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1 Analysis and validation of a quasi-dynamic model for a solar collector field with 
2 flat plate collectors and parabolic trough collectors in series for district heating

3 Zhiyong Tian, Bengt Perers, Simon Furbo and Jianhua Fan 

4 Department of Civil Engineering, Technical University of Denmark, Kgs. Lyngby, Denmark

5 Abstract
6     A quasi-dynamic TRNSYS simulation model for a solar collector field with flat plate collectors and 
7 parabolic trough collectors in series was described and validated.  A simplified method was implemented in 
8 TRNSYS in order to carry out long-term energy production analyses of the whole solar heating plant.  The 
9 advantages of the model include faster computation with fewer resources, flexibility of different collector 

10 types in solar heating plant configuration and satisfactory accuracy in both dynamic and long-term analyses. 
11 In situ measurements were taken from a pilot solar heating plant with 5960 m2 flat plate collectors and 4039 
12 m2 parabolic trough collectors in series in Taars, Denmark from Sep.2015 to Aug.2016. The simulated 
13 thermal performances of both the parabolic trough collector field and the flat plate collector field have a 
14 good agreement with the measured performances. The thermal performance of the hybrid solar district 
15 heating plants is also presented. The measured and simulated results show that the integration of parabolic 
16 trough collectors in solar district heating plants can guarantee that the system produces hot water with 
17 relatively constant outlet temperature. The daily energy output of the parabolic trough collector field can be 
18 more than 5 kWh/m2, while the daily energy output of the flat plate collector field is less than 5 kWh/m2 
19 under Danish climate conditions. The simplified and validated TRNSYS model can be a useful tool to 
20 simulate and optimize thermal performance of solar heating plants with both flat plate and parabolic trough 
21 collectors.

22 Keywords, Hybrid solar district heating plants; quasi-dynamic model; validation; in-situ measurements

23 1. Introduction
24        The number of large scale solar heating plants for district heating increased very fast in Europe during 
25 the last couple of years, especially in Denmark [1], [2]. More than 70% of large scale solar heating plants for 
26 district heating around the world are constructed in Denmark so far [3]. Most of the collectors in the existing 
27 plants are flat plate collectors. Due to collector heat losses, the efficiency of flat plate solar collectors is 
28 significantly lower at  operation temperatures of 85°C-95°C compared to the efficiency at temperatures of 
29 40°C-60°C. Parabolic trough collectors typically have a low heat loss coefficient and are therefore less 
30 affected by the operation temperature level of the collectors. Parabolic trough collector is the most used 
31 technology currently among solar concentrating power collector technologies [4]. Parabolic trough collectors 
32 are mainly used for electricity production at temperatures of 200-400°C so far [5], [6]. Industry process 
33 temperatures found in industrial processes are manifold, ranging from low (T<100ºC), medium (100ºC < T < 
34 250ºC) to high (T > 250ºC) operating temperatures [7]. Parabolic trough collector is also suitable for these 
35 temperature ranges [7]. More and more parabolic trough collectors have been employed in the industry 
36 process heat production in the recent years [6], [8]–[11]. Most small scale parabolic trough heating plants are 
37 applied for industry processes using glycol/water as heat transfer fluid in recent years [7]. Parabolic trough 
38 collector also can be used with advantage operated at temperature range 85-95°C in solar district heating 
39 plants.  The feasibility of parabolic trough collectors in large scale solar heating plants for district heating has 
40 been validated in the pilot Thisted plant in Denmark in 2013 [12].  A pilot solar collector system with flat 
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41 plate collector and parabolic trough collector fields for district heating networks in series can harvest the 
42 advantages of the flat plate collectors at low temperature levels and the parabolic trough collectors at high 
43 temperature levels. A combined solar heating plant with 5960 m2 flat plate collectors and 4039 m2 parabolic 
44 trough collectors in series for a district heating network was constructed in Taars, Denmark in 2015 [13]–
45 [15]. A general solar collector field model for both flat plate and parabolic trough collectors would be 
46 essential for the evaluation of the combined system.

