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Abstract: The presented review gives reliable information about the currently used measurement
instrumentation in parabolic trough fields and recent monitoring approaches. The usually built-in
measurement equipment in the solar field, clamp-on systems for flexible measurements of tempera-
ture and flow, solar irradiance measurements, standard meteorological equipment, laboratory devices
for heat transfer fluid analyses and instruments related to the tracking of solar collector assemblies
are presented in detail. The measurement systems are reported with their measurement uncertainty,
approximate costs and usual installation location for the built-in instrumentation. Specific findings
related to the installation and operation of the measurement devices are presented. The usually
installed instrumentation delivers a lot of measurements all over the field at the expense of mea-
surement accuracy, compared to special test facility equipment. Recently introduced measurement
approaches can improve the standard instrumentation in terms of accuracy, frequency, spatial distri-
bution or can even extend the amount of measurands. The information about available measurands
is the basis for future operation and maintenance solutions based on data-driven approaches.

Keywords: concentrating solar power; measurement instrumentation; sensor; parabolic trough;
condition monitoring; measurement uncertainties

1. Introduction

With the ongoing discussion of climate change and the shift toward electric mobility,
renewable energy sources are more in the focus than ever before. An established source of
renewable energy with the capability to deliver dispatchable electricity is concentrated solar
power (CSP). There is a variety of different types of CSP plants, which can be categorized
according to their focus type into point focus and line focus designs. Solar towers and
parabolic dish systems correspond to the first group, whereas linear Fresnel and parabolic
trough plants are line focus designs. Today, over 6.2 GW of CSP plants are operating,
whereas parabolic troughs have the largest share [1]. The importance of monitoring is
increasing with the number of plants. Most of these plants are in the power range of about
50 to 150 MW and can be divided into the following functional units: solar field, thermal
storage and power block, see Figure 1. The solar field collects energy in the form of thermal
energy in a heat transfer fluid (HTF). The power block converts the thermal energy into
electric energy. The power block is comparable to conventional Rankine cycle power plants.
This also holds for its measurement equipment. Thus, the focus for this publication is on
the solar field. A solar field able to deliver thermal power of about 250 MW has a spatial
extension of about 1.5 × 1.5 km2. At this size, the solar field is typically divided into four
subfields, connected via cold and hot header pipes to the power block, see Figure 1 bottom
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right. The color gradient from blue to red shows the heating of the HTF in each loop. The
complete solar field usually consists of over 150 collector loops with four to six collectors
per loop. The measurement equipment in the solar field is installed in every collector of
every loop. In addition, there is measurement equipment for every subfield. This setup
leads to approx. 2000 measurement channels required for an entire field.

Figure 1. Parabolic trough overview, single collector structure in side view (left), solar collector assembly in front view (top right),
whole solar field with typical H-layout in top view (bottom right).

Present solar power plants are equipped with a variety of different measurement sen-
sors. Currently, the sensors are mainly used to deliver input data for a certain control task in
the field. Trends for improved solar field operation, such as process monitoring and process
optimization, assign the sensors an additional task. The reason for this is that the operators
are forced to deliver electricity at constantly decreasing market prices. The 2030 cost target
of the US department of energy (DOE) emphasizes this trend with a levelized cost of
electricity (LCOE) for baseload CSP of USD 0.05/kWh [2]. As a consequence, the operators
need to maximize the efficiency of their plants. Artificial intelligence (AI) approaches for
monitoring and optimization are one of the biggest trends for yield maximization. These
big data approaches usually use the already implemented measurement instrumentation
as a basis. This helps to keep the costs as low as possible and maximizes the benefits from
improved operation strategies. As a result, knowledge about the strengths and weaknesses
of current measurement instrumentation is crucial for the development and implementa-
tion of big data techniques. In the current literature, there is no comprehensive summary
on the built-in instrumentation and no overview on recent measurement approaches. This
presented review paper tries to fill this gap and concentrates on the following questions:



Energies 2021, 14, 7166 3 of 26

(Section 2) What measurement equipment is usually installed in the fields? (Tables 1–4)
What is the accuracy of the used instrumentation? (Section 2.2) Where are the instruments
located in the field? (Section 3) How can new approaches change solar field monitoring?

2. State of the Art Measurement Equipment

In the following paragraph, the built-in measurement equipment in a parabolic trough
collector field is presented. This section covers a broad variety of plant layouts typical
for today’s CSP projects. The first, Section 2.1, introduces the measurement equipment
for gathering the most important measurands in the solar field. It includes a table for
comparing the measurand, the used measuring device, the expected accuracy and a rough
estimation of the overall costs for in-field installation. Section 2.2 gives an overview on the
location of the used measurement instrumentations.

The information compiled in this chapter is based on literature references, on unpub-
lished material available to the authors and personal experience from cooperation with the
respective industry. It, thus, reflects the best available information to the authors.

2.1. Measurement Equipment Characteristics

Most of the measurement devices in parabolic trough fields are standard industry
measurement equipment. Table 1 presents the recorded measurands, the commonly used
equipment and its accuracy. The table is completed by a cost indication. This is important to
consider when designing new process monitoring concepts, if an additional measurement
instrumentation is required.

Measurement systems usually consist of multiple separate elements. The first ele-
ment is the sensor. The signal can be transformed, amplified, transmitted and digitized
afterwards. Every part of this measurement chain is prone to error. The term transducer
describes the combination of a sensor and a conversion element, the term transmitter stands
for a transducer and signal processing, see Figure 2 [3].

Figure 2. Measurement chain from sensor to measurement output.

If corresponding literature was found, the accuracy of the measurands is given as the
overall accuracy of the whole measurement chain. Otherwise, only the accuracy of the sensor
itself is listed, since it is presumed that the sensor has the highest influence on the overall
uncertainty. An important point to mention is the trade-off between cost and accuracy, which is
always present in the built-in instrumentation, as well as in the measurement instrumentation
for test facilities. Every built-in measurement system fulfills a certain task in the solar field,
usually a control task. Therefore, the numerous built-in measurement systems might primarily
be chosen by the lowest possible cost and secondly by the achievable accuracy. In test facilities
with higher requirements on accuracy and a lower number of sensors, the costs are less
important and accuracy requirements are dominant.

The costs for the sensor implementation in the solar field can be divided into sensor
costs and implementation costs. The sensor costs for different measurands vary a lot,
e.g., between a few euros for a thermocouple and thousands of euros for a Coriolis flow
meter. The implementation costs depend mostly on the location of the sensor in the field,
e.g., if special construction works and cabling are needed to connect the sensor to field
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cabinets and finally to the central control station, the costs are much higher. The cost for
the software licenses and software implementation in the control room is a significant
factor in the overall implementation cost. Every implementation task needs staff, and
the wages differ much from country to country. In order to enable a comparison of the
different measurement instrumentation, only the approximate transmitter cost is listed in
the following tables. The rules of thumb from process engineering show that an average
total cost for the control system is ~EUR 2000 per solar collector assembly (SCA). Local
control and superordinate field control have almost the same share in the total costs.
Installing measurement instrumentation after commissioning is usually very expensive and,
therefore, not recommended. Dependent on the sensor type and the foreseen infrastructure,
the costs for subsequently installed instrumentation can vary between hundreds of euros
and tens of thousands of euros.

2.1.1. Uncertainty Measures

As far as possible, the uncertainty u of the measurements is given in combined
standard uncertainties, indicated with index c (uc(y)), according to the Guide to the
expression of uncertainty in measurement (GUM) [4]. The standard uncertainty is the
“uncertainty of the result of a measurement expressed as a standard uncertainty” [4]. The
combination of uncertainties can be further divided into the case of uncorrelated and
correlated input quantities. If two or more input quantities are related, the correlated case
is relevant. If not explicitly stated, the input quantities are assumed to be uncorrelated in the
following. The combined standard uncertainty can then be calculated with the functional
relationship f of the input quantities according to Equation (1). The combination of
uncertainties is needed for the calculation of the uncertainty budgets from the measurement
chain, e.g., resistance temperature measurement from sensing element to measurement
output in ◦C, as well as for the calculation of a target quantity based on other measurements,
e.g., mass flow calculated from volumetric flow and temperature dependent fluid density.
Within the GUM, the standard uncertainty can be evaluated with Type A, which is based on
knowledge from repeated measurements. That means the standard uncertainty is given by
a “probability density function” from an “observed frequency distribution” [4]. The Type B
evaluation is based on previous measurements, experience with materials and instruments,
manufacturer’s specifications, data from calibration and uncertainties assigned to reference
data from handbooks. That means the standard uncertainty is given by all the available
information describing the variability of an input quantity [4]. The appropriate use of
the given information requires experience and knowledge about the underlying physical
effects. Type B evaluations are needed since a laboratory has limited time and resources for
an exhaustive statistical investigation of the causes of uncertainties.

u2
c(y) =

N

∑
i=1

(
∂ f
dxi

)2
u2(xi) (1)

The expanded uncertainty, with capital letter U, is defined by multiplying uc(y) by
a coverage factor, k. Within this publication, the coverage factor is k = 2 or, in another
notation, 2 σ. This coverage factor, together with a normal distribution, has a level of
confidence of approx. 95% for the result of the measurement.

