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Abstract 10 

This study presents an analysis of the effect of the transport delay which occurs in solar flat-plate collector 11 
fields and how to include its behavior in dynamic models suitable for control purposes. This investigation 12 
has been carried out using simplified models based on dynamic energy balances and models based on step 13 
response methods and experimental tests. The solar flat-plate collector field encompasses parallel absorber 14 
pipes intertwined with pipelines which act as several first-order plus dead time systems in parallel. The 15 
effect is an apparent delay observed at the outlet temperature that must be included in the dynamic model 16 
in order to reduce the error between the real measurement and the model prediction. The main contribution 17 
of this paper is the procedure to evaluate the apparent delay to obtain adequate dynamic models aimed to 18 
be used for control purposes.  19 

Keywords: dynamic simulation, solar energy, bilinear model 20 

1. Introduction 21 

The major purpose of a distributed solar collector (DSC) field is to collect the maximum solar energy 22 

available to produce as much thermal energy as possible. This thermal energy can be used for different 23 

processes such as electricity generation or seawater desalination (Camacho et al., 1997; Ali et al.,  2011). 24 

An improvement of the process operation can be usually attained by controlling the outlet temperature of 25 

the solar field. In addition, the use of solar energy mitigates the impact of greenhouse emissions, especially 26 

the CO2 caused by different kinds of industrial processes (Ackermann et al., 2015).  27 

Various types of solar thermal collectors and their applications are presented in (Camacho et al., 2012), 28 
including flat-plate, compound parabolic, evacuated tube, parabolic-trough, Fresnel lens, parabolic dish and 29 
heliostat fields. As described in (Kalogirou, 2004; Duffie and Beckman, 2013), flat-plates are non-tracking 30 
collectors with a ‘‘black’’ solar energy-absorbing surface designed to transfer the absorbed energy to a 31 
fluid, a transparent cover reduces convection and radiation heat losses to the atmosphere and a back 32 
insulation reduces conduction heat losses. In order to evaluate and improve the system performance, 33 
mathematical modeling is an important and established widely used tool.  34 

A detailed review of different models for flat-plate solar collectors can be found in (Nayak and Amer, 2000; 35 
Tagliafico et al., 2014). Two of the most common models are the steady-state model following the 36 
ASHRAE 93-77 standard and the quasi-dynamic model described in the EN 12975 standard (Fischer et al., 37 
2004). Both models describe an energy balance but while the ASHRAE 93-77 model considers only the 38 
effect of the beam radiation and heat losses, the quasi-dynamic model adds the effect of the diffuse 39 
radiation, wind effects, and a heat losses term to describe the long-wave radiation. These models are mainly 40 
used for thermal performance characterization or for long-time evaluations. But, for transient studies, 41 
dynamic models are required (Kicsiny, 2017; Aleksiejuk et al., 2018). 42 

Regarding dynamic models based on energy balance equations, classifications in literature are based on the 43 
number of differential equations considered. The one-node lumped parameter model consists on one 44 
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differential equation for the fluid, it is easy to implement and the results obtained are quite satisfactory. One 45 
example can be found in  (Pasamontes et al., 2009) in which a flat-plate solar collector field is modeled to 46 
evaluate the water temperature that flows to an absorption heat pump or in (Gil et al., 2018) in which a 47 
small flat-plate solar field provides thermal energy to a membrane distillation system. The two-node lumped 48 
parameter models add a differential equation to consider the temperature of the absorber plate and a heat 49 
transfer term to include the convection from the absorber plate to the heat transfer fluid. In (Deng et al., 50 
2015) these two equations are combined to eliminate the dependence with the absorber plate temperature 51 
and to reach a second-order differential equation for the heat transfer fluid. From a validation process 52 
described in  (Deng et al., 2017), authors emphasize the importance of reducing the temperature 53 
measurement error to make useful the second order term in the differential equation. 54 

Distributed parameter models based on energy balance in the absorber plate and in the heat transfer fluid 55 
have also been used and validated with good results for the case of flat-plate solar collectors (Pasamontes 56 
et al., 2013). In this case the energy balance is described by partial differential equations and the 57 
temperature can be evaluated along the absorber tube dividing the model in different control volumes.  58 
When high accuracy is required for the evaluation of the temperature or velocity inside tubes, computational 59 
fluid dynamic (CFD) software is a suitable tool. This kind of models include continuity, momentum and 60 
energy balances for the heat transfer fluids in three dimensions and they can be very useful for design 61 
optimization. In the study developed by (Facão, 2016) a CFD analysis is carried out with the aim of 62 
designing the manifolds in a flat-plate collector which improves the flow distribution along the absorber 63 
tubes. 64 

Nevertheless, for control purposes, simplified dynamic models are required to make the control algorithms 65 
more efficient from the computational point of view. Although one-node lumped parameter models can be 66 
very useful as commented previously, transfer functions (Buzás and Kicsiny, 2014; Kicsiny, 2017; 67 
Aleksiejuk et al., 2018), and black-box identification (Brus and Zambrano, 2010) are other techniques used 68 
to model flat-plate collectors. In the first case, authors obtain different transfer functions (one for each 69 
input) based on one-node lumped parameter model. In the second case, the model is obtained using a 70 
recursive prediction error method. 71 

One issue that it is not completely tackled in flat-plate solar collector models is the delay. The most common 72 
delay included in the models is the one related directly with the transport delay in the inlet temperature such 73 
as in (Pasamontes et al., 2009). This delay varies because of the transport time the heat transfer fluid takes 74 
to reach the sensor, it depends on the fluid flow rate and can be evaluated using the approximation proposed 75 
by (Normey-Rico et al., 1998). (Brus and Zambrano, 2010) added two delays affecting the outlet 76 
temperature caused by two inputs; the flow rate and irradiance. From experimental data, linear 77 
approximations are obtained to evaluate these delays and to include them in the developed model. But, the 78 
source of these delays is not explained. 79 

This paper focuses on a flat-plate solar field model putting emphasis on the delay treatment; the source of 80 
the delay, how to include the delay in a lumped parameter model and approximations to reduce the 81 
computational time to use the model for control purposes. This paper follows a previous paper (Ampuño et 82 
al.,2018) where the flat-plate collector dynamic model was presented. In that paper, the delays were 83 
experimentally obtained and included in the model. This new paper focuses in analyzing the causes of the 84 
observed delay, it demonstrates the existence of an apparent delay and the equations obtained are included 85 
in the model to improve the results, especially under transient conditions.  86 

The paper is organized as follows: first, AQUASOL-II plant is shown in section 2, then the bilinear model, 87 

experimental campaign, calibration and validation results are shown in section 3, in section 4 the delay 88 

treatment and the models considered are explained, in section 5 a simplified model to reduce the 89 

computational time and make the model easier to be used for control purposes is proposed and in section 6 90 

experimental results are fully discussed. Some concluding remarks are included at the end. 91 

 92 

 93 
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2. System description 94 

The solar desalination facility AQUASOL-II (see Fig. 1) is placed at Plataforma Solar de Almeria (PSA), 95 
a dependency of the Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas (CIEMAT) 96 
in the south of Spain, which is the largest concentrating solar technology research, development and test 97 
center in Europe. This facility has a flat-plate solar field which provides thermal energy to a Multi-Effect 98 
Desalination (MED) system (Fernández et al., 2012; Alarcón et al., 2005, 2007, 2010) and to a membrane 99 
distillation (MD) system, and was designed and built with the purpose of piloting studies of large-aperture 100 
static solar collector panels when joined with desalination processes. Fig. 1 displays the simplified 101 
schematic diagram of the plant. Basically, it is made of two main circuits: the primary circuit and the 102 
secondary circuit.  Heat generation is performed in the primary circuit. Thermal storage to be used for the 103 
MED unit takes place at the secondary circuit.  104 

 105 

 

 
Fig. 1: Schematic diagram of the solar MED facility at PSA and photo of the solar field. 106 

