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Abstract

In the industrial sector, hot water applications constitute a significant share of final

energy consumption. This creates a wide demand‐supply energy gap that must be

bridged by integrating renewable sources with conventional fuels. This paper

presents the performance analysis of a solar water heating system based on an

evacuated flat‐plate collector (EFPC) with a surface area of 4m2. A water–glycol
mixture was used as the heat transfer fluid (HTF) with mass flow rates of 0.03,

0.0336, and 0.0504 kg/s under a vacuum pressure of –0.8 bar created inside the

collector. A detailed numerical model was developed in MATLAB for the proposed

EFPC system, followed by experimental validation. A maximum root mean square

error of 2.81 for the absorber temperature and a percentage error of 6.62 was

observed for the thermal efficiency in model validation. This substantiates the

model's capability to predict actual system performance with reasonable accuracy.

The maximum thermal efficiency of the EFPC is 78% with a maximum fluid outlet

temperature of 98°C in June and 69°C in January. The maximum useful energy

extracted is 1300W in January. Additionally, the effect of design parameters on

system performance such as mass flow rates, collector areas, tube spacing, and

different HTF mixtures is simulated. Lastly, an economic analysis of the EFPC was

conducted for hot water demand in a textile industry. The results revealed a

payback period of 7.4 years, which highlights the feasibility of this system.
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1 | INTRODUCTION

Industrial production remains dependent upon fossil
fuels, which are the main source of greenhouse gas
(GHG) emissions worldwide.1,2 Industrial sectors con-
sume approximately 35% of the total global energy,

which is comprised of about 30% for low‐temperature
applications, 22% for intermediate‐temperature ranges,
and 48% for higher thermal outputs. Additionally, the
high concentration of GHG has increased global warm-
ing at alarming rates, particularly in developing countr-
ies.3 According to United Nations estimates, global
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warming will reach 2°C above preindustrial levels, unless
strict measures are taken to reduce GHG emissions.4,5

Developing countries face energy scarcity as they are
primarily dependent upon fossil fuels.6 In developing
countries like Pakistan, the total power generation in
2017 was approximately 23,718MW and energy con-
sumption has increased by 80% in the last 15 years, and
this was expected to reach 40,000MW by 2020.7

However, the total power generation capacity of Pakistan
in 2021 was 37261MW, which has increased by 11.5% to
41,557MW in 2022, but still a deficit of 9000MW when
the demand peaks.8

Over the past two decades, fossil fuels have largely failed
to resolve the persistent energy crisis in Pakistan.9 As such,
the global consensus to mitigate environmental pollutants
through the adoption of clean energy has necessitated the
commercialization of clean, inexpensive, and efficient
renewable sources for industrial applications in developing
countries.10 For instance, solar energy has emerged as the
best choice for meeting rising energy demands due to its
wide abundance, ease of hybridization, and cost‐
effectiveness. Solar thermal applications include hot water
systems, air heating, and combined heat and power
generation.11–14 In developing countries, the textile
industry—especially with the production of cotton—
significantly impacts their total exports. Moreover, within
the textile industry, conventional boilers fed by natural gas
or electricity are used for hot water and steam generation.15

With the exception of an acute energy crisis, solar water
heating systems are a promising and sustainable substitute
for conventional fuels and have been introduced for
domestic heating applications. Moreover, there is a greater
potential for solar energy on an industrial and commercial
scale in developing countries particularly.16

For nonconcentrating thermal collectors, there are flat‐
plate collectors (FPCs), evacuated tube collectors (ETCs),
and evacuated flat‐plate collectors (EFPCs). The EFPCs
consist of a glazing glass fixed at the top of the collector, an
absorber plate that absorbs solar energy and converts it into
heat, and an array of fins attached between the collector
plate and the glass cover to protect it from vacuum‐induced
high air pressure load. Working fluid circulates inside the
closed heating loop that absorbs heat from the plate and
transfers it to the secondary fluid in the heat exchanger. Gao
et al.17 developed a numerical model for EFPCs in
MATLAB, followed by a structural design of a medium‐
scale EFPC system and its experimental validation for
medium‐temperature application. Two types of EFPCs with
different enclosure designs were also examined by develop-
ing a numerical model followed by a prototype tested under
a solar simulator.18 The researchers discussed the overall
temperatures, efficiencies, and reduction of losses with a
vacuum.18

