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Executive Summary 
 
Two Schott 2008 model year PTR70 receivers were tested on the National Renewable Energy 
Laboratory’s parabolic trough receiver heat loss test stand from 100°C – 500°C in 50°C 
increments.  Heat loss in the laboratory, normalized per meter receiver length, is summarized by 
the following correlation: 
 
 
The absorber temperature in the above correlation is in °C, and the calculated heat loss is in watts 
per meter (W/m) receiver length.  There is ± 10 W/m uncertainty associated with the results. 
 
The emittance of the receiver absorber was calculated from the laboratory heat loss test results.  
The following correlation fits the calculated emittance to the absorber temperature. 
 
 
 
The emittance is a non-dimensional quantity and the absorber temperature in the correlation is in 
°C.  Emittance uncertainty depends on the testing temperature and is described further in the 
report.  At an absorber temperature of 400°C the emittance uncertainty is ± 0.005. 
 
A multi-step process was used to estimate solar field heat losses from the laboratory results.  A 
parabolic trough collector/receiver model calculated solar field heat loss using the emittance 
curve correlation presented above and reasonable collector and solar field assumptions.  Solar 
Advisor Model (SAM) and Excelergy heat loss correlation coefficients were generated from the 
heat loss outputs of the model.  These coefficients are presented in Table 8 of this report. 
 
The 2008 Schott PTR70 heat loss correlation coefficients were used in an annual SAM 
simulation for a 100 MWe parabolic trough power plant with 6 hours of thermal energy storage.  
SAM shows that the heat loss associated with the Schott 2008 PTR70 will decrease the levelized 
cost of energy (LCOE) from the power plant by about 0.5 ¢/kWh and increase annual electricity 
production by 5% relative to previous published PTR70 heat loss results.   This analysis assumes 
that the 2008 PTR70 is priced similar to the previous model and that they share similar optical 
characteristics.  
 
This report presents the thermal performance of the 2008 PTR70 parabolic trough receiver.  We 
did not perform receiver optical, durability, nor structural tests.  These factors also affect the 
solar plant performance of parabolic trough receivers and will be the subject of future testing. 
 

( ) 4
702008 948.6141.0 absabsPTR TETlossHeat ⋅−+⋅=

( ) 2700.2062.0 absTE ⋅−+=702008PTRε
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Introduction 
 
A parabolic trough power plant generates electricity using concentrated sunlight as the heat 
source for its power cycle.  Rows of single-axis-tracking, linear parabolic mirrors comprise a 
solar field that concentrates beam radiation onto tubular receivers (also known as heat-collection 
elements [HCEs]) located along the focal line of each parabolic trough.  Heat-transfer fluid 
(HTF) pumped through the receivers is heated by convection from the sun-heated receiver walls.  
After being heated by the solar field, the HTF travels to a power block where it generates steam 
in a series of heat exchangers.  The energy in the steam is converted to electricity in a Rankine 
steam-turbine power cycle.  After heating the steam, the HTF returns to the solar field. 
 
Figure 1 shows the solar field in an operating parabolic trough power plant.  This photograph 
was taken at one of the nine Solar Electric Generating Systems (SEGS) built in California’s 
Mojave Desert by Luz International Limited [1].  It illustrates receivers (HCEs) and parabolic 
mirrors mounted on supporting structures, collectively referred to as collectors.  It also shows 
how collectors are linked in series to form “loops” in the solar field.  The HTF travels from the 
power block to the solar field in large diameter “cold” header pipes.  Then it flows through a 
“loop” of parabolic trough collectors where the HTF is heated by concentrated sunlight, as 
shown in Figure 1.  Then the heated HTF flows into a “hot” header pipe which returns the heated 
HTF to the power block.  Many loops comprise a solar field. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Parabolic trough receivers (also known as HCEs), mirrors, collectors, and “loops” in the 

solar field of a parabolic trough power plant. 
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The electricity generated by the power block depends on the quantity and temperature of the 
HTF delivered by the solar field; larger HTF mass flow rates and/or higher temperatures lead to 
more power production.  HCE heat loss has the effect of reducing one or both of these quantities.  
For a constant HTF mass flow rate, an increase in HCE heat loss from some baseline value 
decreases the loop HTF outlet temperature.  Plant operators find this temperature fluctuation 
undesirable, so they decrease the mass flow rate to maintain the loop outlet temperature. In both 
cases, HCE heat loss adversely and significantly affects plant performance.     
 
HCEs are designed to minimize heat loss to the environment while letting in and absorbing as 
much sunlight as possible.  Figure 2 illustrates some of the design features that make this 
possible.  The annulus between the absorber tube and the transparent glass cylindrical envelope 
is evacuated to prevent heat conduction/convection from the hot absorber tube to the cooler glass 
envelope.  Radiative heat loss from the absorber is minimized by coating the absorber tube with 
a selective surface that has high solar absorption (>0.95 [1]) but low thermal emittance.  The 
effect of heat conduction at the ends is reduced by making long HCEs (4 meters and more.)  
Finally, the diameter of the absorber is small relative to the collecting aperture of the reflector, 
thereby decreasing the surface area associated with heat loss.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 2.  A shortened view of a parabolic trough receiver (HCE) 
source: Flagsol 

 
This report presents heat loss results of Schott 2008 PTR70 HCE.  It shows that Schott made 
improvements to its selective coating in 2008 that reduced heat losses compared to previous 
published values [2, 3, 4], which already had low thermal losses relative to the state-of-the-art 
when the SEGS plants were built [5].   
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Test Description 
Figure 3 is a photograph of the National Renewable Energy Laboratory (NREL) HCE Heat Loss 
Test Stand.  This test stand is located indoors and uses electric resistance heaters on the inside of 
an HCE to bring the absorber surface up to desired test temperatures.  Once a desired steady-
state temperature is reached, power transducers measure the electrical power required to 
maintain the absorber temperature.  The power required is the heat loss of the HCE at that 
temperature.  The testing described here is that same as the tests described in [3, 6], except that 
more thermocouples were used to determine the average absorber and glass temperatures.  These 
additional thermocouples allowed us to investigate how uniformly the HCE was heated.  This 
investigation is presented in Appendix I. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  HCE heat-loss test stand at NREL 
 
Present HCEs are 4.06 m long at 25°C (4.08 m at 400°C) with a stainless steel absorber 
inner/outer diameter of 6.6/7.0 cm.  To test HCE heat loss, two 2.17 m long, 5.4 cm outer 
diameter copper pipes with internal heaters are inserted into the ends of an HCE—one copper 
pipe per end.  Spacers protruding from the copper pipe center it in the HCE and prevent it from 
touching the inner absorber surface.  The copper pipe evens out the temperature distribution 
generated by three internal electric resistance heaters.  Two of the heaters are 3-cm-long, 
stainless-steel-sheathed, coiled cable heaters whose surfaces contact the interior of the copper 
pipe.  These heaters are referred to as “coil heaters” in the remainder of this report.  The third 
heater is a 2.12 m (2.01 m heated-length) inconel-sheathed cartridge heater suspended along the 
cylindrical axis of the copper pipe using inconel spacers.  The cartridge heater is fully inserted 
into the copper pipe so that its inner-most end, shown in Figure 4, is flush with the inner-most 
end of the copper pipe.  When the copper pipe is inserted into the HCE, one coil heater ends up 
just inside the HCE while the other is adjacent to it but just outside the HCE.  The inner coil 
heater compensates for end-loss effects, while the outer coil heater creates a zero temperature 
gradient on the copper pipe between the coil heaters.  The cartridge heater supplies most of the 
thermal energy to the system, especially at increasing absorber temperatures.  Power transducers 
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measure heater output.  The total heat loss is based on the sum of the powers of the two inner-
most coil heaters and the two cartridge heaters.  Figure 4 is a photograph of the heaters inside 
one heating assembly, and Figure 5 shows the heating assembly ready for insertion into one end 
of an HCE.  Table 1 lists heater and power transducer specifications. 
 
 
 
 
 
 
 
 
 
 

Figure 4.  Heaters inside one heating assembly 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.  One heating assembly 
 

Table 1.  Heater and Power Transducer Specifications* 

Heater Type # Used Max. Power of 
each Heater (W) 

Transducer Full- 
Scale Limit (W) 

Error 
% of 
Full 

Scale 
(W) 

Coiled cable 
heater 4 600 500 0.5 2.5 

Cartridge 
heater 2 4800 5000 0.5 25 

* Transducers calibrated using instruments traceable to NIST, DOE# 126410 and 01888C 
 
Thermocouples measure the temperature of the copper pipe, stainless-steel absorber tube, and 
glass envelope at the locations shown in Figure 6.  The copper temperature is measured at six 
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locations, the absorber at eight locations, and the glass at three locations.   The heating assembly 
and thermocouple locations for the other half are identical and symmetrical about the HCE 
center, with thermocouple naming conventions continuing from left to right though Cu 6, Abs 8, 
and Gl 3. 

Figure 6.  Glass (Gl), Copper (Cu), and Absorber (Abs) thermocouple locations for one-half of the 
HCE.  Labeling of thermocouples continues from left-to-right for other half (i.e. Gl 3, Cu 6, and Abs 

8 located farthest to right).  Figure not to scale. 
 
 
Inconel, copper, and stainless steel have different linear thermal expansion coefficients.  Care 
must be taken to attach the copper and inconel-sheathed cartridge heater at only one point to 
avoid thermal stresses.  The innermost end of the copper pipe and cartridge heater is the location 
of this attachment.  Bolts thread through the copper pipe to rest on either side of an inconel 
spacer shrink-fitted to the end of the cartridge heater.  Therefore the inconel cartridge heater, 
copper pipe, and stainless-steel absorber expand outward from the center of the HCE.   
 
Wires attach the thermocouples to the copper and glass surfaces.  The thermocouples measuring 
absorber temperatures spring out from the copper pipe to contact the inner absorber surface.  
Reliable absorber temperature measurements require good contact between the thermocouple and 
the absorber, as well as local radiation shielding to prevent radiant heating of the thermocouple 
by the copper pipe.  Figure 7 shows the shielding underneath one thermocouple used to measure 
absorber temperature, and Table 2 lists the thermocouple specifications.  Note that the 
uncertainty associated with the thermocouple temperature measurements is ± 1.1°C or 0.4%∙T°C, 
whichever is greater [7]. A thermocouple also measures the air temperature. 

