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Abstract 

 

Flat-plate and evacuated tube collectors are the most widely used device to convert 
solar radiation into heat. In conventional applications they can provide energy for 
domestic hot water or space heating in combination with low water temperature systems. 

Testing of thermal efficiency and optimisation of these solar thermal collectors are 
addressed and discussed in the present work. 

A new set of experimental data has been used to evaluate the performance of flat-
plate and evacuated collectors at various conditions. Efficiency is measured following 
the standard EN 12975: standard efficiency curves, input/output energy curves and daily 
efficiency curves have been obtained from tests. 

This approach allows a more comprehensive comparison of the effective 
performance of the solar thermal collectors considered here. 

A simulation tool of the flat-plate thermal collector is also proposed. The numerical 
model permits to obtain a “virtual collector” and provides information on the predicted 
performance without constructing prototypes. The three-dimensional steady-state model 
for flat-plate solar collector is validated comparing model predictions with experimental 
results obtained from experimental tests on two flat-plate collectors. Measures of the 
temperature profile in the copper sheet, in the glass cover and in the tubes, and an 
infrared analysis, are used to investigate the heat losses and optical characteristics. 

The numerical model has been also used to analyse comparative effects of varying 
design choices, with regard to geometry and materials. 

The evacuated tube collectors are in principle more expensive than flat-plate 
collectors and they are suitable for more higher temperature systems (space heating, 
absorption cooling machines..). Their geometry makes more difficult to fully 
characterize the collector performance. A new procedure to characterize these type of 
collectors has been developed and described in this thesis. Efficiency tests have been 
performed on a U-tube evacuated tubular collector, using a cylindrical absorber, both 
with and without external CPC (compound parabolic concentrator) reflectors. 
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Experimental results have been used to validate the new procedure and to provide 
information on the improvement of collectors’ performance obtained through the use of 
external CPC reflectors. 
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Riassunto 

 

I collettori solari termici maggiormente impiegati per convertire la radiazione solare 
in calore sono i collettori a tipologia piana e a tubi evacuati. Nelle applicazioni 
convenzionali essi vengono utilizzati per la produzione di acqua calda sanitaria o 
riscaldamento domestico in combinazione con sistemi a bassa temperatura. 

Prove d’efficienza termica ed ottimizzazione di questi dispositivi solari sono 
affrontati e discussi in questa tesi. 

Nuove prove sperimentali in varie condizioni sono state effettuate su collettori piani 
vetrati e a tubi evacuati per effettuare una nuova analisi comparativa. L’efficienza è stata 
misurata secondo le indicazioni della normativa europea EN 12975 ed inoltre si sono 
ricavate curve input-output e di efficienza media giornaliera. 

Questo approccio permette un confronto più ampio delle prestazioni effettive dei 
collettori solari considerati. 

Uno strumento di simulazione delle prestazioni dei collettori a geometria piana è 
anche proposto. Il modello numerico permette di ottenere un “collettore virtuale” e 
fornisce informazioni sulle prestazioni di un collettore senza costruirne un prototipo 
funzionale. Il modello tridimensionale stima le prestazioni di un collettore a geometria 
piana in condizioni stazionarie ed è stato validato confrontando le prestazioni stimate 
con i risultati sperimentali ottenuti su due collettori diversi. Misure di temperatura della 
piastra assorbente, della copertura vetrata, dei tubi dell’arpa ed analisi all’infrarosso 
sono stati utilizzati per investigare le dispersioni termiche e le caratteristiche ottiche 
della geometria considerata. 

Il modello è inoltre stato usato per analizzare gli effetti di alcune scelte progettuali 
riguardanti la geometria e i materiali dei componenti del collettore. 

I collettori solari a tubi evacuati sono in linea di principio più costosi dei collettori 
piani e sono idonei ad applicazioni a più alta temperatura (sistemi di riscaldamento, 
macchine ad assorbimento..). La loro geometria rende più difficile la caratterizzazione 
completa delle prestazioni del collettore. Una nuova procedura per caratterizzare questo 
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tipo di collettori è stata sviluppata ed è qui descritta. Sono state eseguite prove 
sperimentali su un collettore a tubi evacuati, con tubi ad U, con assorbitore cilindrico, 
con e senza riflettori CPC (compound parabolic concentrator) esterni. 