The EFPC model is validated through simulation and
compared to other solar alternatives such as photovoltaic
panels, photovoltaic thermal panels, FPCs, and ETCs to
examine operational effectiveness.19 EFPCs have been
investigated for domestic and commercial applications, but
there is a research gap in its design optimization and
economic analysis for industrial process heat applications.
Figure 1 illustrates a cross‐section view of the EFPC model.
By creating a vacuum inside the collector enclosure, thermal
losses are reduced, which results in temperatures greater
than 100°C and higher efficiencies.20

The evacuated enclosure creates insulation between
the top and back cover and minimizes the heat loss from
the absorber, which enables the EFPCs to replace
conventional insulation.21 The EFPCs can achieve higher
thermal outputs due to the vacuum generated between
the absorber and the glass cover. These collectors are also
efficient in low irradiance. Hassan et al.22 highlighted the
usefulness of the EFPCs through comparison with a
simple FPC. The model results demonstrated how the
EFPC coefficients of thermal losses were reduced from
7.50 to 4.60W/m2 K.22 As a result, the fluid outlet
temperature was raised by 9°C, and there was a 7%
increase in thermal efficiency in comparison to the FPC
system. Additionally, the lifetime of an EFPC is longer
than a nonevacuated collector due to vacuum condensa-
tion and lack of humidity issues inside the collector
shell.23 Given its high thermal outputs, the EFPC works
efficiently in applications such as space heating, seawater
desalination, absorption chillers, meat industry, textile
and leather industries, and chemical and pharmaceutical
industries.15

However, there are research gaps in the design
optimization of the EFPCs as well as the performance
analysis for industrial hot water demand. Given that, the
present research work contributes to this domain. A
numerical model was developed in MATLAB, followed
by prototype development for the model validation of the
EFPC model. After the model validation, a parametric
analysis was performed using the variables of mass flow
rate, collector area, and tube spacing to determine how
these parameters effect the system efficiency. Then, an
economic assessment of the EFPC system was conducted
for the textile industry to determine its feasibility for
industrial process heat. Figure 2 provides a flowchart
diagram of this research study.

2 | EFPC SYSTEM

A solar water heating system was installed at USPCAS‐E,
NUST Islamabad, Pakistan (33.64° N, 72.99° E). The
system was comprised of two EFPCs with a total area of
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4.0 m2, which was installed facing South at a 30° tilt
angle, with a hybrid storage tank of 100 L capacity, a
controller, Pt‐1000 thermocouples, and a piping system.
Figure 3 illustrates the schematics (Figure 3A) and actual
setup of the EFPC solar water heating system
(Figure 3B). A vacuum was created in the collector

enclosure by using a diaphragm vacuum pump to
maintain a pressure of −0.8 bar inside the collector.
Tubes are fixed at the bottom end of the absorber
containing a heat transfer fluid (HTF) water–glycol
mixture (50/50% volume), which is pumped through
the solar loop using a high‐efficiency circulator pump.

FIGURE 1 Cross‐section view of the
evacuated flat‐plate collector.

FIGURE 2 Flowchart diagram for this study. EFPC, evacuated flat‐plate collector.

FIGURE 3 (A) Schematics of the evacuated flat‐plate collector system and (B) experimental setup installed at NUST‐Pakistan.
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The fins are fixed to prevent the glazing glass from
atmospheric pressure load. The bottom side of the
collector is insulated with glass wool to reduce bottom
losses.

There are two loops: primary and secondary. In the
primary loop, the water–glycol mixture circulates with
the help of a circulating pump, while the secondary loop
contains water. Between the primary and secondary
loops, a storage tank with a helical coil inserted inside
acts as a heat exchanger (Figure 3A). For overcast days or
at night a 1500‐W electric heating element is connected
to the storage tank, which serves as an auxiliary heater.
The primary loop is filled with HTF with a filling station
at a pressure of 2 bars. A pressure control value is
connected to the primary loop to maintain the pressure
of HTF. The circulating pump is coupled to a pulse width
modulation controller, which manages the pumping
processes. The temperature and thermal loss of water
and HTF are noted using thermocouples linked to the
primary and secondary circuits. Thermocouples are
connected to the data logger to record the temperatures.
Figure 4 illustrates the cross‐section view of the EFPCs.
Table 1 outlines the design parameters of the collector.

