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Impact of different improvement measures on the thermal performance of a 1 
solar collector field for district heating 2 

Federico Bava* and Simon Furbo 3 
* Tel.: +45 50245518, Email: fb@planenergi.dk  4 

Abstract 5 

The paper describes the impact of different measures to improve the thermal performance of a solar heating 6 
plant for district heating applications. The impact of the different measures was evaluated through a validated 7 
TRNSYS-Matlab model. The model included details such as effect of the flow regime in the absorber pipes 8 
on the collector efficiency, flow distribution in the collector field, thermal capacity of the pipes and shadows 9 
from row to row. The improvement measures included variation of the operating temperatures, accurate input 10 
to the control strategy, feedback control on the outlet temperature of the collector field, control strategy 11 
based on weather forecast and use of different heat transfer fluids. The results showed that accurate input to 12 
the control strategy improved the yearly energy output of the plant by about 3%. If accurate input is not 13 
technically or economically feasible, a feedback control on the field outlet temperature seemed to be a valid 14 
alternative. The integration of weather forecast in the control strategy did not give relevant improvements. 15 
Higher glycol concentrations in the solar collector fluid gave better results than lower concentrations, as the 16 
higher frost protection guaranteed by the former outweighed the better thermophysical properties of the 17 
latter. 18 

Keywords: solar heating plant; solar collector field; TRNSYS; flow regime; control strategy; flow 19 
distribution. 20 

Nomenclature 21 

Afield    collector area of the collector field     [m2] 22 
a1    heat loss coefficient of collector at Tm−Tamb = 0 K    [W m-2 K-1] 23 
a2    temperature dependence of the heat loss coefficient of collector  [W m-2 K-2] 24 
cp    specific heat        [J kg-1 K-1] 25 
DH    district heating 26 
EDH    energy delivered to DH       [GWh] 27 
EDH,w    energy to DH, weighted on the temperature difference ∆Ts-DH  [GWh] 28 
EDH 2.5    energy to DH at a temperature TtoDH, such that ∆Ts-DH < 2.5 K  [GWh] 29 
EDH 5    energy to DH at a temperature TtoDH, such that 2.5 K < ∆Ts-DH < 5 K  [GWh] 30 
Eel    electricity consumption       [MWh] 31 
Efrost    energy injected into the collector field in frost protection operation  [GWh] 32 
Ff    correction factor for heat exchanger fouling     [-] 33 
Gtot    total solar irradiance on the collector plane     [W m-2] 34 
K    proportional gain constant (in PID controllers) 35 
��     mass flow rate        [kg s-1] 36 
nom    subscript referring to nominal conditions 37 
Qsol    theoretical power output from the collector field    [W] 38 
Pel    electrical power        [W] 39 
t    time         [s] 40 
Tamb    ambient temperature       [°C] 41 
Td    derivative time (in PID controllers)     [s] 42 
Ti    integral time (in PID controllers)      [s] 43 
Tin    inlet temperature to the collector field     [°C] 44 
Tm    mean fluid temperature in the collector field    [°C] 45 
Tout    outlet temperature from the collector field     [°C] 46 
Tsetpoint    set point outlet temperature for the collector field    [°C] 47 
TDH,r    return temperature in the DH network     [°C] 48 
TDH,s    supply temperature in the DH network     [°C] 49 
TtoDH    temperature of the fluid delivered to the DH network (after shunt)  [°C] 50 
u    control signal from PID control      [-] 51 
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��     volume flow rate       [m3 s-1] 53 
∆t    time interval        [s] 54 
∆Ts-DH    temperature difference TDH,s −TtoDH     [K] 55 
∆Tset-out    temperature difference Tsetpoint −Tout      [K] 56 
ε    effectiveness of the heat exchanger     [-] 57 
η0    peak collector efficiency       [-] 58 

1. Introduction 59 

1.1. Background 60 
Space heating and domestic hot water preparation account for approximately 80% of the energy demand of 61 
European residential buildings [1]. An efficient way to provide heat to buildings in densely populated areas 62 
is through district heating (DH). In Europe there are about 5000 DH networks, which provide 10% of the 63 
total heat demand [2]. As the heat demand required by residential buildings is at relatively low temperatures, 64 
solar thermal collectors are a good candidate to cover this demand in a sustainable and efficient way. 65 

However, the combination of these two technologies, i.e. solar collectors feeding into DH networks, is 66 
relatively recent and still rare, except for a few countries. Of the 5000 DH networks in operation in Europe, 67 
about 300 were solar assisted DH systems at the end of 2016 [3]. According to the SDHtake-off project, 68 
supported EC-Programme IEE Intelligent Energy Europe, a solar fraction of 1 % by 2020 and of 5 % by 69 
2050 is realistic [4,5]. 70 

Denmark is currently the only example for a mature and commercial market for solar DH. At the end of 71 
2016, 79% of the total collector area of large collector fields in Europe was installed in Denmark [3]. During 72 
2016, the installed area of solar heating plants for DH in Denmark increased by more than 60% compared to 73 
2015 [6]. Among the newly installed plants, the one in Silkeborg is currently the world largest collector field 74 
with a collector area of 156,000 m2 [7]. 75 

If solar heating plants are to play a significant role in the heat supply of DH networks, it is desirable to have 76 
models able to simulate and predict in an accurate way the performance of these plants. These models could 77 
be for example used to optimize sizing, design and control strategy in the planning phase, avoiding later and 78 
more expensive interventions. They could also be used to check whether the plant performs as expected, by 79 
running on-line simulations using real-time measured data as model input [8]. 80 

Hence, the aim of this study was to evaluate a number of optimization measures for large solar collector 81 
fields for DH application, by using a TRNSYS-Matlab model. The model had been previously developed and 82 
validated against measurements from a large solar collector field [9]. The model considered aspects which 83 
are usually neglected in simpler models, such as flow distribution across the collector field, collector 84 
efficiency dependence on the flow regime and thermal inertia of the system components. 85 

