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ABSTRACT

The thermal demand in agri-food industries is characterised by its considerable variability, hindering the
implementation of Solar Water Heating Systems (SWHS). The main objective of the study is to provide an
overview of how consumption patterns influence the profitability and energy savings of SWHS in the sector,
while also identifying additional key variables that affect their viability. For this purpose, approximately
1,300,000 cases have been examined, considering a wide range of consumption patterns, economic variables,
and locations. Demand seasonality, weekly frequency and energy prices exhibit the greatest impact on the
feasibility of SWHS. Uniformity of daily demand, location and investment cost are also determinants. Thus,
single-day-per-week consumption patterns make SWHS unviable in most scenarios. However, with only three
non-consecutive days, feasibility increases significantly, achieving paybacks of less than 5 years and energy
savings of over 40 % when conditions are highly favorable. In strongly seasonal industries, the viability of SWHS
is seriously compromised. The payback in patterns with a peak consumption in the early morning can double the
value with uniform one (e.g., from 4 to 8 years in the most favorable scenarios at a price of 0.1 €/kWh). The
results tables reflecting payback and energy savings in thousands of different scenarios represent a valuable tool
for decision-making in industries. By looking for the scenario with the most similar characteristics, it is possible
to estimate the profitability and savings of the SWHS in a given industry, as well as the possible variations when
changing the assumed variables.

1. Introduction

performance, especially in cold climates. The performance of an ETC
system is 41 % better than that of an FPC system, and the yearly useful
energy gain of ETC is 30 % higher than that of FPC in cold climates [2].
In 2021, a considerable portion of the new installed capacity globally

This comprehensive study evaluates the feasibility of Solar Water
Heating Systems (SWHS) in the food industry. The main objective of the
study is to provide an overview of how consumption patterns influence
the profitability and energy savings of SWHS in the sector, while also
identifying additional key variables that affect their viability.

The use of SWHS for water heating has experienced a significant
growth, with installed capacity worldwide having doubled in the last
decade [1]. Among the most common collectors, there is a notable in-
crease in the adoption of Evacuated Tube Collectors (ETC) compared to
Flat Plate Collectors (FPC), owing to advantages such as superior

was attributed to ETC systems, primarily due to their prevalence in
leading countries such as China and India [1]. It is expected that ongoing
advancements, including the use of reflectors, nanofluids, and phase
change materials [3], will continue to drive their widespread adoption
in the coming years.

The industrial sector is increasingly recognizing the value of solar
energy since it can cut energy charges while simultaneously promoting
energy security and environmental sustainability [4]. This growing in-
terest is reflected in the scientific community, with several review

* Corresponding author. Universidad Politécnica de Madrid. Escuela Técnica Superior de Ingenieria Agronémica, Alimentaria y de Biosistemas. Departamento de

Ingenieria Agroforestal. Av. Puerta de Hierro, n° 2-4, 28040, Madrid, Spain.

E-mail addresses: rm.benavente@upm.es (R.M. Benavente), alicia.perdigones@upm.es (A. Perdigones), fb@uevora.pt (F. Baptista), joseluis.garciaf@upm.es

(J.L. Garcia), f.ruiz@upm.es (F.R. Mazarron).

https://doi.org/10.1016/j.rineng.2024.102140

Received 9 February 2024; Received in revised form 14 March 2024; Accepted 12 April 2024

Available online 13 April 2024

2590-1230/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:rm.benavente@upm.es
mailto:alicia.perdigones@upm.es
mailto:fb@uevora.pt
mailto:joseluis.garciaf@upm.es
mailto:f.ruiz@upm.es
www.sciencedirect.com/science/journal/25901230
https://www.sciencedirect.com/journal/results-in-engineering
https://doi.org/10.1016/j.rineng.2024.102140
https://doi.org/10.1016/j.rineng.2024.102140
https://doi.org/10.1016/j.rineng.2024.102140
http://creativecommons.org/licenses/by/4.0/

R.M. Benavente et al.

Results in Engineering 22 (2024) 102140

Abbreviations

DIN Deutsches Institut fiir Normung
ETC Evacuated Tube Collector

NPV Net Present Value

PLC Programmable Logic Controller
PSH Peak Sun Hours

PTC Positive Temperature Coefficient

SCOOPE Saving COOPerative Energy

SWHS  Solar Water Heating System

TESLA  Transferring Energy Save Laid on Agroindustry

VBA Visual Basic for Application

NOMENCLATURE

Ann3alt demand on alternate days (Mondays, Wednesdays, and
Fridays)

Ann3tog demand for three consecutive days, from Monday to
Wednesday

Annuall demand one day per week
Annual5 demand for five consecutive days, from Monday to Friday

Annual7 demand every day of the week
AuWin5 demand in autumn and winter, from Monday to Friday

Aut5 exclusive demand in autumn, from Monday to Friday

Cp: specific heat

G irradiance

Nos zero loss efficiency

Qswn useful energy that the experimental SWHS can store within
the tank

SpSu5 demand in spring and summer, from Monday to Friday

SpSuAu5 demand all year except winter, from Monday to Friday

Spr5 exclusive demand in spring, from Monday to Friday

Ta ambient temperature

T, water temperature within the tank

Vi volume of the tank

Win5 exclusive demand in winter, from Monday to Friday

AE energy change

as first heat loss coefficient

asg second-order heat loss coefficient

p fluid density

articles published in recent years focusing on advances in the industrial
sector [5-8]. The efficiency of SWHS-ETC in industrial processes can
exceed 45 % [9].

Amid the industrial sectors, the agri-food industry emerges as a
pivotal focus for this study, driven by its economical importance, sig-
nificant energy consumption and crucial role in the transition from fossil
fuels to renewable sources. The EU food and drink industry employs 4.6
million people, generates a turnover of €1.1 trillion and €229 billion in
value added, making it one of the largest manufacturing industries [10].
It stands out as one of the largest energy consumers. In the EU, it ranks
fourth, accounting for 12 % of the total final energy consumption (1168
PJ), according to Eurostat data. A significant portion of this consump-
tion is attributed to water heating for cooking, disinfection, cleaning,
etc.

Another peculiarity of the sector that has prompted being the subject
of the present study is that the thermal demand is characterised by its
considerable variability, both in temperature and frequency. Low tem-
peratures (below 80 °C) are primarily employed for blanching, scalding,
smoking, tempering, washing, and cleaning, while medium tempera-
tures (80-250 °C) are utilized for pasteurising, sterilising, hydrolysing,
and drying [11]. For instance, in a meat processing industry [12], water
at temperatures ranging from 45 °C to 100 °C is required, depending on
the product and operation. Some operations occur on weekdays, while
others are only carried out once a week. Certain operations necessitate
water for extended hours compared to those concentrated in the early
morning or late afternoon, and so forth. The performance and sizing of
SWHS vary depending on the required temperature [13,14], compli-
cating feasibility studies in the sector.

The size of industries also influences the frequency of many pro-
cesses, consequently affecting the regularity of hot water demand. For
instance, in the winemaking sector, a very large winery may require hot
water for 268 days per year, while a small one only needs it for 70 days
[15].

Another differentiating feature of the agri-food industry is that many
of its sectors exhibit strong seasonality, a result of harvesting or
collection. For example, olives are processed during the winter months,
grapes in late summer and early autumn, and so forth. This seasonality is
reflected in the energy bills of these agro-industries [16].

