
 

Contents lists available at ScienceDirect

Solar Energy

journal homepage: www.elsevier.com/locate/solener  

Volumetric flow determination in parabolic trough plants using the time 

offset of temperature gradients

Alex Brenner 

a, b,∗ iD, Tobias Hirsch 

a , Marc Röger 

c iD, Jana Stengler 

a , Robert Pitz-Paal 

b, d

a German Aerospace Center (DLR), Institute of Solar Research, Pfaffenwaldring 38-40, Stuttgart, 70569, Germany 

b RWTH Aachen University, Chair of Solar Technology, Linder Höhe, Cologne, 51147, Germany 

c German Aerospace Center (DLR), Institute of Solar Research, Calle Doctor Carracido 44-1, Almería, E-04005, Spain 

d German Aerospace Center (DLR), Institute of Solar Research, Linder Höhe, Cologne, 51147, Germany

H I G H L I G H T S

• Time delay of temperature signals indicates current flow in parabolic trough plants.

• Allows determination of absolute value of volume flow without additional hardware.

• Low-cost alternative to classical flow measurement instruments.

• Validated using data from a commercial thermal oil CSP plant during operation.

• Mean deviation from measured subfield flow in Andasol-3 plant is 6.15 %.
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A B S T R A C T

The absence of flow measurements in the loop of a parabolic trough solar field makes it impossible to easily 

determine flow for the purpose of calculating the performance of a loop. This proof-of-concept study uses the 

temperature signals of the heat transfer fluid, measured at the parabolic trough collectors to determine the runtime 

of a temperature signal and thus, to infer the runtime of the fluid. It is not dependent on additional measurement 

instrumentation and only requires data analysis using the available measurement equipment. The approach can 

be applied to existing parabolic trough loops at nearly no additional cost and could also be used in other pipe flows 

in process engineering applications. The method is validated in a realistic application scenario with data from 

the parabolic trough power plant Andasol-3 and shows a mean absolute percentage error of 6.15 % compared to 

the measured subfield mass flow.

1 . Introduction

The steady-state useful power in a parabolic trough collector is mea­ 

sured in practice by determining the inlet and outlet temperature and 

the mass flow rate of the heat transfer fluid (HTF). The former can be 

approximated with the built-in temperature sensors at the collectors, 

but the latter is usually not available in a regular parabolic trough loop. 

This absence of a mass flow meter has made power estimations without 

additional measurement instrumentation impossible until now.

The paper describes an approach for determining the volumetric flow 

rate based on the runtime of a temperature signal carried by the HTF 

in a parabolic trough loop. The runtime of the fluid is calculated us­ 

ing time differences of temperature signals together with a correction 

function to account for heat transfer and thermal inertia of the pipe and 

fluid. The challenge in using this approach is that the time difference ob­ 

served between two temperature measurement locations cannot simply 

be assigned to a fluid velocity. The reason for this is that heat transfer 

and thermal inertia of the pipe and fluid shift and dampen the original 

temperature signal.

Line-focusing solar thermal power plants usually consist of four to 

six collectors connected in series to form so-called loops. In commercial 

parabolic trough plants for electricity generation a large number of ap­ 

proximately 40 loops are connected in parallel and form a subfield. Due 

to the high number of parallel loops, there is usually only one volumet­ 

ric flow measurement for each subfield, but not for each parallel loop. 

However, for various applications it is advantageous to know the flow 
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of the HTF in each loop. Examples include the hydraulic balancing of 

the loop inlet valves during commissioning, the continuous monitoring 

of the collector performance, or collector-specific control tasks, which 

require knowledge about the flow in each individual loop. To determine 

the volumetric flow in parallel pipes, such as those in parabolic trough 

power plants, a separate volumetric flow meter would be required for 

each individual pipe. These measuring devices are either installed as a 

stationary device in the fluid flow, or can be attached to the outer wall 

of the pipe as a flexible device. The usual operating principles of these 

meters are based on:

• Transit time measurements of acoustic signals

• Measurement of a pressure difference before and after an orifice 

plate

• Measurement of the vortex frequency after an interference body

• Magnetic-inductive measurement in an electrically conducting 

medium

These devices are very costly in the range of 5000 €per unit. For a 

parabolic trough field with a power of 50 MW and about 150 parallel 

loops, this sums up to 150 × 5000 €= 750,000 €. Because of the high cost 

of using measuring devices in each loop, the installation has generally 

been omitted up to now since main collector control tasks can be realized 

based on temperature signals alone. Moreover, each device inserted into 

the fluid flow disturbs it, adds pressure loss and increases the probability 

that one of these devices will fail. The use of an approach for volume 

flow determination that utilizes existing measurement instrumentation 

and solar collectors can therefore be advantageous.

For the control and monitoring of the collectors, temperature sensors 

are usually installed on each collector, see [1]. The collectors are able 

to adjust the heat input, by rotating the collector axis. This is part of the 

control system in order to react to changes in fluid flows in the receiver 

and local irradiation fluctuations. The change in heat input is described 

by the focus factor, which can have values from 0 representing no heat 

input to 1 representing the maximum possible heat input. By changing 

the focusing and therefore the heat input, the temperature of the fluid 

can also be actively controlled. Fig. 1 shows that a small rotation Δ𝜚 of 

the collector tracking axis leads to a focus factor reduction resulting in 

a temperature drop, which is measurable at all temperature sensors in 

the loop with a time delay. The curves in the right panel of Fig. 1 show 

the temperature values in the collector middle and are the results of a 

simulation with constant DNI of 800 W m 

−2 , a time step of 0.1 s, and 

complete defocusing of collector 1 for 200 s.

The general idea of the method in this work is to observe tempera­ 

ture signals measured at two positions along the collector loop and to 

determine the time shift between the signals. The requirement is that 

both locations observe the same ramp in the temperature signal. Such 

a signal can either be caused by changes in solar irradiance or artifi­ 

cially imposed by a change in collector tracking. The latter approach 

results in undisturbed signals that can be clearly detected as a tempera­ 

ture disturbance. A fluid element flowing through the loop also carries 

the temperature information. This makes it possible to measure the time 

delay of temperature signals at two or more temperature sensors in a 

loop. The volume flow rate can be inferred from this time delay, taking 

into account inertia effects in the pipe section between the two mea­ 

suring points. The influence of the thermal inertia on the temperature 

signals is calculated in this work using a deterministic transient model 

for parabolic trough fields. This model is employed to simulate the be­ 

havior of a real parabolic trough field and thus to easily transfer the 

approach presented here to a real plant. The implementation of this pro­ 

cedure is very cost-effective, as only software is required. Furthermore, 

there is no need to modify the piping, and the operation of the plant 

is not disturbed. It is therefore assumed that the procedure has a low 

threshold for implementation by the power plant operators and can thus 

be used in a variety of ways.

1.1 . State of the art

Using the runtime of a temperature signal in order to infer the flow 

has already been investigated in multiple studies in other technical se­ 

tups. Bauer [2] uses a heating and a sensing wire in a gas stream together 

with a pulsed heating current to measure the velocity of the fluid flow. 

A similar approach is described by [3,4]. All these approaches are inves­ 

tigated in gas streams with comparatively small heat capacities and the 

influence of a surrounding pipe is neglected due to the chosen experi­ 

mental setups. Another application of the temperature runtime method 

is heat pulse flow meters, as described by [5]. These devices are used to 

measure the velocity of ground water in a bore hole. Although this ap­ 

proach is made for liquid fluids the typical velocities are in the range of 

5 mm s 

−1  to 30 mm s 

−1  and therefore orders of magnitude smaller than 

in a parabolic trough loop. Research activities for special applications in 

nuclear power plants investigated a similar procedure, using the temper­ 

ature signals in fluids, as described in [6,7]. In these setups, the distances 

between the temperature sensors are 2 mm up to 2.05 m and therefore 

much smaller than the 150 m that is common in thermal oil parabolic 

trough loops. The influence of the pipe wall is therefore neglected in 

these publications. Nedumparambil et al. [8] show an application of the 

temperature runtime method in low-temperature solar thermal appli­ 

cations. The distance between the temperature sensors here is 0.48 m. 

Due to the small measurement distance, the influence of the heat capac­ 

ity of the pipe material on the temperature signal is neglected in this 

publication. Mehos et al. [9] mention a procedure used in a parabolic 

trough power plants where the temperature sensors are used to measure 

Fig. 1. Illustration of collector defocusing procedure. Left: Schematic side view of parabolic trough collector. Middle: Dependency of the focus factor from tracking 

angle deviations. Right: Temperature drop can be measured at all collectors in the loop with a time delay.
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the flow in each loop. However, there is no additional information, nor 

any publication about this procedure available. In the context of con­ 

centrating solar power plants, the recently published papers by [10,11] 

describe a time-of-flight method using a temperature signal. Kraft et al. 

