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Abstract

In this study, the operation models with constant flowrate and
variable flowrate of a flat-plate solar collector field are analysed.
The model that achieves greater energy utilization and lower
operating costs was determined under two conditions: when
scaling fouling occurs in the collector tubes and when a clean
operation (without fouling) is considered. The case study
involves a pasteurization plant operating at temperatures above
85°C. The operational scenarios are as follows: 1) Variable
flowrate: the flowrate is adjusted based on environmental
conditions to maintain a constant outlet temperature, and 2)
Constant flowrate: the flowrate remains constant, resulting in
varying collector outlet temperatures depending on weather
conditions. The results show that under clean conditions,
operating with variable flowrate yields a lower cost per kWh of
captured energy ($0.048/kWh). In the presence of fouling, the
cost of operating with variable flowrate significantly increases to
$0.15/kwh, while constant flowrate results in the lowest cost
($0.077/kWh).

Thermoeconomic Analysis In Solar Collector Fields: A Focus On Constant Flowrate And Variable Flowrate Models

Goal Metodologhy Contributions
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Resumen

En el presente trabajo se analizan los modelos de operacién con
flujo constante y flujo variable de un campo de colectores solares
de placa plana. Se determind el modelo que presenta mayor
aprovechamiento de energia y menores costos de operacién en
dos condiciones, cuando se tiene ensuciamiento por scaling en
los tubos del colector y cuando se considera una operacién limpia
(sin ensuciamiento). El caso de estudio es una planta
pasteurizadora que opera a temperaturas mayores a 85°C. Los
escenarios de operacion son: 1) Flujo variable: el flujo se
modifica en funcién de las condiciones ambientales para
mantener la temperatura de salida constante y 2) Flujo constante:
se mantiene constante el flujo, por lo que la temperatura a la
salida de los colectores varia en funcion de las condiciones
climatolégicas. Los resultados muestran que en condiciones
limpias al operar con flujo variable se obtiene un menor costo
por kWh de energia capturada (0.048%/kWh). En presencia de
ensuciamiento el costo de operar con flujo variable aumenta
considerablemente a 0.15$/kWh, mientras que con flujo variable
se obtiene el menor costo (0.077 $/kWh).

Auilisis Termoeconémico En Campos De Colectores Solares: Un Enfoque En Los Modelos De Flujo Constante Y Flujo Variable
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Introduction

In this work, we aim to understand the operating
model (constant flowrate or variable flowrate) of
a solar collector field that achieves optimal
thermal performance and lower operating costs.

Operating with a constant flowrate model
allows leads to higher temperatures than
required by the process, resulting in excess
thermal load. On the other hand, operating with
variable flowrate leads to attain more hot water
than necessary, also leading to excess thermal
load. Increasing the water flowrate through the
collectors results in additional pressure drops
and consequently raises operating costs.

The excess thermal load obtained can be
stored for use when there is a solar energy deficit
or to increase production.

When designing a solar collector
network, it is necessary to consider the climatic
variations that occur during a typical solar day,
such as air velocity, solar radiation, ambient
temperature, etc. However, the design should
always prioritize energy utilization and
minimize energy losses. In the case of the
pasteurization process, it is challenging to avoid
energy losses because the collector inlet
temperatures must exceed 75°C (Hanson et al.,
2005). This condition requires high solar
radiation (<550W/m2) to produce thermal energy
at these temperatures.

Weather conditions, for example: poor
solar radiation, low ambient temperatures, and
high air velocities, as well as scaling fouling, are
parameters that directly affect the thermal and
hydraulic performance of solar collectors
(Bunea et al., 2012). Over time, scaling fouling
also causes thermal and hydraulic problems by
depositing mineral salts (CaCO3) inside the
tubes.

Operating variables (volumetric flowrate
rate, inlet temperature, and operating time) are
parameters that can be modified to improve the
performance of solar collectors. When the
radiation level is lower than that used for
network design, the outlet temperature of the
collectors is lower than the inlet temperature,
resulting in thermal energy loss. To prevent
energy losses when radiation decreases, the
flowrate velocity can be adjusted based on
weather conditions.

