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ARTICLE INFO ABSTRACT
Keywords: Real energy consumption data were taken from the 17 most important companies of the dairy industry
Solar heat for industrial processes distributed across different Spanish geographical locations, studying the technical and economic feasibility of

Solar thermal energy

: . integrating solar concentration technologies suitable for the required thermal level of medium temperature in
Solar concentration technologies

. that industrial sector. The results show that the percentage of use of available thermal energy (%U) and the size
Thermal energy generation cost R .. . . .. s
Dairy industry of the solar plant, in addition to many other variables such as location, are decisive parameters for determining
SHIP systems integration the cost of generating thermal energy and comparing it with the cost of conventional energies (natural gas, diesel
and fuel oil). A 20-year time horizon is considered and three different scenarios are taken into account as regards
the price evolution. Likewise, it is observed that, as the temperature of the heat transfer fluid rises, the generation
of thermal energy decreases. The prices of solar thermal energy would improve the conditions offered by any
conventional fuel (natural gas, diesel and fuel oil), unlike what happened just 2 years ago with natural gas. The
lowest thermal power generation costs would be 3.41c€/kWht for LFC technology, and 3.69c€/kWht for PTC
technology, both in Granada; being much lower than current prices (21 November 2022) for conventional fuels:
10.53c€/kWht for diesel (5.48c€/kWht, in 2021); 6.08c€/kWht for fuel oil (3.70c€/kWht, in 2021); and 7.29¢c€/
kWht (Band I3) and 7.71c€/kWht (Band I4) for natural gas (2.35c€/kWht for Band I3 and 1.99¢€/kWht for Band
14 in 2021).

Worldwide consumption of fossil fuels accounted for 82 % of pri-
mary energy usage in 2021, down from 83 % in 2019 and 85 % in 2017.
Despite a reduction in the growth of CO, emissions, globally, in 2019
(with a growth rate of 0.15 %), not to mention a 2.2 % increase in 2018,
and, of course, without referring to the 5.9 % decline in 2020 due to the
health crisis (reaching 2011 levels, 2 Gt of CO9, marking the largest
decrease since World War II in 1945), a growth of 5.7 % occurred in
2021, reaching 33.9 GtCO,, a value very close to 2010 levels [1].
Therefore, we are far from achieving the net-zero energy goal of 2050

1. Introduction
1.1. Background

The health, economic, and social crisis triggered by the severe acute
respiratory (SARS-CoV-2) pandemic, and more recently, the conflict in
Ukraine, has led to unprecedented volatility in the global energy
markets.
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Nomenclature

Symbols

%U percentage of use of the available thermal energy (%)

Cr investment cost (€)

Cowms operating, maintenance and substitution cost (€)

Crey thermal energy unit cost, or unit cost of usable solar
thermal energy (W/m?)

CuL useful life cost (€)

d, aperture width of collectors (m)

de distance between collector rows (m)

DNI direct normal irradiance (W/m?)

Eer thermal energy captured in the collector field (W/m?)

Eincident solar €nergy due to solar radiation (W)

Empa available energy for industrial processes (W/m?)

Eouput  energy at the collector field output (Wh)

o captured thermal energy in the collector field at hourly
resolution (W/m?)

Eump usable thermal energy in the industrial process (W/m?)

Feleanliness factor based on the degree of cleanliness of the collector
field (%)

Fshading  factor due to shading (%)

I, incident solar irradiance, in hourly resolution (W/m?)

K or IAM incidence angle modifier

N useful life (20 years)

Pabs(cond, conv) absorber losses by conduction and convection
Papsrady  absorber losses by radiation

Pamb(conv) convection thermal losses to the environment
Pambrrady radiation thermal losses to the environment

Sc reflective surface (aperture area) (m?)

Tamb ambient temperature (K)

Tyurr heat transfer fluid temperature (°C)

T; input temperature (K)

Tm temperature of the fluid in the collector (K)

Ts output temperature (K)

® parabolic trough collector tracking angle (°)

Greek symbols

Lin direct normal radiation (W/m?)

Lini incident direct normal radiation (W/m?)

1 first-order (linear) thermal loss coefficient (W/m?K)

C second order (quadratic) thermal loss coefficient (W/
m?K?)

1o optical efficiency or maximum collector efficiency (%)
absorbance (%)

Y interception factor (%)

A¢ time interval (h)

AT thermal jump (Tyy, — Tamb) (K)

MNef instantaneous efficiency in the collector field (%)

TNeond conduits efficiency (primary and secondary circuit pipes
(%)

Nehe external heat exchanger efficiency (%)

Nglobal global efficiency (%)

Nepe (o)  peak optical efficiency (%)

Nt thermal efficiency (%)

MNtank tank efficiency (%)

0 incidence angle (°)

Blong longitudinal incidence angle (°)

Blong longitudinal incidence angle (°)

Otrans transversal incidence angle (°)

Otrans transversal incidence angle (°)

p reflectivity mirrors (reflectance)

T transmittance (%)

n instantaneous efficiency or yield (%)

Subscripts

i initial instant

f final instant

Acronym

CIP cleaning Clean In Place cleaning

CPC Evacuated tube with compound parabolic concentrator

CPI Consumer price index

CSP Concentrated solar power

ESTIF  European Solar Thermal Industry Federation

HTST High-Temperature Short-Time Pasteurization

IEA International Energy Agency

IRENA International Renewable Energy Agency

LCA Life Cycle Analysis

LCUTE Levelized unit Cost of the Useful Thermal Energy
LFC Linear Fresnel Collector

NZES Net Zero Emissions Scenario

OPEC Organisation of Petroleum Exporting Countries
PTC Parabolic Trough Collector

SDS Sustainable development scenario

SHIP Solar Heat for Industrial Processes

STAGE-STE Scientific and Technological Alliance for Guaranteeing
the European Excellence in Concentrating Solar Thermal
Energy

™Y Typical Meteorological Year

UHT Ultra-High Temperature processing, Ultra-Heat
Treatmente, or Ultra-pasteurization

VAT Value Added Tax

(as outlined in the Paris Agreernent' 2015 or the Sustainable Develop-
ment Goal).

Primary energy demand increased by 5.52 % in 2021, exceeding
2019 levels by 1.31 % (in 2020, it fell by 3.99 %). The reason for the
drop in 2020 was attributed to the health crisis; however, the slowdown
in 2019 was due to slower global economic growth and milder weather
that affected the energy consumed for heating and cooling (it is esti-
mated that the weather caused a reduction in energy consumption of 0.8

! The Paris Agreement is a legally binding international treaty on climate
change. It was adopted by 196 parties at COP21 in Paris on 12 December 2015
and entered into force on 4 November 2016. It aims to limit global warming to
well below 2°C, preferably to 1.5°C, compared to pre-industrial levels. htt
ps://unfecc.int/es/ [accessed 08 August 2021].

% [2]) (Fig. 1).

In 2021, the industrial sector was responsible for the emissions of
9.4 Gt of CO», reaching pre-pandemic levels, assuming a growth of 3 %.
They accounted for a quarter of global emissions (not including emis-
sions resulting from the electricity consumption which is used in the
industrial processes). In the net zero emission scenario for 2050, in-
dustrial emissions must be reduced to 7 Gt of CO, by 2030 [3], and to do
so, emissions should be reduced by almost a quarter of actual emissions,
which is approximately 3 % per year, requiring accelerated political
action (Fig. 2).

Fossil fuels continue to be a dominant energy source in the industrial
sector, and their use continues to grow. If the targets of the net-zero
scenario are to be met, the demand for fossil fuels must be curbed,
thereby necessitating an increase in the use of renewable energy and the
adoption of energy efficient strategies. In 2020, several international
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Fig. 1. Annual growth rate corresponding to the increase in world primary energy consumption 2001-2020.
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Fig. 2. Direct CO, emissions from industry in the net zero scenario (2000-2030) [4].

organisations published a joint report highlighting the importance of periods, but also few plants present this alternative as an opportunity.
decarbonising industrial heat demand [5]. Additionally, the extended development time of projects poses signifi-
Despite these challenges, SHIP systems have not experienced their cant obstacles. This is compounded by current energy prices, leading
best moments. Not only do potential customers desire short payback companies to focus their investments on photovoltaic technology
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because of their higher profitability from installation.

In 2021, 71 new systems (36 MWt) were commissioned, compared to
85 (93 MWt) in 2020 and 86 (251 MWt) in 2019 [6]. Notably, China
reported only seven new systems in 2021, down from 30 in 2020 (global
leader). This decline is attributed to the stringent closures in the first
quarter of 2022, preventing employees from collecting data, as China
represents the largest market in the sector. The number of new SHIP
systems outside China increased from 55 (22 MWt) in 2020 to 64 (27
MWt) in 2021.

The preceding data can be enhanced by confirming the technical
(energy) and economic viabilities of Process Heat Generation Systems
(SHIP systems). This confirmation would propel the implementation of
medium-temperature solar concentration technologies in the agri-food
industry, with the dairy industry being the sector with the highest de-
mand globally, thereby promoting its development and improvement.

1.2. Literature review

Several studies have looked into the technical and economic per-
formance of different systems, in January 2017. The solar heating
potential of industrial processes in the Indian dairy sector and the
corresponding mitigation of carbon emissions from them were
analysed by studying the effect of varying direct normal irradiation
(different plant locations) on the annual performance of solar heating
systems; however, only two technologies namely the parabolic dish and
parabolic trough, were studied [7]. Shortly thereafter, in November
2017, a study on the optimisation of a multi-temperature solar
heating system (four processes with different temperature levels
and load profiles) was conducted for a milk processing plant in
Casablanca, where the use of solar energy to meet part of the heat
demand was discussed as an economic opportunity for developing
countries such as Morocco; however, only the evacuated tube technol-
ogy was considered [8].

