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A B S T R A C T

Parabolic trough power plants use collectors to concentrate direct sunlight onto an absorber tube containing a 
heat transfer fluid (HTF). The thermal energy is used to generate electricity in a steam cycle power plant. In 
almost all commercial power plant designs, the HTF is distributed homogeneously to all loops with a fixed 
opening for the manual loop inlet valves. This work presents an approach with individually controlled mass flow 
distribution to all loops. The objective is to achieve a more stable outlet temperature in the event of non- 
homogeneous irradiation. The control concept includes a controller for the total mass flow at the HTF pump, 
the focus rate of each collector and the opening of the individual loop inlet valves.

The suggested control concept is tested using the Virtual Solar Field (VSF) dynamic simulation tool for a 38- 
loop molten salt parabolic trough field. This simulation tool uses highly discretized irradiance data to reproduce 
realistic irradiance boundary conditions. A total data set of 940 days of operation recorded at CIEMAT’s Pla-
taforma Solar de Almería are used. Furthermore, different artificial soiling scenarios are implemented to test the 
concept under non-homogenous heat input. The new control concept is compared with the state-of-the-art 
control schemes based on loop inlet valves with fixed opening. For normal soiling conditions, the simulation 
results show an average increase of 0.85 % in the net electrical energy produced.

1. Introduction

Concentrated solar power (CSP) systems are used to generate ther-
mal and electrical energy from solar radiation. By the end of 2020, 
6.5 GW of capacity have been installed worldwide, representing 0.23 % 
of total renewable energy capacity [1]. To generate thermal energy, the 
direct normal irradiance (DNI) of the sun’s rays is first concentrated to 
heat up a heat transfer fluid (HTF). The solar radiation can be concen-
trated on a line or on a point focus. Point concentrating systems are solar 
towers with multiple heliostats that focus the irradiance onto the top of a 
receiver tower. Line concentrating systems apply either Fresnel or 
parabolic trough (PT) collectors to focus the sun’s rays onto a receiver 
tube. After being heated in the solar system, the hot HTF passes through 
a heat exchanger to produce superheated steam, which is used to 
generate electrical power through a conventional Rankine cycle turbine. 
Most commercial PT plants use a thermal oil as the HTF and have a 

typical capacity of 50 MWel [2]. This paper deals with the control of the 
solar field (SF) of a PT power plant with molten salt as heat transfer 
fluid.

Parabolic trough field setup.
The SF is usually divided into several sub-fields with approximately 

the same number of loops. A loop consists of several solar collector as-
semblies (SCAs), each one moved by a separate drive to track the posi-
tion of the sun. The mass flow of the HTF is provided by a central pump 
for the whole SF and is distributed homogeneously by manual valves 
located at the entry to each loop. Despite minor adjustments to improve 
the hydraulic balance, the loop valves’ positioners remain unchanged 
during operation. The balancing is usually carried out several times a 
year to compensate for seasonal variations in the average thermal load 
on the SF. Only a few parabolic trough plants, such as the Lebrija 1 [3] 
plant in Spain, are equipped with automatic control valves in the loops. 
These control valves can adjust the mass flow of each loop according to 
the cloud situation.
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An expected improvement from valve control is the individual 
adjustment of the mass flow in each loop to its specific heating condi-
tions. Individual heating conditions are induced by inhomogeneities in 
solar radiation, typically caused by clouds passing over the field, and 
inhomogeneities in the soiling of the SCAs on the field. At ideal loop 
mass flow, the loop outlet temperature approaches its setpoint and the 
collectors are fully in focus. A high HTF outlet temperature of the SF 
improves the power cycle efficiency as well as the utilization of the 
installed storage capacity by charging the storage with the full tem-
perature difference.

Molten salt as heat transfer fluid in parabolic trough field.
In this study, a direct molten salt PT field is used instead of a system 

with thermal oil as HTF. Line focusing systems using molten salt are still 
under development, with only a few plants in operation, e.g. the plant in 
Archimede [4] in Italy. The motivation for using molten salt is the 
increased SF outlet temperature of 500 to 550 ◦C and the reduced 
pumping power resulting from advantageous fluid properties of molten 
salt. The significant temperature increase of 200 to 250 K between the 
inlet and outlet of the SF, compared to the small temperature difference 
of 80 to 100 K that is typical for oil-based systems, results in more 
efficient thermal storage. The optimal loop length for molten salt fields 
(~800–1000 m per loop) is larger than for oil fields (~600 m per loop). 
This reduces the number of loops and the number of controlled loop inlet 
valves in the field. The additional investment in controlled motor valves 
is therefore lower than for oil-based fields helping to improve economics 
of the additional investment. Although analyzed for molten salt systems 
in this paper, the general findings of the molten salt control concept 
investigated in this paper can be transferred to oil-based systems.

Literature overview.
An overview of control schemes for parabolic trough fields is given in 

[5] and [6]. Most commercial-scale plants use traditional proportional- 
integral-derivative (PID) feedback controllers [7]. Feedforward con-
trollers can be used in addition to correct for measurable external effects 
like the continuous change of the DNI level, which is typically measured 
by pyrheliometers at a few points in the SF [8]. Recent research work 
introduced control approaches utilizing all sky imagers (ASI) to obtain a 
spatially resolved DNI map over the SF [9,10,11,12]. The principle 
behind this approach is to use the additional information from the 

measurement in a feed-forward or model-predictive control (MPC) 
approach to reach better controller performance. A number of advanced 
control concepts like gain scheduling [13], MPC [14], fuzzy logic control 
[15] or neural network controllers [16] have been developed but, to the 
knowledge of the authors, have not been applied in commercial plants. 
Nearly all of these control concepts are designed for solar fields with 
non-controlled loop inlet valves.

