
SolarPACES 2023, 29th International Conference on Concentrating Solar Power, Thermal, and Chemical Energy 
Systems 

Analysis and Simulation of CSP and Hybridized Systems 

https://doi.org/10.52825/solarpaces.v2i.937 

© Authors. This work is licensed under a Creative Commons Attribution 4.0 International License 

Published: 24 Jul. 2024 

Vacuum Loss Detection of PTC in CSP Plants via 
Temperature-Sensors 

Thomas Kraft1 , Gregor Bern1 , Shahab Rohani1 , 
Mark Schmitz2, and Werner Platzer1

1 Fraunhofer-Institut für Solare Energiesysteme ISE, Germany 
2TSK Flagsol Engineering GmbH, Germany 

Abstract. The efficient operation of a solar field is an essential factor for the commercial oper-
ation of a concentrating solar power (CSP) plant. In addition to predictive control for the highest 
possible constant outlet temperature at high mass flow, efficient operation also includes early 
detection of defective components and heat losses. This work presents a method for non-
invasive heat loss detection as a strong indication for vacuum losses, based on measured 
operational data of Andasol III, an operating 50 MW parabolic trough collector (PTC) plant 
located in southern Spain. To detect vacuum losses via this method, mass flow rate and tem-
perature reduction are determined separately for each individual loop via the analysis of a 
short-term temperature rise of the heat transfer fluid (HTF) during preheating. While the tem-
perature reduction was measured directly, the mass flow was determined via the thermal time-
of-flight (ToF) method using the same installed temperature sensors. By measuring thermal 
step responses during the preheating of the solar field at nighttime operation, the influence of 
fluctuating direct normal irradiance (DNI), misalignment of the absorber tubes and an offset in 
collector focus was circumvented. In the scope of the presented work, single loops were de-
tected, which show a higher heat loss at lower mass flow rate and therefore have an increased 
probability of a higher vacuum loss. Better localization and early detection of these vacuum 
losses would allow the corresponding absorber tubes to be renewed at the economically and 
environmentally best time, improving the efficiency of the solar field and thus the entire CSP 
plant. 

Keywords:  Vacuum Loss, Heat Losses, Solar Field Optimization, Mass Flow Measurement, 
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1. Introduction

Vacuum losses in evacuated absorber tubes lead to significant degradation of thermal perfor-
mance of CSP power plants. Due to the absorber tube vacuum losses, especially the convec-
tive heat losses increase with time to such an extent, that after some years a complete re-
placement of the absorber tubes may become economically reasonable. A total loss of vacuum 
can lead to an increase in glass surface temperature of more than 60 K for the correspondent 
collector tube [1]. The influence of different hydrogen concentrations and thus reduced vacuum 
on the total plant efficiency is analyzed in detail by Zoschke et al. [2]. The study shows a decline 
of 12% in electrical yield for a hydrogen concentration of 30%. 
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In principle, the vacuum loss can be caused by diffusion of hydrogen as well as by leakage 
of air. The ingress of air can be both creeping due to microcracks and sudden due to mechan-
ical loads (e.g., damage during cleaning). The air can enter the vacuum between the absorber 
tube and the glass envelope either through the glass surface or through a leaky glass-to-metal 
connection. Although the design and the material connections between steel and glass are 
advanced, studies show that the vacuum efficiency is decreasing with time [3]. Figure 1 sche-
matically shows the structure of an absorber tube and the different types of vacuum losses. 

Figure 1. Scheme of an absorber tube and possible types of vacuum loss, inspired by [4]. 

Since vacuum loss significantly influences the efficiency of the solar field and thus of the 
entire power plant, its early detection is important for efficient power plant operation. Due to 
the complex localization of vacuum loss via measuring the glass surface temperature using 
additional temperature sensors or by infrared cameras, there is a need for a simple and cost-
effective method for vacuum loss detection. 

2. Methodology 

For the localization of loops with an increased probability of vacuum loss, two different aspects 
were analyzed: mass flow and temperature reduction of HTF within the loops. By carrying out 
the measurement of thermal step responses during the preheating of the solar field at nighttime 
operation, the influence of fluctuating DNI, soiling, misalignment of the absorber tubes and 
offset in the collector focus was strongly reduced or even completely prevented. 

