wheel were widely studied [17–19]. 

These systems recover sensible heat from the process air flow in order to regenerate the wheel, 

achieving significant energy savings. Experimental studies of hybrid HVAC systems with a DW 

and a direct evaporative cooler, DEC, have previously performed [20]. However, DEC systems 

modify the supply air humidity ratio, so they do not allow the combined treatment of sensible and 

latent loads. 

Recent research studies on desiccant cooling systems highlight that the combined use of a DW 

with an indirect evaporative cooler, IEC, is an effective alternative to conventional systems [21]. 

An IEC system is usually composed of a heat exchanger, HE, and an evaporative cooler, EC. 

Numerous hybrid HVAC systems composed of a desiccant liquid system and an IEC have been 

previously carried out [22,23]. However, not many studies have investigated the integration of a 

DW and an IEC. A parametric numerical study on a hybrid air conditioning system with a DW 

and an IEC designed for moderate climates obtained high energy efficiency values [24]. A 
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numerical study showed that a HVAC system composed of a DW and an IEC can adequately 

achieve indoor comfort conditions [25]. A numerical statistical study of a similar hybrid HVAC 

system was carried out, obtaining the most influential input variables on energy efficiency [26]. 

Other authors have also analysed numerically the thermal behaviour of hybrid HVAC systems 

composed of a DW and an IEC [27], obtaining significant energy savings for different climate 

zones compared to a conventional HVAC system based on direct expansion units. Numerical 

results of a desiccant cooling system combined with different collector types showed a reduction 

of primary energy consumption and of the equivalent CO2 emissions of 50.2% and 49.8%, 

respectively, compared to a conventional system based in a chiller unit [28,29]. This latest hybrid 

HVAC configuration was also studied numerically for three DWs made of silica-gel, MILGO and 

zeolite-rich tuff, obtaining a primary energy saving of about 20%, 29%, 15%, respectively [30]. 

These authors also experimentally analysed a hybrid HVAC installation with a DW and a 

photovoltaic solar system located in Benevento (Italy), achieving significant reductions of CO2, 

about 79%, respect to a conventional installation [31]. A daily experimental analysis of a HVAC 

system with a DW and IEC also showed a lower electrical energy consumption than that of a 

conventional HVAC system [32]. However, the use of hybrid DW IEC systems combined with 

solar thermal systems, using 100% outdoor air and controlling separately indoor conditions (air 

temperature and humidity) under South European climates requires detailed analysis of the energy 

performance.

The main objective of this work was to determine experimentally the seasonal energy 

performance of a solar desiccant cooling system, mainly composed of a DW, an IEC and a thermal 

solar system, to maintain indoor air conditions in a research lab room by controlling separately 

air temperature and humidity. Hence, seasonal experimental tests were carried out for six weeks 

of spring and summer in Martos (Jaén), Spain. The dependence of coefficient of performance on 

outdoor air conditions and percentage of renewable energy used by the SDEC system were 

analysed.
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2 Material and methods

2.1 Solar desiccant cooling system

A solar desiccant cooling system, SDEC system, was installed to cool and dehumidify outdoor 

air for a research lab room. The process or supply air stream, states 1 to 3, the regeneration or 

exhaust air stream, states 4 to 6, and the secondary or exhaust air stream, states 7 to 9 are shown 

in Fig. 1.

The SDEC system was mainly composed of a DW to handle latent heat and a heat exchanger, 

HE, and an evaporative cooler, EC, to handle sensible heat. The combination of an HE and an EC 

is usually referred to as indirect evaporative cooling, IEC. The DW was activated by means of a 

heating coil, HC. The HC was fed by a constant water flow, which was heated by a thermal solar 

system. A small hydraulic pump was included to recirculate water in the EC. In addition, two air 

mixing boxes were integrated into the system in order to increase the desiccant and cooling 

capacity of the DW and the IEC system, respectively. Three centrifugal fans were selected to 

maintain the design air flow rate given the system pressure drop. A constant air flow rate of 1600 

m3 h-1 was considered for the three air streams. All the experimental tests were carried out using 

100% outdoor air.
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Fig. 1. Schematic of the experimental setup.

