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This paper describes the details of the design of a solar water disinfection system based on a small-scale
linear Fresnel reflector. The proposed system consists of a small-scale linear Fresnel reflector, a filtering
system, two disinfection units, a heat exchanger, a compressed air system and the control system. A
detailed mathematical model has been developed and solved through an iterative procedure. The
system has been studied under different operating conditions, such as beam solar irradiance (the beam
solar irradiance on a horizontal surface, corresponding to solar noon, varies from 325 to 798 W m~2, for
winter solstice and summer solstice, respectively), ambient temperature (the ambient temperature varies
between 19 and 29 °C at the summer solstice and from 8 to 16 °C at the winter solstice), thermal fluid
flow rate (2200 L h™%, 2400 L h™% 2600 L h™% and 2800 L h™) and water temperature at the outlet of
the filtered water tank (8 °C, 12 °C, 16 °C, and 20 °C). The performance of the system has been studied
as a function of the temperature of the thermal fluid of the small-scale linear Fresnel reflector, the water
temperature of the disinfection unit, the filling and emptying of inertia tanks, clean water productivity
and the daily cumulative productivity of clean water. Numerical simulations reveal that the maximum
values of cumulative daily productivity of clean water were 357.14 (L m—2 day™}) at 100 (°C) and 198.41 (L
m™2 day™) at 100 (°C) for summer solstice and winter solstice, respectively, in Almeria (Spain), for
a thermal fluid flow rate of 2400 L h™. Values much higher than those obtained by other systems. The
inclusion of a heat exchanger in this system significantly increases its productivity. Small-scale linear
Fresnel reflector thermal fluid temperature, disinfection unit water temperature, clean water productivity
and daily cumulative clean water productivity decreased with increasing thermal fluid flow rate above

2400 L h™1. On the other hand, the water temperature at the outlet of the filtered water tank between 8
Received 5th September 2022

Accepted 10th December 2022 and 20 °C has a negligible influence on the small-scale linear Fresnel reflector thermal fluid temperature

values, disinfection unit water temperature, clean water productivity and daily cumulative clean water
productivity. It is concluded that the proposed solar system offers an energy efficient and
rsc.li/rsc-advances environmentally friendly water treatment method.
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1 Introduction of the world's population lacked safely managed sanitation (4
billion people). In addition, 159 million people continue to
Two of the sustainable development goals adopted by all United ~ collect drinking water from surface water resources. The
Nations member states in 2015 (ref. 1) were to ensure avail- outlook for renewable energies is not promising either. In 2020,
ability and sustainable management of water and sanitation for ~ primary energy consumption from fossil fuels was 83.17% and
all (goal 6) and also guarantee access to affordable, reliable, from renewable energies 5.69%.* In order to fulfil goal 6, the
sustainable and modern energy for all (goal 7). These objectives ~construction of a large number of water treatment facilities
have an end date in 2030. However, according to WHO-UNI- worldwide will be required. Consequently, the amount of energy
CEF,? in 2020, about 1 in 4 people still lacked safely managed required for drinking water supply will increase and thereby the
drinking water in their homes (2 billion people) and almost half  likelihood of achieving goal 7 will also decrease as the
consumption of fossil fuels increases. For this reason, the issue
of the water-energy nexus is studied broadly in the current
literature.*
In the more developed countries, the water sector involves
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world is destined to be used in these services.” Although elec-
tricity consumption in wastewater treatment plants is higher
than drinking water treatment plants,® the electricity consumed
in the latter is not negligible. According to the studies reviewed
by Gude” the conventional water treatment process involves
energy consumption between 0.25 and 1.0 kW h m ™ from river
water and groundwater sources. Based on research conducted
by Loubet et al.,® the drinking water treatment plants consumed
an average of 0.26 kW h m°, and Lemos et al® set the
maximum value at 0.64 kW h m 3. Wakeel et al.® reported that
the energy consumption of conventional raw water treatment
stages ranges from 0.01 to 0.20 kW h m ™ for Australia, and
from 0.11 to 1.50 kW h m 2 for Spain.

In developing countries, the scarcity of drinking water
resources and the significant need to increase the supply of
drinking water will be some of the major that humanity will
have to face.'” This evident need can be found in isolated
villages, even in emergency and refugee camps. Common
sources estimate that in 2015, 844 million people still lacked
even a basic drinking water supply.™ Usually, in these situa-
tions, poor wastewater management, due to contamination by
human or animal excrements, leads to bacteriological
contamination of near-surface water layers. Other categories of
water, pollutants, such as radioactive particles or hydrocarbons,
are less relevant in these cases. It is estimated that the ingestion
of waterborne pathogens causes more than 500 000 diarrhoeal
deaths each year.’” Contaminated water can transmit diseases
such as diarrhoea, cholera, dysentery, typhoid fever and polio.**
Health costs associated with waterborne diseases such as
malaria, diarrhoea, and worm infections represent more than
one third of the income of poor areas in sub-Saharan Africa."

Microbial pathogens that contaminate water supplies are
particularly sensitive to heat, with rapid extermination of these
pathogens at temperatures above 65 °C. These pathogens
respond differently to elevated temperatures over time, for
example, the Table 1 shows the thermal inactivation of the
bacteria Escherichia coli O157:H7. Each type of pathogen has its
own temperature tolerance, for example, Table 2 shows the
thermal inactivation of some pathogenic organisms and,
according to it, the duration is highly dependent on the
achievable temperature and the type of pathogen, whereby the
required exposure durations will decrease rapidly with
increasing temperature. There is a logarithmic relationship
between time and temperature for multiple pathogens.™
Therefore, the use of devices with a high operating temperature
favours the increase of the amount of purified water. This is the
principle on which the system presented here is based.

Table 1 Thermal inactivation of the bacteria Escherichia coli O157:H7

Temperature Inactivation

(°C) time (s) References
55 223 14

60 67 14

65 3 14
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Table 2 Thermal inactivation of some pathogens
Temp. Inact. time

Pathogen (°C) (s) Ref.
Poliovirus 1° 95 15 15
Hepatitis A” 85 <30 16
Legionella spp.” 80 42 17
Coxiella burnetii® 79.4 25 18
Escherichia coli* 72 0.4 19
Cryptosporidium parvum oocysts® 71.7 15 20
Bacteriophage T2 70 5400 21
Enterococcus faecalis (haemolytic)s® 65 7 14
Giardia lamblia® 56 600 22
Shigella dysenteriae type 1* 42 5400 23
Shigella flexneri® 42 21600 23

“ Bacteria. © Viruses. ¢ Protozoa.