3 | MATHEMATICAL MODELING

For the proposed EFPC system, the numerical model was
developed in MATLAB based on the mathematical relations
discussed in this section for the performance analysis. The
transient analysis was conducted to examine the collector
output based on parameters including solar irradiance, air
temperature, wind speed, solar radiations absorbed by plate,
and solar radiations absorbed by the glazing glass. The
computer program developed in MATLAB is based on the
algorithm shown in Figure 5.

The program begins with the collection of weather data
followed by the collector specification (assuming the initial
values are equal to the ambient temperature for the first
section). Then, the iterative process begins, followed by
calculating heat loss coefficients and heat transfer for

assumed temperatures. The program code is based on a
matrix inversion of three matrices: [A], [T], and [B]. For
new temperature values, inverted matrix [A]−1 is used to
form a new matrix [T′]. Then, the old temperature values
[T] and new ones [T′] are compared. If the difference is
greater than the convergence factor (0.01°C), then the
iteration process is stopped, and the old temperature values
are replaced with the new ones. In the first section, when
iteration ends, the fluid outlet temperature, overall losses,

FIGURE 4 Schematic diagram of the
evacuated flat‐plate collector.

TABLE 1 EFPC system specifications.

Parameter Value

Collector model TS400 (Thermo‐solar company)

Collector area 4m2

Absorber area 3.4 m2

Power output per collector 1400W

Tilt angle 30°

Storage tank capacity 100 L

Auxiliary heater 1500W

Type of working fluid Water–glycol mixture 50/50%

Emissivity of glazing glass 0.92

Emissivity of absorber's plate 0.95

Glazing glass transmissivity 0.90

Thickness of the glazing glass 0.004m

Absorber's plate absorptivity 0.95

Absorber plate thickness 0.001m

Insulation thickness 0.025m

Absorber plate thermal
conductivity

205W/mK

Vacuum pressure − 0.8 bar

Pressure of HTF 2 bars

Outer diameter of the tube 0.010m

Inner diameter of the tube 0.0095m

Abbreviations: EFPC, evacuated flat‐plate collector; HTF, heat transfer fluid.
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heat removal factor, useful energy, and efficiencies are
calculated. Then, the program sets the fluid inlet tempera-
ture for the next section equal to the fluid outlet
temperature of the previous section. Following this
approach, the whole collector is solved for temperatures,
thermal losses, and useful energy gain.

3.1 | Thermal resistance network

Figure 6 illustrates the thermal resistance network
diagram for the EFPCs. The diagram explains the
temperature distribution along the flow direction with
heat transfers through radiation and convection from
different parts of the collector as well as overall losses in
the collector. This provides the basis for numerical model
development, which determines the total collector loss
and efficiency.

3.2 | Energy balance

The following energy balance equations are extracted
from the thermal resistance network (Figure 6) for nodal
temperatures:

T S h T T h T T

U T T

: + ( − ) + ( − )

= ( − ),

c 1 r,p−c p c nc p c

t c a

(1)

T S h T T h T T

h T T h T T

: = ( − ) + ( − )

+ ( − ) + ( − ),

p 2 3 p f nc p c

r,p−b p b r,p−c p c

(2)

T h T T h T T Q: ( − ) = ( − ) + ,f 3 p f 4 f b 1 (3)

T h T T h T T

U T T

: ( − ) + ( − )

= ( − ).

b 4 f b r,p−b p b

b b a

(4)

FIGURE 5 Algorithm flowchart for the MATLAB program.
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FIGURE 6 Thermal resistance network for the evacuated flat‐plate collector.

3.3 | Thermal losses from the collector
system

Solar radiations transmitted through glazing glass heat up
the absorber and little radiations transmit back to the
glazing glass. The equation for heat transfer via radiation
from the absorber to glazing is expressed as24

( )
h

σ T T T T
=

+ ( + )

+ − 1
.

ε ε

r,p−c

p
2

c
2

p c

1 1

p c

(5)

When transmitted through the glass cover, some of
the solar radiations are absorbed through the glass cover,
which is transmitted to the ambient24

h ε σ T T T T= ( + )( + ).r,c−a c c
2

a
2

c a (6)

Overall, top losses from the collector depend on losses
from the top glazing glass and absorber as well as the
convective losses due to wind.24 The convective heat transfer
from the absorber to the cover becomes negligible due to the
evacuated enclosure inside the collector









U

h h h h
=

1

+
+

1

+
.t

w r,c−a c,p−c r,p−c

−1

(7)

Convective heat transfer coefficient due to wind is
expressed through the following relation24:

h V= 5.7 + 3.8 .w (8)

Convective heat transfer between the absorber and
glass cover can be expressed as

h Nu
k

L
= ,c,p‐c

a (9)

where Ka is the air thermal conductivity and L is the
space between the absorber and glass cover. For the flow
between the two plates with a tilt angle from 0° to 70°, the
relation used for the Nusselt number is given as24






































Nu
β

Ra β

Ra β

Ra β

= 1 + 1.44 1 −
1708(sin 1.8 )

cos

1 −
1708

cos
+

cos

5830
− 1 .

