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Abstract: Water pasteurization has the potential to overcome some of the drawbacks of more
conventional disinfection techniques such as chlorination, ozonation and ultraviolet radiation
treatment. However, the high throughput of community water systems requires energy-intensive
processes, and renewable energy sources have the potential to improve the sustainability of water
pasteurization plants. In case of water pasteurization by solar thermal treatment, the continuity of
operation is limited by the intermittent availability of the solar irradiance. Here we show that this
problem can be addressed by a proper design of the plant layout, which includes a thermal energy
storage system and an auxiliary gas boiler. Based on a target pasteurization protocol validated by
experiments, a complete lumped-component model of the plant is developed and used to determine
the operating parameters and size of the components for a given delivery flow rate. Finally, we report
an economic analysis of the proposed plant layout, which allows its optimization for different
scenarios based on two design variables, namely the solar multiple and the duration of the thermal
energy storage. Based on the analyzed cases, it is found that the proposed plant layouts may yield a

unit cost of water treatment ranging from ~32 EUR-cents m > to ~25 EUR-cents m 3.

Keywords: water treatment; pasteurization; solar thermal energy; thermal energy storage

1. Introduction

High quality standards for drinkable water supply are essential to health protection and personal
hygiene [1]. Securing safety of drinking water is particularly critical in large-scale community
distribution, to prevent outbreaks of waterborne diseases [2]. Community water systems, in general,
mostly resort to groundwater sources, where the major contaminants may include: heavy metals,
such as arsenic, cadmium, chromium, nickel and lead; organic compounds, such as chloroform,
gasoline, pesticides and herbicides; pathogens, such as protozoa, bacteria and viruses and emerging
pollutants [3-5]. Water treatment lines must be then properly designed to eliminate specific target
contaminants, which generally require different purification techniques and protocols [6-8]. In this
sense, microbiological inactivation—i.e., disinfection—accounts for most violations with respect to the
prescribed quality standards [3].

Conventional water disinfection technologies rely on chlorination, ozonation and treatment by
ultraviolet (UV) radiation [9]. Chlorination is one of the most effective techniques and, thanks to the
reduced operational costs, is widely adopted. Water disinfection is obtained by the hypochlorous acid
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formed from chlorine when introduced in water. However, chlorination may give rise to disinfection
by-products that could be harmful to the human health and environment, besides affecting the
taste and smell of the treated water [10,11]. Ozonation represents a valid alternative to chlorination,
thanks to its increased effectiveness against viruses and bacteria. In addition, ozone increases the
dissolved oxygen, improving the water quality. However, ozone is corrosive, extremely irritating and
eventually toxic, very sensitive to dosages and not cheap [12,13]. Finally, UV treatment inactivates
the exposed microorganisms and viruses by damaging their DNA/RNA, which reduces their
functionality and ability to reproduce. This treatment has the advantage to avoid harmful by-products;
however, it requires important capital and operational costs for electricity and consumables [14,15].

An alternative method to overcome some of the drawbacks of the previous techniques relies on the
use of heat for water treatment, commonly known as pasteurization. This method has been traditionally
adopted for inactivation of pathogens and microorganisms in milk and food. Heating is indeed
effective in eliminating pathogens; however, this effectiveness strongly depends on the treatment
temperature and exposure time [16,17]. The high throughput of modern systems for community water
treatment typically requires short treatment times, thus resulting in higher temperatures and thus
energy-intensive processes. In this sense, renewable energy sources and waste-heat recovery have
the potential to reduce the environmental footprint and allow design of sustainable water treatments,
as already demonstrated in a variety of different applications [18-23].

In the case of solar thermal energy, continuous water processing is limited by the intermittent
availability of the solar irradiance. This issue can be overcome using thermal energy storage [24-26]
and ancillary power units, opportunely integrated in the plant layout. In this view, here we develop
a complete lumped-component model of large-scale solar thermal water disinfection based on a
pasteurization protocol validated by experiments. This model is employed to size the components
of the plant and determine its operating parameters given the mass flow rate of water to be treated.
We also report an economic analysis of the proposed plant layout, which allows to optimize the unit
cost of water purification based on specific design variables.

The article is organized as follows. In Section 2 we first select and experimentally test the
target pasteurization protocol. In Section 3 we develop the plant model and discuss its technical
implementation. Section 4 is dedicated to the economic analysis of the proposed solutions for different
possible scenarios. Finally, the conclusions are drawn in Section 5.