In [17], temperature homogenization with control valves is studied: 
the study is based on the ACUREX SF, a former test field with 10 loops at 
CIEMAT’s Plataforma Solar de Almería (PSA). A test duration of 
approximately 7.5 h was carried out with a feed-forward controller in 
comparison to a MPC. The SF with the MPC can generate 3.3 % up to 4.4 
% more depending on the soiling conditions in the field. The study has 
some limitations since the MPC concept is compared with a feed-forward 
control which by default has no feedback part to consider current situ-
ations. The authors state an advantage due to the control valves 
although the reported benefits are probably too optimistic. The same 
authors published a case study on larger PT plants [18], concluding that 
the number of defocusing actions can be reduced to almost one-tenth for 
stable radiation or prevented completely for transient radiation by using 
control valves for a 50 MW power plant with 90 loops. But again, an 
MPC controller is compared to a feed-forward control.

A comparison between motorized and manual valves on the perfor-
mance during short cloud shading is reported in [19]. A dynamic cloud 
shading model was used to create four different artificial cloud shading 
patterns for a SF size of 1.2 x 1.2 km2 with 100 loops and up to 250 s 
simulation time. The analysis indicates that there is almost no difference 
in net energy generation between the motorized and manual valves 
setup. However, it was possible to keep the temperature almost at a 
stable value with the motorized controller, whereas the temperature 
dropped up to 10 K with the manual valves.

The results presented in Paper [20] demonstrate a 1.09 % 
enhancement in the generated thermal power for an MPC with control 
valves, in comparison to an MPC with manual valves, for the configu-
ration of the ACUREX SF test field. For the case study, a two-hour syn-
thetic DNI profile was used. An artificial cloud has been simulated in the 
DNI profile for a period of 15 min. The aim of the control was to 
maximize the thermal output without any particular need to achieve a 

Nomenclature

ASI all sky imager
cp Specific heat capacity
CSP concentrated solar power
DNI direct normal irradiance
e control error
Enet electrical energy
f focus
fc sensitivity factor of controller
HTF heat transfer fluid
K gain factor
ṁ mass flow
MPC model-predictive control
P power consumption
p pressure
PID proportional-integral-derivative
PSA Plataforma Solar de Almería
PT parabolic trough
Q volumetric flowrate
Q̇ heat flow
s valve opening
SCA solar collector assembly
SF solar field

T temperature
Tp time constant
V̇ volume flow
VSF virtual solar field
y control output

Greek Symbols
α SCA angle
η efficiency
θ deadtime
ρ density

Subscripts
base base opening of valve
i number of loop
in inlet of SF
loop loop number
max maximum
min minimum
out outlet of SF
PB power block
set setpoint
v valve number
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stable outlet temperature [21]. However, evaluating the generated 
thermal output alone, and neglecting temperature stability is a simpli-
fication that does not represent the operation of a commercial CSP 
system: any drop in the field outlet temperature will have a direct impact 
on the temperature entering the power cycle and therefore reduce its 
efficiency. In addition, the effective storage capacity is reduced as the 
design temperature difference is not fully utilized. [22] repeated the 
study for an upscaled ACUREX SF of 100 loops with a MPC controller. 
The authors describe a maximum improvement of 1.10 % in thermal 
performance for the MPC against the controller with no control valves.

Compared to the previous papers, the present work aims at providing 
a more holistic view of the irradiance situations considered. The inves-
tigated change in net electricity generation is evaluated for a number of 
940 operation days recorded at CIEMAT’s PSA within a three-year 
period. For these days, spatially and temporally resolved irradiance 
data from an ASI system are available, resulting in a highly realistic 
representation of the irradiance situation. The real irradiation data can 
be used in combination with the VSF tool to perform dynamic and 
transient simulations. VSF utilizes spatially resolved irradiation maps to 
calculate an individual DNI value for each collector. This facilitates the 
simulation of real dynamic situations with VSF and the development of 
control concepts. Furthermore, various soiling scenarios are developed 
that can be simulated with VSF. Consequently, the novel control concept 
developed in the paper can be developed and tested in real situations. 
We rely on traditional control elements based on feed-forward and PID 
feedback loops, which are more readily accepted by the power plant 
industry. A reference control case without individual loop control is 
defined to explicitly work out the differences induced by the controlled 
valves. The final evaluation considers several criteria such as the focus 
rate, the number of overtemperature defocusing events, the temperature 
stability and the thermal power. Subsection 2.1 explains the calculation 
of the DNI maps and the detailed simulation model of the SF. The design 
of the fixed valve control and the individual valve control is described in 
subsection 2.2. The performance indicators and soiling scenarios for 
evaluation are defined in subsection 2.3 and the simulation results are 
analyzed in section 3.

2. Methods

To evaluate the control valves, spatially and temporally resolved DNI 
maps are used in the Virtual Solar Field (VSF) simulation tool. Individual 
valve control is compared to manual valves with a fixed valve opening 
by evaluating the net electrical energy generated at different soiling 
scenarios.

2.1. Boundary conditions and plant setup

The DNI maps are based on a record of cloud cameras. The layout of 
the SF with the control valves is integrated and tested in the simulation 
environment.

Pre-processing of the DNI maps as input to the simulation
The spatial and temporal resolved DNI maps are derived from an ASI 

system, which is operated at CIEMAT’S PSA. The upward facing cameras 
with fisheye lenses are taking a picture every 30 s to detect clouds in the 
sky [23]. The shadows of the clouds are projected on the surface via a 
raytracing algorithm. By the combination with the cloud transmittance, 
a spatial map is derived. A detailed description of the process can be 
found in [24,25,26]. From this highly resolved map, an average DNI 
value of each SCA is determined in each time step and applied as heat 
input in the simulation tool.

For this study, 1,063 days from 2016, 2017 and 2018 have been 
processed in the period between 9:00 to 18:00. Some few days could not 
be recorded due to system failures. Since not each day is qualified for the 
operation of a solar power plant, unsuitable ones were discarded. Pe-
riods with solar elevation angle of more than 12◦ are used in order to 
cover also the complete startup and the begin of the shutdown of the SF. 

