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Abstract: The environmental impact caused by the intensive exploitation of fossil fuels to generate
heat and electricity has already reached a critical level. Also, as the industrial sector is the largest
energy consumer, mainly in the form of heat, it has then become compulsive to implement the use
of renewable solar heat in industrial processes, such as those found in the food processing and
beverages industries, which do not require high temperatures. Consequently, this study examines
the viability of supplying heat as hot water at 80 ◦C and saturated steam at 160 ◦C to a medium-sized
brewery factory through a hybrid solar plant composed of flat plate and parabolic trough collectors
and sensible thermal energy storage. The study was conducted numerically using the meteorological
conditions of a city different from that where the factory is located because it benefits from higher
insolation levels. The mean annual solar fractions achieved were 49.9% for hot water production and
37.3% for steam generation, at a levelized cost of heat of 0.032 USD/kWh, which can be considered
competitive if compared against the values reported in other similar solar projects. Also, the decrease
in fossil fuel consumption allowed an annual reduction of 252 tons of carbon dioxide emissions.

Keywords: solar heat for industrial process; flat plate collector; parabolic trough collector; sensible
thermal energy storage; brewery process

1. Introduction

The environmental impact caused by the consumption of fossil fuels to generate heat
and electricity has already reached a critical level, putting the world at risk of serious
climate change. Industry and electricity generation are the sectors with the largest energy
consumption and, as a consequence, with the largest carbon dioxide (CO2) emissions as
well [1]. Among the different industrial sectors, the non-energy-intensive manufacturing
sector is considered the largest consumer of energy worldwide [2]. This sector comprises
industries like pharmaceuticals, pulp and paper, textiles, food processing and beverages,
paint and coatings, etc. Within these industries, there is a significant number of processes
whose operating temperatures lie in the interval 40–260 ◦C [3], which is suitable for well-
developed and commercial solar thermal technologies such as flat plate collector (FPC),
evacuated-tube collector (ETC), and parabolic trough collector (PTC) [4].

In general, it has been estimated that 74% of the global consumption of energy by
industry is heat, from which 30% corresponds to low-temperature heat (<150 ◦C), 22% to
medium-temperature heat (150–400 ◦C), and 48% to high-temperature heat (>400 ◦C) [5].
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Provided that FPC and ETC collectors are capable of delivering low-temperature heat, and
PTC collector delivers medium-temperature heat [3,6], there is an ideal scenario to promote
the use of solar heat for industrial processes (SHIP), especially in the non-energy-intensive
manufacturing sector, where the industry of beer production has strategic importance,
given the fact that it is the most consumed alcoholic drink in the world [7].

In a brewery, the demand for heat can exceed 70% of the total energy consumed [8]. A
significant portion of this heat is spent during the mashing and wort boiling processes [7–9].
Mashing needs hot water between 71–82 ◦C [7], temperatures easily attainable with a field
of FPC or ETC collectors. On the other hand, the boiling of the wort occurs at around
100 ◦C [9], thus it could be powered with steam of higher temperature, achievable with an
arrangement of PTC collectors. Hot water and steam are also needed for other operations,
such as washing, cleaning, and sterilization. Eiholzer et al. [10] have made a detailed
analysis of the amounts of heat and temperatures required by the different operations of a
medium-sized brewery.

Just like for any other industrial process, the integration of solar heat into a brewing
process can be performed at the supply level or process level. Supply-level integration
is usually easier because the solar heat is supplied to the central boiler for hot water or
steam production, providing more flexibility for the set temperature of the solar thermal
system [11]. In addition to the field of solar collectors, the integration project will also need
a thermal energy storage system (TES) because solar radiation is intermittent by nature.
The most straightforward way to store thermal energy is as sensible heat; however, it can
also be stored as latent heat or thermochemically. These last two offer the advantage of
considerably higher stored energy density. However, according to Koçak et al. [2], only
sensible thermal energy storage (STES) offers cost-effective solutions for medium- to high-
temperature industrial applications. Nonetheless, it has the disadvantage of requiring
large volumes to accumulate a given amount of heat [2,12]. Yet, expenses can be reduced if
low-cost storage materials are employed.

The integration of solar heat at the supply level to feed the processes requiring hot
water at 80 ◦C in a brewery located in Scotland, UK, has been studied by Eiholzer et al. [10].
They analyzed the replacement of the central boiler by a field of either FPC or ETC collectors,
a stratified hot water storage tank, and an auxiliary heater. Solar fractions of 6.8% and 7.7%
were obtained for each collector type. They argued that without government restrictions
on the solar plant capacity, the solar fraction with ETC collectors could rise to 13.6%.
Mauthner et al. [13] investigated the technical feasibility of integrating solar heat for the
processes of mashing (58–78 ◦C), can pasteurizing (63–65 ◦C), and malt drying (35–55 ◦C)
in three breweries located in Goess, Austria, Valencia, Spain, and Vialonga, Portugal.
The integration was performed at the process level with FPC collectors and STES tanks,
using water as heat transfer fluid (HTF) and storage material. Simulations produced solar
fractions of 30%, 45%, and 20% for each process, correspondingly.

