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Abstract 

The objective of this research is the development, evaluation and analyzation of a new test method, called 
“rapid test method”, for fast and inexpensive assessment of concentrating collectors. The rapid test method 
aims to derive the instantaneous efficiency curve of a parabolic trough collector. Therefore, a new reference 
parabolic trough collector was designed and installed at a test rig in accordance with ISO 9806. The 
determination of the instantaneous efficiency curve according to the rapid test method was compared to the 
efficiency curve based on ISO 9806. The comparison shows that the rapid test method delivers reproducible 
and reliable values for the characteristic curve of linear concentrating collectors. The obtained results are within 
the limits of the measurement uncertainty of a characteristic curve based on ISO 9806. Therefore, the method 
can be regarded as reliable, inexpensive and easy to use alternative to the conventional measuring method. 

Keywords: Rapid test method, ISO 9806, instantaneous efficiency curve, concentrating solar collector, 
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1. Introduction 

The project "Development and testing of a novel method for determining the efficiency of concentrating solar 
thermal collectors" aims to examine, analyze and optimize the novel test method, called “rapid test method”, for 
small size parabolic trough collectors. 

The conventional test method to evaluate the efficiency of solar thermal collectors requires high cost for the 
testing equipment, material and sensors. In addition, the test method requires a large number of sunny days that 
comply with the criteria of the standard. With the novel rapid test method the determination of performance 
data in the development phase of parabolic trough collectors can be conducted in a rapid, smart and inexpensive 
manner. Compared to the conventional measurement method in accordance to the ISO 9806:2013 standard, the 
application of the rapid test method can help to accelerate development steps, reduce cost and encourage small 
and medium-sized enterprises to tap the market segment of concentrating solar thermal collectors. 

The theoretical and practical testing of the rapid test procedure is performed on a newly established test rig. 
Among others the test rig is equipped with a reference parabolic trough collector in order to ensure a high 
degree of comparability of the measurements. 

2. The rapid test method 

The rapid test method uses the results of two independent measurements - the stagnation temperature and the 
heat losses - to calculate the instantaneous efficiency curve of a parabolic trough collector. With the results of 
these measurements the efficiency curve can be numerically derived. Figure 1 illustrates the sequence of this 
approach. 

The first set of measurements comprises the measurement of the stagnation temperature of a parabolic 
concentrator and the ambient air temperature at different levels of irradiation. The stagnation temperature is 
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defined as the temperature where the system is at a steady state and in the thermal equilibrium with the 
environment. The irradiated energy from the sun on the collector is equal to the thermal losses, resulting in a 
collector efficiency of zero. The determination of the stagnation curve is carried out without water or oil as a 
heat transfer medium, but with air. In the absorber tube of the collector to be tested, solely air at atmospheric 
pressure is used, which highly reduces the complexity of test equipment. The general form of the equation for 
the stagnation curve is considered as: f(Gu) = -a Gu² + b·Gu and an example is presented in figure 2. 

Secondly, the heat losses of the receiver as a function of the receiver temperature have to be determined. In this 
measurement a defined heat flow is transferred to the receiver pipe from the inside and the resulting wall 
temperature is measured. The heat can either be transferred by an electrical heating element or by a heat transfer 
medium that was heated up by an external heater. The application with an electrical heating element has the 
advantage that no closed loop for the heat transfer is required. Moreover, the application is regarded as cost 
effective and accurate. The general form of the equation for the heat loss curve is considered as: 
f ( Δ T ) = a · ΔT + b ∙ ΔT4 An example for a typical heat loss curve is given in figure 3. 

Figure 1: Flow chart of the rapid test method 

Figure 2: Example for the stagnation curve of a collector 
at different levels of irradiations  

Figure 3: Example of a heat loss curve as a function of ΔT  
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Table 1: Nomenclature of the used indices and its description 

Indices Description Unit Indices Description Unit 

0�  Optical efficiency [-] G  Hemispherical solar 
irradiance 

[W/m²] 

�  Instantaneous efficiency  [-] dG  Diffuse solar irradiance [W/m²] 

1a  
Heat transfer coefficient [W/(m²K)] uG  Usable solar irradiance [W/m²] 

2a  
Temperature dependence of the 
heat transfer coefficient 

[W/(m²K²)] bG  
Direct solar irradiance 
[DNI] 

[W/m²] 

T�  Temperature difference [K] yQ  Thermal yield [W] 

mflT ;  Mean fluid temperature [°C] lQ  Thermal losses [W] 

aT  
Ambient temperature 
(ventilated) 

[°C] mT *  
Reduced temperature 
difference 

[(m²K)/W] 

OutletflT ;  Collector outlet temperature [°C] StagT  Stagnation temperature [°C] 

InletflT ;  Collector inlet temperature [°C] C  Concentration ratio [-] 

AbsT  Absorber temperature [°C] pA  Aperture area [m²] 

corrT  Correction factor [K] 'F  Collector efficiency factor [-] 

 

The way how the efficiency curve is derived from these two curves is explained below. Parameters and indices 
used are given in table 1. 