ISSN: 2524-2121.
RENIECYT-CONAHCYT: 1702902
ECORFAN® All rights reserved.

Various authors have reported works
where they have analysed the influence of
operating variables and climatic conditions on
the thermal performance of solar collectors.
Dembeck-Kerekes et al. (2019) introduced a
strategy for variable flowrate control in a
thermal-photovoltaic collector to optimise
energy generation. Sokhansefat et al.

(2018) found that inlet temperature and
climatic conditions are the main variables
affecting the performance of a solar collector
when operating in cold weather. Climatic
conditions significantly impact solar energy
utilization. Zhuang et al. (2024) determined that
radiation has a greater impact compared to other
parameters. However, all climatic conditions
must be considered to ensure robust designs,
analyses, and results.

There are studies focused on developing
models to determine the performance of a flat
plate solar collector considering the effects of
solar radiation, mass flow rate, and the
geometric parameters. Majumdar et al. (2020)
conducted research in this area. Unterberger et
al. (2021) and Momodu-Bangura et al. (2022)
determined the performance of a flat plate
collector and a double-pass solar collector
through the cover, respectively, by varying solar
radiation and ambient temperature. Du et al.
(2022) presented a method that combines input
data such as solar radiation, ambient
temperature, air velocity, fluid flow rate, and
fluid inlet temperature with an artificial neural
network model to improve the accuracy of
vacuum tube solar collectors’ performance.
Wang et al. (2021) proposed a numerical model
to analyse the effects of network configuration,
flowrate, inlet temperature, and working fluid on
pressure drops and outlet temperatures in a field
of flat plate solar collectors.

Studies reported so far, do not consider
scaling fouling in their models or experimental
results. In the literature, there are few studies that
include scaling fouling in the operation of solar
collectors. Arunachala et al. (2015) provided an
overview of the effects caused by radiation and
scaling fouling on the instantaneous efficiency
variation of a solar collector. Lugo-Granados et
al. (2023) investigated the effects of scaling
fouling on the thermohydraulic performance of a
network of solar collectors.

Lugo-Granados, Hebert Gerardo, Canizalez-Déavalos, Lazaro and Picon-
Nufiez, Martin. [2024]. Thermoeconomic analysis in solar collector
fields: a focus on constant flowrate and variable flowrate models.
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In 2024, Lugo-Granados et al.
determined the optimal network design for a
field of solar collectors in terms of operational
costs and thermal load acquisition, both under
clean conditions and when scaling fouling is
present.

These studies maintain  constant
operating parameters such as volumetric flow
rate.  and climatic conditions (ambient
temperature and air velocity). Variations in these
parameters can mitigate the effects caused by
scaling fouling and enhance the performance of
the solar collector network.

The contribution of this research consists
of determining the best operational model within
two scenarios: constant flowrate and variable
flowrate in a field of flat plate solar collectors to
provide thermal load to a pasteurization plant.
Additionally, the goal is to identify the model
that enhances solar energy utilization and results
in the lowest operating costs, considering both
clean conditions and scaling fouling.

Case study: Pasteurization plant

The case study involves a thermosolar plant
responsible for supplying thermal load to a milk
pasteurization process (2010). A total of 3,500
liters of milk are pasteurized daily. The entire
amount of water heated during the day is used to
perform pasteurization at 7:00 a.m. the following
day.

Figure 1 shows the operational diagram
of the pasteurization plant. The installation
consists of a primary circuit composed of the
solar collector field and storage tanks, which
connect to the secondary thermal treatment
circuit. The secondary circuit has three stages:
pasteurization, recovery, and cooling. Hot water
obtained from the solar collector field is stored
in the primary container at 82°C. It then passes
through the pasteurizer exchanger, where its
temperature drops to 76°C. Finally, it is stored in
the secondary container to circulate back
through the collectors.

Meanwhile, the milk enters the
pasteurizer at a temperature of 72°C and exits at
80°C. The hot water leaving the solar collectors
must have a temperature higher than 82°C to
ensure pasteurization.
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During the pasteurization process, the
milk temperature must be raised to 72-75°C and
maintained at the same temperature for 15 to 20
seconds. In the recovery and heat-saving stage,
cold (unpasteurized) milk is preheated with the
hot outlet milk (pasteurized).