2.1 Heat loss estimation 

Figure 2 schematically shows a loop of a CSP plant with PTC, where the loop consists of four 
solar collector assemblies (SCA). The loop has five temperature sensors, four of which (A-D) 
are located in the center of the SCAs and one temperature sensor at the end of the loop (E). 
In the figure on the left, the temperatures measured at these sensors are shown for an exem-
plary loop on an exemplary day of a commercial CSP plant. The thermal step response due to 
the preheating of the solar field around 6 o'clock in the morning is clearly visible. The area of 
the step response is framed in black for illustration and can be seen again in high resolution in 
the right part of the figure. 
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Figure 2. Scheme of a PTC loop with four SCAs and five temperature sensors (center) as well as cor-
responding measured temperatures during one example day and one example loop of a commercial 

CSP plant (left) – framed thermal step response also shown in high resolution (right) 

For a temporally and spatially constant mass flow �̇�𝑚 and a qualitatively identical profile of 
temperatures measured at two temperature sensors with a temperature difference of ∆𝑇𝑇, the 
heat loss �̇�𝑄L of the HTF between the respective sensors is calculated as follows: 

 �̇�𝑄L =  �̇�𝑚  ∙ 𝑐𝑐p� ∙  ∆𝑇𝑇 (1) 

Where 𝑐𝑐p�  corresponds to the average specific heat capacity of the HTF. 

As can be seen in Figure 2 (right), the temporal temperature profiles at the different sen-
sors are not identical but change with increasing flow direction and flow time. Due to heat 
conduction and turbulent mixing within the HTF, heat is also transferred within the HTF from 
the higher temperature section to the colder part of it in surrounding areas, as can be seen in 
a relatively narrow temperature profile at the loop inlet and a wider temperature profile at the 
loop outlet. As a result, not all the temperature reduction is caused by heat losses. In this work 
the simplified assumption is made, that the described internal heat transfer within the HTF and 
the resulting change in the temperature profile occurs in an identical way for all loops. As in 
the context of this work only relative heat losses of different loops to each other are considered, 
the influence of the internal heat transfer of the HTF on the vacuum loss determination can be 
neglected. The calculation of the heat losses in the context of this work is thus carried out using 
equation 1. 

2.2 Calculation of temperature reduction and mass flow rate 

Since the mass flow and the temperature reduction according to equation 1 are, in addition to 
material properties, the relevant factors for calculating the heat loss, these two quantities are 
determined. Figure 3 shows the measurement of temperature reduction and mass flow based 
on temperature profiles of a thermal step response. While the temperature reduction can be 
determined directly through the change in the respective temperature levels (black dashed 
lines), the underlying mass flow is determined by the ToF method (red dashed lines) [5]. 

3



Kraft et al. | SolarPACES Conf Proc 2 (2023) "SolarPACES 2023, 29th International Conference on Concentrating 
Solar Power, Thermal, and Chemical Energy Systems" 

Figure 3. Measurement of temperature reduction (quantitative shift, black dashed lines) and mass flow 
(temporal shift, red dashed lines) of a thermal step response during preheating of a commercial PTC 

plant 

In the ToF method, the time offset Δ𝑡𝑡𝑖𝑖,𝑗𝑗 of the temperature profiles between sensors i and 
j is used to determine the velocity of the HTF. The corresponding mass flow rate is calculated 
with the inner tube diameter 𝑑𝑑 of the tube and the integrated mean density 𝜌𝜌(𝜗𝜗𝑖𝑖, 𝜗𝜗𝑗𝑗)���������� as follows:  

 
�̇�𝑚𝑖𝑖,𝑗𝑗 =

∆𝑙𝑙𝑖𝑖,𝑗𝑗 
∆𝑡𝑡𝑖𝑖,𝑗𝑗

∙
𝜋𝜋
4
𝑑𝑑2 ∙ 𝜌𝜌(𝜗𝜗𝚤𝚤,𝜗𝜗𝚥𝚥)���������� (2) 

The ToF method for the determination of mass flow distributions in CSP plants with PTC 
is described in detail by a separate work [5], measuring 94% of the data within an uncertainty 
of ± 5% of full scale. The general conditions for mass flow determination given in [5] are also 
assumed in this work and are as follows: 

1. Uniform thermal step response through sensors  
• No additional external heat source or sink superimposing the thermal step response 

(e.g. electrical/thermal heater or fluctuant DNI on collectors) 
• Constant mass flow between first and last temperature measurement 

2. The associated loop must be in operation and must not be hydraulically locked 
3. Known or equal geometries and sensor positions of the corresponding loops 

2.3 Vacuum loss determination 

Based on the calculated temperature reduction and mass flow of all loops in the solar field, 
loops with an increased probability of vacuum loss are detected in two steps: 

1. Comparison of the calculated heat loss in a single loop qualitatively to the average heat 
loss in the entire solar field 

2. Comparison of the mass flow rate in a single loop with the mean mass flow rate in the 
entire solar field 

Since convective heat loss increases with increasing flow velocity [6] (and thus with in-
creasing mass flow rate), loops with increased heat loss at a reduced mass flow rate have an 
increased probability of vacuum loss. The recommended instructions for the operating person-
nel according to the results of the previous steps can be summarized as shown in Figure 4. 