1.6

+ +1
3

(10)

Raleigh number (Ra) can be found through the
following relation:

Ra
g T T L

T να
=

( − )
.

p c
3

m

(11)
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These equations are put into Equation (7) to find the
total top losses (Ut). Then, the sum of the total top losses,
bottom losses, and losses from the edges of the collector
is the total heat loss coefficient24

U U U U= + + .L t b e (12)

3.4 | Heat removal factor

The heat removal factor of a collector, FR is the ratio of
the collector's real useful energy gain to the collector's
actual energy gain if the surface temperature of the
whole collector is the same as the inlet temperature of
the fluid and heat losses are minimal. For serpentine
tube arrangement, the following relation is used for the
collector heat removal factor24,25:



















F F F F

F

F F

=
2

exp − +

− 1 .
F

F

R 1 3 5
4

6
1−

5
2
2

3

(13)

F1, F2, and F3 are dimensionless parameters and F4,
F5, and F6 are the functions of F2.

3.5 | Heat transfer inside the copper
tubes

When solar radiation is absorbed by the plate, then energy
transfers from the tube walls to the working fluid inside the
tubes through convective heat transfer. The convective heat
transfer coefficient within the tubes (hfi) and the Nusselt
number are represented by the following equations24:







( )

Nu
f Re Pr

f Pr

μ

μ
=

( /8)( − 1000)

1.07 + 12.7 × /8 − 1
× ,

n

w
2
3

(14)

The heating value of n is 0.11 and 0.25 for cooling,
while the Prandtl number can be calculated at fluid
properties. The Darcy friction factor can be calculated
through the following relation:

f Re= (0.79 ln − 1.64) ,−2 (15)

Re
m

πD μ
=

4 ˙
,

i
(16)

h
NuK

D
= .fi (17)

3.6 | Collector's useful energy gain and
efficiency

The engineering goal of the solar collector system is to
minimize the thermal losses from the collector and to
raise the useful energy yield of the thermal system.
The useful energy gain for the solar collector is
dependent on the heat removal factor (FR), total
thermal losses (UL), absorbed solar radiations (S2),
and collector area (Ac)

24

Q F A S U T T= [ − ( − )].au R c 2 L fi (18)

The collector efficiency is the ratio of solar energy
collected by the fluid to the total incident solar energy in
a specific time24

n
Q

HA

F S U T T

H
= =

[ − ( − )]
.c

u

c

R L fi a
(19)

4 | RESULT ANALYSIS

The numerical model based on the aforementioned
relations was developed in MATLAB for transient
analysis under ambient conditions. Then, the developed
EFPC model is validated with the experimental results
obtained from the EFPC system. A parametric analysis
was performed to investigate the effect of different
collector parameters on useful energy gain and collector
fluid outlet temperature.

4.1 | Model validation

The simulation results were validated with experimental
data for 4 days in December and January. Figure 7
presents the solar irradiance and ambient temperature
trends for four different days with a maximum ambient
temperature of 22°C and peak solar irradiance of 600W/
m2 on January 21.

4.1.1 | Absorber and fluid outlet
temperature

Figure 8 presents the results of the working fluid
outlet and absorber temperature for December 23 and
24, 2020 and January 21 and 26, 2021. On December
23, 2020 (Figure 8A), the collector's absorber acquired
59.9°C of temperature from the simulation, while
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57°C was achieved from the experimental results.
The absorber temperature achieves higher peaks from
the vacuum inside the enclosure of the collector,
which reduces convective losses from the absorber
plate to the glass cover. The working fluid of the
collector acquired 56.8°C of the temperature through
simulation, while 55.2°C was achieved through
experimental results. Both trends were concurrent
with an average root mean square error (RMSE) of
2.1875 and an average percentage error of 4.2304.
The linearity (R2) value for temperature trends had
an average of 0.9693. Similarly, on December 24,
2020 (Figure 8B), the absorber plate achieved a
maximum temperature of 61.1°C during experimenta-
tion and had a maximum peak of 61.3°C during the
simulation. The working fluid exhibited a maximum

temperature of 59.8°C through simulations and
achieved a maximum temperature of 58.1°C during
experimentation.