2.1.2. Temperature Sensors

The first group of sensors are HTF temperature measuring devices that represent the
majority of the temperature measurements in the solar field. The common practice for
installing HTF temperature instrumentation within the field is a wetted integration of the
sensor with an open thermowell or an embedded installation with a closed thermowell,
see Figure 3. The wetted type has better contact to the fluid and provides more accurate
measurements and a faster response time than the embedded type. However, the wetted
type has a higher risk of leakage due to the direct fluid contact. The operating pressure
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and the corrosiveness of the fluid limit the installation with open thermowells [5]. The
replacement of a wetted sensor requires depressurization or draining of the corresponding
pipe section and, therefore, leads to a system downtime. The material of the sensing
probe might not be resistive against corrosion in plants with molten salt HTFs [6]. Closed
thermowells, therefore, protect the sensing element in such aggressive environments. The
sensor location can influence the measurement error significantly higher than the error
tolerance given by the instrument’s manufacturer [5,7].

Figure 3. Temperature sensor installations shown without insulation, (a) wetted integration, (b) embedded installation,
(c) clamp-on sensor, figure inspired by [7].

Besides the permanently installed temperature sensors, clamp-on sensors are often
used for temporally limited, special measurement events such as the recalibration of exist-
ing sensors, performance and acceptance testing or troubleshooting during operation [7].
They have the advantage of being highly flexible and the HTF cycle stays unaffected. The
clamp-on sensors are located on the outside of the pipe and measure the pipe temperature
at this position, see Figure 3. To determine the HTF temperature, a correction function
has to be applied. In the case of Nouri et al. [7], a polynomial correction function from
experimental data with typical solar field parameters was carried out. In addition, a correc-
tion via dimensional analysis for more general applications was performed. In order to
maintain turbulent flow for the application of clamp-on temperature devices, the Reynolds
number (Re) needs to be kept in temperature dependent limits. For typical loop-inlet and
-outlet temperatures for thermal oil solar fields (Tin ≈ 300 ◦C, Tout ≈ 390 ◦C), the limits
are Re(Tin) = 1.5× 105 and Re(Tout) = 2× 105 [7]. For a correct attachment, the pipe
insulation needs to be removed to place the sensor on the bare tube. Insulation and a shield
may be applied to minimize heat losses to the environment. Clamp-on devices as well as
permanently installed temperature measurement instrumentation usually include a Pt-100
sensor [8] or a thermocouple [9], with different sensor classes according to the requirements
of the measurement. Pt-100 stands for a resistance temperature device with platinum as
the sensor material and nominal resistance of 100 Ω at 0 ◦C. With higher temperatures, the
resistance rises non-linearly with approx. 0.385 Ω/◦C [3]. The resistance thermometers are
classified according to their accuracies and temperature ranges in class AA, A, B, or C [8],
where AA is the class with the highest accuracy, but lowest operating temperature. For
class B, some manufacturers defined the extended tolerance classes as 1/3, 1/5 or 1/10
with reduced deviations. With higher temperatures, the uncertainties from the sensor rise.
For Pt-100 Type A, the permissible deviation is± (0.15 + 0.002× T); for 1/10 Type B,±1/10
(0.3 + 0.005 × T) is allowable [8]. Therefore, the temperature of the uncertainty evaluation
is stated as well in Table 1. The temperatures are typical loop inlet Tin and outlet Tout set
point temperatures for a thermal oil solar field loop. Thermocouples are pairs of metals
connected in a closed circuit. Due to the thermoelectric effect, a temperature-dependent
electromotive force in the form of an electric voltage can be measured. According to the
combination of materials, the thermocouples have different measuring ranges, sensitiv-
ities and accuracies. The types are named with different letters. The often-used type K
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thermocouples have a measurement sensitivity of approx. 41 µV/◦C [3]. With higher
temperatures, the uncertainties from the sensor rise. For type K, class one thermocou-
ples, the permissible deviation is ±1.5 ◦C or ±(0.004 × T) [9]. For class two, ±2.5 ◦C or
±(0.0075 × T) is allowable [9]. In both cases, the higher value is valid.

The accuracy of both sensors is, in the first place, a result of the measurement principle
and, secondly, depends on the sensor class [10]. Roughly speaking, for highly precise mea-
surements, the Pt-100 type is used, whereas thermocouples are applied for less demanding
measurements. In general, the accuracy of a measurement can be improved by calibrating
the sensor. For calibration, the thermometer is placed in a temperature-controlled envi-
ronment together with a reference instrument, whose calibration is traceable to reference
standards [3]. These reference standards are defined by the triple points, melting points
or freezing points of selected substances. With this calibration procedure, the offset from
the instrument to standard specifications can be quantified. However, it is often found
in practice that sensors are calibrated during installation, but no re-calibration is carried
out during the operation time of the plant. All the measured sensor values are influenced
by drift over time. The rate can vary due to drift impact factors in the HTF environment
(e.g., high temperatures, high temperature gradients, long operating duration, mechanical
or chemical impacts). Thermal or mechanical stresses can lead to permanent changes in
the sensor material. Chemical impacts can lead to contamination of the sensor material
and therefore, slightly change the electrical properties of the material. Besides the sensor
element itself, changes due to corrosion in the cabling can also lead to drifts in the tempera-
ture signal. This leads to a general decrease in the measurement accuracy over time [11].
A re-calibration should be carried out according to the needs of measurement accuracy
and the occurrence frequency of the mentioned drift impact factors [11]. For yield mea-
surements and test facilities, a re-calibration should be carried out at least every two years,
if reliable measurements are needed. The sensors should be calibrated at a temperature
level that corresponds to the temperatures during operation. Fixed installations of process
instruments make re-calibrations difficult. In this case, the instruments may be calibrated
in their operation position with a reference instrument [3]. In contrast to the recommended
operation time between calibrations, the built-in sensors often stay in the field until they
fail without being re-calibrated [12]. An example for mechanical induced drift is given
in [7]. In this context, Nouri et al. [7] found out that the bending of a Pt-100 sensor sheath
can lead to an underestimation of the temperature of about 0.2 K at 400 ◦C. In this case, a
re-calibration is recommended. In summary, the common practice of re-calibration differs
a lot from the recommended procedure. This opens potential for improvement for more
accurate measurements without a change in the instrumentation itself.

In the application of parabolic trough plants, temperature transducers with uncertain-
ties of up to 1% of the measured value are acceptable. The savings from using cheaper
transducers with a higher uncertainty does not compensate the problems that can occur in
the system control, e.g., stabilizing the loop outlet temperature. For yield measurements
and test facilities, higher accuracies are needed. These can be achieved with the choice
of a Pt-100 thermometer and a sensor class corresponding to the temperature range and
accuracy requirements. Frequent re-calibration, depending on the instrument’s operating
environment, is necessary to maintain the accuracy of the transducer.