2. Experimental Pasteurization Tests

The starting point for the design and optimization of the solar thermal plant for water treatment
is the identification of the target operating parameters for the pasteurization protocol. In this section,
we experimentally test the effectiveness of different protocols for water pasteurization, which will
be then employed to build the lumped-component model of the plant. The key parameters, that is,
the treatment temperature and the residence time, are commonly chosen according to the Safety Zone
in the temperature-time diagram for water pasteurization [27], which allows to easily identify the
proper treatment to be adopted according to the target pathogens to inactivate. Here, we consider
one point on the inactivation curve for enteric viruses (540 s at 70 °C), which is the most conservative
choice for short-time pasteurization processes, and other three points obtained by regression at higher
temperatures (114 s at 75 °C, 30 s at 80 °C and 8 s at 85 °C).

The set up for the experimental tests has been designed considering two main requirements: water
has to be maintained at uniform temperature during the pasteurization; the heating up phase of water
to the treatment temperature has to be fast, to avoid spurious effects on the observed disinfection results.
The equipment for the experimental pasteurization tests is shown in Figure 1 (left). Four aluminum test
tubes—positioned into a tailor-made 3D-printed bracket (1) to easily handle the water samples during
the experiment (see a detail of the CAD drawing in the inset)—allow to carry out four repetitions per
test. Each tube is filled with a reduced amount of sample water per test (10 mL) to reduce thermal
inertia during the tests. The temperature of each sample is measured using a thermocouple (K-type,
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RS Pro [28]; temperature range —75 to 260 °C and accuracy £1.5 °C), which is positioned at the center
of the water sample using a tailor-made 3-D printed gasket. This latter gasket has been designed
to hold the tip of the thermocouple in the bulk water, thus measuring the mean temperature of the
sample. All the thermocouples are connected to a laptop (4) for digital acquisition of the temperature
signals (LabVIEW(Q), National Instruments, Austin, TX, USA). The water samples are first heated up
quickly to the target treatment temperature using a (2) thermostatic water bath (CORIO CD-300F,
Julabo, Seelbach, Germany), which is maintained at a controlled temperature of 95 °C. The samples
are then quickly moved into (3) an industrial furnace for thermostatic applications (TypeM120-VE,
MPM Instruments, Bernareggio, Italy), which is maintained at the tested treatment temperature and
used for the pasteurization. After the target resident time, an ice bucket is used to cool down the
water samples to the environment temperature. Each test is repeated three times, in order to obtain
the necessary amount of water for the microbiological analysis of the results (provided by the SMAT
laboratories in Torino, Italy). All the tools in contact with the water samples (i.e., aluminum tubes,
thermocouples and related brackets) are sanitized after each test, by immersing them for 120 s into a
beaker filled with 700 mL of water maintained at a constant temperature of 95 °C thanks to a (5) digital
hot plate stirrer (AREX Digital, VELP Scientifica, Usmate Velate MB, Italy).
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Figure 1. (Left) Overview of the equipment for the experimental tests: (1) aluminum test tubes and
tailor-made 3D-printed holder (detail of the CAD drawing in the inset); (2) thermostatic water bath
(CORIO CD-300F, Julabo); (3) industrial furnace for thermostatic applications (TypeM120-VE, MPM
Instruments); (4) laptop for data acquisition; (5) digital hot plate stirrer (AREX Digital, VELP Scientifica)
for sanitation of the test tubes after each test. (Right) Temperature of the samples during the disinfection
tests for the four considered pasteurization protocols, namely 540 s at 70 °C, 114sat75 °C, 30 s at
80 °Cand 8sat 85 °C. The solid lines show the mean temperature obtained for each pasteurization
protocol (four repetitions each), while the related transparent bands the range between the minimum
and maximum values.

The temperature of the water samples during the experimental tests for the four selected
pasteurization protocols are shown in Figure 1 (right). The solid lines represent the average value of
the four repetitions for one protocol, while the semi-transparent band the minimum-maximum range
observed. The three stages of the adopted thermal protocol can be clearly noticed from the reported
temperature transients. The steep initial temperature increase corresponds to the rapid pre-heating in
the thermostatic bath, followed by the pasteurization in the oven at nearly constant temperature and
by the fast cooling to ambient conditions. Notice that, in the experiments, the average pasteurization
temperature is kept for at least 582 s at ~71 °C, 185 s at ~76 °C, 60 s at ~81 °C and 23 s at =85 °C,
therefore achieving the target treatment time with some tolerance.

The bacterial load (in terms of total coliforms and Escherichia coli) is provided according to
the Most Probable Number (MPN [29]) method using a Colilert Quanti-Tray 2000 assay (IDEXX).
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Starting from an initial bacterial load in the raw water samples (taken from the Po river in Torino) of
2419.6 and 143.9 MPN of total coliforms and Escherichia coli per 100 mL, respectively, the results of
the microbiological analysis on the treated samples show no residual bacteria in all cases (up to the
detection limit of the tests, i.e., <1 MPN /100 mL). Therefore, each pasteurization protocol confirms its
effectiveness in eliminating water pathogens. In the following, we adopt the 114 s at 75 °C protocol for
the model design of the plant, since it represents a good compromise between the required temperature
and resident time to be realized in a solar thermal plant.