The simulation results for January 21, 2021
(Figure 8C) were compared to the experimental
results, which indicated an RMSE of 2.712 on an
average basis, an average percentage error of 4.914,
and an R2 of 0.9697. The model validation results for
January 26, 2021 (Figure 8D) indicated an average
RMSE of 2.1141, an average percentage error of 3.0235,
and an R2 of 0.9855. It is clear from Figure 8 that there
is a maximum deviation of 3°C between the experi-
mental and simulation results for the absorber and
working fluid temperature. Additionally, the errors
exemplify how the validation results support the EFPC
model.

FIGURE 7 Solar irradiance and ambient temperature profiles for (A) December 23, 2020, (B) December 24, 2020, (C) Janurary 21, 2021,
and (D) January 26, 2021.
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4.1.2 | Thermal efficiency

The EFPC model validated the thermal efficiency
under climatic conditions on December 23 and 24,
2020 as shown in Figure 9. The thermal efficiency
observed on December 23 from the simulation was
0.8053, and a maximum of 0.7847 was achieved during
the experiment. On December 24, model simulations
exhibited an efficiency of 0.8263 and a maximum
efficiency of 0.8155 for the experimental results. The
results showed an average RMSE of 0.0244, an average
percentage error of 4.03, and an average R2 for a
polynomial of 0.9877. The RMSE and percentage error
indicate that the developed EFPCs are consistent with
the actual system. Table 2 presents the RMSE,
percentage errors, and R2 taken from the experimental
validation of the EFPCs.

FIGURE 8 Model validation of fluid outlet and absorber temperature for (A) December 23, 2020, (B) December 24, 2020, (C) January
21, 2021, and (D) January 26, 2021. RMSE, root mean square error.

FIGURE 9 Model validation for collector efficiency. RMSE,
root mean square error.
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5 | EFFECT OF DESIGN
PARAMETERS ON SYSTEM
PERFORMANCE

This section examines how changing the collector design
conditions and parameters effect the collector efficiency,
useful energy gain, and fluid outlet temperature. The
developed model was simulated with a variable collector
area, mass flow rate, and tube spacing to obtain the
output results of the collector model on January 26, 2021.
Moreover, different ratio of the water–glycol mixture is
investigated for the thermal conductivity of the fluid and
its effect on useful energy gain.

5.1 | Collector absorber area and useful
energy gain

Figure 10 shows the results of the effect of the absorber
area on useful energy gain, which indicated an average
increase of 310W per unit in the collector area.
Increasing the absorber area enhances the useful energy
gain of the collector as per Equation (18).19,26 Based on
the results, the absorber area is considered an important
parameter of the collector.

5.2 | Collector absorber area and
working fluid outlet temperature

Figure 11 examines the influence of the collector's absorber
area on the working fluid outlet temperature. The diagram
shows how collectors with a maximum absorber area obtain
higher peaks of fluid outlet temperatures, while the working
fluid temperature is lower for smaller absorber areas. By

increasing the absorber area, the surface exposed to solar
radiation correspondingly increases, thus absorbing greater
solar radiation. This in turn raises the heat gain of the
water–glycol mixture in the copper tubes. However, a larger
collector area also results in greater thermal losses as the
surface is exposed to ambient increases, thus decreasing
thermal efficiency. As such, during the design process for
the EFPCs, the impact of the collector area on thermal
losses and efficiency should be taken into consideration.

5.3 | Mass flow rate and working fluid
outlet temperature

Figure 12 depicts the influence of the mass flow rate
through the collector on the working fluid outlet
temperature. The model was computed with mass

TABLE 2 Summary of model validation results.

Date Parameter RMSE Percentage error (avg) R2 (avg)

Dec 23, 2020 Absorber temperature 2.3511 3.9310 0.9693

Fluid outlet temperature 1.5849 2.6197 0.9784

Dec 24, 2020 Absorber temperature 1.5085 2.2761 0.9865

Fluid outlet temperature 1.0505 1.5720 0.9789

Jan 21, 2021 Absorber temperature 2.2242 3.6788 0.9644

Fluid outlet temperature 2.7177 4.1448 0.9659

Jan 26, 2021 Absorber temperature 2.8157 3.9090 0.9945

Fluid outlet temperature 1.4127 2.1380 0.9765

Dec 23, 2020 Thermal efficiency of the collector 0.0282 6.6223 0.9870

Dec 24, 2020 0.0207 3.8457 0.9835

Abbreviation: RMSE, root mean square error.