2.1.3. Mass and Volume Flow Meters

The second group are flow meters, which can be divided according to the measurement
principle into volumetric flow meters and mass flow meters. In most of the applications,
the interesting quantity is the mass flow. If the flow is measured via volumetric flow
meters, the corresponding mass flow has to be calculated by means of the fluid density.
The density mainly depends on the temperature. Many devices are, therefore, equipped
with an additional temperature sensor. Measurement uncertainty values thus consider
the additional uncertainty originating from the conversion from volumetric to mass flow.
This includes the uncertainty for temperature measurement and temperature-density
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correlations [12]. The volumetric flow meters used in parabolic trough field applications
are vortex, ultrasonic and pressure-drop flow meters, see Figure 4.
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The principle of vortex flow meters is based on the measurement of the frequency
of triggered vortexes in the flow. The vortexes appear due to a special structure inserted
into the flow path. Vortex flow meters are the usual choice for built-in instrumentation in
plants with thermal oil as the HTF. They can also withstand the higher temperatures in
plants with salt as the HTF, but long-term experiences in salt HTF circuits are still under
investigation. Vortex flow meters have the advantage of causing low pressure drops and are
suitable for large flow rates and pipe diameters [13]. Ultrasonic flow meters are based on
the travel-time measurement of sound through the fluid. They do not need an installation
inside the pipe and, therefore, can measure through the pipe wall. This makes them much
more flexible and independent from the used HTF than in-pipe installations such as vortex
flow meters. They are usually used for clamp-on devices with varying measurement
locations in the field [12]. Clamp-on devices are rather used by experts. Data about the
pipe material and wall thickness are needed and a correct and reproducible attachment of
the device on the pipe surface is crucial. The pipe diameter to pipe wall thickness ratio D/t
should not be under 10 and the axial and angular placement of signal transducers should
be according to the devices’ specifications [14]. The coupling between the transducers and
the pipe can be realized with coupling pads, gels or grease. The measurement principle of
the pressure drop flow meters is based on an induced pressure drop, e.g., caused by an
orifice. The measured pressure across the orifice provides information about the volumetric
flow. Due to the significant pressure loss, this type of flow meter is rather used for low
viscosity fluids and not in plants where thermal oil is used as the HTF. The only flow
meter, which is directly measuring the mass flow, is the Coriolis type. The measurement
principle is based on the Coriolis force, which acts on objects in a rotating reference system
moving non-parallel to the rotational axis. In order to use this principle in a compact mass
flow instrumentation, the rotational motion is replaced by vibrations on tubes inside the
instrument. The measured phase-shift of the vibration correlates with the mass flow of the
fluid inside, see Figure 5.
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Figure 5. Coriolis mass flow meter in different phases of deflection, red arrows show flow direction,
green arrows show the force on the tube due to the influence of coriolis acceleration, sensing elements
measure twist of tube.

Coriolis flow meters are usually used in test facilities, because they provide the
highest accuracy. The mass flow is determined directly and no additional temperature
measurement and deviations in density data influence the measurement. The extensive
use in the whole plant is limited due to the relatively small acceptable mass flow rate and
the much higher initial costs for implementation in the field. Vortex flow meters represent
the usual measurement configuration in parabolic trough fields with thermal oil and salt
as the HTFs. Coriolis mass flow meters are usually used in test facility instrumentation.
Orifice flow meters are applicable for low viscosity fluids to minimize the pressure drop.
Ultrasonic clamp-on devices are used by experts for varying measurement locations in
the field and can be used independently from the used HTF. The detailed measurement
principles are not explained in detail in this paper. The interested reader is referred to
comprehensive compilations [13]. A comparison of the accuracy of the different flow
types shows that the Coriolis mass flow meter delivers the highest accuracy, followed by
vortex and ultrasonic. The orifice pressure drop flow meter delivers the most inaccurate
measurements. The uncertainty is assumed to be a 1 σ value, as nothing else is specified in
the literature source. The costs for the flow meters are in the range of ~EUR 5000, with the
exception of the Coriolis flow meter, which is in the range of ~EUR 10,000. Again, Table 1
only shows the instrument costs.

Table 1. Measurand, measuring device, measuring uncertainty and approximate cost range for standard HTF measurements
in parabolic trough collector fields.

Measurand Measuring Device and
Typical Application Uncertainty Value Definition Cost Range

Temperature

Pt-100 Type A
(for built-in sensor)

±0.67 K @ 293 ◦C (Tin),
±0.76 K @ 393 ◦C (Tout)

uc(Tin), uc(Tout) a

[12] ~EUR 100

Pt-100 Type A
(for clamp-on sensor) ±0.7 K @ 390 ◦C U(Tout) with k = 2, correction

function and Re > 2× 105 [7] ~EUR 500

Pt-100 1/10 Type B
(for test facility)

±0.13 K @ 293 ◦C (Tin),
±0.16 K @ 393 ◦C (Tout)

uc(Tin), uc(Tout) a

[12] ~EUR 100

Thermocouple Type K (Class 1)
(general purpose from −40 ◦C

to 1000 ◦C)

±0.87 K @ 293 ◦C (Tin),
±0.91 K @ 393 ◦C (Tout)

u(Tin), u(Tout) b

[9]
~EUR 100

Thermocouple Type K (Class 2)
(general purpose from −40 ◦C

to 1200 ◦C)

±1.4 K @ 293 ◦C (Tin),
±1.7 K @ 393 ◦C (Tout)

u(Tin), u(Tout) b

[9]
~EUR 100
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Table 1. Cont.

Measurand Measuring Device and
Typical Application Uncertainty Value Definition Cost Range

Volumetric flow meters

Vortex
(for built-in sensor) ±0.038 kg/s @ 6.873 kg/s uc

( .
mHTF

) c

[12]
~EUR 5000

Ultrasonic
(for clamp-on) ±0.055 kg/s @ 6.873 kg/s uc

( .
mHTF

) c

[12]
~EUR 5000

Pressure drop
(for low viscos fluids) Typically < ±2.0% Assuming a 1 σ value [15] ~EUR 5000

Mass flow meters Coriolis
(for test facility) ±0.006 kg/s @ 6.873 kg/s uc

( .
mHTF

) c

[12]
~EUR 10,000

Pressure Piezoelectric, piezoresistive,
capacitance <0.1% of signal output [13] ~EUR 100

a Combined standard uncertainty according to the GUM, including uncertainties from the sensor, repeatability, drift and transmitter.
b Permissible deviation assumed as rectangular. Only sensor considered. c Combined standard uncertainty according to the GUM,
including uncertainties from temperature measurement. Density data uncertainties are included if volumetric flow is measured. Pipe
diameter and analog to digital converter uncertainties are included if a clamp-on device is used.

2.1.4. Pressure Transducers

A further measurand for the control of the plant, the detection of overload and the
specification of the HTF properties in the solar field, is the fluid pressure. It is an important
measurand to determine pressure losses in the field and liquid level monitoring in the
case of differential pressure measurement [16]. Moreover, the maximum pressure levels
in different solar field parts and devices are monitored as well. In most of the industry
applications, pressure measurements are carried out with electromechanical pressure
transducers. They deliver highly accurate and easy to handle pressure indication in
the form of an electrical signal. In safety applications, mechanical pressure gauges are
often required as an additional safety feature, as they are not affected from outages and
deliver a directly readable pressure value. To follow the scope of this paper and deliver a
measurement overview for future developments in data analytics, only electromechanical
pressure transducers are covered. These pressure sensors can again be divided into the
following three sub-categories:

• Absolute pressure sensors;
• Gauge pressure sensors;
• Differential pressure sensors.

Absolute pressure sensors compare the measured pressure to a complete vacuum.
Gauge sensors compare the measured pressure to atmospheric pressure. Differential
pressure sensors measure the difference between two unknown pressures [5]. The usual
way of measuring pressure is measuring the force acting on a known area [3]. Pressure
transducers deliver electrical signals from the mechanical deflection of a diaphragm due to
the influence of pressure. Common techniques use the change of resistance, capacitance
or use the piezoelectric effect caused by a structural deformation induced by the pressure
force. Calibration for midrange pressures can be carried out with U-tube manometers,
dead-weight gauges and barometers as reference instruments [3]. Pressure transducers are
industrial standard equipment and, therefore, rather cheap.

Temperature sensors, flow meters and pressure sensors represent standard measure-
ment equipment, which is usually present in every plant engineering project. In the
following paragraphs, the specific solar field instrumentation and findings in the context
of the used instrumentation are shown.

2.1.5. Special Measurement Equipment for Solar Collector Assembly (SCA) Tracking

The next group of measurement devices is located at every single solar collector
assembly (SCA). The SCA describes one collector unit, which is equally rotated and, in
most cases, has one drive in the center of the SCA. For the exact positioning of the collector
in the sun direction, two approaches, open and closed-loop tracking, are available [17]. In
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both cases, high accuracy is required for the positioning of the collector, the combination
of the collector drive and the position sensor needs to be very precise. Table 2 includes
information about the instrumentation for open- and closed-loop tracking.