The technical characteristics of the HVAC equipment are shown in Table 1. It is noteworthy that, 

the HE plates were made of aluminium alloy and the DW was divided into two equal partitions 

and rotated at a constant speed of 15 rph. The matrix of the DW consisted of alternate layers of 

flat and corrugated sheets of silica gel and metal silicates, chemically bonded into a tissue of 

inorganic fibres. The centrifugal fans were designed to vary their electrical power in order to 

overcome the variable air pressure losses of the SDEC system components and thus ensure the 

set point air flow rates.
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Table 1. Characteristics of the equipment.

Equipment Value
Desiccant wheel (DW)

Rotor size (diameter x thickness) 550 x100 mm

Nominal air flow rate 1600 m3/h

Rotation speed 15 rph

Nominal desiccant capacity 10 kg/h

Desiccant material Silica gel 

Heat exchanger (HE)

Air flow rate 1600 m3/h

Plate material Aluminium

Height 805 mm

Length 580 mm

Depth 805 mm

Evaporative cooler (EC)

Sheet material Fiberglass impregnated with additives

Height 600 mm

Length 600 mm

Total humidification 0,11 l/min

Pump nominal power 35 W

Pump Hmax 2.5 m

Water flow rate 500-2500 l/h

Heating coil (HC)

Tube material Smooth copper

Tube diameter ½’’

Collectors 1’’

Number of tubes 18

Finned length 600 mm

Rows of tubes 2

Fin passage 2,12 mm

Fans (F)

Air flow rate 0 – 1600 m3/h

Nominal power 400 W
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The measured variables in the SDEC system, the type of sensor and its accuracy are summarized 

in Table 2. The locations of the sensors are shown in Fig. 1. The maximum values of standard 

deviations of the mean were ±0.5 ºC for the temperature, ±5 % for the relative humidity, ±5 Pa 

for the pressure difference to measure air flow rates, and ±6 % for the pressure difference to 

measure dirt in the filters The sampling time was 60 s throughout the day.

Table 2. Specification of measuring devices.

Measured parameter Type Accuracy

T NTC (negative temperature 
coefficient) ± 0.5 ºC (T range 0 ºC to 50 ºC )

RH Capacitive ± 5 % (RH range10% to 90%

∆P Differential pressure transmitter ±5 Pa (at range <500 Pa)

∆FT Differential pressure transmitter ± 6 % (50 Pa to 500 Pa)

2.2 Operation modes of the solar desiccant cooling system

The combination of HVAC elements of the SDEC system was designed to independently control 

the temperature and humidity of the room air. Hence, the SDEC system included a control system 

to adjust these HVAC elements. The control system checked the values the of indoor air 

temperature, T4, indoor air humidity ratio, 4, and outdoor air temperature, T1, at each time step, 

and then it executed the control actions, in order to reach the setpoint conditions. A diagram of 

the control logic of the SDEC system is represented in Fig. 2.

Three independent main control loops were considered in the SDEC system. The first one was an 

indoor air humidity control loop, the second one an indoor air temperature control loop and the 

third one an economizer loop.

The air humidity control loop was divided into two specific modes of operation, Mode 1-H and 

2-H. This loop modulated the water flow rate of the regeneration heating coil, HC, and activated 

the rotation of the DW. The air temperature control loop was also divided into two specific modes 

of operation, Mode 1-T: when this reduction was required; and Mode 2-T: when there was no 
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need to reduce the air temperature. This loop only modulated the water flow rate of the hydraulic 

pump of the IEC. Finally, the economizer loop adjusted the position of the dampers in the DW 

and IEC boxes, in order to increase the desiccant and cooling capacity of the SDEC system. The 

return air stream, RA, passed through IEC air damper and the outdoor air stream, OA, passed 

through DW air damper when the outdoor air temperature was higher than the return air 

temperature, Mode 1-E. OA passed through IEC air damper and RA passed through DW air 

damper when the outdoor air temperature was lower than the return air temperature, Mode 2-E.
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Fig. 2. SDEC system control logic diagram.
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2.3 Thermal solar system

A thermal solar system of high efficiency vacuum tube collectors was designed, developed and 

manufactured in Plastic Technological Center (ANDALTEC), see Fig. 3. Each solar collector 

consisted mainly of one parabolic reflector and one solar collecting vacuum tube. The parabolic 

reflectors were manufactured by injection moulding in polycarbonate. The surfaces of the 

parabolic reflectors were covered with a thin aluminium film, in order to increase their reflection 

capacity. Direct flow vacuum tubes with flat absorbent surface were suitably assembled to the 

parabolic reflectors.