FIGURE 10 Effect of absorber area on useful energy gain.
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flow rates of 0.0252, 0.028, 0.0308, and 0.0336 kg/s.
The working fluid temperature at the collector outlet
is higher at minimum flow rates and then decreases
when the working fluid flow rate increases. The
temperature drops because the fluid has less retention
time to absorb heat inside the heating loop as the
mass flow rate of the fluid increases. The mass
flow rate of the working fluid is a critical parameter
for attaining the desired outputs of the thermal
collector.

5.4 | Tube spacing and the useful energy
gain of the collector

Figure 13 illustrates the impact of tube spacing on the
useful energy gain of the collector. Simulations were
performed with variable tube spacing of 0.050, 0.070,
0.090, and 0.110 m to examine its impact on energy
output. Figure 13 demonstrates that when the collec-
tor has minimum tube spacing, higher thermal energy
outputs are attained, whereas maximum tube spacing
achieves lower peaks of thermal energy. Additionally,
the diagram depicts how every 0.020 m increase in
tube spacing leads to an average of 55 W reduction in
the useful energy gain of the collector.

However, by increasing the tube spacing the
absorber area between the two tubes loses more heat
to the bottom collector, which results in lower useful
energy. Conversely, smaller tube spacing exposes less
area for bottom losses, thus leading to higher useful
energy.

5.5 | Water–glycol mixture ratios and its
effect on useful energy gain

The goal of this comparative study is to determine the
effect of different HTF mixtures on useful energy gain.
The thermal conductivity of different water‐glycol
mixtures is taken at 80°C.27 For each 25% addition of
glycol in the working fluid, the useful energy gain was
raised by 90–110W. The useful energy gain of the
systems will be higher for the working fluids having low
thermal conductivities. Moreover, by increasing the
proportion of glycol in the mixture increases the viscosity
of HTF, which effects the useful energy gain. However,

FIGURE 11 Impact of absorber area on fluid outlet
temperature.

FIGURE 12 Impact of variable mass flow rate on fluid outlet
temperature.

FIGURE 13 Influence of collector's tube spacing on useful
energy gain.
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higher viscous fluids consume higher pumping power.
So, the viscosity effect should be considered while
selecting the HTF mixture.

Figure 14 shows the change in useful energy gain with
varying the glycol concentrations in a water–glycol mixture.

6 | ECONOMIC ANALYSIS OF
EFPC WATER HEATING SYSTEM
FOR INDUSTRIAL PROCESS HEAT:
A CASE STUDY

The EFPC solar water heating system can be utilized for
a multitude of purposes, including domestic and
industrial applications. Within the textile industry,
processes such as washing, heating, bleaching, dying,
weaving, and wet processing use hot water and steam
generated with conventional boilers. These processes
account for a huge share of the industrial process heat
demand, which creates the potential for use of solar
water heating systems.

6.1 | Energy consumption in a textile
industry

In the textile industry, a unit that produces 9000 kg/day
of fabric, on average, will consume 36,000 L of water per
day.28 An economic analysis was conducted on the data
collected from a textile industry located in Faisalabad,

Pakistan. Table 3 presents the consumption profile of the
textile industry for process heat.

6.2 | EFPC solar water heating system
for industrial process heat

In the industrial facility under study, the inlet tempera-
ture of water in the feed water tank is 30°C in the
summer and 20°C in the winter. Using natural gas, the
feed water temperature rises to 90°C. Then, water is
supplied to the boiler for steam generation, which creates
super‐saturated steam at 180°C. To diminish the need for
natural gas, the solar water heating system is proposed to
supply hot water to the feed tank during sunlight hours
(9 a.m.–4 p.m.).

In an industrial facility, condensate water
(35%–40%) from the condensate tank returns to the
boiler at a temperature of 85–90°C and flash steam is
utilized within the facility of the processing unit. The
loss in mass flow of condensate water and flash steam
is due to the direct steam heating and steam leakages

FIGURE 14 Change in useful energy gain against different
heat transfer fluid mixtures.

TABLE 3 Average energy consumption profile of the textile
industry for process heat.