In June 2018, the financial viability of solar heating for indus-
trial processes and the cost of carbon mitigation in a dairy industry
in India were analysed; however, only parabolic trough technology was
considered. Seven locations with dairy sector plants were studied to es-
timate the annual production of useful thermal energy. It was concluded
that, in LCUTE thermals, it did not seem viable, with the payback period
being very high [9], in contrast to the conclusions drawn in this study.

In April 2021, an energy efficiency study conducted in the Dutch
dairy sector on energy use in plants found that the use of solar panels was
the most significant determinant for reducing fossil fuel consumption and that
the increase in energy efficiency sought by government policies is counter-
acted by the trend towards mechanisation (automatic milking systems lead
to lower energy efficiency), and that increasing the economies of scale in
milk production helps to improve energy efficiency per unit [10].

All of the above refer specifically to the dairy sector; however, there
are other studies, such as the one conducted in December 2020 on the
integration of solar heat in the lead extraction process, using flat
plate and evacuated tube collectors for 7 different mining countries
in the world, concluding that the most efficient system would be based on
evacuated tube collectors with solar loop heat exchangers [11]. Another
more generic study, in January 2020, dealt with environmental-eco-
nomic optimisation in the implementation of parabolic trough
collectors in low and medium enthalpy industrial process heat
generation in Mexico. It was concluded that diesel was the most cost-
effective support fuel and natural gas the least viable [12].

As can be seen, different studies exist; however, they deal with
specific cases: the energy demand in the dairy sector in India; a single
technology (evacuated tube collector) in Morocco; the installation of
metering equipment in a flat plate plant with a single fuel (fuel oil) in
Taiwan; obtaining useful thermal energy and its unit cost with a single
technology (parabolic trough) in India; two fuels, different climate
zones, and solar field surfaces, but with a single technology (parabolic
trough); and the calculation of useful thermal energy in seven countries,
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but only for flat plate and evacuated tube collectors. In other words,
none include all the information that will be provided in this
manuscript.

1.3. Scope and contribution

As has been discussed, there are no detailed studies that analyse
the technical-energy and economic aspects of the integration of the two
most representative medium-temperature concentrating solar power
technologies currently used for SHIP systems in the dairy sector namely
the linear Fresnel collector (LFC) and parabolic trough collector (PTC),
considering that there are no plants in this sector that integrate these
systems in Spain where the three most commonly used conventional
fuels are natural gas, diesel and fuel oil, and with the current energy
costs after the volatility in the markets that has been generated after the
pandemic and the conflict in Ukraine. The most widely used solar
technologies are the flat plate (FP), compound parabolic concentrator
(CPQ), linear Fresnel collector (LFC), and parabolic trough collector
(PTC). The FP and CPC technologies operate in lower temperature
range. LFC and PTC technologies best align with the temperature ranges
required for industrial dairy processes.

The novel contribution of this work is that it provides a systematic
analysis to assess the potential of SHIP system integration in the dairy
sector (the food subsector with the highest number of SHIP systems
installed worldwide). To the best of our knowledge, this is the first time
such an extensive study has been carried out, that has gathered data on
the energy consumption of several plants distributed across different
geographical locations in Spain confirming confirming the economic
viability of integrating this type of SHIP systems. This is in contrast to
the conclusions drawn by other studies seeking to promote innovative
technologies aimed at improving the efficiency of industrial processes in
the dairy sector.

Of all the companies in the dairy sector that agreed to provide the
requested data, two plants were selected based on size, sufficient to
consider a representative sample (This is important because the surface
area of the solar field produces economies of scale, reducing investment
costs as the surface area increases), with the aim of carrying out a
comparative study of the energy and cost savings that could be achieved
depending on the type of concentrating solar power technology and
several other variables. For this purpose, a series of hypotheses were
established: availability of surface area for the installation of the solar
field, the percentage of thermal energy utilization (decisive in deter-
mining the cost of thermal energy generation), the required thermal
level (common to all companies in the dairy sector), as well as as-
sumptions that have allowed the assessment of the potential for thermal
energy production in Spain for different geographical locations based on
existing climatic zones (according to the Technical Building Code, (CSIC,
2022)). These hypotheses, along with the considered variables, are
described in section 3, "Methodology.

Subsequently, we analysed which technology would be the most
appropriate, using simulation tools and by carrying out different cal-
culations based on similar SHIP system integration conditions (because
the efficiency varies depending on the integration point), over a time
horizon of 20 years and for three different scenarios based on the evo-
lution of prices of conventional energy sources (medium, bullish, and
very bullish, representing only the results obtained for the most unfav-
ourable scenario which was the medium).

Likewise, the cost of solar thermal energy available to the industrial
process was determined for the different temperature levels required in
the dairy sector processes (120, 140, 160, 200, 240 and 280 °C),
comparing it with conventional energy sources, to finally obtain the
annual net benefit, in relation to the investment cost of the installation
and considering its useful life (20 years), in all the locations studied, and
for the three scenarios considered.
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Heat storage unit

Collector field

Fig. 3. Solar heat for industrial processes [14].

Table 1
Classification criteria for SHIP Systems.
Criterion Options
Heat transfer fluid Vapour
Liquid (water, thermal oil)
Air

With recirculation
Without recirculation

Collector circuit

Heating system Direct
Indirect

Auxiliary system Without auxiliary system
Series
Parallel

With accumulation
Without accumulation

Storage

2. System description
2.1. Principles of the SHIP systems

A SHIP system incorporates a heat storage unit, thereby increasing
the period of the day in which heat is supplied by compensating for the
variations in solar resources. A system is considered very large or large-
scale when it has more than 350 kWt or has more than 500 m? of glazed
and concentrated collectors [13]. (Fig. 3).

SHIP systems possess two fundamental characteristics: their size,
which is determined by the energy consumed, and the requirement for
integration with the conventional energy system used in the process.
These systems can be classified based on the following criteria: (Table 1)

There are many different configurations of SHIP systems. The most
significant configuration is based on the heat-transfer fluid. In the case
under study, the system consists of a liquid that is recirculated, an in-
direct system (external heat exchanger) and an auxiliary system in se-
ries; it is powered by conventional energy and has storage.

2.2. Integration

Given its high potential, the integration of solar heat into industrial
processes has increased with the aim of boosting the implementation of
this technology in the market. Tools have been developed to familiarise

managers and energy consultants with solar heat for industrial processes
by enabling them to assess the feasibility of integrating a SHIP system
into a given plant, including the estimating of size and performance,
storage, and solar field dimensions, as was the case with the German
project SolFook Solar Heat for the Food Industry in 2016 [15].

The processes within a plant must be studied well to determine the
viability of integrating a SHIP system and to identify and locate heat
dissipation points through a pinch analysis, which estimates the
maximum heat recovery potential before integrating solar heat tech-
nology. For example, considering that the focus of this study is on the
dairy sector, once it has been decided to integrate a SHIP system it must
be noted that pasteurisation takes place at different temperatures
depending on the method used HTST (72 °C for 15 s) or UHT (138 °C for
2 s, which implies a lower degradation of the food by minimising the
exposure period), so the type of technology used must be analysed, as
high temperatures are needed in the production of steam to reach these
temperatures, (unless, once the installation has been analysed, it is
found that this increase in temperature is more profitable, but not sus-
tainable, if it is achieved by means of an auxiliary boiler). Therefore, the
present study considers medium temperature systems (between 150 and
400 °C, although different sources consider the range for medium tem-
perature to be between 100 and 250 °C).

The SHIP system can be integrated at different points during the
installation. We can preheat the makeup water, heat transfer fluid, or the
industrial process directly, or even combine different options.

In the Integration Guide [16] (initially intended for processes
requiring temperatures up to 100 °C, but equally valid for medium
temperatures), different integration approaches are shown for two
clearly differentiated levels: supply and process. The first level allows
for a much more universal integration and higher temperatures and is
more flexible as the generation system is less dependent on possible
changes in the process. However, the best option depends on the in-
dustry involved.

2.3. Types of collectors to consider

The aim of this study is not to develop new technologies, but to
integrate some of them into an industrial process in the dairy sector;
therefore, two existing commercially developed concentrating solar
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Table 2
Most frequent energy uses in the dairy sector.
ENERGY MOST FREQUENT USES EQUIPMENT
Thermal Steam and hot water generation,  Pasteurisation, sterilisers, drying
cleaning. and cleaning systems.
Electrical Cooling, ventilation, lighting, Pumps, agitators, lighting, etc.

operation of equipment

power technologies are considered for the purpose of this study,
namely: LFC and PTC.

To determine the efficiency of the collectors that allows a uniform
comparison of the results, a method independent of the available solar
technologies is required, which is developed as per the ISO 9806:2020
standard [17] and comprises two models: steady-state and quasi-
dynamic (used in concentrating collectors). The optical and thermal
characterisation parameters obtained according to the criteria of this
standard are available in the Solar Keymark database [18] (certification
mark for solar collectors, promoted by ESTIF, the European Solar
Thermal Industry Federation, which is responsible for confirming that a
product complies with European standards and norms), which, com-
bined with climatic data and operating conditions, allows for the
determination of the instantaneous power of the collector and, conse-
quently, the collector’s thermal energy production during a specific
period and under specific operating conditions. In addition to ISO
9806:2020, there are other standards for solar collectors, such as ASTM
E 905-87 which is applicable to solar-tracked collectors, and ASHRAE
93-2003 which is applicable to non-tracked collectors [19].

Suppliers have different collector models whose technical parame-
ters such as materials, designs, certifications, and geometric, optical,
and thermal information are continuously evolving. To keep this infor-
mation updated, an online database for concentrating solar collectors
was created so that manufacturers could enter what they considered
appropriate. This would later be reviewed and made available to the
public. This database corresponds to the STAGE-STE project [20] (as
opposed to the Solar Keymark collector database used for “flat plate”
and “evacuated tube” collectors). Most of the collectors are of the
parabolic trough type and that adopting the linear Fresnel technology;
hardly any of the manufacturers of other types of collectors have entered
their data.