These peculiarities of the sector, combined with other factors such as
the low energy prices of a few years ago, have limited the widespread
adoption of SWHS. Its implementation may face various additional
challenges and barriers, encompassing regulatory, technical, and market

aspects. Among others, regulatory frameworks might lack clarity and
procedures can be lengthy and complex; existing infrastructures may not
easily accommodate SWHS; competition with solar photovoltaic due to
limited space; retrofitting existing heating systems with SWHS may
require significant modifications and pose technical integration chal-
lenges; ensuring the reliability and efficiency of the SWHS require reg-
ular maintenance and training of personnel; the upfront costs can be a
significant barrier, especially for smaller businesses in the food industry;
limited availability of qualified suppliers and installers, etc.

Addressing these challenges requires a multi-faceted approach
involving collaboration between industry stakeholders, policymakers,
technology providers and researchers. Some previous studies have
sought to promote SWHS by demonstrating their viability in agro-
industries and specific contexts. Within the European project InSun,
the design, control optimization, and performance analysis of a large-
scale flat solar plate at a meat factory in Austria were analyzed. The
results indicate that the average efficiency of the system is around 60 %,
neglecting transient phases during the summer months [17,18]. In a
different meat processing industry, paybacks of 7 years were achievable
in the context of several years ago [12], reducing to half with current
energy prices [19]. Both studies highlighted significant variations in the
viability of SWHS depending on variables such as location. In a soft
drink industry in Ethiopia, paybacks close to 6 years can be achieved
[20]. In a dairy factory, solar thermal heat can considerably reduce
operating costs, even in the North European climate, with paybacks of
5.5 years with optimized sizing [21]. In the winemaking sector, the
seasonality and irregularity of a winery’s demand pattern significantly
affect the viability and profitability of SWHS. Paybacks between 4.3 and
7.2 years can be obtained in large wineries with a favorable context,
while SWHS are not viable for small wineries due to demand frequency
[15].

Previous studies have demonstrated the viability of SWHS in specific
industries within the sector and specific context. However, as they focus
on individual cases, their results are not readily extrapolatable to the
vast range of existing scenarios. The profitability and energy savings
achieved in a specific industry within a particular context may not be
realistic in another industry, even within the same subsector, due to
variations in demand patterns (temperature, frequency, etc.) and in the
context (location, energy prices, etc.). The sector requires a large-scale
study that examines a broad spectrum of demand patterns, encom-
passing different consumption frequencies and/or seasonality, to
determine the impact of these patterns on the viability of SWHS.
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Furthermore, the instability and increase in energy prices since 2021
make it necessary to conduct analyses of the feasibility of SWHS that
encompass a broad spectrum of energy prices, aiming to reduce energy
bills and achieve greater cost certainty in production. Recent studies
showed reduced paybacks (5 years or less) can be achived assuming high
energy prices as in the past few years [15,19,22].

Moreover, the climate emergency necessitates intensified efforts to
replace fossil fuels with renewable sources. Given the economic signif-
icance and high-energy consumption of the agro-industrial sector, it
represents a crucial link in this transition. In contrast to previous studies
that focus on specific cases, large-scale analysis of potential energy
savings and emissions reduction can be a useful tool to promote the use
of renewable energy in the sector.

Through the analysis encompassing numerous demand patterns and
diverse contexts, the present study identifies scenarios in which SWHS
with evacuated tube collectors can be viable, quantifying their profit-
ability and potential energy savings. To achieve this, various daily de-
mand schedules, different weekly demand frequencies, and various
possibilities of consumption seasonality have been analyzed. The
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ultimate goal is to promote the implementation of SWHS in the sector,
assisting in the decision-making process within the industry. Although
the study has focused on the agri-food industry, the results can be
extrapolated to other industrial sectors as long as their consumption
patterns are similar to those analyzed.

2. Material and methods

To achieve the set objective, the developed methodology has been
based on the energy analysis of more than one million cases, specifically
1,296,000. To define these cases, a characterization of hot water con-
sumption in different types of industries was carried out, establishing 60
patterns based on daily, monthly frequency, and the presence of sea-
sonality. Each of these patterns was framed in a multitude of different
contexts, considering various required temperatures, energy prices,
required investment, and locations. To conduct the energy analysis, it
was necessary to perform an experimental characterization of the SWHS
at different required water temperatures and develop an energy simu-
lation tool. In total, 6480 scenarios were defined, analyzing in each one

Fig. 1. Methodology flowchart.
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200 different sizes to determine the optimal sizing of the SWHS in the
specific context based on profitability criteria (Fig. 1).

2.1. Consumption patterns

The harvest of many foods is concentrated in a few months, causing
significant peaks of activity during these periods. For example, oil mills
process olives during the winter months, wineries handle grapes at the
beginning of autumn, and tobacco harvesting occurs in late summer,
among other instances. Furthermore, other factors such as the size of the
industries or the products processed can also lead to significant differ-
ences in activities and working hours, even within the same subsector.
Consequently, the food industry exhibits a highly variable pattern of hot
water usage depending on the subsector and/or the activity and process
involved: seasonality, days per week, distribution of demand throughout
the hours of the day, temperature, etc.

Thus, for instance, in a single meat processing industry [12], water at
80 °C is required for plant cleaning, including approximately 1 h at the
end of the day from Monday to Friday, a thorough cleaning on Fridays,
cleaning of boards and other items for 2 h in the afternoon every day,
and cleaning after sausage production for approximately 45 min. Four
times a week, sausages are prepared for 2 h at 97 °C, reaching cooking at
100 °C for 30-40 min. Washing of sausage casings occurs four days per
week, taking 1 or 2 h per day with water at 45 °C. Chorizo cleaning is
done once a week at 80 °C for 2 h.

In the case of wineries, the seasonality and frequency of demand
show enormous variations depending on the size and the processes
carried out [15]. In a large winery, hot water is required for 268 days per
year (most weekends throughout the year, hot water is not demanded);
in a small one, hot water is only required for 70 days a year. Water at
40 °C is needed for starter preparation, 80-90 °C for bottling, 65-70 °C
for filter cleaning, and 85-90 °C for barrel cleaning. At times, the de-
mand is constant and uninterrupted throughout the day, while at other
times, it is concentrated at the beginning, middle, and/or end of the day.

To provide a comprehensive overview applicable to the preliminary
decision-making of almost any industry, 60 consumption patterns have
been designed. These patterns combine various daily demand schedules,
different weekly demand frequencies, and various possibilities of con-
sumption seasonality. These simplified patterns have been designed
based on the extensive prior experience of the research team in char-
acterizing the energy consumption of agro-industries, highlighting their
involvement in European projects such as TESLA (Transferring Energy
Save Laid on Agroindustry) and SCOoPE (Saving COOPerative Energy).

To compare the patterns under the same frame of reference, a
consistent daily volume of 7 m® has been considered, which will be
evenly distributed based on the hours of the day when there is demand.
The selected daily volume closely approximates that recorded during
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peak demand days in the previously described meat industry [12]. While
the daily demand remains constant, the annual consumption will in-
crease proportionally with the extended frequency of demand days in
the selected pattern. This observation mirrors scenarios observed in
various industries, such as those operating exclusively on weekdays as
opposed to seven days a week, or distinguishing between cleaning
processes conducted solely during harvest periods as opposed to daily
cleaning routines. While the assumed volume will influence the size of
the installation, it will not have an impact on the energy savings ach-
ieved, expressed as a percentage of the total, nor the payback of the
optimized installation based on the criteria that will be defined later on.
Specifically, the analyzed variations include:

e 5 daily demand schedules (Fig. 2a): “Uniform” from 7:00 to 21:00
(0.5 m® per hour), “Initial” from 7:00 to 9:00 (3.5 m3/h), “Final”
from 19:00 to 21:00 (3.5 m3/h), “Middle” from 13:00 to 15:00 (3.5
rns/h), and “Double” as a combination of Initial and Final (1.75 m3/
h).