47 1.1 Single solar collector model
48       Many test methods for single solar collectors have been developed [16-28]. The test methods can be 
49 divided into the steady–state method, quasi-dynamic method and dynamic method. The quasi-dynamic 
50 method is used in the model in this paper. The quasi-dynamic test (QDT) method described in most of the 
51 common standards such as EN 12975-2 [16], ISO 9806:2013 [17] and ASHRAE 93 [18] is an efficient 
52 model applicable to both concentrating and non-concentrating collector designs, which is firstly developed 
53 by Bengt Perers in 1990s [19]–[21]. Fischer, S., et al. [22] also showed that the QDT method can be used to 
54 predict the performance of single parabolic trough collector. Some improved dynamic methods were 
55 developed by Deng J. and Kong W. et al. [23]–[28]. 

56 1.2 Solar collector field model
57      B. Perers [29] had introduced several solar collector models to MINSUN simulation program, which can 
58 simulate the thermal performance of different collector fields in 1990. The results had shown that parabolic 
59 trough collectors with good optical performance had thermal performance comparable to flat plate or 
60 evacuated tube collectors at high latitudes. B. Perers. et al.  also investigated the application of parabolic 
61 trough collectors in a small scale pilot plant in Thisted, Denmark [12]. This was the earliest research about 
62 the practical application of parabolic trough collectors at high latitudes.  Guadalfajara M. et al. developed a 
63 simple method to simulate the performance of central solar heating plants with seasonal storage [30]. The 
64 simple method could give an overview of the thermal performance of solar heating plant which can be 
65 helpful for pre-design of the large solar heating plants. The disadvantage of the simple method is that the 
66 shadow among the collectors and control strategy is not taken into consideration. Marco. et al. [31] 
67 investigated a 1070 m2 flat plate collector field for the industry process heat, which focused on  thermal 
68 performance of the solar collector field by comparing the measured field efficiency with the nominal 
69 collector efficiency. Hassine I B. et al. [32] also investigated two about 1000 m2 solar heating plants. Control 
70 strategy in the primary and second loop was optimized to have a constant outlet temperature. Frank E. et al. 
71 [33] evaluated the operation performance of two around 1000 m2 parabolic trough collector fields in 
72 Switzerland. A quasi-dynamic simulation model for direct steam generation in parabolic trough collector 
73 loops using TRNSYS was introduced [34].

74 1.3 Scope 
75      The previous studies [16-28] mainly focus on simulation or test on a single collector in the laboratory, 
76 direct steam generation [34] and thermal performance of relatively small scale solar collector fields (1000m2) 
77 [30-34]. A collector array field may consist of collectors connected in series and in parallel. Thermal 
78 performance of the total collector array should be determined by both the number of modules in series and 
79 the characteristics of each module. Most studies were on the flat plate collector. Currently, the performances 
80 of large scale solar collector fields under real operation conditions have not yet been widely documented and 
81 standardized. Evaluating thermal performance of large-scale solar collector fields with good accuracy is still 
82 an important topic in the large scale solar heating industry. Technical parameters from a standard efficiency 
83 test of single collector can be used to simulate the thermal performance of total solar collector arrays.  
84 Compared to solar collector models, solar collector field model also should consider row shading, axis 
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85 orientation, heat losses in pipes .etc. A simple and practical method to predict thermal performance of 
86 different solar collector fields for general use can increase confidence of large solar heating plants 
87 technology in the market. The quasi-dynamic collector model is applied to simulate thermal performance of 
88 a nearly 10000 m2 hybrid solar collector field in Denmark. The quasi-dynamic collector field model was 
89 validated by the almost annual in-situ measurements of both flat plate and parabolic trough collector field. 
90 The validated quasi-dynamic collector field model could be a very useful tool to optimize the combined solar 
91 heating plant to determine the optimal design parameters. The novelty of this study is summarized as follows: 
92 1, The objective is a novel large-scale solar district heating plant with flat plate collectors and parabolic 
93 trough collector in series. 2, Validation of the quasi-dynamic model for both large-scale flat plate collector 
94 and parabolic trough collector fields was shown; 3, Both simulated and measured dynamic performances of 
95 the novel hybrid solar collector field were presented; 4, The advantages of the hybrid solar heating plant 
96 were shown, which can introduce a new design concept of large-scale solar district heating plants to other 
97 places.

