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Abstract.

This study presents a techno-economic assessment of the use of
Linear Fresnel Solar Collectors for the heat supply in traditional
fruits and vegetable processing industries in Almeria’s
province. This assessment is justified by the high availability of
solar radiation in the area under study, the evaluation of
complementary energy self-consumption modalities, and the
suitability of using local resources for the preservation and
improvement of traditional productive activities. The work
starts with an identification of the potential user’s needs and
their location in the province. Afterward, the solar radiation
resources have been estimated as they constitute one of the
basic inputs for sizing the proposed systems. Together with the
above, representative thermal demands have been considered
and different configurations of commercial Linear Fresnel Solar
Collector thermal plants aimed to contribute to solarize the
analyzed productive processes have been designed and the
corresponding  techno-economic  assessment have been
undertaken. Main findings advance the profitability that can be
achieved with this technology, reaching, after an optimized
integration of the solar plant in the industrial process, a solar
fraction between 66-82 % and payback periods of the
investment between 6-12 years.
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1. Introduction

It is well established that solar energy, thanks to the
maturity and reliability of photovoltaic systems, has been
playing along the years an important role in the supply of
many electricity-driven demands (i.e., lighting, water,
pumping, and so on) linked to the provision of social
services, economic growth, and improved quality of life
in isolated population settlements, farms, and other
traditional productive activities [1]. Nevertheless, the use
of solar energy in this context to supply heat, instead of
electricity, is still a scarcely explored niche despite the
existence of well-known thermal demands in micro-
industries devoted to cheese and milk products,
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traditional spirituous beverage elaboration farms, fruits,
and vegetable conservation industries. One of the reasons
limiting the use of solar energy for those demands is that
they need to be feed by thermal fluids as air, pressurized
water, steam, or oil at temperatures that are not reachable
by the wide-spread flat-plate solar thermal collectors [2].
Accordingly, biomass is the only renewable option [3],
so far, to conventional liquid fuels which currently
constitute the main energy source of these micro-
industries. But the recent interest by solar companies,
research centers, and technical associations in the so-
called Solar Heat for Industrial Processes (SHIP) field
allows accounting with many operative references on
solar installations using concentrating thermal solar
collectors in factories and productive nuclei despite the
complex and heterogeneous nature of the projects due to
the costs and operative constraints [4].

Based on the above issues, this paper aims to contribute
to the justification of the implementation of SHIP
facilities to the ongoing initiatives related to the use of
renewable sources in traditional population settlements
and industries. Specifically, a techno-economic
assessment of the use of Linear Fresnel Solar Collectors,
one of the existing modular and reliable options of solar
concentrators, for the heat supply in traditional fruits and
vegetable processing industries in Almeria’s province is
accomplished. By and large, the main objectives can be
summarized as: 1) Analyze the potential, in terms of solar
irradiance, of the province of Almeria for the use of said
technology and locate different companies that meet the
requirements for its implementation, ii) determine the
demand of one of the localized industries and generate
different case studies based on it to evaluate how the size
of the industry and the homogeneity of demand influence
the technical solution, and iii) design of a SHIP system
for each of the case studies considered and economic
evaluation of the different solutions.
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The paper is organized as follows: Section 2 presents the
main material and methods used in the study, including an
overview of the potential user’s needs and locations, the
case studies considered, and the tools used to carry out the
design and to perform the economic evaluation. Section 3
presents and discusses the main results obtained. Finally,
section 4 summarizes the main findings of this research.

2. Material and methods

A. Overall context and solar resources

The province of Almeria is located in South-eastern
Iberian Peninsula, between latitudes 37° 52' and 36° 40'
and longitudes 1° 37' and 3° 07, at the eastern end of the
Autonomous Community of Andalucia, in Spain. It
occupies an area of 8.774 km? (1.7% of the Spanish
territory), with 219 km of coastline. This province is
characterized by the high availability of solar resources.

The main economic activity in Almeria’s province is
intensive agriculture, which is concentrated in the southern
coastal strip and constitutes an extremely productive and
high-income area. This has meant that the inland areas of
the province are becoming depopulated and staying
outside the main lines of access to energy. Some official
initiatives are being tackled aiming to preserve these
inland population settlements by means of the promotion
of some added value activities such as sustainable tourism,
traditional and ecological cultivation, and food processing.
In this study, at least, 10 small companies related to
canning and traditional crops processing have been located
[5] (Fig. 1), all of them characterized by their remoteness
from main energy supply lines, their small range demand,
and the coincidence of using fossil fuels as the main
thermal energy source.