 107 

As shown in (Ampuño et al.,2018) the primary circuit is constituted by a solar field, an air cooler, and a 108 
heat exchanger and connection pipes. The static solar field has 60 collectors arranged in five loops linked 109 
in parallel. There are four loops with 14 flat-plate collectors each (each loop has two rows or sections 110 
connected in series with 7 collectors in parallel per row) and one loop with 4 flat-plate collectors connected 111 
in parallel. Each loop has its own pumping system so it can be operated independently. As the main energy 112 
source, the solar irradiance, cannot be controlled (it acts as a disturbance from the control viewpoint), the 113 
outlet temperature of the solar field is usually controlled by manipulating the fluid flow rate using the pumps 114 
(Roca et al., 2009). 115 

Depending on the operating requirements (solar field characterization, desalination, process heat, …) the 116 
hot fluid from the solar field enters an air cooler or directly reaches a heat exchanger to heat the primary 117 
water circuit where thermal storage tanks are placed. Table 1 describes the nomenclature used in this work. 118 

3. Bilinear model for a solar-field loop 119 

A solar collector field can be described by a concentrated parameter model of the temperature. The model 120 
presented in (Roca et al., 2008, 2009) has been used as reference (see Eq. (1)). This concentrated parameters 121 
model, which provides the evolution of the temperature at the outlet of loop j section w, 𝑇𝑗,w,𝑜𝑢𝑡(𝑡), has 122 

been applied to each section of each loop independently. The model considers that the behavior of each 123 
loop-section can be characterized taking into account just one flat-plate absorber tube and that the loop 124 
water flow rate is equally divided in each tube. Therefore, the volumetric flow rate considered as input in 125 
this model is 𝑄𝑗/𝑐𝑓 where parameter 𝑐𝑓 includes the number of tubes in each loop-section and the L·min-1- 126 

L·s-1 conversion factor.  127 

𝜌𝑐𝑝𝐴𝑐𝑠
𝜕𝑇𝑗,𝑤,𝑜𝑢𝑡(𝑡)

𝜕𝑡
= 𝛽𝐼(𝑡) −

𝐻

𝐿
(𝑇𝑚(𝑡) − 𝑇𝑎(𝑡)) − 𝑐𝑝

𝜌

𝑐𝑓
𝑄𝑗(𝑡)

(𝑇𝑗,𝑤,𝑜𝑢𝑡(𝑡) − 𝑇𝑗,𝑤,𝑖𝑛(𝑡))

𝐿
, 

(1) 
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𝑇𝑚(𝑡) =
𝑇𝑗,𝑤,𝑜𝑢𝑡(𝑡) + 𝑇𝑗,𝑤,𝑖𝑛(𝑡)

2
. 

(2) 

 

As explained in (Ampuño et al., 2018), the outlet temperature of the loop depends on several inputs, the 128 
manipulated one, 𝑄𝑗(𝑡) is the volumetric flow [L·min-1], and the other ones act as disturbances: the inlet 129 

temperature, 𝑇𝑗,w,𝑖𝑛 (𝑡), the ambient temperature, 𝑇𝑎(𝑡), and the solar irradiance, 𝐼(𝑡). The remaining 130 

parameters are shown in Table 1. 131 

Table 1: Nomenclature 132 

Symbol Quantity Unit 

𝐴 Cross-section area of the loop pipe    m2 

𝐴𝑐𝑠 Collector absorber cross-section area m2 

𝛽 Parameter that modulates the solar irradiance m 

𝑐𝑝 Specific heat capacity J·kg-1·oC-1 

𝑐𝑓 Conversion factor to account for number of flat-plate tubes in each loop,  and L·min-1 

– L·s-1 conversion  

s·L·min-1·m-3 

𝑐𝑓2 Conversion factor to account for L·min-1 – m3·s-1 conversion  s·L·min-1·m-3 

𝑑𝑗,𝑤,𝑙,𝑖𝑛 Transport delay in the incoming water to each one of the absorber pipes that are 

connected in parallel of DSC loop 𝑗 (𝑗 = 1. .5)  section w (w =1..2)  absorber pipes 

number  l (l =1..350)   

s 

 

𝑑𝑗,𝑤,𝑙,𝑜𝑢𝑡 Transport delay in the outlet water from each one of the absorber pipes that are 

connected in parallel of DSC loop 𝑗 (𝑗 = 1. .5)  section w (w =1..2)  absorber pipes 

number  l (l =1..350)   

s 

 

𝑑𝑗,𝑡𝑜𝑢𝑡−𝑡𝑖𝑛 Inlet - outlet water temperature related transport delay in loop 𝑗 (𝑗 = 1. .5)  s 

𝑑𝑗,𝑡𝑜𝑢𝑡−𝑄 Inlet water flow rate - outlet water temperature related apparent delay in loop 𝑗 (𝑗 =

1. .5) 

s 

𝑑𝑗,𝑡𝑜𝑢𝑡−𝐼 Inlet solar irradiance - outlet water temperature related apparent delay in loop 𝑗 (𝑗 =

1. .5) 

s 

𝑑𝑗,𝑡𝑜𝑢𝑡−𝑡𝑖𝑛,𝑠 Inlet-outlet water temperature related transport delay in loop 𝑗 (𝑗 = 1. .5) for the 

simplified model 

s 

𝑑𝑗,𝑡𝑜𝑢𝑡−𝑄,𝑠 Inlet water flow rate - outlet water temperature related apparent delay in loop 𝑗 (𝑗 =

1. .5) for the simplified model 

s 

𝑑𝑗,𝑡𝑜𝑢𝑡−𝐼,𝑠 Inlet solar irradiance-outlet water temperature related apparent delay in loop 𝑗 (𝑗 =

1. .5) for the simplified model 

s 

𝐻 Thermal losses coefficient J·s-1· oC-1 

𝐼 Solar irradiance W·m-² 

𝐿 Absorber pipe length m 

𝐿𝑐𝑎 Distance between two absorber pipes   m 

𝐿𝑙𝑜𝑜𝑝 Length of the flat-plate collector loop m 

   

   

n Number of absorber pipes in each loop-section (n=200 for DSC loop 1 and n=350 for  

DSC loops j=2..5)  

- 

𝑁 Number of samples - 

𝑄𝑗 Volumetric flow of DSC loop 𝑗 (𝑗 = 1. .5) L·min-1 

𝑄𝑐𝑎,𝑗,𝑤,𝑙 Water flow rate that circulates between absorber pipes l and l+1 (l =1..n) of  DSC loop 

𝑗 (𝑗 = 1. .5)  section w (w =1..2)   

L·min-1 

𝑇𝑎 Ambient temperature oC 

𝑇𝑗,𝑤,𝑖𝑛 Inlet temperature of  DSC loop 𝑗 (𝑗 = 1. .5)  section w (w =1..2)  oC 

𝑇𝑗,𝑤,𝑙,𝑖𝑛 Inlet temperature of absorber pipe l (l =1..n),  DSC loop 𝑗 (𝑗 = 1. .5),  section w (w 

=1..2)  

oC 

𝑇𝑗,𝑤,𝑜𝑢𝑡 Outlet temperature of  DSC loop 𝑗 (𝑗 = 1. .5) section w (w =1..2) oC 

𝑇𝑗,𝑤,𝑙,𝑜𝑢𝑡 Outlet temperature of absorber pipe l (l =1..n),  DSC loop 𝑗 (𝑗 = 1. .5)  section w (w 

=1..2)   

oC 
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 133 

3.1 Experimental campaign. 134 

In order to calibrate and validate the solar field model, dynamic data from AQUASOL II facility was 135 
collected. The experimental campaign started on November 16th, 2016 and ended on December 21st, 2016. 136 
The following data details the methodology carried on to perform the tests:  137 