HCE
Center

Glass envelope

Absorber

Cartridge heater 1

Copper
pipe

Outer
coil

heater Inner
coil

heater 1

Gl 1
Gl 2

1.33 m
1.00 m

2.01 m
0.04 m

Evacuated annulusCu 1

Cu 2 Cu 3

0.33 m
1.00 m

1.67 m
2.00 m

Abs 1 Abs 2 Abs 3 Abs 4
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Figure 7.  Absorber thermocouple with radiant shielding on copper pipe.   
Heating assembly in process of sliding into HCE. 

 
Table 2.  Thermocouple Specifications 

 
 
 
 
 
 
 
 
 
Testing proceeds once the heating assemblies are inserted and the HCE is supported in the test 
stand.  Electrical power to the inner coil and cartridge heaters is increased slowly until all 
absorber temperatures approach a value of interest (e.g., 400°C).  The power to the outer coil 
heaters is adjusted so that the outer copper temperatures are equal to the inner copper 
temperatures (i.e., Cu 1 = Cu 2 and Cu 5 = Cu 6), creating adiabatic boundaries between them. 
Temperatures and power values are logged every 5 seconds.  Steady state is achieved when the 
glass and absorber temperatures remain constant (variation ≤ 0.5°C) over a period of at least 15 
minutes.  The overall absorber temperature is calculated as the average temperature of Abs 2, 3, 
4, 5, 6, and 7, and the overall glass temperature is the average of Gl 1, 2, and 3.  Total heating 
power is the sum of that used by the inner coil heaters and the cartridge heaters.  These 
calculations are described in Appendix I. 

Thermocouple Description Calibration 
Type 

Range 
°C 

Temperature Error, 
Maximum of: 

% of value  
(°C) °C 

Alloy 600 sheath, mineral 
insulated, AF metal transition, 

ungrounded 

K – special 
limits 0–1250 ±0.4%∙T°C ±1.1 
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Results 
 
Two 2008 PTR70 HCEs were tested from 100°C to 500°C in roughly 50°C increments. Figure 8 
shows the HCEs tested.  
 

 
 
 

Figure 8.  2008 Schott PTR70 HCEs. 
 
The HCEs were arbitrarily labeled #1 and #2.  Each receiver was 4.06 m long at 25°C, with 
absorber inner/outer diameters of 6.6 cm/7.0 cm and glass envelope inner/outer diameters of 
about 11.5cm/12.0 cm.  Heat loss results are presented in Figure 9 and Table 3.  Detailed data 
from one test near 400°C are presented in Appendix I. Uncertainties in the heat loss and 
temperature measurements are presented in Appendix II.  In brief, the uncertainty associated 
with average temperatures and temperature differences is about ±1°C, and for heat loss it’s ±10 
W/m. 
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Figure 9.   2008 PTR70 heat loss results. 
 
Instead of showing heat loss for the entire 4 m long HCE, heat loss per meter of HCE length is 
calculated and presented on the y-axis.  The x-axis is the average absorber temperature at the 
time of testing.  Heat loss results are not presented versus the average absorber temperature 
above ambient because heat loss in these evacuated receivers is radiation dominated and 
therefore more dependent on the absolute absorber temperature than the difference between 
absorber and ambient temperatures.  The sensitivity of the heat loss to HCE material properties, 
HCE and collector geometry, and environmental conditions is explored in Appendix III. 
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Table 3.  2008 PTR70 heat loss results 
 2008 PTR70 #1 

Test 

Average 
absorber 

temperature 
(°C) 

Average glass 
temperature 

(°C) 

Average 
ambient 

temperature 
(°C) 

Average 
absorber 

temp. above 
ambient (°C) 

Heat loss        
(W/m HCE 

length) date of test 
1 100 26 23 77 15 10/13/2008 
2 153 30 23 130 23 10/13/2008 
3 213 35 23 190 43 10/9/2008 
4 246 38 23 222 59 10/14/2008 
5 317 50 24 293 113 10/9/2008 
6 346 55 24 323 141 10/14/2008 
7 390 65 24 366 204 10/14/2008 
8 418 73 24 393 257 10/9/2008 
9 453 82 24 430 333 10/14/2008 

10 458 84 24 434 348 10/9/2008 
11 506 99 24 482 495 10/9/2008 

 
 2008 PTR70 #2 

Test 

Average 
absorber 

temperature 
(°C) 

Average glass 
temperature 

(°C) 

Average 
ambient 

temperature 
(°C) 

Average 
absorber 

temp. above 
ambient (°C) 

Heat loss        
(W/m HCE 

length) date of test 
1 120 27 22 98 15 11/5/2008 
2 203 33 22 180 36 11/5/2008 
3 254 39 23 231 63 11/5/2008 
4 292 45 23 269 90 11/6/2008 
5 343 54 23 320 140 11/6/2008 
6 403 68 23 380 231 11/6/2008 
7 404 67 22 382 230 11/7/2008 
8 451 80 23 429 334 11/7/2008 
9 501 95 23 478 481 11/7/2008 

 
Current parabolic trough power plants operate between 293°C and 391°C.  The average HTF 
temperature in each loop is about 340 °C, and when the collectors are on-sun the HCE absorber 
walls are heated to an average temperature 5-10°C above the HTF temperature assuming current 
flow rates, as shown in Appendix III.  Thus a simple estimation of HCE heat loss in parabolic 
trough solar fields corresponds to the heat loss that occurs at an absorber temperature of 350°C.  
At this temperature on the x-axis of Figure 9, the heat loss of the 2008 PTR70 is 150 W/m.  
Studies of some previous generations of the PTR70 [2, 3, 4] found heat losses between 200 and 
270 W/m at an absorber temperature of 350°C.  The black chrome receivers installed at the 
SEGS plants in the 1980s lost more than 350 W/m at this temperature [5].  HCE heat loss has 
been decreased significantly.  The next section describes the effect this decreased heat loss has 
on plant performance. 
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Estimating Field Performance 
 
The performance of a parabolic trough power plant is affected by HCE heat loss. Several 
methods predict the performance of parabolic trough solar fields [5, 8, 27].  This report uses the 
methodology developed by Price [9], and by extension, SAM [10].  
 
Relating the heat loss acquired in the laboratory to heat loss in a solar field is a multi-step 
process: 
 
1) The absorber emittance is deduced from laboratory testing. 
  
2) A model of a collector and HCE with the lab-derived emittance is used to predict the heat loss 

of the HCE under a range of solar field operating conditions.  This involves assumptions 
regarding the optical performance of the collector and HCE. 

 
3) A correlation is developed for heat loss as a function of the operating conditions, and the 

coefficients of this correlation are determined. 
 
4) The correlation is integrated relative to the HTF temperature so that the average HCE heat loss 

in the solar field can be related to solar field loop inlet and outlet temperatures. 
 
5) A parabolic trough power plant model using the integrated heat loss equation developed in 4) 

calculates annual plant performance. 
 
These steps are described in the following sections. 
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Calculating absorber emittance 
Figure 10 shows the heat loss that occurs during laboratory testing.   The inner absorber surface 
is heated to a uniform temperature by the internal heaters.  Energy then conducts through the 
absorber, radiates across the annulus, and conducts through the glass envelope.  At steady-state 
the temperatures are constant, and the conducted and radiated powers are equal to the measured 
heat loss.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10.  Schematic of 1-dimensional heat loss that occurs during laboratory testing  
 
The absorber emittance, εabs, is calculated from an iterative solution of the following equations 
[11]: 
 
 
 
 
 
 
  
 
 
All temperatures in the equations above are °C, except for Tabs,o,Kelvin and Tabs,o,Kelvin  which are K. 
Known values in these equations are: 
 
 kgl = 1.1 W/m∙°C [12] 
 kabs = 14.8+0.0153∙Tabs W/m∙°C [13] 
 εgl=0.89 [15] 
 rabs,i = 0.033 m 
 rabs,o = 0.035 m 
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 rgl,i = 0.057 m 
 rgl,o = 0.06 m 
  Tabs,i, Tgl,o and Heat lossW/m are determined from testing and listed in Table 3. 
 
The uncertainties associated with the preceding values are as follows: 
 
  kgl, kabs, rabs,i, rabs,o, rgl,i , rgl,o – assumed zero. 
  εgl:  ± 0.05 [15] 
  Tabs,i: ± 1°C  (see Appendix II) 
  Heat lossW/m: ± 10 W/m (see Appendix II) 
  Tgl,o:  ± 20°C (discussion below) 
 
The uncertainty associated with the outer glass temperature isn’t associated with its 
measurement, which Appendix II shows is ± 0.6°C.  Rather, it acknowledges that testing could 
have occurred under different ambient conditions that would result in different glass 
temperatures, as shown in Figures 11 and 12, and ensures that the calculated emittance is 
minimally dependent on ambient conditions.   
 
Figures 11 and 12 were generated using the one dimensional (1D) HCE model described in 
Appendix III.   Using this model, the heat loss and glass temperatures were determined for 
varying laboratory ambient and sky temperatures (10°C to 30°C) and wind speeds (0 m/s to 2 
m/s).  Ambient and sky temperatures were assumed equal in the laboratory. 
 
The figures show that the ambient/sky temperatures and wind speed can affect the glass 
temperature by ± 20°C from its average value.  However, the heat loss varies little with changes 
in these parameters: ± 2 W/m for the 250°C case, and ± 5 W/m for the 450°C case. 
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Figure 11.  Modeled glass temperatures and heat loss for ambient and sky temperatures 10-30°C, 
wind speeds 0-2 m/s.  Assumed absorber temperature of 250°C and absorber emittance of 0.08.   

Calculation from the 1D HCE model (Appendix III). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12.  Modeled glass temperatures and heat loss for ambient and sky temperatures 10-30°C, 
wind speeds 0-2 m/s.  Assumed absorber temperature of 450°C and absorber emittance of 0.11.   