2.4. A study of the dairy sector

Energy in the dairy industry is used to supply energy to the equip-
ment for different processes, such as heating, evaporation and drying,
pasteurisation, cooling and refrigeration, compressed air generation,

external heat exchanger
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and lighting. This study focuses on the generation of process heat, and
therefore, on all processes that use the steam produced in boilers
(Table 2).

Approximately 80 % of the requirements of this type of industry are
met by steam generation through the combustion of fossil fuels. The
remaining 20 % is supplied with electrical energy (refrigeration, light-
ing, electric motors, etc.). These percentages were confirmed during the
fieldwork.

Operations with a higher consumption of thermal energy, such as
pasteurisation/sterilisation of milk and CIP cleaning (automatic
washing systems that do not require the dismantling of production
equipment, which consists of recirculating the cleaning solution through
the components of the process line, such as pipes, heat exchangers,
pumps, and valves), account for up to 80 % of the total thermal energy
consumption of the plant.

3. Methodology

Different tools were investigated to obtain the useful energy output
at the collector field (TRNSYS v.18.03.0002 [21], COLSIM 0.63 [22],
INSEL 8.2 [23], T*SOL 2018 [24], GREENIUS 4.5.0 [25], SAM [26],
TRANSOL [27], and IPSEPRO [28]), and the one that adapted best to the
objectives of this study (Polysun 12.0 [29]) was selected. The most
common SHIP system for this type of installation having the following
features was chosen:

- Heat transfer fluid: water or thermal oil.

- Indirect heating system, through an external heat exchanger.
- Auxiliary system in series, fed with conventional energy.

- Storage: with storage.

The solar heat concentrating system provides part of the energy
required by the industrial process through the heat exchanger (primary
circuit) which is a collector field external heat exchanger, where the
solar radiation incident on the collector field is used to increase the
thermal energy of the heat transfer fluid used). The heat transfer fluid is
stored in the storage tank, from where the hot water would be collected
so that the auxiliary boiler connected in series and powered by con-
ventional fuel (natural gas, diesel, or fuel oil), raises its temperature to
generate the steam, at a given pressure and temperature, required for the
industrial process. The schematic of the configuration is as follows
(Fig. 4):

For this purpose, the following variables and hypotheses are
considered:

e Variables:

|I||v|
.4I|| "

heat
transfer

collector field fluid

u J —= _-EI%
steam
consumption

auxiliary boiler
]

| [eooal)

Fig. 4. Diagram of the configuration considered (Polysun 12.0) [29].
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- Locations: Eight climatic zones with different solar resources were - The steam demand is higher than the steam production, considering
used to observe the differences that would occur in the generation of the constant demand profile of the three detected during the data
thermal energy in the collector field of each of them. Increasing the collection stage. Percentages of available thermal energy used (%U):
radiation increased the installation performance. 70 % and 100 %.

- These two plant sizes are representative of the dairy sector in Spain - Industrial process using a single thermal level, studying different set
(annual demands of 10 and 60 GWh). point temperatures 120, 140, 160, 200, 240 and 280 °C, and repre-

- Technology: LFC and PTC. senting results for 200 °C.

- Fuel: natural gas, diesel and fuel oil. - No heat recovery from other processes.

e Hypotheses:
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Fig. 7. Thermal losses in PTC.

- Solar fraction: There are no space limitations for the installation of
the SHIP system, analysing two cases where the values reach 15 %
and 30 %.

- The cleanliness of the collector field was not considered as a variable,
and a predetermined average value was established.

- Energy losses in the distribution system, exchanger and storage.

- Operation, maintenance and replacement costs.

- The initial investment does not require prior financing.

To define the solar fraction, the amount of heat required for indus-
trial processes was assessed by determining the amount of heat that
could be effectively supplied. The required temperature was considered
along with the costs associated with the implementation and operation
of the solar power system. The average available surface area for
deploying the SHIP system in the 17 analysed plants was also consid-
ered. This surface area corresponded to values of the solar fraction
ranging from 15 % to 30 %. Furthermore, solar fractions of 15 % and 30
% would ensure the full utilisation of energy with minimal losses.
Designing for higher solar fractions would lead to generation peaks at
specific times of the day that could not be harnessed owing to the de-
mand profiles of the dairy sector. This would increase the period for
which the energy would have to remain in the storage system, causing
suboptimal system performance.

Because the auxiliary boilers, piping, heat exchangers, and storage
systems, which are common elements in a SHIP system, have different
sizes and diameters, they are not included in the study, and the focus is
exclusively on the collector field. These elements will be included in
future research because they require specific designs for each plant or
industrial process.

3.1. Efficiency characterization of the different technologies

3.1.1. Linear Fresnel collector (LFC)
The performance equation or instantaneous efficiency characteristic
of this type of technology is as follows [30]:

-V AT? )
=M™ L (0) ™ Taui(0)
where:
Lini = Lg-cos(6) @

The selected collector is the FLT20 model from SOLATOM. The
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collector is supplied as 6-metre modules, and is configured according to
the requirements of the industrial process. The technical characteristics
and the incidence angle modifier are detailed on its website (Fig. 5) [31]:

The efficiency curve of the Solatom FLT20 collector is shown below
(Fig. 6), for which the following values are considered:

- Tamp = 20 °C; DNI = 1000 W/m?; ng = 0.632; ¢; = 0.001 W/m?K; c,
= 0.0004 W/m?K2.

3.1.2. Parabolic trough collector (PTC)

For this type of technology, the efficiency will not be characterised in
the same way as in the previous case (instantaneous value); rather, the
energy balance will be used by considering the transformation of solar
radiation into thermal energy as a series of processes that involve losses
or associated yields. These losses are classified into three types: geo-
metric, optical, and thermal [32].

a) Geometric losses

The geometry of this technology implies a decrease in the effective
capture area. The losses can be classified into two categories.

o Losses due to shadows: these are due to the relative position of the
collectors as they cast shadows on the closest collectors. These losses
are minimised by increasing the distance between the rows.

e Losses due to the tracking system: Normally, this type of technology has
tracking on a single axis, with the incidence angle (0) causing a loss of
useful reflective surface at its ends. When this angle is different from
zero, the effective capture area is reduced; in addition, other pa-
rameters such as transmittance, absorptance, and reflectance are
altered, and their values are maximum when the incidence angle is
zero. The incidence angle modifier (K) quantifies the influence of the
incidence angle on the collector efficiency.

b) Optical losses

These are caused by anomalies in the system components (absorber,
glass tube, reflecting surface, etc.), which means that not all incident
direct solar radiation reaches the heat-transfer fluid circulating inside
the absorber tube.

The four parameters that affect the optical losses when this type of
technology is utilised are:

- Transmittance (t) of the glass cover that contains the metallic
absorber tube both to protect it and to reduce thermal losses. The
ratio of the radiation passing through the glass cover to the total
incident radiation is typically between 90 and 95 % (depending on
whether an antireflection treatment has been applied to the glass).

- Absorbance (a) of the selective surface of the absorber tube. This
represents the amount of incident radiation that is absorbed (be-
tween 90 and 96 %).

- Reflectance (p) of the reflector surface whose typical values are close

to 90 % (not all incident radiation is reflected). In fact, at the Pla-

taforma Solar de Almerfa, the reflectance value with good cleaning
reached 92 %, decreasing by 0.26 % per day owing to progressive
soiling.

Interception factor (y) which is the amount of solar radiation reflected

from the collector surface that does not reach the glass cover of the

absorber tube. This may be due to imperfections in the mirrors,
positioning of the collector, etc. Its characteristic value is typically

95 %.

Having defined the four parameters, the peak optical efficiency of the
PTC technology is obtained:

Nop(0e) = T-A-P°Y 3)



R. Rodriguez Rodrigo et al.

Solar Energy 271 (2024) 112420

Collector efficiency curves
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Fig. 8. Efficiency curves of the parabolic trough collector NEP Solar PolyTrough 1800 [33].
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Fig. 9. Incidence angle modifier (IAM) for the parabolic trough collector. NEP Solar PolyTrough 1800 [33]. Note: These diagrams show the results of the numerical

simulations and are not based on experimental data.

¢) Thermal losses

In this type of technology, these losses are somewhat less significant
than the optical losses and are produced in the absorber tube (the most
significant) and in the pipes through which the heat-transfer fluid flows.
Losses associated with the absorber tube would be the result as a result
of

- conduction through the supports of the absorber tubes.

- radiation, convection and conduction from the absorber tube to the
glass cover.

- convection and radiation from the glass cover to the environment.

It is important to note that there is a vacuum between the absorber
tube and glass cover; therefore, the losses due to conduction and con-
vection from the absorber tube to the glass cover are neglected (only the

losses by infrared radiation would remain).

The overall thermal losses are quantified using equations based on
the experimental results instead of using the equations defining each of
the heat transfer processes mentioned (Fig. 7).

Once the types of losses are specified, the collector efficiency is
defined. Three different efficiencies and representative parameters were
determined.

- Optical efficiency: or the incidence angle of 0° [peak optical effi-
ciency, Ngpt (0°)], expressed according to Equation (5).

- Thermal efficiency (nt): where thermal losses are taken into account.

- Global efficiency (nglobal): considering all losses (geometrical, optical
and thermal).

- Incidence angle modifier (K): determines the optical and geometric
losses for angles of incidence other than zero, that is, those that are
not considered for the ngpt(o-), as they would be:

e Geometric losses at the collector end.
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Fig. 10. Cost reduction in renewable energy, per kWh generated since 2010, [34].

e Blocking of concentrated radiation by the receiver tube supports
(absorber)

¢ Influence of incidence angle on absorptance and transmittance of the
absorber tube and reflectance of the collector surface (mirrors).