 The secondary circuit of the AQUASOL II facility (see Fig. 1) is stopped, therefore no water flows 138 

between the heat exchanger and the thermal storage system.  139 

 The solar field inlet temperature is maintained at different values using the air cooler. A PID controller 140 

with anti-windup regulates the air-cooler fan speed to maintain the desired temperature at the outlet of 141 

the air-cooler. Since the secondary circuit is stopped, the air-cooler outlet temperature can be 142 

considered as the solar field inlet temperature at steady-state conditions. The inlet temperature range 143 

considered is from 50 °C to 85 °C. 144 

 Water flow rates in loops 3 to 5 have been varied between 18 L·min-1 and 36 L·min-1. Water flow rate 145 

in loop 1 has been varied between 7 L·min-1 and 18 L·min-1. 146 

 Loop 2 was out of service during the experimental campaign. 147 

 Tests were performed during sunny and cloudy days to analyze the effect of real irradiance disturbances 148 

in the model. 149 

 The testing schedule ranges from 9:00am until 14:00pm local time. 150 

 Three different kind of tests have been performed: a) solar field temperature remains constant during 151 

the whole test and flow rate changes are performed in each loop, b) flow rates remain constant during 152 

the whole test and inlet temperature changes are performed and c) inlet temperature and flow rate 153 

changes are performed at the same time. 154 

 155 

3.2 Calibration. 156 

Parameter calibration is usually a challenging task and its complexity rises with the number of unknown 157 
variables. In this work, two parameters must be calibrated; the irradiance parameter, 𝛽, and the thermal 158 
losses coefficient, 𝐻 (see Eq. (1)). With the obtained information from the experimental campaign and the 159 
least squares method, these parameters were precisely and accurately calibrated. The least squares method 160 
is an optimization technique applied to linear in parameters systems. The aim is to find the model output, 161 
the outlet temperature in this case, that best approximates the real process output according to the minimal 162 
sum of squared error function, so that, the best combination of unknown parameters are obtained from this 163 
optimization.  An outline of numerous least square concepts can be found in (Goodwin and Payne, 1977).  164 

Following this method, the obtained unknown parameters are those shown in Table 2, where errors are 165 
depicted in terms of maximum error, ME, and the root mean square error, RMSE, estimated as:  166 

  
 

𝑇𝑠,𝑗,𝑤,𝑖𝑛 Inlet temperature measured by the sensor of  DSC loop 𝑗 (𝑗 = 1. .5),  section w (w 

=1..2) 

oC 

Ts,j,w,out Outlet temperature measured by the sensor of  DSC loop 𝑗 (𝑗 = 1. .5),  section w (w 

=1..2) 

oC 

𝑆𝑡 Sampling time s 

𝑇𝑚 Equivalent flat plate tube mean temperature oC 

𝑣 Velocity rate m·s-1 

𝜌 Water density kg·m-³ 

𝑦𝑖 Plant outputs at sample i 
 

𝑦𝑖̂ Model outputs at sample i 
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𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (𝑦𝑖 − 𝑦̂𝑖)

2
𝑁

𝑖=1

  ,  

 (3) 

N being the number of samples from the experiment, and 𝑦𝑖  and 𝑦̂𝑖 are the plant and model outputs at 167 
sample i. It is important to mention that the sampling time considered, St, is 1 s. 168 

 169 

 170 
Fig. 2: Experimental disturbances, November 10th, 2016. 171 

 172 
 173 

 174 
Fig. 3: Solar field model validation experiment performed in loop 1, section 1, November 10th, 2016. 175 

The mean RMSE errors for each loop-section model are acceptable, but the ME error is far from the desired 176 
results. This huge deviation has been analyzed and it is caused by the delay between the outlet temperature 177 
and the different inputs (inlet temperature, water flow rate and irradiance). As shown in Fig. 3, if the model 178 
does not take into account the delay, huge errors can be obtained between the model response and the real 179 
data during transients. Notice for example the change performed at the inlet temperature of loop 1 section 180 
1 between 13h and 13.5h; the real outlet temperature delays about 270 seconds to start increasing, which 181 
causes a maximum error of 11.1 °C. Section 4 goes into detail about the origin of this delay and how to 182 
model it. 183 
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3.3 Validation. 184 

For the validation procedure, the performance of the model has been evaluated using a different data set. 185 
These tests present variability in all the inputs: irradiance, inlet temperature, ambient temperature and water 186 
flow rate.  187 

One of the objectives of this study is to compare the solar field model under different kind of disturbances, 188 
such as variable solar irradiance due to passing clouds. On December 14th (shown in Fig. 4), cloudy 189 
conditions can be appreciated from local time 11:45am (11.75) until 12:30pm (125). For the case of loop 5 190 
section 2 shown in Fig. 4, the water flow rate was maintained constant at 36 L·min-1 and the inlet 191 
temperature varies between 55 ºC and 75 ºC. This figure shows that the outlet temperature calculated by 192 
the model is similar to the real outlet temperature of the solar field in a clear day (from 10:30am to 193 
11:45am). When hard disturbances in irradiance occur, the model behavior also shows sudden changes, 194 
conversely to the real data, that presents a smoother profile. Section 4 deals with this sudden solar radiation 195 
change.  196 

This example also shows the delay effect between the two inputs, irradiance and inlet temperature, and the 197 
outlet temperature; when the clouds appear and the solar irradiance falls, the outlet temperature has a delay 198 
of around 216 seconds. Since the model does not include this delay, an error of 7.85 ºC is obtained. 199 

Table 2:  Validation campaign results using the bilinear model. 200 
LOOP,SECTION PARAMETERS GLOBAL ERROR 

 H β RMSE ME  
[J s-1 oC-1] [m] [°C] [°C] 

5,1 1.095 0.0959 2.410 11.790 

5,2 1.106 0.0956 1.680 11.400 

4,1 1.137 0.0949 1.640 7.900 

4,2 1.159 0.097 1.560 10.810 

3,1 1.101 0.0951 1.830 7.650 

3,2 1.121 0.0946 1.690 10.890 

1 1.107 0.094 1.790 7.550 

 201 

 202 

Fig. 4: Experimental disturbances and simulation results using the solar field model, loop 5, section 2, 203 
December 14th, 2016 204 
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Table 2 shows the RMSE and ME errors obtained in the validation campaign using the bilinear model for 205 
each solar-field loop section. Comparing the model results with real data, the ME errors are far from the 206 
expected results due to the fact that the delays observed in the real systems are not implemented in the 207 
model. 208 

4. The apparent and transport delays. 209 

Fig. 3 and 4 present a comparison between the temperature calculated by the model and the temperature 210 
measured at the end of the return pipe. These figures intend to demonstrate that the dynamics of the water 211 
temperature measured can be approximated using the proposed model described in Eq. (1) but it is 212 
mandatory to take into consideration a variable dead-time to avoid huge errors during transients. As will be 213 
explained in this section, the source of this delay that cause fluctuations in the behavior of the collector 214 
water outlet temperature is a transport delay at the inlet and outlet of each absorber pipe that produces an 215 
apparent delay at the outlet of the loop. 216 

4.1 The transport delay.  217 

Fig. 5 comprises three images showing the flat-plate collector solar field and how the absorber tubes are 218 
connected to each other. Since the inlet temperature sensor is located at the beginning of the loop (𝑇𝑠,𝑗,𝑤,𝑖𝑛), 219 

there is a transport delay in the incoming water to each one of the absorber pipes that are connected in 220 
parallel (𝑑𝑗,𝑤,𝑙,𝑖𝑛 ) where j is the loop number (𝑗 ∈ [1,5]), w the loop section (𝑤 ∈ [1,2]) and l the absorber 221 

tube number (𝑙 ∈ [1,350] ∀ 𝑗 = {2…5}, 𝑙 ∈ [1,200] ∀ 𝑗 = 1). This transport delay can be estimated at 222 
each sampling time as a flow-dependent delay as described by (Normey-Rico et al., 1998). 223 

𝑇𝑗,𝑤,𝑙,𝑖𝑛(𝑡) ≈ 𝑇𝑠,𝑗,𝑤,𝑖𝑛(𝑡 − 𝑑𝑗,𝑤,𝑙,𝑖𝑛), (4) 

𝐿𝑐𝑎 = ∫ 𝑣(𝑡)