Calculation from the 1D HCE model (Appendix III). 
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The fact that heat loss in these evacuated receivers is insensitive to ambient conditions means 
that the calculated emittance is insensitive to ambient conditions as well.  Figure 13 shows the 
variation of calculated emittance with respect to ambient conditions.  This calculation used the 
glass temperatures presented in Figure 11 for the 250°C case and the glass temperatures in 
Figure 12 for the 450°C case.  The heat loss was assumed to be 65.5 W/m for all the 250°C 
absorber calculations, and 350 W/m for all the 450°C absorber calculations.  The largest 
differences in the calculated emittance are about ± 0.002 for both cases.  This variation is small 
compared to the uncertainty in the emittance caused by the ± 10 W/m uncertainty in the heat loss 
measurement, as shown in Table 4.  However, the uncertainty associated with the outer glass 
temperature, Tgl,o, is set at ± 20°C to preserve the small uncertainty induced in the calculated 
emittance by variation in ambient conditions and consequently the outer glass temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 13.  Variation of calculated emittance due to changes in laboratory ambient conditions.  
The glass temperatures presented in Figures 11 and 12 were used in this calculation.  All 450°C 

calculations used 350 W/m heat loss, and all 250°C calculations used 65.5 W/m heat loss. 
 
Emittance results and uncertainties are presented in Figure 14.  The ± 10 W/m heat loss 
uncertainty causes most of the calculated emittance uncertainty, as shown in Table 4 for two 
tested absorber temperatures.  Emittance uncertainty increases with decreasing absorber 
temperature because the ± 10 W/m becomes a larger proportion of the heat loss as the 
temperature decreases.  For instance, the heat loss at 390 °C is about 200 W/m.  The uncertainty 
in the heat loss is only 5% of this value (±10/200 = 5%), and the emittance uncertainty is about 
±5% the calculated value.  However, at 100°C the uncertainty is 66% of the heat loss value 
(±10/15), which results in a similar uncertainty in the calculated emittance. 
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Table 4.  Contributions to the uncertainty in the absorber emittance 

 
 2008 PTR70 #2 

Test 3 
Contribution to 
εabs uncertainty 

 2008 PTR70 #2 
Test 8 

Contribution to 
εabs uncertainty 

Tabs,i (°C) 253.6 ± 1 0.3%  451.4 ±1 3.0% 
Tgl,o (°C) 39.0 ± 20 5.0 %  80.1 ±20 16.8% 

εgl 0.89 ± 0.05 0.0%  0.89 ± 0.05 1.4% 
Heat loss (W/m) 63.3 ± 10 94.7%  333.8 ± 10 78.8% 

εabs 0.076 ± 0.012   0.104 ± 0.004  

 

 

 

 

 

 

 
 
 
 

 
 
 
 
 
 

Figure 14.  Absorber emittance calculated from heat loss testing  
 
 
Figure 14 shows that the emittance of the selective coating increases with increasing 
temperature.  This is expected. As the absorber temperature increases more of the thermal 
radiation is emitted at shorter wavelengths, and the solar selective coating must have low 
reflectance (consequently, higher emittance) at shorter wavelengths to have high solar 
absorption.  However, the curve fits of the emittance in Figure 14 have shallower slopes than 
might be expected from direct calculation of the emittance from spectral reflectance data [16].  
One reason for this is that the proportion of heat loss that is due to conduction at the ends of the 
HCE increases with decreasing absorber temperature.  The 400°C test described in Appendix I 
shows that the total power that the inner coil heaters require to keep the ends at the same 
temperature as the bulk of the absorber is only 3% of the total heat loss value (25 W / 900 W).  
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This 25 W is most likely conduction, not radiation, but its value is so small relative to the total 
heating power that it affects the emittance calculation slightly – 0.096 including the 25 W, 0.093 
without it.  At lower temperatures end conduction can be up to 15% of the total heat loss, so an 
emittance calculation that lumps end conduction in with radiation will give higher values than 
the actual emittance of the absorber surface.  Therefore the emittances on the left hand side of 
Figure 14 are inflated slightly by end conduction, resulting in a flatter emittance curve than what 
might be calculated from a spectral reflectance curve for the selective coating of the absorber.   
 
Table 5 presents the emittance results in tabular form. 

 
Table 5.  2008 PTR70 emittance calculation 

2008 PTR70 #1 

Test 

Average 
absorber 

temperature, 
Tabs,i (°C) 

Average 
glass 

temperature, 
Tgl,o (°C) 

Heat loss 
(W/m) 

Calculated 
emittance 

Uncertainty 
in 

emittance 
1 100 26 15 0.106 0.074 
2 153 30 23 0.077 0.034 
3 213 35 43 0.074 0.018 
4 246 38 59 0.075 0.013 
5 317 50 113 0.083 0.008 
6 346 55 141 0.084 0.006 
7 390 65 204 0.091 0.005 
8 418 73 257 0.097 0.004 
9 454 82 333 0.103 0.004 
10 458 84 349 0.105 0.003 
11 506 99 495 0.115 0.003 

 
2008 PTR70 #2 

Test 

Average 
absorber 

temperature, 
Tabs,i (°C) 

Average 
glass 

temperature, 
Tgl,o (°C) 

Heat loss 
(W/m) 

Calculated 
emittance 

Uncertainty 
in 

emittance 
1 120 27 15 0.077 0.052 
2 203 33 36 0.069 0.020 
3 254 39 63 0.076 0.012 
4 292 45 90 0.079 0.009 
5 343 54 140 0.085 0.006 
6 403 68 231 0.095 0.005 
7 404 67 230 0.095 0.004 
8 451 80 334 0.104 0.004 
9 501 95 481 0.114 0.003 
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Modeling the HCE in a parabolic trough collector 
With the absorber emittance estimated by the curve fit in Figure 14, the heat loss from an HCE in 
a solar field can be estimated by Forristall’s parabolic trough collector model [13, 14].  This 
validated model calculates HCE heat loss given collector and HCE optical properties and 
geometry, heat transfer fluid properties, and environmental conditions.  It also accommodates 
heat conduction/convection due to gases in the HCE annulus, and heat transfer that occurs when 
an HCE has lost its glass envelope.  Space considerations limit explanation of this model here, 
though a simplified evacuated 1D HCE model tailored to the PTR70 geometry with VP1 as the 
heat transfer fluid is presented in Appendix III.  A full description of Forristall’s model is 
available for download [13]. 
 
Model inputs are listed below.  The parametric inputs were varied according to the values 
indicated, while the fixed inputs were unchanged for all simulations. 
 

Direct normal insolation, Ib:  0, 800, 1000 W/m2 
Parametric inputs 

Windspeed, Vw: 1, 2, 4, 8 m/s 
Ambient temperature, Tamb: 15, 35 °C 
Incidence angle, θdeg: 0°, 15°, 30°, 45°, 60° 
HTF temperature, THTF: 100, 150, 200, 250, 300, 350, 400, 450, 500 °C 

 
Combinations of all the above variables requires 3∙4∙2∙5∙9 = 1080 parametric runs. 

 

HTF: Therminol VP1
Fixed inputs 

1

Collector aperture: 5.75 m 
 

Collector optical efficiency: 0.75 
Incident angle modifier2

Fraction HCE length unshaded by bellows: 0.96 [24, Appendix IV] 
, K = COS(θdeg) + 0.000884∙ θdeg - 0.00005369∙(θdeg)2 

Assumed HCE glass envelope transmittance: 0.963 [24] 
Assumed HCE absorber absorptance: 0.96 [16] 
HCE absorber emittance: per curve fit in Figure 14 
Desired temperature rise per 1 meter HCE length, if DNI available: 0.2 °C  

 
The flow rate was controlled to deliver the desired temperature rise. 
 
The desired output from the model was the heat loss from the absorber (W/m) for each of the 
parametric runs. 
 
Both the Calculating Absorber Emittance section and Appendix III show that an evacuated 
HCE’s heat loss is not changed much by ambient conditions.  This is not true for an HCE that 

                                                 
1 Though the working limit of VP1 is about 400°C, higher HTF temperatures are explored to estimate HCE heat loss 
at these temperatures. 
2 From Dudley et al. [5].  
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has lost its vacuum, lost its glass envelope, or whose annulus has been infiltrated with hydrogen.  
This is why ambient conditions are included in the parametric inputs above. 
 
Determining the heat loss correlation coefficients 
Five inputs/outputs of the model were of interest for use in the heat loss correlation: 
 

THTF – Temperature of the HTF (°C) 
Vw – Wind speed (m/s) 
IbIAMCosTh = IbK  - Insolation that could reach the absorber tube (W/m2).  This term is 

the product of the beam radiation (Ib), the incidence angle modifier (IAM), and the 
cosine of the incidence angle (cos θ). 

(THTF - Tamb) – Difference between the HTF temperature and ambient (°C) 
HL = Modeled heat loss from the absorber (W/m) 

 
The correlation used to match the modeled results is 
 
 
 
Price [9] developed this correlation for Excelergy, and it’s still used in SAM.  It correlates the 
heat loss to the HTF temperature (A2 and A3), the heating of the absorber tube above the HTF 
temperature by the sun (A4), and the effect of the ambient temperature and wind speed (A1, A5, 
and A6).  For evacuated HCEs whose limiting thermal resistance is radiation across the annulus, 
ambient conditions affect heat loss slightly and coefficients A1, A5, and A6 are small.  However, 
some small percentage of the HCEs in the field may have lost their vacuum due to a crack in the 
glass envelope, have lost their glass envelope entirely, or be filled with hydrogen [17,18].  In 
these cases the glass envelope temperature is better coupled to the HTF temperature, and the 
magnitudes of these coefficients increase. 
 
Table 6 presents the heat loss correlation coefficients for the 2008 PTR70 HCEs tested in this 
report.  SigmaPlot[19] calculated these coefficients using the Levenberg-Marquardt algorithm 
for least squares curve fitting.  This algorithm is described by Press et al. [20].  Other software 
programs such as Octave [21] can generate identical coefficients [22]. 
 

Table 6.  Evacuated 2008 PTR70 heat loss coefficients 
 

SAM/Excelergy 
coefficients 

Vacuum 
2008 PTR70 

A0 4.05 
A1 0.247 
A2 -0.00146 
A3 5.65E-06 
A4 7.62E-08 
A5 -1.70 
A6 0.0125 

 
 

))(65(432)(10 232
ambHTFwHTFbHTFHTFambHTF TTAAVTIAMCosThIATATATTAAHL −⋅+⋅+⋅⋅+⋅+⋅+−⋅+=
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The correlation fits the modeled results well, as shown in Figure 15. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 15.  Agreement between the correlated and modeled heat loss  

 
 
Nine groupings of heat loss results are visible in the graph.  These groupings correspond to the 
nine simulated HTF temperatures.  The spread of the points in each grouping show that 
permutations of the other parameters can cause differences of almost 50 W/m for a given HTF 
temperature. 
 