The number of studies dealing with the incorporation of solar heat into a brewing
process is limited; however, additional works can be found on the use of solar heat in other
food processing and beverages industries. At supply level integration, Silva et al. [14]
achieved an average annual solar fraction of 34.9% in the production of steam at 120 ◦C
for a tomato preservation factory in Andalucía, Spain, making use of stratified STES and
PTC collectors. Bolognese et al. [15] obtained 23% of the solar fraction by combining PTC
collectors with an STES tank to supply pressurized hot water at 135 ◦C for the drying
process of a pasta factory in Molina, Italy. Biencinto et al. [16] modeled the heat demand
at 85 ◦C to pasteurize milk, employing PTC collectors and latent thermal energy storage
(LTES) at two locations, Graz, Austria, and Almería, Spain, obtaining annual solar fractions
of 27% and 52%, respectively.

It is evident from the works reviewed that both schemes of solar heat integration in
the food processing and beverages industries can lead to important energy savings and
reductions in CO2 emissions as a consequence. Particularly for breweries, the use of FPC
or ETC collectors to generate hot water has been addressed successfully; however, the
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simultaneous production of hot water and steam through a hybrid system composed of
two types of collectors has not been conducted despite the potential benefits that it could
convey, as demonstrated by Tian et al. [17], who modeled a hybrid solar field made of FPC
and PTC collectors for district heating. Therefore, it is the objective of this work to evaluate
the capability of a hybrid solar plant composed of FPC and PTC collectors, stratified STES
tanks, an economizer, and a steam generator to meet the hot water and steam requirements
of the medium-sized brewery analyzed by Eiholzer et al. [10], but at the weather conditions
of Ensenada, Mexico, provided that this city hosts a flourishing brewing industry and
experiences high levels of solar insolation. Stratified tanks were used for sensible heat
storage as they provide a well-developed and practical solution in this type of industry, as
well as a straightforward approach in terms of numerical implementation.

2. Heat Demand and Proposed Solar Plant

The description of each step of the brewing process selected for this study and the
corresponding amounts of heat, mass flow rates, and temperatures required for each stream
have already been given by Eiholzer et al. [10]. The brewery works 300 days a year and
processes four batches per day. Each batch is completed in 6 h. Considering only the
operations that require heating (mashing, wort preheating and boiling, cleaning, and keg
washing), the heat demand consists then of the production of hot water at 1 bar and 80 ◦C
and saturated steam at 6 bar and 160 ◦C. The authors only examined the supply of hot water
with solar energy. For steam generation, flue gas was used. As the purpose of this work
is to produce both hot water and steam with solar energy, then, from the data provided
by the authors, the curves of heat demand were determined. They are shown in Figure 1.
Only two batches were considered (diurnal operation), starting at 6 a.m. The times and
mass flow rates (

.
m) used to calculate the heat demands (

.
Q) per batch are listed in Table 1.
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Figure 1. Heat demand curves of hot water and saturated steam for two batches (12 h of plant
operation).

It can be observed in Figure 1 that the hot water demand presents significant varia-
tions over time, with the highest peaks during mashing. The other peaks correspond to
simultaneous cleaning and keg washing. Throughout the whole time period, hot water is
also needed for cleaning. The total heat requirement for hot water production Qhw for the
two batches is 5837.5 kWh. Steam is also constantly demanded for keg washing. As in this
work, the aim is to perform the operations of wort preheating and boiling with saturated
steam instead of flue gas, the peaks shown in Figure 1 correspond to these two processes.
The total amount of heat needed for steam production Qs for the two batches is 2817.9 kWh.
The solar plant proposed to meet the total heat demand is schematized in Figure 2.
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Table 1. Times, mass flow rates, and heat demands required by the processes that need heating
during one batch of operation. Data were extracted from the work of Eiholzer et al. [10].

Time (h) Hot Water (1 bar, 80 ◦C) Steam (6 bar, 160 ◦C)

Start End
.

mhw (kg/s)
.

Qhw (kW)
.

ms (kg/s)
.

Qs (kW)

0.0 0.5 10.59 3202.42 0.01 24.21
0.5 0.58 9.12 2757.89 0.01 24.21

0.58 1.92 0.35 105.84 0.01 24.21
1.92 2.17 1.82 550.37 0.01 24.21
2.17 2.58 0.35 105.84 0.01 24.21
2.58 2.83 2.0 603.82 0.19 452.18
2.83 3.0 0.53 159.29 0.19 452.18
3.0 3.25 2.0 603.82 0.19 452.18

3.25 4.58 0.53 159.29 0.19 452.18
4.58 5.75 0.56 169.46 0.22 533.61
5.75 6.0 0.35 105.84 0.01 24.21

Total (kWh): 2918.85 Total (kWh): 1595.52
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The plant is composed of two subsystems: one for hot water and one for saturated
steam. The first subsystem also provides the water that is converted to steam. A total of
250 FPC collectors arranged in five parallel lines, each with ten sets of five collectors in
series, two stratified STES tanks, two pumps, one auxiliary heating system, and a series
of valves comprise the first subsystem. Water is employed as HTF and storage material.
For the second subsystem, eight parallel lines of five PTC collectors in series, two stratified
STES tanks, three pumps, one economizer (feedwater preheater, PH), one steam generator
(SG), one auxiliary heating system, and a group of valves are used. Therminol 66® (T66)
is the HTF and storage material in this case. The suggestion of Silva et al. [14] to use an
economizer before the steam generator was implemented. The auxiliary heating systems
help to reach the set temperatures when the solar plant cannot make it due to the inherent
intermittency of solar radiation.