Several studies indicate that the time and temperature
conditions for milk pasteurization (62.8 °C for 30 min or 71.7 °C
for 15 min) should be sufficient to eliminate the microbial
pathogens commonly transmitted in contaminated water.> The
study shows that water heated to 65 °C for 30 min makes it safe
to drink. If temperatures increase, the time required for
microbial inactivation is expected to considerably. The pre-
sented database* summarises multiple studies on the thermal
tolerance of different pathogens. Based on these results, the
WHO?*® recommends the process of water pasteurization.
Thermal disinfection of liquids, for example water, is named
pasteurisation, and involves raising the temperature of water
sufficiently to make it safe to drink. In the process the pathogen
population is reduced to levels at which we can avoid risks to
human health, by setting a temperature that must be main-
tained for a certain period of time. Pasteurisation by boiling
water has long been recognised as a safe way to treat water
contaminated with pathogens.?® Pasteurisation can take place
at much lower temperatures than boiling, depending on how
long the water is kept at the pasteurisation temperature. The
pasteurisation time decreases exponentially with increasing
temperature. Above 50 °C, the time decreases by a factor of
approximately 10 for every 10 °C increase in pasteurisation
temperature.”” Therefore, it is not necessary to boil water to
make it safe to drink. This is another important aspect in the
design of water purification systems, as the generation of water
vapour uses large amounts of energy. It is clear that the use of
solar energy can contribute to the achievement of goals 6 and 7.
In this context, a large number of researchers proposed multi-
criteria models to integrate energy and water.>*>°

The major advantage of pasteurisation is that its efficiency
does not depend on turbidity, pH and other parameters that
influence alternative methods."®?”” The main drawback of pas-
teurisation is its high cost. Solar energy can be used to reduce
this cost. For these reasons, the WHO?® recommended the solar
technologies. Several types of solar collectors can be used for
this purpose: the parabolic trough collector and flat plate
collector. The productivity of these systems can be expressed in
litres of purified water per solar irradiation collector surface, L
m 2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Bigoni et al** developed a solar water pasteurizer that
directly heats water by using a parabolic cylindrical concen-
trator. The proposed system does not use a heat exchanger to
preheat the water at the inlet of the collector. On sunny days the
temperature of the treated water is 87 °C.

Flat plate collectors have also been used for water pasteur-
isation systems. Carielo et al.** presented a solar pasteurization
system composed of a contaminated water tank, a flat plate
collector, a heat exchanger and a treated water tank. The treated
water was tested at five different temperatures: 55 °C, 60 °C, 65 ©
C, 75 °C and 85 °C. Onyango et al.** designed, built and tested
an experimental flat plate solar collector used as the collector
for a prototype solar water pasteurization system. In addition,
they also used a contaminated water tank and a treated water
tank. On sunny days the temperature of the treated water is 84 °©
C. El-Ghetany et al.*® presented a solar pasteurization system
consisting of a contaminated water tank, a flat plate collector,
a heat exchanger and a treated water tank. The outlet flow
temperature is controlled by a solenoid valve at a disinfection
temperature. On sunny days the temperature of the treated
water is 90 °C.

Table 3 shows the results achieved in terms of the produc-
tivity of the systems analysed. In some of these research papers,
no heat exchangers are included to preheat the water at the inlet
of the collector, resulting in low system productivity, as in the
work of ref. 30. Although Onyango et al.** do not use a heat
exchanger, the inlet water temperature is quite high due to the
climatic conditions of the experiment. In ref. 32 and 33 used
a heat exchanger resulting in increased productivity. It can be
concluded then that the productivity of drinking water purifi-
cation systems increases with the inclusion of a heat exchanger
in the system. This has been verified in the numerical simula-
tions carried out in the study presented here.

WHO?® recommends the process of heating water to a boiling
temperature of 100 °C during 180 s to inactivate pathogenic
bacteria, viruses and protozoa. This recommendation does not
apply if other contaminants such as heavy metals, persistent
organic compounds, PFAS, pesticides and herbicides are
present in the water. The parabolic trough collector is suitable
for this temperature, whereas the flat-plate collector does not
reach the set temperature.** Another solar concentrator that can
reach the temperature of 100 °C is the small-scale linear Fresnel
reflectors (SSLFR).**** The technologies applied for water
disinfection must meet three fundamental premises: they must
be simple, cheap and easy to maintain. The small-scale linear
Fresnel reflectors fulfils the requirements in comparison to the
parabolic trough collector.

Table 3 Productivity of the systems analysed

Product. (L Input temp. Output temp.

m > day ') (°C) (°C) Ref.
11.57 10 87 30
15 65 70 32
29.2 26 60 31
171 50 60 33
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Compared to the parabolic trough, the SSLFR has notable
differences:*” (i) lower structural requirements (rows of mirrors
are mounted close to the ground and wind loads are substan-
tially reduced),” (ii) lower maintenance cost (easier access for
cleaning), (iii) lower cost,” and (iv) lower efficiency (greater
influence of the angle of incidence and cosine factor). There are
numerous possible applications for the SSLFR, such as: desa-
lination;* industrial process applications;***" heating/cooling
of living spaces;**** absorption of cooled air in a Solar-GAX
cycle;* daylighting systems.*® An SSLFR uses stretched rows of
mirrors to reflect sunlight onto the focal line of an absorber
tube that runs longitudinally above the mirror rows. The
absorber tube is specially coated to increase its ability to absorb
concentrated incident solar irradiation and is also covered by
a cavity receiver to reduce convective heat losses. The concen-
trated solar energy is transferred through the absorber tube into
some thermal fluid capable of maintaining the liquid state at
high temperatures. See ref. 47 for a more detailed information
on a small-scale linear Fresnel reflector.

Therefore, in order to increase the productivity of a water
purification system, the following should be taken into account:
(i) the working temperature of the system should be above 100 ©
C; (ii) change of state of the water should be avoided; and (iii)
a heat exchanger should be included in the system.

This article discusses a solar system based on an SSLFR to
produce clean water. As mentioned earlier in this paper, one
way of producing clean water is through a pasteurization
method. The system consists of an SSLFR, a disinfection unit,
a heat exchanger, a filtration system, and a compressed air
system. The specific contributions of this study can be
summarized in the following proposals:

(i) An SSLFR has been used as a sunlight collector.

(ii) A complete mathematical model that allows the deter-
mination of the amount of purified water.

(iii) An overpressure system prevents the water from
changing state is used.

The innovation in this study was to explore the possibility of
using a patented small-scale linear Fresnel reflector*® to
pasteurise relatively large quantities of water. To the best of our
knowledge, a solar water treatment system with these charac-
teristics has not yet been studied in the literature. The effects of
environmental parameters such as the solar irradiation inten-
sity, ambient temperature, and wind speed were studied.

The paper is organized as follows. Section 2 summarises the
main components of the system and their functional descrip-
tion. Section 3 presents the technical considerations of the
system. The mathematical model is presented in Section 4.
Numerical simulations are presented in Section 5 for different
environmental parameters. Finally, Section 6 summarises the
main contributions and conclusions of the paper.

2 System description

A schematic diagram of the proposed solar water treatment
system based on an SSLFR is presented in Fig. 1. As shown, the
proposed system consists of six subsystems: the filtering system
(2), the sunlight collector (8), the disinfection unit (DU) (7), the
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@ Contaminated water tank

@ Contaminated water filtering system

@ Filtered water tank @—)

@ Heat exchanger

@ Preheated filtered water pump
@ Preheated filtered water inertia tank
@ Disinfection unit

SSLFR
@ SSLFR thermal fluid pump
Hot clean water inertia tank

@ Hot clean water pump
@ Clean water tank

Fig.1 Components of the system proposed.

heat exchanger (4), the compressed air system and the control
system. The contaminated water is filtered in the filtration
system. In the heat exchanger the filtered water is preheated,
and the hot clean water is cooled. An SSLFR has been used as
a sunlight collector for thermal energy production. In the DU
the preheated filtered water is heated up to the temperature of
100 °C for three minutes.”® The system operation is designed as
a batch processor, although by having two disinfection units we
achieve a continuous flow system. The work cycle is as follows:
disinfect a mass of water equal to the useful capacity of the first
DU, at the same time the second DU is already filled with pre-
heated filtered water and therefore it is ready to go into opera-
tion as soon as the preheated filtered water of the first
disinfection unit reaches a temperature of 100 °C, keeping it at
a stable temperature for 3 minutes and start emptying it.