The remaining 940 days with a total simulation time of 7,222 h are 
shown in Fig. 1 with the average DNI over the day and the usable time 
period.

Virtual Solar Field simulation model.
The simulation tool Virtual Solar was developed at the Institute of 

Solar Research at German Aerospace Center and is described in detail in 
[27]. It combines hydraulic, like the mass flow depending on the pres-
sure losses, and thermal calculations, like the temperature losses and 
gains, of the HTF in the SF. The modelling of each pipe starts at the pump 
and the cold header to the subfields with the loops and ends at the hot 
header at the power block. The layout of the SF can be set individually 
by determining the position of each pipe and SCA. It is possible, to set an 
individual DNI value for each SCA every two seconds. The tool was 
successfully validated against a commercial power plant [28].

An artificial SF layout with two subfields is implemented for this 
study. Each subfield contains 19 loops, each with 4 HelioTrough SCAs. 
The HelioTrough has a length of 191 m and a aperture width of 6.78 m 
[29] and is equipped with a PTR®90 absorber tube for molten salts. In 
the present simulation, the acceptance angle curve for the SCAs was used 
in accordance with the curve shown in [28]. The nominal DNI is set to 
800 W/m2. In the present study, the SolarSalt is analyzed as a molten 
salt. Properties for salt and receiver are shown in Table 1. The nominal 
outlet temperature is 505 ◦C. The product is suitable for use in a 480 ◦C 
industrial turbine. The nominal field inlet temperature is 290 ◦C. The 
heat exchanger and Rankine cycle gross power is 50 MWel. The opera-
tion strategy implemented includes the start-up of the SF (completed as 
soon as the threshold of 500 ◦C is reached at outlet) and the normal 
operation. SF shutdown and night mode are not included in the simu-
lation since the benefit from the individual valve control are expected to 
be minor in this operation regime.

Special care was taken for the definition and modeling of the control 
valves. In absence of commercially established standards on control 
valves for molten salt, this study considers a proportional behavior be-
tween the opening of the valve and the flow factor Kv. Valves with a 
maximum flow factor of 20 m3/h at each loop are implemented. This 
value is a compromise between a moderate pump pressure of the HTF 
main pump and a high control range of individual mass flow in the 
loops. The valve induces a pressure loss (Equation (1) to the hydraulic 
network where Q is the volumetric flowrate and ρ the density of the HTF. 

Δpi =

(
Q
Kv

)2

•
ρ

1000 kg
m3

• 1bar (1) 

The mean valve opening over all valves for a homogenous mass flow 
distribution in the SF is set to 40 %, whereas the minimum allowed valve 
opening is 20 %, and the maximum 100 %. The resulting mass flow 
control ranges are shown in Fig. 2 for a DNI level of 400 W/m2 and 800  
W/m2, respectively. The graph shows the range of possible mass flow 
that can be reached by opening (up to 100 %) and closing (down to 20 
%) one single valve while the others remain at their nominal opening of 
around 40 %. The behavior is within ± 10 % at low DNI and ± 30 % at 
high DNI. It can also be seen, that the individual control range gets 
smaller for loops farther away from the field inlet. This effect is caused 
by the slightly different nominal valve opening that has to compensate 
individual pressure difference across the loop which depends on the 
position in the header. The outer loops have a slightly larger opening 
than the SF mean value of 40 % to compensate for pressure losses in the 
header lines. The results shown Fig. 2 are obtained from the VSF 
simulation. Any opening or closing of a single valve also slightly impacts 
the flow in the other loops. The diagram clearly shows that even with the 
controlled valves, it is not possible to adjust the mass flow in a loop to 
any desired value. A larger control range would be possible if the 
nominal pressure loss over the valves was increased. Since this impacts 
the overall pressure loss in the field and thus the required pumping 
power the chosen setup is considered to be a good trade-off.
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2.2. Controller setup

As the literature review revealed, there is a wide variety of control 
strategies for the SF, typically distinguishing between operation modes 
startup, normal operation, shutdown, recirculation, and night mode. 
The here described controllers are intentionally designed for the normal 
operation but other operation modes are possible with a few modifica-
tions. For this reason, it is assumed that the normal operation mode 
concept can be applied as soon as the DNI reaches a threshold of 300 W/ 
m2. This DNI value is necessary to reach the nominal outlet temperature 
of 505 ◦C given the defined minimum loop mass flow of 2.81 kg/s in the 
loop. Control elements based on feed-forward using DNI measurements 
as described e.g. in [10,12] are not used for this study.

In general, the fixed and the individual valve control are both based 
on the principle of a primary/secondary control scheme. The primary 
controller(s) uses the measured temperatures of the loops to calculate 
the control output (SCAs focus or valve opening). The secondary 
controller(s) uses the control output of the primary controller as an input 
and generates the mass flow control output for the HTF pump. This 
method neglects interferences between the controllers by connecting 
them in series. All controllers are designed to work with deviations from 
a base value rather than absolute values. This leads to a smoother start of 
the system and can better be adjusted to the control range. All PI- 
controllers are equipped with an anti-windup logic in order to prevent 
the overflow of the integral part. The fixed and the individual valve 
control are described in the following. Afterwards the approached used 
for identification of the control parameters is specified and some addi-
tional functions of the control are outlined. The equations for the PI 
controllers are shown in the control parameters section and the steps for 
calculating the individual parameters are explained. In this context, the 
ranges in which the parameters of the individual controllers lie are 
specified.

Fixed valve control.
In commercial PT power plants, the individual loop temperature is 

controlled by controlling the tracking position, namely the deviation of 
the tracking position relative to the theoretical tracking position of the 
SCAs. In addition, the mass flow to the whole field is controlled to avoid 
significant defocusing of collectors. The reference control system in this 
study follows this approach. A basic opening is selected for the valve 

Fig. 1. Daily average DNI and usable time period of 2016, 2017 and 2018. Maximum time of 9 h given by existing data.