1.2. Literature review 86 
Le Denn [10] identifies different simulation tools which can be used to model solar collector fields for DH 87 
applications. Programs such as F-Easy [11], Fjernsol-II [12], SDH Online-Calculator [13] and Sunstore 4 88 
Tool [14] are feasibility tools, with limited level of detail and few possibilities of customization. However, 89 
they can give a rough estimation of the system performance. Higher level of detail and customization is 90 
offered by generic software, such as TRNSYS [15], energyPRO [16], Polysun [17] and RETScreen [18]. 91 

The advantages of TRNSYS compared to other software are described in [9]. It is worth mentioning the large 92 
number of validated component models in the original TRNSYS library, as well as in the TESS [19] and 93 
STEC [20] libraries, and the possibility for users to create their own components, either by writing new 94 
source code or by editing the code of existing components. 95 

TRNSYS is well known and commonly used to simulate solar thermal systems. Saleem et al. [21] present a 96 
review of several articles, describing how domestic and small solar thermal systems were successfully 97 
modeled in TRNSYS. There are also examples of TRNSYS simulations treating large parabolic trough 98 
collector fields [22–24]. Regarding solar assisted DH, TRNSYS was used to model the collector field of 99 
Brædstrup II (Denmark) [25] and the solar assisted DH system in Hannover [26]. Sibbitt et al. [27] used the 100 
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later collected monitored data. 102 

Most simulation models simplify the modelling of the collector field, usually using a single collector 103 
component and one or two pipe components to represent it. Therefore, the exact plug flow in the pipes and 104 
the flow distribution across the collector field cannot be reproduced. Another simplification which is usually 105 
accepted is the assumption that the collector efficiency expression is constant, although the flow regime in 106 
the collector pipes can have a strong influence on the collector efficiency [28,29]. Water is commonly used 107 
as heat transfer fluid in solar collector testing and often entails turbulent flow in the absorber pipes. If a 108 
propylene glycol/water mixture is supplied to the same collector, the higher viscosity may cause laminar 109 
flow, decreasing the collector efficiency. Other aspects that are seldom considered can be the thermal 110 
capacity of the components and shadow from a collector row to another. 111 

2. Methodology 112 

2.1. Description of the solar collector field 113 
The TRNSYS model used in this study had been previously developed and validated against measurements 114 
from the solar collector field installed nearby Høje Taastrup, Denmark (Figure 1). The 240 collectors were 115 
arranged in two symmetrical subfields (Figure 2), for a total gross area of 3257 m2. Each subfield had 12 116 
collector rows, 5.5 m apart from each other, and each row had 10 HTHEATStore 35/08 collectors [30] from 117 
the company Arcon-Sunmark A/S. These flat plate collectors had a gross area of 13.57 m2 and a harp design 118 
with 18 horizontal absorber pipes. The collector efficiency coefficients are listed in Table 1. The collectors 119 
had a tilt of 43° and an orientation of 2.5° W. A 35% propylene glycol/water mixture [31] circulated in the 120 
solar collector loop. The operating temperatures of the collector field depended on the supply and return 121 
temperatures in the DH network (see Section 2.2.1). The flow rate varied between 8 and 67 m3 h-1 (0.04-0.34 122 
liter min-1 m-2) depending on the solar irradiance on the collector field. The solar irradiance was measured by 123 
photovoltaic cell pyranometers [32]. A fairly uniform flow distribution in the different rows was achieved 124 
though balancing valves installed at the inlet of each row [31]. 125 

 126 
Figure 1: Aerial picture of Høje Taastrup solar collector field (source: Arcon-Sunmark A/S). 127 

A plate heat exchanger transferred heat from the solar collector loop (primary side) to a water loop 128 
(secondary side). In the water loop two 550 m long transmission pipes directly connected the secondary side 129 
of the heat exchanger to the DH network. Both primary and secondary side were equipped with a bypass, 130 
which allowed recirculation of the heat transfer fluid until fluid temperatures compatible with the DH 131 
network were reached. Conversely, if the fluid temperature at the end of the forward transmission pipe was 132 
too high, this could be lowered through a shunt (see Section 2.2.2.1 and Figure 3). The temperature of the 133 
heat transfer fluids was measured at each inlet and outlet of the heat exchanger (before and after the primary 134 
and secondary bypass). Additionally, the fluid temperature was measured at the inlet of the first collector and 135 
at the immediate outlet of the last collector in 4 of the 24 collector rows. 136 

No auxiliary heating plant was located near the collector field, so the supply temperature from the solar 137 
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 139 
Figure 2: Layout of Høje Taastrup solar collector field: blue and red lines represent supply and return pipes respectively (adapted 140 
from Arcon-Sunmark A/S). 141 

2.2. Description of the TRNSYS model 142 
The detailed description of the TRNSYS-Matlab model used in this study is given in [9]. The following 143 
sections summarize the main characteristics of the model, and describe the differences between the model 144 
used in this study and the original version described in [9]. A detail of the TRNSYS model is shown in 145 
Figure 3. 146 

Unless otherwise specified, the weather data used in the simulations were taken from the Meteonorm weather 147 
data file for the location of Copenhagen-Taastrup, contained in the standard TRNSYS library [15]. A time 148 
step of 3 minutes, and convergence and integration relative tolerances of 0.001 were used in the simulations. 149 
Under these conditions one-year simulation took approximately 75 minutes for a computer with quad-core 150 
CPU, 2.4 GHz CPU frequency and 8 GB memory. 151 

2.2.1. Temperature levels 152 
The following conditions were applied for the TRNSYS model. The inlet and outlet temperature of the 153 
collector field varied depending on the return and supply temperature in the DH network. Based on the 154 
information received from the DH network operator, the following DH temperatures were used in the model. 155 
The DH return temperature was 40 °C in the winter months, from October to March (included). In the 156 
summer period from May to August (included), the DH return temperature was 50 °C. In fact, because of the 157 
lower heat demand (only domestic hot water preparation), the return temperature was not lowered as much as 158 
in winter, when also space heating was required. In April and September the DH return temperature was 159 
calculated as linear interpolation between the winter and summer temperature. 160 