98 2. Taars solar heating plant
99        The Taars solar heating plant is located in Taars, 30 km north of Aalborg, Denmark. The solar heating 

100 plant is the first demonstration project with parabolic trough collectors for district heating in Europe. The 
101 plant was put into operation in August.2015, as shown in Fig.1. Fig. 2 illustrates the layout of the solar 
102 collector field. The PTC collector field consists of six rows of PTC collectors with 4039 m2 aperture area and 
103 the orientation of the PTC collectors is 13.4° towards west from south.  The flat plate collector field in the 
104 right of Fig. 1 consists of 5960 m2 aperture area and the orientation is south. The tilt of the flat plate collector 
105 field is 50◦.  The row distances for the parabolic trough collector field and the flat plate collector field are 
106 12.6 m and 5.67 m respectively. The solar collector fluid of the parabolic trough collector field and the flat 
107 plate collector field is water and mixture of glycol/water (35%) respectively. The FPC field preheats the 
108 return water from the district heating networks to about 75 ℃. Then the preheated water from the FPC field 
109 is heated by the PTC field to 95 ℃. The system was measured over a year (Sep.2015 – Aug.2016). Two heat 
110 storage tanks (2430 m3 in total) were used for the heat storage of several summer days. Tables 1 and 2 show 
111 the geometrical parameters of FPC and PTC separately [13][35].

112 3. TRNSYS model based on quasi-dynamic method
113      A flat plate collector field and a parabolic trough collector field model were established in TRNSYS [36]. 
114 In the flat plate collector field, heat exchanger unit, shadows and pipes are included. The collector arrays 
115 consist of collectors connected in series and in parallel. There are two kinds of flat plate collector 
116 with/without FEP foil between absorber and cover glass used in the flat plate collector field. The flat plate 
117 collector field has 39 rows in parallel. 6 FPC collectors without foil in series and other 6 FPC collectors with 
118 foil in series in average were used in each row. In the parabolic trough collector loop, shadows, supply pipes 
119 and return pipes of the solar collector field are taken into consideration. The thermal performance of the total 
120 collector array is determined by the number of modules in series and the characteristics of each module. The 
121 numbers of modules per row of both FPC and PTC are 12 and 10, respectively. The discretization in the 
122 modelling is done inside the collector and pipe models used. Each collector array is discretized with nodes. 
123 The solar collector field model can simulate an array of identical solar collectors hooked up in series.  The 
124 number of nodes is used to specify how many collectors are hooked up in a series arrangement (outlet of first 
125 collector = inlet of second collector, etc.) for each parallel flow loop.
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126       The type 1290 is used to simulate thermal performance of both parabolic trough collector and flat plate 
127 collector field. The Type 1290 is based on EN12975-2 Dynamic Efficiency Approach (ASHRAE IAMs) [37].

128 The solar collector model equation is given as follows,

129  (eq.01)    2

0 0 1 2 3(T ) (T ) m
b b d d m a m a

Q dT
K G K G c T c T c

A dt          
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131 When >60°, the IAM is linearized from the value at 60° to a value of zero at 90°.

132    Total radiation G is divided into the beam Gb and diffuse Gd parts in this collector model. Incident angle 
133 modifiers are used for beam radiation and diffuse radiation. Kθb(θ) is a function of the angle of incidence of 
134 the direct radiation and the constant Kθd for the diffuse radiation. Thus the collector model can be used to 
135 predict the thermal performance of both the parabolic collectors and the flat plate collectors.