Therefore, the energy at the output of the collector field can be
determined as follows:

E"WPMI = Lincident .mlnr'F.&had[ng'Fc[ean[ng'7161,,(00>'”,'K'At (4)
Siendo:
Eincident sotar = Se+lan-cos0 )
dr| . (@
Fahadging = d_: ‘sm (5 - wy) ’ ®)

K = (1-223073-107*8 — 1.1-107*-9% + 3.18596-107%-9> — 4.8509-10~%.9*)
@

For the case under study the following values will be considered:

-1 =0.95(/1); a = 0.95 (°/1); p = 0.92 (°/1); y = 0.95 (°/1); Nt =
0.93.
- Tracking system: North - South.

In the selection of the collector with parabolic trough technology,
after carrying out the same analysis as for the previous technology
(network information and Polysun 12.0 program database), it was
decided to use the PolyTrough 1800 model from NEP Solar in the sim-
ulations. Its characteristics are described on their website (Figs. 8,9)
[33]:
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3.2. Economic analysis

3.2.1. Cost of concentrating solar technologies

The highly competitive market has contributed to lower installation
costs and, therefore, a shorter payback time.

According to the latest estimates by IRENA, the cost of photovoltaic
technology is much lower than it was ten years ago; however, this is not
the case with solar thermal technology for which the reduction in cost
has been to the same extent (Fig. 10):

Therefore, there is a clear decrease in electricity generation costs,
which can be extrapolated to medium-temperature concentrating solar
power systems for thermal power generation as they share PTC and LFC
technologies.

As this is a long-term investment, not only the payback period of the
investment but also the economic flows that remain in the form of
savings once the investment has been recovered are important. There-
fore, the operation, maintenance, and replacement costs are important.

Thus, a favourable evolution of the cost of this type of technology in
the market has been noted, but its magnitude has not been quantified.
This is a complex task because this type of information is not usually
available, and the bibliographical references that speak of it are usually
not up-to-date. This difficulty is multiplied not only when it is necessary
to quantify the costs of operation, maintenance, and replacement, but
also when it is necessary to define the economy of the scale factor that
manifests itself when increasing the size of the collector field.

a) Parabolic trough technology (PTC)

In the SHIP system database [35], the following systems were located
for which the turnkey price per m? of the gross PTC collector area was
determined (including solar collectors, piping, support construction,
storage, design, and commissioning, excluding VAT). We created two
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Table 3
Investment cost for SHIP systems with PTC technology in the dairy sector.
Project La Lacteos Quesera Lechera Centro Lechero Cremo SA Emmi Dairy Lesa Dairy
Trinidad Mojica Lacteos Ticoy, Guadalajara SELLO Cooperativo de Saignelégier
S.A. de C.V. ROJO los Altos SCL
Company Inventive Inventive Inventive Power Inventive Power Inventive Power NEP Solar AG NEP Solar AG NEP Solar AG
Power Power
Year 2017 2016 2015 2015 2015 2013 2011 2010
Collector model  Power Power Trough Power Trough Power Trough 110 Power Trough PolyTrough 1800 PolyTrough PolyTrough
Trough 110 110 110 110 1800 1200B
Gross collector 226.78 132 250 1641.25 422 581 627 115
area (m?)
Collector 120 132 99 429 197 581 627 115
opening area
(m?)
Installed 59.9 59.88 42 240 94,5 330 360 67
thermal
power (kWth)
HTF water water water water water water water/glicol thermal oil
Storage Steam short-term short-term water  short-term water short-term water without storage short-term without
storage tank  water heating heating heating heating water heating storage
Storage volume 4800 4500 6000 50,000 9500 15,000
(litres)
Conventional Water Water heating Water heating steam boiler Water heating Hot water boiler Hot water steam boiler
boiler heating boiler
Fuel natural gas other other natural gas natural gas fuel oil fuel oil fuel oil
Process Boiler Boiler Pasteurisation Pasteurisation cleaning Boiler preheating Steam for dairy process
preheating preheating Ice cream equipment different dairy
processes
Operating unit Pasteurisation Pasteurisation Pasteurisation cleaning Sterilisation General heating  General
(milk processing, processes heating
coffee cream processes
production).
Integration make-up make-up water  Supply line Heating of the Supply line Supply line Heating of the Supply line
point water heating heating process medium heating heating supply heat heating
heating (pasteurisation heat storage.
exchanger)
Process 90 20-95 20-95 85 19-92 150y 110
temperature
(9]
Collector 20-90 70-95 170y 125 140—180
temperature
(9]
Investment (€) 48,050 36,894 28,046 160,000 46,144 700,000 300,000 252,000
Subsidies no no no no no 25 % 95 % 40 %
Cost per area 211.88 279.5 112.18 97.49 109.35 1204.82 478.47 2191.3
(¢/m?)
Solar fraction 40 40 15 5
(%)
Table 4 there is no clear correlation, with prices varying between 478.47 €/m?
able

Updated prices according to the evolution indicated by IRENA (PTC
technology).

Surface area Solar Cost per surface area Cost per updated surface

field (m?) (€/m?) area (€/m?)
226.78 (year 2017) 211.88 167.64
132.00 (year 2016) 279.50 206.55
250.00 (year 2015) 112.18 77.05
1641.25 (year 2015) 97.49 66.96
422.00 (year 2015) 109.35 75.10
581.00 (year 2013) 1204.82 701.69
627.00 (year 2011) 478.47 228.71
115.00 (year 2010) 2191.30 933.06

comparison tables, one per manufacturer, for the dairy sector so that the
influence on the price, depending on the manufacturer, could be
observed, as well as differentiating the sizes of the installations
(Table 3).

The above tables show that, for the manufacturer Inventive Power
(with all projects analysed in Mexico), the prices range from 97.49 €/m?
for the largest plant (1641.25 m?) to 279.5 €/m? for the smallest plant
(132 m?), clearly showing the economy of scale factor. In contrast, for
NEP Solar (with Switzerland as the location of the projects analysed),
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for the largest installation (627 mz) and 2191.3 €/m? for the smallest
installation (115 m?). The installations of the second manufacturer are
older than those of the first; therefore, they do not reflect current costs,
indicating that they have been considerably reduced. Different studies
have reported the following values, including the costs associated with
the complete installation of the solar power system:

- Study 1 (2010) [36]: 512 €/m?.
- Study 2 (2011) [30]: 330 €/m?.
- Study 3 (2014) [37]: 190-440 €/m>.

According to IRENA [34], CSP costs decreased by 47 % from 2010 to
2019, which is equivalent to 5.22 % per year (linear); applying this trend
since the year in which the previous plants were commissioned, the costs
would be as shown in Table 4.

The cost of installation of studies updated according to these de-
velopments would be as follows:

- Study 1 (2010): 218.01 €/m?
- Study 2 (2011): 157.74 €/m>.
- Study 3 (2014): 120.57 — 279.22 €/m>.
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Table 5

Investment cost for SHIP systems with LFC technology.
Project Nuova Sarda Mafrica

Industria Casearia

Country Italy Spain
Company CSP-F Solar Aira Termosolar
Year 2015 2012
Collector model fresnel collector fresnel collector
Gross collector area (m?) 995 2800
Collector opening area (m?) 995
Installed thermal power (kWth) 470 1600
HTF Steam Water

Storage
Conventional boiler
Fuel

Process

Operating unit
Integration point

Without storage
Steam boiler

Fuel oil

Cheese production
other process heat
Supply line heating

other process heat
Process medium
heating

Process temperature (°C) 200 y 12 bar
Collector temperature (°C) 200
Investment (€) 140,000 875,000
Subsidies 260,000 30 %
Cost per gross area (€/m?) 140.7 312.5
Solar fraction (%) 35
Cost of fuel replaced (€/MWh fuel) 70
Annual delivery of useful solar 500
heat (MWh)
Annual useful solar heat delivery 0.5
per area (MWh/m?)
Table 6

Price update according to the evolution indicated by IRENA (LFC).

Surface area Solar Cost per surface area Cost per updated surface

field (m?) (e/m?) area (€/m?)
2880 (year 2021) 259.50 259.50
2800 (year 2012) 312.50 146.88
995 (year 2015) 402.01 276.10

Table 7
Investment and operating, maintenance and substitution costs by technology.

solar field size Surface collectors (m?) Cr Coms (%Cp)

Costs PTC technology

Medium 50-2000 m? 360.90 5.60 %

Large >2000 m? 203.97 4.80 %
Costs LFC technology

Medium 50-2000 m? 276.10 5.30 %

Large >2000 m? 203.19 4.60 %

For this reason, the average values considered in this study work was
the average of the updated prices of both manufacturers (Inventive
Power: 118.66 €/m2; NEP Solar: 621.15 €/m2) and the cost of installa-
tion of the updated studies, differentiating between the two price ranges
based on the size of the solar collector field:

- Medium size (50 — 2000 m?): 360.90 €/m?.
- Large size (>2000 m?): 203.97 €/m>.
b) Linear Fresnel Collector Technology (LFC)

As for the previous technology, the following systems were found in
the SHIP systems database [35], for which the price per m? of the gross
LFC collector area was determined. This price refers to turnkey projects,
including solar collectors, piping, support construction, storage, design,
and commissioning, and excludes the VAT (Table 5).

For these systems, the same effect is reflected in relation to the
economies of scale; for the smaller ones, a higher price is observed. It
must also be considered that the manufacturer that implemented the
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smaller installation did so three years later, when the price was supposed
to have reduced, which further intensified the economy of the scale
factor. The prices obtained from the manufacturer considered for this
study, namely Solatom, are shown in the first row:

Cost per surface (€/m?)

Surface area Solar field (m?)  Initial investment (€)

2880 747,369 259.50
2800 875,000 312.50
995 400,000 402.01

According to IRENA [34], CSP costs have decreased by 47 % from 2010
to 2019, which is equivalent to 5.22 % per year (linear), applying this
trend from the year in which the previous plants were commissioned
(2012 and 2015, except for Solatom, whose data were obtained from a
simulation carried out on 3 February 2021) (Table 6).