Table 1 
Properties of molten salt and receiver.

Density SolarSalt 
[

kg
m3

] ρ = 2194.6 − 0.6681⋅T

Heat Capacity SolarSalt 
[

kJ
kg⋅K

]
cp = 1.5133 + 0.0002⋅T

Heat Conductivity SolarSalt 
[

W
m⋅K

]
λ = 0.5108 + 9e− 5⋅T − 5e− 7⋅T2

Thermal Losses Absorber 

PTR 90 
[
W
m

]
qloss = 2.7e− 7⋅T4 − 0.0004⋅T3 +

0.2503⋅T2 − 65.3730⋅T + 6377.6587

Fig. 2. Operational range of loop mass flows based on loop wise opening and closing of the control valves within the defined limits of 20 % … 100 % at a DNI of 400  
W/m2 (left) and 800 W/m2 (right). The diagram shows the resulting mass flow when closing the valve in loop i (lower mass flow value) and fully opening the valve 
(higher mass flow value).
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opening, which is 40 % on average for all valves. Thus, an almost equal 
mass flow will be available in each loop during the simulation.

A scheme of the developed control is shown in Fig. 3. In this 
approach, only the last SCA in each loop is directly controlled. The base 
focus fbase is set to 100 % and the saturation has a minimum fmin = 0 % 
and a maximumfmax = 100 %. For the mass flow controller, the task is to 
adjust the total mass flow rate of the HTF into the whole solar field in a 
way that the average deviation of the focus of all controlled SCAs is 0 %, 
which corresponds to a total focus rate of 100 %. This procedure assures 
that a high outlet temperature at maximum possible mass flow is 
reached. The average value of all focus controllers is calculated and used 
as input for the mass flow controller. In the sum block, all values are 
added up and divided by the number of loops. The minimum mass flow 
for the SF inlet ṁmin is defined by the minimal mass flow per loop 
multiplied by the number of loops. The upper limit ṁmax set to 350 kg/s. 
This value can be set situation-based, e.g. on the filling level of the TES, 
but in this study, it is assumed static. The base mass flow ṁbase is set to 
190 kg/s.

Individual valve control.
For the individual valve control, the primary controllers are the valve 

controllers, as shown in the control scheme in Fig. 4. The individual 
valve opening is controlled by the outlet temperature of the loop. The 
base valve opening of the i-th loop sV,base,i is the opening that results in a 
homogeneous mass flow distribution over the SF with a mean opening of 
40 %. In our case, the base valve opening ranges from 36 % to 43 % with 
the lower values found at the inner loops. The mass flow controller takes 
the valve openings from the valve controller and controls the mass flow 
in a way that the mean valve opening comes back to its design value of 
40 %. The function and limits of the mass flow controller are similar to 
the fixed valve control. The focus controllers do not have an integral 
component due to the compensation of the control error in the valve 
controllers and the direct impact without any delay onto the focus. Their 
control errors are determined by the difference to the maximum opening 
of the valves to achieve that the focus is only reduced when the valves 
would come out of the control range. The limits fmin and fmax are iden-
tical with the fixed valve control. Consequently, the focus controller 
only becomes active when the maximum valve opening from the valve 
controller is exceeded. Subsequently, the focus controller will reduce the 
focusing of the SCA to prevent the temperature from being exceeded.

Control parameters.
The parameters of the controllers are tuned using the first-order plus 

dead time method, as previously investigated in [27]. This allows the 
identification of the control values by analyzing the controlled system, 
here the SF. To calculate the proportional gain factor (Equation (2) the 
proportional gain factor Kp, the time constant Tp and the deadtime θp of 
the SF and a factor fc used to determine the sensitivity of the controller is 
needed. 

Kc =
1
Kp

Tp
θp + fc • Tp

(2) 

By the multiplication with the control error e(t) the control output 
(Equation (3) can be calculated. 

y(t) = Kc • e(t)+
Kc
Tp

∫

e(t)dt (3) 

In order to determine the parameters of the SF, multiple step responses 
like shown in Fig. 5 are simulated. To tune the system some basic con-
trollers with estimated parameters are applied in VSF. After the settling 
of the system the basic controllers are turned off and a DNI step is 
applied. Thereby the temperature difference per loop ΔT and the time 
constant Tp, which occurs at 63 % of the temperature difference ΔT, is 
identified. By activating the valve controllers, the change of the opening 
of the valves ΔsV can be measured and the proportional gain (Equation 
(4) of the valves can be calculated. 

Kp,valve =
ΔsV
ΔT

(4) 

By activating the mass flow controller, the proportional gain (Equation 
(5) of the mass flow can be determined by the ratio of the change of the 
mass flow Δṁ and the change of the average valve opening ΔsV,avg. 

Kp,pump =
Δṁ

ΔsV,avg
(5) 

The step response is evaluated at a DNI of 600 W/m2 resulting in a range 
of the proportional factor of the valves Kp,valve between 25 %/K and 42 
%/K and a time constant Tp of 700 s. The sample time for each indi-
vidual controller is set to 10 s, and the dead time is configured to match 
this value, thus also being 10 s. The configuration of the controller dead 
time was adjusted so that it corresponds to the value of the sample time 
as evaluated in the reference [27].

The gain of the mass flow controller is set to − 0.0026 kg/(s %) and 
of the focus controller is calculated with Equation (6), where ΔTcoll 
represents the temperature difference reached in the last SCA and is 
estimated to 50 K, αmax is the angle necessary for a complete defocus and 
Kc,valve the proportional factor of the valve controller. The sensitivity 
factor fc is tuned to a value of 0.3 for the PI controllers. 

Kp,focus =
ΔTcoll

αmax
• Kc,valve (6) 

To determine the control parameters for the fixed valve control a con-
version is used. The proportional factor for the focus control is set with 
Equation (7) and for the mass flow controller with Equation (8). 