136 Type 30 was employed to simulate shadows from the solar collectors for both collector subfields. This 
137 component determines incident radiation upon an array of collectors with shadows from the row in front of 
138 the row in question. There are two possible modes. Model 1 considers shadows from fixed flat plate 
139 collectors with a tilt. Total, beam, and diffuse radiation are output. Model 2 is for single axis tracking 
140 parabolic trough collectors that utilize beam radiation only. Type 5 was used to simulate the heat exchanger 
141 connected to the FPC field. Type 31 was used to simulate the pipes. Measured DNI and global horizontal 
142 solar radiation and inlet temperature etc. are inputs used for model validation. Measurements and 
143 uncertainties can be found in section 4. Mathematical descriptions on the components can be found in [37].

144 (1) Flat plate collectors

145       The flat plate collectors, HTHEATboost 35/10 without FEP foil and HTHEATstore 35/10 with FEP foil, 
146 are produced by Arcon-Sunmark [35]. Standard parameters for the collectors based on gross areas can be 
147 found in Table 3 [38]. Total radiation on the flat plate collector is input for the flat plate collector field model. 
148 Two separate 1290 type components in series are used to simulate the thermal performance of the flat plate 
149 collector without and with FEP foil in series.

150 (2) Parabolic trough collectors

151 Peak collector efficiency η0 and the heat loss coefficients c1 and c2 for the parabolic trough collectors were 
152 assumed to be equal to the values of the pilot plant in Thisted, Denmark [14], as shown in table 4. Beam 
153 radiation on the PTC plane calculated by measured DNI and zenith angle are inputs for the parabolic trough 
154 collector field model.

155 4. Measurements and uncertainties    

156 4.1 Measurements
157     The solar heating plant system is well equipped with different accurate sensors. Total solar radiation on 
158 the collector’s surface and global radiation, ambient temperature and wind speed data were measured. It also 
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159 had temperature sensor inputs onto which SIEMENS TS500 thermometer with drilled thermoswell 
160 temperature sensors [39] were connected to measure inlet and outlet temperatures of both flat plate collector 
161 field and parabolic trough collector field. The volume flow rate of the solar fluid was measured using Sitrans 
162 FM MAG3100 P flow meters from SIEMENS. The TS500 temperature sensors (PT100) have an uncertainty 
163 of ±0.30 K +0.0050*|T[K]|[39]. Sitrans FM MAG3100 P flow meters had an uncertainty of 1 % (maximum).

164      Two pyranometers (Kipp&Zonen SMP11) are used to measure the global radiation on the horizontal 
165 surface and total radiation on the tilted flat plate collector [40]. DNI is measured by the PMO6-CC 
166 pyrheliometer [41] with the sun tracking platform Sunscanner SC1 [42], which has high accuracy and 
167 automatically cleaning function. The solar radiation sensors had an accuracy of 2% and a resolution of 1 
168 W/m2. All the raw measurement data was logged at 1 min interval.

169 4.2 Uncertainties
170       Measured power output is calculated by eq.3. Separate uncertainty of each parameter causes uncertainty 
171 of the measured power. As shown in section 4.1, uncertainty of the flow rate sensor is 1 %.  Uncertainties of 
172 density and specific heat of water or glycol/water mixture are estimated as 0.5 %.  By equation 4, typical 
173 uncertainties of the measured power output of the FPC field and the PTC field can be calculated. Details can 
174 be found in Figs. 5, 7, 10 and 12 in section 5.

175

176      (eq.03)(T T )P out inQ V C    

177       (eq.04) 
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178 5. Validation 
179        Section 5.1 shows dynamic comparisons of measured and modelled performance of the flat plate 
180 collector field and the parabolic trough collector field in a cloudy and a sunny day. Section 5.2 illustrates 
181 daily and monthly comparisons of measured and modelled performances based on the quasi-dynamic model.  
182 The time step of all the calculations is 1 minute. Inlet temperature and volume flow rate of both the FPC and 
183 the PTC field in simulation are taken from the measurements from the Taars plant.