5 weekly demand variants (Fig. 2b): One day (Annuall), Mondays,

Wednesdays, and Fridays (Ann3alt), Three consecutive days,

Monday to Wednesday (Ann3tog), Five consecutive days, Monday to

Friday, (Annual5), and Every day of the week (Annual?).

e 7 seasonality scenarios with demand from Monday to Friday:
Exclusive demand in spring (Spr5), in summer (Sumb5), in autumn
(Autb), in winter (Win5), in spring and summer (SpSu5), in autumn
and winter (AuWin5), and all year except winter (SpSuAu5).

The 60 analyzed patterns result from combining each of the daily
demand patterns with the five weekly demand variants and the seven
seasonality scenarios.

2.2. Context and definition of scenarios

In order for the study to serve as a comprehensive reference for in-
dustries on a global scale, it has been necessary to define a broad
spectrum of scenarios. A wide range of water temperatures was
considered, grounded in the vast industrial casuistry, encompassing
diverse energy prices reflective of recent fluctuations, and incorporating
locations characterized by low, medium, and high radiation levels.
Additionally, a comprehensive range of investment costs was factored
in. Nevertheless, to simplify the visualization and discussion of the re-
sults, it was necessary to limit the immense casuistry to a limited number
of representative values. Specifically, 6480 scenarios have been defined,
a combination of the 60 patterns described earlier with four tempera-
tures, three energy prices, three locations, and three investment cost
values.

Fig. 2. Daily (a) and weekly (b) consumption pattern variations for the case of uniform demand.
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2.2.1. Required temperature

Considering the extensive casuistry of demanded temperatures out-
lined previously, the study has been conducted by categorizing four
water temperatures with an interval of 15 °C between them. Specifically,
40 °C, 55 °C, 70 °C, and 85 °C.

2.2.2. Energy prices

In recent years, energy prices have undergone significant fluctua-
tions. For instance, in Spain, the average price of electrical kWh offered
to industries surged from values close to 10c€ in March 2021 to 30c€ a
year later, reaching approximately 50c€ when factoring in power de-
mand costs, taxes, and other charges [16]. Similar trends have been
observed for fossil fuels such as gas and diesel.

To simplify the visualization of results, three energy price values
(including taxes) have been considered, without differentiation based on
the supply type. Specifically, 0.10€/kWh, a value close to energy prices
from a few years ago; 0.30 €/kWh, a value close to the current electricity
price in countries like Spain; 0.50 €/kWh, the maximum value reached
during the energy crisis following the Ukraine War.

2.2.3. Irradiance and temperature in the analyzed locations

To ensure that the obtained results serve as a broad-scale reference,
three locations with markedly different radiation and ambient temper-
ature have been selected, quantified in terms of Peak Sun Hours (PSH)
on the horizontal plane. Irradiance data, external ambient temperature,
and ground temperature at 0.5 m (utilized to estimate the temperature
of water from the underground supply network) have been extracted
from the climatological files of EnergyPlus (*epw), specifically:

e DEU Stuttgart.107380_IWEC: PSH 3.0
o ITA_ Rome.162420_IWEC: PSH 4.0
e USA_CA Los.Angeles.Intl.AP.722950_TMY: PSH 5.0

Through a straightforward annual simulation of a surface with an
inclination equal to the latitude of the location and south-facing orien-
tation, the EnergyPlus program provides hourly values of irradiance on
the inclined plane (the solar collector’s plane) and external temperature.

The calculations were conducted assuming that the water storage
tank is located inside the industrial facility to minimize system efficiency
losses. Consequently, it is essential to narrow down the vast array of
possible industrial facilities to estimate a typical and realistic interior
temperature. To achieve this, a simulation model developed and previ-
ously validated was employed. This model enables the calculation of the
interior temperature of a non-climatized agro-industrial facility dedi-
cated to wine storage and aging [23]. Following simulations with
climatological files for each location, the EnergyPlus program provided
hourly values of the interior temperature inside the facility for all 365
days of the year.

2.2.4. Investment

A wide spectrum of factors contributes to the investment needed for
the implementation of a SWHS. These include the type and size of col-
lectors, manufacturer of system components, local labour expenses, roof
inclination, subsidies, etc. Therefore, the study covers a wide range of
investment costs including installation and administrative procedures,
selecting three cases for the best visualization of the results: 500 €/m?,
700 €/m? and 900 €/m?.

2.2.5. Solar installation size

Within each scenario, 200 different installation sizes have been
analyzed, ranging from one to 200 solar collectors, each with a surface
area of 2 m?. The objective is to determine the optimal sizing based on
profitability criteria that will be explained later on. In total, an energy
analysis will be conducted for 1,296,000 distinct cases.
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2.3. Energy captured by the SWHS

To characterise the performance of an SWHS with active circulation
across the wide range of temperatures demanded in industries, distinct
from those typically encountered in domestic use, it was essential to
devise and monitorized an experimental system. The SWHS was
designed utilizing vacuum tube collectors as they exhibit superior per-
formance compared to Flat Plate Collectors (FPC) in colder climates [2]
and facilitate attaining higher temperatures [13,24]. This typology has
experienced greater implementation in recent years.

The experimental SWHS used in this work replicates existing systems
available in the market. Nevertheless, it has monitoring and control
subsystems that enable temperature variations from 40 °C to 90 °C while
monitoring key variables crucial for quantifying captured useful energy.
Over a year-long period, the system’s behaviour was continuously
monitored at 1-min intervals, in cycles that varied the required tem-
perature on a daily basis.

The chosen vacuum-tube solar collector, a WesTech Solar Co. model
SP-S58/1800-24, incorporates 24 vacuum tubes encompassing a net
collection area of 2 m?. Positioned at a 41° angle facing due south, this
configuration ensures optimal annual performance. The accumulator, a
Thermor IAV 80/100 model, incorporates an exchange system through a
coil and affords an 80 L capacity. Featuring high-density thermal insu-
lation and a glazed stainless-steel container, it assures efficient and
effective energy storage. The hydraulic circuit comprises copper pipes
measuring 20 mm in inner diameter and 1 mm in thickness, encased in
13 mm-thick insulation. The fluid flow is regulated by the Wilo-Star-ST
15/6 ECO-3 submerged rotor pump with 42W power. Controlled by two
regulatory subunits, namely, an Allegro 453 controller from Sonder
responsible for managing the collector circuit pump and an automatic
PLC Logo from Siemens overseeing tank discharge, the system utilizes
PTC 1000 type control probes. Meteorological data were recorded uti-
lizing the Micro Weather Station HOBO manufactured by Onset. The
installed pyranometer was aligned at an identical angle to the vacuum
tubes.

The described experimental system has been utilized in prior studies
for energy characterization at different temperatures [13,24,25], and
more recently, in investigations focused on a meat industry [19] and
three wineries [15]. Following a consistent methodology, the energy
simulation hinges on a model designed to estimate the useful energy that
the experimental SWHS can store within the tank (Qswy, W m2). This
model derives this energy calculation from irradiance (G, W m’z),
ambient temperature (T,, °C), and the water temperature within the
tank (T, °C), as described by Equation (1).