The FPC collector selected for this study is the SunEarth TR40 [18]. The chosen PTC
collector is the NEP PolyTrough 1800 [19]. Their technical specifications are given in Table 2.
A shell-and-tube heat exchanger (HX) with one shell pass and two tube passes was used as a
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steam generator. Hot T66 oil flows inside the tubes while liquid saturated water at 6 bar and
160 ◦C is on the shell side. A plate-type, liquid-to-liquid HX in counterflow was employed
to increase the feedwater temperature to saturation conditions. The design of both HXs
was completed with the ε-NTU (effectiveness–number of transfer units) method [20]. The
analysis of the auxiliary heating systems, pumps, and piping systems was skipped for
the moment.

Table 2. Technical specifications of the selected FPC and PTC collectors [18,19].

Parameter FPC SunEarth TR40 PTC NEP PolyTrough 1800

Gross width 1.22 m 1.965 m
Gross length 3.10 m 11.085 m
Gross area 3.78 m2 21.782 m2

Aperture area 3.45 m2 18.45 m2

Nominal flowrate 0.019 kg/(m2·s) 1800 L/h
Maximum flowrate 12 gpm 3600 L/h

Fluid capacity 4.5 L 9.8 L
Max operation pressure 160 psi 40 bar

3. Modeling
3.1. Solar Collectors

To investigate the performance of the solar plant, it is necessary to model the thermal
performance of each collector. From the technical specifications and efficiency equations
given by the manufacturer, it is possible to determine the useful heat gain Qu for each
collector; thus, for the FPC collectors’ field

Qu
FPC = AFPC

u It

[
K(θ)FPC c0 − c1

(Ti − Ta)

It

]
(1)

where AFPC
u is the useful area of the FPC field, It is the total solar irradiation at the collectors

plane, K(θ)FPC is the incidence angle modifier, Ti is the fluid inlet temperature, Ta is the
ambient temperature, c0 = 0.709, and c1 = 6.801 [18]. For the field of PTC collectors

Qu
PTC = APTC

u DNI

[
K(θ)PTC η0 − a1

(Ti − Ta)

DNI
− a2

(Ti − Ta)
2

DNI

]
(2)

where APTC
u is the useful area of the PTC field, DNI is the direct normal irradiation,

K(θ)PTC is the incidence angle modifier, η0 is the optical efficiency (η0 = 0.689), a1 = 0.36,
and a2 = 0.0011 [19]. Since θ is the incidence angle, the equations to compute the incidence
angle modifiers are [18,19]

K(θ)FPC = 1.00087 − (0.00247)θ + (1.47654 × 10−4)θ2 −
(
3.69367 × 10−6)θ3

+
(
1.09266 × 10−6)θ4 (3)

K(θ)PTC = 0.99807 + (0.00043304)θ − (0.00018659)θ2 +
(
5.4105 × 10−6)θ3

−
(
6.5303 × 10−8)θ4 (4)

3.2. Stratified STES Tanks

Different models to describe the time evolution of the fluid temperature within a STES
tank can be found in the literature. The 0D model is the simplest, but it cannot reproduce
the stratification process. 1D methods like the multinode model divide the tank into several
disks or nodes assuming the thermophysical properties are constant, then apply mass and
energy balance equations to each node and solve the set of equations numerically. The 2D
and 3D methods are far more complex since they solve the energy, momentum, and mass
balance equations in each of the control volumes in which the tank is divided. They can
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predict the flow and temperature dynamics of the charging and discharging processes and
additional phenomena like natural convection.

The 2D and 3D models can be very useful for tank design. However, comparative
studies have shown that the 1D and 2D models predict similar temperature profiles along
the tank height in time [21]; thus, for simplicity, the 1D multimode model developed by
Cadau et al. [22] is used here. Considering the stratified STES tank shown in Figure 3, the
application of the mass and energy conservation equations for node i gives

.
Vvertout =

.
min

ρ(Tin)
+

.
Vvertin −

.
mout

ρ(Ti)
(5)

MCp
dTi
dt = ∑

.
minCpTin − ∑

.
moutCpTi −

.
Vvertout ρ(Tvertout )CpTvertout

+
.

Vvertin ρ(Tvertin )CpTvertin + k(Ti−1 − Ti)− k(Ti − Ti+1)− UA(Ti − Ta)
(6)

where
.

V is the volume flow rate, ρ is the fluid density, T is the temperature, M is the mass
of the fluid, Cp is the fluid specific heat, k is the fluid thermal conductivity, t is time, and
UA is the overall heat loss coefficient. Subindices in and out denote entry or exit, and vert
means vertical.

.
Vvertin and

.
Vvertout are assumed positive when the flow is downwards.

