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The performance of solar collector networks decreases due to scaling fouling caused by the accumulation of
calcium carbonate (CaCO3), which reduces thermal efficiency and increases the system pressure drop. This
study analyses the impact of flow velocity on the outlet temperature and pressure drop in evacuated flat-plate
solar collectors across different operating times. The results indicate that, with a flow velocity of 4 m/s, scaling
fouling increases the number of collectors required to reach the target temperature by 12 %. In contrast, with a
velocity of 0.15 m/s, the collectors increase by 5 %. Operating at higher flow velocities helps mitigate fouling,
resulting in @ minor reduction in the outlet temperature. On the other hand, lower flow velocities promote the
accumulation of deposits and accelerate the loss of thermal efficiency. The analysis found that the pressure
drop increases due to three main factors: fouling caused by scaling, the installation of collectors in series,
especially when exceeding ten collectors and extended operating periods of the solar network (t > 2,160 h). The
results showed that it is necessary to improve flow distribution to ensure good performance and extend the
lifespan of solar collector networks under fouling conditions.

1. Introduction

Evacuated flat-plate solar collectors represent an efficient solution for harnessing solar thermal energy in various
applications, especially in industrial processes requiring medium temperatures between 120 and 180 °C (Gao
et al., 2020). Evacuated flat-plate collectors (EFPC) combine the design of traditional flat-plate collectors (FPC)
with the vacuum principle of evacuated tube collectors (ETC). The collector vacuum system minimises
convective heat losses, enhancing thermal efficiency and reducing space requirements compared to ETCS
(Carrién-Chamba et al., 2022). However, their performance can be affected by the accumulation of mineral
deposits (CaCO3). This phenomenon, known as scaling, reduces thermal efficiency and increases the system's
hydraulic resistance, negatively impacting its long-term performance.

Several numerical studies have evaluated the thermal performance of different types of thermal solar collectors.
Albizzati (2016) conducted a comparative analysis between flat-plate collectors (FPC) and evacuated tube
collectors (ETC). This study demonstrated that FPCs exhibit lower thermal efficiency (34 %), while ETCs achieve
values from 46.3%. Bellos et al. (2023) analyzed an EFPC operating below 200 °C and developed a correlation
to estimate daily useful energy output based on operating temperature, solar irradiation, and ambient
temperature. They found that the optimal exergy and thermal efficiencies were 13.33 % and 47.24 % at 125 °C,
with energy and exergy costs of €0.0274/kWh and €0.1043/kWh. In parallel, computational studies have focused
on modeling the thermal and hydraulic behavior of solar collectors. Nedunchezhiyan et al. (2023) employed
numerical simulations to analyze hybrid evacuated tube and flat plate solar collectors, examining the impact of
different flow rates on velocity, pressure, temperature, and turbulent kinetic energy. Their findings indicate that
a flow rate of 1 L/min maximizes thermal efficiency (68.5 %). Additionally, Haghverdi et al. (2023) developed a
CFD model for a polycarbonate flat plate solar collector, validating their numerical results against experimental
data, which enabled design optimization and cost analysis. However, these studies do not account for the effects
of scaling fouling, a limitation that affects their long-term applicability.
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In recent studies, Lugo-Granados et al. (2023) focused their research on the impacts of scaling fouling on the
instantaneous thermohydraulic performance of solar collector fields. In a subsequent study, Lugo-Granados et
al. (2024) determined that the optimal design of a flat-plate solar collector network in continuous operation can
generate annual savings of $ 17,523 under clean conditions and $ 19,819 under fouling conditions, compared
to the operational cost of using natural gas. They evaluated various network arrangements to maximize
production in a batch process, considering the impact of scaling fouling on system performance.

This study analyses how scaling accumulation can intensify in solar collectors operating at reduced flow
velocities, especially due to inefficient fluid distribution. It also demonstrates that poor flow distribution not only
affects the system thermal efficiency but also contributes to increased fouling, negatively impacting the lifespan
and overall performance of the solar collector.