Open-loop tracking uses highly accurate sun position algorithms such as the ones
from Michalsky et al. [18] with an uncertainty of ±0.01◦ (from year 1950 to 2050) or the
Solar Position Algorithm (SPA) [19] with an uncertainty of ±0.0003◦ (from year −2000
to 6000). These sun position algorithms determine the appropriate track angle of the
SCA based on the location and the current date and time. The sun position for single-
axis tracking is the set point for the position control of the trough. The exact rotational
position is determined by angle measurements from inclinometers attached at the collector
structure or rotary encoders at the rotary joint of the SCA. The inclinometer measures the
gravitational force on the device and, together with a previous calibration, determines
the rotational position of the SCA. For SCA tracking, highly accurate inclinometers with
measurement ranges >180◦ are needed. The rotary encoder assigns every angle position
an individual signal for the drive control. The angle position determines whether the
collector is in the right position relative to the position of the sun. Inclinometers can
suffer from temperature-dependent deviations and devices that meet the before-mentioned
requirements are comparably expensive. Magnetic band encoders are a type of rotary
encoder suitable for harsh conditions and providing a high measurement resolution at the
same time [3].

Closed-loop tracking systems use a feed backward element, which determines whether
the trough is in track or not. These elements are often called “sun sensors”. The sensor does
not measure the absolute position of the SCA but the relative orientation of the collector,
absorber tube and sun. The probable first implementation of a sun sensor for autonomous
SCA drive control was patented in 1917 [20]. This implementation uses a thermopile or a
thermostat as a sun sensor to drive the control mechanism for collector orientation. If the
trough is not focused, the thermopile is exposed to the sun. An electric current from the
thermopile moves a positioning motor until the trough is focused again and the thermopile
is shadowed by the receiver tube. A more recent example for this system is a photovoltaic
(PV) sun sensor with two PV cells that are positioned in the vertex of the parable shape [21].
In a focused state, the two PV cells are equally shadowed by the receiver tube and deliver
the same voltage. Every divergent position delivers unequal voltage that serves as a
feed backward signal for the drive system. To our knowledge, there is no publication
available about the uncertainty of the achieved tracking angle. Parabolic troughs with
sun sensors need additionally angle measurement devices. Since the sun sensors require
partial shadowing from the receiver tube, they can only operate at angles closed to the
actual tracking angle. If the collector is far out of focus, there is no direct irradiance on the
sensor and the system cannot track. The angle measurement devices have lower accuracy
requirements (uncertainty in the range of ±0.1%) compared to the open-loop system.

Relative measuring devices such as sun sensors are additional components with some
disadvantages: They only measure the tracking offset at one location of the SCA, usually at
the drive pylon. They increase the possibility of failures, are influenced by dust, absorber
tube or sensor misalignments and other environmental conditions and possibly create
higher costs. In general, the implementation of a closed-loop tracking system might be
more appropriate in PV systems. These systems can use the whole global irradiance,
whereas CSP systems can only use direct irradiance. Therefore, the optimized tracking
angle for maximum system power might diverge from the actual sun position due to light
scattering in overcast conditions. Both the absolute and relative measuring devices need
to be designed for the harsh conditions of a solar field with a desert climate, preferably
maintenance-free and durable to stay in the field for the whole lifetime of the plant.
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2.1.6. Special Measurement Equipment for Solar Field Maintenance

The temperature of the receiver glass tube or the outside of a pipe section provides
information on the heat loss [22]. The glass temperature is generally low for well-insulated
receivers having low heat losses, whereas it is high for defective receivers suffering from
high heat losses. Environmental conditions such as temperature, wind speed, sky and
ground temperature strongly influence the glass envelope temperature. A clear correlation
between the glass envelope temperature and heat loss is possible, but not under all circum-
stances. For example, a receiver with an observed glass envelope temperature of 58 ◦C can
be either a new receiver with low heat loss (150 W/m at 350 ◦C HTF temperature) observed
at near zero wind, or a defective receiver with high heat loss (514 W/m) observed at an air
speed of 6 m/s [23]. These results show that the receiver glass temperature can only be
used as an indicator for heat losses, if the air speed near the receiver tube is considered.

The temperature on extended surfaces can be measured using an infrared camera. The
usual thermography equipment can be a hand-held device for manual measurements, or an
airborne device, placed on an aerial vehicle (Section 3.2). The resulting measurements with
hand-held devices represent only local samples of the field heat loss condition. Gathering
the overall heat loss information of every heat collecting element (HCE) and all the piping
is usually not possible with standard thermography equipment. The manufacturers of
thermography devices usually publish the measuring accuracy of their devices. A general
analysis of the uncertainty of thermography measurement is given in [24]. The typical mea-
surement uncertainty is in the range of ±1 K, which is much higher than the uncertainties
imposed by environmental conditions while interpreting the measured temperature.

The cleanliness of the reflectors is defined by the ratio of the direct specular reflectivity
of soiled and clean mirror samples [12]. The cleanliness of the solar field directly affects
the overall system performance of the CSP plant [25]. Cohen et al., show that a change
in reflectivity of 1% results in a thermal performance change of about 1.2% [26]. The
instruments presented here are devices suitable for field measurements, as this is the main
use case in solar fields. Laboratory equipment is usually not available and not applicable
for the operators. Field measurements are taken with portable reflectometers for single
mirrors. The measurements are carried out at various spots on the mirror of interest.
With this procedure, cleanliness spot measurements can be taken in the order of three to
four measurements per minute [25]. Different reflectometers are used in solar fields [27].
They all have a similar optical working principle, based on the intensity measurement of
the reflection from a light source with known wavelengths [28]. The beam from a light
emitting diode (LED) with wavelengths in the solar spectrum is reflected by the mirror. The
reflection is at incidence angles near normal. The acceptance angles should be comparable
to those from the parabolic trough system. It is often required to have an average value of
reflectivity across the solar field. Procedures to estimate the average value from a number
of spot measurements are described in [29]. A model is used to calculate an average
reflectance value for the solar field from the available spot measurements on pre-defined
mirror panels. The objective of the method is to deliver measurements with an uncertainty
below 1% under a 95% confidence level. However, due to the size of the solar field, the
needed measurements for this procedure usually cannot be taken on one single day [30].

The geometrical accuracy of the collector strongly impacts the overall collector effi-
ciency. The geometry of the reflector is influenced by the collector structure, the mirrors
and the loads on the whole assembly. There are various methods for the assessment of the
shape of the reflectors. In this section, two reliable methods are presented. On the one hand,
the following deflectometric techniques: The Trough Absorber Reflection Measurement
System (TARMES) [31–33], Video Scanning Hartmann Optical Test System (VSHOT) [34]
and theoretical overlay photographic (TOP) [35]. These systems are going back to the
distant observer method proposed by Wood in 1981 [36]. On the other hand, close-range
photogrammetry [37,38]. All the systems use cameras to derive the shape of the mirrors.
In TARMES, the SCA is changing its track angle, whereas the camera position stays in a
fixed position. By evaluating the reflection of the absorber tube, it is possible to derive the
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mirror slope. The close-range photogrammetry generates a 3D-point cloud of the surface
of the object using applied markers on the mirror surface. The 3D-point cloud can be
post-processed to calculate a mirror slope. The deflectometric technique is usually chosen
to generate highly resolved mirror slope deviation maps. The photogrammetric technique
delivers maps with less resolution but can much more easily be applied for deformation
studies of a collector structure, e.g., under different tracking elevation angles.

Table 2. Measurand, measuring device, measuring uncertainty and approximate cost range for specific measurements for
parabolic trough collector fields.

Measurand Measuring Device Typical Uncertainty/
Accuracy/Precision Definition Cost Range

Receiver glass/piping
temperature Thermography ±1 K or ±1% Measurement accuracy

from [39,40] ~EUR 5000

SCA angle

Inclinometer ±0.07◦ to ±0.5◦
Upper cost range for

highly accurate devices
with measuring

range >180◦
~EUR 100 to ~EUR 1000

Rotary encoder ±0.01◦ to ±0.1◦ Magnetic band encoder ~EUR 100

Sun sensor - Closed-loop
tracking system ~EUR 100 to EUR 300

Cleanliness Reflectometer ±0.6% uc(χ) a

[12] ~EUR 1000

Mirror shape

Deflectometry
(e.g., TARMES) ±0.6 to ±1.0 mrad According to the GUM

standard [31] ~EUR 10,000

Photogrammetry 1:50,000 or better Precision of coordinate
measurements [38] ~EUR 10,000

a Combined standard uncertainty according to the GUM, including uncertainties from signal and soiling.

