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Modeling and experimental validation of the solar loop for 
absorption solar cooling system using double glazed 

collectorsOlivier Marc*, Jean-Philippe Praene, Alain Bastide, Franck LucasLaboratory of Physical 

and Mathematical Engineering for Energy and Environment (PIMENT)University of La Reunion, 

FranceCorresponding author: olivier.marc@univ-reunion.fr 

Abstract Solar cooling applied to buildings is without a doubt an interesting alternative for reducing 

energy consumption in traditional mechanical steam compression air conditioning systems. The study of 

these systems should have a closely purely fundamental approach including the development of numerical 

models in order to predict the overall installation performance. The final objective is to estimate cooling 

capacity, power consumption, and overall installation performance with relation to outside factors (solar 

irradiation, outside temperature...). The first stage in this work consists of estimating the primary energy 

produced by the solar collector field. The estimation of this primary energy is crucial to ensure the 

evaluation of the cooling capacity and therefore the cooling distribution and thermal comfort in the 

building. Indeed, the absorption chiller performance is directly related to its heat source. This study 

presents dynamic models for double glazing solar collectors and compares the results of the simulation 

with experimental results taken from our test bench (two collectors). In the second part, we present an 

extensive collector field model (36 collectors) from our solar cooling installation at The University 

Institute of Technology in St Pierre, Reunion Island as well as our stratified tank storage model. A 

comparison of the simulation results with real scale solar experimental data taken from our installation 

enables validation of the double glazing solar collector and stratified tank dynamic models. 

Key words: Solar cooling; Double glazed solar collector; Absorption; Storage tank; Simulation; 

Experimental set up; Tropical climate. 

1. IntroductionIn summer, particularly under tropical climate, air conditioning has the highest energy 
expenditure in buildings. Solar cooling applied in buildings is without a doubt an interesting alternative 
for solving problems of electrical over-consumption in traditional compression vapor air conditioning. 
Solar energy use in cooling buildings offers the advantage of using an inexhaustible and free heat source 
which caters for cooling needs most of the time [1]. The study of these systems should be close to 
experimental pilot installations to investigate the appropriate design [2] and to evaluate the overall 
performance both in different building types and climates [3, 4]. But it's not the only way, a purely 
fundamental approach including development of numerical models can be carried out [5-6] that enable the 
prediction of the overall installation performance.  The final objective of this model is to estimate the 
cooling capacity, power consumption, and overall installation performance according to operating 
conditions (solar irradiation, outside temperature, occupancy...). As these parameters are highly variable 
from one moment to another, modeling should imperatively consider system dynamics to be able to 
integrate all the physical phenomena the most accurately as possible.  
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The principle diagram of a solar cooling installation is presented in Fig. 1. The heat generated by the 

thermal solar collector field (1) is stored in the hot water tank (2) before feeding the absorption chiller 

generator (3). Cold water produced by the absorption chiller evaporator is stored in the cold water tank (4) 

before feeding fan coils in the building to be cooled (6). Finally, the absorber and the condenser of the 

absorption chiller are cooled by the cooling tower.  

Fig. 1: Diagram of a solar cooling installation: 1. Solar collector field, 2. Hot water tank, 3. Absorption 

chiller, 4. Cold water tank 5. Cooling tower 6. Building 

The first step in modeling a solar cooling installation is to estimate the primary energy produced by the 

thermal solar collector field. This primary energy is stored in a hot water tank before feeding the 

absorption chiller generator. The estimation of this primary energy is crucial to ensure the proper 

evaluation of the cooling capacity and thus the thermal comfort inside the buildings. Indeed, the 

absorption chiller performance is directly related to the quality of the heat source [7]. There are currently 

three main solar collector technologies suitable for solar cooling installations using single effect 

absorption chillers: the vacuum tube collectors, the single glazed flat plate collectors and the double 

glazed flat plate collectors. The single effect absorption chillers are the most common and do not require 

temperatures at the inlet of the generator above 100°C. Vacuum tube collectors and flat plate single 

glazing collectors are the most widespread technologies and many models can be found in the literature 