2.1 System operation

The system operation is the following (see Fig. 1):

(i) The contaminated water is stored in the contaminated
water tank (1). The contaminated water storage tank (1)
provides sedimentation of any impurities. This tank is located
at ground level.

(ii) The contaminated water is then filtered through
a cartridge-type water filter (2). Although, pasteurisation is
a water treatment method that is not adversely affected by
turbidity, suspended particles can affect the performance of the
components.

(iii) The filtered water is then stored in a filtered water tank
(3)- This tank controls the water flow that is introduced into the
system through a filling buoy.

(iv) The filtered water then passes through a heat exchanger
(4), which allows the energy from the hot clean water to be used
for preheating the incoming filtered water.

(v) After passing through the heat exchanger, via the pre-
heated filtered contaminated water pump (5), the preheated

158 | RSC Adv,, 2023, 13, 155-171
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filtered water enters a preheated filtered water inertia tank (6).
This last one, serves to ensure that we always have water at the
inlet of the disinfection unit (7). The lack of water in the DU (7)
would translate to an excessive heating of the thermal oil, which
is conducted by the absorber tube of the SSLFR.

(vi) The preheated filtered water enters a disinfection unit
(7), which allows the energy of the thermal fluid from the SSLFR
(8) to be used for heating the incoming preheated filtered water.
The preheated filtered water is heated up to the temperature of
100 °C for three minutes, following the WHO guidelines.>®
Clean hot water is obtained at the outlet of the disinfection unit
(7). The DU (7) serves as a disinfection apparatus by raising the
water temperature. Two disinfection units (7) are connected in
parallel, ensuring continuous operation of the system. In case of
transient reductions of solar irradiance (clouds, ...) the system
with the disinfection unit (7) would be able to reach the set
reference temperature, for this purpose, the outlet valve would
be closed until the set reference temperature is reached.

(vii) Sun rays fall directly onto the stretched rows of mirrors
of the SSLFR (8). The mirrors then reflect the sunlight onto the
focal line of an absorber tube. This concentrated solar energy is
transferred through the absorber tube into some thermal fluid
capable of maintaining the liquid state at high temperatures. A
pump (9) conducts the thermal fluid through the disinfection
unit.

(viii) The hot clean water is then stored in a hot clean water
tank (10).

(ix) The hot clean water is passed through the heat exchanger
(4) via the hot clean water pump (11) and is then stored in
a clean water tank (12).

(x) Two clean water tanks will allow to cool naturally of the
hot clean water and then protecting it from post-treatment
contamination during storage.

2.2 Compressed air system

The water saturation temperature at atmospheric pressure is
100 °C. If the system operates below atmospheric pressure, the
water will start to boil at a lower temperature than the 100 °C
and steam particles will start to appear, which are undesirable
for different reasons: (i) the energy reduction used in the
production of the hot clean water, part of this energy is lost in
the generation of steam, (ii) cavitation of the system pumps. For
these reasons it is essential to keep the system composed of the
inertia tanks and the disinfection unit under a certain pressure
above the atmospheric pressure.

During the emptying of the disinfection units, without
a pressurized air supply to fill the volume left by the clean hot
water, the pressure would decrease to a point where emptying
could become difficult for the clean hot water pump and there is
also a possibility that the clean hot water reaches saturation due
to the pressure reduction. The opposite would occur while the
disinfection units are being filled. If there is no exit for the air
that is in the tank while being filled, the pressure would rise to
unwanted values.

Given that there is a constant volume of water in the set of
tanks, there will also be a constant volume of air trapped within

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the system. If we compress the total air mass, trapped within the
system, to the desired pressure and we communicate the upper
parts or the inertia tanks and the disinfection units with a fifth
pressure regulator tank, its objective is to keep a stable value of
pressure in the entirety of the system, despite the individual
volume variations of each tank.

The emptying of one of the disinfection units results in an
increase in volume of the hot buffer tank, whereby a part of the
mass of the same volume of compressed air will flow from the
hot inertia tank into the pressure regulating tank and from the
pressure regulating tank into the disinfection unit, thereby
leaving the systems pressure unchanged.

The only pressure variation allowed in the system is the one
caused by the reduction in density due to temperature. This
fluctuation will be minimal and will be compensated when the
clean hot water leaves the system at 100 °C and enters at the
original temperature, so it will not be an issue.

The system does not require any constant input of
compressed air, only at the start-up of the systems there will be
a filling of the compressed air regulator tank. In a permanent
regime, the only energy contribution that the compressed air
system requires is the one that covers the systems pressure
losses.

With an absolute pressure of 2 bar, the water will enter
saturation levels at a temperature of 120.21 °C,* far from the
systems operating temperature of 100 °C.

3 Technical considerations
3.1 Contaminated water tank

The contaminated water tank was made of rigid high-density
polyethylene with opaque blue colour (UV protection), its
dimensions are 790 mm x 1650 mm x 1850 mm (width X
height x length) and its volume is 2000 L.

3.2 Contaminated water filtering system

The objective of the filter is to remove any dissolved solids, so
commercial filters can be used. Two sand filters will be placed in
parallel, in order to have one of them operating whilst the
second filter is in the process of cleaning or as a replacement
filter in case failure. Since it is estimated that the system will
have a purification capacity of a 1000 L of water a day, the
selected sand filter must have at least the same filtering
capacity. The objective of having two simultaneous filters is that
in days of greater solar irradiance we can increase the purifying
capacity, so as to have a higher production level of drinkable
water.

The water filter has the following minimum characteristics:
65 mm diameter, 200 mm height, 10 L min~" flow rate, and 2
kg cm ™" water pressure.

3.3 Filtered water tank

The filtered water tank is made of rigid high-density poly-
ethylene in opaque blue colour (UV protection), with the
following dimensions: 790 mm x 1650 mm x 1850 mm (width
x height x length) and a volume of 2000 L.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.4 Heat exchanger

A counterflow shell and tube heat exchanger is used. There are
four openings between the inlets and outlets of the heat
exchanger: the primary (tube), one for the hot clean water inlet,
one for the clean water outlet, and the secondary (shell), one for
the filtered water inlet and one for the hot filtered water outlet.

For a design mass flow rate of 0.054487 kg s~ (200 L h™") for
the cold fluid and 201.81 L h™" for the hot fluid, the heat
exchanger has the following characteristics: the heat exchangers
length is 2.4 m. The pipes used are made of steel with an interior
diameter of 0.075 m and a thickness of 0.0025 m. The number of
tubes is 35. The total exchange area is 21.11 m”.

In terms of temperature:

Primary heat exchanger: the temperature of the hot fluid at
the inlet of the heat exchanger is 100 °C, the intermediate
temperature of the hot fluid is 59.68 °C and the outlet tempera-
ture of the hot fluid from the heat exchanger is 25.87 °C.