One obvious question is how dependent the coefficients in Table 6 are on the choice of the 
parametric runs used to derive them.  Previous to this report, all heat loss coefficients were based 
on 128 parametric runs: 
 

Direct normal insolation, Ib:  0, 1000 W/m2 

Windspeed, Vw: 1, 2, 4, 8 m/s 
Ambient temperature, Tamb: 15, 35 °C 
Incidence angle, θdeg: 0° 
HTF temperatures, THTF: 50, 100, 150, 200, 250, 300, 350, 400 °C 
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Collector aperture: 5 m 
HTF flow rate ≈ 8 kg/s 
 

 
450 and 500 °C were added to this test suite (160 parametric runs) and the coefficients were 
determined again.  Table 7 compares the coefficients determined by correlating to 160 
parametric runs instead of the 1080 parametric runs described previously. 
 

Table 7.  Comparision of heat loss correlation coefficients,  
160 versus 1080 parametric runs 

 

SAM/Excelergy 
coefficients 

Vacuum  
2008 PTR70 

160 parametric runs 

Vacuum 
2008 PTR70 

1080 parametric runs 
A0 1.67 4.05 
A1 0.262 0.247 
A2 -0.00148 -0.00146 
A3 5.63E-06 5.65E-06 
A4 5.34E-08 7.62E-08 
A5 -1.12 -1.70 
A6 0.0106 0.0125 

 
The coefficients are similar and yield heat losses with differences less than the heat loss 
uncertainty of this report (± 10 W/m).  The coefficients aren’t that sensitive to the parametric run 
inputs, assuming the inputs are reasonably chosen.  They can be used with confidence for 
operating configurations different from those for which they were derived.  This statement is 
reinforced by the heat loss sensitivity study presented in Appendix III. 
 
As mentioned earlier, the glass envelope and vacuum of HCEs in the field can be compromised.  
Although these HCEs will likely represent a small fraction of the total HCEs in the field, their 
increased heat loss makes it important to include them in a solar field model. SAM and 
Excelergy include three “compromised” HCEs: 
 
 Broken glass – The HCE’s glass envelope is completely missing.  The selective coating has 

oxidized leaving it with a similar absorptance but an emittance based on oxidized steel  
(εabs ≈ 0.65 [11]), not the emittance presented in this report.  The absorber radiates and 
convects energy directly to the environment. 

 
Lost vacuum – The glass envelope has a leak and air has leaked through it and resides in the 

annulus at atmospheric pressure.  The selective coating oxidizes as above, but the absorber 
exchanges energy with the glass envelope, not directly with the environment. 

 
Hydrogen – A sufficient quantity of hydrogen has permeated through the absorber to saturate the 

getters and reside in the annulus at about 1 torr.  The selective surface is uncompromised, but 
hydrogen conducts a significant amount of heat from the absorber to the glass envelope, 
increasing heat loss. 
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The heat loss correlation coefficients for these “compromised” HCEs were determined in the 
same manner as the coefficients for the evacuated (vacuum) PTR70.  Table 8 presents all heat 
loss correlation coefficients for the 2008 PTR70.   

 
Table 8.  SAM/Excelergy Heat loss correlation coefficients for the 2008 PTR70 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The “heat loss factor” for these coefficients is 1.  This factor is described in the following 
section. 

Case Heat loss 
coefficient 2008 PTR70 

Vacuum 

A0 4.05 
A1 0.247 
A2 -0.00146 
A3 5.65E-06 
A4 7.62E-08 
A5 -1.70 
A6 0.0125 

Hydrogen 

A0 11.8 
A1 1.35 
A2 7.50E-04 
A3 4.07E-06 
A4 5.85E-08 
A5 -4.48 
A6 0.285 

Lost vacuum 

A0 50.8 
A1 0.904 
A2 5.79E-04 
A3 1.13E-05 
A4 1.73E-07 
A5 -43.2 
A6 0.524 

Broken 

A0 -9.95 
A1 0.465 
A2 -8.54E-04 
A3 1.85E-05 
A4 6.89E-07 
A5 24.7 
A6 3.37 
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Solar field heat loss 
The correlation presented in the previous section calculates the HCE heat loss occurring in a loop 
per meter length.  One entire loop in the solar field could be modeled meter-by-meter.  This 
entails: 
 

1) Starting with an inlet temperature THTF,in, HTF heat capacity (cHTF), and mass flow rate 
( m ).  Appendix III presents a correlation for the heat capacity of VP1.  
 

2) Finding the solar energy absorbed by 1 meter length of absorber: 
   

 
 This equation is described in Appendix III. 
 

3) Finding the heat loss of the 1 meter length with the heat loss correlation presented in the 
previous section.  This requires the correlation coefficients A0-A6, THTF,in, Vw, 
IbIAMCosTh,  and (THTF,in - Tamb). 
 

4) Calculating the net power gain to the fluid, Qnet, by subtracting 3) from 2) and 
multiplying by 1 meter. 
 

5) Finding the outlet temperature of the 1 meter section with 
 
 

 
6) Repeating steps 1 through 5 until the entire loop distance is simulated. 

 
The mass flow rate is varied to get the outlet temperature of the loop to the desired value. 

 
This procedure was followed for an LS3 loop containing 144 HCEs.  The inputs were: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

HCE length (m): 4.08 
Number of HCEs in loop: 144 

Total loop length (m): 588 
Mass flow rate (kg/s): 9.00 

Ib (W/m2): 950 
Incidence angle, θ (deg): 20 

Optical efficiency, ηo: 0.75 
IAM: 1.00 

Aperture (m): 5.75 

Qsol,abs (W/m): 3834 
Loop inlet temp (°C): 293 

Ib∙IAM∙Cosθ (W/m2): 889 
Wind speed (m/s): 2 

Ambient temp. (°C) 30 

IAMApIQ optbabssol ⋅⋅⋅⋅= ηθcos,

HTF

net
inHTFoutHTF cm

Q
TT

⋅
+=
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The meter-by-meter simulation used the vacuum PTR70 heat loss correlation coefficients 
presented in Table 8. 
 
Figure 16 shows the temperature rise of the HTF.  Although the temperature rise looks linear, it 
actually curves down slightly – the temperature rise per meter decreases from 0.18°C at THTF = 
293°C to 0.16°C at THTF = 391°C. The net gain of energy decreases as the fluid progresses 
through the loop because heat loss increases as the HTF temperature increases.  The heat loss in 
the loop is shown in Figure 17. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16.  HTF temperature increase as it flows through one loop  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17.  Heat loss as a function of HTF temperature  
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The difficulty with this meter-by-meter method is that many calculations are required to simulate 
a loop. SAM and Excelergy use a simpler method for the entire solar field on an hour-by-hour 
basis: 
 
 
 
where 
QdeliveredbySF,W/m2  is the power delivered by the solar field per m2 solar field collector aperture area 
 (W/m2). 
Qabsorbed,W/m2 is the power absorbed by the solar field per m2 solar field collector aperture area 
 (W/m2). 
 

The reader is referred to the SAM User’s Manual [10] for information regarding the two 
quantities above. 
 

HLavg,W/m2 is the average heat loss from the HCEs in the solar field, normalized per m2 solar field 
collector aperture area (W/m2). 

PipingHeatLossW/m2 is the heat loss from other pipes in the solar field normalized per m2 solar 
field collector aperture area (W/m2). Kelly and Kearney [23] describe how to calculate 
this parameter.  SAM 2.5  uses 10 W/m2. 

 
This method requires HLavg,W/m2, which is the average heat loss that occurs in a loop, HLavg,W/m, 
divided by the aperture width of the collector.  HLavg,W/m is calculated by integrating the heat loss 
presented in Figure 17 and then dividing by the temperature span.  This approach works because 
the temperature rise per meter HCE is nearly linear, as shown in Figure 16. 
 
The integration proceeds as follows:    
 
 
 
 
 
where  
Ti is the loop inlet temperature, °C 
To is the loop outlet temperature, °C 
 
The integrated result simplifies to 

 

 
 
where 
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HLavg,W/m is the average amount of heat per HCE length (W/m) that is lost in the solar field. SAM 
and Excelergy normalize this heat loss by the collecting aperture with 
 
 
 
 
 
 
 
The Heat Loss Factor in SAM and Excelergy provides an easy means to scale HCE heat loss.  
This value is 1 for the HCEs presented in Table 8.  However, a program user may wish to be 
conservative in the estimation of heat loss by increasing this factor from 1 to 1.1 or 1.2.  This 
increases heat loss from the HCEs by 10% and 20%, respectively. 
 
Finally, the total thermal energy (MWth) delivered by the solar field is 
 

 
 
QSF is divided by 1,000,000 to convert Wth to MWth. 
 
where  
NetAreaSF is the net area of the solar field (m2) 
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Demonstrating improved plant performance 
  
With the heat loss correlation coefficients determined, SAM can calculate the effect of HCE heat 
loss on plant performance. A 100 MWe parabolic trough power plant is simulated with the 2008 
PTR70 HCE, and the results of this simulation are compared to the results of an identical plant 
simulation that uses the previous, default Schott PTR70 in SAM [2,3,4].  The previous PTR70 is 
referred to as the default PTR70 in the remainder of this section.  The parabolic trough power 
plant had the following characteristics: 
 

Size: 100 MWe 
Configuration/Solar Field/Power Block/Parasitics 

Thermal energy storage: 6 hours, 2 tank molten salt 
Solar field size: 875,000 m2

  
Solar field inlet/outlet temperature: 293 °C/391 °C 
Heat transfer fluid: VP1 
Condenser: Wet-cooling 
No fossil fuel backup 
Location: Daggett, CA 
Solar Collector Assembly: Solargenix SGX-1 
HCE heat loss correlation coefficients: default PTR70 or 2008 PTR70  
HCE bellows shading: 0.96 [see Appendix IV, 24] 
HCE glass transmittance: 0.96 [24] 
HCE absorber absorptance: 0.96 [16] 
HCE conditions in the field:   98% Vacuum, 1% Lost vacuum, 0.5% Broken glass, 0.5% Hydrogen  
Turbine gross/net output: 110/100 MWe 
Design turbine gross efficiency: 0.3774 
Total design point parasitics: 20 MWe (These are total plant parasitics, which are not concurrent.  