[10] use a temperature signal, which is caused by warm fluid entering 

the solar loops from the header pipe during the start-up phase in the 

morning to demonstrate the approach. They also mention an artificially 

forced temperature change caused by briefly defocusing individual col­ 

lectors during operation. In Kraft et al. [11] the method is applied to 

a temperature signal created by temporarily focusing or defocusing a 

collector in a test facility. The procedure makes it possible to determine 

a linear relationship between the temperature signal time-of-flight and 

the mass flow. To determine the absolute fluid flow for a single loop or a 

single collector, an additional flow meter is required, at least temporar­ 

ily for individual calibration purposes. The study also addresses thermal 

inertia effects, e.g., caused by the pipe wall. Our work builds on this 

study and expands upon it.

The literature review shows that there are currently still some gaps 

that prevent the implementation of the method in real parabolic trough 

power plants. The approaches mentioned above have either not been 

developed for a liquid medium with comparatively high heat capacity, 

do not take into account the influence of the pipe wall in contact with the 

medium, are not described in the literature available to the authors, or 

are not capable of calculating the absolute value of fluid flow. Therefore, 

in the following an approach is presented, which allows to be used at the 

conditions occurring in parabolic trough loops and is able to determine 

absolute values of fluid flow for each loop individually.

1.2 . Structure of the paper

Section 2.1 discusses the influencing effects on the time offset of the 

temperature signals, followed by an explanation of the practical appli­ 

cation of the method in Section 2.2. In Section 2.3 the used approach 

for determining the time offset of two temperature signals is presented. 

This provides the basis for determining a time offset from the pure tem­ 

perature measurements. Subsequently in Section 2.4, the software used 

for the transient simulations of the solar field is presented. In the results 

Section 3.2 a correction function based on multiple transient simulations 

is fitted to determine the runtime of the fluid from the temperature sig­ 

nal. Practitioner plots in Section 3.3 make the procedure easily adaptable 

for field measurements in the parabolic trough plant. The performance 

of the method is investigated in both steady-state and transient situa­ 

tions using measured, spatially resolved irradiance data, see Section 3.4. 

Finally, the method is validated in a realistic application scenario in the 

Andasol-3 power plant Section 3.5 and the effects of the method on plant 

operation are the subject of Section 3.6.

2 . Methods

In the following, the influencing effects on the time offset of the 

temperature signals and the practical application of the method are ex­ 

plained. Two important methods that form the basis for the procedure 

presented in this paper are explained below. On the one hand, the exact 

determination of the time offset of the HTF temperature signals at the 

collectors. On the other hand, the transient simulations, which are used 

to solve the inverse problem of determining the fluid transit time from 

the temperature transit time.

2.1 . Theoretical considerations on the impact of thermal inertia

The underlying principle discussed in this paper is based on the hy

pothesis that it is possible to determine the time interval between two 

temperature signals and use it to infer the fluid transit time 𝑡 Fluid 

. With 

known spatial distance between the temperature sensors 𝑙1,2 

 

 and known 

pipe cross-section 𝐴 pipe 

 the volumetric flow rate 𝑉̇  can be calculated as 

­ 

𝑉̇ = 

𝑉
𝑡 Fluid

= 

𝐴 pipe 

⋅ 𝑙 1,2

𝑡 Fluid
=

𝜋∕4 ⋅ 𝑑 

2
i ⋅ 𝑙 1,2

𝑡 Fluid
. (1)

Fig. 2. Illustration of the backwards shift of the temperature signals due to the 

thermal inertia of the pipe material. Solid lines represent a regular steel pipe 

with a volumetric heat capacity of 4017 kJ m−1 

  K−3 

 , dashed lines represent an 

artificial material with a volumetric heat capacity of 192 kJ m−1 

  K−3 

 .

With known fluid density 𝜌 Fluid 

 the mass flow 𝑚̇ can be calculated from 

the volumetric flow 𝑉̇  according to 

𝑚̇ = 𝑉̇ ⋅ 𝜌 Fluid. (2)

A correction function is needed because the thermal inertia of the pipe 

is high enough to influence the fluid temperature. An approximation of 

the influence of the thermal inertia of the pipe wall material on the fluid 

temperature is calculated via a ratio of heat capacities 

𝐶 Pipe

𝐶 Fluid
=

𝜌 Pipe ⋅ 𝑐 p, Pipe ⋅ 𝑉 Pipe

𝜌 Fluid ⋅ 𝑐 p, Fluid ⋅ 𝑉 Fluid
= 

𝜌 Pipe 

⋅ 𝑐 p, Pipe 

⋅
(

𝑑2o − 𝑑 

2
i
)

𝜌 Fluid 

⋅ 𝑐 p, Fluid ⋅ 𝑑 

2
i

= 0.269 (3)

of an oil trough setup. The densities of pipe material and fluid in this 

example are 𝜌 Pipe 

=  

 7792 kg m 

−3 and 𝜌 Fluid =  

 759.7 kg m 

−3, 𝑐p,  Pipe  

 

=
516 −1

 J kg  −1
 K  

−1 −1
  and 𝑐  

p,  Fluid = 2454.7 J kg  

 K 

 

 are specific heat capacities 

of pipe and fluid, and 𝑑o = 0.07 m and 𝑑 i 

= 0.066 m are outer and 

inner pipe diameters. The calculation assumes X6CrNiTi18-10 steel as 

pipe material and Therminol VP-1 at 350 ◦ C as fluid. For the exemplary 

design point, the heat capacity of the pipe wall is approximately 27 % 

of the fluid heat capacity and, assuming a reasonably high heat transfer, 

an influence on the fluid temperature from the pipe and vice versa is 

obvious.

Fig. 2 shows the calculated effect of thermal inertia on the time offset 

of the temperature signals from the HTF determined at the collectors. 

The solid lines represent calculations with regular steel absorber tubes, 

while the dashed curves show a generic material that has only about 5 % 

of the volumetric heat capacity of steel. Due to the higher heat capacity 

of the pipe material the temperature signal is shifted backwards. The 

temperature curves shown here are calculated using the same model as 

described in Section 2.4.

2.2 . Practical application of the approach

To make the practical application of the approach clear, the individ­ 

ual steps of the process are explained below.

2.2.1 . Step 0: transient simulations

Before the actual measurement of the fluid temperatures, a large 

number of transient simulations are carried out, which represent the 

expected thermal and flow conditions in the system. The results of these 

simulations are then used to create a correction function that captures 
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the relationship between the measured transit time of the temperature 

signal and the true fluid transit time. If the conditions in the system 

remain constant, these simulations only need to be carried out once in 

advance.

2.2.2 . Step 1: Runtime of the temperature signal

The temperature gradients in the fluid are measured and the transit 

time of the signal between two sensors is determined. The temperature 

gradient can be generated passively by incoming cold fluid or actively 

by defocusing the collector.

2.2.3 . Step 2: Application of the correction function

To determine the fluid transit time, the correction function can now 

be applied using the transit time of the temperature signal and the 

available system parameters. Diagrams are created for typical system 

configurations of parabolic trough power plants with thermal oil. This 

makes it easy to read out the fluid transit time from the transit time of 

the temperature signal.

2.3 . Gradient detection for time offset calculation of temperature signals

One of the basic conditions for the application of the method de­ 

scribed in this paper is the reliable determination of the time offset 

between the temperature signals at two successive collectors. This work 

uses the maximum gradients of two temperature signals generated by de­ 

focusing the collector and determines the time delay between these two 

signals. Fig. 3 illustrates the temperature signals with the linearized gra­ 

dients and the calculation of the time difference 𝑡 Temp 

. For this method, 

the first step is to determine the position of the maximum gradient, i.e., 

the steepest part of the descending temperature slope. The temperature 

signal is linearized at this point and the intersection with the maximum, 

undisturbed temperature 𝑇 norm 

 just before defocusing is located. The 

time difference between these two intersection points is taken as the 

time difference of the two signals. The linearized maximum gradient 

method (LMG) assumes that the two compared signals are stationary, 

i.e., the temperature curves have a constant time offset over the signal 

duration. Due to the determination of the intersection point, the calcu­ 

lated time shift is not constrained to the temporal resolution of the input 

signals and can be calculated as a fraction of a time step.