The DH supply temperature was function of the average ambient temperature. If the daily average ambient 161 
temperature was higher than 5 °C, the supply temperature was 70 °C. For ambient temperatures lower than -162 
12 °C, the supply temperature was 90 °C. For ambient temperatures between 5 °C and -12 °C, the supply 163 
temperature was calculated by linear interpolation between 70 °C and 90 °C. 164 

2.2.2. Control strategy 165 

2.2.2.1. Normal operation 166 
The actual control strategy of Høje Taastrup solar heating plant was accurately reproduced in the TRNSYS 167 
model. The main goal of the control strategy was to reach a constant outlet temperature at the end of the 168 
forward transmission pipe. This required that the outlet temperature from the collector field was fairly 169 
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irradiance measured at the site. The outlet temperature set point for the collector field was the DH supply 171 
temperature (see Section 2.2.1), increased by the temperature drop across the heat exchanger and 172 
transmission pipe. In the control strategy of the plant this temperature increase was set constant. In the model 173 
reference case, a temperature increase of 6 K was used, assuming 5 K as temperature drop across the heat 174 
exchanger and 1 K for other losses. 175 

The main points of the control strategy can be summarized as follows. The theoretical power output from the 176 
collector field (Qsol) was calculated through (Eq. 1), and was then used to regulate the primary pump flow 177 
rate ��  (Eq. 2). 178 

���� � 	
�������� 	�� 	� �� ∙ ��� � ����� � �� ∙ ��� � ������� (Eq. 1) 179 

�� � min !�� ��" , max !�� ��& , ���� '() ∙ *����)��&� � ��&+,- ..  (Eq. 2) 180 

In (Eq. 1) the temperature Tm is the mean between the measured inlet temperature to the collector field (Tin) 181 
and the outlet temperature set point (Tsetpoint); Gtot is the measured solar irradiance on the collectors; �� ��" 182 
and �� ��& are the maximum and minimum flow rate the primary pump operated at. 183 

For the primary pump to turn on, either Qsol had to be higher than a certain threshold, or the temperature 184 
measured at the outlet of a collector row had to be higher than a predefined value. The pump turned off, 185 
when none of the turn-on conditions were fulfilled. In the early morning, before the start-up of the primary 186 
pump, the primary loop was relatively cold. So, a bypass (Bypass 1 in Figure 3) was used to recirculate the 187 
fluid in the collector field without passing through the heat exchanger (pre-heating of the primary side). The 188 
bypass was closed, as soon as the outlet temperature from the collector field exceeded a predefined value. 189 
Simultaneously the secondary pump started and it was regulated so that the heat capacity rate (i.e. the 190 
product of mass flow rate and specific heat) on both sides of the heat exchanger was the same. This 191 
maximized the performance of the heat exchanger. As at the start-up of the secondary pump the water in the 192 
long transmission pipes was relatively cold, also the secondary side had a pre-heating phase, during which 193 
the water was recirculated through the bypass at the end of the transmission pipes (Bypass 2 in Figure 3). 194 
When the fluid temperature at the end of the forward transmission pipe was sufficiently high, the secondary 195 
bypass was closed and energy was delivered to the DH network. In case that the fluid temperature at the end 196 
of the forward transmission pipe was higher than the DH supply temperature, a shunt was used to temper the 197 
temperature down, by pumping some of the cooler DH return water into the forward transmission pipe 198 
(Shunt Pump in Figure 3). 199 

 200 
Figure 3: Detail of the TRNSYS model. For sake of clarity, only the first four collector rows of the eastern subfield are shown. Blue 201 
and red connections represent the supply and return pipes of the solar collector loop; purple and light blue connections represent the 202 
supply and the return pipes of the secondary side. 203 
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The 35% propylene glycol/water mixture in the solar collector loop ensured frost protection down to -16 °C 205 
[33,34]. However, in case of extended cold periods the fluid temperature in the collectors may decrease close 206 
to the freezing point. To avoid freezing in the collectors, a frost protection operation mode was implemented. 207 
The primary pump started, when any of the temperature sensors installed in the collectors fell below -12 °C, 208 
or when the ambient temperature was lower than -14 °C. In this way, the warmer fluid stored in the 209 
distribution pipes was circulated in the collector field, increasing the fluid temperature in the collectors. The 210 
pump turned off, when the temperature measured by all sensors installed in the collectors was at least -10 °C. 211 

In case of extremely cold weather, this operation may not be able to stop the cooling of the solar collector 212 
fluid. If the fluid temperature in the collectors fell below -14 °C, the primary bypass was closed and the 213 
secondary pump started. Heat was transferred through the heat exchanger from the secondary side and the 214 
DH network to the primary side. 215 

2.2.3. Collector model 216 
All the components used in the model belong to well-established TRNSYS libraries [15,19,20], with the only 217 
exception of the collector Type 330. This type was developed by Bava et al. [9], editing the source code of 218 
Type 539 [19]. Compared to Type 539, some desired features were introduced. The main feature is that Type 219 
330 accepts two sets of collector efficiency coefficients, one for turbulent and one for laminar flow. In each 220 
node in which the collector model is divided, either efficiency expression is used, depending on the flow 221 
regime in the node. The two efficiency expressions used in this study are shown in Table 1 and were found 222 
by Bava et al. [9] for the same collector and fluid type. 223 

Table 1: Declared and simulated efficiencies of HTHEATStore 35/08 collector based on the gross area of 13.57 m2 [9]. 224 

 Fluid η0 [-] a1 [W m-2 K-1] a2 [W m-2 K-2] 

Declared efficiency [30] water 0.757 2.199 0.007 
Collector efficiency (turbulent) 35% glycol 0.756 2.318 0.006 