In the cooling stage, the milk temperature
Is reduced below 4°C.
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Figure 1
Pasteurization plant diagram

The solar field consists of 32 collectors
divided into 4 rows, each with 8 collectors
connected in series (4Lx8s), where the letters
‘L,” ‘p,” and ‘s’ indicate line, parallel, and series,
respectively (Figure 2). The number of
collectors in series ensures that around 30% of
the solar hours in a year, the water temperature
at the outlet of the last collector in series will be
above 80°C.

The working period for the solar
collectors is 8 hours, from 8:00 in the morning
until 16:00 in the afternoon. The total water
flowrate passing through the collector network is
401.12 liters per hour, resulting in a daily storage
of 3,209 liters of hot water. The water flowrate
required to pasteurize 3,500 liters of milk within
an hour must be equal to or greater than this
amount for effective heat exchange.

In the Table 1 shows main features of flat
plate solar collectors.
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Figure 2
Configuration of the solar collector
network
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Table 1
Main geometrical features of flat plate solar
collectors
. Absorber /
. . Length width Total area
Dimensions 2.13 (m?) |
2,190 (mm) 1,090 (mm) 2.40 (m?)
Absorber Number of E_xternal I_nternal
tube tubes diameter diameter
10 10 (mm) 8 (mm)
Material Transmittance Thickness
Cover Tempered
solar glass 0.91 3.20 (mm)
surface Thickness Surface
Absorber absorptivity Emissivity
0.95 0.4 (mm) 0.05
Tubes Number of E_xternal I_nternal
collectors tubes diameter diameter
2 22 (mm) 20 (mm)
Bottom Side
insulation insulation Material
Insulating thickness thickness
and shell Polyurethane
30 (mm) 30 (mm) + mineral
wool

Methodology

Operation modes: Constant flowrate and variable
flowrate

The operation of the solar collector field is a
continuous process. The secondary tank feeds
the solar field during the day at a constant inlet
temperature, Ti (°C). The useful heat quantity,
Qu (kW), obtained from the collectors can be
determined from Eqgs. 1 to 7.

Qup =msg Cpo(Toe — Tip) (1)
Qu,B = FR,GAS,G [[G,G (TCZC) - Uc,e (Tpm,e - Ta,@)] (2)

Where O is the cycle iteration, As (m?) is
the plate surface area, my (kg/s) is the mass
flowrate, Cp (kJ/Kg°C) is the specific heat, T;
and To (°C) are the inlet and outlet temperature
in the tubes respectively. (Fr) is the heat removal
factor from the plate to the fluid, Tpm (°C) is the
temperature of the plate and Ta (°C) is the
ambient temperature (°C), (a. y t) are the
absorbance and transmittance of the transparent
cover and the term lg (W/m?) is the solar
radiation intensity.
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In Eq. (3), the heat removal factor FR is
presented, which depends on the overall heat
transfer coefficient Uc (W/m2°C) and the
collector efficiency factor F’ (Eq. 4).

mfoCp,o ﬂ:; UCC'GFG
(4) Fro =255~ [1—e "0 ®3)

The collector efficiency factor primarily
depends on the resistance to heat transfer from
the absorber plate to the working fluid. These
resistances manifest through the junction
between the plate and the tube, denoted as Cp (m?
°C/W) in Eq. (5). They arise due to the tube wall
(Rt, m? °C/W), fouling layer (Rs, m? °C/W), and
the convection resistance between the tube’s
inner wall and the working fluid (Rh, m2 °C/W).
Additionally, it is influenced by the fin
efficiency (FA), expressed in Eq. (6).

T 1/Ucg
Fo = B 1 , 1 Rhno  Reo  Rsp (4)
Uggldo+F49(S—do)| Che Tdsg mdsg 7dsg
kp,oW
Cho == (5)
Where Ko represents thermal

conductivity, w (m) is the width of the junction,
and y (m) is the thickness of the junction
between the plate and the tube. di and do (M)
denote the inner and outer diameters, S (m) is the
distance between tubes.