A collector module was composed of ten vacuum tubes and ten parabolic reflectors. Four collector 

modules composed the solar system, with an area of 3.69 m2 each module on the horizontal axis. 

The angles of inclination of each collector module were the following: α= 80º (North-South 

inclination angle); θ= 10º (East-West angle of inclination).

The water heated by this system was used to feed the HC and thus thermally activate the DW by 

means of the regeneration air stream of the SDEC system, see Figure 1. The water flow rate that 

circulated through the solar system was 0.48 m3/h.

Fig. 3. Image of the thermal solar system.
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2.4 Research lab room

The SDEC system was designed to serve air in a research lab room of 63,8 m3. The room was 

located in a building of the Plastic Technological Center (ANDALTEC) in Martos (Jaén), Spain. 

Four rotational  terminal air units were installed in the room: two supply grilles terminal units and 

two exhaust grilles terminal units. Terminal units were connected with the SDEC system by 

means of air ducts. The characteristics of the room are summarized in Table 3. 

In this work, the set point indoor conditions for the research lab room were set at 251 ºC for the 

air temperature and 81 g/kg for the air humidity ratio (40 % for the relative humidity).

Table 3. Characteristics of the research lab room.

Room Floor area 28.3 m2

Height 2.3 m
Exterior wall area (South and North) 8 m2

Exterior wall area (East and West) 18.9 m2

Exterior roof area 28.3 m2

Indoor air temperature 25 ºC
Indoor relative humidity 40 %

U-value Exterior wall 0.4 W m-2 K-1

Roof 0.32 W m-2 K-1

Heat gain Lighting Sensible: 500 W
People 7 persons

Sensible: 64 W/person
Latent: 81 W/person

Research equipment Sensible: 550 W
Latent: 1173 W

Daily schedule Monday-Friday: 08:00 am to 4:00 pm 

The room could demand cooling, dehumidification or both processes. This demand caused the 

SDEC system to deliver sensible thermal energy, latent thermal energy or both. Therefore, this 

system could work with three operating modes: (i) when the room demanded cooling and the 

SDEC system delivered sensible thermal energy, (ii) when the room demanded dehumidification 

and the SDEC system delivered latent thermal energy, or (iii) when the room demanded both 

processes and the SDEC system delivered sensible and latent thermal energy.
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2.5 System performance

The SDEC system experimental tests were performed for six weeks of spring and summer, from 

May 27th to July 5th, 2019, in Martos (Jaén), Spain. The SDEC system performance was evaluated 

according to the following parameters. These parameters were calculated for three operating 

modes: (i) when the SDEC system delivered sensible thermal energy to cool the indoor air; (ii) 

when the SDEC system delivered latent thermal energy to dehumidify the indoor air; and (iii) 

when the SDEC system delivered sensible and latent thermal energy to cool and dehumidify the 

indoor air.

 Thermal energy delivered by the SDEC system to the supply air, . This parameter was Q

calculated using an air flow energy balance for the three operating modes: sensible, latent 

and total energy delivered, ,  and , respectively, expressed by Eqs. (1)-(3).QS,T QL,T QT

𝑄𝑆,𝑇 = ∫
𝑡𝑐,𝑂𝐹𝐹

𝑡𝑐,𝑂𝑁

(𝑄𝑆,𝐷𝑊 + 𝑄𝑆,𝐼𝐸𝐶) 𝑑𝑡 (1)

𝑄𝐿,𝑇 = ∫
𝑡𝑑,𝑂𝐹𝐹

𝑡𝑑,𝑂𝑁

𝑄𝐿,𝐷𝑊 𝑑𝑡 (2)

𝑄𝑇 = ∫
𝑡𝑐,𝑑,𝑂𝐹𝐹

𝑡𝑐,𝑑,𝑂𝑁

(𝑄𝑆,𝑇 + 𝑄𝐿,𝑇) 𝑑𝑡 (3)

Each mode of operation caused the activation of different HVAC elements of the SDEC system, 

as shown in section 2.2, and consequently different electrical energy consumption, .𝑊