The following ranges are established for the PTC technology
depending on the size of the collector field:

- Medium size (50 — 2000 m?): 276.10 €/m?.
- Large size (>2000 mz): 203.19 €/m? (average of the values
obtained).

Once the two technologies have been analysed, the summary table of
costs, including those related to operation and maintenance (in which
the costs of replacement or substitution are added), is as follows
(Table 7):

3.2.2. Cost of energy from conventional sources

This difficulty arises from the high volatility of current energy
markets due to the energy crisis aggravated by the conflict in Ukraine, in
addition to the situation generated by the pandemic (Covid-19). It also
depends on the wide variety of existing tariffs and alterations which, in a
habitual manner and without the need for extreme political circum-
stances, evolve over time.

This study focuses on the conventional energy sources used in dairy
sector plants consulted during fieldwork, which could be extrapolated to
most industrial processes: natural gas, diesel, and fuel oil.

a) Natural Gas

Three possible future scenarios were considered by analysing the
evolution that has taken place over the past ten years. As the prices in
recent years have been decreasing (except for 2021 and 2022, owing to
the energy crisis aggravated by the conflict in Ukraine), we propose to
maintain this option and two others with positive growth rates:

- Medium scenario: The evolution of prices continues with the same
trend until the anomalous situation that caused the 2021 energy
crisis. In this case, the annual growth rate was calculated for the last
decade, which is curiously negative (it varies depending on the
consumption band in which we belong). The annual average ob-
tained for the next 20 years was applied from the high price set for
the first half of 2021, because it was not possible to maintain the
disproportionate growth trend of the last year.
Bullish scenario: Price development is considered bullish (an unlikely
scenario considering the starting price set for the first half of 2021),
with a growth rate equivalent to half of the negative rate but with a
positive value.
- Very bullish scenario: The price evolution assumes a growth rate
whose value will double the negative growth rate in the medium
scenario.

The methodology used is the one used from 2007 onwards which has
been modified to cope with the liberalisation of the energy gas markets;
the reference consumers are distributed in the following bands of annual
consumption:
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Fig. 11. Price evolution of natural gas (2011-2022).
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Fig. 12. Estimated price evolution of natural gas (2022-2042). Band-I13 vs Band-I4.

- 11 Band:
- 12 Band:
- I3 Band:

annual consumption below 1.000 GJ.

annual consumption between 1 000 and 10 000 GJ.
annual consumption between 10 000 and 100 000 GJ.

- 14 Band: annual consumption between 100 000 and 1 000 000 GJ.
- I5 Band: annual consumption between 1 000 000 and 4 000 000 GJ.
- 16 Band: annual consumption above 4 000 000 GJ (voluntary).

Prices are collected from the Eurostat platform [38] considering

three levels of taxation:
- prices without taxes and levies.
- prices without VAT and other recoverable taxes.

- prices with all taxes, levies and VAT.

To analyse the three possible future scenarios, prices without VAT
and other recoverable taxes were considered, as well as those bands that

13
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Table 8
Estimated prices of natural gas (2022-2042). Non-domestic sector.

Estimated prices of natural gas (2022-2042). Industrial sector.

Type of Scenario Price (€/kWhy)

consumption 2022 2027 2032 2037 2042
13 Band Medium 0.0729 0.0693 0.0659 0.0627 0.0596
Bullish 0.0729 0.0747 0.0766 0.0786 0.0805
Very 0.0729 0.0805 0.0889 0.0981 0.1083

bullish
14 Band Medium 0.0771 0.0717 0.0674 0.0634 0.0597
Bullish 0.0771 0.0795 0.0819 0.0844 0.0870
Very 0.0771 0.0869 0.0979 0.1104 0.1244

bullish

reflected the most representative consumption of the industrial plants in
the dairy sector referenced in the fieldwork, since, in this way, we would
adjust better to the comparative reality in which we find ourselves
immersed.

Of the 13 plants that used natural gas as conventional thermal en-
ergy, one used the I2 Band, seven used the I3 Band, and five used the 14
Band; therefore, we selected the I3 and 14 Bands as the most represen-
tative (Figs. 11,12).

The following table summarises the evolution of prices depending on
the scenario and consumption band considered (Table 8).

b) Diesel oil and fuel oil

Oil is a valuable resource, given the dependence of most of the in-
dustrial sector on it. However, it is one of the most volatile commodities
due to its susceptibility to geopolitical events. In addition, many of the
world’s most important reserves are located in unstable regions, such as
the Middle East, Africa, and some parts of South America, where oil

Solar Energy 271 (2024) 112420

prices are in constant flux.

The most important factor influencing oil prices is the relationship
between supply and demand. For this purpose, OPEC, which consists of
14 exporting countries, regulates prices by controlling supply. In 2018,
OPEC countries limited their production to 39 million barrels of crude
oil per day, which is more than one-third of daily global crude oil pro-
duction [39].

The prices, including duties and taxes, were obtained from the Oil
Bulletin platform [40], where they have been published since 2005 for
all European Union countries. VAT is excluded only in the case of fuel
oil; therefore, in order to use a single comparative criterion -the one used
for natural gas- VAT will have to be deducted from the prices provided
by Oil Bulletin (which currently amounts to 21 %, a tax that will be
extrapolated in future scenarios assuming that it remains constant,
despite being aware that in the past there have been small variations,
which will be considered, such as in the period 01/07/2010 to 01/12/
2012 when the applicable VAT was 18 % for Spain, being 21 % from that
date onwards).

To make the price forecast for the next 20 years for both diesel and
fuel oil, the projection will be resolved by generating a trend line from
the known data, determining the rate that best fits owing to the number
of external factors that would influence the value of the price of oil
derivatives. The available fits for obtaining such a trend line are expo-
nential, linear, logarithmic, polynomial, potential, and moving aver-
ages. The most appropriate type was selected based on the similarity
index between the actual and projected data. Three very conservative
scenarios are considered, as the current geopolitical and energy situa-
tion are both sufficiently complex such that the evolution of prices
would not be moderate, which would further benefit renewable tech-
nologies by improving the viability of their integration into the indus-
trial sector (Figs. 13,14):

PRICE EVOLUTION of diesel and fuel oil (2011-2022)
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ESTIMATED PRICE EVOLUTION (Diesel vs. Fuel oil)
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Fig. 14. Estimated price evolution of diesel oil vs. fuel oil (2023-2043).

Table 9
Table of Estimated prices of diesel and fuel oil (2022-2042).

Table 10
Locations of the dairy sector plants analysed.

Estimated prices of diesel and fuel oil (2022-2042)

Fuel type Scenario Price (€/kWhy)

2022 2027 2032 2037 2042

Diesel oil Medium 0.1053 0.0658 0.0659 0.0661 0.0662
Bullish 0.1053 0.0779 0.0819 0.0859 0.0899

Very bullish 0.1053 0.0900 0.0979 0.1057 0.1136

Fuel oil Medium 0.0608 0.0467 0.0477 0.0486 0.0494
Bullish 0.0608 0.0555 0.0595 0.0635 0.0674

Very bullish 0.0608 0.0643 0.0713 0.0783 0.0853

Medium scenario: The evolution of prices continues with the same
trend, considering the values of the last decade, that is, since
December 2012, for which the logarithmic trend line was used (for
fuel oil, the values from December 2014 are used to compensate for
the fact that its increase in the previous year was not as rapid as for
diesel).

Bullish scenario: The evolution of prices is considered bullish, with a
growth trend line that is linear for diesel since December 2012, and
for fuel oil, it is the average of very bullish and medium scenarios.
Very bullish scenario: Price development is equal to the linear trend
line for fuel oil (considering data from December 2014 for the reason
previously explained) and the sum of the difference between the
bullish and average scenarios and the value of the bullish scenario for
diesel.

In contrast to natural gas, for diesel and fuel oil, the period

2023-2043 is represented, since the price in 2022 increased in relation

to

the trend of the last decade. It was omitted from the graphical rep-

resentation but considered in the calculations. The following table
summarises the evolution of prices based on scenario and fuel type
(Table 9).
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COMPANY - Industrial Latitude Longitude Altitude Climate

Plant ©) ©) (m) zone

1. Coreses (Zamora) 41.52423 —5,0.0093 645 D2

2. Morales del Vino 41.46344 —5.73202 697 D2
(Zamora)

3. Fresno de la Ribera 41.53400 —5.57193 658 D2
(Zamora)

4. Zamora 41.51679 —5.74098 652 D2

5. Baltanas (Palencia) 41.94476 —4.24223 780 D1

6. Coreses (Zamora) 41.52814 —5.64512 643 D2

7. Soria 41.75592 —2.46606 1063 El

8. Santa Cristina de la 41.99365 —5.72178 734 D2
Polvorosa (Zamora)

9. Candelaria (Santa 28.34316 —16.37273 72 A3
Cruz de Tenerife)

10. Penafiel 41.59445 —4,12305 754 D2
(Valladolid)

11. Villarrobledo 39.27946 —2.59095 724 D3
(Albacete)

12. Granada 37.17826 —3.64043 738 C3

13. Mollerusa (Lleida) 41.63100 0.90288 250 D3

14. Nadela (Lugo) 42.97278 —7.51078 510 El

15. Villalba (Lugo) 43.28764 —7.64907 480 D1

16. Guadalajara 40.66453 —3.18033 708 D3

17. Le6n 42.57101 —5.57138 837 El

3.3. Procedure for obtaining results

3.3.1. Location selection (climate zone)

The potential for thermal energy production using medium-
temperature concentration technologies depends on the location.
Therefore, the locations of the plants in the dairy sector were analysed
by selecting those that provided the most representative results in the
national territory (Spain).