I risultati sperimentali sono stati utilizzati per validare la nuova procedura e per 
fornire indicazioni sull’incremento dell’efficienza dovuto all’impiego dei riflettori CPC. 

 
 



 

1 

Index 

 

List of figures.................................................................................................................... 5 

List of tables ................................................................................................................... 11 

Introduction.................................................................................................................... 13 

CHAPTER 1. 
Collector efficiency ........................................................................................................ 15 

1.1 Introduction................................................................................................................ 15 

1.2 Collector efficiency.................................................................................................... 15 

1.3 Efficiency curve......................................................................................................... 18 

CHAPTER 2. 
Experimental apparatus................................................................................................ 21 

2.1 Introduction................................................................................................................ 21 

2.2 Test apparatus ............................................................................................................ 21 

2.3 Calibration procedure ................................................................................................ 25 

2.3.1 RTDs (platinum resistance thermometer) calibration....................................... 25 

2.3.2 Verification of pyranometers ............................................................................ 26 

2.3.3 Fluid flow meter calibration ............................................................................. 28 

2.3.4 Thermocouples calibration................................................................................ 29 

CHAPTER 3. 
Collector comparison and daily efficiency................................................................... 31 

3.1 Introduction................................................................................................................ 31 

3.2 Test collectors ............................................................................................................ 32 



 

2 

3.3 Efficiency in steady-state conditions......................................................................... 34 

3.4 Test in quasi-dynamic conditions .............................................................................. 37 

3.4.1 Incidence angle modifiers................................................................................. 38 

3.4.2 Efficiency curves .............................................................................................. 41 

3.5 Daily tests .................................................................................................................. 45 

3.6 Collector model for daily tests .................................................................................. 52 

CHAPTER 4. 
Numerical model for flat-plate solar thermal collector ............................................. 59 

4.1 Introduction ............................................................................................................... 59 

4.2 The numerical model ................................................................................................. 61 

4.2.1 The overall computational procedure ............................................................... 61 

4.2.2 Input heat flux in the absorber plate element ................................................... 64 

4.2.3 Element overall heat loss coefficient................................................................ 66 

4.2.4 Useful heat transfer coefficient......................................................................... 69 

4.3 Numerical model validation ...................................................................................... 73 

4.3.1 First validation phase: prototype collector ....................................................... 73 

4.3.1.1 Experimental tests and results ................................................................. 78 

4.3.2 Second validation phase: collector with aluminium absorber plate ................. 85 

4.3.2.1 Experimental tests and results ................................................................. 87 

CHAPTER 5. 
Model simulations.......................................................................................................... 89 

5.1 Introduction ............................................................................................................... 89 

5.2 Configuration analysis............................................................................................... 89 

5.3 Copper and aluminium absorber plate....................................................................... 90 

5.4 Diameter and number of tubes................................................................................... 92 

5.5 Number of passes ...................................................................................................... 95 

5.6 Welding length .......................................................................................................... 97 



 

3 

5.7 Back insulation .......................................................................................................... 98 

5.8 Reduced convection in the air gap between absorber plate and cover .................... 100 

5.9 Roll-bond geometry ................................................................................................. 107 

CHAPTER 6. 
A new procedure for the experimental characterization of evacuated tube collectors

....................................................................................................................................... 111 

6.1 Introduction.............................................................................................................. 111 

6.2 Experimental tests and collector .............................................................................. 112 

6.3 Incidence angle modifier model .............................................................................. 115 

6.4 Regression analysis for the determination of collector coefficients ........................ 116 

6.5 Discussion of results ................................................................................................ 117 

6.5.1 Comparison of different regression methods.................................................. 117 

6.5.2 Performance comparison with and without CPC reflectors............................ 123 

6.5.3 Practical considerations on optical efficiency ................................................ 126 

 

Conclusions................................................................................................................... 127 

ANNEX A. 
Multiple linear regression ........................................................................................... 131 