Oswi = 0sG — ais(T, T, ) — axs(T, —T,)’
=0,7551G —43,2053(T, -T, ) — 0,2905(T, —T,)* €))

Here, 1jos represents the zero loss efficiency, a;s denotes the first heat loss
coefficient (W m ™2 °C™1) and asg the second order heat loss coefficient
(Wm~2°C~2). These constants were calculated using a year-long dataset
obtained through monitoring, minimizing the disparity between the
energy computed by the model and the factual energy transferred into
the tank (R2 = 0.994, typical error 279 Wh m~2 d’l).

2.4. Energy analysis

To carry out the energy analysis in each of the proposed cases (almost
1,300,000), a simulation tool developed with Visual Basic for Applica-
tion (VBA) has been utilized. This tool is the same as the one used in the
two recently published works cited earlier [15,19]. It performs an en-
ergy balance for each hour of the year, determining the water temper-
ature in the tank through gains from the collector. To achieve this, it
multiplies the energy obtained using equation (1) by the collector’s area
specific to each case. Additionally, it calculates the exchange of energy
with the air surrounding the tank, as well as the energy extracted in the
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demanded water. Consequently, the water temperature within the tank
(T experiences hourly fluctuations in accordance with energy changes
(AE, Wh), taking into account the tank’s volume (V,, m3), fluid density
(p, kg m’3), and specific heat (cp, Wh kg’l °ch. Thus, the temperature
at any hourly interval (T;qpe) has been calculated based on the tem-
perature in the preceding hourly interval (Tpefore), taking into account
temperature variations according to Equation (2):
AE

Tmﬁer = Tr.befom + V,,D <, (2)

Employing a consistent reference frame across all scenarios, tank
losses were estimated at 1.2 kW/24h in accordance with DIN 4753/8
standards (at 65 °C internal tank temperature and 20 °C external tem-
perature). Losses were computed by multiplying the temperature dif-
ferential (between tank water and ambient temperature) by the thermal
transmittance of the tank insulation and the tank’s surface area.

The energy reduction resulting from water extracted from the tank is
calculated based on the demanded energy, obtained by multiplying the
necessary volume by the temperature variance between the required
water temperature and the supply network’s water temperature. If the
demanded temperature exceeded the tank temperature, the corre-
sponding volume was withdrawn (up to the tank’s limit), with any
remaining energy required to attain the desired temperature provided
by the conventional supply system. Conversely, if the demanded tem-
perature fell below the tank temperature, the withdrawn volume was
adjusted by mixing with cold water. The energy provided by the con-
ventional system was determined as the disparity between the deman-
ded energy and that supplied by the SWHS.

After completing the annual energy balance, the application calcu-
lates the total energy demanded by the industry, determining what
percentage of it is supplied by the SHWS and what percentage by the
conventional supply system. It also calculates the total radiation inci-
dent for the subsequent calculation of the system’s efficiency.

2.5. Profitability analysis

The profitability analysis has been carried out assuming a solar
system lifetime of 20 years and a discount rate of 1.5 %. In order to
guarantee the achievement of SWHS high productivity, systems require
maintenance at least once a year [26]. Therefore, an annual mainte-
nance cost of 2 % of the investment has been taken into account in the
calculations. For each scenario, the tool begins by calculating the energy
cost of the industry over 20 years without a solar system as a reference
case to determine the achieved savings. This cost is calculated as the Net
Present Value (NPV), taking into account annual energy bills and the
discount rate. The annual bill is obtained by multiplying the total energy
required for water heating (kWh) by the energy price of the scenario
(€/kWh, including taxes and other items).

Subsequently, for each of the 200 cases in the scenario, it repeats the
calculation of the total energy cost, in an equivalent manner to the
reference case. The NPV over 20 years is calculated taking into account
the annual cost, the initial investment and the discount rate. The annual
cost is obtained by adding the conventional supply cost (demanded
energy * €/kWh) plus the maintenance and operation cost (pump
running hours * hourly consumption) of the solar system. The initial
investment required has been calculated by multiplying the collector
surface of the case by the reference price of the installation (€/m3).

From these values, the annual savings generated have been calcu-
lated. Based on the investment and the annual savings, the discounted
payback has been calculated (equation (3)):

j=PB RJ
K- -=0 3
I,Zo(l +r1) 3

where “K" is the initial investment, “PB” the payback, “R" the annual
cash flow (annual savings achieved) and “r" the discount rate.
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While a specific calculation considering subsidies has not been
conducted, the various investment values analyzed allow for an indirect
evaluation of their impact by subtracting the subsidy amount from the
required investment. Furthermore, to avoid further complicating the
scenarios, external financing has not been considered for the
investment.

2.6. Optimum determination

To determine which of the 200 cases is optimal in each scenario, two
sizing criteria have been calculated and evaluated. The first criterion
aims to achieve the maximum savings in energy cost over the 20-year
lifespan of the installation, considering the initial investment, annual
bills and maintenance cost. The second criterion is a more conservative
approach, seeking to balance savings and a rapid return on investment,
specifically maximizing the “savings/payback” ratio, dividing the per-
centage of savings achieved by the discounted payback.

Upon completion of the computation and analysis of the 6480 sce-
narios, it was discerned that a substantial portion of these scenarios
exhibited a noteworthy augmentation in the collection area when
maximizing savings. This led to a consequential escalation in the
requisite investment, achieving only a marginal increment in the real-
ised savings. This is attributed to the fact that around the inflection point
of the savings curve, there is a wide range of sizes where small variations
in achieved savings occur (Fig. 3). Given the energy context character-
ized by strong instability in recent years, the decision has been made to
choose the “Maximize Savings/Payback Ratio” criterion for system
design. This approach achieves comparable savings with smaller in-
stallations, thereby reducing the risk associated with future fluctuations
of energy price.

3. Results and discussions

The results presented below pertain to the optimal cases, assuming
the criterion of maximizing the “Savings/Payback” ratio. When
employing the alternative criterion, the average value of the energy bill
savings over the 20-year lifespan of the SWHS in the set of profitable
scenarios is only 1 + 1 % higher compared to the “Savings/Payback”
criterion. The primary advantage of prioritizing savings maximization is
that the reduction in annual energy consumption increases by an
average of 5 + 4 %, bringing about associated environmental benefits.
However, a notable drawback is that the average size of the required
installation increases by 15 + 14 %, surpassing 50 % in scenarios with
higher uniformity. Additionally, the payback period extends, albeit with
an average across scenarios lower than 1 year.

3.1. Profitability

Fig. 4 (results for PSH 3.0), Fig. 5 (results for PSH 4.0) and Fig. 6
(results for PSH 5.0) provide a breakdown of the payback period for the

Fig. 3. Example illustrating the variation of achieved savings based on the size
of the installation, identifying cases of maximum savings and maximum “Sav-
ings/Payback” Ratio.
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Fig. 4. Payback of the investment made in the optimized SWHS for each scenario, in the location with PSH 3.0. Non-profitable scenarios highlighted in red. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Payback of the investment made in the optimized SWHS for each scenario, in the location with PSH 4.0. Non-profitable scenarios highlighted in red. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Payback of the investment made in the optimized SWHS for each scenario, in the location with PSH 5.0. Non-profitable scenarios highlighted in red. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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optimized SWHS. Each one presents a summary of the 2160 scenarios
analyzed for each location, combining the proposed patterns (frequency,
seasonality, and water temperature) with different contexts (energy
prices and required investment). The purpose is to provide the sector
with a comprehensive view of the profitability of SWHS to assist in
decision-making. A specific industry can estimate the viability of
implementing SWHS based on the similarity of their consumption pat-
terns and specific context. Subsequently, some significant results are
detailed.