𝑑𝑗,𝑤,𝑙,𝑖𝑛

0

𝑑𝑡 →
𝑆𝑡
𝐴
∑ 𝑄𝑐𝑎,𝑗,𝑤,𝑙(𝑘 − 𝑖) · 𝑐𝑓2

𝑖=𝑚−1

𝑖=0

= 𝐿𝑐𝑎 , 

 

(5) 

where k is the actual sampling time, 𝑆𝑡 [s] is the sampling time, 𝑣(𝑡) is the water velocity rate [m·s-1], index 224 
𝑚 is equal to the delay (in sampling times), 𝑄𝑐𝑎,𝑗,𝑤,𝑙(𝑘 − 𝑖) [L·min-1] is the flow rate at sampling time 𝑘 −225 

𝑖 that circulates between two absorber tubes connections, cf2 is a conversion factor to account of the L·min-226 
1 - m3·s-1 conversion, 𝐴 is the cross-section area of the loop pipe [m2]; and the integral of 𝑣(𝑡) is 227 
approximated by a discrete time sum that accounts for different flow rates. The input, 𝑇𝑗,𝑤,𝑙,𝑖𝑛(𝑡), is 228 

estimated in every sample time using past measures of the inlet temperature 𝑇𝑠,𝑗,𝑤,𝑖𝑛(𝑡), and evaluating the 229 

delay 𝑑𝑗,𝑤,𝑙,𝑖𝑛 with the past flow rates. 230 
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 231 

Fig. 5: AQUASOL II solar field and absorber tubes connections. 232 

 233 

The procedure described in Eq. (5) must be repeated to estimate the inlet temperature for each absorber 234 
pipe inside the loop because the volumetric flow rate is different for each connection. With the aim of 235 
reducing the computational cost, it is possible to estimate the delay between the sensor located at the 236 
beginning of the loop and the inlet of each absorber pipe by only evaluating the delay between the sensor 237 
and the inlet of the last absorber pipe.   238 

Since the distance between two absorber pipes is the same (𝐿𝑐𝑎=𝐿𝑙𝑜𝑜𝑝/𝑛) and the volumetric flow rate 239 

inside each absorber pipe is the same (𝑄𝑗/𝑛), it is easy to follow that the volumetric flow rate in the 240 

connection between absorber pipe 𝑙 and 𝑙 + 1 can be estimated as: 241 

𝑄
𝑐𝑎,𝑗,𝑤,𝑙,𝑖𝑛

= 𝑄
𝑗
(1 −

𝑙

𝑛
)           ∀ 𝑙 ∈ [1, 𝑛 − 1]. 

(6) 

  242 

Fig. 6: Inlet temperature delay within the inlet distributer pipe. 243 
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Then, to estimate the delay 𝑑𝑗,𝑤,(𝑛−1),𝑖𝑛 between absorber pipe 𝑛 − 1 and 𝑛, we have to consider the 244 

volumetric flow rate 𝑄𝑗/𝑛  and the length 𝐿𝑙𝑜𝑜𝑝/𝑛 in Eq. (5). 245 

To calculate the delay between absorber pipe 𝑛 − 2 and 𝑛 − 1 with Eq. (5), it is necessary to consider the 246 
volumetric flow rate 2 ∙ 𝑄𝑗/𝑛 and the length 𝐿𝑙𝑜𝑜𝑝/𝑛, but it is easy to deduce that this delay will exactly be 247 

the half of the one calculated previously because it is the time required to go across a pipe with the same 248 
cross section area and length but with the double volumetric flow rate. So, it can be concluded that: 249 

𝑑𝑗,𝑤,𝑙,𝑖𝑛 =
𝑑𝑗,𝑤,𝑛−1

𝑛 − 𝑙
         ∀ 𝑙 ∈ [1, 𝑛 − 1], 

(7) 

Notice that these delays are between the connections of two absorber pipes. The inlet temperature to each 250 
absorber pipe will be: 251 

𝑇𝑗,𝑤,𝑙,𝑖𝑛 = 𝑇𝑠,𝑗,𝑤,𝑖𝑛 (𝑡 −∑ 𝑑𝑗,𝑤,𝑖

𝑖=𝑙

𝑖=1

) , 

 

(8) 

The other transport delay observed in the flat plate collectors is present at the outlet of the distributer pipe 252 
which affects to the loop outlet temperature 𝑇𝑗,𝑤,𝑜𝑢𝑡. Due to the connections between the absorber pipes in 253 

the upper part, the volumetric flow rate is different in each connection, giving rise to different transport 254 
delays.  Using Eq. (5), it is possible to calculate the delay in each connection and to assess the delay between 255 
the outlet of each absorber tube and the sensor located at the outlet of the collector loop. 256 

For this, the volumetric flow rate in the connection between absorber pipe 𝑙 and 𝑙 + 1 can be estimated as:  257 

𝑄
𝑐𝑎,𝑗,𝑤,𝑙,𝑜𝑢𝑡

=
𝑙 · 𝑄

𝑗

𝑛
          ∀ 𝑙 ∈ [1, 𝑛 − 1], 

(9) 

 258 
Fig. 7: Outlet temperature delay within the outlet distributer pipe. 259 

 260 

Then, to estimate the delay 𝑑𝑗,𝑤,1,𝑜𝑢𝑡 between the absorber pipe 1 and 2 the volumetric flow rate 𝑄𝑗/𝑛 and 261 

the length 𝐿𝑙𝑜𝑜𝑝/𝑛  has to be considered in Eq. (5).      262 

To calculate the delay between absorber tube 2 and 3 with Eq. (5), the volumetric flow rate 2 ∙ 𝑄𝑗/𝑛 and 263 

the length 𝐿𝑙𝑜𝑜𝑝/𝑛 have to be considered, but the number of equations can be simplified again following 264 

the same reasoning used previously:  265 

𝑑𝑗,𝑤,𝑙,𝑜𝑢𝑡 =
𝑑𝑗,𝑤,1

𝑛𝑙
         ∀ 𝑙 ∈ [1, 𝑛]. 

(10) 

Notice that these delays are between the connections of two absorber tubes. The outlet temperature of the 266 
loop j section w will be: 267 
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Therefore, to evaluate the water temperature at the outlet of each loop section, the temperature at the outlet 268 
of each absorber pipe has to be estimated, which requires solving 3000 bilinear equations described by Eq. 269 
(1).  In order to reduce the required computational time, the concept of apparent delay is introduced in the 270 
following section to explain the approximation considered to evaluate the water temperature at the outlet 271 
of each loop-section. 272 

 273 

4.2 The apparent delay. 274 

As described by (Normey-Rico et al., 2007), when there are several systems connected in parallel, as 275 
happens in the absorber pipes, and each of them has a small delay, the accumulation of every one of these 276 
delays produces an apparent delay. In this case the apparent delay depends on the number of absorber pipes 277 
of the loop, 𝑛. 278 

The idea behind this section is to evaluate the apparent delay observed when step changes are performed at 279 
the following inputs: flow rate, inlet temperature and irradiance.  From these steps, first-order models are 280 
obtained, the results are compared with real data and expressions are obtained to evaluate those apparent 281 
delays as a function of the flow rate.  282 

The linear approximation is usually found by the Taylor’s series expansions of the non-linear vector field 283 
in the vicinity of a steady state (equilibrium). The approximation depends on the system parameters and the 284 
specific steady state (an explanation of nonlinear models linearization  can be found in  (Ogata, 1998)). 285 

As a first stage, considering the first section of a collector loop, first-order models relating the water outlet 286 
temperature to each one of the inputs have to be obtained. These first-order models can be obtained from 287 

the bilinear model described in Eq. (1) for a steady state (𝜌𝑐𝑝𝐴𝑐𝑠
𝜕𝑇𝑗,w,𝑜𝑢𝑡(𝑡)