2.1.7. Meteorological Instrumentation
Irradiance Data

The last group of the presented solar field instrumentation is the meteorological
measurement equipment. The measurement of the solar radiation is separately discussed
in the two following paragraphs due to its importance for the determination of the available
energy in the CSP plant. A summary is given in Table 3. The direct normal irradiance (DNI)
is the useable part of the solar irradiance for CSP applications. The methods for the DNI
measurement are direct measurements with pyrheliometers and indirect measurements
with pyranometer or rotating shadow band irradiometers (RSI).

Pyrheliometers consist basically of a sensor element, which is placed at a defined
distance behind an aperture. As a result of this geometrical setup, the sensor only recognizes
irradiance at small acceptance angles of ±2.5◦ deviation from the optical axis. With the
optical axis continuously tracked towards the sun, the sensor measures the DNI. As long
as the instrument is appropriately maintained, the pyrheliometer has the highest accuracy.

Pyranometers for field applications mainly consist of a blacked thermopile as the sen-
sor element, which is placed under one or two glass domes [16]. A pyranometer measures
the global irradiance. Two pyranometers are necessary for an indirect measurement of
the DNI. One to measure the global horizontal irradiance (GHI) and one with a shading
structure to measure the diffuse horizontal irradiance (DHI). The relation between the GHI,
the DHI and the DNI is given by Equation (2), where θz is the zenith angle [41], as follows:

GHI = DHI + DNI× cos(θz) (2)
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The measurements of the DHI are usually carried out with a diffusometer, which is
a pyranometer and a shading structure to shield it from direct radiation. The shielding
is usually carried out by a ring, disc or ball. Shading discs or balls deliver more accurate
measurements than shading rings. In any case, a correction function is needed to account
for the irradiance deviations due to the shading structure.

A rotating shadow band irradiometer (RSI) usually consists of a silicon-based pyra-
nometer and a shading structure rotated around the pyranometer. The shading device is
often called a shadow band. The system measures alternating values of GHI and DHI. From
those values, the DNI is derived. The GHI values result from the measurement with the
shadow band in a resting position, whereas the DHI values result from the measurement
with the shadow band in a shielding position. As for the diffusometer a correction function
is needed to account for the irradiance deviations due to the shading structure.

The above devices only reach their theoretical accuracy if they are well maintained.
This includes a recent calibration and a clean sensor cover. For soiled sensors, the resulting
DNI values may deviate by up to 25% after only a few weeks [42]. Pyrheliometers generally
show the highest impact of soiling on the measured DNI values, whereas the soiling
influence on RSI measurements is lower [43,44].

The instruments generally measure a contribution of circumsolar radiation. This part
of radiation emanates from the circumsolar region and can be described as a function of
the angular position, relative to the center of the sun [45]. The circumsolar radiation exists
due to forward light scattering in the atmosphere. As the acceptance angle of the DNI
measurement device might differ from the acceptance angle of a concentrating collector, it
is important to understand the quantity of circumsolar radiation. Sunshape, circumsolar
ratio or circumsolar contribution can be measured with several approaches.

The scientific instruments are a circumsolar telescope from the Lawrence Berkeley
Laboratory (LBL) [46], a DLR sunshape camera [47] and a Sun and Aureole Measurement
system (SAM) combined with a Cimel sun photometer [48]. The circumsolar telescope from
LBL and the DLR sunshape camera are outdated and not available anymore. The more
recent developments are the high resolution circumsolar measurement system [49]. Most
of these systems are scientific approaches to measure the circumsolar radiation with high
accuracies. The measurement with two pyrheliometers with different acceptance angles [48]
and the measurement with an RSI [50] are more relevant for industrial applications. The
latter is beneficial, as it is a low-cost alternative with reasonable measurement accuracies.
Moreover, the RSI can be used, on the one hand, for the measurement of standard radiation
data, such as the GHI, the DHI and the DNI and, on the other hand, for the determination
of the sunshape. A software extension for the RSI analyses the burst, while the shadow
structure passes by the sensor.

Table 3. Measurand, measuring device, measuring uncertainty and approximate cost range for irradiance data measurement
equipment in parabolic trough collector fields.

Measurand Measuring Device Uncertainty Value Definition Cost Range

DNI

Pyrheliometer with
tracking equipment ±1.1% uc(DNI) a

[12] >EUR 25,000

Rotating Shadowband
Irradiometer ±2.9% uc(DNI) b

[51] ~EUR 9000

GHI

Pyranometer ±2% uc(GHI)
[16] ~EUR 5000

Rotating Shadowband
Irradiometer ±2.0% uc(GHI) b

[16] ~EUR 9000



Energies 2021, 14, 7166 14 of 26

Table 3. Cont.

Measurand Measuring Device Uncertainty Value Definition Cost Range

DHI

Rotating Shadowband
Irradiometer ±3.3% uc(DHI) b

[51] ~EUR 9000

Diffusometer (Pyranometer
and shading structure) >±2%

uc(DHI) [16], shading
structure increases

uncertainty
~EUR 5000

Circumsolar radiation

Rotating Shadowband
Irradiometer -

In [45] compared to SAM
combined with Cimel sun
photometer and dedicated

software.

~EUR 9000

Two Pyrheliometers with
different acceptance angles - System described in [52], in

[48] compared to SAM >EUR 25,000

a Combined standard uncertainty according to the GUM, including uncertainties from sensor, calibration and transmitter and DNI = 750 W/m2.
b Combined standard uncertainty according to the GUM, including uncertainties from calibration, zenith- and azimuth-response, non-
linearity, temperature-response, aging, maintenance, leveling, shading, spectral error and logger. 10 min data, with correction function, for
DNI measurement GHI and DNI over 300 W/m2.

Standard Meteorological Instrumentation

This section describes the standard equipment of meteorological ground stations
normally found in CSP installations, see Table 4. These stations are typically realized as
automatic stations with electronic measuring instrumentation. Every solar field is usually
equipped with at least one meteorological measurement station. The station is preferably
installed well before the plant is erected to deliver reliable values over a long period at
the site. Standard meteorological values such as the dry bulb temperature, atmospheric
pressure, relative humidity, wind (gust) speed and precipitation are usually recorded.
These values are needed to compare the performance of the solar field and power block
with the expected performance and can help to make weather predictions more accurate
and site specific. The weather directly influences the power of the solar thermal power
plant, e.g., the dry bulb temperature directly influences all the heat losses in the system [53]
as well as the back cooling capacity of the power block. If the power block is equipped
with a wet cooling system, its capacity is further influenced by the relative humidity.

The measurement of the dry bulb air temperature can be carried out with resistance
thermometers, semiconductor thermometers or thermocouples. The standards for the
thermometer exposure and siting should be applied, i.e., radiation shielding, free circulation
of air and a height between 1.25 and 2 m above ground level [54].

Pressure measurements must be carried out in an environment connected to the at-
mospheric pressure that is not affected by external influences such as wind, radiation,
temperature, mechanical influences such as shocks and vibrations, or fluctuation in elec-
trical power supply [54]. Common atmospheric pressure measurements are carried out
with aneroid displacement transducers, digital piezo resistive and cylindrical resonator
barometers [54].

Relative humidity measurements with electric sensor elements are mainly used for
CSP applications due to their remote-reading ability. The sensor technologies are based
on electrical resistance and capacitance measurements. The standards for exposure and
siting are primarily the prevention from liquid water entering the sensor element and the
mounting inside a thermometer screen [54].

The measurement of wind velocity in the solar field is relevant for the comparison with
detailed heat loss models [53,55]. The measurement of the wind gust speed is particularly
relevant for the maximum allowable load on the collectors and, therefore, for the safe
operation of the solar field. The measurement of peak gusts requires a measurement
frequency of at least 4 Hz. Lower sampling rates can underestimate the occurring maximum
wind speed [54]. Typical values for tolerated maximum wind speed are 14 m/s. Drives
of the collectors are able to move them to a stow position at wind speeds of up to 20 m/s.
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Wind measurements are usually carried out with cup, propeller or ultrasonic anemometers.
Cup and propeller anemometers derive the wind velocity in one direction from the rotation
frequency of the rotor. Due to their mechanical measurement principle, they have a
threshold of 4 m/s [54]. Propeller anemometers can be combined with wind vanes to
determine the horizontal wind direction. Cup anemometers need a separate wind vane for
the measurement of the horizontal wind direction. The measurement principle of ultrasonic
anemometers is based on the measurement of the traveling time of an ultrasonic pulse. They
deliver a higher measurement frequency, are available in designs to measure wind velocities
in three dimensions and are robust in a harsh environment. Ultrasonic anemometers are
usually more expensive than cup anemometers. Since wind speed increases with the height
above the ground, the standard measurement height is 10 m above open terrain. The term
open terrain is defined as “An area where the distance between the anemometer and any
obstruction is at least 10 times the height of the obstruction” [54]. As these spots are rare in
CSP plants, the measured values can only approximate the ideal value.