The Technical Building Code establishes in its Basic Document DB HE
“Energy Saving” [41], Section HE 1 “Limitation of energy demand”,
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Table 11
Locations selected as representative climate zones.
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COMPANY - Industrial Plant Latitude (°)

Longitude (°) Altitude (m) Climate zone

1. Coreses (ZAMORA) 41.52423
5. Baltanas (PALENCIA) 41.94476
7. SORIA 41.75592
9. Candelaria (SANTA CRUZ DE TENERIFE) 28.34316
12. GRANADA 37.17826
13. Mollerusa (LLEIDA) 41.63100
15. Villalba (LUGO) 43.28764
Unknown (ALICANTE) 38.34109

—5.60093 645 D2
—4.24223 780 D1
—2.46606 1063 El
—16.37273 72 A3
—3.64043 738 C3
0.90288 250 D3
—7.64907 480 D1
—0.55921 5 B4

Annex B “Climatic zones”, the zones into which the national territory is
divided, identifying them by a letter (climatic severity in winter) and a
number (climatic severity in summer).

The locations of the plants (industrial processes in the dairy sector)
analysed are as follows (Table 10):

3.3.2. Estimation of the solar resource

Different existing databases provide daily monthly average values of
global horizontal radiation, that is, the average daily radiation (direct +
diffused + solar albedo) for each month of the year. This value is known
as the Typical Meteorological Year (TMY) and is made up of 8760 values

(representing the 8760 h in a year) for each of the climatological vari-
ables under study (radiation, ambient temperature, humidity, wind
speed, etc.). To generate a TMY, it is necessary to evaluate the solar
resource monthly for at least 10 years, with hourly values. Thus, the
monthly values for the year that best fit the average of the period
considered would make up that month for the TMY. In other words, the
representative meteorological year is composed of actual hourly values
from different years (January 2013, February 2018, and March 2004).

The radiometric and meteorological variables considered are normal
direct irradiance, global radiation, and mean outdoor temperature
(minimum and maximum values), although the program’s database

&

@ Autonomous Community Capital
Q ¢ D Provincial Capital

1. Coreses (Zamora)
2. Baltands (Palencia)
3. Soria (Soria)
) 4. Candelaria (Sta Cruz de Tenerife
# Location 5. Granada (Granada)
6. Mollerusa (Lleida)
. 7. Villalba (Lugo)
8. Alicante (Alicante)

Fig. 15. Map of selected locations.

Table 12

Ambient temperature (minimum, maximum, monthly and annual average values) [49].

Ambient temperature - monthly and annual average (°C)

Location Annual Ene Feb Mar Abr May Jun Jul Ago Sep Oct Nov Dic
Coreses (Zamora) 12,6 3,9 5,2 8,5 10,9 15,1 19,8 22,4 22,1 18,1 13,4 7,4 4,5
Baltanas (Palencia) 12,5 3,6 5,0 8,4 10,7 14,9 19,7 22,4 22,1 18,1 13,3 7,1 4,3
Soria (Soria) 12,3 4,0 5,1 9,1 10,1 14,4 19,9 22,0 21,6 17,1 12,6 6,5 4,3
Candelaria (Santa Cruz de Tenerife) 21,3 18,2 18,4 19,2 19,4 20,8 22,5 24,3 25,0 24,2 23,4 20,8 19,3
Granada (Granada) 15,7 6,0 7,6 10,9 13,8 18,4 23,7 26,7 26,2 21,1 16,6 9,8 6,7
Mollerusa (Lleida) 15,8 5,2 7,4 11,8 14,9 19,2 24,1 26,7 26,1 21,5 17,0 9,9 5,4
Villalba (Lugo) 12,5 7,5 7,6 9,6 10,8 13,3 16,3 18,1 18,4 16,7 14,0 9,7 8,2
Alicante (Alicante) 18,5 11,4 11,6 14,0 16,0 19,5 23,7 27,1 27,5 23,9 20,3 14,8 12,2

16



R. Rodriguez Rodrigo et al.

Table 13
Global radiation - monthly and annual accumulated (kWh/m?) [49].

Solar Energy 271 (2024) 112420

Global radiation - monthly and annual accumulated (kWh/m?)

Location Annual Ene Feb Mar Abr May Jun Jul Ago Sep Oct Nov Dic
Coreses (Zamora) 1688,0 55,8 82,6 136,0 167,0 208,0 223,0 237,0 207,0 154,0 105,0 64,8 46,9
Baltanas (Palencia) 1629,0 52,9 75,9 129,0 161,0 200,0 211,0 227,0 206,0 153,0 104,0 61,9 46,8
Soria (Soria) 1568,0 51,8 74,3 127,0 152,0 191,0 217,0 222,0 193,0 141,0 94,8 58,6 45,2
Candelaria (Santa Cruz de Tenerife) 1846,0 99,0 114,0 154,0 179,0 205,0 208,0 219,0 199,0 149,0 126,0 98,5 95,1
Granada (Granada) 1841,0 79,4 93,2 143,0 175,0 214,0 234,0 244,0 215,0 164,0 122,0 84,7 74,1
Mollerusa (Lleida) 1656,0 56,6 84,8 138,0 166,0 204,0 219,0 226,0 197,0 147,0 105,0 64,4 48,4
Villalba (Lugo) 1264,0 43,9 64,1 107,0 132,0 159,0 158,0 160,0 150,0 117,0 83,8 50,3 40,9
Alicante (Alicante) 1749,0 78,0 92,0 142,0 171,0 210,0 223,0 225,0 197,0 150,0 115,0 78,8 67,2
Table 14
Normal direct irradiation - monthly and yearly accumulated (kWh/m?) [49].
Normal direct irradiation - monthly and yearly accumulated (kWh/m?)
Location Annual Ene Feb Mar Abr May Jun Jul Ago Sep Oct Nov Dic
Coreses (Zamora) 2098,0 87,2 119,0 170,0 187,0 225,0 241,0 276,0 246,0 206,0 155,0 107,0 79,6
Baltanas (Palencia) 1999,0 90,0 96,3 167,0 172,0 206,0 227,0 257,0 258,0 196,0 157,0 100,0 72,3
Soria (Soria) 1839,0 78,5 98,9 151,0 152,0 193,0 231,0 249,0 223,0 180,0 130,0 82,9 71,7
Candelaria (Santa Cruz de Tenerife) 1836,0 129,0 133,0 139,0 170,0 191,0 192,0 201,0 180,0 128,0 122,0 117,0 133,0
Granada (Granada) 2198,0 133,0 117,0 170,0 172,0 215,0 245,0 273,0 244,0 204,0 161,0 139,0 125,0
Mollerusa (Lleida) 1954,0 94,7 129,0 179,0 167,0 206,0 215,0 240,0 210,0 184,0 148,0 102,0 76,9
Villalba (Lugo) 1227,0 61,6 72,5 112,0 113,0 128,0 120,0 130,0 130,0 112,0 112,0 72,3 64,8
Alicante (Alicante) 1960,0 131,0 125,0 165,0 174,0 203,0 211,0 222,0 189,0 166,0 144,0 118,0 112,0

Captured thermal energy (Ecf)
(Continuous line)

VS Available thermal energy (Eipa)

(Dashed line)
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Fig. 16.

included other values, such as diffused radiation, air humidity, wind
speed, and thermal radiation.

The database could have been used according to the Meteonorm 7.2
software, which is linked to Polysun 12.0. However, it was decided to
use the “web service” that this tool incorporates, since it receives the
meteorological data of the location through the internet from the
Meteonorm web service. This aspect is important, because in this way,

Ey VS. Eppa.
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the exact data of the locations is obtained from their coordinates.

3.3.3. Estimation of the thermal energy captured at the output of the solar
collector field

To develop this section, it is necessary to differentiate between a
series of concepts, such as solar radiation, irradiance, irradiation, direct
irradiance, direct normal irradiance, direct horizontal irradiance, diffuse
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Ceu - Unit cost of usable solar thermal energy in the industrial process (c€/kWht)
(Percentage of available thermal energy use: %U = 100%)
16
14
Medium solar field size (50 + 2000 m?). 12.72
@ The upper ranges of the graph are maintained, i.e. higher prices.
12 Large solar field size (>2000 m?).
@ Lower ranges of the graph are maintained, i.e. lower prices.
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Note: The figures corresponding to the most unfavourable cost (Villalba - Lugo) are shown, for the two collector field sizes, as well as those for fossil fuels.
—_ amora) —— Baltanas (Palencia) ——&— Soria (Soria) —4— Candelaria (Santa Cruz de Tenerife)
—_ sranada) ~—@— Mollerusa (Lleida) =t \/illalba (Lugo) Alicante (Alicante)
- 3 Band) == === Medium (14 Band) = e« = Medium Diesel e = = Medium Fuel oleo
h (13 Band) Very Bullish (14 Band) ~ eeeeeees Very bullish Diesel ~ eeeeeeens Very bullish Fuel oleo

Fig. 17. Crgy, considering a %U = 100 %, for the two technologies studied (LFC and PTC), and the two plant sizes (medium and large).

irradiance, and global irradiance [42].

The thermal energy generated by the solar collector field is quanti-
fied for each location and thermal level required, depending on the solar
technology used.

For LFC technology, the following expression [43] is used to quantify
the thermal energy captured in the collector field:

f
ch = Zlf'nq[
t=i

The incident solar irradiance is equivalent to the normal direct
irradiance [30].

The thermal energy captured at the collector field output for PTC is
determined using the energy balance described in Section 3.1.3., where
the performance of this technology was characterised. Therefore, the
thermal energy generated in the solar collector field during the repre-
sentative year is

S
Eq=> E
t=i

It is important to note that E. is different from the Eppy, as there are
thermal losses both in the external heat exchanger and the storage tank,
and in the primary and secondary circuits (pipes), which depend on
multiple factors, such as the type of insulation. Therefore, the energy
available in industrial processes corresponds to the following expression
[44]:

(8

©)]

/
Eps = Z Ef, Mot Muank Neona a0

t=i

where:
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- Nene: €xternal heat exchanger efficiency (90 %) [45].