Accordingly, the nodes corresponding to Tvertin and Tvertout are defined as

Tvertin =

{
Ti−1 i f

.
Vvertin > 0

Ti i f
.

Vvertin < 0
(7)

Tvertout =

{
Ti i f

.
Vvertout > 0

Ti+1 i f
.

Vvertout < 0
(8)

The energy balance of Equation (4) considers the external energy flow coming in,
internal energy flow going out, heat transfer by energy flow between adjacent nodes,
thermal losses to adjacent nodes, and thermal losses to the surroundings. The resulting set
of equations can be solved through Euler forward method, and the time evolution of every
node’s temperature can be found.
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The 1D model by Cadau et al. [22] is valid only when there is an external circulation
(i.e., charging or discharging). When the tank is left still, the fluid experiences internal
natural convection only, and Equation (4) can lead to physically inconsistent results in the
temperature profiles along the tank height. However, this problem can be solved through
computational artifices, such as temperature inversion [23], wherewith the argument that
the largest temperature value must be at the top of the tank at any given time, a simple
instruction can be made in the algorithm to correct the profile.



Energies 2024, 17, 2300 7 of 21

3.3. Heat Exchangers

The ε-NTU method employed here to determine the HXs heat transfer area is already
well established, and an in-depth description of it can be found in any heat transfer textbook.
For each HX, the method works through the calculations of the heat capacities of each
stream (labeled as Cmin and Cmax depending on their value), the maximum possible heat
transfer rate, the actual heat transfer rate, the overall heat transfer coefficient (U), and
the heat transfer area (A), making use of already defined ε-NTU relations. For the steam
generator (shell-and-tube HX)

ε = 1 − exp(−NTU) (9)

and for the economizer

ε =
1 − exp[−NTU (1 − C∗)]

1 − C∗ exp[−NTU (1 − C∗)]
(10)

where C∗ = Cmin/Cmax and NTU = UA/Cmin [20]. According to Fernández-Torrijos
et al. [24], the ε-NTU relations for a concentric-tube HX are valid for a plate HX as long as
the number of plates is large enough (more than 40). The geometrical parameters and heat
transfer coefficients of the HXs employed in this work are summarized in Table 3.

Table 3. Geometrical parameters and overall heat transfer coefficients of the employed HXs.

Steam Generator (SG) Economizer (Preheater PH)

Number of tubes, N 23 Number of plates, N 100
Length, L 12.45 m Length, L 0.66 m

Tubes inner diameter, Di 12.7 mm Gap distance, a 6.61 mm
Tubes outer diameter, Do 20.7 mm U 23.4 W/m2·K

Ui 1084.9 W/m2·K

3.4. Solar Plant Dimensioning and Operation Modes

The size of the solar plant was based on the annual heat requirements and the annual
average solar irradiation available in the proposed brewery location in the city of Ensenada,
BC, Mexico (31.9◦ N, 116.7◦ W). To maximize the collection of energy throughout the year,
the position assumed for each FPC collector was facing south and tilted 30◦. Also, each PTC
collector was positioned with its longitudinal axis north–south oriented. The volume of the
stratified STES tanks for direct hot water supply was determined according to the mass flow
rate requirements of one batch. It was done similarly for the stratified T66 oil STES tanks for
indirect steam generation. In addition, each of the four STES tanks was of cylindrical shape,
with an aspect ratio (height/diameter) of 3 in order to minimize the mixing coefficient and
maximize stratification [25]. In Table 4, the size and operation parameters of the solar plant
are summarized.

Table 4. Size and parameters of operation of the proposed solar plant.

Parameter Hot Water Subsystem
(1 Bar, 80 ◦C)

Saturated Steam Subsystem
(6 Bar, 160 ◦C)

Type of solar collector FPC PTC
Total collecting area 862.5 m2 738 m2

Heat transfer fluid Water Therminol 66®

Mass flow rate per collector 0.072 kg/s 0.441 kg/s
Field mass flow rate 1.805 kg/s 3.530 kg/s
STES tanks volume 36 m3 33 m3

Heat exchanging area of SG - 18.62 m2

Heat exchanging area of PH - 43.22 m2

As an initial effort to meet the heat demand, characterized by important fluctuations
throughout the batch time period, it was decided to implement only two operation modes
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of the solar plant: STES charging and STES discharging. In this way, the purpose of the
solar field was to provide thermal energy only to charge the tanks. The mass flow rates
and heat demand of the first batch brewing period (6 a.m.–12 p.m.) were supplied with the
discharging of one hot water tank and one T66 oil tank (assuming that they were charged
the day before). During this first time period, the other two tanks were charged in order to
be used in the second batch brewing period (12–6 p.m.). Throughout this second period,
the first two tanks were now charged for next-day operation. At night, the STES tanks
were left in idle mode, with heat loss to the ambient only at a global loss coefficient of
1 W/m2·K [26,27].