3. Plant Model Design

An overview of the plant layout for the solar thermal water treatment is shown in Figure 2.
The pasteurization takes place in the coil immersed in the thermal energy storage tank, where the
target treatment temperature must be maintained. The required thermal energy is provided by the
solar thermal collectors together with an auxiliary boiler, which is employed as backup heat supplier
to levelize the intermittent nature of solar source. To reduce the utilization of the auxiliary boiler and
better exploit the intermittent solar source, the system includes a sensible heat storage [30] system that
allows to maintain a constant temperature for the pasteurization. A plate heat exchanger is used to
recover the waste-heat from the treated water and pre-heat the raw water inflow. In the following,
we analyze each component of the plant, set up and test the related Simulink® model block, and finally
merge all the blocks into the complete model of the plant.

THERMAL ENERGY STOGRAGE
AUXILIARY BGILER

r\/,\ PLATE HEAT EXCHANGER

NATURAL GAS [

— )

O 1= ]

p ) RAW WATER
L\ ¢ D TREATED WATER
N %7\/
(LTI IIITIIITTT]
oo ]
SOLAR FIELD

Figure 2. Overview of the plant layout, which consists of: a solar field for primary solar thermal energy
collection; an auxiliary gas burner to overcome the intermittent nature of the solar resource; a central
treatment unit for the pasteurization, which also serves as heat storage system; a plate heat exchanger
for waste-heat recovery and pre-heating of the water to be treated.

3.1. Solar Field

For the solar field, we have considered evacuated-tube solar collectors (Sky Pro 18 Advanced
CPC, by Kloben Industries) with Compound Parabolic Concentrator (CPC). These collectors show low
sensitivity of their efficiency with respect to external temperature variations, since the vacuum between
the absorber and the glass envelope allows to reduce convective losses. The outlet temperature of the
heat transfer fluid Ty o, can be computed via an energy balance on the collector, that is

Dy
Tsf,out = Tsf,in + i r ’ 1)
sf-p
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where Ty j,, is the inlet temperature and 715 the mass-flow rate of the heat transfer fluid. The useful
output thermal power of the solar field ®;; is obtained as

Dsr = 1olsAsp — Ppysp, 2)

where 1, = 0.72 is the optical efficiency of the collectors taken from the data-sheet provided by the
manufacturer [31], I; is the normal solar irradiance for Torino (Italy) obtained on hourly basis from
PVGIS [32,33] and Agy is the total aperture area of the collectors. The thermal losses @y, ;¢ have been
obtained for each value of the incoming irradiance following an iterative procedure, to match the
useful power as a function of the mean temperature inside the collector provided in the available
data-sheet [31].

3.2. Auxiliary Gas Burner

The gas burner is designed to provide the necessary thermal power to the treatment unit when
an insufficient heat supply is available from the solar field (e.g., during the night hours) or from the
stored thermal energy. The gas burner supplies a thermal power equal to

cng = mgb Cp (Tgb,out - Tgb,in)/ (3)

where Ty, ;, is the inlet temperature and riig;, the mass-flow rate of the heat transfer fluid. In the
implemented model, the gas burner is designed to keep constant the outlet temperature of the heat
transfer fluid Ty, by means of a thermostatic controller. The related natural gas consumption is
tiigas = Pgp/ (1gp Hi), being 17g5 = 0.94 [34,35] the efficiency of the gas burner and H; = 35.9 MJ Nm 3
the lower heating value of the natural gas.

3.3. Plate Heat Exchanger

The plate heat exchanger in the plant operates as an economizer, recovering the waste-heat
available from the outgoing treated water to pre-heat the incoming raw water. Therefore, this
component plays a key role to improve the energy efficiency of the plant. Considering the
possible large mass-flow rates of water to be treated, a plate heat exchanger has been chosen
to this purpose. This solution allows to combine the compactness of the component with good
heat exchange performance and modularity. The heat exchanger has been designed considering
a counter-flow configuration, and the net exchanged thermal power obtained from the Number
of Transfer Units (NTU) method [36], since the outlet temperatures of the hot and cold sides are
initially unknown. Considering a constant flow rate and neglecting variations in specific heat,
the effectiveness—i.e., the ratio between the actual and maximum exchangeable power—is defined as