[8,9, 10, 11, 12, 13]. Evacuated tubes collectors remain expensive and their efficiency depends on the 

sealing between the glazed tube and the duct, the vacuum no longer exists after several years and thus the 

convective heat loss becomes significant. The single glazed flat plate collectors are indeed much cheaper 

but they are less efficient when used to produce water above 70°C. We chose to study double glazed flat 

plate collectors which are much less expensive than vacuum tube technology and more efficient than 

conventional single-glazed flat plate collectors. Double glazing minimizes heat loss from the upper 

collector surface and therefore reinforces the greenhouse effect occurring inside the collector. In this 

work, we present the dynamics model for a solar double glazing collector and compare simulation results 

with experimental data obtained from our test bench ( 2 collectors). In the second part, we put forward an 

extended model of the whole solar loop at our solar cooling installation at The University Institute of 

technology in St Pierre, Reunion Island. This model takes the collector field (90 m²) as well as the 

stratified storage tank into consideration. A comparison between simulation results and data from the full 

scale experimental solar cooling facility validates the dynamic models of the solar loop and stratified tank. 

2. Installation Modeling 2.1. Design of the double glazed flat plate collectorThe double glazed flat plate 

collector under study is composed of seven layers as seen in Fig. 2. The upper collector is composed of 

two glass layers (1,3) separated by an air gap. The absorbing collector inner surface (5) and the second 

glazing (3) are separated by a second air layer (4). The transfer fluid (6) runs under the absorbent surface 

(5). Finally an insulator and support (7) is fixed under the absorber to reduce heat loss.  
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Fig. 2: Representation of the double glazed collector: 1. First glass layer 2. First air layer 3. Second 

glass layer 4. Second air layer 5. Absorbent surface 6. Transfer fluid 7. Insulation and support. 

The different heat transfer modes involved, can be observed in Fig 2. The first layer of glass (1) is subject 

to two convection transfers: the first one between the air and the upper side and the second between the 

first air layer (2) and its underside. It is also subject to two radiative transfers: the first between the sky 

and its upper side and the second between the underside of the second layer of glass (3). Similarly the 

second layer of glass (3) is subject to two convection transfers (one between the first layer of air (2) and 

its upper side and the other between the second layer of air (4) and its underside) and in addition to these 

two radiative transfers (one with its top surface and the underside of the first layer of glass (1) and the 

other between the upper surface of the absorber (5) and its bottom surface). The absorbent surface (5) is 

subjected to two convection transfers (one between the second air layer and its upper side and the other 

between the transfer fluid (6) and its underside), and in addition to the radiative transfer, between the 

upper side and the second layer of air (3). The transfer fluid (water) (6) is subject to two convection 

transfers: the first with the absorber and the second with the isolator. Heat loss from the underside of the 

collector is characterized by a conductive flux through the isolator and convective exchange between the 

isolator and the ambient air. Similarly we may note that each layer (1-6) has an additional side wall loss 

characterized by a conductive flux associated with a convective flux. 

 2.2. Double glazed solar collector modelNow that all the heat transfers inside our double glazed solar 

collector representation have been identified, the energy balances can be expressed as follows :Equation 

for the first layer of glass (1): 

 

 

 

 

(1) 

Equation for the first air layer (2): 

 

 

 

(2) 

Equation for the second glass layer (3): 
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(3) 

Equation for the second air layer (4): 

 

 

 

 

(4) 

Equation for the absorber (5): 

 

 

 

 

(5) 

Equation for the transfer fluid (6): 

 

 

 

 

 

 

(6) 

The following assumptions are made: 

• The thermo-physical properties of different materials are independent of temperature. 

• The glass surfaces are clean and transparent to solar radiation. 

• The conduction transfers inside glass and air layers are disregarded. 

• The absorption and transmission coefficients are considered constant and provided by the 

manufacturer. 

• The reflected radiation of the absorber exits the collector. 

• Radiation losses from the sides and bottom of the collector are neglected. 

2.3. Convection exchange coefficients of the collector 
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The convection exchange coefficient between the upper surface of the collector and the ambient air 

depends mainly on wind speed and can be evaluated using the empirical equation proposed by Agarwal 

and Larson [14]: 
 (7) 

Where uwind is the wind speed near the collector in m.s-1. 