Collector efficiency (laminar) 35% glycol 0.727 2.357 0.005 

 225 

Additionally, if the incidence angle modifier (IAM) for diffuse radiation is known, this can be given as input 226 
to Type 330, instead of being internally calculated as in Type 539. Finally, the IAM-expression for beam 227 
radiation, which is linearized for angles larger than 60° in Type 539, can be used in a wider range of 228 
incidence angles, depending on which data are available in the collector test report. 229 

2.2.4. Pipes and flow distribution 230 
Distribution and transmission pipes were modeled through Type 709 [19]. The thermal mass of the pipe 231 
material, which may be relevant for the bigger pipes, was taken into account by Type 306 [20], which was 232 
added to the longer pipes of the plant, i.e. supply pipe to the western subfield, the common return pipe from 233 
the field and the transmission pipes. 234 

To be able to simulate the flow distribution in the collector field, each single collector row and pipe segment 235 
were modeled. To calculate the flow distribution in the collector field, a Matlab program [31] was called 236 
every time step by Type 155 [15]. The flow distribution profile calculated by Matlab was passed to 237 
TRNSYS, which used it to distribute the total flow rate in the different collector rows. 238 

2.2.5. Heat exchanger and pumps 239 
Type 5b [15] was used to simulate the plate heat exchanger between primary and secondary side. The heat 240 
transfer coefficient used by Type 5b is given by (Eq. 3). This was determined by calibrating the heat transfer 241 
coefficient of Type 5b so to fit the measurements from the heat exchanger installed in the plant [9].  242 

/	 � 0
�/	�&�� ' ��
�� 123,

�.5
  (Eq. 3) 243 

In (Eq. 3) (UA)nom is the declared heat transfer coefficient of the heat exchanger in nominal conditions, equal 244 
to 440 kW K-1; Ff is a correction factor for fouling, equal to 0.77; ��  is the primary flow rate across the heat 245 
exchanger and is equal to 58 m3 h-1 in nominal conditions. 246 
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distribution (see Section 2.2.4) also calculates the pressure drop in the primary loop. The good agreement 248 
between modeled and measured pressure drop in the system was proved by Bava et al. [31]. Combining the 249 
resulting system curve with the characteristics of the pump [35], it was verified that the electrical power of 250 
the pump followed the affinity laws for centrifugal pumps [36]. So, given the pump power at a specific point 251 
of operation (��&�� and Pel,nom in (Eq. 4)), the power Pel for a flow rate ��  could be estimated through (Eq. 4): 252 

6�� � 6��,&�� ' 7�
7�123,

8
  (Eq. 4) 253 

The same assumption was made for the pump on the secondary side. 254 

2.3. Investigated scenarios 255 
In the attempt of enhancing the performance of the solar heating plant, the model was used to investigate 256 
different scenarios. Firstly, a reference scenario, based on the description given in Section 2.2, was 257 
simulated. Then alternative scenarios were simulated to evaluate the impact of different improvement 258 
measures, such as variation of the temperature levels in the collector field, more accurate input to the control 259 
strategy, feedback control on the outlet temperature of the solar collector field, control strategy based on 260 
weather forecast and use of different heat transfer fluids. 261 

When comparing the performance of the plant in different scenarios, the energy delivered to the DH network 262 
(EDH) was not sufficient to describe the performance of the plant, as this parameter did not consider at which 263 
temperature the energy was delivered. So, the following energy indicators were introduced: 264 

• EDH 2.5: energy delivered to DH at a temperature TtoDH, such that ∆Ts-DH = TDH,s −TtoDH < 2.5 K, 265 

• EDH 5: energy delivered at a temperature TtoDH, such that  2.5 K < ∆Ts-DH < 5 K, 266 

• EDH,w: weighted energy to DH, defined as EDH,w=EDH (1−0.008 ∆Ts-DH
 2) (see Table 2). The weighted 267 

energy EDH,w was introduced as single parameter combining energy and temperature, so to make the 268 
comparison between different scenarios more immediate. 269 

Table 2: Values of the factor (1−0.008 ∆Ts-DH
 2) for different temperature differences ∆Ts-DH. 270 

∆Ts-DH [K] ≤0 1 2 3 4 5 7.5 10 

1−0.008 ∆Ts-DH
2 [-] 1.00 0.99 0.97 0.93 0.87 0.80 0.55 0.20 

3. Results and discussion 271 

3.1. Reference case 272 
In the reference case the yearly energy output from the collector field measured at the heat exchanger was 273 
1.13 GWh (corresponding to 346 kWh m-2), while the energy delivered to the DH was 1.08 GWh. Of this 274 
energy 85% was characterized by a ∆Ts-DH lower than 2.5 K, 12% had a ∆Ts-DH between 2.5 K and 5 K, and 275 
the remaining 3% had a ∆Ts-DH higher than 5 K. The energy delivered to the DH on a monthly basis is shown 276 
in Figure 4, together with the solar radiation on the collector plane. The yearly energy consumption of the 277 
pumps was 15.3 MWh, of which 11.2 MWh were absorbed by the secondary pump, 4 MWh by the primary 278 
pump and 0.1 MWh by the shunt pump. Frost protection mode without heat injection (Section 2.2.2.2) took 279 
place only 12 minutes during the entire year. 280 
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 281 
Figure 4: Monthly solar radiation on the collector plane (left axis) and solar energy delivered to the DH network (right axis) in the 282 
reference case. 283 

As expected, the performance of the solar heating plant was highest in summer, significantly lower in spring 284 
and autumn, and almost insignificant in winter. This was partly due to the lower solar radiation and ambient 285 
temperature during this season, but also to the higher temperature at which the collector field was operated to 286 
meet the DH temperature requirements (see Sections 2.2.1). Additionally, because the lower ambient 287 
temperatures cooled the collector field and pipes more during non-operation, more energy was required for 288 
pre-heating purposes. In the period November-February the monthly collected radiation during pre-heating 289 
represented between 16% (February) and 78% (December) of the total radiation collected during operation of 290 
the primary pump. In summer this fraction was about 3%-6%. 291 