Map legend

O case study
I Industrial facilities
[0 Population entities

Fig. 1. Almeria’s province map, own elaboration. The yearly
direct normal irradiation data were obtained from [6], the
population settlements and industry parks from [7], and the
location of the traditional food preserving industries from [5].

Regarding solar resource, as concentrating technologies
are considered in this study, Direct Normal Irradiation
(DNI) estimations, instead of normally available global
values of Global Horizontal Irradiation (GHI), must be
assessed. DNI, which in fact is the more relevant
component of GHI, is a site-dependent magnitude because
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of the influence of local factors as the altitude, the
topography, the local atmosphere composition, and the
microclimate. DNI variability in Almeria’s province has
been analyzed based on a geographical clustering
according to the officially established cultivation regions
[5]. DNI ranges from more than 2200 kWh/m?y in Los
Vélez, Alto Almanzora, Rio Nacimiento — Alto Andarax
regions (higher locations in the map of Fig. 1) to 1950
kWh/m?y in Campo de Dalias region. In general, the
annual DNI is higher in the western regions between a
7% and 10% coefficient of variation compared to the
eastern regions. The reader is referred to Fig. 2 to observe
the annual DNI variation in the different cultivation
areas.
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Fig. 2. Monthly distribution of DNI irradiation for the
cultivation regions of the province of Almeria [6].
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B.  Case studies of preserved vegetable industrial plants

A case study based on a real and representative preserved
vegetable facility, based on preliminary information
cross-checking, has been used as a reference. The facility
is placed in a rural zone in one of the favourable above-
mentioned regions of Almeria’s province. It has a total
annual production of around 91 t (specific data are not
used for confidentiality reasons). Its products are mainly
related to the tomato, producing fried tomato, grated
tomato, and gazpacho among others, and it works with a
single day shift with stops at weekends. The total annual
thermal demand of the industry is 101510 kWh, 64 % of
those are directly consumed by the process while the
remaining are thermal losses in the distribution system
and boiler efficiency. This thermal energy is supplied by
a fuel oil boiler, being the required process temperature
160 °C whereas the return temperature 90 °C.

The actual annual thermal energy demand profile is
presented in Fig. 3 and it was evaluated on an hourly time
basis. Note that the demand profile varies for each month
of the year as a function of the labor days and the kinds
of products being processed.

Apart from this nominal case, several additional case
studies were generated based on it to evaluate different
distributions of the demand profile and different industry
sizes. Thus, case study 2 was generated considering that
the industry works at maximum power during the entire
year (see Fig. 4). The total annual thermal demand of this
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case is 180250 kWh. Them, for case studies 3 and 4, an
industry with a double production, ie., 181 t, was
considered. So that case study 3 corresponds to the same
profile as case study 1 but with the twice of demand, and
case 4 to the same profile as case 2 but also with twice
demand. The total thermal energy demand for these cases
is 203010 and 360510 kWh respectively.
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Fig. 3. Annual thermal demand profile. Case study 1.
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Fig. 4. Annual thermal demand profile. Case study 2.

C. Linear Fresnel Collector

Solar concentrating technology has been proven as a very
suitable way to provide heat to thermo-mechanical cycles
operating above 400 °C in power plants. Besides, it is, so
far, the more dispatchable renewable source option thanks
to the demonstrated reliability of the heat storage in molten
salts tanks. In this context, recent developments of
modular and small-sized concentrating solar thermal
collectors allow also coping with other medium-range
thermal demands from 100 °C to 250 °C [8] for industries
and end-users having operational constraints for solar
energy application at small-scale and non-uniform heat
demands that difficult the options to find the size and
integration of standard systems.