Parasitics during operation are roughly half this value) 
 

Direct 
Costs/Maintenance 

Site improvements: $3/m2 
Solar field: $300/m2 

HTF system: $150/kWe 
Storage: $40/kWth 
Power plant: $850/kWe 
Contingency: 8% 
Indirect 
Engineer, procure, construct: 16% of direct costs 
Project, land, miscellaneous: 3.5% of direct costs 
Sales tax: 7.75% applied to 80% of the direct costs 
Maintenance: $50/kW-yr 
 
Note:  These default values distributed with SAM 2.5 are not necessarily representative of actual 
costs.   
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30% investment tax credit 
Financial/Incentives 

8% real discount rate 
30 year plant life 
15% internal rate of return 
1.4 minimum debt service cover ratio (DSCR) 
20 year loan 
Loan rate: 8% 
Federal and state depreciation: MACRS Mid-Quarter convention 
40% loan debt fraction 
 
Two SAM simulations were performed. One simulation used the default PTR70 heat loss 
correlation coefficients presented in Figure 18, and the other used the 2008 PTR70 heat loss 
correlation coefficients presented in Figure 19. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 18.  SAM default PTR70 heat loss correlation coefficients 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19.  2008 PTR70 heat loss correlation coefficients 
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The default PTR70 heat loss correlation coefficients were not based on an emittance that was 
derived from heat loss testing.  When heat loss results become available, we discovered that the 
heat loss determined by the coefficients needed to be scaled up by 1.25 to be consistent with 
values in the literature [2, 3, 4].  This is why the heat loss factor for the default PTR70 is 1.25. 
 
SAM simulation results are presented in Table 9. 
 

Table 9.  SAM simulation results for the default and 2008 PTR70 

 
As described in the SAM User’s Manual [10], “The levelized cost of energy (LCOE) is an 
economic measure that is useful for comparing and ranking technology options because it is a 
cost that accounts for the purchase, financing, tax, and operation costs of a power system over its 
lifetime. Analysts can use the LCOE to evaluate renewable energy projects and to compare them 
to energy efficiency and conventional fossil fuel projects.” 
 
In these utility scale projects, the revenue based on a desired internal rate of return (IRR) is 
considered a cost of the system and is included in the LCOE calculation.  The difference between 
real and nominal LCOEs is the discount rate used to levelize the present value of a nominal 
power purchase agreement over the lifetime of the plant. The reader is referred to the SAM 
User’s Manual for details. 
 
Table 9 shows that the 2008 PTR70 decreases the LCOE by about 0.5 ¢/kWh and increases 
annual electricity production by 5% relative to the previous PTR70.  This assumes that the HCEs 
are the same in all other respects. 

Simulation result Default PTR70 heat 
loss coefficients 

2008 PTR70 heat 
loss coefficients  

Real levelized cost of 
energy (LCOE), 

¢/kWh 
11.4 10.8 95% 

Nominal LCOE,  
¢/kWh 14.4 13.7 95% 

Annual electricity 
production (MWhe) 

348,000 367,000 105% 

(%) 
70 

70 2008 
PTR Default 

PTR 
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Conclusion 
 
Two Schott 2008 model year PTR70 HCEs were tested on NREL’s heat loss test stand from 100 
– 500°C in 50°C increments.  Absorber emittance was determined from the laboratory testing so 
that the performance of the HCEs could be modeled in a parabolic trough collector.  
Collector/HCE simulation results for many different field operation conditions were used to 
create heat loss correlation coefficients for Excelergy and SAM.  SAM estimates that the 
decreased emittance of the 2008 PTR70 will decrease the LCOE for parabolic trough power 
plants by 0.5¢/kWh and increase the electricity generated by 5% relative to previous PTR70s.  
These conclusions assume that the 2008 PTR70 is supplied at the same cost and with the same 
optical performance as earlier PTR70 models. 
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Appendix I – Detailed data from one test near 400 °C 
 
This section shows the data gathered during one heat loss test and explains how this data is used 
to calculate the values presented in Figure 9 and Table 3.  The data presented in this section was 
gathered during Test 6 in the table below. 
 
2008 PTR70 #2 

Test 

Average 
absorber 

temperature 
(°C) 

Average glass 
temperature 

(°C) 

Average 
ambient 

temperature 
(°C) 

Average 
absorber 

temp. above 
ambient (°C) 

Heat loss        
(W/m HCE 

length) date of test 
1 120 27 22 98 15 11/5/2008 
2 203 33 22 180 36 11/5/2008 
3 254 39 23 231 63 11/5/2008 
4 292 45 23 269 90 11/6/2008 
5 343 54 23 320 140 11/6/2008 
6 403 68 23 380 231 11/6/2008 
7 404 67 22 382 230 11/7/2008 
8 451 80 23 429 334 11/7/2008 
9 501 95 23 478 481 11/7/2008 

 
Figure I-1 shows the absorber temperatures (Abs 1 through Abs 8) and heater powers (Inner coil 
heater 1, Cartridge heater 1, Cartridge heater 2, Inner coil heater 2) during the 15 minute steady-
state period. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure I-1.  Absorber temperatures and heater powers during Test 6 of 2008 PTR70 #2 
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Figure I-1 shows that absorber temperatures and heater powers varied little during the steady- 
state period.  The cartridge and coil heater powers are roughly equal for each side of the HCE, as 
should be the case because the HCE is symmetric.  The absorber temperatures range between 
401 °C and 404 °C, except for Abs 2 (409 °C) and Abs 5 (400 °C).  The absorber temperature 
uncertainty is 0.4% °C = 1.6 °C  ≈ 2 °C, which means that individual thermocouple 
temperatures should range between 405 °C and 401 °C for an actual absorber temperature of 403 
°C.   Abs 2 and Abs 5 are outside of this range, and Figure I-2 supports the conclusion that these 
temperature variations are real.   

  ∙ 400

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure I-2.  Absorber temperatures and heater powers during Test 6 of 2008 PTR70 #2 
 
Note that Gl 1 > Gl 3 > Gl 2 in Figure I-2.  This indicates that the glass envelope temperatures at 
the ends are slightly higher than the center-of-glass temperature.  As shown in Figure 6, Gl 1 
measures the glass envelope temperature at an axial location on the HCE between Abs 2 and Abs 
3, while Gl 2 measures the glass envelope temperature between Abs 4 and Abs 5.  Abs 2’s 
increased temperature relative to the other absorber temperatures means that the glass envelope 
in its vicinity (Gl 1) is heated more than the others.  Likewise, the absorber temperatures in the 
middle (Abs 4 and Abs 5) are less than the mean absorber temperature, and Gl 2’s temperature is 
correspondingly less than Gl 1 and Gl 2.  The point of this discussion is to make the case that the 
HCE isn’t being heated uniformly. 
 
Other than serving as support structures for the thermocouples, the purpose of the copper pipes is 
to provide uniform heating to the absorber surface.  Figures I-1 and I-2 indicate that they fulfill 
this task imperfectly.  The heating inside them isn’t uniform – the inner coil heaters provide 
additional heating at the ends to counteract increased end conduction, and it’s likely that the tips 
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of the cartridge heaters aren’t putting out as much power as sections nearer the middle.  
Therefore heating and temperature variations exist.  However, these variations are small and 
investigating their effect through the use of the HCE model presented in Appendix III shows that 
a variation of ± 5 °C for one section (of six) of the absorber from the mean absorber temperature 
corresponds to a heat loss variation of less than ± 3 W/m for the entire absorber for almost all 
testing temperatures.  Appendix II shows that the heat loss measurement uncertainty is 
significantly greater than this, so the effect of small, local temperature variations on the overall 
heat loss calculation is minor.  
 
The average absorber temperature is approximated as 
 
            I-1 
 
 
and the average glass temperature is 
 
 
            I-2 
 
The heat loss is calculated from 
 
 
            I-3 
 
 
 
where: 
HLW/m is the total heat lost (W/m) 
Coil 1 and Coil 2 are the inner coil heater powers (W) 
Cart 1 and Cart 2 are the cartridge heater powers (W) 
k is the thermal conductivity of copper (W/m∙°C) 
A is the copper pipe’s cross-sectional area (m2) 
Δx is the distance between Cu 1 and Cu 2,  and Cu 5 and Cu 6 (m) 
Cu 1, Cu 2, Cu 5 and Cu 6 are the temperatures of the copper near the ends of the HCE (°C), as 

shown in Figure 6. 
LHCE is the length of the HCE at the time of the test (m) 
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Finally, the absorber temperature above ambient is 
 
            I-4 
              
The conduction terms at the end of I-3 are included to account for heat conduction into and out 
of the HCE due to a non-adiabatic boundary along the copper.  Figure I-2 shows that these terms 
will be small (Cu 1 ≈ Cu 2 and Cu 5 ≈ Cu 6).  Note that the temperatures and heater powers 
presented in equations I-1 through I-4 are averages of values taken every 5 seconds for a total of 
15 minutes. 
 
 
Inserting values into equations I-1 through I-4 for this test: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
These values are presented in the table at the beginning of this section. 
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Appendix II – Uncertainty analysis 
 
Measurement uncertainty is quantified using the root sum-of-the-squares method described by Dieck [25].  The expression for 
n error sources is 
 

 II-1 
 
where 
 Uf       is the uncertainty in some function, f, due to either bias or precision errors 
 
 is the partial derivative of function f with respect to variable xi 

 
 is the bias or precision error of variable xi 

 
The uncertainty associated with the average absorber temperature, equation I-1, is evaluated using II-1 as follows: 
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so 
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The uncertainty in the average glass temperature in I-2 is found similarly 
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The uncertainty in the heat loss equation, I-3, is found by 
 
 
 
 
 
 
 
where no uncertainty has been assumed for the copper thermal conductivity, the copper pipe’s cross-sectional area, and the 
distance between the thermocouples on the ends of the copper pipe.  The partial derivatives are 
 
      ,              ,     , and 
 
 
 
where  
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  the uncertainty equation simplifies to  
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Finally, the uncertainty associated with the absorber’s temperature above ambient (I-4) is found using 
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Equations II-2, II-3, II-4, and II-5 are evaluated for both precision and bias errors so that the total uncertainty associated with 
the measured and calculated values is 
 
  II-6  
 
Calculations of the uncertainties in the average absorber temperature and heat loss for Tests 1, 5, and 9 of 2008 PTR70 #2 are 
detailed in Tables II-1 and II-2, respectively.  These tables show that uncertainties associated with temperature and heat loss 
measurement increase as testing temperatures increase.  Calculation of average glass temperature, average absorber 
temperature above ambient, and air temperature proceed similarly.  
 