Fig. 3. Linearized maximum temperature gradients method illustrated with a 

smooth signal of the second (blue) and third collector (orange). The time differ

ence of the temperature signals 𝑡T emp 

 is determined by the intersections between 

undisturbed temperatures before the step and linearized maximum gradients 

of the temperature steps Δ𝑇 

 

 and Δ𝑇 

 

. (For interpretation of the references to 2 3
colour in this figure legend, the reader is referred to the web version of this 

article.)

­ 

A preliminary study has shown that other methods, such as cross-

correlation and dynamic time warping, are also suitable, see [12]. 

However, these are not used in this work because they are more com­ 

plicated than the gradient detection method, which, for smooth signals, 

provides results comparable to those of the more complicated methods.

2.4 . Transient simulations

A forward problem modeled with transient simulations calculates the 

system behavior based on known inputs. In contrast, the inverse problem 

seeks to infer unknown parameters or inputs from observed data, which 

makes it more complex because it infers from effects back to causes. 

The forward problem involves calculating the runtime of the tempera­ 

ture signal for a wide range of variations that represent typical plant 

conditions using transient simulations. A data-based inverse model is 

used to determine fluid runtime from observed temperature data and 

plant parameters, solving the inverse problem.

There are basically two options for determining the fluid runtime us­ 

ing the temperature runtime method: With the help of experiments at 

a real plant or with transient simulations. The former has the advan­ 

tage of being close to the operating conditions in a real plant. The major 

drawbacks are: First of all this procedure requires accurate measurement 

devices, e.g., accurate flow measurements for comparison, and second, it 

is not flexible since the components in the test facility cannot be changed 

easily. The results would thus only be usable for a specific plant con­ 

figuration. Conducting experiments with changing material properties 

would be very costly, or even impossible. On the other hand, simula­ 

tions are not as close to reality as experiments due to simplifications in 

the mathematical models. Nevertheless, for the approach described in 

this paper they are beneficial, since they allow changing material prop­ 

erties, and changing experimental procedures at nearly no cost. They 

can thus be used to achieve a more generalized correction of thermal 

inertia effects.

Based on these considerations, a simulation approach is chosen in 

which a large number of simulations are carried out once and the results 

are subsequently used in a correction function fitted to the outcomes of 

the simulations.

2.4.1 . Virtual solar field simulation tool

The Virtual Solar Field software (VSF) is used as a simulation tool to 

calculate the time delay between two temperature signals at two con­ 

secutive temperature sensors. The VSF is a transient simulation tool for 

line focus solar thermal energy systems with single-phase heat transfer 

fluid. The tool can model an entire solar field and couples hydraulic and 

thermal solvers. It is based on transient heat and mass balances for the 

fluid and wall elements of pipe sections discretized along the collector 

loop. Typical cell sizes for this application are in the range of 10 m. The 

VSF is also equipped with a solar field control, which allows the loop 

output temperature to be maintained at a predefined set point. Detailed 

information about the tool and the governing equations can be found in 

[13–16]. 

Model simplifications with impact on the temperature runtime are 

discussed in the following. The model is one-dimensional in flow direc­ 

tion, which means there is no radial temperature distribution. Since the 

flow in the solar field is typically turbulent, a flat radial temperature 

profile can be assumed and the simplification reflects reality well. The 

fluid is modeled as incompressible, therefore the density and heat capac­ 

ity are functions of the temperature only. The axial heat conduction in 

the fluid is neglected, since very high Nusselt numbers indicate that con­ 

vection in the pipe flow dominates the heat transfer. The pipe material 

is modeled with constant density 𝜌 Pipe 

, heat capacity 𝑐 p,Pipe 

, and thermal 

conductivity 𝜆 Pipe 

 over the relevant temperature range. The absorber 

tubes are modeled without radial temperature distribution. According 

to Noureldin [16] the typical flow conditions in an absorber tube re­ 

sult in low Biot numbers between 0.02 and 0.17. This means that the 

heat transfer between the pipe wall and the fluid dominates and the 
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temperature difference within the pipe wall is negligible. The axial heat 

conduction in the pipe wall is neglected, since Noureldin [16] showed 

that this heat transfer process is less than 0.0001 % of the convective 

heat transfer to the fluid. The thermal loss of the absorber tube to the 

surroundings is calculated with an empirical relation as a function of the 

average absorber temperature as introduced by [17].

2.4.2 . Simulation setup

Multiple VSF simulations with changing parameters for a single loop 

are performed. Parameter variations include two heat transfer fluids, 

irradiance, loop lengths, varying defocusing, and material parameters 

like density and heat capacity of pipe wall and fluid. The parameters are 

kept constant during the simulation unless otherwise specified. One loop 

is discretized with 52 cells since sufficiently good agreement with an 

analytical comparison model is obtained in the work of [16]. Depending 

on the simulated loop length the discretization corresponds to a cell size 

of 10 m to 16 m. The loop consists of four collectors connected in a 

row and the artificial temperature disturbance is induced by defocusing 

the first collector. The defocusing follows a step signal, i.e., the focus 

is changed instantaneously within a time step. The temperature at the 

center of collectors 2 and 3 are used for the detection of the time shift of 

the signal. These locations are chosen, because sensor signals are usually 

available for this location in a commercial parabolic trough field [1], 

and they are closest to the temperature disturbance caused by the first 

collector.

The fluid runtime between the two temperature sensors represents 

the target variable to be calculated by considering the temperature run­ 

time and other parameters. From the VSF simulation the mass flow at the 

loop inlet is available. The respective fluid runtime 𝑡 Fluid2,3 

 is given by 

𝑡 Fluid2,3 = 

𝜌 Fluid2,3 

⋅ 𝑙 2,3 

⋅ 𝐴 Pipe

𝑚̇
(4)

where 𝜌 Fluid2,3 and 𝑚̇ are the mean fluid density and mass flow between 

the sensors 2 and 3 during the time the temperature signal is travel

ing from sensor 2 to 3. The variable 𝑙2 ,3 

 is the distance between sensor 

2 and 3 and 𝐴 Pipe 

 represents the flow cross section. The consideration 

of varying density and mass flow is important because the defocusing 

procedure changes the temperature and thus the density. As the fluid 

volume contracts, the local mass flow between sensor 2 and 3 is also 

reduced.

­ 

3 . Results and discussion

Within this paragraph the previously presented method of flow de­ 

termination using a temperature disturbance signal and two consecutive 

temperature sensors is used in order to directly determine the absolute 

values of the fluid runtime. The challenge here is to determine the fluid 

runtime of a single loop from the runtime of the temperature signal. In 

order to do so, the thermal inertia of the pipe wall is taken into account.

3.1 . Parameter space investigated

The input parameters of the simulation were varied over a wide 

range in order to achieve a broad applicability of the results. Table 1 

provides an overview of the input parameters for two different fluids 

used in the simulation, Therminol-VP1 and Solar Salt. The direct nor
−2 −2mal irradiance (DNI) is varied between 600 W m  

  and 1000 W m , 

which is typical for the normal operation mode of a parabolic trough 

plant. The density and heat capacity of the pipe material are varied 

 

−3 −3between 7000 kg m   and 8600 kg m  

 

−1 −1 and 460 J kg    K  

   and 

 

−1 −1570 J kg    K  

 , which cover typical values of the high-temperature 

steels used. To investigate the influence of different temperature gra

dients Δ𝑇 , the amplitude of the defocusing is varied resulting in a 

remaining focus of 0.01 (nearly defocused) to 0.8 (only 20% reduced 

heat input). The focus values of 0.01, 0.2, 0.4, 0.6, and 0.8 result in 

­ 

­ 

Table 1 

Parameters of VSF simulations with Therminol VP-1 and Solar Salt. Pipe material 

properties assume X6CrNiTi18-10 steel for oil systems and X8CrNiTi18-10 steel 

for molten salt systems and are taken from [20]. The properties of the different 

steel types are similar in the temperature range under consideration.