Linear Fresnel is one of the two available solar collectors’
technologies, along with low aperture parabolic trough,
aiming to tackle the above solar applications [9]. Parabolic
trough collectors present a better performance in terms of
power generation. However, it has been proven how
Linear Fresnel collectors can improve the exergy
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efficiency in comparison with the parabolic trough in
some applications [10]. Besides, Linear Fresnel collectors
require less space and operation and maintenance labors
[9]. Fresnel collectors consist of a set of rows of long flat
or slightly curved ground-mounted mirrors, being the
absorber tube located above the mirrors and remaining
fixed to a structure while reflective rows below track de
sun. Discontinuous reflectors lead to lower performance
but also to lower costs and easier assembly and roof
integration. In this study, the specifications of a Fresnel
collector designed and manufactured by the Spanish
company SOLATOM are used as a base case. In addition
to the above advantages, this collector is distributed in
the form of deployable units of 15 kW thermal nominal
power, easing a modular installation design and quick on-
site mounting (see Fig. 5).

Fig. 5. SOLATOM linear Fresnel characteristics.

D. ReSSSPI software

ReSSSPI [11] is a specific front-end developed by the
SOLATOM company that serves as a web calculator for
SOLATOM collectors. This software, based on an open-
source code (PYTHON 3), can estimate both the
systems’ energy performance and the financial aspects of
the application at hand using the information provided by
the users through an online form. This information
basically consists of the industry sector, the industry size,
the type of fossil fuel currently used, the annual thermal
demand, and the location. With this information,
ReSSSPI can perform automatic simulations or,
additionally, users can make their own by providing the
integration scheme, the number of linear Fresnel
collectors, and the capacity of the storage system if the
integration scheme includes it. Some information about
the process could be also added as temperatures or heat
transfer medium.
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Fig. 6. Integration scheme used in the ReSSSPI software.
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In this paper, the manual option was used to study techno-
economic aspects considering different solar field sizes. In
all the simulations, the integration scheme adopted was the
“SL_L PS” (see Fig. 6) in line with those reported in the
IEA SHC Task 49 - Integration Guideline - Feb 2015,
using as heat transfer medium overheated water and
varying the size of the storage system according to the
solar field size.

E.  Techno-economic metrics

Solar fraction was used as a performance metric in this
work. This concept relates the amount of energy provided
by the solar field and the total energy required by the
process, which is calculated as follows:

SF[-] = —5[”; ,

€Y,
where SF is referred to the solar fraction, Qg,; is the
energy provided by the solar field, and Q,,,4 the thermal
demand of the industry [kWh].

Furthermore, to evaluate the economic viability of the
integration of the solar heat system in the different cases
studies, the cash flow metric was used:

N
Cash flow [€] = Cinpest + Z Solar savings(j)

j=1
- m(]) (2)
where Cipese are the investment cost of the facility [€],
and C,, are the maintenance cost (120 €/collector) that are
incremented each year by 2.5 %. Both the maintenance
costs and the increasing factor were obtained from the
ReSSSPI software [11] (www.ressspi.com). Solar savings
are the economic savings obtained with the solar system
when compared to the cost of the conventional power
device of the industry (i.e., fuel oil boiler). For each year j,
these savings were calculated as follows:

— Qsol : (1 - S)j

Solar savings (j) [€]
Nboiter

' Cfuel O)' (3)

where 71,6 18 the boiler efficiency (0.8 [12]) and Cer is
the fuel price (0.053 €/kWh [13]). s is the annual
degradation factor of the solar field, fixed at 0.5 % [14].
Also, the fuel prize was increased by 3.5 % each year [14].

3. Results and discussion
A.  Simulation set-up

Fig. 7 shows how the simulations were performed. First,
ReSSSPI software was used to obtain technic and
economic aspects of the integration of the solar system in
each of the case studies. To each case, different solar field
sizes and storage tank volumes were tested in ReSSSPI
which are summarized in Tab. I. The investment cost of
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each configuration is also provided. It should be
remarked that for case studies 1 and 2 only the
configurations from 1 to 9 were tested, as the rest of the
configurations resulted in oversized systems, while for
cases 3 and 4 all the configurations were tested.

Later on, all the results were collected and exported to
MATLAB software where the long-term economic study
was carried out. This study was performed using 3D
response surfaces representing the cash flow as a function
of the solar fraction (which is directly related to each of
the solar field’s configurations reported in Tab. I) and the
time horizon, i.e., the lifetime of the facility.

Step 1: ReSSSPI simulation
Industry information: Thermal
demand, location, working
temperature, ... Regpl
L}
Economic  aspects:  Fuel 1
price, maintenance costs,
degradation factors, .... l
— .
MATLAB
Step 2: Long-term economic

analysis

Fig. 7. Schematic diagram showing how the simulations were
carried out.