__ Tanh[M(S-d,)/2]
Fap == Gz (6)
While M (m™) is expressed in
Eq.(7), where Ks (W/m°C) and § (m) are the
thermal conductivity and the plate thickness.
My = % W)
The instantaneous efficiency (n) of the
collectors is determined from Eq.(8).
Mo =1 ®)

Ig,04s

The total heat load Qt (kW) stored in the
tank is the sum of the thermal load per cycle,

Eq.(9).

Qr =Qu,1+ Qu,2+ Qu,3+ -+ Qu,n (9)
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A mathematical model developed by
Lugo-Granados et al. (2018) was implemented
to determine the amount of scaling (CaCO3)
deposited in the tubes of solar collectors. Eq. 10
describes this process.

ak

. ,0
Mg = & (ﬁr9+(cl+cz)_

\][ﬁ,9+(cl+cz) a,0 kr,9]2+4— aj kr,ez(Ksp,G_[Cl][CZD ) (10)

2 2
ag krg

The model calculates the mass flux i,
(kg/m? s) of CaCO;3 deposited inside the tubes,
considering parameters involved in scaling
formation such as pH, the concentration of Cax+
(C1) (kg/m®), COs* (C2) (kg/m®), and the
solubility Ksp (kg?/m®) of CaOs in water.

The model also incorporates the
chemical reaction constant k; (m?/kg s), which
describes the rate of crystal formation. Another
variable is the mass transfer coefficient § (m/s).
Additionally, the dimensionless deposition
resistance factor a (Eq. 10) accounts for viscous
and inertial effects affecting crystal deposition
on the surface. Over time, fouling increases,
leading to changes in tube roughness and
diameter, resulting in greater pressure drop.

191
Qo = f-Rel67

(10)

The calculation of the mass flux, my
(kg/m2 s), deposited allows determining the
thermal resistance generated by fouling during
the operation of solar collectors using Eg. (11).
According to this expression, the thermal
resistance due to fouling, Rs (m2 °C/W), is also
a function of the mass flux that is removed, m,
(kg/m2 s), Quan, et al. (2008); the density ps
(kg/m?) and the thermal conductivity As (W/m
°C) of CaCO:.

dRsg  mig-mi,

When operating with the constant
flowrate model, the outlet temperature varies in
each cycle based on climatic conditions and the
presence of scaling fouling. Therefore, the
obtained useful load Qu (kW) depends solely on
the outlet temperature, To (°C).
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The temperature reached by the water in
the storage tank (Ttank,0) results from the mixture
of water leaving the collectors in each cycle
(To,6) and the tank temperature obtained in the
previous cycle (Tunke-1), EQ. (12).

Tranko = (Ttank,9—1§9_1)+T0,9 (12)

For the variable flowrate model, the
amount of water 7, (kg) passing through the
solar collector field wvaries based on
environmental conditions and scaling fouling to
maintain a constant outlet temperature T, (in
°C).

Therefore, the useful heat (Qu (kW))
obtained from the collectors depends solely on
the water flowrate, as described by Equation 1.
The mass deposited in the storage tank during
each cycle m (kg) depends on the mass flow rate
m, (kg/s) in each cycle and the cycle time, t (s)
as given by Eq.13.

m’g = mf‘e - tg (13)

The total mass m (kg) is the summation
of each cycle, Eq. (14). The mass excess is
storage in an additional tank (Figure 3).

my = Y9t myg (14)

For the variable flowrate model, pressure
drop varies in each cycle. Starting from Eq. (15),
we obtain the pressure drop within the collector
network, which is proportional to the sum of
hydraulic resistances K; (kPa s*m°) and the
square of the volumetric flow rate V (m3/s).

APrg = Vg XL, K, (15)

Egs. (16 and 17) show the main hydraulic
resistances. The resistance generated by friction,
denoted as Ki (kPa s?/m°), is due to the pipe
length. Additionally, the resistance generated by
accessories, represented by K> (kPa s?/m°®), such
as elbows, valves, and unions, is considered.