Fluid Therminol VP-1 [21] Solar Salt [22,23]

DNI [W/m2 

 ] 600, 700, 800, 900, 1000

𝜌 Fluid [kg/m3 

 ] 759.7 @350 ◦ C 1821.3 @420 ◦ C

𝜌 Pipe [kg/m3 

 ] 7000, 7400, 7800, 8200, 8600

𝑐 p,Fluid 

[J/(kg K)] 2454.7 @350 ◦ C 1519.7 @420 ◦ C 

𝑐 p,Pipe [J/(kg K)] 460, 487.5, 515, 542.5, 570

𝜆 Fluid [W/m] −28.65 × 10  

  @350 ◦ C −15.16 × 10  @420 ◦ C

𝜂 Fluid [Pa s] −41.83 × 10  

  @350 ◦ C −31.63 × 10  @420 ◦ C

𝑇 in 

[ 

◦ C] 293

𝑇 out [ 

◦ C] 393 550

Focus [-] 0.01, 0.2, 0.4, 0.6, 0.8

Loop length [m] 540, 570, 600, 630, 660 680, 720, 760, 800, 840 

Collector [-] EuroTrough [18] HelioTrough 2.0 [19]

Receiver [-] Schott PTR 70 [17]

mean Δ𝑇  values of 26.7 K,21.6 K,16.2 K,10.8 K,5.4 K for Therminol

VP1 and 57.2 K,45.8 K,34.4 K,23.1 K,11.6 K for Solar Salt. Loop lengths 

are varied within approx. ±10% with a mean length of 600 m for ther

mal oil systems and 760 m for molten salt systems. The collector used for 

thermal oil is a EuroTrough type [

-

­

18] and for the molten salt system a 

HelioTrough 2.0 collector [19]. They differ significantly in length, aper­

ture width, and efficiency but are typically used in combination with 

thermal oil, and molten salt. Both systems use Schott PTR 70 receivers.

3.2 . Model fit

The results of multiple simulations with varying parameters are 

combined to create a generalized correction function which solves the 

inverse problem of determining the fluid runtime from the measured 

runtime of the temperature signal. In order to keep the correction func­ 

tion simple and at the same time include all influencing parameters a 

multiple linear regression approach is chosen to map the measured tem­ 

perature runtime to the fluid runtime. The results obtained by Kraft et al. 

[11] show that a linear approach is well suited for this type of correc­ 

tion. The influencing parameters describe the parameter space of the 

transient simulations with the model simplifications described above. 

With this the correction function has the form: 

𝑡 Fluid 

(𝑡 Temp, 𝑙, Δ𝑇 , 𝐶 vol, 𝜀) = 𝑐 0 

+ 𝑐 1 

⋅ 𝑡 Temp 

+ 𝑐 2 

⋅ 𝑙 + 𝑐 3 

⋅ Δ𝑇 + 𝑐 4 

⋅ 𝐶 vol 

+ 𝜀 (5)

The parameters 𝑐 0 

, 𝑐 1 

, 𝑐 2 

, 𝑐 3 

, 𝑐 4 

 are fitted with a least squares approach 

using the simulation results, minimizing the error term 𝜀. If these pa

rameters are known the actual fluid runtime 𝑡Fluid 

 

 can be calculated 

from the measured temperature runtime 𝑡 Temp 

, for different distances be

tween the temperature sensors 𝑙, different HTF temperature changes Δ𝑇 , 

and different volumetric heat capacities of the pipe material 𝐶 vol. This 

makes the approach applicable to loops with different designs, levels of 

defocusing, and pipe materials.

­ 

­ 

For Therminol-VP1 and Solar Salt, a separate correction function 

was fitted to each of the simulation data. This is necessary because the 

boundary conditions with these two fluids differ significantly. Table 1 

shows that the loop outlet set point temperature is 393 ◦ C for thermal 

oil and 550 ◦ C for molten salt systems. An alternative fitting approach 

with the fluid as additional parameter results in significantly larger con­ 

fidence intervals for a combined model compared to single models for 

each fluid.

The coefficients of the correction function from Eq. (5) are given 

in Tables 2 and 3 together with their confidence bounds for a 68.3% 

confidence interval. The 𝑅2 

  value 

𝑅 

2 = 1 − 

∑ 

𝑖 (𝑦 𝑖 − 𝑦̂ 𝑖 

) 

2

∑ 

𝑖 (𝑦 𝑖 − 𝑦̄) 

2
(6)
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Table 2 

Coefficients for runtime correction for thermal oil setup. Confidence bounds are 

calculated with a 68.3% interval. High t-values and rel. parameter influence 

indicate that 𝑡 

2
Temp 

 is the most important parameter for the model. 𝑅  values close 

to 1 and low mean absolute percentage errors (MAPE) indicate a very good fit.

Therminol VP-1

coefficients t-value rel. parameter

influence

 

𝑐0  [s] 1.030e+01 ±6.034e-02 170.84 –

𝑐1  

 [−] 8.585e-01 ±3.071e-04 2798.08 88.3 % 

𝑐2  

 [s m−1 

 ] −5.636e-03 ±3.211e-04 −17.57 0.6 % 

𝑐3  [s K−1 

 ] −4.154e-02 ±4.514e-04 −92.09 2.9 %

𝑐4  [s3 

  K m kg−1 

 ] −2.139e-06 ±8.123e-09 −263.48 8.3 %

𝑅 

2 0.9996

MAPE 0.276 %

Table 3 

Coefficients for runtime correction for molten salt setup. Confidence bounds are 

calculated with a 68.3% interval. High t-values and rel. parameter influence 

indicate that 𝑡 

2
Temp 

 is the most important parameter for the model. 𝑅  values close 

to 1 and low mean absolute percentage errors (MAPE) indicate a very good fit.

Solar Salt

coefficients t-value rel. parameter

influence

 

𝑐0  [s] 8.643e+00 ±6.686e-01 12.94 –

𝑐1  

 [-] 1.004e+00 ±1.298e-03 774.17 91.2 % 

𝑐2  

 [s m−1 

 ] 1.729e-02 ±2.695e-03 6.42 0.7 % 

𝑐3  [s K−1 

 ] 2.071e-02 ±2.543e-03 8.15 1.0 %

𝑐4  [s3 

  K m kg−1 

 ] −5.650e-06 ±9.077e-08 −62.29 7.1 %

𝑅2
 0.9952

MAPE 0.985 %

is used as a metric for the quality of the fit. It is close to 1, which indicates 

the high accuracy of the fit for both fluids. The mean absolute percentage 

error 

𝑀𝐴𝑃 𝐸 = 

1
𝑛

𝑛
∑

𝑖=1

𝑦 𝑖 

− 𝑦̂ 𝑖
𝑚𝑎𝑥(𝜖, |𝑦 𝑖|) 

(7)

is sensitive to relative errors and since it is a percentage value it is 

not changed by scaling of the quantity. The number of observations 

is 𝑛, 𝑦 

 

 is a single observation from the transient simulation, 𝑦̂  is a 𝑖 𝑖
single model prediction from the linear regression fit, and 𝜖 is an ar­ 

bitrarily small but strictly positive number, which is chosen if 𝑦𝑖 = 0. 

The 𝑀𝐴𝑃 𝐸 Therminol VP-1 

= 0.276% and 𝑀𝐴𝑃 𝐸 Solar Salt 

= 0.985% values 

are very low and show, in accordance with the 𝑅2 

  metric, the good 

agreement of the linear regression fit with the transient simulations.

3.3 . Correction function illustrated in practitioner plots

In order to easily infer the volumetric flow directly from the time 

difference of the temperature signals, a so-called practitioner plot can be 

used, see Figs. 4 and 5. The plots represent a special case of the model 

fits with full defocusing, resulting in a focus factor of 𝑓 = 0.01. The pipe 

material properties are also kept constant for these plots (𝐶 vol = 𝑐𝑜𝑛𝑠𝑡.). 
This special case is intended to represent the most common use case in 

commercial parabolic trough fields.

The marked points of the plots represent single results from the VSF 

simulations, the dashed lines show the results obtained with the help of 

the linear regression model from above.

3.3.1 . Selection of the amplitude of the temperature disturbance signal

The plot for thermal oil with 𝑓 = 0.01 shows very good agreement 

between single VSF simulation results and the created linear regression 

model for all running lengths and temperature runtimes. With a less in­ 

tensive defocusing of 𝑓 > 0.01 a similar agreement is obtained (plot not 

Fig. 4. Volume flow rate over temperature runtime 𝑡 temp 

 for a variation of run­ 

ning lengths. Plot valid for fluid Therminol VP-1 and excitation by complete 

defocusing (𝑓 = 0.01). Marked points show VSF simulation results, dashed lines 

model fit according to Eq. (5) and Table 2.