𝜕𝑡
= 0). 288 

0 =  𝛽𝐼 ̅ −
𝑐𝑝𝜌

𝑐𝑓𝐿
𝑄̅𝑗(𝑇̅𝑗,𝑤,𝑜𝑢𝑡 − 𝑇̅𝑗,𝑤,𝑖𝑛) −

𝐻

𝐿
(
𝑇̅𝑗,𝑤,𝑜𝑢𝑡 + 𝑇̅𝑗,𝑤,𝑖𝑛

2
− 𝑇̅𝑎), 

(12) 

 289 

where the linearization is carried out around the operating points defined by (𝑄̅𝑗 , 𝑇̅𝑗,𝑤,𝑜𝑢𝑡 , 𝑇̅𝑗,𝑤,𝑖𝑛, 𝑇̅𝑎, 𝐼)̅. 290 

System variables 𝑄𝑗(𝑡), 𝑇𝑗,𝑤,𝑜𝑢𝑡(𝑡), 𝑇𝑗,𝑤,𝑖𝑛(𝑡), 𝑇𝑎(𝑡) and 𝐼(𝑡) are represented as the sum of the steady-state 291 

value that defines the operating point with the value of the deviation variable around that equilibrium 292 

state (𝑄̃𝑗(𝑡), 𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡), 𝑇̃𝑗,𝑤,𝑖𝑛(𝑡), 𝑇̃𝑎(𝑡), 𝐼(𝑡)): 293 

𝑄𝑗 (𝑡) = 𝑄̅𝑗 + 𝑄̃𝑗(𝑡),  

𝑇𝑗,𝑤,𝑜𝑢𝑡(𝑡) = 𝑇̅𝑗,𝑤,𝑜𝑢𝑡 + 𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡),  

𝑇𝑗,𝑤,𝑖𝑛(𝑡) = 𝑇̅𝑗,𝑤,𝑖𝑛 + 𝑇̃𝑗,𝑤,𝑖𝑛(𝑡) , 

𝑇𝑎(𝑡) = 𝑇̅𝑎 + 𝑇̃𝑎(𝑡), 

𝐼(𝑡) = 𝐼 ̅ + 𝐼(𝑡), 

(13) 

The deviation variables represent the linear dynamic system when variations occur in the dynamics of the 294 

system around the operating point defined by (𝑄̅𝑗, 𝑇̅𝑗,𝑤,𝑜𝑢𝑡 , 𝑇̅𝑗,𝑤,𝑖𝑛 , 𝑇̅𝑎, 𝐼)̅.  295 

Using the Taylor’s series approximation in the non-linear part of the model, the following linearization is 296 
obtained: 297 

𝑇𝑗,𝑤,𝑜𝑢𝑡(𝑡) =

∑ 𝑇𝑗,𝑤,𝑖,𝑜𝑢𝑡 (𝑡 −∑ 𝑑𝑗,𝑤,𝑖𝑖
𝑖𝑖=𝑛

𝑖𝑖=1
)

𝑖=𝑛

𝑖=1

𝑛
 

  

(11) 
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𝑄𝑗(𝑡)𝑇𝑗,𝑤,𝑜𝑢𝑡(𝑡) ≈ 𝑄̅𝑗𝑇̅𝑗,𝑤,𝑜𝑢𝑡 +
𝜕𝑄𝑗(𝑡)𝑇𝑗,𝑤,𝑜𝑢𝑡(𝑡)

𝜕𝑄𝑗(𝑡)
|
𝑄̅𝑗,𝑇̅𝑗,𝑤,𝑜𝑢𝑡

(𝑄𝑗(𝑡) − 𝑄̅𝑗)
⏞        

𝑄̃𝑗(𝑡)

+298 

𝜕𝑄𝑗(𝑡)𝑇𝑗,𝑤,𝑜𝑢𝑡(𝑡)

𝜕𝑇𝑗,𝑤,𝑜𝑢𝑡(𝑡)
|
𝑄̅𝑗,𝑇̅𝑗,𝑤,𝑜𝑢𝑡

(𝑇𝑗,𝑤,𝑜𝑢𝑡(𝑡) − 𝑇̅𝑗,𝑤,𝑜𝑢𝑡)
⏞              

𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡)

, 299 

𝑄𝑗(𝑡)𝑇𝑗,𝑤,𝑖𝑛(𝑡) ≈ 𝑄̅𝑗𝑇̅𝑗,𝑤,𝑖𝑛 +
𝜕𝑄𝑗(𝑡)𝑇𝑗,𝑤,𝑖𝑛(𝑡)

𝜕𝑄𝑗(𝑡)
|
𝑄̅𝑗,𝑇̅𝑗,𝑤,𝑖𝑛

(𝑄𝑗(𝑡) − 𝑄̅𝑗)
⏞        

𝑄̃𝑗(𝑡)

+300 

𝜕𝑄𝑗(𝑡)𝑇𝑗,𝑤,𝑖𝑛(𝑡)

𝜕𝑇𝑗,𝑤,𝑖𝑛(𝑡)
|
𝑄̅𝑗,𝑇̅𝑗,𝑤,𝑖𝑛

(𝑇𝑗,𝑤,𝑖𝑛(𝑡) − 𝑇̅𝑗,𝑤,𝑖𝑛)
⏞            

𝑇̃𝑗,𝑤,𝑖𝑛(𝑡)

, 301 

 302 
 303 
𝑄𝑗(𝑡)𝑇𝑗,𝑤,𝑜𝑢𝑡(𝑡) ≈ 𝑄̅𝑗𝑇̅𝑗,𝑤,𝑜𝑢𝑡 + 𝑇̅𝑗,𝑤,𝑜𝑢𝑡𝑄̃𝑗(𝑡) + 𝑄̅𝑗 𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡), 

 

𝑄𝑗(𝑡)𝑇𝑗,𝑤,𝑖𝑛(𝑡) ≈ 𝑄̅𝑗𝑇̅𝑗,𝑤,𝑖𝑛 + 𝑇̅𝑗,𝑤,𝑖𝑛𝑄̃𝑗(𝑡) + 𝑄̅𝑗 𝑇̃𝑗,𝑤,𝑖𝑛(𝑡). 

 

(14) 

Since 𝜌𝑐𝑝𝐴𝑐𝑠
𝜕𝑇𝑗,𝑤,𝑜𝑢𝑡(𝑡)

𝜕𝑡
=  𝜌𝑐𝑝𝐴𝑐𝑠

𝜕𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡)

𝜕𝑡
, the bilinear model can be approximated as: 304 

𝜌𝑐𝑝𝐴𝑐𝑠
𝜕𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡)

𝜕𝑡
305 

= 𝛽 (𝐼 ̅ + 𝐼(𝑡))306 

−
𝑐𝑝𝜌

𝑐𝑓𝐿
((𝑄̅𝑗𝑇̅𝑗,𝑤,𝑜𝑢𝑡 + 𝑇̅𝑗,𝑤,𝑜𝑢𝑡𝑄̃𝑗(𝑡) + 𝑄̅𝑗 𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡))307 

− (𝑄̅𝑗𝑇̅𝑗,𝑤,𝑖𝑛 + 𝑇̅𝑗,𝑤,𝑖𝑛𝑄̃𝑗(𝑡) + 𝑄̅𝑗 𝑇̃𝑗,𝑤,𝑖𝑛(𝑡)))308 

−
𝐻

𝐿
(
𝑇̅𝑗,𝑤,𝑜𝑢𝑡 + 𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡) + 𝑇̅𝑗,𝑤,,𝑖𝑛 + 𝑇̃𝑗,𝑤,𝑖𝑛(𝑡)

2
− (𝑇̅𝑎 + 𝑇̃𝑎(𝑡))). 309 

Taking into account steady state relationships: 310 

 311 

𝜌𝑐𝑝𝐴𝑐𝑠
𝜕𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡)

𝜕𝑡
312 

= 𝛽𝐼−̅
𝑐𝑝𝜌

𝑐𝑓𝐿
𝑄̅𝑗𝑇̅𝑗,𝑤,𝑜𝑢𝑡 +

𝑐𝑝𝜌

𝑐𝑓𝐿
𝑄̅𝑗𝑇̅𝑗,𝑤,𝑖𝑛 −

𝐻

𝐿
(
𝑇̅𝑗,𝑤,𝑜𝑢𝑡 + 𝑇̅𝑗,𝑤,𝑖𝑛

2
− 𝑇̅𝑎 )