Precipitation gauges are sometimes installed in meteorological ground stations at
CSP sites. They give information about rainfall events and give an idea of the local water
availability. With regard to soiling rate models [56], knowledge about rainfall is important
as an model input and the installation of precipitation gauges should be mandatory. The
devices usually measure the weight or volume of the precipitation separated in single
catches. The measurement is in particular sensitive to wind. A windbreak can, therefore,
reduce this influence. The station should be mounted 0.5 to 1.5 m above the ground [54].

The aforementioned is focused on CSP applications. More details on general meteoro-
logical measurement instrumentation can be found in [54].

Table 4. Measurand, measuring device, measuring uncertainty and approximate cost range for additional meteorological
measurement equipment in parabolic trough collector fields.

Measurand Measuring Device Uncertainty Value Definition Cost Range

Ambient air
temperature

Pt-100 Type A with
radiation shielding ±0.1 K (2 σ) for >−40 ◦C

and ≤+40 ◦C
Required measurement

uncertainty [54]
~EUR 100

Semiconductor thermometers with
radiation shielding ~EUR 100

Relative humidity
Capacitive hygrometer

± 1% (2 σ)
Required measurement

uncertainty [54]
~EUR 100

Resistance hygrometer ~EUR 100

Barometric pressure
Aneroid displacement transducers

0.1 hPa (2 σ)
Required measurement

uncertainty [54] ~EUR 100Digital piezo resistive barometers

Cylindrical resonator barometers

Wind speed
Cup anemometer 0.5 m/s (2 σ) for ≤5 m/s,

10% for >5 m/s

Required measurement
uncertainty (Average over

2 and/or 10 min.) [54]

~EUR 1000

Ultrasonic anemometer ~EUR 5000

Wind gust Ultrasonic anemometer 10% (2 σ) Required measurement
uncertainty [54] ~EUR 5000

Wind direction Wind vane 5◦ (2 σ) Required measurement
uncertainty a [54] ~EUR 1000

Daily precipitation Precipitation gauge 0.1 mm (2 σ) for ≤5 mm,
2% for >5 mm

Required measurement
uncertainty [54] ~EUR 1000

a Average over 2 and/or 10 min.

2.2. Location of Stationary Measurement Devices in the Solar Field

The number and location of the stationary instrumentation is mainly a decision of
requirements and costs. Figure 6 shows the possible locations of measurement equipment for
a typical solar field layout with four subfields and four SCAs per loop. For a better overview,
only one subfield with one regular and one optional fully instrumented loop is shown.
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A full instrumented loop is equipped with the additional measurement instrumen-
tation required for measurements on a loop level. This is flow measurement at a loop
inlet, pressure measurement at a loop inlet and outlet and temperature measurement at a
loop inlet. Apart from this additional equipment, the full instrumented loops are equal to
regular loops. The position of the full instrumented loop can vary between the different
subfields. The reason for this is to give meaningful measurement data independent from
the loop position.

The different measuring devices in Figure 6 are depicted with different symbols. The
measurands are temperature, tilt angle and an optional sun sensor. They are used locally
to control the SCA drives, in order to achieve a high focus rate of the collector, without
overheating the HTF. The measurements are usually transmitted to the central control
station. Within a loop, the measurements are usually taken at each SCA drive pylon,
in the center of the SCA. This layout has the advantage of minimal wiring effort, but
disadvantages in SCA control. The feed-back controller uses the temperature measurement
in the middle of the SCA, although the temperature at the end of the SCA would be
the critical one regarding HTF overheating. Usually, an additional temperature sensor
is installed at the outlet of the last SCA in the loop. This value is used as a trigger
for defocusing the loop in case critical temperature limits are exceeded. Temperature
readings can be checked for errors to detect failures in the measurement system and avoid
malfunction of the control system.

Figure 6. Spatial distribution of stationary measurement devices in the solar field.
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Apart from the loop instrumentation, several sensors are installed in the rest of the
piping system. The subfield inlet and outlet HTF temperatures and the HTF flow at
the subfield inlet are typically measured. The HTF pressure at the subfield inlet and
outlet are optional measurements present in some solar fields. The flow and temperature
measurements are particularly important for the determination of the thermal power
generated in the subfield. Therefore, these measurands can be collected from more than one
sensor, e.g., temperature with three sensors, flow with two sensors. With this redundancy,
the system is resilient against failures of single sensors. The entire solar field yield operation
is recorded via a redundant flow meter and temperature sensor at the power block interface.
Additional pressure sensors are installed to monitor the HTF pump in the power block.
The sensors at the power block may also be in a redundant manner, to deliver reliable
information about the usable heat for the power block heat exchanger. Solar fields with
individual loop control valves have additional position encoders for the valves and may
have differential pressure measurement over the valves. At least one meteorological station
is usually installed in the center of the plant or outside of the solar field. In case of multiple
stations, they are distributed over the solar field to deliver an averaged value of, e.g., the
DNI. The installation of the meteorological station in the corners of the solar field helps to
identify changes, e.g., in cloud coverage, early.

Data for the control system are provided with small time intervals of <1 s. The
recording of the data uses longer intervals of 2 to 10 s. The database size for one day of
operational and meteorological data results to ~1 GB.

2.3. HTF Sample Laboratory Analysis

During operation, the HTF may undergo changes in the chemical composition and
thus in its physical characteristics. Currently, in most of the parabolic trough plants,
a eutectic mixture of Biphenyl and Diphenyl oxide is used. Due to the high operating
temperature (~393 ◦C), close to the thermal stability limit of the fluid (~400 ◦C), degradation
products with low and high boiling points are formed [57]. Most importantly, in this
context, are the formation of hydrogen and changes in the specific heat capacity. Precise
knowledge of the heat capacity is required to calculate the actual thermal power via the
mass flow, temperature rise and heat capacity. In order to monitor the degradation of the
HTF hydrogen content [58] and specific heat capacity [59], fluid samples are analyzed
on a regular basis. These analyses require methods for sample collection and laboratory
equipment to quantify the HTF properties. In order to reduce hydrogen formation and
further increase the operation temperature of the parabolic trough plant, alternative silicone-
based HTFs are currently under development [60].

To extract representative HTF samples, hydrogen tight steel cylinders with high
temperature valves are directly connected to the HTF cycle. The filling can be carried out,
for example, with a flow through method with two cylinders, with one evacuated cylinder
or by using a bypass between the loop inlet and outlet [58].

At ambient conditions in the laboratory, the HTF samples contain a gaseous and a
liquid phase. The gaseous phase typically contains more than 90% of the hydrogen. The
hydrogen content of the gaseous phase is calculated from the pressure above the liquid,
the gas composition, the volume of the cylinder, the mass of the HTF and the density of the
HTF. The general gas constant and the absolute sample temperature is also required. The
hydrogen content in the liquid is calculated with the partial pressure of hydrogen, the mass,
the Henry coefficient and the molar mass of the HTF. The total amount of hydrogen can be
calculated as a molar concentration by adding the gaseous and liquid contents related to
the HTF mass [58].

The heat capacity of the HTF can be measured with Differential Scanning Calorimetry
(DSC) [59], see Table 5. This technique uses the difference of the amount of heat required to
increase the temperature of the sample and a reference.
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Table 5. Measurand, measuring device, measuring uncertainty and approximate cost range for HTF
Sample Laboratory Analysis.