Parameter Value

Boiler type Fire tube boiler

Fuel used Natural gas

Capacity of boiler 5 ton/h

Inlet temperature of boiler 90°C

Boiler efficiency 0.85

Water consumption in the textile industry
per day

36 ton

Total water consumption from 9 a.m. to
4 p.m.

10.5 ton

Steam temperature at boiler outlet 156–162°C

Feed water tank inlet temperature
(summer)

30°C

Feed water tank inlet temperature (winter) 20°C

Feed water tank outlet temperature 90°C

Boiler pressure 6 bar

Natural gas consumption for rising
temperatures up to 90°C during summer
(9 a.m.–4 p.m.)

71.82m3

Natural gas consumption for rising
temperatures up to 90°C during winter
(9 a.m.–4 p.m.)

83.79m3
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in old machines. Moreover, the total demand for hot
water is 60,000 L/day. Condensate return covers up to
24,000 L/day about 40% of the total demand. The
remaining 36,000 L/day should be provided through a
feed water tank, of which 10,500 L will be heated
through the current solar thermal collector system in
the sunshine hours. Figure 15 shows the proposed
EFPC system integrated with an industrial process
heating system.

Table 4 outlines the specifications for the solar
water heating system design to achieve the required
temperature and mass flow rate for process heat in the
textile industry. The EFPC model was developed in
MATLAB and the average temperatures for summer
(June) and winter (February) for the year 2021 were
calculated. Based on the design conditions, the
average temperature achieved between 9 a.m. and 4
p.m. at the storage tank outlet was 83°C in June and
52°C in February. As shown in Figure 15, filling the
temperature gaps between 83–90°C and 52–90°C is
achieved through auxiliary natural gas heating in
the feed water tank, which is then supplied to the
boiler. Before integrating the EFPC system, the
consumption and cost of natural gas to achieve outlet
temperatures of 83°C in the summer and 52°C in the
winter would have been significant. However, savings
are generated when hot water is supplied through the
EFPC system to the feed water tank. Table 5 outlines
the results for natural gas savings and Table 6
provides the cost of natural gas savings achieved with
the use of solar water heating and the capital cost of
the EFPC system.

Solar fraction is the ratio of the total energy supplied
by the solar heating system to the total energy required.

The solar fraction for any system can be determined by
the following relation24:

SF =
Solar Energy supplied

Total Energy required
. (20)

Figure 16 shows the solar fraction for the EFPC system,
which highlights an 88% (average) solar fraction during the
summer and 45% (average) during the winter. The
remaining 12% in summer and 55% in winter is fulfilled
through auxiliary natural gas heating. Figure 17 illustrates
the payback period for the capital cost for the EFPC system
for textile industrial process heat.

The economic feasibility of the EFPC system has been
compared to solar water heating based on ETCs and
FPCs (Table 7). In comparison to FPCs and ETCs, the

FIGURE 15 Schematic diagram of the evacuated flat‐plate collector (EFPC) system integrated with the industrial process heating
system. HTF, heat transfer fluid.

TABLE 4 Design specifications of the EFPC system for process
heat in the textile industry.

Parameter Value

Total number of collectors 21

Total area of the collectors 42m2

Total absorber area 36m2

Working fluid Water–glycol mixture

Mass flow rate 0.42 kg/s

Storage tank outlet temperature
average (June)

83°C

Storage tank outlet temperature
average (February)

52°C

Time duration 9 a.m.–4 p.m.

Abbreviation: EFPC, evacuated flat‐plate collector.
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results indicate that the EFPC system can be an
economical and sustainable energy system to fulfil the
industrial process heat demand with a lower payback
period.

7 | CONCLUSION

This study analyzed the performance of a solar water
heating system based on an EFPC. This novel solar
harvesting technology was investigated for its application
in industrial process heat demand. The numerical model
of the EFPC developed in MATLAB was based on the

TABLE 5 Calculation results for natural gas savings to rise temperature of water with EFPCs.

Parameter Value

Energy required to rise 1°C temperature of 1 ton of water 4.18MJ

Energy in 1m3 of natural gas in MMBTU 0.0408MMBTU

Energy in 1m3 of natural gas in joules 43.06MJ

Total energy in 1m3 of natural gas for respected boiler 36.6MJ

Natural gas required for 1 ton of water to rise 1°C temperature 0.114m3

Natural gas required for 1°C rise of 10.5 ton of water 1.197m3

Natural gas savings in summer for 53°C units (30–83°C) temperature rise (on an average basis) 63.441m3

Natural gas savings in winter for 32°C units (20–52°C) temperature rise (on an average basis) 38.30m3

Abbreviation: EFPC, evacuated flat‐plate collector.