Table II-1.   Calculation of average absorber temperature uncertainty 
 
   
  
 
 
 

 
Table II-2.   Calculation of heat loss uncertainty 

 
 
 
 
 
 
The maximum uncertainties associated with average absorber, glass, air, and absorber above ambient temperatures are 0.8°C, 
0.6°C, 1.1°C, and 1.4°C, respectively.  The maximum heat loss uncertainty is 9.5 W/m.  To be conservative, this report 
assumes an average absorber temperature uncertainty of ±1°C and a heat loss uncertainty of ± 10 W/m. 
 
Engineering Equation Solver (EES) [26] evaluates uncertainty propagation numerically.  As a function of interest becomes 
more complicated, EES is faster than evaluating all the partial derivates by hand.  EES duplicated the uncertainty results 
presented above, and calculated other uncertainties presented in this report.

22 )2( precisionbiastotal UUU ⋅+±=

Test
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absorber 

temperature 
(°C)

Number of 
data points 

during test, n

Thermocouple 
bias, ΔAbsBias 
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Std. dev. during 
testing, σ (°C)  

Precision 
uncertainty,                              

.                          
ΔAbsPrec. (°C)

(UBias)
2         

(°C2)
(UPrec.)

2         

(°C2)
UTotal                    

(±°C)

1 120 192 1.1 0.2 0.01 0.20 2.8E-05 0.4
5 343 192 1.4 0.2 0.01 0.31 2.0E-05 0.6
9 501 192 2.0 0.1 0.01 0.67 1.1E-05 0.8
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during test, n

Thermocouple 
bias, ΔAbsBias 

(°C)
Std. dev. during 
testing, σ (°C)  

Precision 
uncertainty,                              

.                          
ΔAbsPrec. (°C)

(UBias)
2         

(°C2)
(UPrec.)

2         

(°C2)
UTotal                    

(±°C)

1 120 192 1.1 0.2 0.01 0.20 2.8E-05 0.4
5 343 192 1.4 0.2 0.01 0.31 2.0E-05 0.6
9 501 192 2.0 0.1 0.01 0.67 1.1E-05 0.8

n/σ

Bias (W) Prec. (W) Bias (W) Prec. (W) Bias (°C) Prec. (°C)
1 120 2.5 0.01 25 0.9 1.1 0.003 0.005 61 4.07 0.90 80 0.10 9.0
5 343 2.5 0.06 25 0.5 1.5 0.008 0.005 571 4.08 0.86 83 0.04 9.1
9 501 2.5 0.06 25 0.8 2.2 0.006 0.005 1964 4.09 0.83 89 0.08 9.5

(UBias)
2         

(W2/m2)
(UPrec.)

2         

(W2/m2)
UTotal                    

(± W/m)

(kA)/(LΔx)  
(W/m∙°C)

ΔCu ΔL        
Bias (m)

XX (W) L HCE 
(m)

ΔCoilAve. absorber 
temp. (°C)Test

ΔCart
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Appendix III – 1D HCE heat loss model and sensitivity study 
 
Dudley et al [5] and more recently Forristall [13, 14] present parabolic trough collector and HCE 
models validated by experimental data.  Both are one-dimensional, steady-state, neglect the non-
uniform nature of the flux incident on the absorber tube, and rely on user-entered optical 
characteristics (e.g. optical efficiency, incidence-angle modifier) instead of ray-tracing to 
determine the radiation incident on the HCE absorber.  Both models calculate HCE heat loss as 
well as the overall thermal efficiency of the collector (which includes the HCE).   
 
This model is presented for two reasons: 

1) To explore the sensitivity of the HCE heat loss results to laboratory testing conditions 
2) To explore the sensitivity of the HCE heat loss and collector thermal efficiency to 

variations in solar field conditions. 
 
Figure III-1 presents Forristall’s 1D HCE model simplified for heat loss in evacuated HCEs.  
This model includes a collector with a specified aperture. Both collector and HCE are assumed to 
be 1 meter long perpendicular to the page. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure III-1.  1D HCE heat loss model [13, 14].  Not to scale. 

-0.20

2.30

-2.2 -1.7 -1.2 -0.7 -0.2 0.3 0.8 1.3 1.8

Ap

Evacuated 
annulus

Absorber

Parabolic reflector

Glass 
envelope

HTF

THTF

Tabs,i

Tabs,o

Tgl,i

Tgl,o

Tamb

Tsky

Qsol,abs

Qconv,HTF

Qcond,abs

Qrad,ann

Qcond,gl

Qrad,sky

Qconv,amb



43 

Quantities in Figure III-1 are described below.  The sources for the equations are Forristall [13, 
14] and Incropera and Dewitt [11]. 
 
Ap – The parabolic reflector aperture.  An LS3 collector’s aperture is 5.75 m. 
 
Tabs,i, Tabs,o – The inner and outer average absorber surface temperatures, °C. 
 
Tgl,i, Tgl,o – The inner and outer average glass surface temperatures, °C. 
 
THTF – The heat transfer fluid (HTF) temperature, °C.  Therminol VP1 is the HTF assumed in 

this section.  VP1 thermophysical properties are described in [13]. 
 
Tamb – Ambient temperature, °C. 
 
Tsky – The sky temperature for radiation heat transfer, °C. 
 
rabs,i, rabs,o, rgl,i , rgl,o – PTR70 radii: the inner absorber surface (0.033 m), outer absorber surface 
 (0.035 m), inner glass envelope surface (0.057 m), and outer glass envelope surface  
 (0.06 m). 
 
Qsol,abs – The concentrated solar radiation absorbed by the absorber tube (W/m). 
 
 
 
 where 
 Ib is the direct normal radiation, W/m2

. 
 θ is the incidence angle, degrees. 

ηopt is the optical efficiency at normal incidence.   This term includes the reflector 
reflectance, glass envelope transmittance, absorber absorptance, and effects of dirt, 
geometry, and shading.  Forristall’s more detailed model [13, 14] allows independent 
specification of these parameters.     

IAM is the incidence angle modifier.  The IAM is a function of incidence angle and the 
optical quality of the collector.  It’s assumed that the IAM is that determined by 
Dudley et al. [5]: 

 
 
 
 

 
Dudley et al. chose to include the foreshortened collector aperture in their incidence 
angle modifier, as shown by the inclusion of cos θ in the numerator of the above 
expression.  This work includes the cosine effect in the Qsol,abs calculation, so 
Dudley’s IAM is divided by cos θ here.

IAMApIQ optbabssol ⋅⋅⋅⋅= ηθcos,








 ⋅−⋅+
=

θ
θθθ

cos
0000537.0000884.0cos,1min

2

IAM
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Qconv,HTF  – The heat transferred to the HTF from the inner absorber surface through 
convection (W/m). 

 
 
 where 

habs,HTF is the convective heat transfer coefficient.  It depends on the thermophysical 
properties of the HTF, the diameter of the tube, the flow rate, and the temperatures of 
the HTF and inner absorber surface.  Forristall [13, 14] fully describes its calculation. 
For typical conditions in the loop of an operating plant (Therminol VP1, 6.6 cm inner 
diameter absorber, average HTF temperature of 340°C), the convective coefficient 
can be calculated from the mass flow rate from 4 kg/s to 12 kg/s as 

 
 
  
The units of habs,HTF are W/(m2∙°C).  m is the VP1 mass flow rate (roughly 8 kg/s in an 

LS3 loop). 
 

 When sufficient solar radiation exists, Qconv,HTF is positive (heat is transferred to the 
HTF).  When the collector is off-sun, Qconv,HTF  is negative. 

 
Qcond,abs  – The heat transferred through the absorber from the outer absorber surface to the inner 
absorber surface by conduction (W/m). 
 
 
  
 

 
where 
kabs is the thermal conductivity of the stainless steel absorber.  Forristall [13] uses  
 
 
Tabs  is the average of Tabs,i and Tabs,out, and is in °C.  The units of kabs are W/(m∙°C).  

  
 Similar to Qconv,HTF, Qcond,abs  is positive when there is net heat transfer to the HTF. 

 
Qrad,ann  – The heat transferred across the evacuated annulus from the outer absorber surface to 
the inner glass surface through radiation (W/m). 
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where 
Tabs,o,Kelvin is the outer absorber surface temperature in Kelvin 
Tgl,i,Kelvin is the inner glass surface temperature in Kelvin. 
εabs is the emittance of the outer absorber surface.  This value is determined by the heat 

loss testing of this report.  The emittance of the 2008 PTR70 is 
 
 
 where Tabs is in °C. 
εgl is the emittance of the borosilicate glass surface, 0.89 [15]. 
σ is the Stefan-Boltzmann constant, 5.670e-8 W/(m2∙K4). 
 

Qcond,gl  – The heat transferred through the glass envelope from the inner glass surface to the  
outer glass surface by conduction (W/m). 
 
 
  
 
 

where 
kgl is the thermal conductivity of the glass, 1.1 W/(m∙°C) [12]. 

 
Qrad,sky  – The heat transferred from the glass envelope to the sky through radiation (W/m).  
Forristall [13] shows that the effects of the view factor to the reflector and temperature of the 
reflector in the calculation of this value are minor. 
 
 
 

where 
Tgl,o,Kelvin is the outer glass envelope surface temperature in Kelvin 
Tsky,Kelvin is the sky temperature in Kelvin.  Forristall [13] finds the sky temperature (°C) 
from ambient temperature (°C)  using 

 
 
 
Qconv,amb  – The heat transferred to ambient from the outer glass surface through convection 
(W/m). 
 
 
 where 

hamb is the convective heat transfer coefficient to ambient.  It is strongly a function of 
wind speed.  Forristall [13, 14] presents the detailed calculation, but for the PTR70 
geometry and expected ambient temperatures the convection coefficient can be 
estimated from 

 

( )












−⋅⋅
=

igl

ogl

ogliglgl
glcond

r
r

TTk
Q

,

,

,,
,

ln

2π

( )4
,

4
,,,, 2 KelvinskyKelvinogloglglskyrad TTrQ −⋅⋅⋅⋅= πεσ

( )ambogloglambambconv TTrhQ −⋅⋅⋅= ,,, 2π

( ) 2700.2062.0 absabs TE ⋅−+=ε

8−= ambsky TT



46 

 
 
vw is the wind speed in m/s.  The units of hamb are W/(m2∙°C). 