In Figures 4 and 5, the diagrams of the two solar plant subsystems are presented
again with all of the valves required for the two operation modes labeled. The valves that
needed to be opened for each operation mode are indicated in Table 5. During the charging
mode of each stratified water tank, hot water leaving the FPC collector field entered the
tank at the top, increasing the node temperature. Water from the last node, located at the
bottom, circulated back to the solar field to gain thermal energy and continue charging
the tank. The ideal scenario was to reach the desired set temperature Thw

set = 80 ◦C. During
the discharging mode, hot water from the top node was sent directly to the process, while
feedwater entered the tank at the bottom in an open loop scheme. The same charging
approach was also applied to each T66 oil STES tank; however, for the discharge, a closed
loop was followed; hot T66 oil at a set temperature TT66

set = 252 ◦C was sent to the HXs,
returning to the tank at a return temperature of TT66

ret = 155 ◦C. In parallel, hot water at
80 ◦C and 6 bar entered the preheater first to reach saturation conditions and then to the
steam generator to change phase.

To quantify the viability of the solar plant, it is common practice to use the concept of
solar fraction (S f ), which can be understood as the relation between the solar heat delivered
to the process Qu and the process heat demand Qprocess

S f =
Qu

Qprocess
(11)

Every time when the set temperatures could not be reached using solar heat only,
the auxiliary heating systems were employed to provide additional heating and meet
the requirement. Thus, Qprocess can also be seen as the sum of solar heat and auxiliary
heat (Qaux).
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Table 5. Valves that need to be open at each operation mode of the solar plant.

Operation Mode Hot Water
Subsystem Steam Subsystem Time Period

STES 1 discharge v13, v15, v17 v15′, v19′, v18′, v17′, v16′, v11′ 6 a.m.–12 p.m.
STES 2 charge v2, v4, v5, v9, v8 v2′, v4′, v5′, v9′, v8′ 6 a.m.–12 p.m.

STES 2 discharge v14, v12, v16 v12′, v16′, v13′, v14′ 12 p.m.–6 p.m.
STES 1 charge v1, v10, v3, v4, v6, v7 v1′, v10′, v3′, v4′, v6′, v7′ 12 p.m.–6 p.m.
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3.5. Solution Procedure and Validation

To model the thermal performance of the proposed solar plant, an in-house code was
written in the open-source software Python. The thermophysical properties were obtained
from the free library CoolProp [28]. The typical meteorological year (TMY) at the project
location was also employed. The TMY can be generated using weather information of
free access like that provided by the NASA Power Project [29]. The monthly average daily
values of solar irradiation on the collector plane (It) and direct normal irradiation (DNI)
are given in Figure 6, together with the average ambient temperature (Ta). Simulations
were performed for the 365 days of the year. Flow diagrams of the solution procedure are
provided in Figure 7a for the tanks charging and discharging during the first batch brewing
period (6 a.m.–12 p.m.), and in Figure 7b, the second batch brewing period (12–6 p.m.).
The time increment applied was 1 h, and steady-state conditions were assumed during
each hour.

Equations (1) and (2), which describe the heat gain of both collector types, are based
on experimental data made available by the manufacturer. Thus, they do not need to be
validated. On the other hand, validation is required for the STES tanks model. The charging
process was validated against the experimental work of González-Altozano et al. [26], who
analyzed the charging process of a 0.9 m3 stratified hot water tank until 120% of the volume
was replaced (t = 4073 s). The tank dimensions were 1.8 m in height and 0.8 m in diameter.
Initially, the tank was at 20 ◦C. A constant water flow rate of 16 dm3/min at 52 ◦C was
delivered at the top. Twelve thermocouples uniformly distributed along the vertical axis
measured the temperature every 5 s. The overall heat loss coefficient through the walls was
5.77 W/K. Figure 8 shows the comparison between the measured temperature distribution
and the results obtained here employing 12 nodes. An additional verification was also
conducted against the semi-analytic methodology developed by Unrau [30]. It is plotted in
Figure 9a.
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top node; N12 refers to the bottom node.

It can be seen in Figure 8 that by the end of the time period analyzed, nearly all
of the experimental nodes reached the same temperature (~51 ◦C), while only eight of
the simulated nodes approached that temperature. According to Cadau et al. [22], this
deviation is due to the fact that 1D models, like the one used here, fail to reproduce the three-
dimensional phenomena present in the tank when there is high incoming flow relative to the
tank size. The nodes located far from the inlet section are those with the larger deviations
from experimental measurements. Despite these differences, it is considered that 1D models
can satisfactorily predict the storage tank temperatures without excessive computational
effort, which can be seen sometimes as an advantage for industry simulation. Regarding
the verification against the semi-analytic method of Unrau [30], plotted in Figure 9a, a
close agreement between the results of both methods can be appreciated for all nodes.
A summary of the validation and verification results of the charging process is given in
Table 6 for 12 nodes, where a maximum difference of 14.5% with respect to the experimental
measurements can be observed. As it can be observed, the model underestimates the real
temperature in the lowest part of the tank. Thus, in real applications, the solar heat available
would be higher than predicted, helping to achieve a slightly larger solar fraction.
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Table 6. Validation and verification results of the STES charging process.

