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Figure 10. The plant efficiency at the four operating modes through a day in May.

Analysis of plant cooling and electricity production shows that plant operation in combined
electricity and cooling mode using LFR can produce about to 9443 KWh of cooling and 791 kWh of
electricity in summer months of May, June, and July. In winter mode operation, when the plant is
used for generating electricity only, the plant produces a minimum of 264 kWh of electricity in
January.
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Introduction

This document provides a comprehensive description of the solar multi-generation plant
(demonstration plant) that will be installed in Balga University College in Irbid/Jordan. The plant is
part of the STS-Med project which aims at promoting and implementing innovative technologies
and know-how transfer in the field of solar energy.

Plant location

The plant will be installed on the rooftop of an educational building shown in the figures below
(Figure 1, Figure 2 and Figure 3) in Irbid city located in the north of Jordan. The geographic
location of the plant is:

- Latitude: 32.487 N.
- Longitude: 35.89 E.

- Elevation: 648 m.
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Figure 1. Google earth image for the building.



Figure 3. Building rooftop.

Plant description

The plant will generate electric power, cooling/heating, hot water and distilled water from a single
source of energy (solar energy).

A schematic diagram of the plant is provided in Figure 4.

Solar energy will be collected and concentrated in two parabolic tough collectors (PTC-1)
connected in series. The concentrated solar radiation will heat the heat transfer fluid (HTF) which
thermal oil to a temperature of 240°C. The heated oil will be stored in a break tank (TOT-1) to
provide a stabilized operation for the heat consuming equipment.

In summer, the hot thermal oil will drive an absorption chiller (CHLR-1) to provide space cooling
through two Fan-Coil units (FCU-1) in one of the classrooms. The oil will also be utilized to
generate superheated steam through saturated steam generator (STG-1) and super-heater (SH-1).

The super-heated steam will drive a 1.2 kW steam turbo-generator (ST-1) to generate electricity,
the turbine will be fed with soft water from a water softener. The steam will exit the turbine in a
liquid phase (condensate) which will be collected in a tank (DWT-1) and used as distilled water. If
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the available solar energy exceeds the cooling and electricity generation demands, the excess
heat will be delivered to hot water network through shell and tube heat exchanger (HEX-1) and the

hot water will be stored in a tank (HWT-1). If the excess heat exceeds the storage capacity, it will
be dissipated in a dry cooler (DC-2).

In winter, the operation will be similar to summer operation with space cooling replaced by space
heating which will be provided by the hot water stored in HWT-1 through the fan-coil units (FCU-1).
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Figure 4. Schematic plant layout.
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Introduction

The STS-Med plant in Italy, installed in an area between the university campus and a city park, is
integrated within a broad requalification action of this area. The plant localization is shown in
Figure 1.

An area of about 3000 m? for the solar field has been assigned by the University of Palermo as
well as a protected place for the installation of equipment and controls. Specific solutions have
been developed to minimize the impact on the area of archeological interest. Some components
derive from R&D activities involving regional SMEs that have been participating into the supply
chain.
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Figure 1. Localization of the STS-Med multi-generative CS plant in Palermo (ltaly).

The plant scheme is represented in Figure 2.

The solar field consists of 3 linear Fresnel collectors (each consisting of 7 basic modules) with a
compact focal distance, connected in parallel, with a total (active) surface of about 700 m?. High
performance (evacuated) receiver tubes are used to maximize the solar radiation capture
efficiency. The heat transfer fluid (HTF) is a bio-derived oil (Paratherm NF) with no environmental
impact, with inlet/outlet temperatures in/from the solar field of 260°C/280°C, respectively. The HTF
transfers its thermal energy to the innovative thermal energy storage (TES) system, based on the
use of a single tank with a ternary molten salt mixture, integrated with two heat exchangers,
specifically developed in the STS-Med project. This TES system is described in Deliverable D5.2
and its technological feasibility discussed in the following sections. The TES is connected to the
heat loads: a 10 kW ORC unit (with 100 kW thermal load in the 160-180°C range) for electrical
power production and a 23 kW LiBr chiller (thermal load in the 165-200°C range).
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Technical feasibility

Technical feasibility of the proposed layout was validated by the basic design and the available
specifications of the integrated commercial units. Process flow sheets have been analysed in order
to validate the performances the overall system.