=5 4)

where NTU = UAjy/Cpin, U is the overall thermal transmittance, Ay, the heat exchange surface
and C,,;, = ritc, the minimum heat capacity rate between the two cross-flowing fluids, being c;, the
specific heat capacity at constant pressure. In the considered operating conditions, the heat capacity
rates of the fluids that exchange heat are approximately equal, that is C,,;;, = Cyax, since the mass-flow
rate is the same (11 = ni,, namely the water to be treated) and the specific heat capacities are similar
due to the limited temperature difference between the fluids. Hence, C; = Cpi;, / Ciax =~ 1 and thus

NTU

e N TENTU ©
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The overall thermal transmittance of the heat exchanger depends on the convective heat transfer
coefficients on the hot and cold sides («;, and «., respectively), on the thickness (s) and thermal
conductivity (A) of the plates, and on the fouling resistance (Ry) as

1 s 1 !
U=|—+-+—+R . 6
(ac+)»+o<h+ f> (6)

The convective heat transfer coefficient on the hot and cold sides is evaluated using the following
correlation for the Nusselt number, that is [37]

0.14
Nu = 22— 01449 Re?8414 py035 (”) ) )

which is valid for the chevron angle assumed in this work, that is § = 60°/60°. The Reynolds and
Prandtl numbers are Re = pvD/p and Pr = pcp/ Ay, being p, p and Ay the density, dynamic viscosity
and thermal conductivity of the fluid at the mean temperature, and D the characteristic dimension
of the flow assumed here to be the distance between the plates. The dynamic viscosity at the wall
temperature i, has been calculated considering a wall temperature equal to the mean value between
the temperatures of the hot and cold flows. The fluid velocity v has been computed from the mass-flow
rate considering the available cross-sectional area, that is Ac = Ns,L (being N the number of ducts,
sp the plate spacing and L the width of the plate).
The pre-heating heat flux can be finally obtained as

q)hex = €hex Cmin(Thot,in - Tcold,in)/ (8)

which straightforwardly also provides the outlet temperatures of the heat exchanger.
The pressure drop across the heat exchanger has been evaluated as [38]

wear () (55) () "

with f being the friction factor, L, the length of the plate estimated as the port-to-port distance, N, the
number of passes (equal to one for the heat exchanger examined) and G the mass-flow velocity (ratio
between the mass-flow rate and the cross sectional area). The friction factor has been estimated as
f = 2.5/Re%3 [39]. Note that, the pressure drop in the ports of the ducts has been assumed to be
negligible compared to the channel pressure drop, and thus omitted.

3.4. Heating Coils

The thermal energy storage allocates three different heating coils: two of them are connected to
the energy sources (i.e., the solar field and the gas burner), while the third, connected to the plate heat
exchanger, is dedicated to the pasteurization. In the limit C, ~ 0, the effectiveness can be obtained
as [36]

g=1—e¢ NU, (10)

The overall thermal transmittance U of the heating coils is computed as

1 In(de/d;) 1 \7!
= 11
u (IXI'AZ' + 27T)LLC + DceAg ! ( )

being a; and A; the internal heat transfer coefficient and surface, d;, d. and L. respectively the internal
and external diameter and length of the coils, A the thermal conductivity of the pipe, and a, and A,
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the external heat transfer coefficient and surface. The Nusselt number inside the tubes is in this case
computed as [40]

0.14
Nu = 0.015 Re%8 pr0-42 (;’) ) (12)
w

while the Nusselt number on the outer part of the tubes [41]

2
1/6
Nu= |06+ LA - (13)
(1 +(0.559/Pr)*’ 16)
with Rayleigh number given by [41]
Ra — .BgD? (Twall,ext - TOO) Pl (14)

HK

where £ is the volume expansion coefficient, g is the gravitational acceleration, Dy is the characteristic
dimension, which in this case is assumed to be the external diameter of the tank, Tw is the temperature
of the fluid far from the wall (quiescent temperature) and x the thermal diffusivity of the fluid.
The external wall temperature has been computed as

Twattext = Tint — (Rint + Repan) ®, (15)

being Tj,; the internal temperature of the fluid, R;,; the internal convective thermal resistance,
Ryyan1 the material thermal resistance and & the exchanged thermal power. In this case, an iterative
procedure on thermal power and external convective heat transfer coefficient is adopted to obtain the
wall temperature.

3.5. Pumping System and Pipe Losses

The shaft power required by the pumps depends on the mass-flow rate and on the total head
losses as P, = ni1 g H/11, (with 17, being the efficiency of the pump). The total head has been evaluated
as [42]

H=~ (’;j) L (16)

with v = 0.00164 4 0.000042/d being the friction factor, d the inner tube diameter, n = 5.08 the
exponent used for the considered pipes and L the total length of the piping, which is the sum of the
physical length and the equivalent one. This last term, which takes into account the concentrated head
losses, has been assumed equal to 10% of the real length [42]. The piping extension on the treatment
line has been evaluated considering the whole length of the heating coils.