184 5.1 Dynamic performance in typical days
185     One sunny day (May 7, 2016) and one typical cloudy day (August 14, 2016) were selected to analyze the 
186 thermal performance and validate the developed model.  Figs. 3 and 8 show that weather conditions, such as 
187 ambient temperature, DNI, global radiation and total radiation on the south-oriented tilted collector plate 
188 (50°) and flow rates of both days, respectively. The measured and simulated outlet temperature and power 
189 output of the FPC field shown in this section are the values of the secondary water loop of the FPC field 
190 including the heat exchanger.   

191 5.1.1 Sunny day (May 7 of 2016)
192      As shown in Fig. 3, May 7 in 2016 was a typical sunny day. The maximum of global radiation on the 
193 tilted surface was about 1000 W/m2 and the max DNI was about 800 W/m2. The ambient temperature peaks 
194 at around 30 °C. Measured volume flow rates of both  the FPC and the PTC fields are shown in Fig.3.  Since 
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195 the PTC field tracked the sun from sunrise to sunset during the daytime, the operation period of the PTC 
196 field is longer than that of the FPC field. In the sunny day, the flow rate of PTC field was almost constant. 
197 The volume flow rate of the FPC field varied with the solar radiation and was largest at noon.

198 1) FPC field on the sunny day

199       Fig. 4 shows measured inlet and outlet temperature and simulated outlet temperature of the FPC field in 
200 May 7, 2016. Fig. 5 shows measured and modelled power output of the FPC field in May 7, 2016. The 
201 maximum power output of the flat plate collector field is close to 600 W/m2 at noon in May 7, 2016. The 
202 modelled and measured outlet temperature, the modelled and measured power output have good agreements 
203 in Figs. 4 and 5.

204 2) PTC field on the sunny day

205       Fig. 6 shows measured inlet and outlet temperature and simulated outlet temperature of the PTC field in 
206 May 7, 2016. Fig. 7 illustrates the comparison between measured and modelled power output of the 
207 parabolic trough collector field in May 7, 2016. The modelled results have similar fluctuations as the 
208 measured results. As shown in Fig. 7, the measured and modelled thermal performances of the PTC field had 
209 a good agreement. Compared to the thermal performance of the FPC field at noon, the thermal performance 
210 of the PTC field was a bit higher before and after noon. That was because of tracking the sun. It also can be 
211 seen in Fig. 7 that there was an increase of power output after sunset. That was due to discharge of the heat 
212 stored in the receiver. The low heat losses of the parabolic trough collectors means that this can be done even 
213 after sunset. It is also found that the outlet temperature of the PTC field is relatively constant, which is very 
214 important for the hydraulic balance of the district heating network.

215 5.1.2 Cloudy day (August 14 of 2016)
216       August 14 in 2016 was a cloudy day. As shown in the Fig. 8, the maximum of DNI and global solar 
217 radiation was larger than 800 W/m2. Fig. 8 shows the fluctuation of weather from 9:30 am to 19:30 pm in 
218 August 14, 2016. Both the DNI and the global solar radiation fluctuated dramatically during the daytime. 
219 The total solar radiation on the tilted flat plate collector was larger than that on the horizontal surface. The 
220 largest total radiation on the tilted solar collector in short periods exceeded 1200 W/m2. On the cloudy day, 
221 the flow rates of both collector fields fluctuated along with the solar radiation.

222 1) FPC field on the clouy day

223        Fig. 9 shows measured inlet and outlet temperature and simulated outlet temperature of the FPC field in 
224 August 14, 2016. Fig. 10 shows measured and modelled power output of the FPC field in August 14, 2016. 
225 The modelled and measured power outputs had very similar fluctuation trends.