8L
Kio = gy fo (16)

8 i (17)

K20 = macer
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where f is the friction factor along the
pipe, ki 1is the resistance factor for each
accessory, Lt (m) and ds (m) are the length and
hydraulic diameter of the tube. It is observed that
reducing the diameter increases flow resistance,
leading to higher pressure drop.

To  cmmmm——

Solar Field
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storage
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Figure 3

Primary circuit of the pasteurizer plant with
energy storage

Pasteurizer

Cost Model

The total operating cost Costiotal (3$) is the sum of
pumping costs per cycle and the annualized cost
of collectors, Eg. (18).

Costiorar = Costy, + Cost, (18)

The pump operating cost Cost, ($) is
directly proportional to pump power, operation
time t (h), and the unit cost of electricity Costu
($/kWh). Eq. (19) assumes an electricity cost of
$0.3/kwWh.

Costp g = cost, Wy t (19)

Pump power depends on volumetric flow
rate V (m®/s), pump pressure drop AP (kPa), and
pump efficiency (nb), Eq.(20).

g = L2200 (20)

The Annualised Cost of Collectors
(Costa) is equal to the cost per collector Cu ($)
multiplied by the annualization factor [a and the
total number of collectors ((Nc)), Eq.(21). The
estimated commercial cost per collector is
$811.76 USD. To calculate the annualization
factor ((Fa)), we consider a collector lifespan ()
of 20 years and an annual interest rate i of 8%.
Eq.(22).

Cost, = C, - Facy - N, (21)
ISSN: 2524-2121.
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_ [ i(a+pn®
Fa= (1+t)w—1]

(22)

Results
Climate Conditions

Graph 1 depicts ambient temperature and air
velocity throughout a typical spring day in
central Mexico. The minimum ambient
temperature is 17°C, and the maximum is 32°C.
Air velocity varies from 2.2 m/s to 10 m/s.

Graph 2 illustrates solar radiation over
the course of the day, reaching a peak value of
1,106 W/mz2 at 12:45 h.

35 T T T T T T T T T T T 12

30+

20

15 1 1 1 1 1 1 1 1 1 1 1
7 8 9 10 11 12 13 14 15 16 17 18 19
solar hour [h]

Graph 1
Typical variation of ambient temperature and wind
velocity with solar time (Central Mexico)

1200

1000+

6 7 8 9o 10 11 12 13 14 15 16 17 18
solar hour (h)

Graph 2

Solar radiation with respect to solar time.

Graph 3 presents graphs of the outlet
temperature from a collector field relative to
ambient temperature for different air velocities.
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The inlet temperature, volumetric flow
rate, and solar radiation remain constant. Under
these conditions, a 10°C increase in ambient
temperature leads to a 1°C rise in outlet
temperature across various air velocities.
Additionally, increasing air velocity from 6 m/s
to 10 m/s reduces the outlet temperature by
0.3°C.

Graph 4 shows thata 1 m/s increase in air
velocity the solar collector’s outlet temperature
decreases by 0.1°C.

81.6

81.41

V=4 L/min —— V=6 mis )

T=25 °C —V5=8 m/s i
81.2f o

I6=1,000 W/m? Vair=10 m/s

80.4f

802 . L L L L L L L L L L
20 21 22 23 24 25 26 27 28 29 30 31

Ta[C]
Graph 3

Fluid outlet temperature for different fluid
mass flow rate

81.6
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2
80.8
80.6
80.4f \
80.2 : ‘ ‘ ‘ ‘
55 6 6.5 7 " i 8
Vair [m/S]
Graph 4

Fluid outlet temperatura with respect to air
velocity for differnt ambient temperature

Network design

An analysis was conducted to determine the
appropriate  network design for raising the
temperature from 75°C to 85°C with a total
volumetric flow rate of 6.685 L/min. The network
design involves determining the number of collectors
per line connected in series to achieve the target
temperature. The network should consist of 4 lines to
provide the necessary thermal load.
ISSN: 2524-2121.
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From the obtained results (Graph 5), it
is found that to reach the target temperature
(85°C), operation is required with radiation
greater than 550 W/m?, as under these
conditions, the maximum temperature reached is
84.5°C with 51 collectors in series per line.
When there is a radiation of 575 W/mz?, 17
collectors per line are needed to reach the target
temperature. Increasing radiation reduces the
required number of collectors to achieve the
target temperature.