 Electric energy consumption of the SDEC system was also obtained for the three 

operating modes: energy consumption when the SDEC system operated in sensible mode 

to cool the indoor air, , expressed by Eq. (4), in latent mode to dehumidify the indoor 𝑊𝑆

air, , expressed by Eq. (5), and in sensible and latent mode to cool and dehumidify the 𝑊𝐿

indoor air during the entire period analysed, , expressed by Eq. (6).𝑊𝑇
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𝑊𝑆 = ∫
𝑡𝑐,𝑂𝐹𝐹

𝑡𝑐,𝑂𝑁

(𝑊𝐹1 + 𝑊𝐹2 + 𝑊𝐹3 + 𝑊𝐻𝑃) 𝑑𝑡 (4)

𝑊𝐿 = ∫
𝑡𝑑,𝑂𝐹𝐹

𝑡𝑑,𝑂𝑁

(𝑊𝐹1 + 𝑊𝐹2 + 𝑊𝐹3) 𝑑𝑡 (5)

𝑊𝑇 = ∫
𝑡𝑐,𝑑,𝑂𝐹𝐹

𝑡𝑐,𝑑,𝑂𝑁

(𝑊𝐹1 + 𝑊𝐹2 + 𝑊𝐹3 + 𝑊𝐻𝑃) 𝑑𝑡 (6)

 Instantaneous coefficient of performance, COP, which measures the relation between the 

thermal power, , and the electric power, . COP was obtained for the three operating Q W

modes: , , and , expressed by Eqs. (7)-(9).COPS COPL COPT

𝐶𝑂𝑃𝑆 =
𝑄𝑆,𝑇

𝑊𝑆
(7)

𝐶𝑂𝑃𝐿 =
𝑄𝐿,𝑇

𝑊𝐿
(8)

𝐶𝑂𝑃𝑇 =
𝑄𝑇

𝑊𝑇
(9)

 Daily coefficient of performance, , which measures the relation between the DCOP

thermal energy delivered, , and the electric energy consumption, , throughout the day. Q W

 was also obtained for the three operating modes: , , and , DCOP DCOPS DCOPL DCOPT

expressed by Eqs. (10)-(12). Values of seasonal mean coefficient of performance, , SCOP

was also calculated for the three operating modes. The  vales were calculated using SCOP

the same ratios of Eqs. (10)-(12), but for the entire period studied, six weeks.

𝐷𝐶𝑂𝑃𝑆 =
∫𝑡𝑐,𝑂𝐹𝐹

𝑡𝑐,𝑂𝑁
𝑄𝑆,𝑇 𝑑𝑡

∫𝑡𝑐,𝑂𝐹𝐹

𝑡𝑐,𝑂𝑁
𝑊𝑆 𝑑𝑡

(10)

𝐷𝐶𝑂𝑃𝐿 =
∫𝑡𝑑,𝑂𝐹𝐹

𝑡𝑑,𝑂𝑁
𝑄𝐿,𝑇 𝑑𝑡

∫𝑡𝑑,𝑂𝐹𝐹

𝑡𝑑,𝑂𝑁
𝑊𝐿 𝑑𝑡

(11)
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𝐷𝐶𝑂𝑃𝑇 =
∫𝑡𝑐,𝑑,𝑂𝐹𝐹

𝑡𝑐,𝑑,𝑂𝑁
𝑄𝑇 𝑑𝑡

∫𝑡𝑐,𝑑,𝑂𝐹𝐹

𝑡𝑐,𝑑,𝑂𝑁
𝑊𝑇 𝑑𝑡

(12)

Percentage of energy consumed by the overall experimental system from renewable energy 

sources to carry out the cooling and dehumidification processes, , was calculated for the entire Eren

period studied, Eq. (13). Where  is the thermal energy exchanged by the HC, calculated by QHC

Eq. (14), and  is the total thermal energy delivered to the room from outside air, calculated QT,OA

by Eq. (15).  was only calculated when the outside air helped to reach the set point QT,OA

conditions, that is, when the outdoor air temperature and humidity ratio were lower than the set 

point air temperature and humidity ratio.