Kp,focus,fix = Kp,valve • Kp,focus (7) 

Kp,pump,f ix = mean
(
Kp,pump
Kp,focus

)

(8) 

The time constant Tp and the dead time θp is the same as in the individual 
valve control (10 s), whereas the individual tuning resulted in a higher 

Fig. 3. Control scheme of the fixed valve control.
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sensitivity with the factor fc = 0.15.
Additional control functions.
To guarantee the safety of the SF operation, some more functional-

ities are needed. Since the focus controller acts only on the last SCA in 
the loop, any previous SCAs in the line must reduce its focus if its in-
dividual SCA outlet temperature exceeds a safety threshold. In the given 
setup, the temperature is only measured in the middle of the SCA. The 
outlet temperature of each collector is calculated as the mean value of 
the current and the following collector. A temperature transition area is 
defined to avoid immediate change between full and no focus as illus-
trated for the third SCA in Fig. 6. The graphic shows that the track de-
viation angle of the SCA changes linear, whereas the effective focus rate 
is non-linear. The temperature thresholds for a full defocus are set to 
410 ◦C, 460 ◦C, 485 ◦C, 505 ◦C and 510 ◦C for the first end, second end, 
third end, last middle and last end SCA temperature.

A minimum mass flow guaranteeing turbulent conditions has to be 

maintained in each loop. For the fixed valve control this is applied by the 
minimal total mass flow in combination with the homogenous mass flow 
distribution to all loops. The tolerated openings of the valves (20 % … 
100 %) are additionally reduced when the actual mass flow approaches 
the minimum mass flow limit. The so corrected minimum and maximum 
allowed valve openings for the last valve of the subfield are shown in 
Fig. 7. Here the limitation starts at a value of ṁin = 1.5ṁmin and prohibits 
a valve opening change at a value of ṁin = < 1.15ṁmin.

Temperature overshoots at the loop outlet are considered as very 
critical since they can cause damage to components or degradation in 
the HTF. To further suppress any temperature overshoots, the temper-
ature control deviation eT is amplified with a nonlinear correction as 
soon as the threshold temperature of 500 ◦C is exceeded. The correction 
faction also depends on the valve opening. The way of modifying the 
control error instead of adapting the controller parameters themselves 
has the advantage of a faster changing integral and therefore a faster 
adjustment of the whole control. The resulting corrected control error eT 
depending on the loop outlet temperature is shown in Fig. 8. It can be 
seen, that the temperature error is three to nine times higher for a 
temperature excess as is for a undershoot.

Another boundary condition to be satisfied are temperature gradi-
ents over time. A maximum temperature gradient of 5 K/min has to be 
guaranteed at the SF outlet in order to avoid temperature shocks in the 
downstream headers. In situations after longer shading periods, a sud-
den increase in irradiance can lead to high gradients. A trajectory 
controller is added to take care for the gradients. Fig. 9 shows an 

Fig. 4. Control scheme of the individual valve control.

Fig. 5. Schematic for the step response for parameter detection.

Fig. 6. Overheat protection by defocusing for the third SCA.
Fig. 7. Limitation of the tolerated valve openings when approaching the 
minimum mass flow limit (Example for the last loop in the sub-field).

T. Kotzab et al.                                                                                                                                                                                                                                  Solar Energy 295 (2025) 113526 

6 



example simulation of how this concept works during a start-up situa-
tion. The temperature set-point is at its default value of 505 ◦C. At 
simulation time ~ 1 min (temperature gradient is higher than 5 K/ 
min), the temperature setpoint Tset switches to the current temperature 
and is increasing with the highest allowed temperature gradient (5 K/ 
min). This reduces the gradient and keeps it at the 5 K/min as far as 
possible.

2.3. Evaluation methodology

The potential net generated electrical energy is used as key perfor-
mance indicator to compare the valve control with the fixed valve 
control concept. Since the simulation itself is done only for the solar 
field, the impact on the power block is calculated by simplified models 
which are explained in the following. The impact on storage utilization 
by stabilized field outlet temperature is not considered in this study. 
Approaches for this aspect are e.g. published by [28].

Performance indicators.
The basis for the evaluation is the heat flow from the SF obtained 

from the simulation with Equation (9), where ṁ is the current total mass 
flow, cp the heat capacity and Tout and Tin the outlet and inlet temper-
ature of the HTF, respectively. 

Q̇ = ṁcp(Tout − Tin) (9) 

The power block is represented by an efficiency matrix with variables 
HTF mass flow and HTF inlet temperature to the heat exchanger. A 

constant ambient temperature of 25 ◦C is used for the cooling end in this 
simplified power block model. Fig. 10 illustrates the efficiency matrix. 
The efficiency ηPB ranges from 32 % at 110 kg/s and 400 ◦C to 43 % at 
350 kg/s and 505 ◦C. The efficiency curve is generated from a detailed 
heat flow diagram for a molten salt power block. The efficiency of power 
blocks in CSP is presented in papers [30] and [31]. The efficiencies 
described in these papers are in the range used in this paper. The HTF is 
not used for power generation when the solar field outlet temperature 
drops below 397.5 ◦C. It is assumed that in this case the HTF is returned 
to the cold tank. In the same way, the power consumption of the PB PPB 
is calculated, see Fig. 11. The power consumption of the PB PPB ranges 
from 0.7 MW at 110 kg/s and 440 ◦C to 1.7 MW at 350 kg/s and 
505 ◦C. For lower temperature than 440 ◦C it is assumed, that the power 
consumption is the same as at 440 ◦C.

The power consumption of the main HTF pump is calculated with 
Equation (10), where V̇ is the volume flow, Δp the pressure difference at 
the pump and ηpump the efficiency of the pump, here estimated to be 80 
%. 