The basic equation for the instantaneous efficiency curve is: 
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Whereas the usable solar energy is defined as / 4 /: 
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By introducing eq. 2 for Gu, the diffuse radiation that strikes the receiver’s upper surface is also included in the 
examination. Up to a concentration ratio of approximately 50, the non-observance produces a non-negligible 
error. Moreover this approach allows the definition of the exact ratio between diffuse and hemispherical 
irradiation for different values of irradiance. For the rapid test method the temperature difference between 
stagnation temperature and ambient temperature is considered as �T: 

aStag TTT ��          eq.3a 

Whereas at the ISO based method the temperature difference is stated as: 
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The reduced temperature difference is given by: 
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To calculation the thermal yield of a collector at a certain irradiation and temperature level the following 
equation is valid: 

�

 upy GAQ          eq.4 

Consequently the thermal losses at an optional point can be expressed as: 

)( 0 �� �

 upl GAQ          eq.5a 

Hence, for the optical efficiency of a collector the following equation is valid: 
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For the stagnation temperatures measured during the rapid test method, the thermal losses are equal to the 
energy input into the system and the instantaneous efficiency is equal to zero. η = 0 

From this consideration results the following formula: 
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The heat loss at various radiation levels can be calculated using a combination of the stagnation curve and the 
heat loss curve. First, with the determined stagnation curve the temperature difference �T can be calculated for 
the corresponding irradiation. Second, the obtained temperature difference �T can be used in the formula of the 
heat loss curve to calculate the corresponding values. The numerical solution of the thermal loss at various 
radiation levels is then given by Ql=f(Gu). With the results obtained the optical efficiency can be calculated for 
each point i within the interval of the expected solar radiation Gu (0 W/m² ≤ Gu < 1000 W/m²). Resulting values 
for the optical efficiency at different radiation levels are presented in figure 4. 
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Figure 4: Example for the calculated optical efficiency at different supporting values between the lower and upper 

limit of the measurements 

Uncertainties of measurements occur during the determination of the stagnation curve and the heat loss curve 
and have an effect on the value of the optical efficiency. The calculated optical efficiency varies slightly for 
different values of Gu, as shown in figure 4. This variation is based on the combination of two equations, 
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resulting in a higher-order function with a discontinuity at the saddle point of the equation. The mean value of 
the function of the results obtained for the optical efficiency will give a good approximation for a value η0 for 
the further evaluation of the rapid test method. The limits for the integration will be set between the lowest 
Gu,low and highest Gu,high measuring point of the stagnation curve. 
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When the optical efficiency is determined, the values for the heat loss coefficient a1 and a2 can be derived. The 
heat loss coefficient a1 and the temperature-dependent heat transfer coefficient a2 will be calculated by means 
of a regression in accordance to the least-square method. Since the instantaneous efficiency is set to zero at the 
stagnation point eq. 1 can be rewritten as: 
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To transfer the measured results of the rapid test method to real operation, the following three assumptions have 
to be made: 

� A flow of a heat transfer medium through the absorber takes place. 
� The operating point is in a steady state at a certain irradiance level and can be standardized to any 

irradiance level. 
� The mean inner absorber tube temperature, which is measured at the rapid test method, is equal to the 

mean fluid temperature during a test in accordance with the standard. Otherwise a correction factor has 
to be determined. 

CorrmflAbs TTT � ,         eq.10 

3. Test setup 

At the Solar-Institut Jülich, a test bench infrastructure is operated, which allows to measure individual receiver 
and small parabolic trough collectors on a biaxial tracking test rig. Measurements of the solar thermal collectors 
are carried out based on the ISO 9806. The test rig operates with a pressurized water circuit / 1 / at temperatures 
up to 200 °C and at mass flows up to 200 g/s. The verification of the rapid test method was conducted with a 
direct comparison to the steady-state measurement method based on ISO 9806:2013. All tests were performed 
at the same collector with an identical receiver and insulation. The receiver openings shall be sealed to prevent 
free convection. Furthermore, a suitable number of measurement points in the absorber tube have to be chosen 
in order to determine a meaningful reference temperature. Figure 5 shows the test rig for the operation of the 
parabolic trough collector, which is in accordance with ISO 9806:2013. In figure 6 a reference parabolic trough 
collector is presented. The examined collector can biaxial tracked towards the sun during the tests and the 
incident angle can be checked and documented automatically by a heliosensor. 