𝐸𝑟𝑒𝑛 =
|𝑄𝐻𝐶| + |𝑄𝑇,𝑂𝐴|

|𝑄𝐻𝐶| + |𝑄𝑇,𝑂𝐴| + |𝑊𝑇|
(13)

𝑄𝐻𝐶 = ∫
𝑡𝑑,𝑂𝐹𝐹

𝑡𝑑,𝑂𝑁

𝑉𝑎·𝜌𝑎·𝑐𝑝𝑎·(𝑇𝑎,𝑖 ― 𝑇𝑎,𝑜) 𝑑𝑡
(14)

𝑄𝑇,𝑂𝐴 = ∫
𝑡𝑂𝐹𝐹

𝑡𝑂𝑁

𝑉𝑎·𝜌𝑎·(ℎ𝑎,𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 ― ℎ𝑎,𝑂𝐴) 𝑑𝑡
(15)

3 Results

The energy analysis of the experimental results is presented in daily and seasonal analysis to 

correctly understand the behaviour of the SDEC system.

3.1 Daily behaviour of the solar desiccant cooling system

The thermal behaviour and energy consumption of the SDEC system for a typical hot day, May 

27th, in Martos are represented in Fig. 4. Firstly, it can be observed than, at 8:00 AM, the return 

air humidity ratio, 4,was higher than the set point humidity ratio, fixed at 8 g/kg, see Fig. 4a. So, 

the dehumidification mode, Mode 1-H, was activated, see Fig. 4c, and the air streams were 

handled by the DW and the HC. The outdoor air stream was dehumidified and heated, from state 
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1 to state 2, see Fig. 4a and b. The return air temperature, T4, was also higher than the set point 

air temperature, in the same period of time. Therefore, the Mode 1-T control activated the 

hydraulic pump of the IEC system, see Fig. 4c, reducing the supply air temperature, from T2 to 

T3, see Fig. 4b, and maintaining its constant air humidity ratio, 2 equal to 3, see Fig. 4a.

For this case study, the return air temperature, T4, was higher than the outdoor air temperature, 

T1, at the beginning of the period studied, so the return air, RA, passed through DW air damper 

and the outdoor air, OA, passed through IEC air damper, Mode 2-E, see Fig. 2 and state lines in 

Fig. 4c. The return air stream circulated by the HC and DW. Therefore, the return air temperature 

was raised by the HC and the thermal solar system, from T4 to T5, maintaining its constant air 

humidity ratio, 4 equal to 5. Then, the outlet air temperature of the HC was reduced and the air 

humidity ratio increased, from state 5 to state 6, see Fig. 4a and b. On the other hand, the outdoor 

air stream circulated by the EC and HE. The EC system reduced air temperature and increased air 

humidity ratio, from state 1 to state 8, see Fig. 4a and b. The HE exchanged sensible heat between 

state 8 and state 2. The return air temperature values were lower than the outdoor air temperature 

values at the end of the period studied, so the return air, RA, passed through IEC air damper and 

the outdoor air, OA, passed through DW air damper, Mode 1-E, see Fig. 4c.

The electric power, , values of the three centrifugal fans, F1, F2 and F3, and the hydraulic pump, W

HP, are shown in Fig. 4d. The highest  values were required by F2, mainly due to the HC and W

the regeneration side air pressure losses. It can be observed than the  values of F3 was W

significantly increased at 1:10 pm, due to the change in the opening of dampers and the new 

pressure losses generated, see Fig. 4c and d. The HP consumed electric energy only when the 

SDEC system required air cooling i.e. when the return air temperature satisfactorily did not 

achieve the set point air temperature, see Fig. 4d.
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(a) Air humidity ratio

(b) Air temperature

(c) States of the SDEC system
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(d) Electric power

Fig. 4. Daily operational characteristics of the SDEC system.
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3.2 Energy analysis

The sensible, latent and total thermal energy delivered by the SDEC system to the research lab 

room, the average daily outdoor air temperature, , and average daily outdoor air humidity TOA

ratio, , are represented in Fig. 5.OA

This figure shows sensible thermal energy delivered of the DW, the IEC and the entire solar 

desiccant cooling system, ,  and , respectively, latent thermal energy delivered of QS,DW QS,IEC QS,T

the DW and the entire system,  and , respectively, whose values were the same because QL,DW QL,T

only the DW handled air humidity, and total thermal energy delivered of the entire system, . In QT

this work, negative thermal energy delivered values were considered when the elements increased 

the air temperature and humidity ratio, while positive thermal energy delivered values were 

considered when the elements reduced the air temperature and humidity ratio. It can be observed 

that the DW delivered higher sensible and latent energy values, the higher the  values, see OA

Fig. 5a and b. The highest thermal energy delivered values of the DW were obtained on June 28th, 

-45.5 MJ and 25.3 MJ for  and , respectively, the day with the highest  values, QS,DW QL,DW OA

both with 11 g/kg. The  values of some days were low, as for example on May 29th with 3.8 OA

g/kg, see Fig. 5b. For these days, air dehumidification was not required, so the DW was not 

activated and it did not deliver sensible and latent energy.