∆𝑡𝑡𝐴𝐴,𝐵𝐵 
∆𝑡𝑡𝐴𝐴,𝐸𝐸  

∆𝑇𝑇𝐴𝐴,𝐵𝐵 

∆𝑇𝑇𝐴𝐴,𝐸𝐸 
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Figure 4. Operational recommendations depending on determined heat loss and mass flow in a PTC 
loop of a commercial CSP plant. 

3. Operational Data Analysis 

For this study, operational data was considered from the CSP plant Andasol III, located near 
Guadix, southern Spain. The power plant has a nominal turbine capacity of 50 MW and an 
estimated annual output of more than 165 GWh, generated by a generator coupled to the 
upstream steam turbine. Additionally, there is a two-tank thermal storage system with a capac-
ity of approximately 30,000 tons of salt, which allows continuous power generation even during 
periods of fluctuating DNI or after sunset. The heat required for the power generation is sup-
plied by a parabolic trough collector (PTC) solar field, divided into four subfields aligned with 
the cardinal directions: NW, NE, SE, and SW. Each subfield consists of 38 individual loops, 
totaling 152 loops for the entire solar field. As shown in Figure 2, each loop consists of four 
SCAs connected in series. Figure 5 provides an aerial view of Andasol III, illustrating the four 
subfields and their respective cold and warm header pipes. [7] 

 

Figure 5. Aerial view of Andasol III, including the four subfields and their respective cold and warm 
header pipes [8]. 

The data on which this work is based on is identical to the analyzed data in [5], consisting 
of operational data from 15 consecutive days in September 2019 with a temporal resolution of 
less than 10 seconds. Eight of these 15 days meet the requirements specified in 2.3 and were 
thus used for the presented method. Figure 6 shows the temperature reduction and the mass 
flow for each loop as relative deviation from the mean of all loops over the considered 8 meas-
urement days. It also shows analogously the heat loss (see. eq. 1), averaged over the 8 meas-
urement days considered, for loops with both increased heat loss and reduced mass flow. 
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Loops with low mass flow rates often show a high temperature reduction. This is in line 
with expectations according to equation 1. The highest heat loss shown in Figure 6 – and thus 
the highest probability of vacuum losses according to the method presented – has Loop 34 (X-
position = 9, Y-position =2, highlighted by a green frame), which has a high temperature re-
duction without having a strongly reduced mass flow. 

 

 

Figure 6. Temperature reduction (left) and mass flow (center) for each loop as relative deviation from 
the mean of all loops, and heat losses (right) as relative deviation from the mean for loops with in-

creased heat losses and decreased mass flow. 

As can be seen in Figure 6, loops with an increased probability of vacuum losses can be de-
tected. To validate the results, the glass encasements of the corresponding loops (refer to 
Figure 1) can be subsequently checked for elevated temperatures and hence vacuum losses, 
either via infrared camera or direct temperature measurement using additional temperature 
sensors. By replacing affected collectors early on, there is potential to improve predictive 
maintenance and thus increase the efficiency of the entire CSP power plant. 

4. Conclusion and Outlook 

In this work it was shown, that by only analyzing the available operational data of the existing 
temperature sensors of a commercial CSP plant, it is possible to determine loops that have 
higher heat losses and thus a higher probability of vacuum losses. The determination of the 
heat losses is based on the measurement of temperature reduction and mass flow of a thermal 
step response between different temperature sensors during preheating of the solar field. The 
possible spatial resolution of the presented method is determined by the resolution of the ex-
isting temperature sensors in the solar field. In addition to the resolution shown at loop level, a 
resolution at SCA level is also possible.  

In addition to consider only the maximum of the corresponding temperature profiles, a 
consideration of the integrated heat quantity of the thermal step response is also possible to 
further improve the accuracy of the described method. Since the results shown are based on 
the evaluation of real operating data at reduced mass flow during the night, an investigation at 
full, nominal mass flow is also considerable.  

Mass flow determination via analysis of the thermal step responses with temperature sen-
sors (ToF method) has already been validated in a previous work [5]. The validation of the 
presented results from combined measurement of mass flow and temperature reduction for 
vacuum loss detection is still pending. Possible approaches for a validation are either a direct 
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measurement of the glass surface temperature or the measurement of its resulting thermal 
radiation by means of infrared cameras for the corresponding collectors. 

As the presented non-invasive method is simple, safe and cost effective, it has a high 
potential to increase the solar field efficiency due to early heat loss detection as a strong indi-
cation for vacuum losses and the resulting possibility for predictive maintenance of affected 
absorber tubes. 
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