Measurand Measuring
Device

Uncertainty
Value Definition Cost Range

Specific heat
capacity

Differential
Scanning

Calorimetry
(DSC)

±0.074 J/g K
(3.09%) (2 σ)

Measured for
Therminol VP-1
between 300 and

370 ◦C [61]

>EUR 10,000

3. New Approaches in Collector Field Monitoring

While the last sections describe “standard” solar field instrumentation, this section
is dedicated to advanced approaches. An overview about recent research is given in [62].
Some of these monitoring approaches are leaving the sector of research and are gaining
influence in industrial practice. They are the basis for further optimization developments
to decrease the levelized cost of energy (LCOE) and increase the reliability and dispatch-
ability of the plants. By increasing the amount of information on the solar field, such
approaches offer input to data-driven approaches such as autonomous collector optimiza-
tion, predictive maintenance and optimized control strategies. In this paper, the following
measurement techniques are chosen, because they do the following:

• deliver more information about the field specific conditions,
• measure in shorter time periods,
• deliver spatially higher resolved information,
• deliver measurements that can be used for advanced field control strategies.

Table 6 gives a short comparison of the standard measurement techniques and ad-
vanced approaches together with their potential improvements.

Table 6. Direct comparison of standard measurement techniques and new approaches in collector field monitoring.

Standard Measurement Technique New Approaches Improvement

Hand-held infrared camera
Vehicle-mounted instrumentation Spatially higher resolved, measures in

shorter time periods

Airborne measurements Spatially higher resolved

Distant observer methods,
close-range photogrammetry Airborne measurements Spatially higher resolved

Reflectometer measurements Tracking cleanliness sensor Delivers more information, measures in
shorter time periods

DNI measurements All sky imagers, shadow cameras Spatially higher resolved, information
can be used for advanced field control

Differential Scanning Calorimetry In situ calorimeter Delivers more information

The methods are explained in the following and summarized in Table 7 according to their
measurand, the name of the device, their measurement uncertainty and a literature reference.

3.1. Vehicle-Mounted Instrumentation

As stated in Section 2.1.6, the measurement of excessive heat losses by determining
the surface temperature of pipes and tubes with hand-held devices is very time consuming.
Moreover, this procedure is not able to deliver spatially distributed information about
surface temperatures. A more advanced approach for the inspection of larger fractions
of the field is the Inspection Receiver Tubes (ITR) system introduced in [63] and further
applied in [64]. This method consists of a thermography device placed on a vehicle. The
software automatically detects each HCE and measures the glass surface temperature.
Based on this temperature, an outlier analysis classifies the HCEs status in three different
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groups [64]. With this system, one single operator can measure around 4000 [64] to 7000 [63]
HCEs per day. The measurement uncertainty is bigger than with just a hand-held device,
see Table 7; but regarding the quantity of possible measurements, this could be tolerable.

3.2. Airborne Measurements

Even higher flexibility than vehicle-mounted instrumentation can be reached using air-
borne measurement systems. These systems give the possibility to perform measurement
campaigns on large areas of the solar field much faster than with ground-based vehicles
and, therefore, deliver data of the field condition with high spatial resolution. Hand-held
measurement systems can only deliver sample measurements and local events may be
overlooked. Although a lot of research groups looked at the development and possible
future application of unmanned aerial vehicle (UAV) technology, Jorgensen et al. [65] first
documented the potential of airborne implementation of the distant observer method [36]
and infrared (IR) camera based receiver tube characterization to large parabolic trough
collector fields. One representative of such a measurement system is the so-called QFly
system. This system is basically an unmanned aerial vehicle (UAV), with flexible measure-
ment instrumentation and software for image analysis. The first version of the airborne
measurement system was equipped with a camera to measure the collector shape [33]. The
external camera orientation for the photos is measured using photogrammetry. Afterwards,
the mirror slope errors can be derived using the reflection of the absorber tubes in the
mirror, similar to TARMES [32], Section 2.1.6. Compared to the TARMES system, where the
collector needs to be moved into a specific position, the airborne deflectometry concept is
independent of the collector position due to the moving camera. For slope error measure-
ments, the collector is slightly defocused to reduce disturbing reflections. Measurements
of tracking errors can be carried out with focused collectors. Apart from higher flexibil-
ity, measurements can be carried out with the actual operational loads on the collector.
Pottler et al. [38] showed that the mirror shape changes with different collector positions
due to gravitational force.

In addition to the mirror slope errors of a collector, airborne photogrammetry systems
can be used to determine any absorber tube displacement. The camera position is measured
with photogrammetry using mirror features, such as gaps, corners and crosses. The
receiver tube displacement is calculated from the pairwise intersection of the measured
tube center lines compared to the ideal focal line. This method allows image acquisition for
a EuroTrough SCA in one hour. Post processing requires another three hours, depending
on the computational performance [66].

Airborne infrared camera systems allow for the measurement of the surface tempera-
ture of the receiver glass covers or the outside of the pipe insulation. The thermography
measurement can be applied to detect unusually high heat losses. In comparison to hand-
held devices, the airborne approach is able to cover much larger areas of the field in detail.
During one working shift, data from around 25% of the whole field can be captured [67].
The measurement uncertainty is comparable to the vehicle-mounted system, see Table 7.

Airborne measurement systems are prone to wind influence. Prahl et al. [67] limited
the usage of their system to wind speeds below 6 to 8 m/s. Gusts could also worsen the
image quality. Nevertheless, with the flexibility of the airborne system, more applications
are possible, as the payload of the UAV may be any type of sensor, which delivers usable
information about the solar field condition. Possible applications are the determination of
mirror cleanliness with a camera in the visible range and software for image evaluation [68],
and maybe in the future, even the detection of leakages with a gas sensor mounted on the
UAV [69].

3.3. On-Site Measurements

The measurement systems presented in this section are located in the solar field and
can be divided into a spot measurement system, a system to deliver spatially resolved data
and an in situ measurement system.
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The spot measurements deliver highly accurate information about specified measur-
ands, with the aim to improve the existing measurements. In addition to the state-of-the
art systems, one recent advantage in on-site measurement technology are systems to
continuously measure the cleanliness value of a mirror sample, e.g., the Automated
In situ Measurement of Contamination Quotas and Spectrums (AVUS) [70,71] and the
Tracking Cleanliness Sensor (TraCS) [28]. With both systems, the soiling rates can be
continuously determined at a single point in the solar field. In the AVUS system, mirror
examples are exposed to the environment at a certain orientation and inclination. In regu-
lar intervals, the mirrors are automatically moved to an optical port, where reflectance is
measured. The exposed mirror samples are used until a defined soiling level is reached.
Afterwards, the samples are exchanged and stored for further analysis. Together with a
linear transfer method, the system shows good accordance with the D&S reflectometer.
The latest version of TraCS (v 2.0) includes the following three basic components: two
pyrheliometers and a rotating test mirror. One pyrheliometer measures the DNI directly,
and the other one determines the DNI via the reflections of the mirror sample. For the
DNI measurement, the whole system tracks the sun. The measurement uncertainty of
the system is given in Table 7. From the soiling of the mirror sample the average soiling
rates for mirrors or instruments can be derived. One application is the correction for the
DNI measurements with pyrheliometers, which are highly influenced by soiling effects.
The system should be installed close to the area of interest, as the soiling rates can be
highly dependent on the location in the field [26]. Having such measurements available
over larger periods of time, a soiling data basis can be derived. This can be used in the
validation of soiling models [56] for short-time yield predictions, or even in advance for
a CSP site assessment.

A further group representing the recent development of on-site measurement systems
deliver spatially resolved DNI data in the form of DNI maps for the whole CSP plant. This
can be achieved with the use of one or multiple all sky imagers (ASI) [72] or with a shadow
camera system [73]. ASI systems deliver DNI data for the whole plant with a resolution of
20 × 20 m2, the shadow camera system delivers a resolution of 5 × 5 m2. Both systems
track the cloud movements and, therefore, deliver short-term forecasts of up to 30 min.
These forecasts can be used for advanced control strategies in the solar field and make it
possible to increase the total yield of the plant by up to 2% [74,75]. Another option is the
usage in high resolution solar field models for detailed simulations of the behavior of the
field in transient situations [76,77]. The uncertainty of the measurements and forecasts
are high compared to the standard DNI measurements, see Table 7. Considering that
the system delivers spatially distributed DNI forecasts in unstable cloudy conditions, the
uncertainties are acceptable.

