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Abstract

The potential of solar energy for industrial processes has been demonstrated by International Energy Agency
(IEA) Task 33 Solar Heat for Industrial Processes. A large number of industrial process heat (IPH) facilities
with parabolic-trough collectors (PTCs) erected since the eighties, mainly in the U.S.A., but also in Europe,
some of which are still in operation, confirm that small-sized parabolic-trough collectors are the best solar
option in a temperature range from 80 to 250°C. This paper presents design process and simulation results of
a small-sized PTCs field pilot plant for supplying process heat in the cork industry in Badajoz (Spain), in
which raw cork must be processed by immersion in hot water at 98°C for one hour to eliminate any taste
before being used in the food industry. There is no previous experience in application of solar heating in
processing cork. A model with TRNSYS simulation environment of the PTC solar field was developed to
take design decisions, such as PTC type, optimum size and configuration of the solar field and piping layout.
This simulation environment was also used to analyze the performance of the selected solar field
configuration over the operation period. According to results obtained, the solar field supplies 65% of the
industrial process heat demand, with 50% annual system efficiency and 50% savings in the fossil energy
required for conventional cork processing. Implementation of the system designed is expected to produce
references and guidelines for future installations in the geographic area of the pilot project, characterized by
high solar resource availability as demonstrated by the rapid deployment of CSP facilities in recent years.

1. Introduction

According to latest statistics from the IEA, it is expected that energy demand in 2030 will be of the order of
17 TW, volume whose satisfaction seems insufficient taking into consideration only the traditional energy
sources (IEA, 2010). Therefore, a sustainable future in terms of energy will hardly be feasible without the
outstanding participation of renewable energy in general, including in particular solar energy, since it is the
one with the highest potential development. This research focuses on the provision of the thermal energy
required for an industrial process by solar energy. Statistics of the IEA (corresponding to 2008) show that
industry is globally one of the sectors that consumes a greater amount of energy, with around a 30%. In
Spain, the industry is not only the largest user of energy (more than 50% of total demand), but also a 35% of
it takes place in the medium temperature range, for which the PTCs are very appropriate (Schweiger et al.,
2000). This paper aims to further research and development of a pioneer technique in the field of
optimization of energy resources.

A number of initiatives, such as the already finished IEA Task 33 and the recently in creation IEA Task 49,
have attracted increasing attention to the development of specific PTCs for industrial applications. Small-
sized PTCs are able to work up to temperatures of 250°C, which is an appropriate range for the energy needs
of a wide range of industrial processes, as well as the production of large volumes of hot water. Some
industries with high needs of thermal energy at temperatures below 250°C are food and beverages, textiles,
wood, plastics and chemical industry. To be noted that there is no special legislation or regulations governing



the production of IPH using solar energy. There exist some examples of demonstration plants that use PTCs
to provide the thermal energy needed in industrial processes. A pilot plant was operating for six years in
Lactaria Castellana in Madrid (Spain), providing the solar thermal oil at 220°C to produce steam for
sterilization. There is a plant currently in operation coupled to an industrial process in El Nars, near El Cairo,
Egypt. This is a 1900-m” solar field, circulating pressurized water at 8 bar, with an outlet temperature of
173°C, to produce steam for pharmaceutical products (Ferndndez-Garcia et al., 2010a).

2. Methodology

A PTC solar field is integrated by a number of parallel loops, being each loop composed of several collectors
connected in series. The design of the solar field consists of determining the optimal number of collectors in
each loop (N) to achieve the temperature increase, as well as the number of loops necessary to reach the
energy needs required by the industrial process (M). In order to know those energy needs (mainly the thermal
power and the temperatures that the solar field has to supply) the specific industrial process, the cork
processing, was studied. With these energy data required by the industrial process, the solar field was
calculated in two stages: a pre-design or first estimation of the solar field (at a given moment of the year),
and the simulation of the thermal performance over a long period of time. The most suitable solar field
configuration is thus optimized following the thermal and hydraulic performance of PTC models.