⏞                                        
0

+ 𝛽𝐼(𝑡)313 

−
𝑐𝑝𝜌

𝑐𝑓𝐿
𝑇̅𝑗,𝑤,𝑜𝑢𝑡𝑄̃𝑗(𝑡) −

𝑐𝑝𝜌

𝑐𝑓𝐿
𝑄̅𝑗 𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡) +

𝑐𝑝𝜌

𝑐𝑓𝐿
𝑇̅𝑗,𝑤,𝑖𝑛𝑄̃𝑗(𝑡) +

𝑐𝑝𝜌

𝑐𝑓𝐿
𝑄̅𝑗 𝑇̃𝑗,𝑤,𝑖𝑛(𝑡)314 

−
𝐻

𝐿
(
𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡) + 𝑇̃𝑗,𝑤,𝑖𝑛(𝑡)

2
− 𝑇̃𝑎(𝑡)), 315 

 316 

𝜌𝑐𝑝𝐴𝑐𝑠
𝜕𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡)

𝜕𝑡

=  𝛽𝐼(𝑡) −
𝑐𝑝𝜌

𝑐𝑓𝐿
((𝑇̅𝑗,𝑤,𝑜𝑢𝑡 − 𝑇̅𝑗,𝑤,𝑖𝑛)𝑄̃𝑗(𝑡) + 𝑄̅𝑗 (𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡) − 𝑇̃𝑗,𝑤,𝑖𝑛(𝑡)))

−
𝐻

𝐿
(
𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡) + 𝑇̃𝑗,𝑤,𝑖𝑛(𝑡)

2
− 𝑇̃𝑎(𝑡)). 

 

(15) 

Considering that small variations of 𝑄̃𝑗(𝑡) , 𝑇̃𝑗,𝑤,𝑖𝑛(𝑡), 𝑇̃𝑎(𝑡) and 𝐼(𝑡) are produced around the equilibrium 317 

point 𝑄̃𝑗(t) = ∆𝑄𝑗 , 𝑇̃𝑗,𝑤,𝑖𝑛(t) = ∆𝑇𝑗,𝑤,𝑖𝑛, 𝑇̃𝑎(t) = ∆𝑇𝑎, 𝐼(t) = ∆𝐼,  a temporal evolution of  𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡) from 318 

𝑇̅𝑗,𝑤,𝑜𝑢𝑡 to a new state value 𝑇̅𝑗,𝑤,𝑜𝑢𝑡 + ∆𝑇𝑗,𝑤,𝑜𝑢𝑡 is produced and the linearized system can be represented 319 
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by a first order model (𝜏
𝜕𝑦(𝑡)

𝜕𝑡
+ 𝑦(𝑡) = 𝑘𝑢(𝑡)): 320 

𝜌𝑐𝑝𝐴𝑐𝑠

[
𝑐𝑝𝜌𝑄̅𝑗 
𝑐𝑓𝐿

+
𝐻
2𝐿
]

⏟        
𝜏

𝜕𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡)

𝜕𝑡
+ 𝑇̃𝑗,𝑤,𝑜𝑢𝑡(𝑡)

=

[
 
 
 
 −
𝑐𝑝𝜌
𝑐𝑓𝐿

(𝑇̅𝑗,𝑤,𝑜𝑢𝑡 − 𝑇̅𝑗,𝑤,𝑖𝑛)

[
𝑐𝑝𝜌𝑄̅𝑗 
𝑐𝑓𝐿

+
𝐻
2𝐿
]

]
 
 
 
 

⏟                
𝑘𝑄

 𝑄̃𝑗(𝑡) +
𝛽

[
𝑐𝑝𝜌𝑄̅𝑗 
𝑐𝑓𝐿

+
𝐻
2𝐿
]

⏟        
𝑘𝐼

𝐼(𝑡) − 1⏟
        𝑘𝑇𝑖𝑛

· 𝑇̃𝑗,𝑤,𝑖𝑛(𝑡)

+

𝐻
𝐿

[
𝑐𝑝𝜌𝑄̅𝑗 
𝑐𝑓𝐿

+
𝐻
2𝐿
]

⏟        
𝑘𝑇𝑎

𝑇̃𝑎(𝑡). 

(16) 

 321 
For each absorber pipe and for each input, the steady-state gain and the time constant are almost the same 322 
(the properties of the water can be slightly different) but the output delay will be different according to the 323 
transport delay explained in section 4.1. Considering the first order models obtained for each absorber pipe, 324 
the outlet temperature of one loop section as a function of each one of the inputs 𝑢 (𝑄𝑗 , 𝐼, 𝑇𝑗,𝑤,𝑖𝑛 , 𝑇𝑎) can be 325 

evaluated by combining n first-order models and considering Eq. (8) and Eq. (11) such as Fig. 8 shows.  326 

 
 

 a) Schematic diagram when the input u is the inlet 
temperature 

b) Schematic diagram when the input u is the 
water flow rate, the irradiance or the ambient 

temperature. 
Fig. 8: Outlet temperature model combining first-order models. 

 327 
Notice that the inlet delay is only considered when the input of the first-order models is the inlet 328 
temperature. Irradiance, ambient temperature and water flow rate changes affect to the absorber pipes at 329 
the same time, the only delay in these cases is the transport delay of the water to go across the outlet 330 
connection pipe. Nevertheless, the ambient temperature is assumed constant and its effect is not evaluated 331 
with the first-order model because the variation of this input is negligible inside a temporal window 332 
equivalent to the observed delay. 333 

Once the models have been implemented, the results have been compared to real data. Since the goal is to 334 
evaluate the apparent delay obtained using first-order models, the other inputs must be maintained as 335 
constant as possible. Therefore, to compare the experimental and real delay related with the flow rate, 336 
irradiance and inlet temperature must be maintained constant. 337 

Fig. 9 represents the recording data of December 21st, 2016. The test consists in applying a step signal (from 338 
35 L·min-1 to 30 L·min-1) at the inlet flow of the loop 5, 𝑄5. The linearized model is obtained around an 339 
operational point set up by the outlet temperature around 73 °C, the irradiance level is about 860 W·m-2 340 
and the inlet temperature was maintained constant in 55 °C. Notice that the variation of the ambient 341 
temperature in that time interval is less than 0.5 °C and the contribution of this input in the linearized model 342 
is neglected.  343 
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     344 
Fig. 9: Experimental disturbances, outlet temperature and simulation results when a flow rate step input is 345 

applied, loop 5, section 1, December 21st 2016. 346 

Fig. 9 shows that the lumped parameter model gives a result without including any type of delay. On the 347 
other hand, the set of 𝑛 first order models obtained delivers the total temperature of the loop with an 348 
apparent delay when there are changes in the inlet flow rate, which is the hypothesis set out at the beginning.  349 
As can be observed the obtained delay is quite similar to the real one. 350 

As commented previously, changes of the solar radiation over the solar field also generate an apparent delay 351 
at the outlet temperature (see Fig. 10).  352 

 353 
Fig. 10: Experimental disturbances and simulation results using solar irradiance step input, loop 5, section 1, 354 

December 14th2016. 355 
 356 

4.3 The bilinear model with delays  357 

From the results obtained in the above section, it is demonstrated the existence of the transport delay that 358 
can be treated as different input apparent delays. With the aim of improving the results of the bilinear model, 359 
it is necessary to introduce these delays in the inputs, as it shown in Eq. (17) and (18).  360 

𝜌𝑐𝑝𝐴𝑐𝑠
𝜕𝑇𝑗,𝑤,𝑜𝑢𝑡(𝑡)

𝜕𝑡

= 𝛽𝐼(𝑡 − 𝑑𝑗,𝑡𝑜𝑢𝑡−𝐼) −
𝐻

𝐿
(𝑇𝑚(𝑡) − 𝑇𝑎(𝑡))

− 𝑐𝑝
𝜌

𝑐𝑓
𝑄𝑗(𝑡−𝑑𝑗,𝑡𝑜𝑢𝑡−𝑄)

(𝑇𝑗,𝑤,𝑜𝑢𝑡(𝑡) − 𝑇𝑗,𝑤,𝑖𝑛(𝑡 − 𝑑𝑗,𝑡𝑜𝑢𝑡−𝑡𝑖𝑛))

𝐿
, 

(17) 
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𝑇𝑚(𝑡) =
𝑇𝑗,𝑤,𝑜𝑢𝑡(𝑡) + 𝑇𝑗,𝑤,𝑖𝑛(𝑡 − 𝑑𝑗,𝑡𝑜𝑢𝑡−𝑡𝑖𝑛)

2
. 