Secondary heat exchanger: the temperature of the cold fluid at
the inlet of the heat exchanger is 11 °C, the intermediate
temperature of the cold fluid is 44.83 °C and the outlet temper-
ature of the cold fluid from the heat exchanger is 85.21 °C.

3.5 Preheated filtered water pump and clean hot water
pump

The preheated filtered water pump will impulse water from the
outlet of the heat exchanger to the preheated filtered water
inertia tank, while the clean hot water pump will propel the
water from the clean hot water inertia tank to the heat
exchanger. The flow from the preheated filtered water and from
the clean hot water will be the same. For these reasons, the flow
rate is constantly adjusted by two small pumps. The chosen
pumps will be wet rotor pumps with variable speed, with the
following features: fluid temperature from 5 to 110 °C and
a maximum operating pressure of 10 bar.

3.6 Preheated filtered water inertia tank and clean hot water
inertia tank

For the system to be able to function as a continuous flow
pasteurization system, a buffer tank of preheated filtered water
and an inertia tank of clean hot water with volumes much larger
than the disinfection units are required.

The volume of these tanks is 800 L. These tanks were man-
ufactured of galvanized iron sheets (0.003 m thickness). It was
made of a cylindrical shape 0.75 m diameter with a height of
1.92 m. These tanks are isolated from exterior weather to avoid
any thermal losses.

3.7 Disinfection unit

The volume of the disinfection unit is 204 L. The disinfection
unit was manufactured of galvanized iron sheet (0.003 m
thickness). It was made of a cylindrical shape (0.51 m diameter
with a height of 1 m). The pipe system consists of four carbon
steel tubes with an exterior diameter of 0.03 m and a thickness
of 0.0075 m, with a distribution of 2 tubes in each direction of
the vertical oil circulation. The four pipes are equidistant from
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each other and at the same time they are connected by 3 bends
that have a horizontal length of 0.25 m. The oil inlet and outlet
are at the bottom of the disinfection unit. These units are iso-
lated from exterior weather to avoid any thermal losses.

3.8 SSLFR

For this research, an experimental prototype*® composed of six
main parts was used. As part of the prototype there is a fixed (FS)
(1) and a mobile structure (MS) (2), as key components of the
prototype there is a primary reflector system (PRS) (3) and
a secondary reflector system (SRS) (4). As the Sun moves along
its path, the reflector must be able to orient itself according to
the position of the Sun, therefore a transmission system (TR)
(5), and a tracking system (TS) (6) are needed. Fig. 2 shows
a representation of components, and Fig. 3 shows a photograph
of the experimental prototype. The secondary reflector geometry
is presented in Fig. 4.*

It should be noted that for the assembly a specific mounting
base was created for the fixed structure, on which the mobile
structure and the secondary reflector system will rest. The
primary reflector system will be mounted on the mobile struc-
ture. The primary reflector system consists of parallel rows of
stretched mirrors (7) and being specific mirrors for this SSLFR
prototype, frames had to be specially designed for them. The
secondary reflector system consists of multiple parts, which are:
an absorber tube, a receiver cavity, insulation and a glass cover.
To optimize production, the second reflector system must be
placed at a certain height above the primary reflector system.

The prototype under consideration uses a three-axis tracking
system.>* Each tracking axis is intended for a particular move-
ment, which are as follows: an East-West axis movement, so the
mobile structure can rotate. A North-South rotation for the
mirrors of the primary reflector system to follow and track the
movement of the Sun. The last axis also rotates on an East-West
motion, but it is intended for the movement of the secondary
reflector system. The main parameters of the SSLFR can be seen
in Table 4.

3.9 SSLFR thermal fluid pump

The flow rate of this pump was set at 2400 L h™" so that the
thermal jump produced in the absorber tube during the hours

Fig. 2 SSLFR parts.
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Fig. 3 Photograph of the SSLFR prototype.

when the solar irradiance is at its highest is close to values of 2 ©
C every 10 minutes.

3.10 Clean water tank

The drinking water storage system will consist of two tanks with
a capacity of 2000 L each. One of the tanks will be used to store
the drinking water produced during the day, whilst the second
tank will be used to cool the drinking water prior to consump-
tion the following day. The clean water tank is made of a rigid
high-density polyethylene with opaque blue color (UV protec-
tion), and has dimensions of 790 mm x 1650 mm x 1850 mm
(width x height x length) and a volume of 2000 L.

3.11 Compressed air system

The compressed air system consists of a compressor, a regu-
lating tank, a filter, a pressure switch and a lubricator. The
advantage that many commercial compressors have is that they
already include all of these elements in the unit. Generic
commercial compressors do not have the ability to compress air
to as low a pressure as the system requires, so a regulating valve
set at 2 bar will be needed. Downstream of the regulating valve
there will be a one-way valve to prevent air loss in case of failure
on the high-pressure side of the regulating valve. The
compressed air system shall also incorporate a safety valve set to
4 bar, to prevent mechanical failure of the system components

o " ’-'0
el D = <
g S.I ' ;
5 ®\.
% 5
93 i 93 i,},’}
186
248

All measurements are in mm

Fig. 4 Secondary reflector system.
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Table 4 An example of a caption to accompany a table

Parameters Value Ref.
N Number of mirrors at each side of the central mirror 12 52 and 53
Wm Mirror width 0.06 m 52-54
Ly Mirror length 2.40 m 52 and 53
d Separation between two mirrors 0.024 m 52 and 53
D Outlet diameter of the absorber tube 0.0486 m 52 and 53
f Height of the receiver 1.50 m 52-55
L, Length of the absorber tube 2.40 m 52 and 53
p Reflectivity of the mirrors 0.94 56
CLy, Cleanliness factors of the mirror 0.96 57
CL, Cleanliness factors of the glass covering the secondary absorber 0.96 57
T Transmissivity of the glass

If a; < 20° 7=10.87 58

If 20° = o; = 30° T=0.85
ap Absorptivity of the absorber tube 0.95 59

in the event of overpressure within the system. The pressure
regulating tank will be connected via pneumatic lines to the top
of the inertia and the disinfection units tanks.

All elements of the compressed air system must be able to
withstand temperatures around 100 °C as the air will also
receive heat input into the tanks. For that reason, these ducts
will also be covered with thermal insulation.

3.12 Control systems

3.12.1 Control system of the SSLFR. The system used for
solar tracking is described in ref. 51. Control systems usually
have several components, in this case consisting of driving
systems, stepper motors, controllers and an electronic control
system. Both driving systems for the secondary reflector system
and the mobile structure are very similar to each other. The
mirror driving system is somewhat different, this transmission
system consists of several driving units. The electrical hardware
consists of three stepper motors and their corresponding
controllers. Shifting to the electronic control system it includes
a master controller (Raspberry Pi 3), slave microcontrollers
(Arduino), a GPS module, thermocouples, laser sensors, trans-
positioning sensors and longitudinal positioning
Sensors.

3.12.2 Control system of the disinfection units. For an
optimal functioning of the system, it is necessary to make
maximum use of the oil flow in the disinfection units, avoiding
that the oil gives up heat to an empty disinfection unit. This
means that the filling and emptying of the two disinfection
units (named A and B) must allow a pasteurization system of
continuous flow.