As in winter the heat demand is highest, it would be beneficial to improve the performance of the collector 292 
field in this period, as addressed in Section 3.2. 293 

3.2. Lower outlet temperature set points 294 
In the attempt of increasing the performance of the collector field in winter, an upper boundary for the outlet 295 
temperature set point for the collector field was imposed (see (Eq. 5)) and progressively decreased in Cases 296 
1−3. 297 

Tsetpoint = min(Tsetpoint,max, TDH,s+5 K+1 K)  (Eq. 5) 298 

Doing so, the temperature at which energy was supplied to the DH network did not meet the DH temperature 299 
requirements any longer. However, as the solar fraction of the system was very small in winter, the DH 300 
network was assumed to be able to compensate the lower temperature fluid supplied by the solar heating 301 
plant. 302 

The energy delivered to the DH during winter in the different scenarios, while progressively decreasing the 303 
maximum set point temperature, is listed in Table 3 (Cases 1−3; Case 7 is later described in Section 3.3). The 304 
lowest maximum set point considered was 76 °C, which was the same set point as in summer. 305 

 306 

Table 3: Energy delivered to the DH in winter (November-March). For the reference case absolute values are reported; for the other 307 
cases, the relative variations from the reference case are listed. 308 

  EDH EDH,w EDH 2.5 EDH 5  

Reference case 109.0 87.4 32.5 47.1 MWh 

Case 1: Tsetpoint,max =85 °C  +0.1% -3.6% -0.2% -0.3% % 

Case 2: Tsetpoint,max =80 °C +0.3% -10% -3.0% -16% % 

Case 3: Tsetpoint,ma x=76 °C +0.6% -24% -24% -38% % 

Case 7: Tsetpoint,max =80 °C -1.0% +12% +164% -79% % 
 309 

As seen from Table 3, decreasing the set point temperature (Cases 1−3) did not have a significant impact on 310 
the energy delivered to the DH during winter (only +0.6% in Case 3). On the other hand, because of the 311 
lower set point, the amount of energy delivered at temperatures close to the DH supply temperature 312 
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ACCEPTED MANUSCRIPTdecreased significantly. Hence, lowering the set point temperature in winter to improve the efficiency of the 313 
collector field did not bring significant advantages in terms of performance. The pumping energy was 314 
roughly the same as in the reference scenario. 315 

3.3. Accurate inputs to the control strategy 316 
The control strategy (Section 2.2.2.1) assumed that the solar irradiance measured by the pyranometers was 317 
the same as that received by the collectors. However, this was not strictly true, because the pyranometers 318 
were installed on top of the collectors, so they did not experience shadows from other collector rows. This 319 
difference may become particularly relevant in winter, when the solar altitude is low and the shadow effect 320 
from row to row can be significant. In summer, when the sun is higher on the horizon, there may not be 321 
shading of the beam radiation, but partial shading of the diffuse radiation still occurs. Another simplification 322 
in the control strategy was to neglect the IAM of the collectors when calculating Qsol (Eq. 1). Finally, a 323 
constant temperature drop across the heat exchanger was assumed (see Section 2.2.2.1 and (Eq. 5)), while 324 
this could be better evaluated through (Eq. 6), based on the characteristics of the heat exchanger [37]. 325 

����)��&� � 9:;,<=9:;,>∙��=?�
?    (Eq. 6) 326 

In (Eq. 6) TDH,s and TDH,r are the supply and return temperature in the DH network, while ε is the 327 
effectiveness of the heat exchanger, defined by (Eq. 7) [37]: 328 

@ � A BC
�� 	DEF A1 + BC

�� 	DEFI    (Eq. 7) 329 

The product *�� 	()+ is the lowest between the two products on the two sides of the heat exchanger. As the 330 
heat capacity rates in the primary and secondary loop were identical (see Section 2.2.2.1), either can be used 331 
in (Eq. 7). 332 

Using the same maximum set point temperature of 80 °C as in Case 2, different scenarios were investigated, 333 
where the inputs to the control strategy were progressively made more representative of the actual conditions 334 
of the plant. More specifically the following scenarios were considered: 335 

• Case 4: same as Case 2, but with Tsetpoint chosen as minimum value between 80 °C and the value 336 
returned by (Eq. 6). 337 

• Case 5: same as Case 2, but in the definition of Qsol (Eq. 1) the peak collector efficiency was 338 
decreased by the IAM for beam radiation, as calculated from the collector test report [30]. 339 

• Case 6: same as Case 2, but in the definition of Qsol the total shaded radiation on the collector plane 340 
(as calculated by the TRNSYS shadow mask Type 30) was used. 341 

• Case 7: Tsetpoint was calculated as in Case 4, and the total shaded radiation (as in Case 6) and the 342 
IAM (distinguishing beam and diffuse components) were used to calculate Qsol. 343 

Table 4 presents the yearly energy delivered to the DH network and the electricity consumption of the pumps 344 
in the above mentioned scenarios. The outlet temperature from the collector field in the different cases is 345 
shown in Figure 5 for the day June 7. In this day Cases 2, 5 and 6 used an outlet temperature set point of 76 346 
°C (Eq. 5), while Cases 4 and 7 used 74.3 °C (Eq. 6). 347 

Table 4: Yearly energy delivered to the DH and electricity consumption of the pumps. The percentage variations %∆EDH,w and %∆Eel 348 
are calculated with respect to Case 2. 349 

EDH EDH,w %∆EDH,w EDH 2.5 EDH 5 Eel %∆Eel 

[GWh] [GWh] [%] [GWh] [GWh] [MWh] [%] 

