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INTRODUCTION 
Energy efficiency of industrial process streams is a topic of 
increasing importance in several fields of research. Fuel 
price escalation coupled with growing environmental 
concerns surrounding energy generation have driven 
exploration into the utilization of renewable resources to 
displace conventional fossil fuels. One important source of 
renewable energy is solar, in the form of radiation. 
Currently, technologies for collection of solar energy 
operate at low efficiencies relative to their fossil fuel 
counterparts, however this is overshadowed by the 
resource’s abundance in relation to dwindling fossil fuel 
resources. The two main forms of energy to be harvested 
from the sun are electricity (from photovoltaic cells) and 
high-quality heat (from evacuated tubes, parabolic troughs, 
or heliostats). The technology investigated in this study is 
evacuated tube solar collectors (ETSC). 
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RESULTS AND DISCUSSION 
The predicted efficiency of an ETSC system, predicted 
from a thermodynamic analysis developed by Rai (1987) 
and later improved by Buihardjo (2009) is expressed as: 

𝜂 = 0.536−  0.8240 ×(𝑇−𝑇𝑎)
𝐺 − 0.0069 ×(𝑇−𝑇𝑎)2

𝐺    (1) 
where:  η = efficiency, 
 T  = average temperature in the evacuated tube 

system, 
 Ta = ambient temperature, 
 G  = solar irradiance (W/m2). 
Producing SS at 175˚C at atmospheric pressure with an 
ETSC array was predicted by Vendan et al. (2012) to have 
an efficiency of 25.1%. 
 Once the system achieved steady state, the rate of 
energy transfer was computed and compared to the 
radiation to which the aperture of the collector was 
exposed. This analysis generated the data presented in Fig. 
1, collected over a period of 3 hours on August 20th, 2013. 
The observed efficiency was compared to the predicted 
efficiency (Budihardjo and Morrison 2009).  
There is a clear negative correlation between the operating 
temperature and the energy conversion efficiency. This 
reflects the relationship predicted in literature, though the 
observed efficiency is markedly lower than the predicted 
values. 
 A decreased efficiency could have arisen as a result of 
component fatigue following repeated loading at high 
temperature differentials. At operating temperatures 
exceeding 200˚C during the first nine loading cycles, 
component failure occurred in two cases, at 257 and 234˚C 
respectively. Subsequently, operating temperatures were 
maintained below 200˚C. However, during the 25th loading 
cycle, component failure occurred at 178˚C. The trend 
observed in the trials during which component failure 
occurred appears to follow declining temperatures, which 
may imply material fatigue as a result of repeated loading 
at high temperature differentials.  

Fig. 1. Conversion efficiency at different maximum operating 
temperatures of working fluid.  *error bars indicate 
standard deviation of observed results, n=68 
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Mode of failure was the rupturing of the inner 
evacuated tube and consequent shattering of the outer 
glass shroud of the ETSC. Following failure, the damaged 
ETCS were no longer operational. Visual inspection of the 
failed ETSC suggested that failure arose from excessive 
pressure inside the tube, possibly as a result of elevated 
operating temperature. The loading cycle and component 
failure data are presented in Fig. 2. Representative 
photographs of the failures are shown in Fig. 3. While the 
tubes themselves were sealed and direct measurement of 
internal pressure was not possible, based on assumed yield 
strength of copper of 70 MPa, the failure pressure can be 
approximated using the Young-Laplace equation (2). The 
tube thickness was 0.4 mm, and the diameter 8.0 mm; the 
internal pressure was calculated as 7 MPa when the yield 
strength was exceeded. 

 σƟ=
Pr
t
            (2) 

where: σθ = hoop stress (MPa), 
 P = internal pressure (MPa), 
 r  = radius of cylinder (mm), 
 t = thickness of cylinder (mm). 
 

CONCLUSIONS 
Based on experimental results, it is possible to generate SS 
at temperatures approaching 180˚C with an ETSC array. 
As predicted, the efficiency decreases with operating 
temperature, with the experimental system shown to 
operate at an efficiency of 12.4% at 119˚C and 8.96% at 
179˚C. 
 Implementation for industrial-scale use of ETSC for 
high-quality SS generation may not be feasible however, 
due to component failure after repeated loading cycles at 
high temperatures. Three component failures were 
observed, at 257˚C, 234˚C, and 178˚C, respectively. The 
diminishing temperature of failure is indicative of potential 
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material fatigue and a result of loading at high temperature 
differentials, and implementation of an ETSC array into an 
industrial process stream would need to operate at 
temperatures below 180˚C.  
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Fig. 3. Failure mode of internal evacuated tubes resulting 
from high temperature operation. 

Fig. 2. Maximum temperature achieved by the system when 
component failure occurred. 