A.1 General procedure and uncertainty analysis ........................................................... 131 

A.2 Application to the steady-state method................................................................... 133 

A.3 Application to the quasi-dynamic method .............................................................. 133 

A.3.1 Quasi-dynamic method for flat-plate collector .............................................. 133 

A.3.2 New quasi-dynamic method for evacuated tube collector ............................. 135 

A.3.3 Extended quasi-dynamic method for evacuated tube collector ..................... 137 

 

Nomenclature ............................................................................................................... 141 

References..................................................................................................................... 149 



 

4 



 

5 

List of figures 

 

Figure 1.1. Reference areas for a flat-plate collector. ................................................................................. 16 

Figure 1.2. Reference areas for an evacuated tube collector with reflectors (CPC in this case). ................ 17 

Figure 1.3. Reference areas for an evacuated tube collector without reflectors.......................................... 17 

Figure 1.4. Collector efficiency curve and its meaning. ............................................................................. 18 

Figure 2.1. Schematic view of the experimental test rig............................................................................. 22 

Figure 2.2. Hydraulic loop: Storages, pumps, fluid flow meters and plate heat exchanger (heat sink). ..... 23 

Figure 2.3. Irradiance measurements and anemometer............................................................................... 24 

Figure 2.4. Ice point and Agilent 34970A data logger................................................................................ 25 

Figure 2.5. Comparison between first class pyranometer (pyranometer 2) and secondary standard 

pyranometer 1 measurements. ........................................................................................................... 27 

Figure 2.6. Comparison between first class pyranometer (pyranometer 3) and secondary standard 

pyranometer 1 measurements. ........................................................................................................... 27 

Figure 2.7. Comparison between secondary standard pyranometer (pyranometer 4) and secondary standard 

pyranometer 1 measurements. ........................................................................................................... 28 

Figure 2.8. Difference between magnetic and coriolis measurements and their uncertainties after 

calibration.......................................................................................................................................... 29 

Figure 3.1. Collectors installed in the test apparatus and tested.................................................................. 33 

Figure 3.2. Efficiency curves at G = 1000 W/m2 and normal incidence angle of the solar direct radiation: 

experimental points are reported for evacuated and flat-plate collectors obtained in steady-state 

conditions. ......................................................................................................................................... 37 

Figure 3.3. Reference geometrical parameters in the tubular collector....................................................... 39 



 

6 

Figure 3.4. Incidence angle modifiers obtained from quasi-dynamic tests and values provided by the 

manufacturer. K� is the modifier of FPC as defined in Eq. (3.7) with �i= �. K�l and K�t are the 

modifiers of ETC as defined in Chapter 6, with �i= �l and �i= �l respectively..................................41 

Figure 3.5. Efficiency curves of evacuated and flat-plate collectors obtained in quasi-dynamic conditions 

at G = 1000 W/m2 and normal incidence angle of the solar direct radiation. ....................................44 

Figure 3.6. Compared efficiency curves in steady-state and quasi-dynamic conditions at G=1000 W/m2 

and normal incidence angle of the solar direct radiation....................................................................44 

Figure 3.7. Measurements during a daily test (July 16, 2008): irradiance, inlet outlet and ambient 

temperatures, mass flow rate..............................................................................................................46 

Figure 3.8. Comparison between experimental efficiency (solid symbols) and calculated efficiency (empty 

symbols) during an entire day (July 16, 2008). The calculated efficiency is obtained by means of 

steady-state model..............................................................................................................................47 

Figure 3.9. Comparison between experimental efficiency (solid symbols) and calculated efficiency (empty 

symbols) during an entire day (July 16, 2008). The calculated efficiency is obtained by means of 

quasi-dynamic model. ........................................................................................................................48 

Figure 3.10. Experimental points in input-output diagram for both types of collectors ..............................49 

Figure 3.11. Input-output diagram for the daily energies converted by the ETC at three different operating 

temperatures and constant flow rate (tin is inlet fluid temperature to the collector). ..........................49 

Figure 3.12. Input-output diagram for the daily energies converted by the FPC at three different operating 

temperatures and constant flow rate (tin is inlet fluid temperature to the collector). ..........................50 

Figure 3.13. Comparison of the input-output curves of both collector types at low operating temperatures.