For this purpose, the control system operates two three-way
solenoid valves (named E31 and E32) allowing the oil to circu-
late, alternating the two disinfection units. In addition, the
control system also actuates four two-way solenoid valves
(named E2A1 and E2A2 for the disinfection unit A and E2B1 and
E2B2 for the disinfection unit B), which allows the filling and
emptying of each of the disinfection units. For this purpose,
several temperature sensors are used to detect when the water
temperature reaches 100 °C for 3 minutes, then the disinfection

versal
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unit A will be emptied, while the oil will start to circulate
through the disinfection unit B.

The objective of the control system is that both disinfection
units remain filled with water at all times of the day, even when
there is no solar irradiation on the SSLFR, to promote a constant
flow operation.

The temperature sensor will be placed in the lower part of
each one of the disinfection units, so when the disinfection unit
is filled and heated up, a slight temperature gradient will be
established in which the mass of water at the highest temper-
ature will be at the top of the disinfection unit, so the mass of
water with a lower temperature will be located in the lower level
of the unit due to difference in densities, caused by the differ-
ence in temperatures. It has been estimated that with the
dimensions and geometrical arrangement of the established
tubes in the disinfection unit, when the temperature of 100 °C is
reached at the bottom, there will be approximately 5 °C more at
the top.

The disinfection units are also equipped with a pressure
gauge to control the pressure and they also have two level
sensors (high level and low level). The flow chart shows the
operation of the system of the disinfection units, which is as
follows:

(i) At the beginning of each day both disinfection units will
be full of the preheated filtered water.

(ii) When the temperature sensors from the disinfection unit
A detect that the water has reached the set temperature of 100 °©
C, the control system will time out 3 minutes. When this
condition is met, the disinfection unit A is emptied.

(iii) When the emptying of the disinfection unit A starts, by
means of the solenoid valve E2A1, the solenoid valves E31 and
E32 are triggered so that the oil starts to circulate through the
disinfection unit B.

(iv) Once the low-level sensor indicates that the disinfection
unit A is empty, the solenoid valve E2A1 closes to then open the
solenoid valve E2A2 so as to fill the disinfection unit A with
preheated filtered water. A level sensor will indicate the filling of
the disinfection unit A, while waiting for the unit to be filled.
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(v) When the temperature sensors from the disinfection unit
B detect that the water has reached the set temperature of 100 °
C, the control system will time out 3 minutes. When this
condition is met, the disinfection unit B is emptied.

(vi) When the emptying of the disinfection unit B starts, by
means of the solenoid valve E2B1, the solenoid valves E3A and
E3B are triggered so that the oil starts to circulate through the
disinfection unit A.

(vii) Once the low-level sensor indicates that the disinfection
unit B is empty, the solenoid valve E2B1 closes to then open the
solenoid valve E2B2 so as to fill the disinfection unit B with
preheated filtered water. A level sensor will indicate the filling of
the disinfection unit B, while waiting for the unit to be filled.

(viii) The process will be repeated and at the end of the day
both disinfection units will be filled with preheated filtered
water.

3.12.3 Control system of the preheated filtered water
inertia tank and clean hot water inertia tank. The objective is to
ensure that at the end of the day the preheated filtered water
inertia tank maintains a water level of at least twice the capacity
of the disinfection units in order to have preheated filtered
water available at the beginning of the next day at the inlet of
the disinfection units.

The emptying of the clean hot water inertia tank matches the
filling of the preheated filtered water inertia tank, for proper
heat exchanger performance. This control of the inflow and
outflow of water is accomplished by controlling the clean hot
water pump and the preheated filtered water pump.

3.13 Connection piping

As the pipes are insulated and their length does not exceed 4 m,
thermal losses are considered to be negligible.

4 Mathematical model

A mathematical model is developed for the proposed system by
applying mass and energy balance equations for each compo-
nent. The general forms of these equations can be expressed
as:*®

Zmin = Zmout (1)
Z(l’l/l X h)in - Z(m X h)out + ZQin - ZQout + W = 0 (2)

where 71 is the mass flow rate in kg s, / is the specific enthalpy
in J kg™, Q is the heat in W and W is the power in W.

To establish the mathematical model, the system is consid-
ered in three components: SSLFR, disinfection unit and heat
exchanger. The schematic diagram of the proposed system is
shown in Fig. 5.

The assumptions made for the modelling of the system are
as follows:

(i) The proposed system operates under steady-state
conditions.

(ii) The water temperature at the outlet of the filtered water
tank is considered to be at ambient temperature. For this
particular design, a temperature of 11 °C was considered.
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(iii) The water temperature at the inlet of the disinfection
unit is considered to be 85 °C or higher.

(iv) The temperature at the outlet of the disinfection unit is
considered to be 101 °C.

(v) The temperature of the clean water at the outlet of the
heat exchanger is 25.87 °C.

(vi) The disinfection unit, the preheated filtered water inertia
tank and the clean hot water inertia tank have an internal
pressure of 2 bar.

(vii) System components do not have heat transfer to the
environment.

(viii) All the pipes are well insulated.

(ix) The pressure drop in the connecting pipes is not taken
into account.

(x) Ambient air properties taken at 20 °C.

(xi) There is no evaporated water.

4.1 SSLFR

The heat transfer from the SSLFR to the disinfection unit,
QssLFR_out, 1S found by:

QSSLFR?out = QSSLFR?in - QSSLFR?loss - Qpiping (3)

where OSSLFRJH is the available heat of the SSLFR working fluid
in W, OSSLFRJOSS is the heat loss of the absorber tube in the
SSLFR in W, Qpiping is the heat loss of the connecting pipes
between the SSLFR and the disinfection unit in W.

The QSSLFR_m can be calculated using the equation proposed
in ref. 60:

Osstrr_in = DNI X 70510 X IAM X Aepp (4)

where DNI is the direct normal irradiance in W m ™2, TNopto 1 the
optical efficiency of the SSLFR for normal incident rays
(dimensionless) (see ref. 60), IAM is the incidence angle modi-
fier (dimensionless) (see ref. 60), and A the effective area
illuminated on the absorber tube by mirror i in m>.

QssLrr_loss can be calculated by means of the correlation
proposed by:**

Preheated filtered
water inertia tank

74
sz:-Fg thermal Preheated filtered
;"3 pun;p water pump
Roe%s Filtered
s’ Disinfection water tank
unit 1
3
10 Clean
Hot clean 9 Heat 44 water tank
water inertia tank "‘@"‘ exchanger
Hot clean
water pump

Fig. 5 Schematic diagram for the mathematical model of the
proposed system.
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Gross = (0.0212vy, — 0.6049)(T, — Tamp) + 0.0135¢; + 0.0072(T, —
Tamp)” — 1.046 x 107° x ¢i(Ty — Tamp) — 9.582 x 107 x ¢ (5)

where goss is the heat loss per absorber tube length in W m™?,
v, is the wind speed in m s, T} is the tube wall temperature
in °C, Tamp is the ambient temperature in °C, and g; is the flux
concentrated in the absorber tube per unit perimeter and tube
length in W m 2. Therefore, Qssirr_10ss €an be calculated:

QSSLFR_loss = qlossLa (6)

where L, is the length of the absorber tube in m.

As the pipes connecting the SSLFR and the disinfection unit
are thermally insulated, Opiping is considered to have a negli-
gible value.

