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Abstract. Parabolic trough collector (PTC) systems are commercially available concentrating solar power plants widely 
known for their application to generate electrical power. To further reduce the dependency on fossil fuels, such systems 
can also be deployed for producing process heat for industrial purposes. In combination with a thermal energy storage 
system, this technology has the ability to reliably supply on-demand process heat. This paper gives details on a fully 
automated PTC system with concrete thermal energy storage (C-TES) and kettle-type boiler that supplies saturated steam 
for a beverage factory in Limassol, Cyprus. In the focus is the validation of a dynamic simulation model in Modelica® that 
physically describes the entire PTC system. The simulation model uses various plant data as inputs including mirror 
reflectivity and weather data from on-site measurements. The validation was carried out in three steps. First, the PTC was 
validated as a stand-alone component. A time-dependent inlet oil temperature vector was given as input and the outlet oil 
temperature was computed. The root mean square (rms) error between the measured to simulated outlet oil temperature 
values results in 3.86 % (equivalent to about 1.9 K). The second part of the validation then considered a complete PTC oil 
cycle in PTC-and-boiler operation mode (without C-TES). In the simulation, both the PTC inlet and outlet oil temperatures 
were computed. The result is a deviation < 4.25 % (rms) between measured to simulated values. Finally, in the third step, 
the C-TES model was validated as a stand-alone component. The deviation between measurement and simulated values is 
< 5 % compared to the design point. 

INTRODUCTION 

The application of parabolic trough collector (PTC) systems for producing process steam for industrial applications 
is gaining international importance. With 33 PTC systems installed worldwide, the food and beverage industry clearly 
dominate as target industry. Further 15 plants exist for 10 other industrial applications. [1] 

In Limassol, Cyprus, a fully automated PTC system with concrete thermal energy storage (C-TES) was installed 
as part of an international research project. The system is designed to produce up to 5 % of the process steam demand 
of the local beverage factory KEAN Soft Drinks Ltd. This leads to a reduction in the fossil fuel consumed by the 
factory’s gas-fired boiler and hence to lower fuel costs and CO2 emissions. The PTC system is manufactured by 
Protarget AG, Germany, and the C-TES by CADE Soluciones de Ingeniería, S.L., Spain. 
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In the focus of this paper is a dynamic simulation model developed by the Solar-Institut Jülich (SIJ) that simulates 
the entire PTC system with C-TES for steam generation. The simulation model is used for several purposes including 
(i) improving the plant’s controller, (ii) to simulate adjusted operating strategies prior implementation in the process 
control system of the real plant, and (iii) to make accurate energy yield and plant efficiency predictions for scaled-up 
systems. The simulation model was developed using Modelica® language. The local project partner Cyprus University 
of Technology provides SIJ with weekly mirror reflectivity measurement and weather data, which serve as input for 
the simulation model. 

DESCRIPTION OF PTC SYSTEM WITH C-TES FOR STEAM GENERATION 

A schematic of the installed plant is shown in Fig. 1 (a) below. The key components are a two-row PTC field with 
a total length of 96 m, a two-module C-TES (TES 1 and TES 2), a kettle-type boiler and a thermal oil pump. The oil 
temperature measurement points are marked as T1 and T2. The collector rows are not aligned in north-south direction 
due to land restrictions. Each of the C-TES modules consists of two insulated sub-modules of each 5 m length placed 
next to each other in a shipping container. Fig. 1 (b) shows the insulated sub-modules. Each sub-module is designed 
with 20 tubes arranged in a 5-by-4 matrix. The C-TES has a capacity of 600 kWh allowing on-demand and continuous 
supply of steam. The PTC has a mid-sized aperture of 3 m and is equipped with a novel heat collecting element (HCE) 
as shown in Fig. 1 (c). The HCEs diameter is specially adapted to the collector’s aperture in order to maximise the 
collector’s efficiency. The thermal oil deployed in the plant is HELISOL XA, which can be heated to 425 °C. Fig. 1 
(d) shows the PTC in solar operation during the commissioning phase together with a weather station. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

FIGURE 1. (a) Schematic representation of the PTC system with C-TES (modules installed in parallel). (b) Photo of a single C-
TES module consisting of two sub-modules placed in a shipping container during the installation phase (Photo provided by and 
© CADE). (c) Two-row PTC system (Photo provided by and © Protarget). (d) Photo showing the PTC system in solar operation 

and the weather station during the commissioning phase (Photo provided by and © Protarget). 
 