3.1.1. Dadily pattern

The daily demand pattern influences the number of scenarios in
which SWHS is financially viable. The “Uniform” pattern is the most
favorable for the implementation of SWHS, proving viable in 66 % of the
analyzed scenarios. At the opposite end, the “Initial” pattern is profitable
in 41 % of scenarios. The “Double”, “Middle”, and “Final” patterns
exhibit percentages of 58 %, 53 %, and 48 %, respectively.

The daily pattern not only determines the number of profitable
scenarios but also affects the profitability achieved in each of them. The
payback period can potentially double with the “Initial” pattern
compared to the “Uniform” pattern. As they are not profitable in the
same number of scenarios, the average value across all cases introduces
some distortion, with elevated values in extreme cases that increase the
mean for more favorable patterns. Considering a standard comparison
framework where all scenarios are profitable (Annual7 and PSH 5.0), the
average payback is 3 years for the “Uniform” pattern, 6.3 years for the
“Initial”, 4.4 years for the “Final”, 3.8 years for the “Middle”, and 4.3
years for the “Double” pattern.

3.1.2. Weekly pattern

Similarly, the weekly consumption frequency strongly influences the
number of scenarios in which SWHS can be profitable, as well as the
payback period of the required investment. With a uniform daily
pattern, consuming only one day per week significantly penalises the
feasibility of SWHS, being profitable in only 24 % of the proposed sce-
narios, the most favorable ones. Increasing the consumption to Mon-
days, Wednesdays, and Fridays substantially enhances the viability of
SWHS (79 % of scenarios) due to the energy storage capacity in the tank.
Consumption limited to three consecutive days slightly reduces viability
compared to alternate days, with 71 %. In the common case of demand
from Monday to Friday, SWHS are profitable in a large portion of the
analyzed scenarios (87 %), except for locations with low radiation and
low energy prices. In the most favorable pattern with demand all seven
days of the week, the solar system is viable in the vast majority of sce-
narios (96 %).

Even in profitable scenarios, the payback period is unappealing with
a one-day pattern. Thus, the mode presents a value of 12 years for the
one-day pattern, five for three alternate days, four for three consecutive
days, three for five days, and two for seven days. In a comparison
framework with all profitable cases (extremely favorable scenarios with
€500/m?, 50c€/kWh, and PSH 5.0), the average payback with one day of
consumption would be 9 years, reducing to 2 for three-day patterns, and
1 for five and seven days.

3.1.3. Seasonality

Regarding seasonality, SWHS tends not to be viable in industries
with a strong concentration in a few months, especially in autumn and
winter. Exclusive demand in summer or spring also limits the feasibility
of SWHS. At least half a year of demand and consumption for five days a
week is needed to achieve profitability values close to those of annual
demand with lower weekly frequency. In the most favorable seasonality
pattern, with demand throughout the year except for winter, the ob-
tained paybacks are similar to the equivalent pattern without
seasonality.

Considering the set of analyzed scenarios, demand concentrated in
autumn or winter limits the viability of SWHS to less than 10 % of

10

Results in Engineering 22 (2024) 102140

scenarios. If concentrated in spring or summer, it increases to 33 % and
41 %, respectively. As the months of demand increase, the percentage
reaches 71 % by combining spring and summer, and 79 % with demand
throughout the year except for winter.

3.1.4. Demanded temperature

The demanded water temperature barely affects the profitability of
the optimized SWHS. The criterion of maximizing the “Savings/
Payback” ratio tends to converge on similar values for equivalent sce-
narios. The small variations between them are due to rounding to the
nearest unit and differences in installation size. However, where the
demanded temperature does have a significant impact is on the required
collector surface area. Maintaining the same volume of daily water, an
increase in temperature results in a growing need for energy for heating.
Consider Fig. 7 as an illustrative example, depicting the outcomes for the
optimal number of collectors in the case of PSH 4.0. The results for the
remaining two locations have not been included since the size of the
installation depends on the required volume and temperature, making it
not applicable as a reference for other cases.

3.1.5. Context

The previous discussions focus on patterns, considering the set of
proposed scenarios. However, contextual variables strongly influence
the viability of SWHS.

The energy price is a key parameter. In an energy context like that of
a few years ago, with a very low energy price, the viability of SWHS is
severely compromised. It achieves attractive returns in a limited number
of cases with the most uniform patterns and other favorable variables.
Conversely, if energy prices in recent years persist in the future, the
investment in SWHS becomes highly attractive in a large number of
scenarios, even in locations with low radiation. In the most favorable
scenarios, with only one or two years of disproportionately high energy
prices (as recorded in some cases in 2022), SWHS could pay off.

Irradiance also plays a crucial role in implementing a solar system.
The number of profitable scenarios increases from 43 % to 63 % when
moving from 3.0 PSH to 5.0 PSH. The analyzed range of investment
prices also causes significant variations in profitability. The mode of the
payback for the set of profitable cases is 3 years for 500 €/m?, 4 years for
700 €/m?, and 5 years for 900 €/m>.

The results are consistent with those obtained in previous studies in
industries with specific consumption patterns. For example, in a
medium-sized meat industry with 5-day work shifts, demand distributed
throughout the day but higher in the late afternoon hours, intermediate
radiation (4.0 PSH), and an energy price of 0.3 €/kWh, payback periods
between 2 and 4 years were obtained depending on the investment cost
[19]. In a previous study with the same pattern but analyzing only low
energy prices between 5 and 20 c€/kW (electricity, gas, and diesel),
payback periods ranged from 7 to more than 20 years, depending on the
city’s radiation and national energy prices [12]. In a study in the wine
industry, considering energy prices of 30 c€/kWh and intermediate ra-
diation, the payback ranged from 2 to 7 years in a large winery with
relatively uniform demand during 73 % of the days of the year (equiv-
alent to 5 days per week), between 5 and 10 years in a medium-sized
winery with demand on 58 % of the days (slightly over 3 days per
week), and over 12 years with most scenarios being unprofitable in a
small winery with very irregular demand during 19 % of the days of the
year (equivalent to 1 day per week) [15].

3.2. Savings

3.2.1. Energy cost savings

An attractive payback on the investment is not always synonymous
with significant savings in the total energy cost during the SWHS’s useful
life (including the investment). In many scenarios, the pursuit of high
profitability limits the achievable savings. Fig. 8 (results for PSH 3.0),
Fig. 9 (results for PSH 4.0) and Fig. 10 (results for PSH 5.0) detail the
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Fig. 7. Number of 2 m? solar collectors that optimize the “Savings/Payback” ratio in the location with PSH 4.0.
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Fig. 8. Cumulative Energy Cost Savings over 20 Years (Including Investment Costs) compared to the scenario without SWHS, in the location with PSH 3.0.
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Fig. 9. Cumulative Energy Cost Savings over 20 Years (Including Investment Costs) compared to the scenario without SWHS, in the location with PSH 4.0.
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Fig. 10. Cumulative Energy Cost Savings over 20 Years (Including Investment Costs) compared to the scenario without SWHS, in the location with PSH 5.0.
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values of energy cost savings obtained optimizing the system size by
maximizing the “Savings/Payback” ratio. Each one presents a summary
of the 2160 scenarios analyzed for each location, combining the pro-
posed patterns with different contexts. The purpose is to provide a
comprehensive view of the energy cost savings of SWHS to assist in
decision-making.