Ppump =
V̇Δp
ηpump

⎛

⎝ ṁ
ṁmax

⎞

⎠

2

(10) 

For the calculation of the total generated electrical energy the integral of 
the difference between the heat flow Q̇ multiplied with the efficiency of 
the PB ηPB and the power consumption of the PB PPB and of the HTF 
pump Ppump is formed (Equation (11)

Enet =
∫

˙Q(t)ηPB(t) − PPB(t) − Ppump(t)dt (11) 

This value is available for each simulated day and used in averaged form 
over all simulated days. In addition to this energetic performance indi-
cator further technical aspects, such as the average outlet temperature or 
the focus rate are considered.

Soiling of the collectors.
A real SF is never completely clean. Sequential cleaning furthermore 

leads to an inhomogeneous soiling situation across the field. It is ex-
pected that individual loop valve control can better adapt to spatially 
inhomogeneous heat inputs. A soiling condition test setup is defined for 
the simulation studies to investigate the performance of both control 
concepts under such circumstances.

A loop-individual cleanliness factor is used in the simulation to 
represent different soiling conditions across the field. Following [32] a 
simple soiling simulator was implemented. Starting with clean collectors 
a soiling rate in form of a normal distribution with a mean value of 0.5 % 

Fig. 8. Temperature error amplification for three different valve openings 
(min, base, max).

Fig. 9. Example of the trajectory control of the temperature gradient. Fig. 10. Efficiency of the PB depending on HTF temperature and mass flow.
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per day and a standard deviation of 0.2 % per day is implemented. These 
parameters represent average soiling situations at CIEMAT’s PSA [33]. 
The daily soiling over the SF is assumed homogenous. Three loops per 
day are cleaned in succession as soon as the average field cleanliness 
drops below 97 %. A histogram of an average distribution of the 
cleanliness between the loops, which is used for the evaluation, is shown 
in Fig. 12 (left). To show the effects in more extreme situations, a setup 
with a mean of 1.6 % per day and a standard deviation of 0.6 % per day 
is used [34]. Also a sand storm was stimulated with a sudden soiling rate 
of 20 % in one single day [35]. Fig. 12 (middle) shows an average 
cleanliness situation for the sand desert and Fig. 12 (right) the soiling 
situation after five days of cleaning (15 cleaned loops) after a sand 
storm.

The soiling condition values as illustrated in Fig. 12 are implemented 
as constant throughout the simulation. In VSF, an individual cleanliness 
factor is specified for a loop. This factor lies between 0 and 1 and can 
thus influence the absorbed energy in the loop. The factor can be 
specified individually for each loop.

3. Simulation results

The two controller setups with/without individual loop control 
valves are compared to each other. The first step is the technical com-
parison of the controllers. In the second step, the controllers are evalu-
ated under inhomogeneous heat inputs.

3.1. Comparison of controller performance at example days

The technical comparison aims to analyze the performance differ-
ences between the two control concepts in terms of focusing, mass flow 
and temperature. For this investigation, it is assumed that all collectors 
have equal cleanliness of 100 %. In the first step, the two concepts are 
analyzed for a day with clear sky conditions. These conditions are 

characterized by a homogeneous heat input over the solar field resulting 
in a default mass flow distribution. Valve openings should therefore only 
deviate within the inaccuracy of the positioner from the default opening.

Fig. 13 displays the simulation results for a day with stable DNI 
conditions. The outlet temperature and the SF focusing of the two con-
trol concepts are presented. The mass flow for the control concept with 
equal mass flow distribution and the minimum and maximum mass flow 
in the loops for the control valve concept are shown. Minimum and 
maximum mass flows in the SF are nearly identical for the valve 
controller. This indicates that the valves are close to their base opening 
without large fluctuations. The mean value of the mass flow controller is 
used as a comparison for temperature and focusing, and the differences 
to the valve controller are given as a percentage deviation. In this sce-
nario, the differences are very small at 0.18 % for temperature and 0.02 
% for focusing, which is due to the homogeneous irradiation and 
therefore the same conditions throughout the SF. A deviation of 1.02 K 
from the setpoint temperature of 505 ◦C was achieved for the valve 
controller, while a deviation of 1.94 K was achieved for the reference 
controller.

In a second step, the control concepts are analyzed under transient 
irradiation conditions. Fig. 14 shows for the effective irradiation under a 
partly cloudy situation starting at around 12o’clock. This leads to spatio- 
temporal fluctuations of DNI over the SF. These are seen in the figure as 
average in solar irradiation over the SF. In the periods from approxi-
mately 13:00 to 13:10 and 14:45 to 15:00, the irradiation falls to a low 
level. For both control systems the minimum mass flow limit is reached. 
The mass flow limited to the minimum mass flow is still too high to keep 
the temperature at the setpoint. As a result, the outlet temperature drops 
during this period. During the other periods between 12:00 and 16:00, 
the valve control concept sets individual mass flows in the loops (to be 
seen by the min and max values given in the plot). The focus rate is very 
stable close to the ideal value of 100 %. The field outlet temperature is 
closer to 505 ◦C than in the mass flow control concept. In absolute 
values, the average loop outlet temperature is 4.44 K higher and the 
average focus rate is 0.79 %-points higher in this period.

The impact of the minimum mass flow restriction is illustrated in 
Fig. 15 which shows a typical winter day with low irradiation. The day 
has a cloudy situation at the beginning and clear sky situation from 
13:00 on. Due to the low irradiation, both control concepts fall to 
minimum mass flow. Design outlet temperatures are not reached for this 
mass flow since the irradiation level is too low. The performance of both 
control concepts does not deviate much since the field is operated by 
minimum mass flow anyway. Besides the controller performance, the 
example illustrates the importance of bringing down the minimum mass 
flow in order to reach outlet temperature also under these conditions.

3.2. Annual performance under clean collector condition

Simulation runs with the individual ASI-based irradiation profiles 
(spatial and temporal) as introduced in section 3.1 are executed for all 
available days over the three years. The valve control concept is 
compared to the fix valve control concept in terms of difference in 
electric energy produced. Fig. 16 shows the monthly absolute and 
relative change in the net electrical energy produced per month. The 

Fig. 11. Power consumption of the PB depending on HTF temperature and 
mass flow.