...........................................................................................................................................................50 

Figure 3.14. Comparison of the input-output curves of both collector types at medium operating 

temperatures.......................................................................................................................................50 

Figure 3.15. Comparison of the input-output curves of both collector types at high operating temperatures.

...........................................................................................................................................................50 



 

7 

Figure 3.16. Daily efficiency curves (best-fit linear regression curves) of the evacuated and flat-plate 

collectors (characteristic parameters defined in Eq. (3.15); collector constants in Table 3.7). ......... 54 

Figure 3.17. Efficiency of tested collectors: on the left, efficiency in steady-state conditions as defined in 

Eq. (3.5), on the right: daily efficiency as defined in Eq. (3.15). ...................................................... 56 

Figure 4.1. Scheme of the absorber plate divided in control elements. ...................................................... 60 

Figure 4.2. Overall collector computational procedure flow chart. ............................................................ 63 

Figure 4.3. Multiple absorption terms of the solar radiation in a single glazed collector. .......................... 65 

Figure 4.4. Schematic view of different heat transfer components in a flat-plate solar collector. .............. 66 

Figure 4.5. Sheet and tube dimensions. ...................................................................................................... 70 

Figure 4.6. Plate temperature computational procedure. ............................................................................ 72 

Figure 4.7. Prototype collector.................................................................................................................... 74 

Figure 4.8. Back side of the absorber sheet. Thermocouples welded to the outlet section of the tubes...... 75 

Figure 4.9. Back side of the absorber sheet. Thermocouples welded to the central section. ...................... 76 

Figure 4.10. Back side of the absorber sheet. Thermocouples welded at ¾ of the total length from the inlet 

section. .............................................................................................................................................. 76 

Figure 4.11. Two thermocouples applied to the glazed cover: inside and outside the glass. ...................... 77 

Figure 4.12. Thermocouple applied to measure the air temperature between absorber sheet and cover. ... 77 

Figure 4.13. Experimental efficiency points and efficiency curve obtained at G=1000 W/m2................... 78 

Figure 4.14. Measured and predicted efficiency curves at G=1000 W/m2. ................................................ 79 

Figure 4.15. Comparison between measured and estimated temperatures in the central zone of the absorber 

plate at inlet temperature 17°C. The x-axis reports the distance from the tube................................. 81 



 

8 

Figure 4.16. Comparison between measured and estimated temperatures in the central zone of the absorber 

plate at inlet temperature 88°C. The x-axis reports the distance from the tube. ................................81 

Figure 4.17. Comparison between measured and estimated temperatures in the zone at ¾ of the total 

length of the absorber plate at inlet temperature 17°C. The x-axis reports the distance from the tube.

...........................................................................................................................................................81 

Figure 4.18. Comparison between measured and estimated temperatures in the zone at ¾ of the total 

length of the absorber plate at inlet temperature 88°C. The x-axis reports the distance from the tube.

...........................................................................................................................................................81 

Figure 4.19. Measured and estimated temperatures in the tube inlet section at inlet temperature 17°C. 

Estimated values are relative to the fin base and to the fluid temperatures........................................82 

Figure 4.20. Measured and estimated temperatures in the tube inlet section at inlet temperature 88°C. 

Estimated values are relative to the fin base and to the fluid temperatures........................................82 

Figure 4.21. Measured and estimated temperatures in the tube outlet section at inlet temperature 17°C. 

Estimated values are relative to the fin base and to the fluid temperatures........................................82 

Figure 4.22. Measured and estimated temperatures in the tube outlet section at inlet temperature 88°C. 