(18) 

Experiments in the real plant and in the linearized model (see Fig. 11) show that the relationship between 361 
flow rate and the delay can be approximated as quadratic functions. For the solar irradiance only simulations 362 
with the linearized models have been used.  363 

Eq. (19) to (24) give the approach obtained for the inlet- outlet time delay (𝑑𝑗,𝑡𝑜𝑢𝑡−𝑡𝑖𝑛), flow rate-outlet 364 

time delay (𝑑𝑗,𝑡𝑜𝑢𝑡−𝑄) and solar irradiance time delay (𝑑𝑗,𝑡𝑜𝑢𝑡−𝐼).: 365 

where 𝑗 is the loop number (𝑗 ∈ [2,5]) and loop 1 is depicted by its own equation due to the difference in 366 
the number of absorber tubes.  367 

 368 

 369 
Fig. 11: Outlet temperature time delay curve. Black markers are the experimental data.  370 

𝑑𝑗,𝑡𝑜𝑢𝑡−𝑡𝑖𝑛 = 0.24 ∙ 𝑄𝑗
2 − 18.42 ∙ 𝑄𝑗 + 480.7, (19) 

𝑑𝑗,𝑡𝑜𝑢𝑡−𝑄 = 0.13 ∙ 𝑄𝑗
2 − 9.9 ∙ 𝑄𝑗 + 210.17, (20) 

𝑑𝑗,𝑡𝑜𝑢𝑡−𝐼 = 0.124 ∙ 𝑄𝑗
2 − 9.43 ∙ 𝑄𝑗 + 201.38, (21) 

𝑑1,𝑡𝑜𝑢𝑡−𝑡𝑖𝑛 = 2.6 ∙ 𝑄1
2 − 86.3 ∙ 𝑄1 + 876.2, (22) 

𝑑1,𝑡𝑜𝑢𝑡−𝑄 = 0.11 ∙ 𝑄1
2 − 3.87 ∙ 𝑄1 + 64, (23) 

𝑑1,𝑡𝑜𝑢𝑡−𝐼 = 0.067 ∙ 𝑄1
2 − 3.12 ∙ 𝑄1 + 61.1, (24) 
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 371 
Although these equations have been obtained from steady state conditions, the delays are also a good 372 
approach for transient data as will be shown in the following results.  373 

If the delays in the form of quadratic functions are included in the bilinear model, the EM and RMSE errors 374 
are considerably reduced. As an example, Fig. 12 compares the real data with the results obtained with the 375 
bilinear model with and without delays aiming to demonstrate the improvements in the transient 376 
performance.  377 

 378 
 379 
 380 

 381 

 382 
Fig. 12: Experimental disturbances and simulation results using the solar field model including delays, loop 5, 383 

section 1, December 14th, 2016 384 
 385 

For the case of loop 5 shown in Fig. 12, the water flow rate was maintained constant to 35 L·min-1. The 386 
inlet temperature was controlled with the air-cooler to 55 ºC, but due to irradiance disturbances, it varies 387 
between 49 ºC and 61 ºC. This figure shows that under hard solar radiation disturbances, the model with 388 
delays improves the results obtained in the previous section. 389 

 390 

 391 
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 392 

 393 
Fig. 13: Experimental disturbances and simulation results using the solar field model, loop 4, section 2, 394 

November 17th, 2016 395 
 396 

Another example is shown in Fig. 13 for the case of water flow rate and inlet temperature steps performed 397 
on November 17th, 2016. The characteristics of this day are the following ones: 398 

 In the test day, solar irradiance does not show cloudy conditions or transitions. 399 

 Ambient temperature varies between 18 ºC and 21 ºC. 400 

 Inlet temperature for Loop 4 varies between 45 ºC and 60 ºC in section 1 and between 62 ºC and 83 ºC 401 

in section 2. The inlet flow rate varies between 25 L·min-1 and 36 L·min-1. 402 

 The results obtained with the model including delays are quite similar to the real data, being the biggest 403 

difference 3.1 ºC at 13:15am (13.25) and 13:50pm (13.5) that occurs by a hard disturbance in the inlet 404 

temperature. 405 

The RMSE and ME errors obtained using the bilinear model with delays are included in Table 3. The results 406 
demonstrate a notorious reduction of the EM and RMSE errors in comparison with the errors described in 407 
Table 2. 408 

 409 

 410 

 411 



18 

 

Table 3:  Campaign results using the bilinear model with delays. 412 
LOOP-SECTION PARAMETERS GLOBAL ERROR 

 H β RMSE ME  
[J s-1 oC-1] [m] [°C] [°C] 

5-1 1.095 0.0959 2.170 4.610 

5-2 1.106 0.0956 0.830 3.240 

4-1 1.137 0.0949 0.860 2.640 

4-2 1.159 0.097 0.833 3.820 

3-1 1.101 0.0951 0.930 3.340 

3-2 1.121 0.0946 0.960 4.280 

1 1.107 0.094 0.990 3.670 

 413 

 414 

5. A simplified model for control purposes. 415 

As indicated in the preceding section, the solar field model study has been divided into two parts aimed to 416 
demonstrate the validity of solar field model; the bilinear model and the input delays. Parametric equations 417 
to evaluate the delay for each input have been identified to reduce the error of the model obtained mainly 418 
during transients. Nevertheless, in order to obtain the water temperature at the outlet of each loop, two 419 
bilinear models are required for each loop. With the aim of reducing the computational time and making 420 
the model of each loop easier to be used for control purposes, a simplified model is proposed in this section. 421 
The idea is to use just one bilinear equation to evaluate the outlet temperature for each loop and include 422 
parametric equations to take into account the delays at the input: 423 

 424 

where j is the loop number (𝑗 ∈ [1,5]) and the delays for the simplified model are the following ones: 425 

𝑑𝑗,𝑡𝑜𝑢𝑡−𝑄,𝑠 = 2 ∙ 𝑑𝑗,𝑡𝑜𝑢𝑡−𝑄 + 0.037 ∙ 𝑄𝑗
2 − 3.37 ∙ 𝑄𝑗 + 92.63 (26) 

𝑑𝑗,𝑡𝑜𝑢𝑡−𝑡𝑖𝑛,𝑠 = 2 ∙ 𝑑𝑗,𝑡𝑜𝑢𝑡−𝑡𝑖𝑛 + 0.037 ∙ 𝑄𝑗
2 − 3.37 ∙ 𝑄𝑗 + 92.63 (27) 

𝑑𝑗,𝑡𝑜𝑢𝑡−𝐼,𝑠 = 2 ∙ 𝑑𝑗,𝑡𝑜𝑢𝑡−𝐼 + 0.037 ∙ 𝑄𝑗
2 − 3.37 ∙ 𝑄𝑗 + 92.63 (28) 

These equations include the delays obtained in Eq. (19) to (21), but multiplied by 2, because the simplified 426 
model incorporates the two sections of each loop in only one model, this means, that number 𝑙 of absorber 427 
pipes pipe (𝑙 ∈ [1,700]) and the total distance from the beginning of the loop (𝑇𝑠,𝑗−𝑘,𝑖𝑛 [°C]) to the last 428 

absorber (𝑙 = 700) has been increased. Furthermore, the transport delay in the pipe between the end of 429 
section 1 and the beginning of section 2 has been added to Eq. (26) to (28). This transport delay has been 430 
estimated using Eq. (5) as described by (Normey-Rico et al., 1998) as well as in section 4.  431 