2. Methodology

For the analysis of evacuated flat-plate solar collectors, a thermal model is derived from the one used for
conventional collectors. These systems have the advantage that the vacuum acts as an excellent thermal
insulator. This significantly reduces energy losses through convection, improving heat retention and increasing
the system efficiency. Figure 1 illustrates the components of an evacuated flat-plate collector, which consists of
an aluminum housing serving as the main structure. Additionally, it includes a glass cover, an absorber plate,
copper tubes for heat exchange, and a lower plate, which together optimize the capture and transfer of thermal
energy.
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Figure 1: a) Vacuum flat plate collector components, b) Heat transfer resistances within the solar system

The heat flow absorbed by the collectors Eq(1), denoted as Q,, (W), is determined by the heat removal factor
(FRr), the collector area As (m?), solar radiation Is (W/m?), the overall heat loss coefficient Uc (W/(m? °C)), the
temperature difference between the absorber plate (Tp-Ta) (°C), and the absorptance (ac) and transmittance
(7) of the cover.

Qu = FRAS[IG(Tac) - Uc(Tp - Ta)] (1)

Figure 2 illustrates the thermal model representing the relationship between the absorber plate temperature Tpm
(°C) and the ambient temperature T. (°C). The overall heat loss coefficient Uc (W/(m? °C)) combines three
components: the top loss coefficient Us (W/(m?2 °C)), the back loss coefficient Ur (W/(m? °C)), and the side loss
coefficient U (W/m?°C), as shown in Eq(2).

Ue = Us+Up+U; 2)

The top heat loss coefficient (Us) is defined as the inverse of the sum of the thermal resistances R1 (m? °C/W)
and Rz (m? °C/W) within the collector as indicated in Eq(3). Thermal resistance Rs (Eq(4)) accounts for heat
transfer via convection (hcc-a (W/(m? °C))) and radiation (hre-a (W/(m? °C))) between the absorber plate and the
environment. Resistance Rz (Eq(5)) corresponds to the region between the plate and the cover.

- 3)
T Ri+R,
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The back loss coefficient (Up) depends on thermal resistances from conduction through the insulation (R3 (m?
°C/W)) and from combined convection and radiation (Rs (m? °C/W)) between the backplate and the
surroundings, Eq(6). (R«) is negligible compared to (Rs), (Eq (7)). Here, ks is the thermal conductivity and xs is
the thickness of the back insulation material.

1

U = R.7R, (6)
Ry = ks 7
= )

The side heat loss coefficient (U)) is derived considering one-dimensional thermal flux across the perimeter and
area (Ac) collector, as shown in Eq(8). Where x is the side insulation thickness, p and h are the perimeter and
the hight of the collector.

ks ph

u=(2) (5 (®)
The heat removal factor, Eq(9), is a function of the mass flow rate i, (kg/s), and the efficiency factor of the
collector. The term F” in Eq(10) is a function of the tube spacing S (m), the inner diameter d; (m) and outer
diameter do (m) of the tubes, and the heat transfer resistances from the absorber plate to the working fluid. It
also includes the resistance arising from convection between the inner tube wall and the working fluid R» (m?
°C/W). The resistance due to the tube wall R:(m?°C/W) and the fouling layer resistance Rs (m?°C/W). Cp (m?
°C/W) is the resistance caused by the tube/plate bond and is described in Eq(11).

mepf _‘gséch’
= — flDf 9
"0 = AT, [1 ¢ (©)
F' = 1/Uc,0
1 1 | Rne  Reg | Rsp (10)
S + — 4+ — =2+ B
[UC.B[do + Fup(S — do)] Cphp  mds * mds * mds

Coo = ksW/y (11)

where kb (W/(m °C)) is the thermal conductivity of the junction, W (m) is the width, and y (m) is the thickness of
the junction between the plate and the tube. Eq(12) is described by the hydraulic diameter ds (m), and xf (m) is
the thickness by scaling.

Additionally, F” depends on the thermal efficiency of the metal fin (Fa) as given by Eq(13).

