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Abstract. In the frame of the ASTEP project two prototypes of the Sundial collector, together 
with a Phase Change Material Thermal Energy Storage, will be tested integrated with the 
industrial processes of two sites. However, the size of the pilot systems will not be optimized 
for commercialization. The present work considers the scale-up of the concept for one of the 
pilot industrial sites: a dairy industry located in Greece, and how will the thermal losses of the 
system must be considered with the increased aperture, thermal storage size and energy 
output. For the scaling up of the system, the capacities of the Sundial, demand and TES 
were doubled and multiplied by 10, and the thermal losses of both nominal conditions and 
annual performance were considered. The results showed that the ratio between the piping 
heat losses and the total available energy decreased when scaling-up the system both in the 
nominal and in the annual results. Hence, the heat losses lost importance when scaling up, 
when more energy was available. These facts should be considered when evaluating the 
performance of the pilots and feasibility of the concept. 
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Introduction 

Solar concentrating collectors may be used as power source for industrial heat and cooling 
demands, especially among the medium temperature range (150-300 °C). There are com-
mercial references of systems using both parabolic trough collectors and Fresnel collec-
tors [1], [2]. However, the technology must overcome several challenges, such as the inter-
mittency of the solar resource or the cost of the systems to improve its market development. 
The European ASTEP (Application of Solar Thermal Energy to Processes) Project, financed 
by the H2020 program, proposed the use of a rotating Fresnel collector (Sundial) together 
with a Phase Change Material (PCM) thermal energy storage (TES) to address such chal-
lenges. 

In the frame of this project two prototypes of the ASTEP concept (consisting of the 
Sundial collector together with the PCM-TES), will be tested integrated with the industrial 
processes of two sites. The objetive of the concept is to provide heat and cooling for industri-
al processes. Previous papers have provided detailed information concerning the design of 
the pilot collector [3], [4], its optical design and optimization [5], receiver performance [6], [7] 
and the performance of the collector when integrated with the ASTEP concept. The steady 
state modelling and results of the whole system were presented in [8], [9] and the dynamic 
behavior of the Sundial in was presented in [10], focusing on the effects of the thermal inertia 
of the system in [11].   
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However, the size of the pilot system has not been optimized for commercialization. 
The present work considers the scale-up of the concept for one of the pilot industrial sites (a 
dairy industry located in Corinth, Greece), with the objective of improving the efficiency and 
reducing the cost. To scale-up it up, some aspects require additional attention. The main one 
will be the thermal losses of the system and their relationship with the increased aperture, 
thermal storage size and energy output. Both the heat losses for the nominal conditions and 
for the annual performance of the system were calculated through the steady state model 
presented in [8]. 

Methodology 

Description of the system 

The ASTEP concept consists of the integration of a Fresnel solar collector, with a PCM-TES, 
to act as heat and/or cold sources for industrial processes. The solar collector, called Sundial 
has 47,5 m2 of aperture area (8 mirrors) and two evacuated tube in series (4 m each) as re-
ceiver. The control system ensured an outlet collector temperature of 240ºC as long as there 
was enough irradiation to reach it [10]. The TES consists of a PCM filled tank where the heat 
exchange between this material and the heat transfer fluid (HTF) was carried out through a 
tube that passes through the PCM storage 60 times. Surrounding the tube, a metal cell, op-
timized for the improvement of the heat exchange between the PCM and the HTF. The ener-
gy produced in the solar collector was either accumulated in the TES or sent to the demand. 
The reference case considered in this paper (shown in Figure 1) was the system designed 
for a dairy industry located in Corinth (Greece) with heat and cooling demands of 8 kWth and 
6 kWth respectively, which has 2 TES modules of 60 cells each according to its optimum 
design [8]. 

As previously discussed, the models for the design and evaluation of this concept 
were already presented by [8]. In this paper, the focus will be on the scale-up of the concept 
and its effect on the heat losses. To do so, the pipes connecting the different elements were 
identified, and their length and working temperature and flowrate were determined. Figure 1 
shows the identification of each pipe segment considered.  

 

Figure 1. Scheme of the reference case: ASTEP concept for an industry with heat and cool-
ing demands. 
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Heat Losses Calculations 

The dimensions of the pipes were determined by ensuring a fluid velocity of 0,1 m/s and 
pressure losses below 0,4 bar per pipe segment. Four layers are considered (see Figure 2): 
the inside of the pipe, where the HTF circulates, the steel pipe, the isolation (mineral wool) 
and the external air.  

 

Figure 2. Cross-cut scheme of the layers considered in the pipes. 

The heat losses per meter (QHL) were calculated for every segment of pipes based on the 
dimensions of the pipes and the heat transfer coefficients of the air, heat transfer fluid and 
materials of the pipe (see below), based on Barnetche et al. [11]:  

   (1) 

Where r1, r2 and r3 were the ratio of the corresponding layer, ks was the thermal conductivity 
of the steel, kmw was the thermal conductivity of the mineral wool and hi was the heat losses 
coefficient, calculated by: 

      (2) 

where ki was the thermal conductivity of the element (air or HTF) and Nu was the Nusselt 
number, calculated using the using the Dittus-Boelter equation [12]. The values of theses 
parameters are found in Table 1. 