2.1. The cork processing facility

This section describes the case study of this project, the integration of a PTC solar plant in the cork
processing. The Instituto Tecnoldgico del Corcho, la Madera y el Carbon Vegetal (Technology Institute of
the Cork, Wood and Charcoal), belonging to the Junta de Extremadura (a public entity of a region of Spain),
is working on a series of projects to improve the quality of its final product, cork cap, by eco-efficient
treatment of process water. In the framework of the ECOTRAFOR project, a facility with the same name has
been built in San Vicente de Alcdntara (Badajoz, Spain), which implements a number of improvements over
the traditional cork processing. Today, this facility is in beta and not yet in operation. Through the
collaboration of this public entity with the CIEMAT-Plataforma Solar de Almeria (PSA), it is planned to
establish a pilot solar plant that supplies the thermal energy needed for cork processing so as to improve the
energy efficiency of their facilities.

Fig. 1: ECOTRAFOR plant in San Vicente de Alcantara (Badajoz, Spain)

Raw cork must be processed by immersion in hot water at 98°C for one hour to eliminate any taste before
being used in the food industry, following a specific quality system called Systecode, which certifies
compliance with the International Code of Cork Stopper Manufacturing Practice (CELIEGE, 2006). This is



done on farms in auxiliary facilities usually for six months a year, from April to September. This process
operates for eight hours a day, from Monday to Friday. The cork industry is therefore a very interesting
process, not only for its temperature range but also for its coincidence with the maximum solar irradiation
levels in Spain along the year. Figure 1 shows the ECOTRAFOR plant, where the cork is stored in the yard
and processed in boilers.
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Fig. 2: Simplified scheme of the PTC solar field connected to the ECOTRAFOR plant

induistrial Frocess

Figure 2 represents a simplified scheme of a PTC solar field connected to the ECOTRAFOR plant; the
scheme includes the solar field, an auxiliary fuel boiler and, the box depicts the industrial process under
study. The use of a heat exchanger is essential to separate the working fluid from the solar field circuit or
primary circuit and the industrial process circuit, because the primary circuit requires a special fluid suitable
for solar collectors.

As preliminary data for the solar field design, a first estimate of the power demand and the temperature
increase required to carry out the cooking was made, taking into account that the volume of water to heat is
about 15 m’ , the filtered water returns at about 85°C and the whole system is isolated to minimize heat
losses. Therefore, considering the pipes and heat exchangers losses, the thermal power to be supplied by the
solar field (P;) was established as P, = 260 kW. Due to thermal losses in the heat exchanger, the expansion
tank and pipes between the solar field outlet and the industrial process inlet, the solar field outlet temperature
(T,,,) was set at about /0°C above that required in the industrial process, in this case, T,,, = 110°C. The fluid
temperature at the solar field inlet (7;,) is fixed, as is the case of solar power plants, not only by the return
temperature of the heat exchanger, but also taking into account that in this type of application, to provide an
adequate mass flow to the power required, a suitable temperature increase would be 20°C. Therefore, taking
the above into account, T}, = 90°C.

The usual practice is that a solar field does not provide the total energy needs of the industrial process, but,
together with a conventional energy source, takes part of the overall energy supply to the industry. A
conventional fuel boiler, connected in series to the solar field, may be added. The use of thermal storage in
the solar field has been ruled out because, among other reasons, is an extra cost, not only associated with the
design of a much larger solar field to perform the storage charging cycles, but also the raw material stored. In
addition, there is a limited space on the parcel where the facility is currently located. Apart from that, most of
the operation hours of the industrial process match up with the highest solar gain ones, so it is cheaper to
design the solar system without thermal storage, and the solar field feeds directly the industrial process.
Hence, the auxiliary fuel boiler is sufficient to deal with hours with no or not enough direct solar irradiation,
and absorb small variations on it, such as the passing of clouds. The main advantage of the auxiliary fuel
boiler in front of the thermal storage is that it allows, if necessary, the use of higher temperatures in the
industrial process than those provided by the solar field itself. As shown in figure 2, the boiler would be in