The pump for the solar field has been sized considering the length of the piping within the solar
collectors. The solar collectors manufacturer suggests a minimum value for the mass flow rate of
fity = 0.6 L m~2 min~! in order to avoid an excessively overheating of the aqueous coolant [31].
Starting from this value, the mass-flow rate in the solar field can be evaluated as 7 £ = 1o Ac N¢, being
A¢ the cross-sectional area of the collector and N, the number of collectors. The pump is activated only
if two conditions are met, namely the solar radiation is present and the temperature of the storage
system is below an upper threshold (95 °C). This latter condition is important to prevent the thermal
storage temperature from exceeding the maximum value. The pump for the gas burner, on the other
hand, is activated to provide the required mass-flow rate to the burner only if the temperature of the
storage system is below a lower threshold (85 °C).

The heat dissipated from the piping has been calculated iteratively starting from the data sheet
provided by the manufacturer, in which the thermal losses per unit length are listed as a function of
the pipe diameter.
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3.6. Treatment Unit

The main treatment unit consists of a hot water storage tank which accommodates the heating
coil employed for pasteurization purposes. Given that the solar irradiance varies during the day while
the thermal power required for the water treatment is constant, the unit is designed to also serve as a
thermal energy storage system for the excess solar thermal energy. The energy balance for this unit
yields the thermal power available for pasteurization ®, as

dE; 1ok
q)sf,u + q)gb,u = (ll;:m) + q)hl,tu + Dy, (17)
tu
where
chf,u = 1sf,pipe €sf coil chf (18)
q)gh,u = Ygb,pipe €gb,coil q)gb 19)

are respectively the useful heat power from the solar field and auxiliary gas burner, which are reduced
by the thermal losses from the pipe lines through the efficiency 7,;,. and by the heat exchange efficiency
£c0i1 Of the coils. The time-derivative of the internal energy L; ;,,x accounts for the heat storage in
the tank (treatment unit). ®;;, quantifies the thermal losses from the tank towards the external
environment, which are evaluated as

cI>hl,tu = uAtzmk (Ttank - Tenv)/ (20)

being U the overall thermal transmittance between the inner tank and the surrounding ambient,
Ayank the external surface of the tank, Ty, the mean temperature of water inside the tank and T, the
environment temperature. Considering a tank made of concrete with a 100 mm thick rockwool layer
insulation, the mean value of the thermal transmittance has been estimated as U = 0.31 W m—2 K1,

3.7. Lumped-Component Plant Model

A dedicated lumped-component model of the solar thermal water treatment plant has been
developed in the Simulink® environment implementing the equations previously described, in order
to simulate the performance of the plant during a whole year (see Figure 3 for an overview of the
complete model). The model allows to evaluate the main operative parameters, such as temperatures,
water flow rates and heat exchanged inside the various components using iterative procedures. In this
study, four water treatment capacities have been investigated for the simulated plant, namely 50 L s~
(i-e., 4320 m3 day~ 1), 100 L s~! (i.e., 8640 m3 day~!), 250 L s~ ! (i.e., 21,600 m3 day~') and 500 L s~
(i.e., 43,200 m3 day ).

Figure 4a shows the contribution of the solar field with respect to the total thermal energy required
for the water treatment in terms of the f;s factor, which is defined as [43]

fs= (Dsf/(CDSf +cI)gb)r (21)

and the obtained treatment temperature during the year for the considered pasteurization protocol
(114 s at 75 °C). According to the design condition imposed, the treatment temperature is always
above 75 °C, and its nearly constant trend proves that the activation logic of the gas burner correctly
provides the auxiliary thermal power to the thermal storage system when the solar field is not enough
for driving the water pasteurization. In detail, the major contribution from the solar field is obtained
during the summer period (i.e., approximately from May to September). Instead, during the winter
period (from September to May), lower values in the available hourly solar irradiance for the chosen
location of the plant (Torino, Italy) imply larger utilization of the gas burner, with a consequent
higher value of the power provided by the natural gas usage and reduction of the f; factor. The wide
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distribution of the f; factor during the day would imply continuous switch-on/switch-off of the

gas burner; however, the adopted system for thermal storage has been thought indeed to avoid this
continuous transient operation of the gas burner.
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Figure 3. Overview of the Simulink® lumped- model of the solar pasteurization plant. Solar field, gas

burner, heat exchanger and storage tank subsystems are identified with yellow, red, blue and green,
respectively.
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Figure 4. Results of the numerical model: (a) fs factor (blue dots) and treatment temperature (red solid
line); (b) mean temperature of the water to be treated during its passage throughout the plant. The red
and blue sections highlight respectively the pre-heating and post-cooling of the fluid through the plate
heat exchanger, which acts as an economizer. The results refer to the 250 L s ! plant capacity.