 

The convection heat exchange coefficient between the two layers of glass (g1 and g2) is determined thanks 

to the equations proposed by Duffie and Beckman [15] on natural convection between two flat plates: 

 

(8) 

where Λa1 and ea1 are respectively the thermal conductivity and thickness of the air between the two layers 

of glass. The Nusselt number (Nu) is given in the following equation: 

 
(9) 

 

where β is the inclined angle of the collector in degrees. The Prandtl number is included in the equation 

above and is independent of the temperature (Pr = 0.7) [15]. The Grashoff number is given in the 

following equation: 

 

(10) 

 

where Tg1, Tg2 and Ta1 are the temperatures, of the two glazed layers (g1 and g2) and (a1) in the air cavity, υ 

is the kinematic viscosity of the air and (g) the gravity. Indices are adjusted in Eq. 8 to determine the 

convection exchange coefficients between the 2° glass layer and absorber. 

 

(11) 

 

The Nusselt number is calculated in equation (9) and the Grashoff number is: 

 

(12) 

 

The following equation proposed by Incropera et al. [16] is used to calculate the convection exchange 

coefficient between the water transfer fluid and the inner absorber wall: 
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(13) 

 

where Pr and ReD are the Prandtl and Reynolds numbers.The exchange coefficient is obtained in the 

following equation: 

 

(14) 

 

Note that all the thermo-physical properties of the fluids are dependent on the temperature of the fluid 

(Tf).Finally the last two global exchange coefficients are determined in the standard way: 

 

 

 

(15) 

 

 

 
 

(16) 

 

 

2.4. Radiation transfer coefficientsThe radiation exchange coefficient between the upper wall of the 

collector and the sky is determined in the following equation [15]: 

 
(17) 

 

where εg1, σ, Tsky and Tg1 are the emissivity of glass N°1, the Stefan-Boltzmann constant, the sky 

temperature and the temperature of glass N°1.The radiation exchange coefficient between the two layers 

of glass is given in the following equation: 

 

(18) 

 

 

where εg2 and Tg2 are the emissivity and temperature of glass N°2.Finally, the radiation exchange 

coefficient between the second layer of glass and the absorbent surface is given in the following equation: 
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(19) 

 

 

2.5. Stratified tank model 

As seen in Fig. 1, the nodes were discretized, nominalization [8, 17] takes the thermal stratification in the 

hot water storage tank into account. The following equations are related to the first node (1), the 

intermediate nodes (i) and the last node (n). 

 

(20) 

 

 

 

 

 

 

(21) 

 

 

 

(22) 

 

All the equations (Eqs. (1) - (22)) were put into SPARK simulation test conditions capable of solving 

these type of differential equations with a powerful and robust solver [8, 18-19]. 

3. Experimental setup 

There are two different experimental facilities equipped with solar double glazing. The first installation 

being a test bench consisting of two collectors that can be connected in series or in parallel. The second 

facility is a complete field of 36 collectors to power the solar cooling installation. In addition, a weather 

station exists on site to measure solar radiation, air temperature, sky temperature and wind speeds (2 

meters and 10 meters above the ground). 

3.1. Design of the solar collector test benchThis test bench consists of two double-glazed flat plate 

collectors and a storage tank of 300L. The schematic diagram is presented in Fig. 3. To simulate the use of 

domestic hot water a cooling machine fan coil (5) can be used in order to cool the hot water tank where 

necessary. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Fig. 3: Test bench schematic: 1. Collector N°1, 2. Collector N°2, 3. Storage tank, 4. Control device, 5. 

Fan coil. 

The objective of the bench work is to test different configurations (in series and in parallel) and study the 

performance of the solar collectors based on the external operating conditions. This provides a large 

database to verify the developed dynamic model. 

3.2. Solar cooling installation collector field design  

Fig. 4: Solar collector field of the solar cooling process 

Fig. 4 presents the solar cooling installation double glazing solar collector field. It is composed of 36 

collectors divided into 4 branched loops in parallel: 3 loops of 10 collectors in series and 1 loop of 6 

collectors. The hot water is stored in the 1500L tank. The hot water feeds an absorption chiller with a 

cooling power of 30 kW nominal conditions. The cold water is stored in the 1000L cold water tank before 

being distributed to the 4 teaching classrooms at The University of Reunion [4].  