A low energy price makes it impossible to achieve attractive savings,
except in scenarios with high demand uniformity and medium-high
radiation. With energy prices similar to those of the past year, savings
increase significantly in many scenarios, including some in low radiation
locations. All else being equal, higher radiation leads to substantial in-
creases in savings, doubling in many cases from 3.0 to 5.0 PSH.

In general, the more irregular the daily demand pattern, the larger
the installation required to reach the optimum size (Fig. 7). Considering
all analyzed scenarios, the average number of solar collectors is 22 for
the “Uniform” pattern, 55 for “Initial”, 51 for “Final”, 47 for “Middle”,
and 33 for “Double”. In a standard comparison frame, where all sce-
narios are profitable (Annual7 and PSH 5.0), the average number of
collectors is 24, 59, 51, 46, and 39 respectively for the described
patterns.

The larger size of the installation in more irregular patterns leads to
higher percentage savings, despite having lower efficiency and profit-
ability. Thus, the average savings for all scenarios are 23 % for “Uni-
form”, 26 % for “Initial”, 31 % for “Final”, 33 % for “Middle”, and 25 %
for “Double”. It is essential to clarify that in more uniform patterns,
savings could be increased slightly at the expense of reducing profit-
ability and increasing investment risk.

Regarding the weekly demand pattern, an increase in the number of
demand days results in higher savings achieved by the SWHS, ranging
from an average of 12 % in the case of 1 day to 34 % with demand every
day. A similar trend occurs in seasonality, where the average savings do
not reach 10 % in patterns concentrating demand in autumn and winter,
increasing to 33 % with demand from spring to autumn.

3.2.2. Reduction in energy consumption (kWh)

Focusing on the reduction of energy consumption without consid-
ering the investment costs, SWHS achieves very high percentages, up to
90 %, resulting in significantly lower annual energy bills compared to
scenarios without SWHS. Consider Fig. 11 as an illustrative example,
depicting the outcomes of the energy consumption reduction for the PSH
4.0 case. The accumulation of energy in the form of hot water in the tank
serves as an equivalent system to batteries in photovoltaic systems,
mitigating the drawbacks of irregular or seasonal patterns.

The average reduction in consumption for the set of profitable sce-
narios reaches 45 % with 3.0 PSH, 57 % with 4.0 PSH (Fig. 11), and 70 %
with 5.0 PSH. Even in scenarios with limited financial appeal, the
reduction is often substantial and could be a positive aspect in decision-
making if other objectives, such as achieving industry-neutral emissions,
are pursued.

Prioritizing the environmental impact of implementing SWHS, it is
worth highlighting that the demand pattern strongly influences the
system’s emission reduction capacity. Thus, the average annual energy
saved per unit of collector area for the set of scenarios analyzed is 226
kWh/m? in the “Annuall” pattern, 527 kWh/m? in “Ann3alt,” 442 kWh/
m? in “Ann3tog,” 687 kWh/m? in “Annual5,” and 878 kWh/m? in
“Annual7.” Seasonality has an even greater effect than weekly fre-
quency, with annual averages of 236 kWh/m? ("Spr5”), 253 kWh/m?
("Sum5™), 201 kWh/m? ("Aut5”), 205 kWh/m? ("Win5"), 442 kWh/m?
("SpSu5™), 309 kWh/m? ("AuWwi5”), and 567 kWh,/m? ("SpSuAu5”). In
the most favorable scenarios, with uniform pattern and high radiation,
savings can reach 1400 kWh/m?.

This significant disparity in achieved energy savings is closely related
to the system’s annual efficiency. Thus, the “Annual7” pattern has an
average annual performance value of 53 %, while patterns like
“Annuall,” “Aut5,” and “Win5” barely exceed 10 %. In the most
favorable scenarios with uniform pattern and high radiation,
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performance can exceed 70 %.

Considering a country with a strong deployment of renewables in
energy production, such as Spain, with an emission factor of 0.14 kg
CO2eq/kWh for electricity supply (average of energy mix in recent
years), the average annual reduction in emissions achieved would range
from 28 kg COzeq/m? in the least favorable pattern to 123 kg COeq/m?
in the most favorable. Considering a value of 0.29 kg CO2eq/kWh for
diesel, the range would increase to 58-255 kg COzeq/m?2. In the most
favorable scenarios, annual reductions of 196 kg COgeq/m2 for elec-
tricity and 406 kg COzeq/m? for diesel could be achieved.

Emissions reduction can be much higher in countries with greater
dependence on fossil fuels in their generation systems. For example,
considering a coefficient of 0.85 kg COeq/kWh [26], the reduction
could reach almost 2000 COzeq/m2 in the most favorable scenarios.

4. Conclusions

This study have been assessed the feasibility of SWHS in the food
industry. Key variables influencing their viability have been identified,
paying special attention to the consumption patterns. In order to achieve
this, the profitability and energy savings of SWHS in nearly 1.3 million
cases have been calculated.

The result tables (optimized sizing to maximize the “Savings/
payback” ratio) provide a valuable tool for industries considering the
implementation of SWHS. By looking for the scenario with the most
similar characteristics, it is possible to estimate the profitability and
potential energy savings of the SWHS in a given industry, as well as the
possible variations when changing the assumed variables.

Significant findings reveal the critical role of various factors in
shaping the profitability and viability of SWHS. Based on these results,
some general conclusions can be drawn:

Energy Price: The energy price is a key factor in the viability and
profitability of SWHS. With low prices, such as those before 2021, SWHS
are only viable in very favorable scenarios (21 % of those considered),
combining factors like high radiation, low investment cost, demand
uniformity, and high frequency. In profitable scenarios, the achieved
savings are limited (between 16 % and 31 % in the best cases). In the
most favorable scenarios, the best payback ranges between 4 and 7
years, depending on the location. However, with prices close to those of
recent years in most European countries (0.30 €/kWh with taxes), the
number of viable scenarios increases to 61 %, with attractive paybacks
in many cases (between 2 and 5 years in a large number of cases) and
significant energy savings. If the record values reached in mid-2022
were to be repeated, the investment would be recovered in less than 2
years in the most favorable scenarios.

Uniformity of Daily Consumption Pattern: The viability and
profitability of SWHS are penalized when demand is concentrated in a
few hours. Among irregular patterns, the most unfavorable is one with a
peak consumption early in the morning. The payback can double in such
patterns compared to a uniform one. For example, in the most favorable
scenarios at an energy price of 0.1 €/kWh, the payback increases from 4
to 8 years, with values of 5 and 6 years for intermediate patterns.

Weekly Demand Frequency: Consumption patterns with only one
day per week make SWHS unviable in most scenarios. With only three
non-consecutive days, values of savings and profitability close to those
with five days are obtained, thanks to the energy stored in the tank.
Consumption concentrated on three consecutive days slightly di-
minishes the viability of SWHS. Industries with consumption from
Monday to Friday are less penalized compared to those with daily
consumption. For example, in the most favorable scenarios at a price of
0.1 €/kWh, the payback is over 20 years for 1 day, 9-11 years for 3-day
patterns, 6 years for 5 days, and 4 years for 7 days.