Fig. 5. Volume flow rate over temperature runtime 𝑡 Temp 

 for a variation of run­ 

ning lengths. Plot valid for fluid Solar Salt and excitation by complete defocusing 

(𝑓 = 0.01). Marked points show VSF simulation results, dashed lines model fit 

according to Eq. (5) and Table 3.

shown here). For the application of this procedure it can be advanta­ 

geous to use a defocusing of 𝑓 > 0.01. On the one hand, very good 

results can be achieved in the determination of the fluid runtime and, 

on the other hand, the temperature drop is small, thus minimizing the 

disturbing influence on the operation of the power plant. Considering 

this, less than complete defocusing seems to be best suited for the use 

of the approach to determine the volumetric flow rate from the temper

ature runtime. For the practical application of the method, an angular 

deviation from the solar angle can be determined for the defocusing 

process depending on the acceptance angle of the parabolic trough col

lectors. For a typical EuroTrough collector the focus rates 0.01, 0.2, 0.4,

0.6, and 0.8 can be achieved by an angular deviation of approx. > 3.0 

◦ , 

2.6 

◦ , 2.0 

◦ , 1.5 

◦ , and 0.7 

◦ .

­ 

­ 

 

For molten salt systems the practitioner plot in Fig. 5 shows good 

accordance between single VSF simulation results and the created lin­ 

ear regression model. The edge values of the linear regression fit at low 

temperature runtimes 𝑡 Temp 

 are slightly lower and at high 𝑡T emp 

 values 
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slightly higher compared to the results from the VSF simulations. The re­ 

sults with a higher focus of 𝑓 = 0.8 show contrasting results with a slight 

overestimation at low temperature runtimes and a slight underestima­ 

tion at high temperature runtimes (plot not shown here). This indicates 

that the linear regression model for these parameter combinations is not 

fully able to reproduce the results from the VSF simulations. The VSF 

simulations thus capture effects that cannot be covered by the simple lin­ 

ear regression model with the selected parameters. The best accordance 

between single VSF simulation results and the created linear regression 

model can be obtained with defocusing rates of 𝑓 = 0.4 or 𝑓 = 0.6. 

Selecting one of these defocusing rates in the practical application mini­ 

mizes the error of the correction function and is therefore beneficial for 

the use of the method.

3.3.2 . Notes on using the correction function in the practitioner plots

For the use of the plots, constant irradiation and flow conditions are 

assumed during the measurement of the temperature runtime. In addi­ 

tion, the distance of the temperature sensors must be known and it must 

be possible to generate and record temperature steps in the loop. The 

plots were generated under the assumption that a temperature distur­ 

bance is generated at collector 1 in the loop by defocusing and that this 

is measured at the following collectors 2 and 3. The time difference of the 

temperature steps can be calculated with the procedure from Section 2.3. 

Knowing the temperature runtime 𝑡 Temp 

 now makes it possible to easily 

read the corresponding volumetric flow from Fig. 4 for thermal oil, or 

with Fig. 5 for a molten salt system.

These practitioner plots therefore provide a simple possibility to read 

the corresponding volume flow from a pure temperature measurement 

in the solar field without additional instrumentation. This allows them to 

be used directly in the solar field, for example for loop-wise performance 

monitoring.

3.4 . Application of the method with spatially resolved irradiance data

In the following, the applicability of the method for real, spatially 

resolved and time-varying irradiation data will be tested with transient 

VSF simulations for thermal oil systems. The aim is to test how the 

method performs with slightly fluctuating irradiance and with transient 

irradiance situations in the morning and evening. For this purpose, DNI 

maps are used, which are recorded with a ground-based cloud camera 

system. The measurement system and the processing of DNI maps are 

described by [24]. The spatially resolved irradiance data are used as 

effective irradiance 

𝐺 eff = 𝐷𝑁𝐼 ⋅ cos(𝜃 𝑖 

) ⋅ 𝐼𝐴𝑀 (8)

in the VSF simulations. With the DNI values multiplied by the cosine 

of the incidence angle 𝜃 

 

 and the incidence angle modifier (IAM). The 𝑖
DNI data were recorded at the Plataforma Solar de Almería (PSA) in 

Tabernas, Spain. They contain measurement values for each solar col­ 

lector unit with a temporal resolution of one second. The resolution is 

scaled down linearly from cloud camera images with a resolution of 30 s.

Clear sky conditions without cloud cover are used for this test. This 

selection represents the frequently occurring operating conditions of a 

solar thermal power plant in regions of the world with high levels of 

solar irradiation. To achieve such conditions, disturbing effects caused 

by short-term changes in cloud cover, which abruptly change the ir­ 

radiance and thus the heat input to the absorber tubes, are excluded. 

Such situations would lead to inhomogeneous temperature signals in the 

collector circuit, which would make it difficult to determine the temper­ 

ature runtime. The tests are carried out using data from 08/09/2015 

and 28/11/2015, measured at the PSA site. The spatial mean 𝐺 eff 

 val

ues for the two days are shown in

­ 

 Fig. 6. Data from 28/11/2015 show 

a clear-sky day with low sun angles close to the winter solstice. Data 

from 08/09/2015 show a high sun position at the end of summer with 

periods of reduced DNI due to cloud cover, these periods were excluded 

from this test.

Fig. 6. Mean values of spatially resolved 𝐺 eff 

 map from cloud camera images for 

08/09/2015 and 28/11/2015 for PSA location.

The flow determination was carried out at three irradiance situa

tions per test day: an approximately stationary 𝐺 eff 

 at solar noon and 

two non-stationary situations, one with increasing 𝐺 eff 

 in the morning, 

and one with decreasing 𝐺 eff 

 in the evening. The first situation is impor

tant to quantify the performance of the method in stationary irradiation 

situations. The latter aims to quantify the performance of the method 

in transient irradiation conditions. In situations with changing 𝐺 eff 

, the 

fluid flow in the parabolic trough system also changes, as the controller 

tries to maintain a stable outlet temperature. If the fluid flow is deter

mined during this period using the temperature transit time method, the 

flow rate determined is an average value over the measurement time 

of the method. In the VSF simulations the first collector in the loop is 

turned out of the focus for 200 s, with starting times 9:00, 12:00, and 

16:50 on 08/09/2015 and 8:30, 13:00, and 16:45 on 28/11/2015. This 

defocusing creates a temperature signal, which is used to calculate the 

fluid runtime using a correction function, as described in 

­ 

­ 

­ 

Section 3.2. 

The VSF simulations are carried out with the same temporal resolution 

of one second as provided by the irradiance maps.

For all irradiance situations under investigation the reference fluid 

runtime from the VSF simulations is compared with the fluid runtime 

calculated from the temperature signal. Table 4 shows the results for 

the two test days, together with the absolute and percentage differ­ 

ences between the modeled fluid runtime value from the simulations 

and the calculated value from the temperature signal. The difference 

between the values is small with a minimum difference of 0.03% for a 

decreasing irradiance situation on 08/09/2015 and a maximum differ­ 

ence of −2.73% for the decreasing irradiance situation on 28/11/2015. 

On both days the stable irradiance situations show similar percentage

Table 4 

Fluid runtime from VSF simulations with thermal oil and spatially resolved 

irradiance maps as input. Fluid runtime calculated from temperature curves 

(𝑡 

  

) shows small differences compared to the transient simulations 𝐹 𝑙𝑢𝑖𝑑,𝑐𝑎𝑙
(𝑡 

  

). Temperature runtime ( ) 𝐹 𝑙𝑢𝑖𝑑,𝑚𝑜𝑑 𝑡 𝑇 𝑒𝑚𝑝 

as reference shows the effect of the

correction function.

 

Date 𝐺 𝑒𝑓 𝑓 

 situation 𝑡 𝑇 𝑒𝑚𝑝 

 [s] 𝑡𝐹  𝑙𝑢𝑖𝑑,𝑚𝑜𝑑 

 [s] 𝑡𝐹  𝑙𝑢𝑖𝑑,𝑐𝑎𝑙 

 [s] Diff. [s] Diff. [%]

08/09/2015 increasing 66.39 56.04 56.75 −0.71 −1.26

stable 61.33 51.53 52.41 −0.88 −1.71

decreasing 62.56 53.48 53.46 0.02 0.03

28/11/2015 increasing 133.30 114.38 114.30 0.08 0.07

stable 128.02 108.01 109.77 −1.76 −1.63

decreasing 103.45 86.26 88.62 −2.36 −2.73
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differences of −1.63% to −1.71%. For increasing and decreasing 

irradiance situations no consistent difference can be observed.

These results show that the small, high-frequency changes in irra­ 

diance on a clear sky day have no disturbing influence on the method 

presented in this paper. The reason for this probably lies in the ther­ 

mal inertia of the system and in the fact that the method determines a 

value for a period of time specified by the fluid transit time. This damp­ 

ens the changes in irradiance, and the disturbances are averaged out. 