3.3. Uncertainty of the measurements and error analysis  

Special attention was paid to the accuracy of the measurements. All temperature sensors installed, both in 

the test bench and in the 36 solar collectors field are PT100 sensors class A with an accuracy of 

 as specified by the manufacturer. This gives high accuracy since the 

maximum deviation occurred when the temperature reach 100°C is 0.35°C. Solar global radiation is 

measured using pyranometers with an accuracy of 2%. Before starting the measurements, we compared 

this pyranometer to another which is installed next to our experimental setup on a weather station. The 

two pyranometers are installed on the horizontal and the greatest difference noticed between them was 25 

W.m-2. Flow meters are used to measure the water flow rates into the collectors. The flow meters have an 

accuracy of 3%. The capacity recovered by the water is expressed as : 

 (23) 

If the temperature is measured with an uncertainty of  and the water flow rate is measured with the 

uncertainty of , the relative error committed when measuring the recovered capacity is given by 

:  

(24) 

For example, the relative error in the recovered capacity on the 36 solar collectors field when the input 

temperature is 65°C  is estimated to be 9%. 

4. Model validation To validate the collector model the simulation results will be compared with results 

taken from the two experimental installations. The tank model validation will be made with the given data 

from the solar cooling installation alone. The model data input will be: inlet temperature of the collectors 
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and flow rate for each component as well as weather conditions on that day (global radiation, wind speed, 

outside temperature and sky temperature). 

4.1. Collector model validation with the test bench  

To validate our collector model the calculated outlet temperatures of the 2 collectors taken from the test 

bench during the simulation and for different configurations, will be compared. In the first case the 2 

collectors function in parallel, that is, the same as the input temperature but with 2 different mass flow 

rates (mc1 = 1.23 kg/min for the first collectors et mc2 = 1.90 kg/min for the second). The simulations were 

performed over 2 types of days: global radiation evolution over the two days can be seen in Fig. 5. It can 

be noted that the first day (day 1) is sunny and the second day (day 2) shows much cloud cover. 

Fig. 5: Global solar radiation during the first 2 recorded days 

The simulation results as well as a comparison with the experimental data can be seen in Fig 6 and 7. By 

observing the outlet temperature evolution on the first day (Fig.6) it can be seen that the model follows 

relatively close to the experimental data for the two collectors. 

The absolute error ranges between 0°C and 2.36°C for the first collector and between 0°C et 2.04°C for 

the second. It can be noted that in both cases the relative error is maximum at the start of the day. The 

mean absolute errors are 0.76°C for the first case and 0.68°C for the second. The absolute error between 

the simulated values and measured values, concerning the estimated recuperated energy by the transfer 

fluid, are 1.31% for the first case and 1.12% for the second over 8 hours in use.  

Our model can therefore correctly predict output fluid transfer temperature from the solar collector for 

high solar radiation days irrespective of the flow chosen. However it is important to study our model 

performance for days with low solar radiation. Fig. 7 presents output temperature evolution for the second 

day of the study. It can be pointed out that the model again matches the general aspect of the experimental 

data each time with a larger deviation at the beginning of the day. The absolute error ranges between 0°C 

and 3.08°C for the first collector and 0°C and 2.48°C for the second. The mean absolute errors are 0.87°C 

for the first and 0.68°C for the second. The mean absolute errors at the recuperated energy are 1.34% for 

the first and 0.84% for the second case.  

Fig. 6: Simulated and measured test bench collector outlet temperatures during the first day 

Fig. 7: Simulated and measured test bench collector outlet temperatures during the second day 

In view of the results, it can be concluded that the model is capable of correctly predicting the solar 

collector performance regardless of the flow and amplitude of the fluctuations in global radiation 

throughout the day.The next validation step for the model consists in coupling the two collectors in series 

and increasing the flow mass (mc3 = 2.46 kg/min). Thus the same flow circulates in the 2 collectors; the 
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temperature of the first collectors output is the same as the input collector temperature of the second. A 

third experimental day with moderate solar radiation was performed as can be seen in Fig 8. In Fig 9 a 

comparison between the simulated output temperatures and the two collector's measured temperatures. In 

the first graph, related to the first collector output temperature, the model again correctly correlates the 

experimental results with absolute errors ranging from 0°C to 2.19°C and an mean absolute error of 

0.52°C. In the second graph representing the second collector output temperature, the model again 

corresponds relatively well to the experimental results with an absolute error range of 0°C to 2.43°C and a 

mean absolute error of 0.79°C. The absolute error made for the simulated and measured energy is 1.15% 

for the first collector and 1.86% for the second over 8 hours of use. 