Table 1. Parameters for the heat losses calculations 

Parameter Value 
Thermal conductivity of the steel (ks) 45,5 W/m·K 
Thermal conductivity of the mineral wool (kmw) 0,042 W/m·K 
Thermal conductivity of the air (kair) 26,3x10-3 W/m·K 
Thermal conductivity of the heat transfer fluid (khtf) 99,3 x10-3 W/m·K 
Ambient temperature (Tamb) 20 °C 
Air velocity (vair) 0,1 m/s 
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Therminol 59 was used as heat transfer fluid in the system. The properties of the oil are tem-
perature dependent, and the polynomial equations to evaluate these properties were adjust-
ed from [13] (with T in °C) as follows: 

Density 

     (3) 

Heat capacity 

    (4) 

Thermal conductivity 

     (5) 

Viscosity 

    (6) 

System Scaling-Up 

For the scaling up of the system, the capacities of the Sundial, demand and TES were dou-
bled and multiplied by 10, and the dimensions of the pipes were adjusted accordingly (see 
Table 2). Both the heat losses on design and within the yearly simulations were calculated 
through a steady state model presented in [8]. 

Table 2. Characteristics of the segments of the pipes for the ASTEP. 

Pipe Segment Length (m) Thtf (°C) DN Ref DN x2 DN x10 
1 14 224 20 36 65 
2 2 237 40 80 200 
3 5 237 40 80 200 
4 2 240 40 80 200 
5 5 240 40 80 200 
6 13 240 20 36 65 
7 4 240 20 36 65 
8 4 235 20 36 65 
9 2 205 20 36 65 
10 1 205 20 36 65 
11 2 205 20 36 65 
12 1 205 20 36 65 
13 2 190 20 36 65 
14 2 190 20 36 65 
15 2 95 20 36 65 
16 2 90 20 36 65 
17 2 180 20 36 65 
18 2 235 20 36 65 
19 4 224 20 36 65 
20 2 224 20 36 65 
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Results and Discussions 

The heat losses of the piping were calculated for three sizes of the ASTEP concept, both in 
nominal conditions and through a whole year. Table 3 shows the results of the heat losses 
per meter in each pipe segment. As expected, within one design (ref, x2 or x10) the pipes 
with greater size have more thermal losses per meter. Moreover, when scaling-up the de-
signs, the increased dimensions of the scaled-up pipes meant an increase of the thermal 
losses per meter (QHL,dis ), as seen in Table 3.  

Table 3. Heat losses of the segments of the pipes for the ASTEP. 

Pipe Segment QHL,dis Ref (W/m)  QHL,dis x2 (W/m) QHL,dis x10 (W/m) 
1 22,24 23,22 25,01 
2 25,24 26,98 28,64 
3 25,24 26,98 28,64 
4 25,64 27,41 29,10 
5 25,62 27,39 29,09 
6 24,04 25,10 27,03 
7 24,04 25,10 27,03 
8 23,49 24,53 26,42 
9 19,85 23,10 23,79 
10 20,00 23,29 23,91 
11 0,00 0,00 0,00 
12 20,00 23,29 23,91 
13 18,43 21,47 20,73 
14 18,31 21,32 21,90 
15 7,24 8,44 8,65 
16 7,25 8,44 8,66 
17 17,04 19,84 20,42 
18 23,46 27,33 26,40 
19 22,24 23,22 25,01 
20 0,00 0,00 0,00 

 

The analysis of the results of the whole system (taking into account the actual lengths) in the 
nominal and annual results are shown in Figures 3 and 4. These figures show the ratio be-
tween the sum of the piping heat losses and the total available energy (the one delivered by 
the boiler and chiller). The ratio decreased when scaling-up the system for both in the nomi-
nal results (Figure 3 a), where the ratio of the powers is shown) and in the annual ones (Fig-
ure 3 b), where the ratio is for the energies). These decreases went from 0,1116 (in the ref-
erence case) to 0,0127 (in the x10 scale-up case) for the nominal conditions, and from 
0,1854 to 0,0122 for the yearly simulations. The ratio of heat losses was higher for the refer-
ence and the x2 scale-up cases, meaning that the heat losses on the nominal conditions 
were underrepresented when compared with the performance in other conditions along the 
year. However, the differences among the nominal and the yearly results for the x10 scale-up 
case were smaller (and the ratio was higher in the nominal conditions), meaning that the heat 
losses in the nominal conditions when scaling up would represent the heat losses to be ex-
pected along the year.  
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a) b) 

Figure 3. a) Ratio of the thermal losses (kW) and the available power (kW) for the three 
scales for the nominal conditions and b) ratio of the thermal losses (kWh) and the available 

energy (kWh) in the annual results for the three scales  

Figure 4 shows this same ratio along the year, for each month. The ratio of heat losses 
thought the year was also less important during the summer months (April to September), 
when more energy is available.  

 

Figure 4. Monthly ratio of the thermal losses (kWh) and the available energy (kWh) or the 
three scales. 
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Conclusions 

The heat losses associated to a pilot SHIP system to be installed were evaluated for the de-
sign and for the scale-up of the concept. As expected, the pipes with greater size have more 
thermal losses per meter. When scaling-up the designs, the increased dimensions of the 
scaled-up pipes meant an increase of the thermal losses per meter.  

However, the ratio between the piping heat losses and the total available energy (the pro-
duced one produced by the boiler and chiller) decreased when scaling-up the system, when 
more energy was available. This behavior was reflected both in the nominal conditions and in 
the yearly results. The ratio of heat losses thought the year were also less important during 
the summer months. 

Hence, the heat losses lost importance when scaling up, as more energy was available, and 
the percentage that the heat losses represented decreased. These facts should be consid-
ered when evaluating the performance of the pilot and feasibility of the ASTEP concept, as 
the heat losses in the pilot may be of significance. 
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