Slow changes in irradiance, such as those that occur in the morning 

and evening, lead to a simultaneously changing fluid flow in the system 

control. However, with a comparatively fast measurement time of less 

than two minutes, the measurement method presented is little affected 

by these irradiance changes. In addition, the irradiance does not change 

abruptly. The method presented is therefore also able to determine a 

reliable mean value of the fluid runtime in these situations. This shows 

that differences in the fluid transit time between simulation and those 

calculated from the temperature runtime of considerably less than 3% 

can be achieved. However, it must also be mentioned that although real 

measured and spatially resolved irradiance values are used in these in­ 

vestigations, the parabolic trough system is represented with the help of 

simulation data.

3.5 . Application of the method in the andasol-3 parabolic trough plant

To test the method developed here in a real operating environment, 

defocusing tests from the Andasol-3 power plant, recorded on January 

19, 2023, are used. The solar field of the plant consists of four sym­ 

metric subfields, each consisting of 38 loops and four collectors in each 

loop. During the tests, all first collectors of each loop of the entire so­ 

lar field were defocused simultaneously three times at noon. The first 

time at 12:25, the second time at 13:20, and the third time at 14:10, 

for about 90 s each time. The DNI during the tests is approximately con­ 

stant at 1012, 1016, 1002 W m 

−1  and the HTF flow is also approximately 

constant during each test period.

The defocusing causes a temporary decrease in solar power and 

a temperature drop can be measured in the downstream temperature 

sensors. Fig. 7 shows an example of the temperature signal for one rep­ 

resentative loop. The temperature drops due to the defocusing of the 

first collector (LC11) can also be seen in the following sensors (LD11, 

LD12, LC12) with a time delay. In contrast to the investigations in the 

previous sections, the temperature runtime between the sensors at the 

center of collectors 3 and 4 is used for the evaluation in this section. 

Fig. 7. HTF temperatures measured in the center of the collector and at the outlet 

of the subfield (OutletTemp1), illustrated with data from loop 28 in the south­ 

western subfield. The steep temperature drops in the sensor signals, starting at 

12:25, 13:20 and 14:10, are the result of a defocusing of collector 1.

The distance between these sensors is 150 m, which is covered by the 

correction function described in Section 3.2. The use of collectors 3 and 

4 is necessary because there is a crossover pipe and an extension loop 

between collectors 2 and 3 in the collector loops of Andasol-3, which 

would require new simulations with the VSF model for these specific 

additional pipe sections.

The signal shift of the temperature drops is determined using the 

same procedure as shown in Section 2.3. With the correction term from 

Section 3.2, the fluid transit time 𝑡 𝐹 𝑙𝑢𝑖𝑑 

 and with Eqs. (1) and (2) the 

mass flow of a single loop can be determined.

For the comparison of the method with existing measurements in the 

Andasol-3 solar field, volume flow measurements from ultrasonic flow 

meters at the subfield inlets are available, see [10]. The calculated loop 

flows must therefore be summed up with 

𝑚̇ 𝑠𝑢𝑏𝑓 

= 𝑉̇ 𝑠𝑢𝑏𝑓 ,𝑚𝑒𝑎𝑠 

⋅ 𝜌(𝑇 𝑠𝑢𝑏𝑓 ,𝑖𝑛) =
38
∑

𝑙𝑜𝑜𝑝=1
𝑉̇ 𝑙𝑜𝑜𝑝 

⋅ 𝜌(𝑇 𝑙𝑜𝑜𝑝). (9)

for the entire subfield in order to compare them with the measure­ 

ment data. In this analysis, the mass flow is used because the fluid 

density is temperature-dependent and therefore differs between the two 

measuring points subfield inlet and collector 3–4 with increasing fluid 

temperature. Assuming that the mass flow is conserved within one sub­ 

field, the summed up flow values of the loops and the measured value at 

the subfield inlet can be compared. Fluid densities are calculated using 

a temperature-dependent density correlation from the HTF data sheet 

[21] and temperature measurements at the flow measurement location. 

With the three defocusing procedures in four subfields, a total of twelve 

experiments can be extracted from the data to compare the developed 

procedure with the subfield flow measurements.

A manual review of the 12 experiments × 38 collectors = 456 de­ 

focusing procedures excluded 26 of them for different reasons: in two 

cases, collectors were not defocused; in five cases, the temperature sig­ 

nals were erroneous; and in 19 cases, the temperatures were unstable. 

The transit time measurement method is not applicable in these cases. 

Table 5 shows an overview of the experiments and the data from the 

loops that were filtered out for the investigation. In cases where a fil­ 

ter is applied the flow data is replaced by the calculated flow values 

of the loop on the opposite side of the subfield header. Due to the 

approximately equal pipe length from the entrance of the subfield, it 

is assumed that comparable flow conditions prevail in the opposite 

loops.

Fig. 8 shows the comparison of the mass flow calculated with the time 

offset method compared to the measured values at the subfield entrance. 

The time offset method follows the variation of the mass flow in the 

different experiments very well, but it systematically underestimates the 

values across all experiments. This results in error metrics root mean 

squared error 𝑅𝑀𝑆𝐸 = 8.22 kg s 

−1  and 𝑀𝐴𝑃 𝐸 = 6.15%. 

Table 5 

Overview of defocusing experiments performed at the Andasol-3 plant on 

January 19, 2023. Calculated flow rates of the filtered loops are replaced by 

the flow rates of the opposite loops.

Experiment Subfield Time Filter applied to loop number

1 1 12:25 1: not defocused; 11: instable temperature

2 1 13:20 1: not defocused; 24, 36, 30: instable temperature

3 1 14:10 26, 36: instable temperature

4 2 12:25 23,28: instable temperature; 37: erroneous signals

5 2 13:20 5, 23: instable temperature; 37: erroneous signals

6 2 14:10 5: instable temperature; 37: erroneous signals

7 3 12:25 20: erroneous signals

8 3 13:20 29: instable temperature

9 3 14:10 no filter required.

10 4 12:25 22: erroneous signals

11 4 13:20 26, 29, 34, 36: instable temperature

12 4 14:10 17, 21, 29: instable temperature
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Fig. 8. Mass flow in the subfield calculated using the time offset method com­ 

pared to flow meter readings. Error bars of flow meter readings according to 

[10], error bars of the time offset method according to uncertainty estimation 

in Appendix A.

Fig. 9. Deviation of subfield mass flow calculated with the time offset method 

𝑚̇ 𝑡𝑜𝑚 

 and flow measurement 𝑚̇ 𝑠𝑢𝑏𝑓 

 over the mean of these values. Dashed lines in­ 

dicate mean offset and ±1.96 times the standard deviation of the mean. Numbers 

indicate the experiment number.

The deviation of the mass flow values can be investigated in detail 

with a scatter plot of the deviations over the mean values, see Fig. 9. 

The scatter plot shows a systematic offset of approx. 7.9 kg s 

−1  between 

measured and calculated data. Despite this offset all values are within 

the 95% confidence interval between the boundaries of ±1.96 times the 

standard deviation of the mean. This demonstrates the good agreement 

between the mass flow determined using the time offset method and the 

measured mass flow. 

This first application of the flow determination method to a commer­ 

cial parabolic trough power plant during operation shows the feasibility 

of the procedure and a good agreement with the measured subfield mass 

flows. The procedure shows a systematic deviation in all experiments ex­ 

amined. Two fundamental sources of error come into consideration for 

these deviations:

• Uncertainty of the fluid density, which is needed to determine the 

mass flows. Data from the HTF data sheet [21] are used here, as there 

were no recent laboratory measurements of the density available.

• Uncertainty of the flow meter installed at the subfield inlet of the 

Andasol-3 plant. No recent calibration is available for this instru­ 

ment.

The investigation of these influences can be the subject of future studies. 

Taking into account the subfield flow measurements, an additional lin

ear correction can be applied to the results of the time offset method and 

the deviation can be reduced to very low values of 𝑅𝑀𝑆𝐸 = 2.48 kg s 

−1 

and 𝑀𝐴𝑃 𝐸 = 1.74 %.

­ 

These tests are the first validation of the developed process in a

realistic application scenario at a commercial parabolic trough power 

plant.

 

3.6 . Impact of the temporary defocusing on plant operation

Within this paragraph the influence of the temporary defocusing on 

plant operation is investigated on the basis of three effects: The reduction 

in solar energy yield due to defocusing, the influence on the outlet tem­

perature in the subfield due to the temperature drops, and the change 

in volume of the HTF due to the temperature change.

During the defocusing procedure the first collector is rotated out of 

focus and the solar energy is no longer concentrated on the absorber 

tube of the first collector. For a typical solar field with four collectors in 

one loop, the energy input is reduced by 25% during the defocusing. For 

a simple estimate, a constant irradiation over ten hours is assumed. With 

a defocus procedure of 90 s every 30 min, the energy yield decreases by 

1.25% during the day. This value is considered to be negligibly small 

because the process can be combined with dumping processes, making 

the losses irrelevant.