Estimated values are relative to the fin base and to the fluid temperatures........................................82 

Figure 4.23. Measured and estimated temperatures along the tube at inlet temperature 17°C. Estimated 

values are relative to the fin base and to the fluid temperatures. .......................................................83 

Figure 4.24. Measured and estimated temperatures along the tube at inlet temperature 88°C. Estimated 

values are relative to the fin base and to the fluid temperatures. .......................................................83 

Figure 4.25. Measured and estimated glass temperatures............................................................................83 

Figure 4.26. Measured air temperature between absorber plate and glass sheet. ........................................83 

Figure 4.27. Infrared thermal analysis: absorber plate between two adjacent tubes where the welding 

between tube and plate is interrupted.................................................................................................84 

Figure 4.28. Measured and estimated heat losses in the collector at varying fluid temperatures during night 

(without solar radiation).....................................................................................................................85 



 

9 

Figure 4.29. Tested collector. ..................................................................................................................... 86 

Figure 4.30. Experimental efficiency points and efficiency curve obtained by steady-state tests at G=1000 

W/m2. ................................................................................................................................................ 87 

Figure 4.31. Measured and predicted efficiency curves at G=1000 W/m2. ................................................ 88 

Figure 5.1. Predicted efficiency curves for copper and aluminium absorber plate. .................................... 91 

Figure 5.2. Predicted efficiency curves for different tube diameter............................................................ 93 

Figure 5.3. Predicted efficiency curves for different number of tube. ........................................................ 94 

Figure 5.4. Predicted efficiency curves for different number of passes...................................................... 96 

Figure 5.5. Predicted efficiency curves for Lb=L. ....................................................................................... 98 

Figure 5.6. Predicted efficiency curves for different back insulation thickness.......................................... 99 

Figure 5.7. Predicted efficiency curves for different convective heat transfer coefficients. ..................... 101 

Figure 5.8. Heat transfer coefficient between plate and cover at the inlet fluid temperature tin=20°C. .... 102 

Figure 5.9. Heat transfer coefficient between plate and cover at the inlet fluid temperature tin=87.5°C. . 102 

Figure 5.10. Predicted efficiency curves for different distance sp-c between plate and cover. .................. 104 

Figure 5.11. Predicted efficiency curves for different distance between transversal barrier sbar. ............. 105 

Figure 5.12. Characteristic dimensions of vee-corrugated absorber plate. ............................................... 106 

Figure 5.13. Predicted efficiency curves for vee-corrugated absorber plate. ............................................ 107 

Figure 5.14. Predicted efficiency curves for collector with roll-bond absorber plate. .............................. 109 

Figure 6.1. Evacuated tube collector installed in the apparatus with CPC reflectors................................ 113 

Figure 6.2. Evacuated tube collector installed in the apparatus without CPC reflectors. ......................... 114 



 

10 

Figure 6.3. Efficiency curves at G=1000 W/m2 and normal incidence angle of the solar direct radiation. 

Comparison between results obtained with the new quasi-dynamic method and with the steady-state 

method, with and without CPC reflectors. .......................................................................................118 

Figure 6.4. Efficiency curves at G=1000 W/m2 and normal incidence angle of the solar direct radiation. 

Comparison between results obtained with the new quasi-dynamic method and with the extended 

quasi-dynamic method, with and without CPC reflectors................................................................119 

Figure 6.5. Incidence angle modifiers obtained by means of the new quasi-dynamic method: K�t and K�l 

are the parameters defined in Eqs. (6.1) and (6.2), with �i=�t and �i=�l , respectively. Both the IAM 

for the collector with and without CPCs are depicted......................................................................120 

Figure 6.6. Comparison of the transversal incidence angle modifiers obtained by means of the new quasi-

dynamic method and the extended quasi-dynamic method, with and without CPCs.......................121 

Figure 6.7. Comparison between the cases with and without CPCs: efficiency curves at G=1000 W/m2 and 

�t=62° (maximum K�t). ....................................................................................................................124 

Figure 6.8. Optical efficiency as a function of the transversal incidence angle in the tested evacuated tube 

collector with and without CPCs. ....................................................................................................125 

 

 



 

11 

List of tables 

 

Table 2.1. Standard deviation among the RTDs measurements, average error and uncertainties for the whole 

measurement chain after calibration. .......................................................................................................... 26 

Table 2.2. Standard deviation among the thermocouples measurements and average error after calibration. ..... 30 

Table 3.1. Characteristics of the flat-plate collectors (FPC) installed in the test rig. ........................................... 34 

Table 3.2. Characteristics of the evacuated tube collector (ETC) installed in the test rig. ................................... 34 

Table 3.3. Test conditions and permitted deviations for steady-state tests according to EN 12975 (2006). ........ 36 

Table 3.4. Test conditions and permitted deviations for the quasi-dynamic test procedure according to EN 12975 

(2006).......................................................................................................................................................... 42 

Table 3.5. Collector coefficients obtained with quasi-dynamic and steady-state methods for both the collectors.