The activation of the IEC was caused by three reasons:(i) sensible heat loads of the room; (ii) high 

values of outdoor air temperature, ; and (iii) sensible thermal energy delivered during the TOA

dehumidification process of the DW, . Therefore, the highest  values were obtained QS,DW QS,IEC

for the days with the highest values, such as on June 13th with 99.8 MJ for  equal to 31 ºC, TOA TOA

and the days with the highest  values, such as on June 28th with 97.3 MJ for  equal to QS,DW QS,DW

-45.5 MJ, see Fig. 5a. The minimum  value was 12.7 MJ on May 30th, with an value QS,IEC TOA

equal to 23 ºC, as shown in Fig. 5a. In this figure can also see that the  values were similar on TOA

May 28th and June 1st, with 29.9 ºC and 29.7 ºC, respectively, however, the  values were QS,IEC
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different, 97.3 MJ and 90.8 MJ, respectively. This sensible energy difference of the IEC was 

caused by the difference of .QS,DW

The values of total sensible and latent thermal energy delivered of the SDEC system,  and QS,T

, respectively, the electric energy consumption when the cooling demand was required, , QL,T WS

and the energy consumption when the dehumidification demand was required, , are also shown WL

in see Fig. 5a and b by continuous lines.  was obtained from the electric energy consumption WL

by the three centrifugal fans and  was obtained from the electric energy consumption by the  WS

three centrifugal fans and the hydraulic pump of the IEC. It can be observed that the  values WS

were almost always lower than the  values. The  values followed trends similar to the  QS,T WS QS,T

values, see Fig. 5a, mainly due to the operating time of the SDEC system. The maximum  WS

value was 38 MJ on June 26th, with a  value equal to 60.5 MJ for this day, see Fig. 5a. The QS,T

 values were similar to the  values when there was demand for air cooling and WL WS

dehumidification, because the electric energy consumption of the hydraulic pump was low and 

the remaining electric energy consumption of the fans was the same. However, the  values WL

were almost always higher than the  values. These results were mainly due to the fact that QL,T

outdoor air conditions were favourable for the dehumidification of indoor air. Therefore, the need 

for air dehumidification was not high and the regeneration air temperature, T5, was below 55 ºC. 

The maximum  value was 37 MJ on June 26th, with a  value equal to 20.7 MJ for this day, WL QL,T

see Fig. 5b.

The values of total thermal energy delivered of the SDEC system, , and the total energy QT

consumption, , are shown in Fig. 5c. It can be observed that  was almost always lower than WT WT

. The highest  values were found for the days with the highest , as shown in Fig. 5c.QT WT QT
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(a) Sensible energy

(b) Latent energy

(c) Total energy
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Fig. 5. Daily thermal energy delivered and electric energy consumption of the SDEC system.

3.2.1 Mean coefficient of performance

The values of daily mean coefficient of performance when the cooling demand was required, 

DCOPS, when the dehumidification demand was required, DCOPL, and when both processes were 

required, DCOPT, are represented in Fig. 6. These results show the relationship between the 

thermal energy delivered and the electric energy consumption shown in Fig. 5. It can be observed 

that the DCOPS values were always greater than 1, less on June 18th, with a value equal to 0.9. 

The maximum DCOPS value was 3.8 on June 20th. However, the DCOPL values were almost 

always less than 1, because electric energy consumption of the SDEC system was higher than 

latent energy delivered. Some DCOPL values were equal to zero, because for these days there was 

not dehumidification demand, as shown in Fig. 5b. The maximum DCOPL value was 1.1 on June 

6th and June 12th. Finally, the DCOPT values were also almost always greater than 1, with a 

maximum value of 2.8 on June 13th.
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Fig. 6. Daily mean coefficient of performance of the SDEC system.