Fig. 8: Solar global radiation during the third recorded dayFig. 9: Simulated and measured test bench 

collector outlet temperatures during the third day 

4.2. Collector model validation with solar cooling collector fieldThe last step in validating the solar 

collector model consists in modeling the 36 collectors coupling and comparing simulation results with 

data from our own solar cooling installation. The experimental data was recorded on the same days (day 1 

and 2) as for the test bench. The measured output results for the two days can be compared as is seen in 

Fig. 10.  

Fig. 10: Simulated and measured solar collector field outlet temperatures for the 2 recorded days 

In Fig. 10 the model again correlates the experimental data for the first day with deviations at the 

beginning of the day. The absolute error lies between 0°C et 3.57°C for the first day and 0°C et 3.29°C for 

the second. The mean absolute errors are respectively 0.65°C and 0.74°C and the absolute error for the 

energy is respectively 3.21% and 1.23%, for the first and second day. 

4.3. Stratified tank model validation To validate the stratified tank model a comparison will be made 

between simulated temperature data taken from the solar cooling installation over 2 functioning days (the 

same as for the collector field). The input temperatures and the primary and secondary circuit flows; (m1) 

and (m2), were introduced into the model. Fig. 11 depicts changes in primary and secondary flow rates 

measured over the two days studied. A comparison of these simulated and measured temperatures from 

the top and bottom of the tank is shown in Fig. 12. Note that in Fig. 11 only the primary circuit pump (m1) 

flows into the tank for 1.5 h, where (m1 = 0.70 kg/s and m2 = 0 kg/s): this is the tank heating phase. When 

the tank temperature reaches 80°C, the secondary circuit pump flow starts to feed the absorption chiller 

(m1 = 0.70 kg/s et m2 = 1 kg/s): this is the start of the absorption cycle. Regulation details for solar cooling 

installation are specified in the article Marc and Al [4]. 

Fig. 11: Simulated and measured hot tank temperatures over the 2 recorded daysFig. 12: Simulated 

and measured hot tank temperatures over the 2 recorded days 
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In Fig. 12 the simulated temperatures from the top and bottom of the tank match those of the experimental 

values for the two days presented. The absolute errors for the evaluated temperatures at the top of the tank 

range between 0°C and 2.50°C on the first day and 0°C et 2.10°C on the second. The mean absolute errors 

are 0.52°C and 0.54°C respectively for the first and second days The errors with relation to the bottom of 

the tank range between 0°C and 2.30°C for the first day and 0°C and 1.60°C for the second. The mean 

absolute errors are 0.46°C and 0.30°C respectively for the first and second days.   

The mean absolute errors at the primary energy evaluation, are 0.87% and 3.21% respectively for the first 

and second days. The absolute mean errors for the secondary circuit are 2.70% for the first day and 2.97% 

for the second day.  

In view of the errors it can be concluded that our model is able to take into account thermal stratification 
in the tank with relatively weak errors when they don't exceed 3.5% for the energy evaluation and 2.5°C 
for the temperatures. It can be noted that the maximum deviations mainly occur during transitory phases 
notably at the start of the pump in the secondary loop (m2 > 0).  