The last group of the presented advanced measurement approaches are the in situ
measurements. The scope of the system presented in this section is the determination of
the specific heat capacity of the HTF. This is an important value for the determination
of the overall plant performance [78]. The calorimeter developed by Marchã et al. [79]
is an improvement of the system from Collares-Pereira et al. [80]. The specific heat
capacity measurement consists of an insulated cylindrical calorimeter with inner and
outer chambers, inlet and outlet Pt-100 temperature measurements, and a Coriolis flow
meter. With this simple setup, measurements up to 180 ◦C were possible. An upper
limit for the accuracy is given in Table 7. A more complex system is the concentrator test
facility in Almería, Spain (KONTAS CP) [81]. The flow through calorimeter consists of
a Coriolis mass flow meter, redundant Pt-100 temperature measurements, an electric
heater and static mixers located in front of the temperature measurements. The mass
flow is split into a measurement section and protection section to ensure a zero-heat
flux boundary at the borders of the energy balance volume and to ensure steady state
conditions for the measurements. It is designed for collector test facilities to reduce the
influence of the uncertainties of the specific heat capacity on the performance assessment.
Another possibility is to install this system in a regular plant and to determine the specific
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heat of the HTF continuously. Therefore, changes in the specific heat capacity can be
recorded in order to monitor the HTF properties over the fluid lifetime, alternatively to
a continuous sampling and laboratory analyses. The relative uncertainty of this system
is given in Table 7.

Table 7. Selected new measurement approaches for the monitoring of parabolic trough fields.

Measurand Measuring Device Uncertainty Value Definition

Mirror shape Airborne deflectometry, values
from [33]

Local values ±0.6 to ±1.1 mrad
RMS values: ±0.1 mrad

RMS: Global uncertainty via Monte
Carlo approach, QFly [33]

Receiver position Airborne photogrammetry, values
from [66] <1.5 mm for each direction uAbs for X and Z directions,

QFly [66]

Receiver glass temperature/
piping temperature

Airborne infrared camera,
e.g., [67]

<3 K compared to resistance
thermometers

Airborne approach only possible at
wind speeds <6–8 m/s [67]

Vehicle-mounted infrared camera,
e.g., [63]

<3 K @ 1 to 6 m/s wind speed,
compared to thermocouple

Temperature difference of ITR
system [63]

Cleanliness

Continuous cleanliness
measurement with tracked
Pyrheliometer, e.g., TraCS

±1.8% (1 σ)
Combined standard uncertainty uξ

for minute value of
cleanliness [28]

Continuous cleanliness
measurement with mirror

samples, e.g., AVUS
- In Heimsath et al. [70] compared to

D&S Reflectometer

DNI Maps
(spatial DNI forecast)

All sky imager

In the range from approx.
−50 W/m2 and +30 W/m2 (lead
time 0 min) to −260 W/m2 and
+120 W/m2 (lead time 15 min)

Site specific uncertainty according
to occurrence of DNI class and lead

time [82]

Shadow camera Between 4.2% and 16.7% (RMSE)
For DNI maps without forecast,
uncertainty depends on cloud

occurrence [73]

Specific heat capacity

Inline measurement system
KONTAS-CP [81] <1.2%

Deviation to Differential Scanning
Calorimetry (DSC) for

T < 270 ◦C [83]

Calorimeter for solar thermal
testing loops [80] 3 to 4% Upper limit for accuracy [79]

4. Discussion and Outlook

The first parabolic trough fields have been operational since the 1980s, more recent
plants since the beginning of this century. During this time, a lot of experience and
improvement related to the measurement instrumentation has been made. Most of the
instruments installed today are needed to fulfill a certain control task in the plant. The
selection of the number of sensors, their accuracy and also data logging is based on real
control needs. The different control systems in the solar field try to reach, e.g., a high focus
of each collector and a loop outlet temperature close to the setpoint. At the same time,
the control system needs to stay within the limits for a safe and reliable operation. The
requirements for the measurement sensors, in order to reach a high solar field performance,
is not just a question of low measurement uncertainty. Instrument reliability in harsh
environments, experience with the used sensor and costs are just a few other influences on
the decision for a certain measurement instrumentation.

With the capabilities of data-driven monitoring approaches, available instrumentation
is gaining additional attention because it can be used to deduce further information on the
current status of the system. However, the direct usage of sensor signals is limited. Either
the built-in instrumentation may not have the required accuracy to detect minor deviations
in component performance, or relevant sensors for such a kind of evaluation are missing.
For example, the precise mass flow in the loop is usually not measured to derive the energy
balance over a collector. For cost reasons, many signals are only processed locally in the
field control units but not transmitted nor logged in a central unit. Despite such hurdles,
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the existing instrumentation, together with selected additional sensors, offers opportunities
for improved solar field monitoring.

The aim of this paper is to give an overview of the typically installed measurement
equipment in parabolic trough solar fields and their accuracy. The required instruments
for a regular field operation are temperature and pressure sensors, mass or volume
flow meters and tracking sensors. Additionally, meteorological instrumentation, such as
pyrheliometers, pyranometers or rotating shadow band irradiometers or other sunshape
measurement devices to derive the available solar resource and the sunshape. This solar
specific instrumentation is combined with standard meteorological instrumentation to
measure the dry bulb temperature, atmospheric pressure, relative humidity, wind (gust)
speed and precipitation. These continuously measuring sensors are complemented from
time to time with specific measurements in order to maintain the solar field performance
at a high level. This is achieved with infrared thermography to qualify the condition
of the receivers, mirror cleanliness measurements to estimate the soiling level or the
collector shape, its deformation with forces and slope measurements based on pho-
togrammetry, deflectometry or laser scanning techniques to check the collector geometry.
Heat transfer fluid analyses to measure the hydrogen content and the specific heat
capacity are usually performed periodically. In recent years, advanced measurement
techniques have been developed. Their main purpose is to further optimize the solar
field operation. They allow much more data to be generated, especially with higher
spatial resolution. Examples are vehicle-mounted or airborne camera systems that can
observe large areas of the solar field. They are equipped with powerful image processing
features to derive spatially resolved maps of slope deviation, mirror cleanliness, receiver
glass envelope temperatures, broken mirrors, etc. All sky imager or shadow cameras
deliver highly resolved DNI maps for nowcasting. In summary, the already available
and optional measurement equipment will promote new field monitoring techniques
in the upcoming decade. The present paper provides a sound reference for engineers
working on such advanced monitoring techniques.

Future approaches, relying on big data, are advanced condition monitoring, predic-
tive maintenance and optimized control and operation strategies. Progress in condition
monitoring has the aim of merging different data streams within the power plant and
maximize the information about the field. Built-in instrumentation and recent addi-
tional measurement techniques, together with artificial intelligence (AI), are able to
model new data streams, which contain directly useful information for the operator.
One example for this is the application of anomaly detection in the solar field. Anomaly
detection algorithms with the background knowledge of historical data are able to
detect unusual behavior in every data stream from the field all at the same time. Con-
nections between different data streams can identify anomalies in a spatial and temporal
context. These fingerprints of certain failures can be used for predictive maintenance
applications in order to identify defective components before the system has unexpected
downtime. Further optimization in operation and control strategy needs, e.g., spatially
distributed forecasts about irradiance, together with the information about the current
plant condition. These advanced strategies are able to further increase the efficiency,
as well as to reduce the harmful conditions, of the component and, therefore, extend
its lifetime.
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AI Artificial intelligence
ASI All sky imager
AVUS Automated In situ Measurement of Contamination Quotas and Spectrums
CSP Concentrated solar power
DHI Diffuse horizontal irradiance (W/m2)
DLR German Aerospace Center
DNI Direct normal irradiance (W/m2)
DOE US Department of Energy
DSC Differential Scanning Calorimetry
GHI Global horizontal irradiance (W/m2)
GUM Guide to the expression of uncertainty in measurement
HCE Heat collecting element
HTF Heat transfer fluid
IR Infrared
ITR Inspection Receiver Tubes
KONTAS CP Concentrator test facility Almería Spain with calorimeter unit
LBL Lawrence Berkeley Laboratory
LCOE Levelized cost of electricity
LED Light emitting diode
PV Photovoltaic
RMS Root mean square
RMSE Root mean square error
RSI Rotating shadow band irradiometer
SAM Sun and Aureole Measurement system
SCA Solar collector assembly
SPA Solar Position Algorithm
TARMES Trough Absorber Reflection Measurement System
TOP Theoretical overlay photographic
TraCS Tracking Cleanliness Sensor
UAV Unmanned aerial vehicle
VSHOT Video Scanning Hartmann Optical Test System
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