Fig. 12. Cleanliness distribution of the 38 loops under normal soiling conditions (left), sand desert conditions (middle), and harsh sand storm conditions (right).
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change ranges from − 1.4 MWh/month or − 0.1 % in November 2016 to 
+ 150 MWh/month or + 2.2 % in May 2018. On average over the three- 
year period, the HTF outlet temperature is 1.6 K higher and the HTF 
mass flow is 1.3 kg/s lower with the valve control concept compared to 
the control concept without loop-wise control valves. The average focus 
rate is 0.27 % higher than with fixed valve control. In total, the net 
electrical energy produced is increased by 0.57 % or 1235 MWh 
(396 MWh in 2016, 289 MWh in 2017 and 550 MWh in 2018). There is 
almost no difference throughout the winter months since minimum mass 
flow conditions are often reached There are also differences in the 
control concepts for situations with transient conditions, such as cloud 
cover. As the reduced irradiation in cloudy conditions also results in a 
lower yield, the advantage of the control valves in the cumulative results 
is small.

3.3. Annual performance under soiled collector conditions

In a real solar field, the collectors are usually inhomogeneously 
soiled due to cleaning cycles of typically 7 to 14 days. The fixed valve 
control concept is not able to adapt to different soiling conditions in the 
loop. Instead, either the SCAs in average are slightly defocused or the 
average outlet temperature does not reach its nominal value. These two 
approaches must be combined in the best possible way to generate as 
much net electrical energy as possible. The individual valve control 
concept has additional degree of freedom by adjusting the loop control 
valves. This therefore represents the real behavior of the power plant, as 

the mass flow distribution with manual valves deviates from the optimal 
distribution with homogeneous irradiation. It tests an average normal 
soling, as can be found at a power plant site in Spain. The cleanliness 
ranges from 92 % to 100 %. A histogram of the cleanliness distribution is 
shown in Fig. 12 (left).

Fig. 17 shows the increase in absolute and relative net electrical 
energy produced, from + 0.4 MWh/month or + 0.0 % in December 2016 
to + 156 MWh/month or + 2.3 % in June and May 2018, respectively. 
Overall, the average HTF outlet temperature increased by 2.8 K and the 
average HTF mass flow rate decreased by 2.5 kg/s, with the focus rate 
increasing by 0.42 %. Over the three-year period, an increase of 0.85 % 
or 1,761 MWh (552 MWh in 2016, 512 MWh in 2017 and 697 MWh in 
2018) of net generated electrical energy was achieved. The result is quite 
similar to that of the clean collectors, but with a higher overall efficiency 
of the power plant and a higher increase in net electrical energy 
generated per month.

The additional net electric energy production when using the loop 
valve control concept is 587 MWh/year in average for normal soiling 
conditions. Applying in an auction price of 0.076 USD/kWh [36], this 
additional electric energy translates to a monetary benefit of 
44,612 USD/year. With assumed additional cost for motorized and 
controlled valves of 10,000 USD/loop, the investment is covered 
after 8.5 years under the normal soiling conditions. Additional savings 
result from reduced man power for hydraulic field balancing during 
commissioning and for subsequent re-balancing during operation. This 
study does not evaluate the additional benefits of reduced maintenance 

Fig. 13. Simulated controller performance for a clear sky day expressed in terms of solar field outlet temperature, average of collector focus, minimum/maximum 
value of loop mass flows for valve controller and average loop mass flow for mass flow controller (26.10.2017).
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due to substantially reduced temperature gradients at the loop ends and 
in the collecting header lines.

3.4. Annual performance under extreme soiling situations

Controller performance under larger differences in spatial soiling 
distribution over the field are now investigated. Two test setups as 
described in section 2.3 are used. On the one hand, soiling under sand 
desert conditions is analyzed and, on the other hand, the behavior of the 
SF is tested for a few days after a sand storm where a part of the rather 
dirty field has already undergone cleaning.

Sand desert conditions.
The highest permanent soiling rates are found in sand deserts. An 

average soiling situation is shown in Fig. 12 (middle), with cleanliness of 
the collectors ranging between 75 % und 100 %. Fig. 18 shows the 
monthly absolute and relative change in net electrical energy produced 
in the sand desert regime. The benefit of the valve controller compared 
to the fix controller ranges from − 0.9 MWh/month or − 0.1 % in 
December 2018 and December 2016 to + 338 MWh/month or + 3.9 % 
in June and May 2018. With individual valve control, the average HTF 
outlet temperature is 5.9 K higher, the average HTF mass flow is 4.2 kg/ 
s lower and the average focus rate is 1.24 % higher. Over the three-year 
period, an increase of 2.63 % or 5012 MWh (1550 MWh in 2016, 
1798 MWh in 2017 and 1,665 MWh in 2018) of net generated electrical 
energy was achieved. Compared to the benefits obtained under normal 
soiling conditions, see Fig. 17, the benefit of the individual valve control 
concept is about 3 times higher. This illustrates the potential of the 

individual valve control especially under the strongly inhomogeneous 
soiling conditions.

Post sand storm conditions.
This test setup shall provoke a condition with large differences in 

soiling between the loops resulting from strong soiling after a sand storm 
combined with a fraction of the loops already cleaned. Only one 
representative day – 5 days after the sand storm – is evaluated. A his-
togram of the resulting cleanliness of the SCAs used for this analysis is 
shown in Fig. 12 (right). 23 SCAs have a cleanliness between 60 % and 
75 % and 15 SCAs show a cleanliness of 90 % or more. Fig. 19 shows the 
mean, minimum and maximum irradiation for the selected day 
(19.06.2016). Most of the time, the DNI is almost stable between 800  
W/m2 and 900 W/m2. At 11:00 a cloud event reduces the mean DNI to 
about 500 W/m2 for 45 min.