4.2 Disinfection unit

Cold fluid (preheated filtered water) around hot fluid (oil) has
been allocated to reduce energy losses.*® Therefore, the hot fluid
(oil) is supplied through the inner tubes, while the cold fluid
(preheated filtered water) will be placed in the tank. This choice
fulfils the condition: the fluid (oil) with the highest fouling
factor has been placed in the tubes, as they are easier to clean.>

The energy balance in the disinfection unit can be written as
follows:

QDU_out = QSSLFR_out - QDU_conv_i - QDU_cond - QDU_conv_o -
QDU?fouling (7)

where Qpy ou is the heat transfer to the preheated filtered water
in W, OSSLFRJM is the heat transfer through the SSLFR in W,
QDUﬂmU is the convective heat transfer through the side of the
inner tube in W, ODUJODd is the heat transfer by conduction
through the tube wall in W, QDUJOH‘LO is the heat transfer be
convection through the outer side of the tube in W and
QDU_fouling is the heat loss fouling on the inner tube side in W.

Convective heat transfer from the oil to the inner wall of the
tube system take place by forced convection. The Opy cony ; CaN
be calculated by means of the equation:*

OpuU conv._i = Aili(Toit — Twater) (8)

where 4; is the total inlet heat transfer area of tube system in m?,
Toi is the average oil temperature in °C, Tyaer iS the mean
temperature of the water °C, and #; is the inlet heat transfer
coefficient in W m~> °C™". The thermophysical properties of the
oil and water were calculated at mean temperature. The #; can
be calculated:*

_ NuDk
4

h; 9
where Nup, is the Nusselt number, k is the thermal conductivity
of the carbon steel in Wm ™" °C™* (k = 50.98 Wm ' °C™%), and
d; is the inlet diameter in m. Throughout the day and depending
on the solar irradiation received, the system can work in
a laminar or turbulent regime.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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If the system operates in laminar regime (Rep < 2300), the
Hausen correlation shall be used to determine the Nusselt
number:*°

d;
0.065 (Z) RepPr

2
1+0.04 < (%) ReDPr)

where Nup, is the Nusselt number, L is the length of the tube in
m, o is the dynamic viscosity of the oil calculated at wall
temperature in kg ms™ ", u is the dynamic viscosity of the oil
calculated at mean temperature in kg ms™, 7 is the correction
coefficient, Rep, is the Reynolds number, and Pr is the Prandlt
number calculated at mean oil temperature. For laminar
regimes n = —0.11.

If the system is operating in turbulent regime (Rep, > 2300),
the Gnielinski correlation can be used to determine the Nusselt
number,®* this correlation is considered to be the most accurate
in the range of 3000 < Rep, < 5 x 10° and 0.5 < Pr < 2000:%

NuD = 366 =+

i (Rep — 1000)Pr

1
"\ 2 2
1+ 12.7 (%) Pr3 -1

NUD =

0|

where f; is the friction factor. The friction factor in this corre-
lation is obtained from the following Petukhov equation for
smooth tubes:*
/= (0.791In(Rep) — 1.64)~2 (12)
The conductive heat transfer through the wall of the pipe,
QDU_Cond, can be calculated by the equation in ref. 50:

2Lk
In & |
d;

where L is the length of the tube in m, k is the thermal
conductivity of carbon steel in Wm ™ °C™" (k= 50.98 Wm™ "' °
C™), d, is the outlet diameter in m, d; is the inlet diameter in m,
Toi is the average oil temperature in °C, and Tyu¢er is the mean
temperature of water in °C. The thermophysical properties of
the oil and water were calculated at the average temperature.

The heat transfer by convection from the outer wall of the
tube to the water is by natural convection, as there is no external
force moving the fluid. Therefore, the correlations used will be
Saunders and Weise to calculate the outgoing heat transfer
coefficient (h,), because the operating regime is natural
convection around a vertically arranged cylinder:*

Toil - Twaler) (13)

QD U_cond —

Q—DU,conv,e = tho(Toil - Twater) (14)

where 4, is the total outlet heat transfer area of system tubes in
m?, To; is the mean temperature of the oil in °C, Tyqeer is the
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average water temperature in °C, and A, is the outlet heat
transfer coefficient in W m 2 °C™*. The %, can be calculated:*
_ NuLk
L

o (15)
where Nuy, is the Nusselt number, £ is the thermal conductivity
of carbon steel in Wm ™' °C™" (k=50.98 Wm ' °C ™), and L is
the length of the tube in m.

The relation between the Prandlt number and the Grashof
number with the Nusselt number, can be expressed by the
equation:*

Nug, = C(Gr Pr)™” (16)
where Gry, is the Grashof number, Pr is the Prandlt number, C
and m are coefficients depending on the result of the product
between Gry, and Pr.

The Prandlt number is evaluated with the thermophysical
properties of water at the film temperature. The Grashof
number can be calculated:*

 BATgL?

GI'L 2 (1 7]

where g is equal to Tl—m, Ty, is the average water temperature
in °C, AT is the difference between the average pipe wall
temperature and the average water temperature in °C, g is the
gravitational acceleration in m s, L is the length of the tube

in m, » is the kinematic viscosity of water evaluated at the film

temperature in m* s~ .

The coefficients C and m can be calculated:*®
If 10* < (GrPr) < 10°, C = 0.59 and m = 0.25.

1
If 10° < (Gr Pr) < 10", C = 0.13 and m = >
The heat loss due to fouling of the inner walls of the pipe can
be calculated:*

QDU_fouling = TCdiLCf_oil(Toil — Twater) (18)

where d; is the inlet diameter in m, L is the length of the tube in
m, Cr . is the fouling factor in inner side of the tubes in W m2
°C™ ! (Ct oi1 = 0.0006 W m > °C "), Ty is the mean temperature
of the oil in °C, and Tya¢er is the average temperature of water
in °C.

4.3 Heat exchanger

The hot fluid (clean water) is supplied through the inner tubes,
while the shell side is crossed by the cold fluid (filtered water).
The cold fluid around the hot fluid is designated to reduce
energy losses and equipment cost.*® Both fluids are used in
counterflow to maximise the average temperature difference.
Both fluids have a similar fouling factor. Therefore, the prin-
ciple of placing the fluid with the higher fouling factor in the
tubes is not used, as they are easier to clean than the shell in
this case.

In this analysis the fluid inlet and outlet temperatures are
specified by the system design conditions. The heat exchanger
analysis is based in an energy balance:*
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QHE = Q.Hth = QHE?C (19)

where Oy is the heat transfer rate in W, .QHth is the heat
transfer rate of the hot fluid in W, and OH,U is the heat transfer
rate in the cold fluid in W.

These heat transfer rates can be estimated from the
following equations:

Onk_n = 1110Cpw_n(T10 — Th1) (20)

Our_c = 1i:Cpy_ (T3 — T) (21)

where 1, is the cold fluid mass flow rate in kg s, 1y, is the hot
fluid mass flow rate in kg s, Cpw_n and Cp,, . are the heat
capacities of the hot and cold water in J kg™ °C™*, evaluated at
the average temperature, T}, is the hot fluid inlet temperature
in °C, in this case 101 °C, Ty, is the hot fluid outlet temperature
in °C, in this case 25 °C, T, is the cold fluid inlet temperature
in °C, in this case 11 °C, and T; is the cold fluid outlet
temperature in °C, which in this case is 85 °C.