The influence of the defocusing procedure on the outlet temperature 

in the subfield is due to the fact that after the HTF has run through 

the individual loops, it is collected in the subfield header pipe. Due to 

the different pipe lengths, seen from the subfield entrance, the tempera­ 

ture drops overlap with a time delay and only a slight temperature drop 

can be measured at the subfield outlet. The influence of the defocusing 

method on the outlet temperature in the subfield can be seen in Fig. 7 

for subfield 1. The moderate temperature decrease is in the range of 2 K 

within 5 min, followed by an increase to the initial value. This temper­ 

ature decrease is within the range of usual fluctuations, as they can also 

arise from changing cloud situations, and therefore does not indicate 

any danger for safe solar field operation.

Another effect that must be taken into account in this process is the 

influence of the short-term temperature change on the fluid volume and 

the associated influences on the flow velocity. The temporary defocus­ 

ing partly halts the thermal expansion of the fluid as it flows through 

the loop. This can reduce the volume flow in the other loops of the sub­ 

field and can lead to a short increase in HTF temperature due to the 

flow reduction. On the basis of the non-defocused loop 1 in experiment 

1 and 2 (see Table 5), a temperature increase of approx. 9 K can be ob­ 

served on the first collector, while the other collectors in the subfield are 

temporarily defocused. In the worst case, this short-term temperature in­ 

crease can lead to overheating of the fluid or to a safety defocusing. To 

prevent this, the defocusing in the solar field should be carried out with 

a time delay so that there are no superimposed effects of the change in 

volume of the fluid. It is assumed that this effect is smaller in systems 

with solar salt due to a lower temperature-dependent density change of 

the fluid.

4 . Conclusions

The absence of flow measurements in typically instrumented 

parabolic trough loops makes it impossible to easily determine flow 

for the purpose of calculating the performance of a loop. The proof-

of-concept study presented in this paper uses the temperature sensors 

at the collectors to measure the runtime of a temperature signal and 

infer the runtime of the fluid. It is therefore not dependent on addi­ 

tional measurement instrumentation and only requires data analysis 

Solar Energy 304 (2026) 114194 

9 



A. Brenner, T. Hirsch, M. Röger et al.

using the available measurement equipment. The approach can there­ 

fore be applied to existing parabolic trough loops at nearly no additional 

cost.

The method was validated in a realistic application scenario with 

data from the parabolic trough power plant Andasol-3 and shows a mean 

absolute percentage error of 6.15% compared to the measured subfield 

mass flow. If the goal is only the relative distribution of the mass flow 

in the individual loops, the error of the method is smaller, since uncer­ 

tainties are canceled out for identically constructed loops. The use of 

a correction function that takes into account the influences of the pipe 

wall substantially improves the results, especially for thermal oil. If the 

temperature runtime is directly used as surrogate for the fluid runtime 

the error would be too large to be used for the determination of the fluid 

runtime. The method was developed based on a large number of tran­ 

sient simulations and validated using subfield flow measurements. The 

simulation-based approach avoids the need for individual calibration of 

the correction function, which would otherwise have to be repeated for 

each new configuration. The simulations include simplifications of the 

processes in a parabolic trough loop. Although the simplifications are 

considered to be of minor importance, it is a logical next step to vali­ 

date the results of this study with flow measurements at each loop in a 

parabolic trough field under realistic operating conditions.

The results from this paper can be used in both parabolic trough 

and linear Fresnel systems, but may also be applied to other pipe flows 

in process engineering applications. The determination of absolute val­ 

ues of the fluid runtime using a correction function or using one of the 

practitioner plots only requires an accurate measurement of the temper­ 

ature runtime. This approach has the potential to help plant operators 

measure flow in the loops without the need to install additional costly 

measurement equipment.
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Appendix A.  Uncertainty analysis for volumetric flow calculations

In order to estimate the uncertainties associated with the approach 

in this work, typical uncertainties of a field measurement are used in the 

following and a combined standard uncertainty is determined.

The presented approach has two basic sources of uncertainty. On the 

one hand the uncertainty of the generated linear regression model and 

on the other hand the uncertainty of the parameters used in the model. 

The latter depends in the real application on the measurement equip­ 

ment and components used and is carried out within this first theoretical 

estimation with typical uncertainty values for the respective measurand.

The uncertainty of the linear regression fit from Eq. (5) with the 

coefficients for thermal oil in Table 2, and for molten salt in Table 3 

is calculated using the GUM approach [25]. In this approach, the un­ 

certainties of all input variables are used in a measurement model to 

determine their effect on the final quantity being searched for. The calcu­ 

lation of uncertainty is conducted under the assumption of uncorrelated 

input quantities and under the assumption of a worst-case scenario. This 

means that from the multiple simulations, the value chosen is the one 

that has the largest negative influence on the combined uncertainty. The 

results with an irradiation of 800 W m 

−2  and collector lengths of 150 m 

for oil systems and 190 m for molten salt systems are used. The com­ 

bined standard uncertainty of 𝑡 Fluid 

 has a confidence interval of 68.3% 

and is calculated by 

𝑢 c 

(𝑦) =

√

√

√

√ 

𝑁
∑

𝑖=1

(

𝜕𝑓
𝜕𝑥 𝑖 

) 2
𝑢 

2 (𝑥 𝑖). (A.1) 

𝜕𝑓
The partial derivative , also called sensitivity coefficient, is calculated 𝜕𝑥𝑖 
for each component of Eq. (5). They describe how the output 𝑡 Fluid 

 varies 

with changes in the values of the components of Eq. (5). The uncertainty 

corresponding to each component is 𝑢(𝑥 

 

). The uncertainty estimation is 𝑖
calculated using the Python symbolic mathematics library SymPy [26].

With 𝐶 vol 

= 𝑐 p,Pipe 

⋅ 𝜌 Pipe the combined standard uncertainty 𝑢 𝑐 

(𝑡Fluid 

 

)
for uncorrelated input quantities is given by 

𝑢 c 

(𝑡 Fluid 

) =

√

√

√

√

√

𝑐21𝑢 

2 

𝑡 Temp
+ 𝑐 

2
2𝑢 

2
l + 𝑐 

2
3𝑢 

2
Δ𝑇 + 𝑐 

2 

4𝑐 

2 

p,Pipe𝑢 

2
𝜌 Pipe

+ 𝑐 

2
4𝜌

2
Pipe𝑢 

2 

𝑐 p,Pipe

+ 𝑐 

2
p,Pipe𝜌

2
Pipe𝑢 

2
c4 + Δ𝑇 

2 𝑢 

2
c3 + 𝑙 

2 𝑢 

2
c2 + 𝑡 

2
Temp𝑢 

2
c1 + 𝑢 

2
c0

.

(A.2) 

For the calculation of the combined standard uncertainties of 𝑡Fluid  for 

Therminol VP-1 and Solar Salt the uncertainties of each influencing 

parameter together with the sensitivity coefficients are summarized in 

Table A.6. For 𝑐 p,Pipe 

 and 𝜌 Pipe 

 an uncertainty of 1% of the quantity’s 

value is assumed, for 𝑙 and 𝑡 Temp 

 an uncertainty of 0.01 m and 1 s is 

assumed to be achievable. These assumptions take into account that the 

steel used is standardized and has a fixed material composition, and 

that length and temperature measurements can be made with great pre

cision even with simple measuring technology. The minimum value for 

Δ𝑇  is chosen as it represents scenarios with the largest uncertainty. The 

uncertainty of temperature sensors is mainly caused by the absolute

­ 

Table A.6 

Parameters for uncertainty estimation of 𝑢c  

(𝑡Fluid ) for Therminol VP-1 and Solar 

Salt. In both cases the measurement of the time difference of the temperature 

signals 𝑡T emp has the largest influence.