 

5. ConclusionThis article presents a model for double glazed thermal solar collectors as well as a model 

for a stratified tank. The model validation phase for the solar collector was divided into 2 parts. In the first 

part, the simulation results and experimental results from our test bench (2 collectors) were compared. In 

the second part the solar collector field and stratified tank models from our solar cooling installation at 

The University Institute of Technology in St Pierre, Reunion Island were presented.Given the calculated 

absolute errors it can be concluded that our double glazed thermal solar collector model predicts quite well 

temperature evolutions at the output and therefore energy captured by the transfer fluid whatever the flow 

rate or magnitude in global radiation fluctuation throughout the day. The maximum absolute error for the 

output temperature was 3.57°C and the maximum mean error was 0.87°C. The largest deviation mostly 

occurred at the beginning of the day when the collectors were still cold. The error for the evaluation of the 

energy recuperated from the transfer fluid was at the most 3.21% which is acceptable in accurately 

forecasting heat production necessary to feed the absorption chiller of the solar cooling installation. 

Concerning the simulation results of the stratified tank model, the simulated temperatures at the top and 

bottom of the tank correctly correlate with the experimental data with absolute errors that attain a 

maximum of 3.5% for the primary and secondary energy evaluations. 

AcknowledgementsThis work has been supported by The French Research National Agency (ANR) 

through PREBAT 2006 program (ORASOL project).Appendix A.  

A1 - Values of physical properties for each double glazed solar collector (Eq. 1-19)A2 - Values of 

physical properties for the hot storage tank (Eq. 20-22)A3 - Summary of calculated absolute errors  
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Nomenclature 

SymbolsC heat capacity [J.kg-1.K-1]e thickness [m]g gravity [m.s-2] 
G solar global radiation [W.m-2] 
Gr Grashoff number [-]hcv convection exchange coefficient [W.K-1.m-2]hr radiation exchange 
coefficient [W.K-1.m-2]k conductive exchange coefficient [W.K-1.m-2]M mass [kg]m mass flow 
rate [kg.s-1] 
Nu Nusselt number [-] 
Re Reynolds number [-]S area [m²]T temperature [°C]u velocity [m.s-1] 
Greek letters 
α absorption coefficient [-]β tilt angle [°]ε emissivity [-]σ Stefan Boltzmann constant [W.K-
4.m-2]τ transmission coefficient [-]υ kinematic viscosity [m².s-1]µ dynamic viscosity [kg.s-1.m-1]ρ
 density [kg.m-3]Λ thermal conductivity [W.K-1.m-1]Subscriptsa1 first air layer a2 second air 
layer 
abs absorberamb ambientech exchangerf transfer fluid 
g1 first glass collectorg2 second glass collector int insideinf underside ins
 insulationsup upper side 
lat lateral wall 
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Fig. 1: Diagram of a solar cooling installation: 1. Solar collector field, 2. Hot water tank, 3. 
Absorption chiller, 4. Cold water tank 5. Cooling tower 6. Building 
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Fig. 2 : Representation of the double glazed collector: 1. First glass layer 2. First air layer 3. 
Second glass layer 4. Second air layer 5. Absorbent surface 6. Transfer fluid 7. Insulation and 
support. 
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Fig. 3: Test bench schematic: 1. Collector N°1, 2. Collector N°2, 3. Storage tank, 4. Control device, 

5. Fan coil. 
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Fig. 4 : Solar collector field of the solar cooling process 
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Fig. 5: Global solar radiation during the first 2 recorded days 
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Fig. 6: Simulated and measured test bench collector outlet temperatures during the first day 
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Fig. 7: Simulated and measured test bench collector outlet temperatures during the second day 
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Fig. 8: Solar global radiation during the third recorded day� 
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Fig. 9: Simulated and measured test bench collector outlet temperatures during the third day 
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Fig. 10: Simulated and measured solar collector field outlet temperatures for the 2 recorded days 
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Fig. 11: Simulated and measured hot tank temperatures over the 2 recorded days� 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

Time [h]

T
em

pe
ra

tu
re

[°C
]

0 1 2 3 4 5 6 7 8
45

50

55

60

65

70

75

80

85

Top Experimental
Top Model
Bottom Experimental
Bottom Model

Hot storage temperature of the solar cooling installation
- day 1 -

Time [h]

T
em

pe
ra

tu
re

[°C
]

0 1 2 3 4 5 6 7 8
50

55

60

65

70

75

80

85

Top Experimental
Top Model
Bottom Experimental
Bottom Model

Hot storage temperature of the solar cooling installation
- day 2 -

 

Fig. 12: Simulated and measured hot tank temperatures over the 2 recorded days 

 

 

 