Seasonality of Demand: In industries strongly seasonal, such as
many in the agri-food sector, the viability of SWHS is seriously
compromised. In most cases, SWHS are not profitable if consumption is
concentrated in a single season. However, with more than 6 months of
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Fig. 11. Reduction in Energy Consumption for Water Heating (%kWh) compared to the scenario without SWHS, in the location with PSH 4.0.
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demand, SWHS become attractive in many scenarios with intermediate
and high energy prices, where the payback is less than 5 years in a large
number of cases. Nevertheless, with low energy prices, attractive returns
are not achieved even in the most favorable seasonal scenarios (pay-
backs exceeding 10 years in the majority of cases).

Demanded Temperature: The demanded water temperature barely
affects the profitability of optimized SWHS, but it does impact their size,
requiring a larger investment. The collection area triples in many cases
as the demanded temperature increases from 40 °C to 85 °C.

Radiation: Radiation also plays a key role in implementing a solar
system. Although increased radiation leads to a decrease in payback, its
most significant impact is on the achieved energy savings, doubling in
many cases from 3.0 to 5.0 PSH.

Required Investment: The cost of the necessary investment can also
compromise the implementation of SWHS, potentially doubling the
payback when going from 500 €/m? to 900 €/m?.

Global considerations: Among the factors analyzed, energy price,
demand seasonality, and the weekly frequency of demand are the ones
that exhibit the greatest impact on the profitability and potential savings
of SWHS. Therefore, they should be scrutinized in greater detail when
evaluating the implementation of an SWHS. Factors such as the uni-
formity of daily demand, location and investment cost are also de-
terminants. The demand temperature primarily influences the size of the
installation but has minimal impact on profitability if the SWHS design
is optimized.

The demand pattern strongly influences the system’s emission
reduction capacity and overall efficiency. The average annual energy
saved per collector area varies from values close to 200 kWh/m? for
highly irregular patterns to nearly 900 kWh/m? for the most regular
pattern, with peaks reaching 1400 kWh/m? in the most favorable sce-
narios (efficiency exceeding 70 %). This translates into an average
emissions reduction capacity ranging between 28 and 123 kg COzeq/m?
for electricity and 58-255 kg COzeq/m? for diesel, with peaks of 400 kg
CO5eq/m? in the most favorable scenarios. Considering the relevance of
the food and beverage industry in global energy consumption, the
development of SWHS in the sector would be a boost to achieving
decarbonization and emission reduction goals.

CRediT authorship contribution statement

Rosa Maria Benavente: Writing — original draft, Visualization,
Validation, Software, Conceptualization. Alicia Perdigones: Writing —
review & editing, Visualization, Investigation, Formal analysis. Fatima
Baptista: Formal analysis, Investigation, Resources, Writing — review &
editing. José L. Garcia: Funding acquisition, Investigation, Methodol-
ogy, Project administration, Writing — review & editing. Fernando R.
Mazarron: Conceptualization, Methodology, Project administration,
Software, Validation, Writing — original draft, Writing — review &
editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data will be made available on request.
References

[1] REN21. Renewables 2021, Global status report, in: Renewable Energy Policy
Network for the 21st Century, 2022. Paris.

[2] T. Sokhansefat, A. Kasaeian, K. Rahmani, A.H. Heidari, F. Aghakhani, O. Mahian,
Thermoeconomic and environmental analysis of solar flat plate and evacuated tube

17

[3]

[4]

[5]

[6]

[71

[8]

[9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Results in Engineering 22 (2024) 102140

collectors in cold climatic conditions, Renew. Energy 115 (2018) 501-508, https://
doi.org/10.1016/j.renene.2017.08.057.

S. Aggarwal, S. Kumar, R. Kumar, R. Thakur, Thermal augmentation in evacuated
tube solar collectors using reflectors, nano fluids, phase change materials and tilt
angle: a review, in: 2nd International Conference on Aspects of Materials Science
and Engineering (ICAMSE), SI ed, 2021, pp. 4931-4935, https://doi.org/10.1016/
j.matpr.2021.01.371. Chandigarh, INDIA.

M.A. Rahman, M.R. Karim, M.M. Ehsan, Solar energy harvesting from evacuated
flat plate collector: design, thermo-economic analysis, and off design performance,
Results in Engineering 20 (2023) 101461, https://doi.org/10.1016/j.
rineng.2023.101461.

S.H. Farjana, N. Huda, M.A.P. Mahmud, R. Saidur, Solar process heat in industrial
systems — a global review, Renew. Sustain. Energy Rev. 82 (2018) 2270-2286,
https://doi.org/10.1016/j.rser.2017.08.065.

L. Kumar, M. Hasanuzzaman, N.A. Rahim, Global advancement of solar thermal
energy technologies for industrial process heat and its future prospects: a review,
Energy Convers. Manag. 195 (2019) 885-908, https://doi.org/10.1016/j.
enconman.2019.05.081.

K. Ravi Kumar, N.V.V. Krishna Chaitanya, N. Sendhil Kumar, Solar thermal energy
technologies and its applications for process heating and power generation — a
review, J. Clean. Prod. 282 (2021) 125296, https://doi.org/10.1016/j.
jclepro.2020.125296.

AK. Sharma, C. Sharma, S.C. Mullick, T.C. Kandpal, Solar industrial process
heating: a review, Renew. Sustain. Energy Rev. 78 (2017) 124-137, https://doi.
org/10.1016/j.rser.2017.04.079.

M.A. Akbar, M.M. Rashid, B.E. Abd Halim, A.J.B.H. Mohideen, M.N. Akhter,
Performance analysis of evacuated tube collector based solar heat for industrial
process (ship) system in Malaysian climate, J. Eng. Sci. Technol. 17 (2022)
2299-2314.

FoodDrinkEurope, Data & Trends of the European Food and Drink Industry, 2023.
M.L Ismail, N.A. Yunus, H. Hashim, Integration of solar heating systems for low-
temperature heat demand in food processing industry - a review, Renewable
Sustainable Energy Rev. 147 (2021) 111192, https://doi.org/10.1016/j.
rser.2021.111192.

J.L. Garcia, C.J. Porras-Prieto, R.M. Benavente, M.T. Gomez-Villarino, F.

R. Mazarron, Profitability of a solar water heating system with evacuated tube
collector in the meat industry, Renew. Energy 131 (2019) 966-976, https://doi.
org/10.1016/j.renene.2018.07.113.

C.J. Porras-Prieto, F.R. Mazarron, V. de los Mozos, J.L. Garcia, Influence of
required tank water temperature on the energy performance and water withdrawal
potential of a solar water heating system equipped with a heat pipe evacuated tube
collector, Sol. Energy 110 (2014) 365-377, https://doi.org/10.1016/j.
solener.2014.09.030.

G. Pei, G.Q. Li, X. Zhou, J. Ji, Y.H. Su, Experimental study and exergetic analysis of
a CPC-type solar water heater system using higher-temperature circulation in
winter, Sol. Energy 86 (2012) 1280-1286, https://doi.org/10.1016/j.
solener.2012.01.019.

J.L. Garcia, F. Baptista, A. Perdigones, J. Lizcano, F.R. Mazarron, Techno-economic
feasibility of solar water heating systems in the winemaking industry, Aust. J.
Grape Wine Res. 6686122 (2024) 15.