STES Tank Charging Temperatures (◦C)

Node González-Altozano
et al. [26] Unrau [30] Present Work Difference (%)

1 50.86 52.0 52.0 2.2 0
3 50.86 52.0 52.0 2.2 0
5 50.86 51.59 51.88 2.0 0.6
8 50.86 50.62 51.16 0.6 1.1
10 50.51 48.27 48.52 3.9 0.5
12 50.0 43.82 42.76 14.5 2.4

The discharging process was verified, employing only the semi-analytical methodol-
ogy developed by Unrau [30]. The same storage tank dimensions and flow rate conditions
used for charging were considered. The results can be seen in Figure 9b, where a maximum
difference of 2.7% was obtained. In addition, Cadau et al. [22] argued that it is not necessary
to split the tank into many nodes to improve the accuracy of the temperature predictions,
but rather, a small number of nodes is enough. To investigate this argument, the charging
and discharging curves for six and twelve nodes are plotted in Figure 10a,b, respectively. A
strong similarity in the final temperature values reached by the nodes can be perceived in
the two cases, thus proving that six nodes are sufficient to appropriately model the charge
and discharge of the STES tanks.
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3.6. Economic Analysis

A first cost estimation of the proposed solar plant was calculated in terms of the
levelized cost of heat (LCOH), which is a measure of the present value of the total cost
of building and operating the solar plant over its assumed lifetime. It calculates the cost
per unit of heat produced, allowing the comparison between the solar plant and other
technologies. The simplest formula to compute the LCOH is the following [31]

LCOH =
Io + ∑LT

t=1
CO&M
(1+r)t

∑LT
t=1

Qu
(1+r)t

(12)

where Io is the total installation cost after the deductible tax percentage, CO&M is the annual
operation and maintenance cost, r is the annual discount rate (related to inflation), Qu is
the useful thermal energy produced in one year, LT is the assumed lifetime of the solar
plant (in years), and t is the year number. In Table 7, there is an estimation of the economic
parameters needed to compute the LCOH based on the data given by Burkhardt et al. [32],
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Dieckmann et al. [33], Mohammadi et al. [34], and Zheng at al. [35]. In Mexico, renewable
energy projects are 100% tax-deductible, implying that a reduction of up to 30% of the
initial investment can be achieved.

Table 7. Economic parameters required to assess the cost of the project [32–35].

Type of Cost Parameter Value

Direct Solar FPC field $172 USD/m2

Solar PTC field $177 USD/m2

Site improvements $15 USD/m2

HTF $3 USD/m2

Storage $26 USD/kWht

Contingency 0.07 × (Solar field + site improvements
+ HTF system + storage)

Indirect Engineering, construction, and
ownership cost 0.1 × Direct cost

Total installation cost Direct cost + indirect cost
Annual operation and

maintenance cost 1% of total installed cost

Expected lifetime of the solar plant 25 years
Deductible tax percentage 30%

Inflation rate 5%

4. Results
4.1. Hot Water Production

To observe the behavior of the solar subsystem to produce hot water during a whole
day, a springtime sunny day was selected: 20 April. The solar irradiation and ambient
temperature values measured on this day are presented in Figure 11. The maximum
value of It was 1035 kWh/m2 around noontime at a 30◦-tilt-angle. On the other hand,
the maximum values of DNI and Ta were 931 kWh/m2 and 19.1 ◦C, respectively. The
charging and discharging curves of the hot water STES tanks are illustrated in Figure 12
for the superior node only (node 1), along with the HTF temperatures at the inlet and
outlet of the solar field. To agree with Figure 4, STES 1 HW was discharged from 6 a.m. to
12 p.m. to supply the heat demand while STES 2 HW was charged. From 12 to 6 p.m., the
opposite occurred.
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It can be observed in Figure 12 that on a typical sunny day, it was possible to begin
at 6 a.m. the discharge of tank STES 1 HW at a temperature of the hottest node (node 1)
equal to 60.6 ◦C at the required mass flow rate (10.59 kg/s according to Table 1). In order
to reach the 80 ◦C required, Qaux had to be employed. At the end of the discharging
process (12 p.m.), the temperature of node 1 was 29.1 ◦C. Then, the charging started at this
temperature from 12 to 6 p.m., achieving 63.9 ◦C at the end, although a peak temperature
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of 71.9 ◦C was registered at 3 p.m. The charging process was not stopped at this moment
because more time had to be given to the interior nodes to increase their temperatures.
Concerning tank STES 2 HW, the temperature behavior of node 1 was similar to that of tank
STES 1 HW, showing temperatures at the end of the charging and discharging processes
equal to 68.9 ◦C and 21.6 ◦C, respectively. Again, Qaux had to be employed from 12 to
6 p.m. The temperature distributions of both STES tanks at the end of each charging and
discharging process can be seen in Figure 13 for six nodes.
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It can also be noticed in Figure 12 that the outlet temperature of the solar field was
larger than the tank top node temperatures until nearly 3 p.m. Perhaps it might have
been convenient to stop the HTF fluid recirculation through the solar field after this time,
especially considering that the inlet temperature was increasing, reducing the efficiency
of the collectors in consequence because the larger the inlet temperature, the lower the
thermal performance of a solar collector for a given HTF. As the same water to be used for
beer production was selected as HTF in this investigation, the enhancement of its thermal
properties (density, viscosity, thermal conductivity, and specific heat) through some method
(for instance, by adding nanoparticles) to improve the collector’s performance was not
allowed. Therefore, it was decided not to implement any change in order to simulate a
real scenario.