On the other hand, Figure 4b shows the temperature of the treated water during its passage
throughout the treatment line. First, the water temperature rises quickly in the plate heat exchanger
during the pre-heating phase, from the ambient temperature to 70 °C. The temperature is then further
increased inside the treatment coil, where water is maintained above 75 °C for about 170 s, to comply
with the target pasteurization protocol. Finally, the treated water exits the circuit through the heat

exchanger, where temperature drops to ambient conditions as heat is recovered and used to pre-heat
the incoming raw water inflow.



Appl. Sci. 2020, 10, 4771 10 0f 18

4. Cost Estimation Model

The two parameters that are most commonly used to find the optimal configuration of solar
thermal plants are the solar multiple and the thermal energy storage duration [44—46]. The solar
multiple (SM) can be defined as the ratio between the effective aperture area of the collectors and
that that would be required to obtain the target output power [44]. From its definition, it follows that
SM > 1 represents an oversized solar field, while SM < 1 an undersized one. On the other hand,
the thermal energy storage (TES) duration represents the time for which the storage system should be
able to provide the required power without intervention of the primary energy sources (i.e., solar field
or gas burner, in this case). Therefore, the heat storage system increases the flexibility of the plant.
In the following sub-sections, we first detail the calculations of the different contributions to the total
cost of the plant, and then discuss the possible plant optimization based on the previously mentioned
parameters, namely the solar multiple and TES duration.

4.1. Capital Costs

The estimation of the capital cost for the simulated solar thermal pasteurization plant can
be obtained using either the typical cost estimations methods available in the literature or the
communicated costs from possible suppliers.

First, the cost analysis proposed by Turton et al. [47] has been considered for the costs of the tank,
heating coils, pumps and gas burner. The overall installation cost, which includes direct and indirect
expenses, for each component can be estimated as

Cpm = Cy (B1+ B2 Fy Fp)@, (22)
2001

where By and B, are coefficients depending on the type of component, while Fj; and Fp are corrective
factors related respectively to construction materials and operating pressure. While for the heating
coils and pumps these parameters are provided separately (see Table 1), the cost of the tank and gas
burner is given as a function of Fgy; = By + By Fy Fp. The ratio Ipg1s/ Irpo1 is used to take into account
the changing value of money over time, and allows to estimate the current capital expenses using the
purchase cost curves valid for a reference year (i.e., 2001 in this case [47]). The values Ipy1g and Iy
are obtained based on the chemical engineering plant cost index (CEPCI) of 567.5 (for 2018) and 397
for the reference year. The base cost Cg of each component has been evaluated as

log Cg = ky + ko log A + k3 (log A)z, (23)

where kq, ky and k3 are factors depending on the equipment type, while A is a parameter related to the
size of the component (see Table 1).

Table 1. Coefficients used for the capital cost evaluation of some components of the solar thermal
pasteurization plant. Note that, for the tank and gas burner, Fgy, is directly provided [47].

Component k] kz k3 By By Fp Fv Fgpm
Tank 48509 —0.3973  0.1445 - - - - 1.10
Heating coils  4.1884 —0.2503 0.1974 1.63 1.66 1.00 1.00 -
Pumps 3.3892  0.0536 01538 1.89 135 1.00 1.00 -
Gas burner 2.0829 09074  —0.0243 - - - - 2.19

Second, the cost of the solar field has been considered equal to 335 EUR m~2, as provided by
the manufacturer (Sky Pro 18 Advanced CPC, by Kloben Industries). The unit price of the plate heat
exchanger, instead, has been considered to range from 506 EUR m~2 to 230 EUR m~? depending on
the considered size of the plant, as indicated by a possible supplier (125-BFG, by Alfa Laval).
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Figure 5 shows the contribution of the different components to the overall capital cost of a plant
with 250 L. s~ 1 capacity and different solar multiples (SM = 0.5, SM = 1.0, SM = 2.0 and SM = 3.0). In all
the four cases, the duration of the thermal energy storage has been considered equal to 12 h. The most
expensive component of the facility is found to be the solar field, which contributes for a percentage
between 49.3% and 85.2% to the total capital cost. Other important contributions to the total cost are
represented by the thermal storage system and gas burner, while the economizer and pumps account
for a minor share.