With radiation of 625 W/m?2, 8 collectors
are needed to achieve a temperature of 85°C,
representing a 53% reduction in area compared
to designing with radiation of 575 W/m2 (17
collectors). Consequently, the start time for
operating the collector network should be
delayed by approximately 15 minutes to obtain a
radiation of 625 W/m? (see Figure 5).

On the other hand, having a solar field
with 17 collectors per line results in greater
energy gain but also higher costs. According to
Lugo-Granados et al. [XI], Rs-p represents the
ratio between the number of lines (N.) and parallel
collectors (Np) to the quantity of series collectors
(Np). A value of Rsp closer to 1 indicates better
performance of the network from a thermohydraulic
and economic perspective. When there are 8
collectors per line, the Rs., value is 2, whereas with
17 collectors per line, Rsp, = 4.25. Based on this, the
network design with 8 collectors is superior.
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Graph 5

Number of solar collectors in series to reach the
objective temperature with respect to solar
radiation. Ti=75°C, volumetric flow rate=6.685
I/min.
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Effect of scaling fouling in the operation
models: constant flowrate and variable
flowrate

In Graph 6, graphs of the volumetric flow rate
necessary to maintain a constant outlet
temperature (85°C) are shown with respect to
solar time. Environmental conditions change
throughout the day, so the flowrate must be
adjusted to maintain a constant outlet
temperature. As solar time increases, the amount
of energy received by the collectors also
increases, necessitating flowrate adjustments to
maintain the desired outlet temperature, reaching
a maximum when solar radiation is highest (see
Figure 4).

Under clean conditions (black line,
Graph 6), higher flow rates are achieved,
resulting in greater thermal load. Over time, the
presence of scaling fouling on the collectors
(blue and red lines, Graph 2) increases, causing
a reduction in the amount of solar energy
absorbed. Therefore, volumetric flow rates must
be reduced relative to when there is no fouling to
maintain the constant outlet temperature.
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Graph 6

Variation of volumetric flow rate with the day

When operating with variable flowrate,
pressure drop varies throughout the solar day
(Graph 7).

In the presence of scaling fouling (blue
and red lines, Graph 7), pressure drops increase
significantly after 18 months of operation due to
deposits on the collectors increasing hydraulic
resistance.
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Pressure drop variation during the day for fouling
established at different accumulated operation
times compared to clean conditions

When operating with constant flowrate,
the outlet temperature of solar collectors varies
throughout a solar day (see Graph 8). As solar
time changes, the outlet temperature in the solar
field also adjusts. The highest temperature is
obtained at noon when solar radiation is at its
maximum. Under clean conditions (black line,
Graph 8), a maximum temperature of 114.5°C is
reached. After 9 months of operation, the
maximum achievable temperature decreases to
113.5°C. When operating for 18 months, the
maximum temperature achieved is 112°C.

No Fouling
9 months
——18 motns

Constant Flow

CaCO3 250 ppm

8 9 10 11 12 13 14 15 16

solar hour (h)
Graph 8
Outlet temperature vs solar time for different
volumetric flow rates

In Graph 9, graphs of the thermal load
generated by the collectors are shown with
respect to solar time when fouling is present for
both constant flowrate and variable flowrate
models. With the variable flowrate model under
clean conditions, the highest instantaneous
thermal load is obtained (2,900 kWh). After
operating for 9 months, the energy level
achieved is 2,100 kwh. At 18 months, the
maximum is 1,550 kWh, representing a 46.5%
reduction compared to clean conditions.
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Heat load with respect to solar time for the two
models considering fouling

For the constant flowrate model, the
maximum instantaneous energy obtained is
1,650 kwWh when no fouling is present. After 18
months of operation, the thermal load decreases
by 1,000 kWh, representing a 6.5% reduction.
These results indicate that scaling fouling has a
greater effect on the variable flowrate model.