.................................................................................................................................................................... 43 

Table 3.6. Results obtained for daily tests reported in input/output diagrams...................................................... 51 

Table 3.7. Efficiency curve parameters. ............................................................................................................... 55 

Table 4.1. Coefficients used in Eq. (4.5). ............................................................................................................. 64 

Table 4.2. Characteristics of the collector prototype. ........................................................................................... 74 

Table 4.3. Calculated and measured collector coefficients obtained by steady-state method for the prototype 

collector. ..................................................................................................................................................... 79 

Table 4.4. Characteristics of the tested collector (second case). .......................................................................... 86 



 

12 

Table 4.5. Calculated and measured collector coefficients obtained by steady-state method for the tested 

collector (second case). ...............................................................................................................................88 

Table 5.1. Predicted efficiency values for copper and aluminium absorber plate.................................................91 

Table 5.2. Predicted efficiency values for different tube diameter. ......................................................................92 

Table 5.3. Predicted efficiency values for different number of tube.....................................................................94 

Table 5.4. Predicted efficiency values for different number of passes..................................................................96 

Table 5.5. Predicted efficiency values for Lb=L....................................................................................................97 

Table 5.6. Predicted efficiency values for different back insulation thickness. ....................................................99 

Table 5.7. Predicted efficiency values for different distance between plate and cover.......................................103 

Table 5.8. Predicted efficiency values for different distance between transversal barrier sbar. ...........................105 

Table 5.9. Characteristics of the considered collector with roll-bond absorber plate. ........................................108 

Table 6.1. Characteristics of the tested collector. ...............................................................................................112 

Table 6.2. Collector coefficients and uncertainties obtained with the new procedure: the MLR is applied to the 

quasi-dynamic model with the predetermined function for the transversal incidence angle, as in Eq. (6.2). 

Results are reported for the collector with and without CPC reflectors. ...................................................122 

Table 6.3. Collector coefficients and uncertainties obtained by means of the extended MLR applied to the quasi-

dynamic model. Results are reported for the collector with and without CPC reflectors..........................122 

Table 6.4. Collector coefficients and uncertainties obtained by means of the steady-state method. Results are 

reported for the collector with and without CPC reflectors.......................................................................122 



 

13 

 

Introduction 

 

The sun is a gaseous sphere with a diameter 1.39x109 m, it is 1.5x1011 m from the 
earth and it emits 63 MW/m2 on the sun’s surface. A fraction of the sun’s global output 
energy is intercepted by the earth. The solar constant is the energy heat flux received on 
a unit area of surface perpendicular to the direction of the radiation at mean earth-sun 
distance outside the atmosphere. It has been measured as 1367 W/m2 (Duffie and 
Beckman, 2006). 

The greatest advantage of solar energy as compared with convectional energy source 
is that it is clean and can be supplied without any environmental pollution. The increase 
in oil prices in recent years gives a push to the renewable energy technologies and so to 
the utilisation of the solar radiation. The rational use of these technologies is a key point 
to ensure their diffusion and a concrete aid to limit the use of fossil fuels. 

The solar radiation is directly used mainly by means of photovoltaic modules and 
solar thermal collectors. 

In conventional uses solar thermal collectors can provide energy for domestic hot 
water or space heating in combination with low water temperature systems. In areas with 
high sunshine, solar collectors could also be used in absorption cooling machines, 
cooking process and in still plants. 

The diffusion of thermal solar plants is mostly related to the economic viability, 
which can be verified by comparing the avoided costs due to energy savings to the initial 
investment cost. In this context the financial aids promoted by the national and local 
governments play a decisive role.  