 
An additional thermal input not shown in Figure III-1 is the absorption of a small amount of 
insolation by the glass envelope.  This increases the glass envelope temperature.  Forristall [13] 
describes this calculation in detail, but his method is simplified here: 
 
 
 

where 
τgl  is the glass envelope transmittance, 0.96 [24] 
αabs is the absorber absorptance, 0.96 [16] 
αglass is the glass’s absorptance (Forristall [13] uses 0.02). 
 

At steady-state the following quantities are equal: 
 

Qconv,HTF  = Qcond,abs 
 

Qsol,abs = Qcond,abs  + Qrad,ann 
 

Qrad,ann  = Qcond,gl 
 

Qcond,gl  + QSolarAbsbyGlass =  Qrad,sky  + Qconv,amb 
 
The heat loss from the HCE absorber is Qrad,ann.  Testing this value is the subject of this report.  
If the HCE wasn’t evacuated and there were a gas in the annulus, then the heat loss would 
include the heat radiated across the annulus (Qrad,ann) as well as that conducted/convected across 
the annulus by the gas.      
 
The net heat gain of the fluid over the 1 meter section is Qconv,HTF, and the temperature rise of the 
fluid is calculated using 
 
 
 
 
 
 

where 
L = length of HCE simulated: 1 meter 
THTF  is the average HTF temperature in the 1 meter section 
THTF,in  is the HTF temperature entering the 1 meter section 
THTF,out  is the HTF temperature leaving the 1 meter section 
m is the HTF mass flow rate 
cHTF is the heat capacity of the HTF.  The heat capacity is a function of the HTF 

temperature and for VP1 can be calculated from [13] 
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The units of cHTF are J/(kg∙°C). 
 
Finally, the thermal efficiency of the collector and HCE is calculated with 

 
 
 
 

where 
ηth is the thermal efficiency of the collector and HCE 
qi,0inc is the insolation on the trough aperture at zero incidence angle, (W/m). 
 

 
 
Note that the denominator of the efficiency equation does not contain cos θ, which would 
correct for the decreased insolation on the aperture at non-zero incidence.  

 
The equations above comprise the 1D HCE heat loss model.  This model is used to investigate 
the sensitivity of heat loss results to laboratory test conditions and operating conditions in a solar 
field for the duration of this section. 
 
Table III-1 shows the sensitivity of HCE heat loss results to laboratory conditions.  There are 
fewer model inputs for laboratory testing than solar field operation.  The solar radiation, collector 
aperture, and mass flow rates are unused.  THTF is the temperature of the inner absorber surface, 
and the radiant sky temperature is identical to ambient air temperature. The sensitivity study 
focuses on an absorber temperature of 340°C.  Case 1 models the laboratory environment that the 
heat loss tests occur in: 23°C with no wind.  Cases 2 through 4 show that reasonable variations in 
temperature and wind speed affect the heat loss from the HCE, Qrad,ann, by ± 3 W/m or less.  The 
glass temperature changes signficantly, however.  A 1 m/s wind speed decreases the glass 
temperature by about 10°C, although heat loss changes by only 2 W/m.  Wind speed is not 
measured in the laboratory, and the convective coefficient from the glass surface is not 
determined during testing.  Therefore even though the glass temperature is measured, there is 
uncertainty associated with its temperature.  This increases the uncertainty associated with the 
calculated absorber emittance, as described in the Calculating Absorber Emittance section.   The 
baseline absorber emittance in Tables III-1 and III-2 are from the 2008 PTR70 curve fit 
determined in the Calculating Absorber Emittance section. 
 
Case 5 shows that the heat loss from the HCE depends strongly on the absorber emittance, while 
Case 6 shows that the glass emittance is less important and some uncertainty with its value can 
be tolerated.  Case 1 and Case 7 have the same absorber and glass temperatures, but different 
absorber emittances.  Even though these cases have the same temperatures, the larger heat loss 
associated with Case 7 indicates the larger emittance of its absorber surface. 
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Table III-1.   Modeled sensitivity of HCE heat loss results to laboratory conditions 
 
 
 
 
 
 
 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*HTF isn’t used in the laboratory heat loss testing – electric heaters bring the inner absorber 
surface up to desired test temperatures.  Therefore THTF is the inner absorber surface temperature 
in the laboratory heat loss tests. 
 
Table III-2 shows the sensitivity of HCE heat loss results to solar field conditions.  17 cases are 
studied.  Case 1 is the baseline simulation – it uses inputs typical of solar field geometry, 
performance, and environmental conditions for a north-south tracking axis trough located about 
35° from the equator operating between 293°C and 391°C using VP1.  The incidence angle will 
be 20° or less for about half the daylight hours of the year, with larger values associated with 
early spring, late fall, and winter.   Except for cases 9, 10, and 11, the mass flow is controlled to 
maintain a 0.2°C temperature rise over the 1 meter length simulated.

Case 1 - 
Baseline 

simulation

Case 2 - 
Decreased 
Tamb and 

Tsky

Case 3 - 
Wind 

speed 1 
m/s

Case 4 - 
Wind 

speed 2.5 
m/s

Case 5 - 
20% 

increased 
εabs

Case 6 - 5% 
increased 

εgl

Case 7 - Same 
temperatures, 
different εabs

Ib (W/m2) 0 0 0 0 0 0 0

θ (deg) 0 0 0 0 0 0 0
Ap (m) 0 0 0 0 0 0 0

ηopt 0 0 0 0 0 0 0

m (kg/s) 0 0 0 0 0 0 0
THTF (°C) 340* 340* 340* 340* 340* 340* 340*

Tamb (°C) 23 10 23 23 23 23 23

Tsky (°C) 23 10 23 23 23 23 23

vw (m/s) 0 0 1 2.5 0 0 0.4

εabs 0.085 0.085 0.085 0.085 0.102 0.085 0.102
εgl 0.89 0.89 0.89 0.89 0.89 0.94 0.89

qi,0inc (W/m) 0 0 0 0 0 0 0

Qsol,abs (W/m) 0 0 0 0 0 0 0

Qconv,HTF (W/m) 0 0 0 0 0 0 0

Qcond,abs (W/m) -136 -138 -138 -139 -164 -137 -163

Qrad,ann (W/m) 136 138 138 139 164 137 163
Qcond,gl (W/m) 136 138 138 139 164 137 163

QSolAbsbyGl (W/m) 0 0 0 0 0 0 0

Qrad,sky (W/m) 76 73 52 37 63 78 77

Qconv,amb (W/m) 60 65 86 102 101 59 86

Tabs,i (°C) 340 340 340 340 340 340 340
Tabs,o (°C) 340 340 340 340 340 340 340

Tgl,i (°C) 57 46 48 41 63 56 57

Tgl,o (°C) 56 45 47 40 61 55 56
THTF,out - THTF,in (°C) N/A N/A N/A N/A N/A N/A N/A

ηth N/A N/A N/A N/A N/A N/A N/A
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.
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Table III-2.   Modeled sensitivity of evacuated annulus (vacuum) HCE heat loss and  

collector/HCE thermal efficiency to solar field conditions 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Case 1 - 
Baseline 

simulation

Case 2 -      
Ib = 800 

W/m2

Case 3 -      
Ib = 0 

W/m2
Case 4 -      
θ = 0°

Case 5 -      
θ = 45°

Case 6 -      
5 m 

aperture

Case 7 -      
8 m 

aperture

Case 8 -      
80% optical 
efficiency

Case 9 -      
decreased 
mass flow 

rate

Case 10 - 
HTF loop 

inlet 
temp.

Case 11 - 
HTF loop 

outlet 
temp.

Case 12 - 
Decreased 
ambient 
temps.

Case 13 - 
Increased 

wind speed

Case 14 - 
Maximizing 

heat 
transfer to 

ambient

Case 15 - 
20% 

increased 
εabs

Case 16 - 
Heat loss 

in               
[2, 3, 4]

Case 17 - 
5% 

increased 
εgl

Ib (W/m2) 950 800 0 950 950 950 950 950 950 950 950 950 950 950 950 950 950

θ (deg) 20 20 20 0 45 20 20 20 20 20 20 20 20 20 20 20 20
Ap (m) 5.75 5.75 5.75 5.75 5.75 5.0 8.0 5.75 5.75 5.75 5.75 5.75 5.75 5.75 5.75 5.75 5.75

ηopt 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.80 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75

m (kg/s) 7.6 6.3 7.6 8.1 5.1 6.6 10.7 8.1 5.0 7.6 7.6 7.6 7.6 7.6 7.5 7.5 7.6
THTF (°C) 340 340 340 340 340 340 340 340 340 293 391 340 340 340 340 340 340

Tamb (°C) 30 30 30 30 30 30 30 30 30 30 30 10 30 10 30 30 30

Tsky (°C) 22 22 22 22 22 22 22 22 22 22 22 2 22 2 22 22 22

vw (m/s) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 8 8 2.5 2.5 2.5

εabs 0.086 0.086 0.085 0.086 0.086 0.086 0.086 0.086 0.086 0.080 0.093 0.086 0.086 0.086 0.103 0.150 0.086
εgl 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.94

qi,0inc (W/m) 5463 4600 0 5463 5463 4750 7600 5463 5463 5463 5463 5463 5463 5463 5463 5463 5463

Qsol,abs (W/m) 3834 3229 0 4097 2614 3334 5335 4090 3834 3834 3834 3834 3834 3834 3834 3834 3834

Qconv,HTF (W/m) 3690 3085 -138 3953 2471 3190 5190 3946 3688 3739 3616 3688 3689 3686 3657 3587 3690
Qcond,abs (W/m) 3690 3085 -138 3953 2471 3190 5190 3946 3688 3739 3616 3688 3689 3686 3657 3587 3690

Qrad,ann (W/m) 144 144 138 144 143 144 145 144 146 95 218 147 145 148 177 247 144
Qcond,gl (W/m) 144 144 138 144 143 144 145 144 146 95 218 147 145 148 177 247 144