The temperature control is realised solely via a thermal oil temperature measurement coupled with tailored 
algorithms for mass flow control. Although usually used in conventional PTC plants the direct normal irradiance 
(DNI) is not a controller input. The plant operation is controlled using a controller with integrated operating strategies 
for handling varying steam demand profiles and operating states during all types of weather conditions. Even though 
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the system is principally capable of producing process heat to enable 24/7 operation, the KEAN factory requires steam 
for only up to 16 hours. The solar system is currently going through the commissioning phase. 

DYNAMIC SIMULATION MODEL OF THE PTC SYSTEM WITH C-TES 

The overall model of the PTC system with C-TES, shown in Fig. 2 (a), consists of the parabolic trough collector 
array, the boiler, the C-TES, a superordinated plant controller, several auxiliary components such as valves V1 to V5 
as well as time-dependent inputs like weather data. Each of these components contains nested layers with classes that 
realistically depict the physical component design and energy transfer processes.  

The PTC model is composed of three layers. The third layer, shown in Fig. 2 (b), is a thermal resistance model of 
the HCE and consists of in-house classes. 
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(b) 

FIGURE 2. (a) Top layer class of the overall PTC system. In the interest of clarity, the depiction is simplified and shown without 
insulated piping. (b) HCE model with thermal resistance classes. (Both images © SIJ) 

 
The PTC model is highly detailed in order to achieve the highest possible accuracy while still maintaining an 

acceptable simulation speed. Figure 3 shows a cross-sectional view of the HCE with all energy flows entering and 
leaving the HCEs boundaries. A HCE is fundamentally composed of a steel absorber tube (AT) with selective coating 
that carries a heat transfer fluid inside, a glass envelope (GE) that maintains a vacuum in the annulus, a getter, two 
glass-to-metal seals as well as two bellows. To describe the HCE mathematically it is necessary to define two 
boundaries and three transient energy balances (here the unit of the variables’ is in W/m2). Boundary 1 is split into 
two boundaries, namely 1,i and 1,o (where “i” stands for inside and “o” stands for outside). With the first energy 
balance (Eq. 1), the glass envelope temperature of the HCE is computed. The rate of change of energy stored in the 
glass envelope’s material is the expression on the left hand side of the equation. The running index i and time t are 
written in superscript to indicate that the simulation model is discretised and transient. The DNI passes through 
boundary 1,o (cf. Fig. 3) of which a portion is absorbed by the glass as qሶ e,abs

i,t . There is also a radiation exchange 

between the AT and the GE, qሶ ea,rad
i,t  entering through boundary 1,i into the glass material as well as the loss due to 

convection in the annulus, qሶ ann,conv
i,t . Leaving boundary 1,o are the radiation loss from the GE to the atmosphere, qሶ e,rad

i,t , 

and also the convection loss to the atmosphere due to natural or forced convection depending on the wind speed, 
qሶ e,conv

i,t . The equations are based on various sources [2-7]. 
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ρe·ce·Ae·
∂Te

i

∂t
	=	qሶ e,abs

i,t ൅ qሶ ea,rad
i,t ൅ qሶ ann,conv

i,t െ qሶ e,rad
i,t െ qሶ e,conv

i,t  (1) 

 

 

FIGURE 3. Energy balance for the heat collecting element (cross-sectional view). (© SIJ). 
 

The second energy balance (Eq. 2) is required for determining the absorber tube temperature. The rate of change 
of energy stored in the absorber pipe wall is the expression on the left hand side of the equation. Entering the boundary 
2,o is the DNI of which a large proportion is absorbed as qሶ a,abs

i,t . Leaving through boundary 2,i is the heat transferred 

from the absorber to the fluid, qሶ f,conv
i,t . Leaving through boundary 2,o towards the GE are the radiation exchange 

between the AT and the GE, qሶ ea,rad
i,t , the losses due to convection in the annulus, qሶ ann,conv

i,t , as well as the bracket loss 

qሶ bracket,conv
i,t . 

ρa·ca·Aa·
∂Ta

i

∂t
	=	qሶ a,abs

i,t െ qሶ f,conv
i,t െ qሶ ea,rad

i,t െ qሶ ann,conv
i,t െ qሶ bracket,conv

i,t  (2) 

 
The third energy balance (Eq. 3) calculates the temperature of the thermal oil flowing through the absorber tube. 

The rate of change of energy removed by the fluid is the expression on the left hand side of the equation. Entering the 
boundary 3 is the heat transferred from the absorber to the fluid, qሶ f,conv

i,t . Leaving the boundary is the energy in the 

fluid, qሶ f
i,t. 