Two main types of liquid solar collectors exist: flat-plate collectors (FPC) and 
evacuated tube collectors (ETC). They are characterized by different costs and 
performances. So it is very important to choose the right collector for each application to 
optimize the behaviour of the whole system, the energy saved and the finance payback. 
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These two types of solar thermal collector are analysed in this thesis. The manuscript 
is organised as follows: 

• Chapter 1. Description of the main parameters used to define the collector 
efficiency. 

• Chapter 2. Description of the experimental apparatus. 

• Chapter 3. Comparison between flat-plate and evacuated tube collectors: 
experimental analysis in stationary standard and daily conditions. 

• Chapter 4. Numerical model to simulate flat-plate thermal performance: 
description and experimental validation. 

• Chapter 5. Model results obtained by model simulations. 

• Chapter 6. A new procedure for the experimental characterization of 
evacuated tube collectors and performance comparison with and without 
CPC reflectors. 
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Chapter 1. 

Collector efficiency 

1.1 Introduction 

A solar thermal collector is a special heat exchanger that transforms solar radiative 
energy in heat. 

A solar collector differs in several respects from conventional heat exchangers: it 
does not accomplish a fluid to fluid exchange, but the energy transfer is from a distant 
radiant source to a fluid (the most common working fluid is a mixture of water and 
propylene glycol). 

In this chapter are described the main parameters need to describe the solar thermal 
collector performance. 

 
 

1.2 Collector efficiency 

The main parameter to describe the solar collector performance is the instantaneous 
efficiency �. 

The collector efficiency is defined in steady-state conditions as: 
 

in

out

Q

Q

�

�

=h           (1.1) 

 

where outQ�  is the useful heat power (output) provided from the collector to the 

working fluid and inQ�  is the input heat flux provided by the solar radiation. 

The useful heat power outQ�  is obtained as: 
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( )inoutpout ttcmQ -××= ��         (1.2) 

 

where m�  is the mass flow rate flowing through the tube welded in the absorber 

element, tin and tout are the inlet and outlet fluid temperatures and pc  is the specific heat 

of the working fluid. 

The input heat flux inQ�  is defined as: 

 

cin AGQ ×=�          (1.3) 

 
where G is the global solar irradiance and Ac is the reference area of the collector. 
To describe the collector efficiency is so necessary to define the reference area. 

Three kinds of area are defined for a solar thermal collector: 

• the absorber area is the area of the absorber element; 

• the aperture area is the area of the cover surface where the solar radiation enters the 
collector; 

• the gross area is the total area occupied from a collector module. 
In Figures 1.1, 1.2 and 1.3 are reported the reference areas in the most common solar 
thermal collector: flat-plate collector, evacuated tube collector with and without external 
reflector. 

 
 

 

Figure 1.1. Reference areas for a flat-plate collector. 
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Figure 1.2. Reference areas for an evacuated tube collector with reflectors (CPC in this case). 

 
 

 

Figure 1.3. Reference areas for an evacuated tube collector without reflectors. 

 
 
In following chapters the aperture area is taken as reference area. 
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1.3 Efficiency curve 

The collector efficiency is a function of the external conditions and fluid 
temperature. Ad-hoc collector tests are performed to obtain the experimental efficiency 
curve. 

The efficiency curve describes the trend of instantaneous collector efficiency varying 
the operating conditions. In EN 12975 (2006) for steady-state conditions and normal 
incidence angle of the direct radiation, it is described by the function: 

 
2*

2

*

10 )( mm TGaTa --= hh         (1.4) 

 

where 
0h  is the optical efficiency, a1 is the heat loss coefficient, a2 is the temperature 

dependence of the heat loss coefficient, G is the global solar irradiance and Tm
* is the 

reduced temperature difference defined as: 
 

G

t
tt

T
a

outin

m

-
+

= 2*          (1.5) 

 
where tin and tout are the inlet and outlet fluid temperature, ta is the ambient air 

temperature and G is again the global solar irradiance. 
In Figure 1.4 is shown an example of efficiency curve. 
 