QSolAbsbyGl (W/m) 82 69 0 88 57 72 114 88 82 82 82 82 82 82 82 82 82

Qrad,sky (W/m) 76 72 50 78 68 73 86 78 76 61 99 67 49 42 46 109 79

Qconv,amb (W/m) 150 141 88 154 132 143 173 154 152 116 201 162 178 188 213 220 148

Tabs,i (°C) 344 344 340 344 344 344 345 344 346 297 395 344 344 344 344 344 344

Tabs,o (°C) 346 346 340 346 345 346 347 346 348 299 397 346 346 346 346 346 346
Tgl,i (°C) 56 54 46 57 53 55 60 57 56 50 65 38 46 26 59 68 56

Tgl,o (°C) 55 53 45 56 52 54 59 56 55 49 63 37 45 25 58 66 55

THTF,out - THTF,in (°C) 0.2 0.2 -0.007 0.2 0.2 0.2 0.2 0.2 0.3 0.21 0.18 0.2 0.2 0.2 0.2 0.2 0.2

ηth 0.675 0.671 0 0.724 0.452 0.672 0.683 0.722 0.675 0.684 0.662 0.675 0.675 0.675 0.669 0.657 0.675
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Inspection of  the HCE heat loss, Qrad,ann, in Table III-2 shows that it changes little with changes 
in insolation, incidence angle, aperture, optical efficiency, mass flow rate, ambient temperature, 
wind speed, and glass emittance.  The largest differences from the baseline case occur for no 
insolation (case 3), changes in HTF temperature (cases 10 and 11), and increases in absorber 
emittance (cases 15 and 16).  A change in the outer absorber temperature is associated with most 
of these cases.  Note that the average outer absorber temperature is only 5-10°C above the HTF 
temperature.  This is due to large mass flow rates and consequent large pipe wall convection 
coefficients.   
 
The heat gained by the HTF is Qconv,HTF, and the thermal efficiency, ηth, is defined as 
Qconv,HTF/qi,0inc.  The thermal efficiencies in Table III-1 are affected by changes in Ib (especially Ib 
= 0 W/m2), incidence angle (θ), aperture, optical efficiency (ηopt), HTF temperature, and absorber 
emittance.  Note that the decreased heat loss of the 2008 PTR70 (case 1) relative to previous 
PTR70s (case 16) causes an increase in thermal efficiency increase of nearly 2% at THTF = 
340°C.  This performance increase will be larger at higher HTF temperatures as well as larger 
incidence angles. 
 
In summary, Tables III-1 and III-2 show that ambient temperature and wind conditions don’t 
significantly affect evacuated HCE heat loss, although they do affect glass surface temperature.  
Table III-2 quantifies how much HCE heat loss affects thermal efficiency, and shows that the 
relatively low heat loss of the 2008 PTR70 will increase thermal performance significantly 
relative to previous models.  This is explored in the Estimated Field Performance section. 
 
The insensitivity of HCE heat loss to ambient conditions depends on small heat transfer values 
between the absorber and glass envelope.  If air leaks into the annulus, or a high thermal 
conductivity gas such as hydrogen infiltrates it, the sensitivity of heat loss to ambient conditions 
increases.  This is demonstrated in Table III-3.  This table uses the heat loss correlation 
coefficients derived in Table 8 to determine radiation and conduction/convection heat loss for 
four HCE annular conditions: 

1) vacuum (modeled previously in Table III-2), 
2) hydrogen 
3) lost vacuum 
4) broken glass (no glass envelope).   

These annular conditions are described in the “Determining the heat loss correlation coefficients” 
section.  
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Table III-3.   Effect of annulus condition on heat loss and thermal efficiency.   
Uses heat loss coefficients derived in Table 8 for the 2008 PTR70. 

Case 1 - 
Vacuum HCE

Case 2 - 
Vacuum HCE,           

8 m/s 
windspeed

Case 3 - 
Hydrogen HCE

Case 4 - 
Hydrogen HCE,                   

8 m/s 
windspeed

Case 5  -       
Lost Vacuum 

HCE

Case 6  -       
Lost Vacuum 
HCE, 8 m/s 
windspeed

Case 7  -       
Broken glass 

HCE

Case 8  -       
Broken glass 
HCE, 8 m/s 
windspeed

Ib (W/m2) 950 950 950 950 950 950 950 950

θ (deg) 20 20 20 20 20 20 20 20
Ap (m) 5.75 5.75 5.75 5.75 5.75 5.75 5.75 5.75

ηopt 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75

m (kg/s) 7.6 7.6 7.6 7.6 7.6 7.6 7.6 7.6
THTF (°C) 340 340 340 340 340 340 340 340

Tamb (°C) 30 30 30 30 30 30 30 30

Tsky (°C) 22 22 22 22 22 22 22 22

vw (m/s) 2.5 8 2.5 8 2.5 8 2.5 8

εgl 0.89 0.89 0.89 0.89 0.89 0.89 N/A N/A

A0 4.05 4.05 11.8 11.8 50.8 50.8 -9.95 -9.95
A1 0.247 0.247 1.35 1.35 0.904 0.904 0.465 0.465
A2 -0.00146 -0.00146 7.50E-04 7.50E-04 5.79E-04 5.79E-04 -8.54E-04 -8.54E-04
A3 5.65E-06 5.65E-06 4.07E-06 4.07E-06 1.13E-05 1.13E-05 1.85E-05 1.85E-05
A4 7.62E-08 7.62E-08 5.85E-08 5.85E-08 1.73E-07 1.73E-07 6.89E-07 6.89E-07
A5 -1.7 -1.7 -4.48 -4.48 -43.2 -43.2 24.7 24.7
A6 0.0125 0.0125 0.285 0.285 0.524 0.524 3.37 3.37

qi,0inc (W/m) 5463 5463 5463 5463 5463 5463 5463 5463

Qsol,abs (W/m) 3834 3834 3834 3834 3834 3834 3834 3834

Qconv,HTF (W/m) 3689 3686 3019 2914 2786 2637 1310 -24

Qcond,abs (W/m) 3689 3686 3019 2914 2786 2637 1310 -24

Qheatloss(W/m) 145 148 816 920 1048 1197 2524 3858
Qcond,gl (W/m) 145 148 816 920 1048 1197 N/A N/A

QSolAbsbyGl (W/m) 83 83 83 83 83 83 N/A N/A

Qrad,sky (W/m) 76 50 330 205 437 274

Qconv,amb (W/m) 152 181 569 798 694 1006

Tabs,i (°C) 344 344 344 343 343 343 342 340

Tabs,o (°C) 346 346 345 345 345 344 342 340
Tgl,i (°C) 56 46 130 102 153 121 N/A N/A

Tgl,o (°C) 55 45 124 95 145 112 N/A N/A

THTF,out - THTF,in (°C) 0.2 0.2 0.16 0.16 0.15 0.14 0.07 -0.001

ηth 0.675 0.675 0.552 0.533 0.510 0.483 0.240 0

2524 3858

Sensitivity case:   
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Appendix IV – Bellows shading calculation 
 
The bellows shading parameter in SAM quantifies the fraction of collector aperture that sees the  
HCE absorber at normal incidence.  It is the ratio of the HCE absorber length, Labs, to the length 
of the mirror underneath it, Lmirror, as shown in Figure IV-1.  A bellows shading parameter of 1 
indicates that Lmirror is less than or equal to Labs.  Though Figure IV-1 illustrates this concept for a 
single HCE and the collector mirrors underneath it, the bellows shading calculati n is typically 
done for an entire Solar Collector Assembly (SCA). 

o

 
At off-normal incidence some of the insolation reflected from the collector will strike the 
bellows instead of the absorber tube.  The incidence angle modifier (IAM) takes this effect into 
account.  Thus it is important that a SAM simulation use an IAM derived from ray-tracing or 
experimental data that is consistent with the HCE and collector simulated.   
 

LHCE

Lglass

Labs

Lmirror

 
Figure IV-1.  Lengths in the bellows shading parameter calculation.  Not to scale. 

 
The length of the mirror (Lmirror ) under the HCE is not an explicit SAM input;  it is lumped in 
with the total SCA aperture area.  Therefore a SAM user must have dimensions of the SCA and 
exact HCE mounting locations to correctly calculate the bellows shading parameter. 
 
This study uses a different, simpler approach to approximate the bellows shading parameter.  It is 
not collector dependent, and therefore does not require collector and mirror dimensions.  It 
assumes that Lmirror = LHCE (as shown in Figure IV-1), so that the bellows shading parameter is: 
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where 
BS is the bellows shading parameter 
Lglass is the length (m) of the borosilicate glass envelope.  This length puts an upper limit on the 

collecting length of the HCE. 
Labs is the length of the absorber within the glass envelope. This length is coated with a solar 

selective coating.  Schott employs internal bellows that allow for relative expansion between 
the stainless steel absorber and borosilicate glass envelope. The internal bellows collapse 
towards the ends in response to the thermal expansion of Labs. 

 LHCE is the total length of the HCE.  The stubs on the end are an extension of the absorber pipe, 
but are not coated with the solar selective coating. 

 
The lengths in the bellows shading calculation are based on measured lengths at room 
temperature, the linear expansion coefficients of the materials, and representative operating 
temperatures.  The estimated operating temperatures are based on a loop with HTF increasing 
from 293°C to 391°C and the glass temperature measured in the heat loss tests (Table 3). 
 
Table IV-1 presents the calculated bellows shading parameter for the Schott 2008 PTR70. 
 

Table IV-1.   Calculation of bellows shading parameter 

Component Variable Material 

Coefficient 
of linear 
thermal 

expansion 
(μm/m∙°C)3

Measured 
length at 

23°C           
(m)  

Estimated 
operating 

temperature 
(°C) 

Calculated 
length at 
operating 

temperature 
(m) 

Bellows 
Shading 

Parameter 

Coated absorber  Labs stainless steel 17.3 3.91 350 3.93 

0.963 Glass envelope Lglass borosilicate glass 3.3 3.95 55 3.95 

Absorber and ends LHCE stainless steel 17.3 4.06 350 4.08 

 
 
The calculated 0.963 bellows shading parameter agrees with the “>96% active length” statement 
by Schott [24]. 
 
 
 

                                                 
3 Wikipedia, 8 May 2009. < http://en.wikipedia.org/wiki/Coefficient_of_thermal_expansion> 
 

HCE

absglass
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=
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