Solar field configuration:
Number of collectors, storage
tank size, transfer heat
medium, integration scheme.

Technic and economic
information of each case:
Solar fraction, investment
costs

3D surfaces

B.  Techno-economic analysis

Figs. 8-11 show the results obtained for each of the case
studies. It must be remarked that in all of them, the
surface with the cash flow equal to zero was included so
that the cut among the cash flow surface and the
aforementioned determines the year of the return of the
investment. Moreover, the better result obtained for each
of the case studies is presented in Tab. II. In this table,
only the number of collectors is included, but this number
is directly related to the configurations (i.e., storage tank
capacity, solar field size, and investment costs) reported
in Tab. II.

Overall, the better solar fraction for all the cases varies
between 0.66 and 0.82. For instance, in case study 1, it
can be observed (see Fig. 8) how low (i.e., less than 0.3)
and high (i.e., more than 0.8) solar fractions resulted in
investment costs with large return periods, being in some
cases equal to the lifetime of the facility (i.e., 25 years).
For solar fractions between 0.65 and 0.75 the results in
economic terms were very similar with return periods
between 12 and 13 years. In case study 2, the behavior
was also comparable for low solar fractions (see Fig. 9).
However, it can be seen how the return period was
reasonable for high solar fractions (see the cut line
among the two surfaces in Fig. 9). This was caused since
the demand profile of this case study was well scattered
among all the months. This also benefited the economic
results providing a lower return period, 7 years. In case
studies 3 and 4, where the demand was twice, the
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behavior in terms of the solar fraction was similar to case 1
and 2 respectively (see Fig. 9 and 10). Nevertheless, the
increment in the demand notably improved the return

cases 3 and 4 were obtained with a solar fraction of 0.70
and 0.66 providing a return period of the investment of 8

and 6 years respectively (sece Table II).
period of the investment. In this way, the better results for
Tab. I. Solar field configurations simulated in ReSSSPI and investment cost of each configuration.
Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
of
collectors
Solar 39 79 118 | 158 | 198 | 237 | 277 | 316 356 396 435 475 514 554 594
field size
[m*]
Storage 2 3 3 4 4 6 6 9 10 10 10 11 12 13 3
tank
volume
[m’]
Investm- 36.8 49.1 59.2 69.3 78.3 88.1 96.7 106.7 114.9 131.5 1395 147.7 155.9 163.7 171.1
ent costs
[k€]
Tab. II. Results.
Number of Solar Return
collectors fraction year
[/
Case 1 4 0.69 12
Case 2 7 0.82 7
Case 3 7 0.70 8
Case 4 9 0.66 6
Case 1 Case 3
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Fig. 8. Results case study 1.
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Fig. 9. Results case study 2.
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Fig. 10. Results case study 3.
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Fig. 11. Results case study 4.
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4. Conclusions

This paper presents the results of a techno-economic
assessment of the potential use of solar concentrating
technologies for feeding the heat demand of traditional
fruits and vegetable processing industries in Almeria’s
province. The preliminary results show the adequacy of
the proposed SHIP solutions in all the case studies
considered. The main findings that can be drawn from the
results are:

e Regarding the technical metrics, a solar fraction
of around 66-82%, after optimized integration of
the solar plant according to the industry thermal
load, could be reached for all case studies. It was
observed how, in general, the optimal solar
fraction was lower for industries with large
demands (case studies 3 and 4).

e Concerning economic terms, all the case studies
resulted in payback periods of around 6 to 12
years. For cases with heterogeneous demands,
i.e., case studies 1 and 3, the payback period was
greater, 12 and 8 years respectively, than for
cases with homogeneous demands, which was
found 7 and 6 years for case studies 2 and 4
respectively.  This  evidenced how  the
homogeneity of the demand is a key factor in the
economic performance of the SHIP system for the
area and industries under study.

e Similarly, the size of the industry was also found
to be a fundamental aspect influencing the
payback time. The results showed how, for
industries with higher demand, the payback
period was less, 8 and 6 years for case studies 3
and 4 respectively, than for industries with the
same demand profile but with half of the demand,
which was found 12 and 7 for case studies 1 and 2
respectively.

Moreover, it should be noted that the proposed design
method is not only valid for heat for industrial processes,
but it can be also applied to other applications like district
heating.
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