I Solar Field [ Thermal Storage [ Gas Burner Heat Exchanger M Pumps

(b)

5.1%
SM=0.5 SM=1.0
(c) (d)
0.7% 0.6% —
&1%4// 4.6% ZZ%J/:
SM=2.0 3.3% SM=3.0

Figure 5. Components percentage values on the facility cost for various SM values: (a) SM = 0.5;
(b) SM = 1.0; (¢c) SM = 2.0; (d) SM = 3.0. The duration of the thermal energy storage has been
considered equal to 12 h, the capacity of the plant equal to 250 L s~ 1.

4.2. Operating Costs

The operating costs of the plant are given by the sum of the expenses related to natural
gas (auxiliary gas burner) and electricity (pumps) consumption. Here, these operating costs are
estimated as

Cgp = CngMng ~+ ¢, Eel, (24)

where ¢, and ¢, are respectively the unit cost of natural gas and electricity, Mj,¢ is the gas consumption
and E,; the electrical energy’s one. Regarding electricity consumption, the primary water recirculating
pumps, the one of solar field and the boiler’s pumping groups have been considered. The operating
costs have been estimated using the results of the simulations with the considered pasteurization
protocol, with energy prices taken from Eurostat database [48].

4.3. Insurance and Maintenance Costs

The maintenance C,,;;;, and insurance Cj,;5 costs are due to the work and materials required
for fixing breakdowns and by insurance contracts, respectively. Pitz-Paal et al. [49] investigated a
large number of facilities, providing an accurate assessment of the maintenance costs, which can be
considered equal to 1.5-2.0% of the capital expenses. In the last years, more recent studies [44,45,50]
proved that this value has decreased, and it is now often between 0.5% and 1.5%, in most cases not
even exceeding 1.0%. In this work, a value of 1.0% has been assumed.
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4.4. Total Costs

The assessment of the optimal configuration and operation of the plant is based on the yearly
running costs, which can be obtained as

Crot = Cop + Cinain + Cins + Cdep' (25)

In the equation above, the total cost depends on the operating costs C,,, maintenance costs Cy;4,
and insurance costs Cjys discussed in the previous sections, and on the depreciation Cy,), of the plant,
which accounts for the loss of value of the facility over time. The depreciation can be expressed as a
percentage of the capital cost, using the Capital Recovery Factor [47]

Caep = CBM( SR (26)

T+ —1°

Here the interest rate i has been evaluated using the Weighted Average Cost of Capital (WACC) as [51]

. D E
i=WACC =Kig—p +Keg g/ (27)
where E and D represent respectively the equity and the debt of the investment.
In Equation (27), K; is the cost of debt, which is evaluated as
Ky = IRS + spread, (28)

being IRS (Interest Rate Swap) assumed equal to the Euribor index, namely IRS = —0.27% [48].
A value of 0.54% has been considered for the spread [52]. The cost of equity, instead, can be written as:

Ke = Ry, + BEMRP. (29)

The parameter Ry, represents the return on a free risk investment (e.g., government bond) which,
in the first semester of 2018, was set to 2.30% [53]. The EMRP, which is the Equity Market Risk
Premium, in the same period was equal to 6.10% [53]. Finally, 8 is a coefficient related both to the
risk of company’s asset and to its strength, which takes into account how changes in the stock market
have impact on society’s performance. This parameter has been assumed equal to 0.73 [52]. From the
calculations, a value of 6.99% has been obtained for the K,, while K; has been assessed to be 0.27%.

4.5. Economic Optimization Scenarios

Using the lumped-component model of the plant implemented in Simulink®, an evaluation of the
natural gas and electricity consumption during the years has been carried out for different combinations
of solar multiple and TES duration (see Table 2 for an overview of the explored parameters for the plant
configuration). In all the analyzed scenarios, a pasteurization temperature of 75 °C and an expected
lifetime of the plant equal to 20 years have been considered. The unit cost of water purification
(expressed as EUR-cent m—3) obtained is shown in Figure 6: four different capacities of the plant have
been analyzed, namely (a) 50 Ls~!, (b) 100 L s}, (c) 250 L s~1and (d) 500 L s~ 1. In these calculations
a 30% equity to 70% debt (i.e., WACC = 2.02%) mix has been considered, and the prices of the natural
gas and electricity (including taxes) have been taken from Ref. [48]. The optimal configuration is found
for 12 hTES duration in all the considered cases; whereas, the optimal solar multiple varies depending
on the size of the plant (see also Figure 7a). The minimum cost among all the explored cases has been
found to be ~ 25 EUR-cent m 3, and is obtained for the 500 L s—! plant and SM = 0.75. In general,
when the solar field is oversized, an increase of the TES duration allows to reduce the costs of water
purification. Note that the reduction of the water treatment cost with increasing sizes of the thermal
storage system is generally more effective close to the optimal value of the solar multiple.
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Table 2. Overview of the explored parameters for the plant configuration.