Case 2 1.08 1.04 - 0.92 0.11 15.4 - 

Case 4 1.08 1.02 -1.1% 0.89 0.15 17.5 +12% 

Case 5 1.07 1.04 +0.1% 0.94 0.09 14.5 -6% 

Case 6 1.07 1.06 +2.0% 1.03 0.03 12.0 -28% 

Case 7 1.08 1.07 +2.8% 1.05 0.01 12.6 -22% 
 350 

 351 
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 352 
Figure 5: Outlet temperature from the collector field (Cases 2 and 4-7) and solar irradiance on the collector plane on June 7th. 353 

Comparing Case 4 and Case 2, it is noted that the energy delivered to DH at the appropriate temperature 354 
decreased (see EDH,w and EDH 2.5 in Table 4), although the energy to DH (EDH) was approximately constant. 355 
This was due to the lower Tsetpoint in Case 4 (74.3 °C) compared to Case 2 (76 °C). As in both scenarios the 356 
control strategy used the unshaded irradiance to determine the primary flow rate, while the collector field 357 
received the shaded irradiance, the higher Tsetpoint in Case 2 partially compensated this mismatch in irradiance 358 
and made the solar heating plant deliver energy at higher temperatures, closer to the DH supply temperature, 359 
as seen in Figure 5. This resulted in higher values of EDH,w and EDH 2.5. Other consequences of the lower set 360 
point in Case 4 were the higher flow rates (both on primary and secondary side) and so higher pumping 361 
energy. 362 

In Case 5 the introduction of the IAM in the definition of Qsol resulted in a lower flow rate to the collector 363 
field, especially in early morning and late afternoon, when the incidence angle was larger. This achieved a 364 
more constant outlet temperature during the day, as seen in Figure 5. Due to the higher average temperature 365 
in the collector field, the collector efficiency decreases compared to Case 2, resulting in a lower EDH. 366 
However, as energy was delivered to DH at temperatures closer to the DH requirements, slightly higher EDH,w 367 
and EDH 2.5 were achieved. The lower flow rates entailed lower pumping energy too. 368 

In Case 6 the use of the shaded radiation in the control strategy had the same effect of lowering Qsol as in 369 
Case 5. However, the effect was more important, as shading effect played a more significant role than the 370 
IAM. So the weighted energy to DH (EDH,w) increased by 2% and the pumping energy decreased by 28% 371 
compared to Case 2 on a yearly basis (Table 4). 372 

Finally, in Case 7 the close agreement between the inputs to the control strategy and the conditions in which 373 
the plant operated resulted in an improved performance, with +2.8% in weighted energy to DH and -22% in 374 
pumping energy. Using shaded irradiance and IAM decreased in particular the pumping energy in the 375 
preheating phase (by 70%-80%), because of both lower power (due to lower flow rates) and shorter duration. 376 
The performance of the solar heating plant was especially increased in winter, when shadows and IAM 377 
played a more important role, as seen in Table 3 by comparing case 7 with the other scenarios. Figure 5 378 
shows that the improved control strategy maintained the field outlet temperature fairly constant and very 379 
close to the set point. 380 

From Figure 5 it can also be noted that in all scenarios the field outlet temperature exceeded the set point, 381 
when the solar irradiance was highest (around 12:00 and 13:30). In these periods the calculated flow rate 382 
based on Qsol was higher than the maximum flow that the primary pump could supply (see Eq. 2). Hence, a 383 
slight overheating of the collector fluid could not be avoided. 384 

Of the measures introduced in Cases 4-7, the use of a variable outlet temperature set point (Eq. 6) and the 385 
introduction of IAM for beam radiation can be easily implemented in real world, simply adding a few lines 386 
of code in the control algorithm of the plant. On the other hand, taking into account the shadow effect is less 387 
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ACCEPTED MANUSCRIPTstraightforward, as it would require additional measuring equipment to evaluate the diffuse and beam 388 
components of the solar radiation, as well as appropriate correlations to evaluate the shadow effect from row 389 
to row. 390 

3.4. Feedback control on the field outlet temperature 391 
From (Eqs. 1-2) it is noted that the outlet temperature set point was used to regulate the primary pump, while 392 
the actual outlet temperature did not affect the control strategy during normal operation. This open-loop 393 
control guaranteed good operation, as long as the measured data and the collector efficiency parameters used 394 
in the control strategy were close to the actual conditions at which the plant operated. However, if the inputs 395 
to the control strategy differ from the actual conditions (e.g., the pyranometers underestimate the actual 396 
irradiance), a disagreement between field outlet temperature and set point can be expected.  397 

To make the control more robust, a PID feedback control on the field outlet temperature was added (Type 23 398 
[15]). If the outlet temperature differed from the set point, the control signal from the PID controller (u in 399 
(Eqs. 8-9)) was used to correct the flow rate ��  calculated by (Eq. 2). 400 

�� D�JJ�D�� � �� ∙ �1 + K�    (Eq. 8) 401 

K � L 'Δ����=�N� + �
9O PΔ����=�N� 	QR + � �S9<TUV2WU�

� , (Eq. 9) 402 

The effect of the PID control when applied to Case 4 (see Section 3.3) was investigated in Case 4.1, to see 403 
whether this type of control could compensate the low accuracy of the inputs given to the control strategy. 404 
Additionally, two other scenarios (Cases 8 and 8.1) were investigated, where the irradiance value used for 405 
control purposes was assumed to be 10% lower than the actual irradiance on the collector field. In fact, 406 
silicon cell pyranometers, often used in solar collector field applications, are known to decrease their 407 
sensitivity over time [9]. The only difference between the two scenarios was that Case 8.1 implemented the 408 
PID controller. 409 

Table 5 lists the yearly energy delivered to the DH network and the electricity consumption of the pumps in 410 
the above mentioned scenarios. The outlet temperature from the collector field in the different cases is shown 411 
in Figure 6 for the day June 7. 412 

Table 5: Yearly energy delivered to the DH network and electricity consumption of the pumps with and without PID control on the 413 
field outlet temperature. The percentage variations %∆EDH,w and %∆Eel of the Case 4.1 and 8.1 are calculated with respect to Case 4 414 
and 8 respectively. 415 