ρf·cf·Aa·
∂Tf,i

∂t
= െ  qሶ f

i,t ൅ qሶ f,conv
i,t  (3) 

 
The PTC model is discretised into 8 sections of each 12 m length. Inputs for each of the sections are the weather 

data as well as mirror reflectivity values obtained from weekly mirror measurements using a CONDOR reflectometer 
from Abengoa Solar. Reflectivity measurements are taken on the edge and in the middle of the mirror every 12 m 
distance along each collector row. Three reflectivity values are recorded at each measurement point. For each 12 m 

Legend:

Absorber tube

Glass envelope

HTF flowing 
inside tube

Ambience

j

k

h

Concentrated 
DNI

a

i

e

b

f

d

Glass 
envelope

Ambience

Absorber tube

Vacuum

HTF c a ≡	qሶe,abs g ≡	qሶ b,cond

b ≡	qሶe,cond h ≡	qሶ ann,conv

c ≡ qሶa,abs i ≡	qሶ ea,rad

d ≡ qሶa,cond j ≡	qሶ e,rad

e ≡ qሶ f,conv k ≡ qሶe,conv

f ≡	qሶ fg

1,i

2,o

1,o

2,i

150007-4



section an overall average value is then computed from the outer and inner reflectivity values. Reflectivity 
measurements are taken every 7 days as well as before and after precipitations, and in times with above average dust 
concentrations in the troposphere. In order to prevent the mirror reflectivity of dropping below 88 %, the mirrors are 
washed every 7 days. A MDI automatic weather station from CSP Services installed on the factory’s site records local 
data of the ambient temperature, humidity and pressure, precipitation, wind speed and direction, global horizontal 
irradiance (GHI) as well as the direct normal irradiance (DNI). The DNI is measured with a Twin Rotating 
Shadowband Irradiometer (RSI) in 30-second intervals with an annual uncertainty of usually < 2 % [8]. 

Generally, when installing solar process heat systems in industrial areas, available ground is often confined and 
the shadows cast by close-by tall buildings and trees can pose a problem. In the case for the KEAN factory two 
buildings and two trees are located to the west of the PTC system and are as close as 28 m to the first collector row. 
This leads to a shadowing of parts of the collectors in the late afternoons within the last 60 minutes before sunset. At 
this time the DNI is already very low and additionally collector row shadowing also occurs. To account for the losses, 
the time-varying shadowed mirror area caused by two factory buildings and two trees is an input for the simulation 
model. Fig. 4 (a) shows a photograph which includes one of the two buildings that casts a shadow on the collector 
rows. Unavoidably, the weather station is also affected by the shadowing leading to short daily gaps in the DNI data 
which must be accounted for in the simulation of the PTC system. For calculating these building shadow losses, a 
separate code named Building and Tree Shadow Analyser (BTSA) was written in MATLAB®. The tool computes the 
shadow polygons cast on the ground for the two buildings as well as the collectors, as visually shown in Fig. 4 (b), 
and then subtracts one from another. This is carried out for each collector segment in order to obtain the shadow 
percentage values. [9] 

 

(a) (b) 

FIGURE 4. (a) PTC in the vicinity of buildings and trees (© Protarget). (b) Computed shadow area polygons for building 1 and 
building 2. Computed shadow area polygons of collector row 1 (12 metre segments S1 to S4) as well as collector row 2 

(segments S5 to S8). The area encompassed by a thick black line is the shadow area cast onto collector 1 by building 1. The area 
encompassed by the thick red line represents the shadowing of collector row 1 onto collector row 2. (© SIJ) 

 
To model the C-TES, a single tube with a square concrete section around it is defined as a single storage element, 

as shown in Fig. 5. This single storage element is then divided into four quadrants. In the Modelica® model, the 
quadrant is discretised into 11 layers (see quadrant Q1 in Fig. 5). The C-TES model is mathematically described in a 
similar way as the PTC model. The single storage element is defined to have three system boundaries (of which only 
two are shown in Fig. 5) and comprises four energy balances. The first energy balance is used to calculate the heat 
exchange between the thermal oil flowing through the tube, qሶ f, and the tube’s wall by means of forced convection, 
qሶ f,conv (passing through boundary 1,i). Using the second energy balance the heat conduction through the tube wall, 

qሶ w,cond, is determined. With the third energy balance the heat stored in or removed from the concrete material, qሶ c,cond, 

is computed (heat passes through boundary 1,o). The fourth energy balance comprises the heat exchange with the 
insulation material. Note that the fourth energy balance is required only for the outermost tubes-concrete elements of 
the storage. In addition, as the insulation is in contact with the atmosphere inside the container, the radiation and 
convection losses are also computed. To allow a temporal and spacial computation of the energy content along the 
length, the storage model is discretised into several individual blocks of equal length.  
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FIGURE 5. Energy balance for a single storage element without insulation (cross-sectional view). A single storage element 
(SSE) consists of a tube with a square concrete section around. The SSE is divided into 4 quarters (Q1 to Q4) with each quarter 

composed of 11 concrete layers. (© SIJ) 
 
The kettle-type boiler model is an adaptation of an existing boiler model from the standard Modelica® library [10]. 