226 2) PTC field on the clouy day

227          Fig. 11 shows measured inlet and outlet temperature and simulated outlet temperature of the PTC field 
228 in August 14, 2016.  Fig. 12 shows the measured and modelled power output of the PTC field on a cloudy 
229 day (August 14, 2016).  The maximum of power output in August 14, 2016 was higher than 500 W/m2. The 
230 modelled power output has almost the same fluctuating change as the measured power output. 

231     The daily energy output of the FPC and PTC fields are shown in Table 5. The modelled and measured 
232 energy outputs present a good agreement on both cloudy and sunny days. The measured energy output of the 
233 PTC field is a bit lower than the modelled values on both the cloudy and the sunny days. That may be due to 
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234 dirt on the mirror of the parabolic trough collectors because the mirrors have not been washed yet since 
235 August 2015. Furthermore, compared to the energy output of the FPC field, the PTC field produced 40% 
236 more solar heat than the FPC field on the sunny day.

237 5.2 Daily and Monthly performance
238       Calculations of daily and monthly performances of both solar collector fields are based on 1 minute time 
239 steps. The daily and monthly thermal performances of the parabolic trough collector field and the flat plate 
240 collector field during year-around are presented in Figs. 13-16.

241 1) Flat plate collector field

242     Fig. 13 shows that the measured and the modelled thermal performances are strongly linear related. 
243 Overall, the modelled results have a fine match with the measured data. The max daily solar heat production 
244 of the flat plate collector field was below 5 kWh/m2/day.

245  As shown in Fig. 14, the flat plate collector field produced small heat quantities in November - January.  
246 The FPC field produced more and more heat from January to April. The FPC field produced more than 50 
247 kWh/m2 in April. The measured and simulated monthly solar heat productions show a good agreement from 
248 Sep.2015 to Aug.2016.  

249 2) Parabolic trough collector field

250       Daily and monthly measured and modelled energy outputs of the PTC field (Sep.2015-Apr.2016) are 
251 shown in Figs. 15-16. In Fig. 15, a single point represents a daily result (September.2015-April.2016). There 
252 is a strong linear correlation between the measured daily thermal performance and the modelled daily 
253 thermal performance in Fig. 15, which shows the modelled values have good agreement with the measured 
254 values. Due to the oversized flat plate collector field and low heat load in the summer, the parabolic trough 
255 collector field was defocused on several sunny days in the summer. Therefore, only thermal performances of 
256 the parabolic trough collector field without defocusing during the period from Sep.2015 to Apr.2016 was 
257 presented in this section to verify the TRNSYS model. The maximum daily thermal performance of the 
258 parabolic trough collector field can be higher than 5 kWh/m2/day, while the max daily thermal performance 
259 of the flat plate collector field is below 5 kWh/m2/day. The thermal energy output of both the flat plate 
260 collector field and parabolic trough collector field in November, December, January is quite low because of 
261 the low solar radiation in winter.  From February, the thermal energy output of the parabolic trough collector 
262 array increased dramatically because of more sunny days and the PTC field produced more solar heat than 
263 the FPC field.

264 6. Discussions
265  The flat plate collector field preheats return water from 45°C up to 70°C, and then the preheated water is 
266 heated to 95°C by the parabolic trough collector field in the Taars plant. The design strategy that the PTC 
267 field produces the high temperature water also guarantees that the FPC field has better performance and 
268 higher efficiency due to relatively low operation temperature compared to normal flat plate collector fields.  
269 In addition, section 5 shows that the TRNSYS models of the FPC field and the PTC field have quite good 
270 agreement with measurements. The PTC field was defocused sometimes in the quite sunny days in summer 
271 (May - August) because the flat plate collector field was oversized and the heat load of the district heating 
272 networks in summer was low. So Figs. 17 and 18 only show the measured results from Sep.2015-Apr.2016. 
273 The PTC field would have higher energy output than the measured values, if the parabolic trough collectors 
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274 were not defocused on sunny days in the summer. On the other hand, the defocusing of the PTC field can 
275 avoid boiling problems of the solar collector field in the summer season. 