Cost Analysis

In Tables 2 to 4, the results of the annualised cost
analysis for constant flowrate and variable
flowrate models are presented under clean
conditions and when scaling occurs. The
reference case indicates the minimum operating
variables required for the process. The flowrate
of 6,685 I/min takes 15 minutes to flow through
the entire network. Therefore, the analysis was
conducted within this time interval.

The inlet temperature is maintained at
75°C. The thermal load and operating costs
obtained in each interval are summed to obtain
the total. The annualized cost for the 32
collectors is $2,597.65, and this value is added
to the pumping cost to obtain the total cost.

The unit cost is obtained by dividing the
total cost by the total thermal load.

From the results, it is observed that
operating with the variable flowrate model
(Table 2) generates the lowest unit cost (0.048
/kWh).  The  obtained thermal load
(59,613.12kWh) exceeds the reference case load
by331/kWh. Compared to the reference case,
costs are reduced by 61.9%, and 162% more
thermal load is produced.
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When comparing solar energy usage with
natural gas, which has an international price of
0.1 $/kWh, it is found that solar energy has a
lower cost.

However, the scaling fouling effect on
the collectors must be considered, as their
thermohydraulic  performance  significantly
decreases after a period of operation.

Table 2
Cost analysis for different modes of operation
without fouling

Flowrat Cost_pum

s AP ) Cost Q Cost_Q To T_tank
(imin) (kPa) ® Total (§) (kwh) ($/kwh)  (°C) (°C)
Reference case
2,613. 13,831 85
6.685 14.66 16.08 72 93 0.189 85
Constant flowrate
2,613. 36,239 Varia 101.2
6.685 14.66 16.08 72 59 0.072 ble 0
Variable flowrate
Variab Varia 2,894, 59,613
le ble 297.33 98 12 0.048 85 85

After 9 months of operation, considering
the presence of scaling-induced fouling (Table
3), using the constant flowrate model results in a
temperature drop of 0.5°C in the storage tank.

The thermal load produced decreases by
1.9%, and the unit price increases by 2%
compared to when no fouling exists. For the
variable flowrate model, the thermal load is
reduced by 22%, while the unit cost increases by
44%.

Table 3
Cost analysis for different operation modes with
fouling (9 months operation)

Cost
Total
($)
Reference case
6.685 19.56 16.64 2,614.30 13,728.00 0.19 85 85
Constant flowrate
6.685 Variable 16.62 2,614.26 35,560.89 0.0735 Variable 100.7
Variable flowrate
Variable Variable 634.33 3,231.98 46,357.83 0.0697 85 85

Flowrate AP Cost_pump

Cost_Q To T_tank
(/min) (kPa) ) g

Q _
(KWh)  ($/kWh) (C) C)

When operating with the variable
flowrate model for 18 months, from a thermal
perspective, it remains profitable, but not
economically viable, as the cost increases to
0.154 kWh, which is no longer competitive
compared to natural gas usage (0.1 $/kwh).
When operating for 18 months with the constant
flowrate model, considering scaling presence,
the temperature in the storage tank drops by
1.7°C, the thermal load decreases by 6%, and the
unit cost increases by 7% compared to clean
conditions.
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Despite this, it remains economically
viable in terms of thermal load, although regular
cleaning maintenance is necessary.

Table 4
Cost analysis for different operation modes
with fouling (18 months operation)

Flowrate AP Cost_pumg ‘E(?tal
(/min) (kPa) ®)

To T_tank
© o

Q Cost_Q
(KWh)  ($/kWh) ©C)

Reference case
6.685 36.88 $18.67 $2,616.32  13,662.000 $0.191 85 85
Constant flow rate
6.685 Variable 18.56 2,616.21 33,904.90 0.077 Variable 99.5
Variable flowrate
Variable Variable 2,503.64 5,101.29 32,979.48 0.154 85 85

Conclusions

The solar collector’s inlet temperature is
relatively high at 75°C, requiring elevated
radiation (<550 W/m?) to reach the target
temperature. With radiation below 600 W/mz, 17
collectors are needed to achieve the target
temperature (85°C).

Operating above this radiation level
reduces the required area by 53%.

Therefore, it is recommended to operate
during hours when radiation exceeds 600 W/m?2
rather than attempting to increase the collection
area. However, there is no specific operating
schedule for the network.