3.2.2 Renewable energy used

The percentages of daily renewable energy used by the SDEC system are shown in Fig. 7. It can 

be observed than significant percentages were used, always over 60 %, see Fig. 7. The maximum 

percentage of daily renewable energy used was 85.5 % on June 24th. The remaining percentages 

came from electrical energy.
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Fig. 7. Renewable energy used by the SDEC system.

3.2.3 Auxiliary energy

The SDEC system allowed to cool and dehumidify air with high percentages of renewable energy. 

However, sometimes the SDEC system did not achieve the set point conditions. So, auxiliary 

energy was required to achieve the set point conditions. Two typical examples, June 20th and 25th, 

are shown in Fig. 8. During both days cooling and dehumidification demand was required. On 

June 20th, it can be observed that the SDEC system did not require auxiliary sensible and latent 

energy, Fig. 8a, the set point conditions were achieved throughout the day. On June 25th, the 

results shows that auxiliary latent energy was required when solar heat gain was low, especially 

before 12:00 AM, and the outdoor air humidity ratio values were over the humidity ratio set point 

of 8 g/kg, as shown Fig. 8b.  decreased when solar heat gain increased along with time. The QL,aux

maximum  value was 2.3 kW at 8:00 AM. A thermal storage system could reduce the QL,aux

auxiliary latent energy required by the SDEC system. Auxiliary sensible energy was also required 

for high outdoor air temperature values, values higher than 30 ºC, see Fig. 8b. The maximum 
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 value was 0.9 kW at 4:00 PM. These results suggest that an energy optimization of the IEC QS,aux

system could reduce auxiliary sensible energy required and increase its energy efficiency. The 

current average energy efficiency of the evaporative cooler system was 0.6, so this system could 

be further improved.

(a) June 20th (b) June 25th 

Fig. 8. Auxiliary energy required of the SDEC system.

3.3 Overall energy analysis

The results of daily mean coefficient of performance when the cooling demand was required, 

DCOPS, showed variations between 0.9 and 3.8, see Fig. 6. In this section, instantaneous COPS 

values were calculated for each measured time step, 60 s, for the entire period studied. The 

dependence of the outdoor air temperature on the COPs values is represented in Fig. 9. These 

values were divided according to two specific modes of operation: (i) Mode 1-E when TOA was 

higher than TRA, so the return air stream, RA, passed through IEC; (ii) and Mode 2-E when TOA 

was lower than TRA, so the outdoor air stream, OA, passed through IEC, see Fig. 2.

The dependence of the outdoor air temperature on the COPs values shows a positive linear trend, 

that is, when the outdoor air temperature values increased, the COPS values also increased, as 
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shown Fig. 9. An inverse trend to this is usually obtained with air cooling systems based on direct 

expansion units, which reduce their COPS values when outdoor air temperature increased. In this 

figure, it can also be observed the lowest COPS values were obtained when the outdoor air stream, 

OA, passed through IEC. This mode of operation occurred when TOA was lower than TRA, so low 

cooling demand was required. Nevertheless, the highest COPS values were obtained when the 

return air stream, RA, passed through IEC, TOA was higher than TRA and high cooling demand 

was required. It is shown that the higher TOA values, the higher COPS values. These results suggest 

that the energy performance of the SDEC system increase for hot climate zones.

Fig. 9. Outdoor air temperature on instantaneous sensible coefficient of performance when the 

cooling demand was required.

The average instantaneous energy performance values, , and the seasonal energy performance COP

values, , of the SDEC system for the entire period studied are summarized in Table 4. It can SCOP

be observed that the values of  and  were the same, 0.5. Nevertheless, the values of COPL SCOPL

SCOPS and , 2.1 and 2, respectively, improved seasonally compared to the instantaneous SCOPT

values of  and , 1.8 and 1.7, respectively, as shown in Table 4. These  values were COPS COPT SCOP
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also represented in Fig. 6. This SCOPT value shows good agreement with the SCOPT values, 

between 2 and 2.8, obtained from several numerical simulations of a similar desiccant cooling 

system, mainly composed of a DW and an IEC, carried out in previous works [27]. Other recent 

experimental studies on solar desiccant cooling systems obtained a SCOPT value lower than that 

obtained in the present work, SCOPT equal to 0.91 without including the electric energy 

consumption [9]. A significant percentage of seasonal renewable energy was used by the SDEC 

system to handle air of the research lab room, 75.1%, see Table 4.