_ Tanh[My(S — dy)/2]
AT Mp(S—dy))/2

Mg = |(Uco/(kp)) (14)

The terms kp (W/m °C) and § (m) represent the thermal conductivity and plate thickness, and the parameter M
(m™), is defined in Eq(14). The fouling thermal resistance, Rs (m? °C/W), is a function of the mass flux of CaCO4
deposited on the tubes, denoted as i1, (kg/(m? s)), mass flux being removed, m, (kg/(m? s)), the density pr
(kg/m3), and the thermal conductivity As (W/m °C) of CaCOs, Eq(15).

(13)

dRsp Mge —Myg
dtg Protre

(15)

To determine the amount of scaling (CaCO3) deposited on the inner collector tubes, the mathematical model
developed by Lugo-Granados and Picon-Nufiez (2017) is implemented. Through this model, it is possible to
understand the effects of scaling fouling on the thermal and hydraulic performance of solar collectors, Eq(16).
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The model determines the mass flow rate m,; (kg/m? s) of CaCO; deposited on the tubes (scaling formation)
based on parameters such as pH, the concentration of Ca%* (C1) (kg/m?), COs2™ (C2) (kg/m?), and the solubility
constant (Ksp) (kg%m®) of CaOs in water. The model incorporates the chemical reaction rate for crystal formation
(kr, m?/(kg s)). The mass transfer coefficient B (m/s) is also included. Deposition resistance factor a (Eq(17)), is
an experimental and dimensionless parameter dependent on viscous and inertial stresses. The thickness
generated by scaling can be determined to by Eq(18).

191

a= F - Rel®” (17)
X = Ry (18)
The overall efficiency (nt) can be evaluated from Eq(19):

Oy (19)

1A,

From Eq(20), the pressure drop within the collector network can be calculated, which is proportional to the sum
of hydraulic resistances Ki (kPa s2/m®) and the square of volumetric flow rate V (m%/s).

n
APy = 2 21( (20)
i=1
8L,
K, = 21
1 T[ZdSSf ( )
8p
Ky =—F 22
2 T[zds4 f ( )

Eq(21) and Eq(22) illustrate the primary hydraulic resistances. The frictional resistance K1 (kPa s?/m®) is due to
pipe length, and the loss coefficient resistance Kz (kPa s?/m®) includes components such as elbows, valves, etc.
Where fis the friction, ks is the loss coefficient for fittings, Lt (m) and ds (m) are the length and hydraulic diameter
of the tube.

3. Thermal model validation

Experimental data from Gao et al. (2020) were used to validate the model. Figure 2(a) shows the experimental
data (blue points) and the theoretical results (black line). It is observed that the theoretical results are very close
to the experimental ones, with a maximum error of 2 % as shown in Figure 2(b). These results demonstrate the
accuracy of the thermal r‘nodel.‘
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Figure 2: Comparison of the experimental and simulation results: a) outlet temperature vs. inlet temperature, b)
error between predicted and measured outlet temperature
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4. Results

In this study, a solar collector network was designed with the goal of reaching a temperature of 90 °C at 9:00
a.m. For this calculation, a solar radiation level of 688 W/m? was considered in the city of Zacatecas (Mexico)
on a typical summer day, with a total flow rate of 80 I/min and an inlet temperature of 25 °C. The number of
collectors connected in series per line required to achieve the target temperature (90 °C) depends on both the
total flow rate (80 L/min) of the system and the total number of lines in the network. In this analysis, two network
configurations were considered: one with 20 lines and another with 16 lines. The flow velocity was 0.12 m/s per
collector for the first configuration and 0.15 m/s for the s. The operational performance of the plant was analysed
over 5,040 h. The results showed that significant variations occurred every 720 h (every two months). Figure 2a
displays the points where these effects were examined. Also, Figure 3a shows that, under initial conditions
(without fouling), a network of 340 collectors is needed to reach 90 °C with a flow velocity of 0.12 m/s. This
network was configured with 20 lines and 17 collectors connected in series per line. For a flow velocity of 0.15
m/s (16 lines), 21 collectors in series per line are required, resulting in a total of 336 collectors.
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Figure 3: Thermal performance degradation as fouling builds up over time for different flow velocities: a) Number
of collectors required, b) Outlet temperature