series with the solar field and coupled to it through a heat exchanger. The boiler would come into operation
when the temperature of the solar field outlet temperature does not reach the one needed by the industrial
process. Also, in days under unfavorable weather conditions in which there is no direct solar irradiation
(totally cloudy or rainy days), the boiler would provide the thermal demand of the industrial process, thanks
to some 3-way valves on the installation that would isolate the solar circuit of the boiler.

2.2. Pre-design of the PTC solar field

A pre-design of the solar field was made considering the power and temperature data set by the industrial
process, meteorological and geographical location of the facility, and the data set by the solar field, in
accordance with the technical specifications for each collector, working fluids and other elements of the
hydraulic circuit. At this stage, the number of collector per loop is calculated depending on P, and the
temperature difference between 7,,,and T;,.

Since the solar height varies throughout the year at the same site, the incident irradiation on the collector
aperture plane depends on its tracking-axis orientation. Since the period of operation of the industrial process
throughout the year coincides with the peak months of irradiation, the optimal orientation for this application
is the North-South one. The design point is the moment of the year chosen for the calculations of the pre-
design. The solar noon on the summer solstice was chosen, which provides energy values in the most
suitable time of year, where the incidence angle would be smaller. The Typical Meteorological Year (TMY)
at the site is available and contains mean values in 10-minutes time periods of the ambient temperature (7,),
and direct normal irradiance (DNI). The annual average of the direct irradiation in the area of study is 1641
kWh/m®. Data at the design point are: T, = 31.65°C, DNI = 907 W/mz‘ The incidence angle (), taking into
account the location of the site and the orientation of the collector, is ® = 15.9°.

The PTC selected for the solar field, after considering other technology options presently available, was the
CAPSOL-02 prototype, designed, constructed and tested under the CAPSOL Project (Fernandez-Garcia et
al., 2010b). The collector has a flat glass cover in the aperture plane and the concentrator is made of
composite materials. Its soiling factor is higher than other collectors because the flat glass cover is the only
surface exposed to dirt. Cleaning the collector is considerably easier than in other ones. Also, the flat cover
reduces the collector torque, thus improving its interception factor. CAPSOL-02 maximum operating
temperature is 250°C and the heat transfer fluid is pressurized water. Figure 3 shows the CAPSOL-02
prototype and its test facility. A third and commercial prototype, CAPSOL-03, is currently being developed.

Fig. 3: CAPSOL-02 prototype and its test facility

To sum up, taking into account the data described above and known collector-performance parameters
(thermal losses, the peak optical efficiency and the incidence angle modifier), some technical collector
features (the cross-sectional area of the absorber tube and the aperture area) and the properties of the working
fluid under operation conditions of the plant (density, specific heat, etc.), we are able to perform the pre-
design of the solar field (Gonzélez, 2008). It is also necessary to reach a compromise between the limitations
of space where the facility will be located and other further calculations such as turbulent flow, the quality of
heat transfer between the fluid and the receiver losses (analyzing the convection heat transfer coefficient in



the inner metal absorber tube wall), and parasitic loads associated with pumping through the solar field (that
depends, among other things, on the shape and size of the field) (Zarza, 2007). As a result of the pre-design
process, the most suitable configuration consists of 9 parallel loops of 6 collectors in series in every loop. A
collector area of 432 m* would be required to reach the energy needs of the industrial process described
above.