EDH EDH,w %∆EDH,w EDH 2.5 EDH 5 Eel %∆Eel 

[GWh] [GWh] [%] [GWh] [GWh] [MWh] [%] 

Case 4 1.08 1.02 - 0.89 0.15 17.5 - 

Case 4.1 1.08 1.06 +3.9% 1.05 0.02 12.8 -27% 

Case 8 1.05 1.04 - 1.03 0.01 10.3 - 

Case 8.1 1.07 1.06 +1.9% 1.05 0.01 12.6 +22% 
 416 

In Case 4.1 the feedback control compensated the overestimation of the solar irradiance in the control 417 
strategy. In fact, in the definition of Qsol in Case 4 neither IAM nor shadows from row to row were 418 
considered. As the field outlet temperature in Case 4.1 was higher than in Case 4, the collector efficiency 419 
decreased and so did the energy delivered to the DH network EDH. However, as this energy was at a 420 
temperature closer to the DH supply temperature, both EDH,w and EDH 2.5 increased. Additionally, the pumping 421 
energy decreased by 27% in Case 4.1 compared to Case 4, because to reach a higher temperature rise across 422 
the collector field, the flow rates had to decrease. 423 

It can be seen that the energy indicators in Case 4.1 (in Table 5) were very similar to those in Case 7 (in 424 
Table 4). Also the outlet temperature profiles in the two cases were close to each other (see Figure 5: Outlet 425 
temperature from the collector field (Cases 2 and 4-7) and solar irradiance on the collector plane on June 426 
7th.Figure 5 and Figure 6). This suggested that the integration of feedback control on the outlet field 427 
temperature had the same effect as providing accurate input parameters to the control strategy (Section 3.3). 428 
The distinction between beam and diffuse radiation, as well as the calculation of the shadow effect, can be 429 
easily performed in a simulation program like TRNSYS, but they are more demanding to achieve in real 430 
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total solar radiation. On the other hand, correcting the control strategy with the correlations estimating 432 
shading from row to row does not involve any equipment cost. However, it must be noted that these 433 
correlations entail some degree of error, especially in case of an irregular field layout. For these reasons, the 434 
integration of a PID controller to correct the primary flow rate seemed a much better solution, given its 435 
robustness and its little investment cost, which is completely negligible compared to that of the collector 436 
field. Because the PID control is a feedback control without any direct knowledge of the regulated system, it 437 
may show a poor behavior if used alone to regulate processes with long and/or variable time delays. This is 438 
why the solar heating plant was still mainly regulated by the feed-forward control (Eqs. 1-2), which relied on 439 
the actual physics of the plant, while the PID controller was introduced for minor corrections. 440 

 441 
Figure 6: Outlet temperature from the collector field (Cases 4, 4.1, 8 and 8.1) and solar irradiance on the collector plane on June 7th. 442 

In Case 8 the underestimation of the solar irradiance led to field outlet temperatures higher than the set point 443 
(see Figure 6). This penalized the collector efficiency, reducing the energy output of the collector field 444 
(Table 5). The addition of the PID control in Case 8.1 improved the plant performance by 1.6%. However, 445 
the higher flow rate required to avoid overheating of the solar collector fluid led to an increase of the 446 
pumping energy by 22%.   447 

3.5. Control strategy and weather forecast 448 
Assuming that the weather conditions at the plant location could be accurately forecast (for example using an 449 
all-sky camera), different scenarios were simulated, implementing weather forecast in the control strategy. In 450 
the model weather conditions were forecast simply reading in advance the weather data from the weather 451 
data file. 452 

Two types of weather forecast were implemented: a short-term and a long-term forecast. In the short-term 453 
forecast, the weather conditions expected to occur in the next future (20 s, 30 s and 60 s ahead) were used to 454 
calculate Qsol and anticipate the regulation of the primary pump, in the attempt of obtaining a more constant 455 
outlet temperature from the collector field in case of fluctuating irradiance. 456 

In the long-term forecast, the upcoming weather conditions were used to predict the future energy output 457 
from the collector field. The condition (Eq. 10) was added to the start-up requirements of the primary pump 458 
(see Section 2.2.2.1). This condition required that the weather conditions over the future time interval ∆t 459 
were at least sufficient for the operation of the collector field at the lowest flow rate and at nominal 460 
temperatures. Values of 15, 30 and 60 minutes were used as ∆t. 461 

P ����
�XS�
� QR ≥ �� ��&	()	*�	���)��&� � ��&+	ΔR (Eq. 10) 462 

This condition was added to avoid useless start-up and preheating of the plant, when the upcoming weather 463 
conditions would not allow normal operation for a minimum period of time. 464 

As weather data from the Meteonorm data file in TRNSYS were interpolations of hourly values, they did not 465 
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ACCEPTED MANUSCRIPTpresent fast fluctuations in solar irradiance, which were needed to evaluate the impact of the above 466 
mentioned control strategies. Hence, these simulations used measured data from Høje Taastrup plant [9] for 467 
an overall period of 20 days with different sky conditions (moving clouds, clear and overcast sky). 468 
Instantaneous values of total and diffuse irradiance on the collector plane, as well as ambient temperature, 469 
were available with 1 minute time step. Data sets with smaller time steps were created by interpolation of the 470 
measured data. 471 

Neither approach led to relevant improvements in performance. In the short-term forecast the energy output 472 
from the collector field decreased slightly (-0.9% in the worst scenario) and the outlet temperature profile 473 
was not more constant in days with intermittent irradiance. The long-term forecast avoided the start-up of the 474 
plant in days characterized by mainly cloudy conditions with few and short sunny moments. However, the 475 
effect over the entire period was irrelevant. The electricity consumption of the pumps was reduced by 0.1%, 476 
but the energy output from the collector field decreased by 0.3%. 477 