 

 

Figure 1.4. Collector efficiency curve and its meaning. 
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Another important parameter to describe the collector performance is the incidence 

angle modifier (IAM). It describes the efficiency at ambient operating temperature 
(optical efficiency) at different incidence angle, normalized to the value at normal 
incidence: 

 

( ) ( )
( )en

K
ta

ta
qq =          (1.6) 

 
where (��) is the trasmittance-absorptance product for a general angle of incidence �, 

that is directly linked with the optical efficiency, and (��)en is the same product at normal 
incidence conditions. 
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Chapter 2. 

Experimental apparatus 

2.1 Introduction 

The experimental apparatus is described in the present chapter. The apparatus allows 
to perform measurements of solar collectors in agreement with the main guidelines of 
the standard EN 12975 (2006). Besides, it allows to acquire fifty thermocouples. In the 
work here presented these thermocouples have been used to measure local temperatures 
in a prototype collector, in order to obtain information on the local heat transfer between 
different components of the collector. 

 
 

2.2 Test apparatus 

The experimental apparatus is located on the terrace roof of the Dipartimento di 
Fisica Tecnica of the University of Padova (Del Col and Padovan, 2007). The apparatus 
has been set up to allow measurements of solar collector efficiency in agreement with 
the main guidelines of the standard EN 12975 (2006). 

A schematic view of the test loop is reported in Figure 2.1. 
Three collectors could be installed in the test apparatus. The hydraulic loop is 

divided in two independent lines. 
Two pumps are used to circulate the liquid. Before entering the collectors, the fluid 

temperature is controlled in the storage 2, where four electrical heaters are located. Each 
heater has an electrical power of 5 kW. A control system, connected to a temperature 
sensor inserted in the storage, acts on these heaters to ensure an accurate control of the 
liquid temperature at the inlet of the collectors. The liquid temperature at the inlet and at 
the outlet of the collectors is measured by RTDs (platinum resistance thermometers), in 
the two hydraulic lines. The fluid, coming from the installed collectors, enters the 
storage 1 and then goes to a plate heat exchanger which works as a heat sink. In the plate 
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heat exchanger the heat flow rate provided by the solar radiation and by the electrical 
heaters is taken away by a secondary fluid, which is a mixture of water and propylene 
glycol. The heat flow rate is wasted in a second plate heat exchanger by the ground 
water of the building central plant. The ground water temperature in inlet of the second 
plate heat exchanger is constant (about 16°C); it’s closed to the ground temperature. 

A Coriolis effect and a magnetic type flow meter are used to measure the fluid flow 
rate in hydraulic lines. The second instrument measures a volumetric flow rate, thus the 
density of the fluid must be known. For the calibration of the test rig, the two flow 
meters can be connected in series: this allows checking the measurements obtained by 
the magnetic flow meter using the more accurate Coriolis effect sensor. 

In Figure 2.2 is shown the instrumentation here described. 
 
 

 

Figure 2.1. Schematic view of the experimental test rig. 
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Figure 2.2. Hydraulic loop: Storages, pumps, fluid flow meters and plate heat exchanger (heat sink). 

 
 
Three all black thermopile based pyranometers are used to measure the solar 

irradiance. A Kipp & Zonen pyranometer, classified as secondary standard by the WMO 
(World Meteorological Organization), measures the global solar irradiance on the plane 
of the collectors. Other two measurements are taken on the horizontal plane: a first class 
pyranometer measures the global solar irradiance on the horizontal plane; the third 
pyranometer (first class classified), shaded against the direct solar radiation, measures 
only the diffuse component. These instruments are shown in Figure 2.3. 

Measurements are possible on two collectors at the same time. The ambient 
temperature is measured by means of another RTD positioned near the collectors in a 
shaded position. Finally an anemometer measures the air speed, being a parameter that 
influences the heat losses of the collector. The data acquisition is implemented by an 
Agilent 34970A data logger and by a Babuc ABC for meteorogical acquisitions (i.e. 
wind velocity, diffuse irradiance and global irradiance on the horizontal plane). 

 
 