Parameter Range Units
Plant water treatment capacity 50 =500 Ls~!
Solar Multiple (SM) of the plant 0+3 -

Thermal Energy Storage (TES) duration 0+ 12  hours
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Figure 6. Unit cost of water pasteurization (expressed as EUR-cent per cubic meter of treated water) as
a function of the solar multiple and thermal energy storage duration for different treatment capacities
of the plant: (a) 50 L s~L (b) 100 Ls~1; (¢) 250 L s~ 1; (d) 500 L s~ 1. Calculations consider 20 years as
expected plant lifetime.

Clearly, the expected lifetime of the facility is an important parameter for assessing the
depreciation rates. It is generally assumed that the useful life of a solar system is comprised between
20 and 30 years [44,45,54]. However, it is important to note that a plant is not only subject to
physical degradation, but can also be replaced for different reasons, such as technical or commercial
obsolescence. In fact, considering the development of new or unconventional technologies for water
purification, the facility might be supplanted before the planned schedule. An analysis of the effect
of lifetime on the 250 L s~! plant is shown in Figure 7b, where the unit cost of water purification is
reported for lifetimes between 10 and 30 years (the optimal duration of the thermal energy storage
is considered, that is 12 h in all cases). As the figure shows, the unit costs of water treatment rises
as the lifetime of the facility decreases, since the depreciation rates become higher. In addition, for a
useful lifetime equal or lower than 10 years, the curve of unit cost does not present a minimum for any
SM, meaning that the most convenient solution is to carry out the treatment without the solar system.
On the other hand, if the useful lifetime is higher than 15 years, the solar system allows to reduce the
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unit cost, and the most advantageous size is increasingly larger (from SM = 1.00 when the lifetime is
15 years, to SM = 1.75 when the useful lifetime is 30 years).
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Figure 7. Unit cost of water pasteurization as a function of the solar multiple for (a) different capacities
of the plant (20 years lifetime) and (b) different expected lifetime of the plant (250 L s™1). All these
calculations consider 12 h of thermal energy storage duration.

5. Conclusions

A techno-economic analysis of a solar thermal plant for water pasteurization has been presented.
The effectiveness of different thermal treatments was first evaluated experimentally, and one has
been chosen as a test case for the development of a lumped-component model of the whole plant.
The model has been shown to correctly guarantee the target treatment conditions, and then used to
evaluate the performance of the plant in different configurations. The optimal plant configuration
from a techno-economic perspective has been assessed on the basis of two design variables, namely
the solar multiple and the thermal energy storage duration.

The most advantageous configuration has been obtained using a solar multiple between 0.75
and 2.75, according to the size of the plant, and a TES duration equal to 12 h. The unit cost of
water treatment ranges from ~32 EUR-cents m 2 for a 50 L s~ facility, to ~25 EUR-cents m 3 for a
500 Ls~! one.

Based on the reported analysis, it can be concluded that: (i) an increase of the thermal energy
storage duration generally leads to reduction of costs; (ii) the optimal solar multiple depends on the
considered scenario; (iii) the economic optimization model is very sensitive to the capital expenses.
Indeed, the solar field represents the higher contribution to the capital cost; therefore, in perspective,
the opportunity to access to the fiscal advantages for energy reclassification operations may be
interesting to reduce the overall expenses. Starting from these latter general rules obtained for the four
analysed cases, further up-scaling can be considered to assess the validity of these model predictions
to even larger plant layouts.

Finally, other solar technologies may be also considered for the solar field; it would be indeed
interesting to analyse the exploitation of, e.g., concentrated solar power. In addition, other renewable
sources of heat or waste-heat recovery from industrial processes may be investigated to power the
water treatment line [23,55,56].
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Nomenclature
T Temperature
A Area
7 Efficiency

NTU Number of transport units

Nu Nusselt number
o Convective heat transfer coefficient
U Dynamic viscosity
K Thermal diffusivity
N Number of ducts
G Mass-flow velocity
I Solar irradiance
it Mass flow rate
H Heating value or Head losses
C Heat capacity or Cost
Pr Prandtl number
A Thermal conductivity
B Chevron angle
s Thickness or spacing
f Friction factor
Ra Rayleigh number
o Heat flux
cp Specific heat
€ Effectiveness
Re Reynolds number
fs Solar factor
R Resistance
1Y Density
L Length or width
Ap Pressure drop
v Fluid velocity
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