The increment of the solar field inlet temperature from 3 p.m. onwards in Figure 12
was due to the fact that a relatively uniform temperature distribution was accomplished
during the charge of tank STES 1 HW (as depicted in Figure 13). In contrast, a uniform
temperature distribution was not reached for tank STES 2 HW after the charge, explaining
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why the solar field inlet temperature did not increase considerably from 6 a.m. to 12 p.m. in
this case. Despite these circumstances, a daily solar fraction of 60.6% was obtained for tank
STES 1 HW and 59.8% for STES 2 HW, giving an average of 60.2%. The hourly distribution
of the solar heat and auxiliary heat can be seen in Figure 14.
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Figure 14. Distribution of the solar heat and auxiliary heat needed to meet the hot water demand at
80 ◦C in two batches.

The solar fraction coverage of hot water production for each day of the year is plotted
in Figure 15a for both STES tanks. In Figure 15b, the monthly averaged results are illustrated.
As expected, large values of the solar fraction occurred in summer and low values in winter.
For tank STES 1 HW, the mean annual coverage was 50.92%, while for tank STES 2 HW, it
was 48.79%, giving an average of 49.9%. The small difference between both tanks was due
to the fact that the established operation mode for hot water production allowed greater
solar fractions for tank STES 1 HW in winter months, given the meteorological conditions
of Ensenada.
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4.2. Steam Production

Regarding the production of steam on the selected day (20 April), the temperatures
of T66 oil entering and leaving the solar PTC field are plotted in Figure 16, along with
the temperatures of the top node (node 1) of storage tanks STES 1 T66 and STES 2 T66.
According to the chosen operation modes, STES 1 T66 was discharged from 6 a.m. to 12 p.m.
to supply the heat demand, and from 7 a.m. to 12 p.m., STES 2 T66 was charged. From 12
to 6 p.m., the opposite occurred. In the interval 6–7 a.m., the amount of DNI available was
negligible. It can be seen that throughout the day, the HTF temperature leaving the solar
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field was above the temperatures of node 1 for both tanks. In addition, an appreciable gap
between the solar inlet and outlet HTF temperatures was observed from 7 a.m. onwards.
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Figure 16. Daily evolution of the solar PTC field inlet and outlet temperatures and the charging and
discharging temperatures of the top node (node 1) of T66 oil STES tanks for 20 April. From 6 a.m. to
12 p.m., STES 1 T66 was discharged, and STES 2 T66 was charged from 7 a.m. to 12 p.m. From 12 to
6 p.m., STES 1 T66 was charged and STES 2 T66 discharged.

From the evolution of node 1 temperatures, it can be noticed in Figure 16 that in tank
STES 1 T66, the discharge began at 235.3 ◦C. Thus, Qaux had to be added to reach the set
temperature of 252 ◦C at the steam generator inlet. A similar situation occurred in tank
STES 2 T66, where the discharge started at 239.9 ◦C. The temperature distributions at the
end of each charging and discharging phase of each tank are shown in Figure 17 for six
nodes, revealing that uniform distributions after charging were not achieved. This partly
contributed to the significant gap between the solar field inlet and outlet fluid temperatures.
Moreover, it can be perceived too that in tank STES 1 T66, the top node temperature
reached 246.6 ◦C, thus reducing the next day’s amount of Qaux and improving the solar
heat coverage. After the discharges, the temperature distributions of both tanks were quite
uniform, with the lowest node (sixth node) temperature equal to the established return
temperature of 155 ◦C at the economizer exit.
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Figure 17. Temperature distributions at the end of each charging and discharging process of both T66
oil STES tanks on 20 April.

The hourly distributions of the gained solar heat and auxiliary heat on 20 April are
plotted in Figure 18. The daily solar fraction achieved with the PTC field and tank STES
1 T66 was 57.83%, and with tank STES 2 T66, it was 57.42%, resulting in an average of 57.6%.
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In Figure 19a, the solar fraction coverage of steam production for each day of the year is
illustrated, and the monthly averages are shown in Figure 19b. In all of the months, the
coverage with the STES 1 T66 tank was higher because at the meteorological conditions of
Ensenada, the DNI values from 12 p.m. to 6 p.m. (which is the interval where this tank
was charged) are normally higher than during the first half of the day. The mean annual
solar fraction obtained with tank STES 1 T66 was 40.36%, and with tank STES 2 T66, it was
34.29%, giving an average of 37.3%.
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5. Discussion

The annual solar heat coverages obtained in this work lay within the interval of solar
fractions reported in the literature for projects involving food processing and beverages
industries. In Table 8, there is a comparison between the results attained here and those of
the works mentioned in the literature review. In addition, since this work aimed to model
the heat supply of the brewery analyzed by Eiholzer et al. [10] at conditions of higher solar
insolation, a more complete comparison is described in Table 9. Provided that the size of
the solar plant studied here is nearly three times larger, the simulation of meeting both
heat demands (hot water and steam) produced nearly a fourfold improvement in fossil fuel
savings and CO2 emissions reductions.
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Table 8. Comparison of the solar fractions obtained in this work and those reported for food
processing and beverages industries.