3.6. Fluid types 478 
As higher concentrations of glycol entail poorer fluid properties in terms of specific heat and heat transfer as 479 
well as higher pumping power, lower concentrations may be preferable. However, mixtures with lower 480 
concentrations have higher freezing points, so the plant may run in frost protection mode more often (Section 481 
2.2.2.2), requiring additional pumping energy and heat injection from the DH network. To identify the best 482 
compromise between fluid properties and frost protection, scenarios using different fluids in the primary loop 483 
were simulated and their results were compared to Case 7, which used a 35% glycol/water mixture. More 484 
specifically, water and a 22% propylene glycol/water mixture were considered. The 22% glycol/water 485 
mixture was chosen for its freezing point of -8 °C [33,34], which reduced by 93% the number of hours of 486 
frost protection operation compared to the scenario using water (Figure 7). 487 

The TRNSYS models using water and the 22% propylene glycol/water mixture differed from Case 7 in terms 488 
of collector efficiencies, which were calculated for the new fluids, according to what described in Section 489 
2.2.3 and in [9]; characteristics of the primary pump for the new fluids (see Section 2.2.5) and fluid 490 
properties. Frost protection operated as described in Section 2.2.2.2, but its temperature set points were 491 
modified so that the differences between set points and freezing temperature of the new fluids were the same 492 
as for the 35% glycol/water mixture. 493 

 494 
Figure 7: Frequency diagram of ambient temperatures below 2 °C in Høje Taastrup during the design reference year [15]. 495 

A summary of the results in terms of energy transferred between the solar heating plant and DH network, as 496 
well as electricity consumption of the pumps, is given in Table 6. Compared to a 35% propylene 497 
glycol/water mixture, the use of water and a 22% glycol/water mixture increased the energy output of the 498 
plant by 2.2% and 0.8%. The better thermophysical properties of the fluids improved the collector efficiency 499 
and decreased the pressure drop across the primary loop. This entailed a higher maximum flow rate of the 500 
primary pump, which reduced and/or avoided overheating of collector fluid above the set point temperature, 501 
especially in summer. However, the better thermal performance of the plant was outweighed by the energy 502 
required by the frost protection operation. This was especially true when using water, as 0.08 GWh were 503 
injected into the collector field in winter, in the face of an extra production of 0.02 GWh (mainly in spring-504 
summer). Not only the net balance was negative, but as the DH heat demand is much higher in winter than in 505 
summer, the trade-off was disadvantageous. In case of the 22% glycol/water mixture this net balance was 506 
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ACCEPTED MANUSCRIPTpositive, but negligible. 507 

 508 

Table 6: Yearly energy exchanged between solar heating plant and DH network, and electricity consumption of the pumps. The 509 
percentage variations %∆EDH,w and %∆Eel are calculated with respect to Case 7. 510 

EDH EDH,w %∆EDH,w Efrost Eel %∆Eel 

[GWh] [GWh] [%] [GWh] [MWh] [%] 

Case 7 (35% glycol) 1.08 1.07 - 0 12.6 - 

Case 9 (water) 1.10 1.09 +2.2% 0.08 13.4 +6% 

Case 10 (22% glycol) 1.08 1.07 +0.8% 0.01 13.1 +4% 
 511 

Additionally, the electricity consumption of the pumps increased. In fact, although the lower viscosities of 512 
water and 22% glycol/water mixture reduced the pumping energy in the primary loop by 0.5 MWh and 0.3 513 
MWh respectively, the higher flow rate which could be supplied by the primary pump and the matched flow 514 
between primary and secondary pump increased the pumping energy on the secondary side (+1.1 MWh and 515 
+0.8 MWh respectively). Furthermore, the pumps ran more often for frost protection purposes (+0.2 MWh 516 
and +24 kWh respectively). The higher pumping energy was caused by the specific equipment and location 517 
of Høje Taastrup plant. If the collector field lay close to the DH network, and the primary pump could supply 518 
any flow rate expected by the control strategy (Eqs. 1-2) regardless of the fluid type, the electricity 519 
consumption of the secondary pump would be less significant and the use of fluids with lower viscosity 520 
would decrease the total pumping energy. 521 

The limited increase in energy output from the plant did not seem to justify the higher risk of freezing 522 
connected to the use of fluids with lower glycol concentrations, unless this entailed some other clear 523 
advantages, which may include lower cost of the fluid, less maintenance and reduced risk of corrosion. 524 

5. Conclusions and future perspective 525 

A detailed TRNSYS-Matlab model, which had been previously validated, was used to simulate the behavior 526 
and thermal performance of a solar heating plant for DH application in different scenarios. Based on the 527 
simulation results, the following conclusions can be drawn. 528 

• The inputs to the control strategy should be as representative of the actual conditions of the plant as 529 
possible. For example, the measured solar irradiance should be corrected to take into account 530 
shadows from row to row as well as the IAM, before being used for control purposes. 531 

• Lowering the set point temperature in winter improved the plant performance, only if more accurate 532 
IAM and shadows from row to row were considered. 533 

• Feedback control on the field outlet temperature improved the performance of the plant, when the 534 
inputs to the control strategy differed from the actual operating conditions. Hence, this can be a 535 
valid alternative to more accurate input to the control strategy. 536 

• Control strategies implementing weather forecast did not show significant improvements, which 537 
may justify the additional cost and complexity of the control system. 538 

• Glycol/water mixtures minimizing or completely avoiding frost protection operation seemed to be 539 
preferable to mixtures with lower concentrations. The enhanced thermophysical properties of the 540 
latter barely compensated the additional energy required for frost protection. 541 

Additionally, the results presented in this paper and the validation of TRNSYS model [9] could be used as 542 
starting point for future researches in the field of TRNSYS modeling of solar heating plants, in terms of 543 
choice of model components and aspects which should be taken into account depending on the level of 544 
desired accuracy. It is relevant to report that the solar collector fields newly installed by the company Arcon-545 
Sunmark A/S now implement a feedback control on the field outlet temperature. 546 
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