J.L. Garcia, A. Perdigones, R.M. Benavente, F.R. Mazarron, Influence of the new
energy context on the Spanish agri-food industry, Agronomy (2022), https://doi.
org/10.3390/agronomy12040977.

1. Ben Hassine, M.C. Sehgelmeble, R. Soll, D. Pietruschka, Control optimization
through simulations of large scale solar plants for industrial heat applications, in:
A. Haberle (Ed.), International Conference on Solar Heating and Cooling for
Buildings and Industry, Shc 2014, Elsevier Science Bv, Amsterdam, 2015,

pp. 595-604, https://doi.org/10.1016/j.egypro.2015.02.166.

M. Cotrado, A. Dalibard, R. Soll, D. Pietruschka, Design, control and first
monitoring data of a large scale solar plant at the meat factory Berger, Austria, in:
A. Haberle (Ed.), Proceedings of the 2nd International Conference on Solar Heating
and Cooling for Buildings and Industry, Elsevier Science Bv, Amsterdam, 2014,
pp. 1144-1151, https://doi.org/10.1016/j.egypro.2014.02.129.

A. Perdigones, F. Baptista, J.L. Garcia, R.M. Benavente, F.R. Mazarron, Impact of
the new energy context on the feasibility of solar water heating systems in the agri-
food industry, Processes 11 (2023) 1761, https://doi.org/10.3390/pr11061761.
M.S. Gudeta, S. Mekbeb, M. Shibeshi, E. Gardie, Performance analysis of solar
water heater system with heat pipe evacuated tube collector on Moha soft drink
industries in Ethiopia, Case Stud. Therm. Eng. 36 (2022) 102211, https://doi.org/
10.1016/j.csite.2022.102211.

F. Biihler, T.-V. Nguyen, B. Elmegaard, A. Modi, Process and economic
optimisation of a milk processing plant with solar thermal energy, in: Z. Kravanja,
M. Bogataj (Eds.), Computer Aided Chemical Engineering, Elsevier, 2016,

pp. 1347-1352, https://doi.org/10.1016/B978-0-444-63428-3.50229-0.

M.S. Suwaed, S.F. Alturki, A. Ghareeb, A.H. Al-Rubaye, O.I. Awad, Techno-
economic feasibility of various types of solar collectors for solar water heating
systems in hot and semi-arid climates: a case study, Results in Engineering 20
(2023) 101445, https://doi.org/10.1016/j.rineng.2023.101445.

F.R. Mazarron, J. Cid-Falceto, I. Canas-Guerrero, Assessment of aboveground
winery buildings for the aging and conservation of wine, Appl. Eng. Agric. 28
(2012) 903-910.

F.R. Mazarron, C. Javier Porras-Prieto, J. Luis Garcia, R. Maria Benavente,
Feasibility of active solar water heating systems with evacuated tube collector at


http://refhub.elsevier.com/S2590-1230(24)00394-3/sref1
http://refhub.elsevier.com/S2590-1230(24)00394-3/sref1
https://doi.org/10.1016/j.renene.2017.08.057
https://doi.org/10.1016/j.renene.2017.08.057
https://doi.org/10.1016/j.matpr.2021.01.371
https://doi.org/10.1016/j.matpr.2021.01.371
https://doi.org/10.1016/j.rineng.2023.101461
https://doi.org/10.1016/j.rineng.2023.101461
https://doi.org/10.1016/j.rser.2017.08.065
https://doi.org/10.1016/j.enconman.2019.05.081
https://doi.org/10.1016/j.enconman.2019.05.081
https://doi.org/10.1016/j.jclepro.2020.125296
https://doi.org/10.1016/j.jclepro.2020.125296
https://doi.org/10.1016/j.rser.2017.04.079
https://doi.org/10.1016/j.rser.2017.04.079
http://refhub.elsevier.com/S2590-1230(24)00394-3/sref9
http://refhub.elsevier.com/S2590-1230(24)00394-3/sref9
http://refhub.elsevier.com/S2590-1230(24)00394-3/sref9
http://refhub.elsevier.com/S2590-1230(24)00394-3/sref9
http://refhub.elsevier.com/S2590-1230(24)00394-3/sref10
https://doi.org/10.1016/j.rser.2021.111192
https://doi.org/10.1016/j.rser.2021.111192
https://doi.org/10.1016/j.renene.2018.07.113
https://doi.org/10.1016/j.renene.2018.07.113
https://doi.org/10.1016/j.solener.2014.09.030
https://doi.org/10.1016/j.solener.2014.09.030
https://doi.org/10.1016/j.solener.2012.01.019
https://doi.org/10.1016/j.solener.2012.01.019
http://refhub.elsevier.com/S2590-1230(24)00394-3/sref15
http://refhub.elsevier.com/S2590-1230(24)00394-3/sref15
http://refhub.elsevier.com/S2590-1230(24)00394-3/sref15
https://doi.org/10.3390/agronomy12040977
https://doi.org/10.3390/agronomy12040977
https://doi.org/10.1016/j.egypro.2015.02.166
https://doi.org/10.1016/j.egypro.2014.02.129
https://doi.org/10.3390/pr11061761
https://doi.org/10.1016/j.csite.2022.102211
https://doi.org/10.1016/j.csite.2022.102211
https://doi.org/10.1016/B978-0-444-63428-3.50229-0
https://doi.org/10.1016/j.rineng.2023.101445
http://refhub.elsevier.com/S2590-1230(24)00394-3/sref23
http://refhub.elsevier.com/S2590-1230(24)00394-3/sref23
http://refhub.elsevier.com/S2590-1230(24)00394-3/sref23

R.M. Benavente et al.

Results in Engineering 22 (2024) 102140
different operational water temperatures, Energy Convers. Manag. 113 (2016) [26] M. Elnaggar, Useful energy, economic and reduction of greenhouse gas emissions
16-26, https://doi.org/10.1016/j.enconman.2016.01.046. assessment of solar water heater and solar air heater for heating purposes in Gaza,

[25] C.J. Porras-Prieto, S. Benedicto-Schonemann, F.R. Mazarrén, R.M. Benavente, Palestine, Heliyon 9 (2023) 16803, https://doi.org/10.1016/j.heliyon.2023.
Profitability variations of a solar system with an evacuated tube collector according

€16803.
to schedules and frequency of hot water demand, Energies 9 (2016) 1053, https://
doi.org/10.3390/en9121053.

18


https://doi.org/10.1016/j.enconman.2016.01.046
https://doi.org/10.3390/en9121053
https://doi.org/10.3390/en9121053
https://doi.org/10.1016/j.heliyon.2023.e16803
https://doi.org/10.1016/j.heliyon.2023.e16803

	Influence of hot water consumption patterns on the viability of low-temperature solar thermal systems in the food industry
	1 Introduction
	2 Material and methods
	2.1 Consumption patterns
	2.2 Context and definition of scenarios
	2.2.1 Required temperature
	2.2.2 Energy prices
	2.2.3 Irradiance and temperature in the analyzed locations
	2.2.4 Investment
	2.2.5 Solar installation size

	2.3 Energy captured by the SWHS
	2.4 Energy analysis
	2.5 Profitability analysis
	2.6 Optimum determination

	3 Results and discussions
	3.1 Profitability
	3.1.1 Daily pattern
	3.1.2 Weekly pattern
	3.1.3 Seasonality
	3.1.4 Demanded temperature
	3.1.5 Context

	3.2 Savings
	3.2.1 Energy cost savings
	3.2.2 Reduction in energy consumption (kWh)


	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