TABLE 6 Table 6. Cost of natural gas savings and capital cost
of the collector model.

Parameter Cost in US$

Cost of natural gas per m3 0.31

Natural gas saving for 6 months (summer) 3540

Natural gas saving for 6 months (winter) 2137.4

Total savings per year 5677

Cost per m2 area of the collector 1001.5

Capital cost for 42m2 area of the collector 42,063

Payback period 7.4 years

FIGURE 16 Solar fraction for the evacuated flat‐plate collector
system.

FIGURE 17 Payback period of the evacuated flat‐plate (EFP)
collector solar water heating system designed for the textile industry.

TABLE 7 Financial comparison of solar collectors for
industrial process heat.

Solar collector Reference Payback period (years)

FPC 29 12.6

ETC 30 9

EFPC Current study 7.4

Abbreviations: EFPC, evacuated flat‐plate collector; ETC, evacuated tube
collector; FPC, flat‐plate collector.
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thermal energy balance, and considered the useful
energy gain, heat removal factor, and thermal efficiency
of the collector. The developed program code was
simulated using the design conditions of the proposed
EFPC solar water heating system and validated with
experimental results.

The model validations exhibited the highest RMSE of
2.758 and the highest percentage error of 5.084 for the fluid
outlet temperature on January 21, 2021, which substantiates
the accuracy of the model. The results showed:

• A maximum fluid outlet temperature of 98°C in June
and 69°C in January, and the maximum useful energy
observed in January was 1300W. The maximum
observed thermal energy was 78%, and the thermal
collector with vacuum had an efficiency of 69%.

• Due to the evacuated collector enclosure, convective
losses from the absorber plate to the glass cover were
negligible, which substantially lowered the coefficient
thermal losses from 7.50 to 4.60W/m2 K. This ulti-
mately resulted in greater thermal outputs.

The influence of variable collector area, mass flow
rate, spacing between the tubes, and different ratios of
water–glycol mixture on the collector outputs was
investigated in the MATLAB model. The parametric
analysis revealed:

• Increasing the collector area will result in an increase
in useful energy gain and working fluid outlet
temperature.

• Increasing the mass flow rate of the working fluid will
decrease the outlet temperature of the working fluid.

• The smaller the tube spacing the greater the useful
energy gains by the EFPCs.

• Higher the percentage of glycol in the mixture greater
will be the useful energy gain.

The economic analysis of the proposed EFPC solar
water heating system was conducted for a hot water
supply in a textile industry in Pakistan. The results
indicated a payback period of 7.4 years for the capital
costs of the collector system. As such, this analysis
highlighted how a solar water heating system based on
an EFPC is sustainable and economically feasible for
industrial process heat demands. Additionally, this
research provides policymakers and investors with
relevant information regarding the beneficial use of solar
heating systems.

NOMENCLATURE
Cb bond conductance
e convergence factor

f Darcy friction factor
Fi dimensionless parameters (i= 1,2,3…6)
FR heat removal factor
h1,2,3,4 heat transfer due to forced convection
hc,p–c convection from plate to cover (W/m2 K)
hfi convective heat transfer inside the tubes
hnc heat transfer due to natural convection
hr,c–a cover to ambient radiation (W/m2 K)
hr,p–b radiation from absorber to bottom plate
hr,p–c from plate to cover (W/m2 K)
hw convective heat transfer due to wind
H solar irradiance (W/m2)
k plate conductivity
Kb insulation thermal conductivity
ṁ mass flow rate of working fluid (kg/s)
Nu Nusselt number
Pr Prandtl number
R2 linearity of the graph
Ra Raleigh number
Re Reynold number
S1 solar radiations absorbed by cover
S2 solar radiations absorbed by absorber
Ta ambient temperature (°C)
Tb bottom plate temperature
Tc glass cover temperature (°C)
Tfout fluid outlet temperature (°C)
Tp absorber plate temperature (°C)
Ub bottom losses
Ue edge losses of the collector
UL overall losses
Ut total top losses
V wind speed
W tube spacing
α absorptivity
β tilt angle
δ thickness of the plate
Δx thickness of insulation
εc emissivity of the glass cover
εp emissivity of absorber plate
μ dynamic viscosity
ν kinematic viscosity
σ Stefan–Boltzmann constant
τ transmissivity
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