The effectiveness-number of transfer units (e-NTU) method
is used to estimate: the heat transfer area, the number of tubes,
the tube length, the tube diameter, the tube pitch, the tube
layout, the number of shells, the tube passes, etc.

The heat exchanger efficiency (¢) is defined as the ratio
between the actual heat transfer rate of a heat exchanger and
the maximum possible heat transfer rate. Therefore, in this
study can be written as:

MIOprfh(TIO —Tn) n'dszWJ(Ts - Tz)

&= = 22
Cmin(TIO - TZ) Cmin(TIO - Tz) ( )

where Cy;, is the minimum heat capacity rate in J s~* °C™%. In
this case, the heat capacity rates of two fluids are considered to
be the same:

1m10Cpyw_h = m2Cpy ¢ (23)
Eqn (22) can be simplified as:
Tw—T 15— T
e= ( 10 ll): ( 3 2) (24)
(TI(J - TZ) (TIO - TZ)

The number of transfer unit (NTU) is defined as a ratio of the
overall thermal conductance to the lower heat capacity rate:

U4

NTU =
Cmin

(25)

where U is overall heat transfer coefficient in Wm ™2 °C~* and 4
is the heat transfer area in m>.
The U can be calculated:

do (o
1 d d 2™Ma) 1o

E - dihi djhiif + k + h_n * hoff

(26)

where d, is the outlet diameter in m, d; is the inlet diameter in
m, A, is the outlet heat transfer coefficient in W m~2 °C™*, A; is
the inlet heat transfer coefficient in W m™2 °C™ ', h, ¢ is the
outlet fouling heat transfer coefficient in W m~>°C™", &; ¢is the
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inlet fouling heat transfer coefficient in W m > °C™", and k is
the thermal conductivity of carbon steel in W m™" °C™" (k =
50.98 Wm™ " °C™).

To calculate %; and £, it is necessary to know the Reynolds
number. The Reynolds number can be calculated as:

Und,
Rep = Zm™
14

(27)
where up, is the average water velocity in m s, d; is the inlet
diameter in m and » is the kinematic viscosity of the water
evaluated at main temperature in m> s~*. For all the cases
studied, Reynolds number values obtained were well below
2300. Therefore, being in a laminar regime, the Hausen corre-
lation can be used:*

d;
0.065 <Z) RepPr (@) .
d Ak
1+0.04 ( (Z) ReDPr)

where Nup, is the Nusselt number, L is the length of the tube in
m, po is the dynamic viscosity of water calculated at wall
temperature in kg ms™", u is the dynamic viscosity of the water
calculated at average temperature in kg ms ™", 7 is the correction
coefficient, Rep is the Reynolds number, and Pr is the Prandlt
number calculated at mean water temperature. For laminar
regimes n = —0.11.
The A; can be calculated:*°

_ NuDk
4

hi (29)
where Nup, is the Nusselt number, £ is the thermal conductivity
of carbon steel in Wm™ ' °C™* (k=50.98 Wm ' °C™ "), and d; is
the inlet diameter in m. In the same way #, can be
determined.
ho_¢and h; ¢ can be calculated:*
1 1

his his

1 1 2 o —1

If T>50°C,— = -—=10.002 m~ °C W
hig  hig

The relationship between ¢ and NTU* is:

If T <50 °C, =0.001 m?> °C W,

e=1-—¢eNU (30)
And for this particular case it can be written as:*°
~NTU (31)
‘T NTU+1

5 Results and discussion

In this section, the results of a large number of numerical
simulations are presented. The productivity of this system was
calculated by means of 10 min intervals, under different oper-
ating conditions. These operating conditions are beam solar
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irradiance, ambient temperature, thermal fluid flow rate and
water temperature at the outlet of the filtered water tank.

The objective is to estimate the effect of the operating
conditions on the temperature of the thermal fluid from the
SSLFR, the temperature of water in the disinfection unit, the
filling and emptying of inertia tanks, clean water productivity
and daily cumulative clean water productivity. Numerical
simulations were performed using MATLAB code. All the
calculations are based on a sub-hourly distribution of the direct
normal irradiance. The MATLAB code uses the satellite-derived
PVGIS data® to estimate the solar irradiance.

The productivity of the system is significantly affected by the
configuration of the SSLFR used.” In this study, the configu-
ration of the SSLFR that provides the most energy and the
smallest footprint has been chosen.?” The SSLFR we consider in
this section has the parameters listed in Table 4.

5.1 The climatic conditions of the study

The geographical location of the study is in Almeria, Spain,
which has a latitude of 36°50'07”N, longitude of 02°24'08"W and
an altitude of 22 m. This location lies between latitudes 35°N
and 45°N, therefore experiencing significant seasonal varia-
tions. The effect of the weather conditions is considered using
the method proposed by.** Fig. 6 shows the beam solar irradi-
ance on a horizontal surface under the meteorological condi-
tions of Almeria (Spain) regarding the solar time on June 21st
(summer solstice) and December 21st (winter solstice), the best
day of the year and the worst day of the year, respectively. The
beam solar irradiance on a horizontal surface, corresponding to
solar noon, varies from 325 to 798 W m™ 2 The ambient
temperature variation in relation to the solar time on June 21st
and December 21st is shown in Fig. 6. The ambient temperature
varies between 19 and 29 °C at the summer solstice and from 8
to 16 °C at the winter solstice.*®

5.2 Effect of operating conditions on thermal fluid
temperature of the SSLFR

Fig. 7 shows the effect of the operating conditions of the system
on the thermal fluid temperature of the SSLFR, with a thermal
fluid flow rate equal to 2400 L h™". It can be observed that the
temperature of the thermal fluid decreases when the operating
conditions of the disinfection units change. Results show that
maximum values of thermal fluid temperature were 113.7 °C
and 107.8 °C for summer solstice and winter solstice,

—— Summer solstice - - - Summer solstice (O

N :
£ —— Winter solstice - - - Winter solstice %~
S 800 w0 Q@
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< 700 3BT
3 o
3 600 P P S e S o o e 30 @
S 500 F=l= ol = =il =l 243 25&L
T 400 AN 20 9
E 300 L1 === - S~ e e et 15%‘
200 B - = 10 .Q
% 100 o i s 2
ol [S
o o 0
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Fig. 6 Some climatic conditions of Almeria (Spain).
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Fig.7 Effect of the operating conditions on thermal fluid temperature.

respectively, for a thermal fluid flow rate of 2400 L h™". There-
fore, below the design temperature for the heat transfer fluid.
Increasing the heat transfer fluid flow rate will reduce the
thermal fluid temperature.

5.3 Effect of operating conditions on water temperature of
the disinfection unit

The water temperature in the disinfection unit versus solar
hours of the day under different thermal fluid flow rates,
different beam solar irradiances and water temperature at the
outlet of the filtered water tank equal to 12 °C can be seen in
Fig. 8. It should be noted that the recorded values of water
temperature were higher during the summer solstice. It has
been demonstrated that in the central hours of the day, when
solar irradiance is at its highest, the time it takes for the water to
reach a temperature of 101 °C is lower than at the beginning
and end of the day. It is observed that the highest water
temperature values increase with decreasing thermal fluid flow
rate. For thermal fluid flow rates of 2200 L h™" and 2400 L h™"
similar temperature values are obtained.