276 7. Conclusions and future work
277        The quasi-dynamic simulation model of both large parabolic trough collector field and flat plate 
278 collector field was validated by the measured thermal performance of the Taars solar heating plant in 
279 Denmark. Dynamic performance on two typical days was selected for the detailed validation. The simulated 
280 and the measured daily and monthly performances of the solar heating plant were also compared. The 
281 following conclusions can be drawn:

282      (1) The quasi-dynamic method with the technical parameters from the standard test report based on single 
283 collector can be used to predict the thermal performance of both parabolic trough collector and flat plate 
284 collector fields. 

285      (2) The daily energy output of the parabolic trough collector field can be more than 5 kWh/m2, while the 
286 daily energy output of the flat plate collector field is less than 5 kWh/m2 under Danish climate conditions.

287      (3) The integration of parabolic trough collectors can increase the flexibility of solar district heating 
288 plants. The parabolic trough collectors can be easily defocused in the summer to avoid the overheat 
289 production. The flat plate collectors only work at low temperature range in the hybrid solar heating plant in 
290 order to increase the thermal performance of the flat plate collectors, compared to normal existing solar 
291 heating plants. A relatively constant and high outlet temperature of the hot water is easily achieved in the 
292 hybrid solar district heating plants.

293       In summary, the validated solar collector field model in this study is able to model reliable dynamic 
294 performances with a time step of 1 minute.  The proposed model is cost-effective, reasonable accurate and 
295 requires low computational time. The validated model may be a useful tool to analyze long-term 
296 performance, optimize design parameters and evaluate control strategy of large solar heating plants for 
297 district heating.
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310 Symbols

311 Q           Useful output power, W

312 A           Collector array area, m2

313 c1           Heat loss coefficient at (Tm-Ta)=0, W/(m2·K)

314 c2           Temperature dependence of the heat loss coefficient, W/(m2·K2)

315 c3           Effective thermal capacity, kJ/(m2·K)

316 Gb           Beam radiation, W/m2

317 Gd           Diffuse radiation, W/m2

318 Kθb               Incidence angle modifier for beam radiation, -

319 Kθd              Incidence angle modifier for diffuse radiation, -

320 Tm         Mean fluid temperature, °C

321 Ta          Ambient temperature, °C

322 η0           Peak collector efficiency, -

323 dTm/dt   Time derivative of the mean fluid temperature, K/s

324 θ             Incident angle of the beam radiation, °

325 b0            IAM coefficient(beam radiation), -

326 b1           IAM coefficient(beam radiation), -

327 Gtilted      Total solar radiation on the tilted plate, W/m2

328 Gh          Global solar radiation on the horizontal surface, W/m2

329 H Beam (PTC)     Daily beam radiation on the parabolic trough collector aperture, kWh/m2

330 H  Tilted (FPC)     Daily total radiation on the flat plate collector aperture, kWh/m2

331 Tout        Outlet temperature, °C

332 Tin           Inlet temperature, °C

333        Density,  kg/m3

334          Specific Heat Capacity, J /(kg℃)PC

335  V         Volume flow rate, m3/s

336   S         Uncertainty of specific parameters 

337
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338 Abbreviation

339 Parabolic trough collector          PTC

340 Flat plate collector                       FPC

341 Heat transfer fluid                        HTF

342 Incidence angle modifier             IAM

343 Direct normal irradiance              DNI

344 Heat transfer fluid                        HTF

345 Concentrating solar power          CSP

346 Quasi-dynamic test                       QDT

347 Fluorinated ethylene propylene  FEP
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448 Table 1. Geometrical parameters of the FPC in the Taars plant.
Geometrical parameters for the FPC

Length, m 5.96
Width, m 2.27

Thickness, m 0.14
Gross area, m2 13.57

Aperture area, m2                             12.60
Solar collector volume, L 10.6

Material Cu pipe /Al plate
Absorption           0.95Absorber
Emission           0.05
Backside 75 mm mineral wool

Insulation
Side 30 mm mineral wool

Cover(s) Antireflex glass(AR:3.2mm)-with/without FEP foil
449
450 Table 2. Geometrical parameters of the PTC in the Taars plant.