The boiler consists of a shell and a tube bundle. To calculate the total energy transfer from the oil-carrying tubes to 
the water volume inside the shell, the heat transfer coefficient for nucleate boiling was implemented using the 
equations from Gorenflo (2013) and Fritz (1963) [11,12]. The equations are based on empirical correlations and are 
dependent on the heat flux as well as the vapour pressure. A two-phase evaporator model calculates the total steam 
generation using the evaporation enthalpy of water [13]. The evaporator is connected to a non-return valve, which 
only opens when the steam pressure from the boiler exceeds the pressure of the consumer’s steam pipeline. 

VALIDATION RESULTS FROM THE COMMISSIONING PHASE 

In a commissioning test on a sunny, cloudless day with calm wind conditions, the operation mode of the plant was 
set to PTC-and-boiler-only (i.e. without C-TES). The purpose of the test was to observe the behaviour of both the PTC 
and the boiler while maintaining a near-constant oil mass flow.  The simulation model was validated with measurement 
values from this test. To validate the simulation model step by step, first the PTC was isolated as a component. The 
initial conditions of the real system, the weather and mirror reflectivity data as well as the thermal oil temperature 
measurement values at the collector inlet (T2) were used as input. The temperature at the collector outlet (T1) was 
simulated and the corresponding oil temperature difference between the outlet and inlet, i.e. T1-T2 or ΔTOil,PTC, was 
computed. The results are shown in Fig. 6 (a–d) and described below. 

As seen in Fig. 6 (a), the DNI drops steadily from 817 to 719 W/m2 between 13:50 and 15:47 (Eastern European 
Summer Time) while the mass flow rate fluctuates between 1.13 and 1.3 kg/s (see Fig. 6 (b)). The drop in DNI along 
with the near-constant mass flow rate of the thermal oil leads to a decrease of ΔToil,PTC from around 50 K to 43 K as 
shown in Fig. 6 (c). The dashed line in Fig. 6 (c) represents the simulated ΔToil,PTC which shows good agreement with 
the measurement values between 14:26 until 15:34. When comparing the deviation of the simulated to measured 
temperature differences, the root mean square (rms) deviation is only 3.86 % (equivalent to about 1.9 K). The 
maximum deviation is 11.2 % (equivalent to 5.82 K) at 14:11, which is rather high. The simulation model will be 
further refined to improve on the simulation accuracy. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

FIGURE 6. (a) DNI for 13:50 ‒ 15:47 local time on a sunny day, (b) Oil mass flow, (c) Comparison of measured vs simulated 
oil temperature difference ΔTOil,PTC = T1-T2 between PTC outlet and inlet, (d) Deviation between measurement and simulated oil 

temperature difference ΔTOil,PTC = T1-T2 between PTC outlet and inlet. [14] 
 
Following the PTC validation, the boiler was then validated using the complete simulation model in PTC-and-

boiler operation only mode. In this simulation, the complete oil cycle is being considered which includes the heat 
transfer from the oil to the boiler for steam production. Unlike in the isolated PTC-only case, the oil inlet temperature 
(T2) is no longer a simulation input but is being computed and compared to the T2 measurement values. Fig. 7 shows 
the simulated oil temperature difference between the PTC outlet to the PTC inlet compared to the measured values. 
The result of the simulation is a deviation < 4.25 % (rms) between measured to simulated values of ΔTOil,PTC. 

 

 

FIGURE 7. Comparison of measured vs simulated oil temperature difference ΔTOil,PTC = T1-T2 between the PTC outlet and PTC 
inlet [14] 

 
The storage model was validated as a stand-alone component outside the above described measurement campaign 

with data from CADE. The deviation between measurement and simulated values is < 5 % compared to the design 
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point. A case was simulated for 75 kW thermal charging power. The total energy stored after 8 hours is 593.8 kWh 
which deviates only by 2.7 % from the design values for the same conditions. 
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