Figure 5: Test rig for conditioning of pressurized 
water and the data acquisition unit 

Figure 6: Biaxial rotating test platform with an installed 
reference collector 
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4. Results 

In July 2014 the first measurements following the rapid test method and the conventional measurements 
according to ISO 9806 were taken at the SIJ. Both measurements were done at the same collector prototype in 
order to compare the results of the rapid test method with the ISO based method.  

The concentration factor of C ~ 25 of the tested collector refers to an absorber tube diameter �a of 35 mm. The 
aperture dimension is 966 mm x 1688 mm. A reflective aluminum sheet was used as reflector. The receiver of 
this PTC consists of a black chrome coated absorber tube and a glass envelope tube without vacuum insulation. 
Over the period of the measurement time a reproducible efficiency curve was determined.  Efficiency curves 
were developed with both methods, with the rapid test and the ISO 9806 method. With both curves yearly yield 
calculation were performed exemplarily for a biaxial tracking collector in Würzburg / Germany using the 
Energy Output Calculator ScenoCalc / 10 /.The deviation between both  results was below 4.0%, based on an 
operating temperature at 50 °C, 75 °C and 100 °C. 

For the rapid test method various criteria were defined, in order to evaluate measurement points during a 
steady-state phase. First measurements of the collector time constant returned values up to 3 min. This means 
that the temperature compensation of the receiver and its components requires a comparatively long time until it 
is in a thermal equilibrium with the environment. In the beginning the criteria as shown below in Table 2 
derived from the ISO 9806 were applied. However, this resulted in occasional deviations in the evaluation. The 
results are distributed over a larger interval of measurement uncertainty. Since the stability of the measured 
stagnation temperature over time is the most important parameter for the evaluation, a more stringent criterion 
for the stability of the measured temperature was introduced for further measurements. The tolerable deviation 
of TStag was reduced to ± 0,5 °C/min, in return 1 min of stable conditions is enough to get one measurement 
point. An analysis of the available data with the criteria of the approach 2 gave a better approximation of the 
characteristic curve from the rapid test method towards the characteristic curve in accordance to ISO 9806. 

Table 2: Criteria for the evaluation of measurements points according to the rapid test method 

Criteria Limit value approach 1 Limit value approach 2 Comment 

Ta ± 0,5 °C of mean value ± 0,5 °C of mean value Derived from measurements 

G Gd/GU ≤ 30% GU ≥ 100 W/m² Derived from measurements 

TStag Stability ± 1 °C / min ± 0,5 °C / min Derived from measurements 

time mean values 4 min after stability 1 min after stability Derived from measurements 

Wind * 3 m/s ± 1 m/s 3 m/s ± 1 m/s On the basis of ISO 9806 

Gu ± 50 W/m² of mean value ± 50 W/m² of mean value On the basis of ISO 9806 

*) The dependency of the wind is in accordance with ISO 9806 only relevant, if the receiver is constructed without a glass envelope tube or 
if a concentration ratio <3 exists. 

It is recommended to determine the time constant before applying the rapid test method in order to obtain a 
statement about the heating behavior and thus to identify associated conditioning times of the receiver. 

In figure 7, the characteristic curve based on ISO 9806 and the curve according to the rapid test method are 
shown. The calculated stagnation temperature of both methods differs by 4.2 °C at Gu = 1000 W/m² and 
Ta = 20 °C. The determined measurement points based on the ISO procedure are set in a lower range of the 
reduced temperature difference, since the corresponding measurements currently limited to an outlet 
temperature of 200 °C. The measuring points of the rapid test method are in the higher range of the reduced 
temperature difference, due to the obtained stagnation temperature. For additional information the measurement 
uncertainty at the respective measuring points are entered. The values are calculated by the Guide of 
Measurement Uncertainty (GUM). The expanded uncertainty is calculated by multiplying the coverage factor 
k = 2 with the standard uncertainty of the particular measurement method. The measurement uncertainty is 
traceable to the specifications and the results from the calibration of the used sensors. The calculated 
measurement uncertainties are given in the table 3 below.  
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Figure 7: Diagram of the characteristic efficiency curve according to the steady state ISO 9806 method and the rapid 
test method at GU of 1000 W/m² 

Table 3: Values of the reduced temperature difference, the instantaneous efficiency and the values of the expanded 
measurement uncertainty displayed as absolute error for the selected operating points 