Geometrical parameters for the PTC
Absorber tube outer diameter (m) 0.070
Absorber tube inner diameter (m) 0.066
Glass envelope outer diameter (m) 0.125

Glass envelope inner diameter (m) 0.119

Parabola width (m) 5.77

Numbers of modules per row 10

Mirror length in each module (m) 12

Geometric concentration ratio 26.2
451

452 Table 3. Efficiency parameters of flat plate collectors.

η0 b0 b1 Kθd c1,[W/(m²·K)] c2,[W/(m²·K2)] c3,[kJ/(m²·K)]  
0.779 0.1 0 0.98 2.410 0.015 6.798 HEATboost 35/10

 0.745 0.1 0 0.93 2.067 0.009 7.313 HEATstore 35/10

453

454 Table 4. Efficiency parameters of parabolic trough collectors.

η0 b0 b1 Kθd c1,[W/(m²·K)] c2,[W/(m²·K2)] c3,[kJ/(m²·K)]

0.75 0.27 0 0.038 0.04 0 4

455    

456

457

458

459

460
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461 Table 5. Sum of daily solar radiation, and daily solar energy outputs of the FPC and PTC fields, May 7 and August 14 of 2016. 

 HBeam (PTC), 
kWh/m2

     
HTilted (FPC), 

kWh/m2
      

Measured, 
kWh/m2

Modelled, 
kWh/m2

Difference, 
kWh/m2 Deviation  

3.65 3.69 0.04 1.10% FPCSunny day 
(May 7,  2016) 8.59 7.67

5.19 5.34 0.15 3.00% PTC

2.63 2.59 -0.04 -1.70% FPCCloudy day 
(Aug. 14, 2016) 5.37 5.90

2.72 2.82 0.1 3.90% PTC

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484
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485

486 Fig.1. Solar collector fields in the Taars solar heating plant.

487

488 Fig.2. Layout of the parabolic trough collector and flat plate collector fields [15].

489
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490

491 Fig.3. Global solar radiation, total tilted radiation, DNI, ambient temperature and flow rates on the sunny day 
492 (May 7, 2016).

493

494

495

496
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497

498 Fig.4. Inlet temperature, measured and modelled outlet temperature of the FPC field on the sunny day.

499

500 Fig.5. Measured and modelled power output of the FPC field on the sunny day.

501
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502

503 Fig.6. Inlet temperature, measured and modelled outlet temperature of the PTC field on the sunny day.

504

505 Fig.7. Measured and modelled power output of the PTC field on the sunny day.
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507
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508

509 Fig.8. Global solar radiation, total tilted radiation, DNI, ambient temperature and flow rates on the cloudy 
510 day.

511

512
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514
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516

517 Fig.9. Inlet temperature, measured and modelled outlet temperature of the FPC field on the cloudy day. 

518

519 Fig.10. Measured and modelled power output of the FPC field on the cloudy day.
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521
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524

525 Fig.11. Inlet temperature, measured and modelled outlet temperature of the PTC field on the cloudy day.

526

527 Fig.12. Measured and modelled power output of the PTC field on the cloudy day.
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528

529 Fig.13. Daily modelled solar energy output as a function of daily measured solar energy output of the FPC 
530 field.
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532

533 Fig.14. Monthly measured and modelled energy output of the FPC field (Sep.2015 – Aug.2016).
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534

535                    Fig.15. Daily modelled solar energy output as a function of measured solar energy output of the 
536 PTC field.
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537

538                                        Fig.16. Monthly measured and modelled energy output of the PTC field.
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