Table 4. Overall results of the SDEC system.

Parameters Value

COPS 1.8

COPL 0.5

COPT 1.7

SCOPS 2.1

SCOPL 0.5

SCOPT 2.0

Eren 75.1 %

4 Conclusions

In this study, a solar desiccant cooling system, SDEC system, mainly composed of a DW, an IEC 

and a thermal solar system, was analysed experimentally to maintain indoor air conditions in a 

research lab room located in Martos (Jaen), Spain. The thermal energy delivered by the SDEC 

system, the seasonal coefficient of performance, SCOP, and the percentage of renewable energy, 

Eren, were studied for six weeks during spring and summer seasons under climatic conditions in 

southern Europe. The following conclusions were obtained from the present work:

- The experimental configuration and the control system allowed the SDEC system to 

independently control the sensible and latent loads of the room using 100% outdoor air. 
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A low percentage of auxiliary energy is required to maintain indoor conditions in the 

period analysed.

- The sensible thermal energy delivered by the SDEC system in cooling mode was higher 

than its electric energy consumption. Hence a sensible seasonal coefficient of 

performance, SCOPS, value of 2.1 was obtained. On the contrary, a 0.5 value of seasonal 

latent coefficient of performance, SCOPLL, was found in dehumidification mode for the 

same period. This is mainly due to the dehumidification potential of outdoor air. A value 

of 2 was found for the total seasonal coefficient of performance, SCOPT, when the SDEC 

was operated in cooling and dehumidification mode for the entire period analysed.

- It is noteworthy that, 75% of the seasonal energy consumed by the SDEC system to carry 

out the cooling and dehumidification processes came from renewable sources, such us 

thermal solar energy and outdoor air.

- It was found a significant dependence of the sensible coefficient of performance of the 

SDEC system with outdoor air temperature. For the analysed period, the higher the 

outdoor air temperature, the higher the sensible coefficient of performance, COPS, is. 

It can be concluded that the analysed SDEC system maintains indoor conditions by using 100% 

outdoor air and handling independently air temperature and humidity in hot climate areas. 

Moreover, an important percentage of the SDEC system energy consumption came from 

renewable energy sources, like solar thermal systems. 

These results suggest that solar desiccant cooling systems, SDEC, could be considered as an 

alternative to traditional direct expansion systems. Therefore, the use of SDEC systems in hot 

climates, such as South European climates, could contribute to achieve the EU's energy goals 

within the frame of Nearly Zero Energy Buildings.
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SUPPLEMENTARY MATERIAL

Psychrometric analysis of the SDEC system for typical operation modes

The behaviour of the SDEC system for two case studies on May 27th, see Fig. 4, is represented in 

Fig. 10 by psychrometric charts. Air states 1-4 correspond to the air processes shown in Fig. 1. 

The first case, Fig. 10a, represents the behaviour of the SDEC system at 3 PM, where the modes 

of operation Mode 2-H and Mode 1-T were activated, see Fig. 2. For this case, the process air 

temperature was reduced 3.8 ºC, from T1 to state T3, however, 1 was lower than the setpoint 

humidity ratio, 8 g/kg, so air dehumidification was not required. The second case study, Fig. 10b, 

represents the behaviour of the SDEC system at 12:10 PM, where the modes of operation Mode 

1-H and Mode 1-T were activated, see Fig. 2. Air dehumidification and cooling was required for 

these outdoor air conditions, with reductions of 1.8 g/kg and 1.9 ºC, respectively, from state 1 to 

state 3. In Fig. 10, it can also be observed the experimental uncertainty of measurements, see 

Table 2. The air temperature deviation was always constant, 0.5 ºC, however, the air humidity 

ratio deviation was slightly higher for high air temperatures, with maximum value of 1 g/kg.
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(a) Mode 2-H and Mode 1-T: Cooling

(b) Mode 1-H and Mode 1-T: Dehumidify and cooling

Fig. 10. Process air conditions and room air conditions of the SDEC system for two case 

studies.
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Experimental energy performance assessment of a solar desiccant cooling system in 

Southern Europe climates

Highlights:

 Seasonal energy performance of a solar desiccant cooling system was analysed.

 This system used significant percentages of renewable energy, always over 60 %.

 High values of seasonal coefficient of performance were found.