For a thermal fluid rate of 2400 L h™" in Fig. 9 we can see
a comparison of the water temperature in the disinfection unit
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Fig. 8 Effect of thermal fluid flow rate on water temperature in the
disinfection unit.
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versus the daily solar hours under different temperatures at the
outlet of the filtered water tank and different values of solar
irradiance. It is observed that the water temperature at the
outlet of the filtered water tank has no appreciable influence on
the highest water temperature values. It is noticed that at the
end of the day the water temperature is higher than 96 °C,
facilitating the next day's operation, since the water tempera-
ture at the inlet of the designed disinfection unit is considered
equal or higher than 85 °C.

5.4 Effect of operating conditions on filling and emptying of
inertia tanks

Fig. 10 shows the effect of the operating conditions on the filling
and emptying of the inertia tanks, with a thermal fluid rate
equal to 2400 L h™". The results show that the maximum filling
values of the preheated filtered water inertia tank were 765.7 L
and 780.2 L for the summer solstice and winter solstice
respectively, for a thermal fluid flow rate of 2400 L h™". On the
other hand, the maximum filling values of the clean hot water
inertia tank were 730.4 L and 610.4 L for the summer and winter
solstice, respectively. It can be seen that the level reached by the
tanks is always lower than the total capacity of the tanks (800 L).
This is due to the fact that the filling of one of the tanks overlaps
with the emptying of the other.

5.5 Effect of operating conditions on clean water
productivity

In Fig. 11 we can see a comparison between the productivity of
clean water, different thermal fluid flow rates and different
beam solar irradiances for a temperature of 12 °C at the outlet of
the filtered water tank. It remains the case that for a thermal
fluid flow rates of 2200 L h~* and 2400 L h~* similar clean water
productivity values are obtained. It is observed that for

a) Summer solstice
—12°C s 16,96

| / I 1/] ]

L/ L]

| I 1]
|
|

—20°C

~

tu
8
<
= -

/
|
|
|
I

|
|

10:00 12:00 14:00 16:00 18.00 20:00 22:00 24:00
Solar time (h)

|
| /
| |
| |
| |
| |

0:00 2:00 4:00 6:00 800

b) Winter solstice

——8°C 12°C —16°C s 20°C

i

1/
o % tf
= 14

LD
<

/
|
]
|

0:00 2:00 4:00 6:00 800 10:00 12:00 14:.00 16:00 18.00 20:00 22:00 24:00

Solar time (h)

Fig. 9 Effect of water temperature at the outlet of the filtered water
tank on water temperature in the disinfection unit.
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a thermal fluid flow rate of 2400 L h™", clean water production
starts approximately 2 hours earlier than for higher thermal
fluid flow rates and ends 1 hour earlier at summer solstice. On
the other hand, at winter solstice, the start of clean water
production is similar for all thermal fluid flows. Clearly, the
maximum clean water productivity is correlated with the
maximum solar irradiance. It can be observed that the water
level reached by the disinfection units is lower than the capacity
of the disinfection units (200 L).

In Fig. 12, for a thermal fluid flow rate equal to 2400 L h™*,
we can observe a comparison between the clean water produc-
tivity versus daily solar hours, under different water tempera-
tures at the outlet of the filtered water tank and different beam
solar irradiances. It is observed that the water temperature at
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Fig. 11 Effect of thermal fluid flow rate on clean water productivity.
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the outlet of the filtered water tank has no appreciable influence
on the productivity of the clean water.

For a thermal fluid flow rate of 2400 L h™" the maximum
daily accumulated clean water productivity values were 357.14 L
m~> day ' and 198.41 L m~? day ' for summer solstice and
winter solstice respectively.

5.6 Effect of operating conditions on daily cumulative clean
water productivity

The cumulative daily productivity of clean water versus the daily
solar hours under different thermal fluid flow rates, different
beam solar irradiance for a water temperature equal to 12 °C at
the outlet of the filtered water tank is shown in Fig. 13. It
continues to be the case that for a thermal fluid flow rate of
2200 L h™" and 2400 L h™", similar values of cumulative daily
productivity of clean water. For a thermal fluid flow rate of
2400 L h™', the results show that the effect on the daily accu-
mulated clean water productivity leads to a maximum value of
1800 L for the summer solstice and 1000 L for the winter
solstice. The efficiency of the proposed system was 0.48 for the
summer solstice and 0.45 for the winter solstice. For thermal
fluid flow rates above 2400 L h™", the daily cumulative clean
water productivity decreases.

In Fig. 14, for a thermal fluid flow rate equal to 2400 L h™",
we can observe the daily accumulated productivity of clean
water versus the daily solar hours under different water
temperatures at the outlet of the filtered water tank and
different solar irradiations of the filtered water tank. The effect
of the water temperature at the outlet of the filtered water tank
on the cumulative daily productivity of clean water has no
appreciable influence. This is due to the fact that the inlet water
temperature to the preheated filtered water inertia tank ins
higher than the designed temperature.
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Fig. 12 Effect of water temperature at the outlet of the filtered water
tank on clean water productivity.
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6 Conclusions

This paper describes the details of the design of a solar water
disinfection system based on a small-scale linear Fresnel
reflector. The proposed system consists of a small-scale linear
Fresnel reflector, filtration system, two disinfection units, a heat
exchanger, a compressed air system and the control system. The
small-scale linear Fresnel reflector reflects and concentrates the
solar beam irradiance on the outer surface of the absorber tube.
The contaminated water is filtered into the filtration system. In
the heat exchanger, the filtered water is preheated and the hot
clean water is cooled. In the disinfection units, the preheated
filtered water is heated up to the temperature of 100 °C for three
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minutes. A detailed mathematical model has been developed
and solved through an iterative procedure. The system has been
studied under different operating conditions, such as beam
solar irradiance, ambient temperature, thermal fluid flow rate
and water temperature at the outlet of the filtered water tank.
The performance of the system has been studied as a function
of the temperature of the thermal fluid of the small-scale linear
Fresnel reflector, the temperature of water in the disinfection
unit, clean water productivity and daily cumulative clean water
productivity. The results reveal that (i) for thermal fluid flow
rates of 2200 L h" and 2400 L h™* similar values of small-scale
linear Fresnel reflector thermal fluid temperature, disinfection
unit water temperature, clean water productivity and daily
cumulative clean water productivity are obtained; (ii) small-
scale linear Fresnel reflector thermal fluid temperature, disin-
fection unit water temperature, clean water productivity and
daily cumulative clean water productivity decreased with
increasing thermal fluid flow rate above 2400 L h™%; (iii) water
temperature at the outlet of the filtered water tank between 8
and 20 °C does not influence the small-scale linear Fresnel
reflector thermal fluid temperature values, disinfection unit
water temperature, clean water productivity and daily cumula-
tive clean water productivity; (iv) for a thermal fluid flow rate of
2400 L h™" the maximum daily accumulated clean water
productivity values were 357.14 L m > day " and 198.41 L m >
day " for summer solstice and winter solstice respectively. The
inclusion of a heat exchanger in this system significantly
increases its productivity. It is concluded that the proposed
solar system offers an environmentally friendly method of water
disinfection. The use of this solar water disinfection system in
other parts of the world will be studied in the near future.
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