Based on ISO 9806 

Absolute error 

T*m [(m²K)/W] 0,00178 

± 0,0002 

0,02506 

± 0,0005 

0,06380 

± 0,0014 

0,10651 

± 0,0022 

0,11490 

± 0,0023 

η [-] 0,435 

± 0,014 

0,414 

± 0,012 

0,371 

± 0,015 

0,313 

± 0,014 

0,300 

± 0,012 

Rapid test method 

Absolute error 

T*m [(m²K)/W] 0,08178 

± 0,0018 

0,13884 

± 0,0026 

0,20436 

± 0,0037 

0,21263 

± 0,0038 

0,22477 

± 0,0040 

η [-] 0,351 

± 0,011 

0,268 

± 0,013 

0,144 

± 0,017 

0,126 

± 0,018 

0,099 

± 0,019 

Furthermore, theoretical calculations and simulations are carried out to determine a correction factor for the 
rapid test method. Those calculations and simulations are necessary because of the physical conditions during 
the rapid test, which tend to have a higher mean temperature than the standard procedure. At the rapid test 
method, the mean temperature of the inner absorber tube is taken as a reference (eq.3a) whereas the ISO 9806 
method considers the mean water temperature as a reference (eq.3b). By applying formula eq.10 the 
transformation towards the ISO curve can be conducted. In chapter 5 the determination of the correction factor 
is described. 
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5. Limitations of the rapid test method 

Due to the different approach of the rapid test method and the test method based on ISO 9806, a different 
reference temperature for the calculation is taken into account as a basis for determining the instantaneous 
efficiency curve. In the rapid test method, the mean temperature inside the absorber pipe is measured during 
stagnation as a parameter and simultaneously treated as the average collector temperature. However, in the 
measuring method according to ISO 9806 the useful energy obtained from the collector is calculated by using 
the average fluid temperature. Owing to the differences in approach, the efficiency curve of the rapid test 
method is theoretically always higher than the method according to ISO 9806. To evaluate this bias theoretical 
calculations are performed using a receiver model with a given geometry. Further, FEM simulations to 
determine a correction factor for the rapid test method are carried out with COMSOL Multiphysics® Modeling 
Software. Moreover measurements to verify the results of the correction factor were conducted. In applying the 
rapid test method for absorber tubes of concentrating parabolic trough collectors there is only a slight variation 
of the considered average collector temperature, depending on the operation point and the mass flow rate. For 
the results given in figure 7 and table 3 the correction factor was determined for a mass flow of ~75 g/s, which 
is the mean mass flow during the measurements based on ISO 9806. The values for the correction factor at the 
figure 7 are between 1,5 °C to 6,5 °C, depending on the reduced temperature difference T*m. 

);( *mTmfTCorr �          eq.11 

Since the temperature correction factor is depending on the mass flow, the operating temperature, the ambient 
temperature and the specific receiver geometry, it must be determined for each receiver individually.  

However, collector designs with low collector efficiency factor F ' lead to a greater difference between the 
characteristics of the ISO 9806 and the rapid test. Consequently, a non-negligible error without the use of 
adapted correction factors will occur. 

Since stagnation temperatures are measured in accordance to the rapid test method, very high thermal loads are 
applied on the coating of the receivers. Most absorber coatings available on the market are only stable below 
temperatures that are typically reached in the stagnation point at high irradiation values. The resulting thermal 
stress can lead to new order processes in the layers, increase reaction rates and may cause temperature-
dependent diffusion processes within the layer /5/. These processes can lead to destruction, partial degradation 
by blistering or a change in the optical properties of the absorber coating. Table 4 gives an initial, non-
exhaustive overview of different absorber coatings, which are available on the market or are currently in the 
research stage. 

Table 4: Overview of absorber coatings and their temperature stability /3/,/5/,/9/ & /11/ 

 

*) PVD: Physical Vapour Deposition  **) CVD Chemical Vapour Deposition 

Because of this limitation, concentrating collectors are measured during the course of the rapid test method just 
below the limit of their temperature stability. Measurements of stagnation temperatures takes place at lower 
irradiation levels in the morning or in the evening. Knowledge of the substrate layer and the functional layer 
with its technical specifications are thus preconditional for a careful implementation of the rapid test method. 
For safety reasons the receiver can be instrumented with a temperature sensor and the tracking control unit at 
the SIJ test rig will drive the parabolic trough out of the focus, if the temperature stability of the absorber is 
reached. 
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6. Outlook 

The rapid test method delivers reproducible and reliable values for the characteristic curve of linear 
concentrating collectors. The obtained results are within the limits of the measurement uncertainty of a 
characteristic curve based on ISO 9806. 
Therefore, the method can be regarded as reliable, inexpensive and easy to use alternative to the conventional 
measuring methods. For the testing season 2015, further comparative measurements are planned at different 
types of receivers and parabolic trough collectors in order to gather further experience in the implementation of 
the rapid test method and to check the procedure with different PTC designs.  

Moreover the determination of the stagnation curve and the heating curve will be optimized in order to reduce 
the measurement uncertainties of the methods. Further optimization will be carried out by analyzing different 
regression approaches to reduce the statistical spread of the calculated optical efficiency. 
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