Fig. 20 shows the average HTF outlet temperature over all loops and 
average focus rate during the day. For the fixed valve control concept 
(left), the nominal HTF outlet temperature of 505 ◦C cannot be reached. 
The average focus rate of ~ 92 % (due to the focus reduction of the 
cleaner loops) and the average temperature of ~ 485 ◦C indicates the 
trade-off the fixed valve control concept has to accept. Cleaner loops 
have to be partially defocused to avoid over-temperatures whereas dirty 
loops do not reach the outlet temperature although all collectors are in 
full track. The fixed valve control concept could be further trimmed to 
set priority in reaching either higher outlet temperature (by further 
reducing mass flow and increasing focusing) or higher focus rate (by 
increasing mass flow and reducing average outlet temperature) Indi-
vidual valve control can compensate for these differences in cleanliness 

Fig. 14. Simulated controller performance for a day with non-stable irradiance conditions (16.04.2016).
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in a much better way. The focus rate is almost 100 %, the HTF mass flow 
to the field is 5.6 kg/s higher, and the average loop outlet temperature is 
18.5 K higher. Overall, the net electrical energy produced increases by 
15.2 % or 46.5 MWh for this specific day. According to the price 

assumptions from chapter 3.3 of 0.076 USD/kWh, an added value of 
3,534 USD/loop can be generated in this situation. However, it should 
be noted that the sandstorm does not occur regularly and the calculation 
is based on this one day. The efficiency of cleaning the solar field after a 

Fig. 15. Simulated controller performance for a winter day (02.01.2016). Since minimum mass flow limitation is reached outlet temperature, mass flow and focus 
rate of the two control concepts are identical over long periods.

Fig. 16. Monthly mean absolute (brown) and relative (green) change in monthly net electrical energy of the individual valve control compared to the fixed valve 
control for clean SCAs.
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sandstorm is a crucial factor here. Since clear sky and cloudy conditions 
are mixed on that day, the results represent the overall benefit of the 
loop control concept under uneven soiling and uneven irradiation.

4. Conclusion

The paper presents a numerical study for the flow control of a 
parabolic trough solar field using individual loop control valves. The 

performance is compared to a control concept with fixed loop valves. As 
part of this work, both the control system with control valves and the 
control system with fixed loop valves were developed and compared. 
The simulations are executed by the detailed transient simulation tool 
VSF. A total of 940 operation days recorded at CIEMAT’s PSA is simu-
lated using DNI maps collected by an all sky imager system operated 
over a three year period. In addition to the spatio-temporal in-
homogeneity of the irradiance conditions, uneven soiling conditions 
over the field are used as test cases. The scenarios range from clean, 
normally soiled, heavily soiled (sand desert) and extremely soiled (sand 
storm) collectors. The valve control concept is evaluated by the daily 
amount of electric energy produced, the stability of the average loop 
outlet temperature, the average focus rate, and the mass flow in the 
field.

Evaluation over the 940 days show that the net electrical energy 
produced can be increased by 0.57 % (clean collectors), 0.85 % (nor-
mally soiled), 2.63 % (heavily soiled) and 15.2 % (extremely soiled) 
conditions. The average outlet temperatures can also be increased by 
1.6 K, 2.8 K, 5.9 K, and 18.5 K, respectively. The results show an 
improvement of the developed control system with control valves 
compared to the developed control system with fixed valves.

Example days are used to illustrate the performance of the two 
control concepts presented in this paper under different irradiation 

Fig. 17. Monthly mean absolute (brown) and relative (green) change in monthly net electrical energy of the individual valve control compared to the fixed valve 
control for normally soiled SCAs according to Fig. 12.

Fig. 18. Monthly mean absolute (brown) and relative (green) change in monthly net electrical energy of the individual valve control compared to the fixed valve 
control for SCAs in sand desert conditions.

Fig. 19. Irradiation conditions for the example day June 19, 2016 used for the 
sand storm condition test.
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conditions. During periods of homogeneous irradiation, well-balanced 
fix valve settings lead to nearly an ideal mass flow distribution which 
is required to reach the desired loop outlet temperatures. Transient 
irradiance conditions, such as induced by clouds, lead to inhomoge-
neous heat input over the loops. The constant mass flow distribution 
leads to variations in the outlet temperatures, reduced focus rate, and in 
consequence for reduced energy generation. The control concept with 
individual control valves is able to keep the outlet temperature and focus 
in the solar field closer to the setpoint. Simulation results also reveal the 
relevance of the minimum mass flow limitation. As soon as the minimum 
mass flow is reached, the desired loop outlet temperature can no longer 
be achieved. Such situations typically occur during winter days. Simu-
lation results assuming unevenly soiled collector loops clearly show the 
strength of the individual loop valve control concept. The mass flow in 
each loop can be adjusted to the current soiling conditions bringing the 
outlet temperature close to the design value.

It can be assumed that, in the event of normal soiling, an increased 
electrical energy production of 587 MWh/year could be achieved, which 
would correspond to an increase of 44,612 USD/year. Consequently, the 
control valves investment is covered after 8.5 years. When the loop 
valve control is used under sand desert scenario, the value is increases to 
126,978 USD/year.

The results of the presented detailed simulation study clearly reveal 
the potential of individual loop control valves for the example case of a 
molten salt parabolic trough field with 38 loops. Future work should 
include optimized control approaches for the start-up, shut-down, anti- 
freeze, and recirculation modes. Determination of the controller pa-
rameters from the solar field characteristics could be automatized in 
order to reduce efforts in tuning the controllers. The presented investi-
gation assumed constant solar field inlet temperatures. The impact of 
varying inlet temperatures could be cross-checked although the impact 
on the benefits of loop wise control are expected be small. The same 
holds true for the size of the solar field. It is not expected that the relative 
benefits are significantly influenced by the field size itself, since the 
benefit results from the extent of inhomogeneities over the field, but not 
the size of the field.
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