Demand Solar
Technology Location Solar Fraction Author

Hot water at 80 ◦C ETC collectors * Scotland, UK 13.6% Eiholzer
et al. [10]

Hot water in the
interval 58–78 ◦C FPC collectors Goess, Austria 30.0% Mauthner

et al. [13]
Hot water in the
interval 63–65 ◦C Valencia, Spain 45.0%

Hot water in the
interval 35–55 ◦C

Vialonga,
Portugal 20.0%

Steam at 120 ◦C PTC collectors Andalucía,
Spain 34.9% Silva et al. [14]

Hot water at 135 ◦C PTC collectors Molina, Italy 23.0% Bolognese
et al. [15]

Heat at 85 ◦C PTC collectors Graz, Austria 25.0% Biencinto
et al. [16]

Almería, Spain 52.0%

Hot water at 80 ◦C FPC collectors Ensenada, BC,
Mexico 49.9% Present work

Steam at 160 ◦C PTC collectors 37.3%
* Optimized values without the limitation in capacity.

Table 9. Contrast between the results of Eiholzer et al. [10] and those obtained here for the same heat
demand, taking advantage of the higher insolation levels of Ensenada, BC, Mexico.

Parameter Eiholzer et al. [10] Present Work

Solar technology ETC collectors * FPC + PTC collectors
Area (m2) 586 950 + 871

STES volume (m3) 30 33 (×4)
Solar heat gain (MWh/year) 308.1 1188.5

Investment cost (USD) 282,895.2 469,603.3
Payback period (years) 6.5 15

Fossil fuel savings (MWh/year) 362.5 1398.2
CO2 emissions (tons/year) 66.7 252

Renewable heat incentive (RHI)
income (USD/year) 33,273.7 -

* Optimized values without the limitation in capacity.

From an economic standpoint, the UK renewable heat incentive (RHI) program, which
offers 0.108 USD per kWh saved, allowed a yearly return of nearly 33,274 USD for the
project of Eiholzer et al. [10]. In addition, the fact that the natural gas price in the UK can be
nearly twice that of Mexico [36] permitted them to reach a short payback period of 6.5 years.
On the other hand, for the project proposed here, the application of the 30% tax-deduction
benefit of Mexico (mentioned in Section 3.6) allowed a reduction in the installation cost to
approximately 469,604 USD and a payback period of 15 years.

An additional comparison in terms of the LCOH between the results obtained here and
other similar projects, including that of Eiholzer et al. [10], is provided in Table 10. Data from
Table 7 were used for the calculations. The influence of factors such as process temperature
levels, demand continuity, project scale, solar insolation levels, and geographical location
can be straightforwardly appreciated. Among all, it seems that the levels of solar insolation
determined by the geographical location played the most crucial role in determining the
viability of the solar plant. The timing of the study also had an important effect since
the prices of solar technologies have decreased by 35% over the last decade [33]. The
competitive LCOH value of 0.032 USD/kWh achieved here demonstrates that the city of
Ensenada, Mexico, can be seen as an ideal location to implement solar heat for industrial



Energies 2024, 17, 2300 19 of 21

processes. Nonetheless, and despite the government incentives, the relatively low natural
gas prices found in the region may pose an obstacle to a swift transition towards the use of
renewable solar heat in industry.

Table 10. Comparison against other similar projects in terms of the LCOH using data from Table 7.

Author Year Location Solar
Technology Area (m2)

LCOH
(USD/kWh)

Mohammadi
et al. [34] 2021 Salt Lake

City, USA
PTC

collectors 20,992 0.026

Tian et al. [17] 2018 Taars,
Denmark

FPC + PTC
collectors 5960 0.058 *

Rosales-Pérez
et al. [31] 2024 Calama,

Chile
FPC + PTC
collectors 687 0.063, 0.081

Eiholzer et al. [10] 2017 Scotland, UK ETC
collectors 586 0.133 **

Present work 2024 Ensenada,
Mexico

FPC + PTC
collectors 1821 0.032

* 1 DKK = 0.14 USD; ** 1 EUR = 1.07 USD.

6. Conclusions

A numerical simulation to evaluate the viability of a hybrid solar plant composed of
FPC and PTC collectors, as well as sensible energy storage to generate both hot water and
steam for the medium-sized brewery analyzed by Eiholzer et al. [10] at the meteorological
conditions of Ensenada, Mexico, was conducted. From the results obtained for diurnal
operation only (equivalent to two batches), the following main conclusions can be drawn:

• For the production of hot water at 1 bar and 80 ◦C, an average annual solar fraction of
49.9% was achieved. For the production of saturated steam at 6 bar and 160 ◦C, the
average annual solar fraction accomplished was 37.3%.

• These solar fraction values permitted savings of 1398.2 MWh/year of fossil fuel and
252 tons of CO2 emissions.

• A competitive value of the levelized cost of heat equal to 0.032 USD/kWh was obtained,
demonstrating that in the city of Ensenada, the insolation conditions make viable
the implementation of solar heat in industrial processes, such as those of the food
processing and beverages industries.
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