- Nkt tank efficiency (90 %) [46].

- Neongt conduit efficiency (primary and secondary circuit pipes). For
this the order of magnitude established for thermal installations in
buildings is be used as an order of magnitude, not exceed 4 % of the
maximum power transported [47]. for which it would be necessary
to calculate the insulation required to comply with the aforemen-
tioned restriction. In this case what concerns us is that, when
working at much higher temperatures, this value could be increased
to 5 % so that the efficiency of the pipes would reach 95 %.

The efficiencies of the exchanger and the tank, with data from the
references detailed above from the years 2012 and 2017, have been
updated, going from 90 % to 92 % after consulting different manufac-
turers via telephone. These values depend on the type of exchanger (or
tank) and working conditions. However, there are dimensions and flow
rates that optimise the system, reaching the previously mentioned
values. An exhaustive calculation would have to be carried out
depending on the type of installation to determine these performances.

3.3.4. Estimation of the unit cost of solar thermal energy

To determine the unit cost of the thermal energy generated by a
system that uses medium-temperature solar concentration technologies,
it is necessary to know the thermal energy used by the industrial process
and the costs associated with it over a given period of time. It is
necessary to clarify that the energy used during the process is not related
to the available thermal energy, as we are referring to the energy that is

actually used in industrial processes. The expression [44] for use is
Euip = Epa-%U-N an

Two assumptions shall be made for the value of %U: 100 % and 70 %.
Now, it is necessary to estimate the cost of the useful life of the
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Creu - Unit cost of usable solar thermal energy in the industrial process (c€/kWht)
(Percentage of available thermal energy use: %U = 70%)
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Fig. 18. Cost Eypp, considering a %U = 70 %, for the two technologies studied (LFC and PTC), and the two plant sizes (medium and large).

thermal installation, for which it is essential to specify the annual in-
vestment and operation and maintenance costs, %Cqys, (the latter
would include those corresponding to the required replacements or re-
placements), as indicated in Section 3.2.1. As the Cyys is referenced as a
percentage of investment costs, the CPI should be applied over the
estimated period (20 years). For this purpose, the following expression is
used [44]:
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Cu =Cr+ (1 + %Cous- Z%cpr‘) 12)

i=0

To determine the average CPI, the values corresponding to the last
15 years have been used [48]; considering a time interval of 22 years,
the average CPI value was 2.31 %, and if the last 12 years were
considered, it would be reduced to 1.87 %. Thus, using a time period of
17 years would provide a value that would coincide, approximately,
with the average value of the two previous periods, 2.03 %.

Therefore, the unit cost of solar thermal energy can be adjusted using
the following expression:

CuL

Crpy = o
up

(13)

4. Results and discussion
4.1. Technical study

4.1.1. Location selection (climate zone)

The locations used for this research, as indicated in Section 3.3.1, are
those that provide representative results. One site corresponding to
climate zone B4 was added to account for all severities in both winter
and summer (Table 11) (Fig. 15).
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4.1.2. Estimation of the solar resource

Despite considering hourly meteorological and radiometric values
for the calculation of the performance of the concentrating solar col-
lectors, tables with the monthly and annual average data of ambient
temperature, global radiation, and normal direct irradiation are shown
below (Tables 12-14).

The above tables show that the annual average ambient temperature
ranges from 12.3 °C in Soria to 21.3 °C in Candelaria (Santa Cruz de
Tenerife), the annual accumulated global horizontal irradiation ranges
from 1264 kWh/m? in Villalba (Lugo) to 1846 kWh/m? in Candelaria
(Santa Cruz de Tenerife), and the annual accumulated direct normal
irradiation ranges from 1227 kWh/m? in Villalba (Lugo) to 2198 kWh/
m? in Granada.

4.1.3. Estimation of the thermal energy captured at the solar collector field
output

The results obtained in the estimation of the Ey for each of the
selected technologies and locations based on the performance equations
in Sections 3.1 and 3.3.3, are presented below.

In the synthesis of the results obtained for the estimation of the Ef
(continuous line), those relating to the Ejps (discontinuous line) are also
included, where the losses in different equipment (exchanger, tank, and
pipes) were considered. This is also true for the six thermal levels of the
Trrr.

It can be seen how, in general, the E; decreases as the Ty increases,
by approximately 42 % (LFC) and 40 % (PTC), for a Tyrr of 200 °C. It can
be seen that for temperatures below 140 °C, PTC technology is slightly
more efficient than LFC, but above 160 °C, the converse is true and this
change in trend intensifies as the temperature increases. These varia-
tions are consistent and proportional to the collector efficiency curves.
However, it is important to note that this is true exclusively for the
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Table 15

Summary Crgy (c€/kWhy).

Unit cost of usable solar thermal energy in the industrial process (c€/kWht)

Catchment area (collector field)

% U

Technology

LARGE Size (>2000 m?)

MEDIUM Size (50-2000 m?)

Temperature of the heat transfer fluid (HTF), in °C

280

240

200

160

140

120

280

240

200

160

140

120

3,56-5,60
5,08-7,99
4,20-6,60
6,00-9,43

3,48-5,48

3,41-5,37
4,88-7,67

3,69-5,80
5,28-8,29

3,35-5,26
4,78-7,51

3,28-5,16 3,31-5,21

5,22-8,22
7,46-11,74
8,10-12,72
11,57-18,18

5,12-8,04
7,31-11,49
7,57-11,90
10,82-17,00

5,01-7,88

7,16-11,26
7,12-11,19
10,17-15,98

4,91-7,72
7,02-11,03
6,73-10,57
9,61-15,10

4,86-7,65

100 % 4,82-7,57

LFC

4,98-7,83

4,73-7,44
3,40-5,34
4,85-7,62

4,69-7,37

6,95-10,92
6,55-10,29
9,35-14,70

6,88-10,82
6,38-10,03
9,11-14,33

70 %
100 %

3,93-6,17

3,49-5,48

3,31-5,20
4,73-7,43

PTC

5,61-8,82

4,98-7,83

70 %
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Table 16
Summary cost of thermal energy from conventional energy sources (c€/kWh,).

Thermal energy cost from conventional sources (c€/kWh,)

Conventional energy Medium Bullish Very bullish

source Scenario Scenario Scenario

2022 2042 2022 2042 2022 2042

Natural Gas 13 Band 7.29 5.96 7.29 8.05 7.29 10.83
14 Band 7.71 5.97 7.71 8.70 7.71 12.44

Diésel 10.53 6.62 10.53 8.99 10.53 11.36

Fuel Oil 6.08 4.94 6.08 6.74 6.08 8.53

medium-temperature concentration technology models analysed and
cannot be generalised based on technology.

Logically, the values in the dotted line are in the lower ranges
because they represent the Ejp4 in which the aforementioned losses are
included. All values are accumulated annually, displaying the figures
corresponding to the most favourable location, Granada, and the most
unfavourable location, Villalba (Lugo). Between the most favourable
and most unfavourable locations, there is a difference in E of 35.7 %,
confirming the importance of the location (Fig. 16).

4.2. Economic study

A summary of the results is elaborated based on the estimation cal-
culations of the Crgy detailed in Section 3.3.4. based on the Eyp and Cy,
considering a 20-year time horizon.

The structure in which the results are condensed is the same for each
technology, including as variants the collector field surface (medium
and large sizes, where the influence of the economy of scale concept will
be noticeable), the Tysr (which depends on the requirements of the in-
dustrial process), considering the same six thermal levels as for the
technical study, and the %U (100 % or 70 %). The last parameter is
related to the adjustment between the moment when energy is deman-
ded by an industrial process and the instant at which it is generated in
the solar collector field. This is precisely why the storage system is very
important because it allows the demand profile to be adjusted to the
process heat generation profile, thereby improving the flexibility of the
system. This storage system can be used to increase the period of the day
in which heat is supplied to compensate for variations in solar resources
(total or partial absence of solar irradiation), providing the system with
stability that it cannot otherwise have in areas with poor weather
conditions.

A good design of the storage system allows us to take advantage of
100 % of the thermal energy available (Figs. 17,18).

The above figures are condensed in the following table, where the
price ranges are reflected as a function of location, considering the
technology, Tyrr, collector field size, and %U (Table 15):

Observing the table and figures above it can be stated that.

- The economy of the scale factor owing to the size of the collector
solar field is key to the Crgy regardless of the type of technology
analysed.

The same is true for the %U, which has a direct influence on the Crgy,
because the installation costs (C; and Cops) remain unchanged.

- The impact of Tyrr varies depending on the technology analysed.
However, the same pattern is maintained in all cases, as Crgy in-
creases with an increase in Tyry.

The technology with the lowest Crgy is LEC (although for large sizes,
there is hardly any difference). Although, for models with PTC
technology from other manufacturers and larger sizes, aimed at
obtaining Tyrr > 250 °C, even lower Crgy can be obtained compared
to LFC technology.

For the particular case of Spain, the lowest Crgy are for the location
of Granada, and the highest for Villalba (Lugo).
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Table 17
Total cost of energy demand in € (Two plant sizes and period of 20 years).
Scenario Annual demand (GWh) Natural Gas I3 Natural Gas 14 Diesel Fuel oleo
Medium 60 81.663.454,94 81.482.921,11 57.952.430,27
10 13.274.584,24 13.580.486,85 9.658.738,37
Bullish 60 98.035.676,21 99.684.000,00 71.441.215,14
10 15.293.775,15 16.614.000,00 11.906.869,19
Very Bullish 60 117.222.611,88 117.885.078,89 84.930.000,00
10 17.712.782,58 19.647.513,14 14.155.000,00

A summary of the results for the unit cost of thermal energy associ-
ated with conventional energy sources is presented below, considering
the three scenarios detailed in Section 3.2.2. (Table 16).