2.3. Simulation of the solar field thermal performance

The simulation of the solar-field thermal behavior over the six months of operation of the industrial process
was carried out, based on the configuration obtained by the pre-design. To make the simulation is necessary
to have a model of the system. In this case, a computer program, whose tool is the TRNSYS simulation
environment, was used. The program, composed of TRNSYS blocks specially created for this work, mainly
contains the mathematical model of thermal and hydraulic behavior of the collector. The model also contains
other blocks such as piping models, the load profile of the industrial process of the case study, the power
supply provided by the auxiliary fuel boiler and its starting consumption. The model is stationary but
includes a 10-minute time step and a transport delay to simulate behaviour during transients. The program is
completed with standard library of TRNSYS blocks, mainly for TMY data reading and processing (i.e., to
estimate the incidence angle at each instant by calculating the sun position in the location of study), and the
integration of meteorological variables, such as power, for energy calculations. This makes possible to
analyze the thermal and hydraulic behavior of the solar field, taking into account the connection between
collector pipes, the supply and return pipes of the solar field, the transients in direct irradiation or in the
ambient temperature due to the thermal inertia of the system, the facility start up, and the losses due to
shading of parallel rows.

In order to carry out the calculations, the user has to introduce several inputs to the program. Some of them
(N, M, nominal flow rate, Moody’s friction factor, etc.) are previously calculated in the pre-design stage. The
time-varying inputs (DNI and T,) are loaded from the TMY file, 10-minute averages to account for cloud
transients. Other possible inputs are the set point temperature and the load profile of the industrial process,
the collector nominal reflectance, the mechanical-electrical efficiency of the circulation pump and so on. The
main results of the program are shown in the following section. It should be pointed out that the models used
for this particular application are flexible, capable of being used for other types of collectors or working
fluids, and for any other application, whether for the production of process heat in any other industry or for
electricity generation plants.

3. Results

This section presents TRNSYS simulation results of the solar field that was confirmed as the best option in
the design process to supply the energy needs of the industrial process under study: 9 parallel loops of 6
CAPSOL-02 collectors in series in every loop, that is a collector area of 432 m*. Figure 4 shows the main
simulation results, particularized for a clear day in June. These results are listed below:

e Curve 1: DNIL

e Curve 2: DNI available due to the cosine effect of the incident angle.

e Curves 3 and 4: inlet and outlet temperatures of the solar field (7;,, and T,,,, respectively).
e Curve 5: solar power incident onto the solar field

e Curve 6: power demanded by the industrial process (P;) throughout the day.

e Curve 7: useful power provided by the solar field, taking into account thermal losses pipes.

e Curve 8: solar power used by the industrial process (P,), taking into account the thermal inertia of the
system.

e Curve 9: fossil power supplied by the auxiliary fuel boiler (P,,,).

e Curve 10: mass flow rate of the solar field.



The pressure losses and the electrical pumping power required by the solar field are not represented because
they are not visible in this scale. All simulation results can be obtained both graphically and in 10-minute
data files. By analyzing figure 4, the maximum of the useful power curve does not match the solar noon but
is shifted to the right along the time axis due to the effect of thermal inertia. Moreover, it is necessary to use
the auxiliary boiler when the solar field can not reach either the outlet temperature of 110°C (typically during
the first and last hours of the day) or a useful power equal to the demand (usually when there is not enough
solar radiation). Finally, the mass flow is being adjusted to achieve the required outlet temperature.
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Fig. 4: Simulation results of a clear day in June

Then some variables of the simulation are discussed in more detail and in two different situations: a clear day
and a cloudy day. DNI (curve 1), T}, and T, (curves 3 and 4, respectively) and P, (curve 6) are shown in
figures 5 and 6. Figure 5 depicts that the outlet temperature on a clear day in June respond adequately to both
the input temperature, since the field can reach 90 °C by itself before 8:00 am, and the outlet temperature,
which is very stable around the set temperature of 110 °C. Since there are no disturbances, the delay in the
outlet temperature is not significant. However, with an interval cloud around the solar noon (figure 6), the

outlet temperature, which is not stable at all, oscillates around 110 °C and that temperature does not recover
as well as irradiation and with a lag.
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Fig.5.DNI, P, T;,, and T, in a clear day of June Fig. 6. DNI, P;, T;,, and T, in a cloudy day of June