Once the delays are included, parameters 𝐻 and 𝛽 have been calibrated again (see Table 4) with data from 432 
the experimental campaign carried on for the calibration process.  433 

Fig. 14 shows the model validation with data from the test carried on in November 16th, 2016 in which 434 
several changes were performed in the inlet flow rate. As can be seen, the results of the simplified model 435 
including the delays are very similar to real data. The characteristics of this day are the following ones: 436 

 437 
 438 

𝜌𝑐𝑝𝐴𝑐𝑠
𝜕𝑇𝑗,𝑜𝑢𝑡(𝑡)

𝜕𝑡
= 𝛽𝐼(𝑡 − 𝑑𝑗,𝑡𝑜𝑢𝑡−𝐼,𝑠) −

𝐻

𝐿
(
𝑇𝑗,𝑜𝑢𝑡(𝑡) + 𝑇𝑗,𝑖𝑛(𝑡 − 𝑑𝑗,𝑡𝑜𝑢𝑡−𝑡𝑖𝑛,𝑠)

2
− 𝑇𝑎(𝑡))

− 𝑐𝑝
𝜌

𝑐𝑓
𝑄𝑗(𝑡−𝑑𝑗,𝑡𝑜𝑢𝑡−𝑄,𝑠)

(𝑇𝑗,𝑜𝑢𝑡(𝑡) − 𝑇𝑗,𝑖𝑛(𝑡 − 𝑑𝑗,𝑡𝑜𝑢𝑡−𝑡𝑖𝑛,𝑠))

𝐿
, 

(25) 

http://www.linguee.es/ingles-espanol/traduccion/furthermore.html
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 439 

 440 
Fig. 14: Experimental disturbances and simulation results using the solar field model, loop 3, section 2, 441 

November 16th, 2016 442 
 443 

 In the test day, solar irradiance does not show cloudy conditions or transitions. 444 

 Ambient temperature varies between 14 ºC and 20 ºC. 445 

 Inlet temperature for the loop 3 remains almost constant at 50 ºC. The inlet flow rate varies between 446 

18 L·min-1 and 36 L·min-1. 447 

 The comparison between the simulated and the real loop outlet temperature shows that the biggest 448 

difference is 3.53 ºC at 09:52am (9.88) and 3.1 ºC at 11:16am (11.28).  449 

Notice that using the simplified model the main source of error comes from the fact that 450 

the inlet temperature of section two is not considered as model input. Although the outlet 451 

temperature of section 1 should be the same than the inlet temperature of section 2 452 

(𝑇𝑗,𝑙,𝑜𝑢𝑡 ≈ 𝑇𝑗,2,𝑖𝑛), in some occasions a non-desirable behavior at the inlet temperature of 453 

section 2 has been detected; when flow rate steps are performed, inlet temperature in 454 

section 2 decreases immediately such as shown in Fig.14. This dynamic, which is not 455 

included in the model, is the cause of the error obtained.In order to check the simplified model 456 

behavior against solar irradiance disturbances, several tests under cloudy conditions were carried out. The 457 
one performed in December 20th, 2016 is shown in Fig. 15. The characteristics of this day are the following 458 
ones: 459 
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 In the test day, solar irradiance shows cloudy conditions or transitions. The lowest value is 400 W·m-2 460 

at 13:00am. As shown in Fig. 15, the most significant disturbances occurred approximately between 461 

11:48am and 13:15pm. 462 

 Ambient temperature varies between 12 ºC and 16 ºC. Inlet flow rate and inlet temperature remain 463 

constant.  464 

 The comparison between the simulated and the real solar field outlet temperature can be observed in 465 

Fig. 15, where the similarity of the simplified model results with the real ones are noticed, being the 466 

biggest difference 3.59 ºC at 12:00pm.  467 

 468 

 469 

 470 

 471 

Fig. 15: Experimental disturbances and simulation results using the simplified solar field model, loop 3, 472 
section 2, December 20th, 2016 473 

As shown in Table 4, a comparison between the results of the simplified model with the real data outlet 474 
temperature is performed. For solar irradiance disturbance the simplified model reacts according to the 475 
outlet temperature dynamics but for the inlet flow rate changes the behavior can be a little bit different to 476 
the real data, as a result to the non-considered dynamic observed in some occasions in the second section 477 
inlet temperature. This makes that the results of the simplified model not as good as expected. 478 
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Despite this, the ME and RMSE errors are low and it is possible to infer that the simplified model can be 479 
used for future investigations of solar field controllers and MED operating strategies optimization. 480 

 481 

Table. 4:  Test campaign results with the simplified model. 482 
 483 

Loop Parameters Global error 

 H β RMSE ME  
[J s-1 oC-1] [m] [°C] [°C] 

5 1.145 0.0972 2.120 4.560 

4 1.137 0.0948 1.660 4.030 

3 1.107 0.0926 1.720 4.610 

1 1.107 0.0936 1.790 5.910 

 484 
The simplified model allows estimating the water temperature at the outlet of each loop while reducing the 485 
computational time about 16 % (computational time is reduced from 38 to 32 s when a simulation of 10000 486 
s is performed), because it resolves one differential equation per loop while the complete model includes 487 
two differential equations per loop. Nevertheless, the simplified model shows more error than the one 488 
expected due to a non-desirable behavior that occurs in some experiments at the inlet temperature of the 489 
second section when step flow rates are performed. This fact is the cause of an error increment of about 490 
2 ºC in comparison to the complete model.  On the order hand, the results of the simplified model with the 491 
delays included are quite satisfactory to be used for control purposes. 492 

Conclusions 493 

The simplified model proposed in this paper implements a concentrated parameter model of flat plate 494 
collectors augmented with quadratic functions relating flow rate and delay, providing the evolution of outlet 495 
temperature.  This model shows the following advantages: (i) its implementation is straightforward; (ii) fast 496 
computational time simulation; (iii) adequate performance under different conditions of solar irradiance 497 
(sunny and cloudy days), and (iv) it describes variable delays from flow, input temperature and irradiance 498 
changes. Simulation results compared with real data have shown that modelling errors when changing 499 
values of flow rate, inlet loop temperature and solar irradiance are quite low, thus demonstrating that the 500 
simplified model is reliable. Real experiments on a solar field have been included to show the obtained 501 
promising results. 502 

As demonstrated in (Ampuño et al.,2018), a good approximation to model the outlet temperature of the 503 
solar field is considering input-output related transport delays experimentally obtained. Nevertheless, that 504 
solution requires an experimental campaign in which all the inputs must be manipulated to cover the 505 
operating range, which is impossible for the irradiance variable, as it is not manipulable (it constitutes a 506 
disturbance from the control point of view). For small solar fields, a mean value for the irradiance-output 507 
transport delay can be assumed, but for large solar fields it is mandatory to define an irradiance-output 508 
transport delay as a function of the flow rate. One of the main objectives of the work is to demonstrate the 509 
existence of an apparent delay at the output of the flat plate collector solar field due to the parallel 510 
connection of the absorber tubes. The raised hypothesis has been demonstrated using linearized process 511 
models arranged in parallel, following the layout of the real solar field. In addition, the methodology 512 
explained in this paper permits to obtain the apparent delays from the model described in Eq. (1) without 513 
additional experimental campaigns 514 

Finally, it is important to mention that obtaining a solar field outlet temperature model is the first step in 515 
the goal of designing control systems that: (i) act against disturbances of solar irradiance, (ii) prevent 516 
damages in collectors due to high temperatures, (iii) improve the performance when working at low 517 
temperatures, (iv) minimize energy consumption of the plant and (v) maximize thermal performance. 518 

 519 

http://www.linguee.es/ingles-espanol/traduccion/despite+this.html
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