According to the network design, a
configuration of 4 lines with 8 series-connected
heat exchangers per line is sufficient to provide
the thermal load to the process. It exhibits good
thermohydraulic performance according to the
series-parallel relationship (Rs-p=2). However,
operation should begin when radiation exceeds
600 W/m2, With this network configuration,
operating with constant flowrate can increase the
required thermal load (13,831.93 kWh) by 162%
(36,239.59 kWh), while variable flowrate
increases it by 331% (59,613.12 kWh).

Under clean conditions, operating with
variable flowrate presents better
thermoeconomic performance compared to
constant flowrate. Without fouling, the variable
flowrate model achieves a 64% higher thermal
load and 33% lower unit operating costs than the
constant flowrate model.
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Using solar collectors with a variable
flowrate model for pasteurization reduces costs
by more than half (0.048 /kWh) compared to
natural gas usage (assuming a unit cost of
0.1/kWh). However, the effects of scaling
fouling on solar collectors must be considered. If
operated without maintenance for 18 months, the
cost increases to 0.154 $/kWh.

In the presence of scaling, it is better to
operate with constant flowrate since fouling has
a lesser impact on the thermoeconomic
performance of the collectors. If maximising
solar field benefits, operating with constant
flowrate and performing cleaning at least once a
year is ideal for economic viability.
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Abbreviations

Ac Collector area 2.506 (m?)
As Plate area (m?)
C: Ca?* concentration(kg/m?3),
C2  COs? concentration(kg/m?3)
Thermal resistance between tube and
Co plate (m? °C/W)
Costa  Annualised cost of solar collector
($/year)
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Cost, Operating cost ($)

Cost; Total operating cost ($)

cost,  Unit cost of electricity ($/kwh)

Cp Water heat capacity (kJ/kg °C)
Commercial cost of a solar collector

Cu ($811.76 dollars)

do Collector tube outer diameter (m).
di Collector tube inner diameter (m)
ds Hydraulic diameter (m)

f Friction factor

F Collector efficiency factor

Fa Metal fin thermal efficiency

Fa Annualization factor

Fr Heat removal factor

I Interest rate (8%)

I Solar radiation (W/m?)

K1 Friction resistance (kPa s2/m®)
Hydraulic resistance due to

K connections (kPa s2/m®)

Ko Thermal conductivity (W/m °C)

kr Reaction constant (m?/kg s)

ks Resistance factor
Thermal conductivity of plate (W/m

Ks °C)

Ks  CaCOs solubility (kg/mbd)

Lt Tube length (m)

n Collector lifespan.
Mass deposited in the storage tank each
m cycle (kg)

Total mass deposited in the storage
mT  tank (kg)
my  Mass flux (kg/m?s)
My Mass flow rate (kg/s)
m, Mass flux removed (kg/m?s
Nc Total number of collectors
Q Process thermal load
Qu Useful heat (kW)
Qr Total heat load (kW)
Re Reynolds number
Thermal resistance due to convection
Rn (m? °C/W)
Thermal resistance due to fouling (m?
Rs °CIW)
Thermal resistance due to conduction
Rt (m2 °C/W),
S Distance between tubes (m)|
t Operating time (h).
To Outlet temperature (°C)
Ta Ambient temperature (°C)
Ti Inlet temperature (°C)
Twnk  Storage tank temperature
Tom  Plate temperature (°C)
Overall heat transfer coefficient of
Uc losses (W/m?°C)
W Width (m)
X Fouling layer thickness (m)
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14 Volumetric flow rate (m3/s)
AP Pressure drop (kPa)

w Pumping power

Symbols

a  Deposition resistance factor
ac Plate absorbance
S Mass transfer coefficient (m/s)
Y Thickness between plate and tube (m)
6 Plate thickness (m)
ec Boiler efficiency
n  Collector thermal efficiency
no  Pump efficiency
© Cycle iteration
i Annual interest rate
Af Thermal conductivity of CaCOs (W/m °C)
p  Density of water (kg/m°)
pf Density of CaCOs (kg/m®)
T Cover transmittance
@  Collector lifespan of 20 years
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