As operational time increases, fouling due to scaling inside the solar collectors reduces heat transfer. This
necessitates increasing the number of collectors required to reach the target temperature. After 5,040 h of
operation, with a flow velocity of 0.12 m/s, two additional collectors per line are needed, resulting in a total of
380 collectors in the network. For a flow velocity of 0.15 m/s, one additional collector per line is required after
the same operation time, bringing the total to 352 collectors. Figure 3b shows the evolution of the outlet
temperature (To) in the solar collector network as a function of operating time for two flow velocities: 0.12 m/s
(blue line) and 0.15 m/s (black line). Over time, the temperature progressively decreases, along with a reduction
in heat transfer and thermal efficiency of the system, all due to fouling caused by scaling. The temperature drop
is more pronounced at 0.12 m/s, indicating that lower flow velocity promotes deposit accumulation and
accelerates efficiency loss. After 5,040 h of operation, the outlet temperature significantly decreases in both
configurations. In the network with a flow velocity of 0.15 m/s, the temperature reduction is 4.28 °C, while at a
flow velocity of 0.12 m/s, the decrease reaches 5.21 °C. This confirms that higher flow rates help mitigate the
adverse effects of scaling. Figure 4a presents the thermal efficiency profiles (nf) of a solar collector network as
a function of outlet temperature (To) for various operating times, considering the presence of fouling. It is
observed that in all cases, thermal efficiency decreases as the outlet temperature increases. This is because
higher temperatures result in increased thermal losses, reducing the system's capacity to transfer heat
efficiently. The efficiency curve without fouling shows the best performance, while as time progresses (from 720
h to 5,040 h), the curves shift towards lower efficiency values. This indicates that the accumulation of scaling
reduces heat transfer capacity, negatively affecting the system performance. The curves in Figure 4b show the
pressure drop (AP) as a function of the number of solar collectors connected in series (Nc) for different operating
times, considering the presence of fouling. The pressure drops increase as the number of solar collectors
connected in series rises, due to the greater hydraulic resistance to flow. The pressure drops profiles shown in
Figure 3b, for up to 10 collectors connected in series, were very similar across different operating times.
However, for configurations with more than 15 collectors in series, the difference between the pressure drop
profiles reaches up to 6,000 kPa.
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Figure 4: Performance variation due to fouling accumulation at different stages of operation: a) Efficiency vs.
Outlet temperature, b) Pressure drop against number of collectors in series

As operating time increases, the pressure drop increases considerably because of the scaling impact in
networks with more than 15 collectors arranged in series. The reference curve ("No Fouling") indicates the
lowest pressure drop, suggesting an unrestricted flow. However, after 2,160 h, the pressure drop reaches
extremely high values, indicating severe blockage in the ducts caused by the accumulation of deposits.

5. Conclusions

The presence of scaling gradually reduces thermal efficiency, necessitating a larger number of collectors to
maintain the desired outlet temperature. At a flow velocity of 0.15 m/s, 21 collectors in series are required to
reach the target temperature under clean conditions, whereas with scaling, this number increases to 22. On the
other hand, at a flow velocity of 0.12 m/s, the system requires 17 collectors under clean conditions, but with
fouling, it increases to 19. The results reveal that the pressure drop in the solar collector network increases
significantly, especially when more than 10 collectors are connected in series and operating times exceed 2,160
h. This affects system performance and can increase pumping costs, highlighting the importance of mitigation
strategies such as periodic cleaning or water treatment. The water flow velocity within the system directly
influences the fouling rate: a higher flow velocity (0.15 m/s) helps mitigate its impact, and a lower flow velocity
(0.12 m/s) accelerates the decrease in outlet temperature. However, it is important to consider that higher flow
velocity leads to greater pressure drops, which increases pumping costs. Therefore, a network design with
proper flow distribution not only improves system efficiency but also contributes to reducing operational costs
and extending its lifespan.
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