Finally, the annual net benefit is determined in relation to the in-
vestment cost of the installation and considering its useful life (20 years)
for all locations (making conclusions for the two extreme ones, Granada
and Villalba (Lugo)), two plant sizes (60 GWh and 10 GWh), two solar
fractions (15 % and 30 %), Tyrr = 200 °C, and the following initial
boundary conditions or hypotheses.

- %U: 100 %.

- Payback period: 20 years.

- Conventional fuel price development: Medium scenario.
- The initial investment does not require pre-financing.

The total cost of demand (thermal energy consumed in the industrial
process for the two plant sizes studied) over the period considered
(useful life of 20 years), using only conventional fuels, increased to the
following amounts (€) (Table 17,18):

It is important to highlight that although the locations that represent
the two most extreme climatic zones have been shown, the meteoro-
logical and radiometric values of the rest are closer, to a greater extent,
to the first of them (Granada). Therefore, the results of this study could
be extrapolated to assess generic conclusions with respect to economic
profitability. To do this, we only have to look at the values of both global
radiation and normal direct irradiation for each of the locations, with
Villalba (Lugo) being very distant from the rest, and the results for the
latter being very different from those at the other locations considered.

The total cost of using conventional fuels (natural gas, diesel, and
fuel oil) of the energy demand generated in the industrial process (dairy
sector) is the same regardless of the location studied because the two
plant sizes (demand of 60 GWh and 10 GWh) and the amortisation
period are the same for all of them.

From the two tables above the following observations are made:

a) Granada:
1. LFC Technology

- For this case, regardless of the thermal demand of the installation (60
or 10 GWh), the system would always be economically profitable,
although the difference between natural gas or diesel and fuel oil is
important; since for the first two, the annual net benefit would be
similar (10.50 % approximately), being more than double that of fuel
oil (4.40 %).
It may not have been economically profitable for fuel oil if, as the
thermal demand in the industrial process decreased (i.e. for 10
GWh), the surface area of the collector field was reduced to less than
2000 m?. In this situation, the economy of the scale factor is key to
raising the cost of the initial investment in the execution of the
installation, causing possible economic unfeasibility of the installa-
tion. It is verified that the collector field surfaces required for the
thermal demand of 10 GWh/year reach 2376.01 m?, higher than the
2000 m? referenced, confirming its economic profitability.
The reason for maintaining the same percentage of net benefit for
both solar field sizes is due to the fact that the greater investment due
to the increase in the surface area of the collector field will result in
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greater production of energy, resulting in economic savings in the
same proportion. In addition, for both size and solar fraction, col-
lector fields with surface area greater than 2000 m? are still required,
a limitation that would influence the price per m? of this technology
owing to the economy of the scale factor.

Using the annual net profit percentages associated with the different
fuels, we obtain the period necessary to obtain a net profit equivalent
to the investment cost of installation (Table 19):

In other words, for all cases excluding fuel oil, in periods close to the
middle of the useful life of the installation (approximately 10 years),
we would obtain a net benefit equivalent to the investment cost,
whereas for diesel, a period longer than the useful life would be
necessary, approximately 23 years.

. PTC technology

With this technology, a somewhat lower annual net profit percentage
is observed, as the cost of PTC technology is higher than that of LFC.
The situations in which, using fuel oil, no net benefit could be ob-
tained would correspond to the case of an annual thermal demand of
10 GWh and a solar fraction of 15 %, because the conditions for
minimising the collector field surface area would be met but exceed
2000 m? (the limit for applying the economy of scale factor). It is
verified that the collector field surface required for a thermal de-
mand of 10 GWh/year is 2503.25 m?, which is greater than the 2000
m? referenced.
The savings obtained are very important for both sizes of the solar
field and are nearly equal for natural gas and diesel. If we take as an
example an annual demand of 60 GWh, these percentages would be
9.14 % and 9.10 %, respectively, which means a benefits of 182.80 %
and 182.00 % of the initial investment over the 20 years. However, in
the case of fuel oil, the net benefit is reduced to 3.34 % per year, i.e.
66.80 %, over the 20-year period.
Using the annual net profit percentages associated with different
fuels, we obtained the period necessary to obtain a net profit equal to
the investment cost of the installation (Table 20):
Practically the same thing happens as for the previous technology
(LFC technology); however, lower annual net benefits are obtained
because the efficiency of PTC technology is lower for temperatures
above 150 °C. The periods increased slightly: 11 years for the two
natural gas tariffs and for diesel, and almost 30 years for fuel oil.
b) Villalba (Lugo):
1. LFC Technology
- In this case, regardless of the thermal demand of the
installation (60 or 10 GWh), the system would always be
economically profitable except for fuel oil.

- It is important to mention that for fuel oil, the annual net
loss is only 1.06 % in relation to the investment cost of the
installation, but the difference is so small that if the useful
life is slightly extended, amortisation can be achieved. On
the other hand, natural gas and diesel generate annual net
profits, which are much lower than those obtained in
Granada, because of poor weather conditions.

In other words, the net benefit over the 20-year period
considered, with LFC technology, for a Tyrr of 200 °C,
would reach the following values:

m Natural Gas (I3): 50.00 % (2.50 % annual net benefits).
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Table 21
Annual net benefit equivalent to C; for Granada (3 scenarios).
GRANADA Annual net profile Fuel
Natural Gas (I3) Natural Gas (14) Diesel Fuel oleo
LFC Medium Scenario 10.02 % 10.54 % 10.49 % 4.40 %
Bullish Scenario 18.46 % 14.72 % 15.15 % 7.86 %
I Very Bullish Scenario 23.74 % 19.67 % 19.84 % 11.34 %
PTC Medium Scenario 8.65 % 9.14 % 9.10 % 3.34%
Bullish Scenario 11.66 % 13.20 % 13.61 % 6.67 %
Very Bullish Scenario 15.23 % 17.92 % 18.08 % 9.98 %
Table 22
Annual net benefit equivalent to C; for Villalba (3 scenarios).
VILLALBA Annual net profile Fuel
Natural Gas (I3) Natural Gas (I14) Diesel Fuel oleo
LFC Medium Scenario 2.50 % 2.86 % 2.80 % —1.06 %
Bullish Scenario 4.49 % 5.52 % 5.79 % 1.15%
— Very Bullish Scenario 6.87 % 8.66 % 8.77 % 3.37 %
PTC Medium Scenario 1.57 % 1.88 % 1.85% —1.83 %
Bullish Scenario 3.46 % 4.44 % 4.70 % 0.28 %
Very Bullish Scenario 5.73 % 7.44 % 7.55 % 2.39 %

considering the three selection criteria mentioned: technical-energy,
economic, and environmental.

It could also be analysed as to what order of magnitude other vari-
ables would affect the efficiency of the systems, such as the accumula-
tion volume, collector surface area (in this work, this was determined
according to the solar fraction chosen and the size of the plant), setpoint
temperature level, %U, demand profile, and the use of other heat
transfer fluids.

In other words, there would be multiple options for future lines of
research, being able to determine, with relative certainty, the advan-
tages and disadvantages of using one or another technology, and con-
firming how these variables influence performance with the aim of
obtaining concise conclusions that allow optimising the integration of
these technologies in the industrial dairy sector according to the
particular requirements of each plant, accelerating the implementation
of renewable energy in the industrial sector, to achieve compliance with
the SDS forecasts, for which economic support will be required from
government authorities.

6. Conclusions

1. The thermal energy generated by both LFC and PTC technologies
decreases as Tyyr increases, from an average solar collector optical
efficiency of 63 % and 68 %, respectively for Tyrr = 120 °C, to 42 %
and 40 %, respectively, for temperatures of 200 °C. PTC technology
is slightly more efficient than LFC technology up to temperatures of
140 °C. However, from 160 °C onwards, the converse is true, with the
trend reversal intensifying as Tyrr increases. This is the case for the
PTC and LFC concentration technology models analysed and cannot
be extended to other models and manufacturers.

2. The efficiency of the installation (E;y/energia demandada) de-
pends on the installed collector surface (provided that the number of
collectors connected in series remains constant). If we have batteries
with a certain number of collectors connected in series and increase
the number of batteries, for example, from 100 to 200, we would
double the surface area, and therefore, the useful heat, which would
also double the installation efficiency. However, if we increase the
number of collectors in series, the thermal jump would be modified,
which would influence the collector performance (as reflected in its
performance curves, as the Tyr would be higher); therefore, the
efficiency of the installation, as less useful thermal energy, would be
generated at the output of the collector field.
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3. Multiple variables influence the Crgy, regardless of the technology
being analysed. The economy of scale factor due to the size of the solar
collector field is key, as is %U, because in the latter case, the
installation costs (C; y Coms) remain unchanged. The higher the %U,
the greater the renewable energy used in the industrial process and,
therefore, the lower the energy consumed from conventional sour-
ces. This fact ratifies the importance of adjusting the thermal energy
demand profile in the industrial process with that of generation in
the solar collector field, requiring a good design of the storage system
that allows 100 % of the E.. to be used.

4. Similarly, as the Tygr increases, the Crgy also increases slightly. As
the Tyrr increases, the difference becomes more noticeable, with the
LFC technology being more economical than the PTC for the col-
lector models analysed. For large solar collector field sizes, this dif-
ference is negligible. This does not mean that for PTC technology
models of other manufacturers and larger dimensions aimed at
obtaining Txrr > 250 °C, even lower Crgy can be obtained than that
with LFC technology.

5. Both technologies perform similarly in all locations depending on
the available solar resources. The location with the highest efficiency
in the installation corresponds to Granada, passing through Cande-
laria (Santa Cruz de Tenerife), Alicante, Mollerusa (Lleida), Coreses
(Zamora), Baltanas (Palencia) until reaching Villalba (Lugo), with a
difference, between the most favourable and most unfavourable, of
approximately 35.7 %, confirming the importance of the location of
the installation. For the particular case of Spain, the lowest Crgy is
related to Granada and the highest to Villalba (Lugo).
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