Quantity Value 𝑢(𝑥 𝑖)
𝜕𝑓
𝜕𝑥 𝑖

𝑢 abs 𝑢r el [%]

Therminol VP-1

𝑐 p,Pipe 570.0 5.7 −1.84e-2 1.05e-1 8.19%

𝜌 Pipe 8600.0 86.0 −1.22e-3 1.05e-1 8.19%

Δ𝑇 5.37 1.05 −4.15e-2 4.34e-2 3.39%

𝑙 150.00 0.01 −5.64e-3 5.64e-5 0.00%

𝑡 Temp 57.6 1.0 8.59e-1 8.59e-1 67.07%

𝑐 0 1.03e+1 6.03e-2 1.00 6.03e-2 4.71%

𝑐 1 8.59e-1 3.07e-4 5.76e+1 1.77e-2 1.38%

𝑐 2 −5.64e-3 3.21e-4 1.50e+2 4.82e-2 3.76%

𝑐 3 −4.15e-2 4.51e-4 5.37 2.42e-3 0.19%

𝑐 4 −2.14e-6 8.12e-9 4.90e+6 3.98e-2 3.11%

Solar Salt

𝑐 p,Pipe 570.0 5.7 −4.86e-2 2.77e-1 8.03%

𝜌 Pipe 8600.0 86.0 −3.22e-3 2.77e-1 8.03%

Δ𝑇 10.53 1.22 2.07e-2 2.52e-2 0.73%

𝑙 190.0 0.01 1.73e-2 1.73e-4 0.01%

𝑡 Temp 163.0 1.0 1.00 1.00 29.12%

𝑐 0 8.64 6.69e-1 1.00 6.69e-1 19.40%

𝑐 1 1.00 1.30e-3 1.63e+2 2.12e-1 6.14%

𝑐 2 1.73e-2 2.69e-3 1.90e+2 5.12e-1 14.85%

𝑐 3 2.07e-2 2.54e-3 1.05e+1 2.68e-2 0.78%

𝑐 4 −5.65e-6 9.08e-8 4.90e+6 4.45e-1 12.91%
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temperature value. With a small Δ𝑇  the temperature within the fluid 

is maximized during defocusing and with that the uncertainty is maxi

mized. 𝑢(Δ𝑇 ) is calculated according to the scenario for HTF temperature

difference using built-in sensors from [

­

 

27]. The uncertainties for the

coefficients of the linear regression fit 𝑐0  

 

,… , 𝑐4 

 are determined with a 

68.3% confidence interval as shown in 

 

Tables 2 and 3.

The relative uncertainty contribution 𝑢 rel 

 from Table A.6 indicates 

which of the quantities is mainly responsible for the overall combined 

uncertainty. For both fluids 𝑡 Temp 

 has the largest influence, while the ef­ 

fect is even more obvious for Therminol VP-1. This result is in agreement 

with the statistical analysis in Table 2, where 𝑡T emp was also identified 

as the most important parameter for the linear regression model. This 

shows that improving the determination of the time difference of the 

temperature signals has the greatest potential to reduce the combined 

uncertainty 𝑢𝑐 (𝑡Fluid 

  

) of the calculated fluid runtime.

The volumetric flow can be calculated by the the volume 𝑉  of the 

pipe between the two collectors divided by the calculated fluid runtime 

𝑡 Fluid 

, see Eq. (1). For the calculation of the combined uncertainty 𝑢 c(  

 

𝑉̇ )
the uncertainty of 𝑑i  

 needs to be included in addition to the quantities for 

the calculation of 𝑢 c(𝑡Fluid  

  

). The uncertainty of the inner diameter 𝑢(𝑑i 

) is 
estimated using the specifications for the outer diameter of the receiver 

tube 𝑑 o = 70 mm ± 0.3 mm and the wall thickness 𝑠 = 2 mm ± 0.2 mm 

given for a RIOGLASS PTR® 

  70-4 G Receiver [28]. The manufacturing 

tolerances of the receiver tubes are taken into account with a rectangular 

probability distribution. The combined uncertainty 𝑢 c(𝑉̇ 

 ) is then calcu

lated as shown in 

­

Eq. (A.3). The uncertainty contributions are given in 

Table A.7. For Therminol VP-1 the measurement of the time difference 

of the temperature signals 𝑡 Temp 

 has the largest influence. For Solar Salt 

the inner pipe diameter 𝑑i  

 has the largest influence on the combined 

uncertainty.

With the uncertainty contributions and sensitivity coefficients pre­ 

sented above, the combined standard uncertainty according to Eqs. (A.2) 

and (A.3) can be determined to the values given in Table A.8. The rela­ 

tive values refer to average fluid runtimes 𝑡Fluid 
 

 

(Therminol VP-1) = 48.1 s

and 𝑡  
 Fluid 

(Solar Salt) = 148.2 s, as well as the minimal volumetric flows 

Table A.7 

Parameters for uncertainty estimation of 𝑢 c(𝑉̇ 

 ) for Therminol VP-1 and Solar 

Salt. For Therminol VP-1 the measurement of the time difference of the temper

ature signals 𝑡T emp 

 has the largest influence. For Solar Salt the inner pipe diameter 

𝑑i  has the largest influence on the combined uncertainty.

­ 

Quantity Value 𝑢(𝑥 𝑖)
𝜕𝑓
𝜕𝑥 𝑖

𝑢 abs 𝑢 rel [%]

Therminol VP-1

𝑐 p,Pipe 570.0 5.7 4.06e-6 2.32e-5 6.15%

𝜌 Pipe 8600.0 86.0 2.69e-7 2.32e-5 6.15%

Δ𝑇 5.37 1.05 9.18e-6 9.60e-6 2.55%

𝑙 150.00 0.01 7.22e-5 7.22e-7 0.19%

𝑑 i 0.066 2.89e-4 3.23e-1 9.31e-5 24.73%

𝑡 Temp 57.6 1.0 −1.90e-4 1.90e-4 50.35%

𝑐 0 1.03e+1 6.03e-2 −2.21e-4 1.33e-5 3.54%

𝑐 1 8.59e-1 3.07e-4 −1.27e-2 3.91e-6 1.04%

𝑐 2 −5.64e-3 3.21e-4 −3.31e-2 1.06e-5 2.82%

𝑐 3 −4.15e-2 4.51e-4 −1.19e-3 5.35e-7 0.14%

𝑐 4 −2.14e-6 8.12e-9 −1.08e+3 8.80e-6 2.34%

Solar Salt

𝑐 p,Pipe 570.0 5.7 1.44e-6 8.21e-6 5.83%

𝜌 Pipe 8600.0 86.0 9.55e-8 8.21e-6 5.83%

Δ𝑇 10.53 1.22 −6.14e-7 7.47e-7 0.53%

𝑙 190.0 0.01 2.26e-5 2.26e-7 0.16%

𝑑 i 0.066 2.89e-4 1.33e-1 3.84e-5 27.27%

𝑡 Temp 163.0 1.0 −2.98e-5 2.98e-5 21.13%

𝑐 0 8.64e+0 6.69e-1 −2.96e-5 1.98e-5 14.08%

𝑐 1 1.00e+0 1.30e-3 −4.83e-3 6.27e-6 4.45%

𝑐 2 1.73e-2 2.69e-3 −5.63e-3 1.52e-5 10.78%

𝑐 3 2.07e-2 2.54e-3 −3.12e-4 7.94e-7 0.56%

𝑐 4 −5.65e-6 9.08e-8 −1.45e+2 1.32e-5 9.37%

Table A.8 

Combined uncertainty of calculated fluid runtime 𝑢 c 

(𝑡 Fluid 

) and volumetric 

flow 𝑢 c(𝑉̇ 

 ) for Therminol VP-1 and Solar Salt.

Therminol VP-1 Solar Salt

absolute relative absolute relative

𝑢c (𝑡 Fluid 

) 0.88 s 1.82% 1.45 s

5.77 × 10−5 

  m s−3 

 

0.98%

𝑢c (𝑉̇ 

 ) 2.15 × 10−4 

  m s−3 

 2.02% 1.32%

𝑉̇ 

 (Therminol VP-1) = 0.0107 m 

3 s 

−1  and 𝑉̇  

 Solar Salt 

= 0.0044 m 

3 s 

−1  used in 

the worst-case scenario.

The combined uncertainties 𝑢 c(𝑉 ̇  ) of the presented approach are 

three to four times larger than the uncertainties reported for flow mea

surements with a vortex flow meter 𝑢 c 

(𝑉̇ Vortex) ≈ 0.4%, as described by 

­ 

[27]. Calculating the mass flow with the given approach further in­ 

creases the combined uncertainty since the determination of the fluid 

density is also subject to uncertainty. Assuming an uncertainty of 1% 

for the fluid density leads to the uncertainties shown in Fig. 8, with 

the fluid density accounting for one-third of the combined uncertainty. 

However, considering that the approach is not used as a replacement 

for an existing measurement system, but provides a way to determine 

the volumetric flow only with the built-in measurement equipment, the 

uncertainties appear acceptable.

Calculation of the combined uncertainty of the volumetric

flow 𝑢 c(𝑉̇ 

 ): 

𝑢 c(𝑉̇ ) = 1.571 
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