DNI (curve 1), P, (curve 6), P, (curve 8) and P, (curve 9) are shown in figures 7 and 8. Similarly, they
show that the output power provided by the solar system is very close to the demanded by the industrial
process in clear days (figure 7). The support of the auxiliary system is only needed in the first and the last
hour of the workday. On cloudy days (figure 8), power output curve follows the solar irradiation curve, but

with a lag.
ey I 1 Ferey 1 T TF L
":EE lI i |r:';§' | ILI .'!I '}“I’
e I | e | I ||J|
| & o | il

I / } 1 i’
|

.
o | ". : |

|
'| i)

1 +

. 1 §

f &= 1 | i |

L 'lllh |I sl | |

II \ | | ] ol i !

|I I| d I I'Il..'|l.|.l 4 H'

:'\..L.:.lr Pkl i W g B ] e g o s 1

R T S N S @rT

Fig.7.DNI, P;, P, and P,,, in a clear day of June Fig.8.DNIL, P;, P, and P,,, in a cloudy day of June

The analysis of the solar-field energetic behavior is possible by integrating performance data over the six
months of operation of the industrial process. Simulation results were used to calculate the facility efficiency,
pressure losses, energy balance, solar fraction and conventional energy saved, under different operating and
weather conditions. The solar field efficiency is defined as the ratio of the solar energy incident onto the

solar field and the useful energy that it can supply; and the solar fraction as the ratio of useful solar energy
used by the plant and the energy demand.

During the semester in which the plant is in operation, the efficiency reaches values well suited to an average
of almost 64% and its value is very steady throughout the working period (figure 9). The solar fraction
indicates how much energy is supplied by the solar energy system. According to data obtained in this plant,
average solar fraction is 65% (figure 10), which is considered quite high. The value of solar fraction grows
during the summer months due to an increase of the available solar irradiance.
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Figure 11 shows the energy required by the industrial process, the useful solar energy, the fossil auxiliary
energy needed to reach the demand and the energy used in pumping, whose value is not appreciated because

it is several orders of magnitude smaller than the rest. Moreover, 50% savings in the fossil energy required
for conventional cork processing during the six months of its operation was achieved.
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Fig. 11. Energy required by the process, supplied by the solar system and requested to the auxiliary system

4. Conclusions

This project is the first step to erect the first small-sized PTC pilot plant for IPH applications currently in
Europe. A software tool for design and optimization of PTCs solar fields for IPH has been successfully
developed. Despite of the fact that it was developed for a specific case of study, the flexibility of the
programs allows analyzing the behavior of any PTC solar field, providing heat to any application, whether
for process heat or for power generation. However, the model developed in this specific case of study, the
CAPSOL-02 PTC solar field connected to the ECOTRAFOR plant, will be validated after the construction
and start-up of the pilot plant.

Small-sized PTCs with pressurized water as working fluid are the best candidates for process heat in
industry, in the temperature range of cork processing (around 100°C). The collector chosen for this
application, CAPSOL-02, is the one with longer life, lower soiling rate and less torque. According to results
obtained, the designed solar field supplies the 65% of the thermal energy demand of ECOTRAFOR facility,
with an overall efficiency of 64% over the six months of operation of the industrial process (from April to
September).

On the other hand, the implementation of solar systems in the industry requires the set up of solar pilot plants
with the help of public funds or other incentives and, the market introduction of small-sized PTCs for IPH
applications in order to achieve a reduction of the manufacturing costs and to improve their quality. In this
regard and since concentrated solar technology for electricity generation has entered the commercial stage, a
trend in recent European projects for the promotion of research on concentrated solar thermal technology for
process heat has been detected.
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