In Deliverable D5.2 it is highlighted that some innovative components, not yet commercially
available but still undergoing RD&D stage, have been considered. Specifically, in Deliverable D5.2
it is highlighted the importance of applying a Thermal Energy Storage (TES) system in small-
medium CS multi-generative plants. Therefore, an innovative TES system has been developed to
optimize the STS-Med plant design in Palermo. Before installation in the demonstration plant, this
innovative component needed to be proved in laboratory by ENEA.

The following sections provide the technical feasibility study of this innovative system in the
framework of the STS-Med project.

Thermal Energy Storage (TES) system

A prototype of the innovative Thermal Energy Storage (TES) system (see Deliverable D5.2)
has been designed, built and installed at the ENEA-Casaccia research center (Rome) for proof.-
of-concept.

The general view of the prototype is shown in Figure 5. It consists of a 900 litres tank filled with a
molten salt mixture, specifically the nitrate ternary mixture Ca(NO3)o/NaNOz/KNO; (42/15/42 Y%w).

Figure 5. Heat storage system prototype developed in STS-Med (ENEA-Casaccia center, Rome).



This system is by itself characterized by a number of positive features. Since this fluid has
negligible vapor pressure and no interaction with air, the tank is neither pressurized or air tight,
even up to 450°C. Moreover, the salt is nontoxic, stable, and with low cost (< 1 €/kg).

Additional details of the prototype are shown in Figure 6. Two helicoidally shaped heat exchangers
are placed on the top and bottom of the tank, immersed in the molten salt. Note that this system
with integrated heat exchangers is highly compact and does not require molten salts pumping and
piping external to the tank.

The heat exchangers are integrated within two corresponding oil loops, designed to remove and
supply the heat in the temperature range of 150-400°C. As described in Deliverable D5.2, the
working principle is based on the thermal stratification of the molten salt resulting from the heat
exchange in the two coils during the charge and/or discharge phases. Depending on the
temperature gradients of the molten salt, this prototype is characterized by a heat storage capacity
in the range of 50-170 kWh.

Figure 6. Some details of the heat storage system prototype developed in STS-Med (ENEA-
Casaccia center, Rome): general drawing (left), top view with the four flanges
connecting with the oil loops (top right), and the bottom heat exchanger shell with
downcomers (bottom right).

A synthetic organic oil (Dowtherm Q) has been used as heat transfer fluid (HTF) in the oil loops. In
Figure 7 is shown the process diagram of the two oil loops. The “charging loop” (represented in
“red” in Figure 7) connects the bottom heat exchanger with electrical heaters to heat up the oil
stream up to 310°C, in order to simulate the solar field. Differently, the “discharging loop”
(represented in “blue” in Figure 7) connects the top heat exchanger with an air fan to cool down the
oil stream, in order to simulate the heat load. The inlet temperatures and the flow rates of the two
oil loops can be controlled independently.
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Figure 7. Oil loops integrated with the prototype developed in STS-Med (ENEA-Casaccia center,
Rome). The heating and cooling loops are red and blue coloured, respectively.

A specific procedure has been developed for the salts loading, mixing, and melting.
Particular concern has been addressed to the hydration of the salt, since the commercial
Ca(NO3)./KNO3s mixture contained a relevant amount of water that is removed during the melting
phase. In total, more than 2 tons of the salt mixture with the selected composition
(Ca(NO3)o/NaNOs/KNO; = 42/15/42 %w) have been loaded in the TES prototype. It is noteworthy
that the salts melting has been achieved using only the charging heat exchanger in order to
prove the possibility to avoid equipping the TES with external heaters only to manage this
initial melting stage.

After the experimental campaign, in order to simulate accidental conditions which may occur
during the plant lifetime, the possibility of complete freezing and re-melting of the salts
loaded in the tank has been studied and validated too.



During the experimental campaign, a number of tests have been carried out to prove the typical
charge and discharge phases, also simultaneously, under representative conditions for the pilot
plants. As shown in Figure 8, a total number of 20 thermocouples (A1 to A10, B1 to B10) have
been placed in the tank in order to determine the temperature profiles during the different working
phases.
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Figure 8. Positioning of the temperature sensors in the TES tank to monitor and validate the
working principles.

Experimental results have been extensively reported in an internal report available at the ENEA
(ref. DTE-STT/2015/001). In the following paragraphs the most relevant results are presented and
summarized.

Figure 9 shows the trend of the temperature profile during a typical TES discharge phase. At the
beginning of the discharge run, the TES is fully loaded with the molten salts temperature nearly
homogeneous, close to the maximum temperature Ts.high (€.9. 280°C as in the STS-Med plant in
Palermo). When the heat starts to be released, a stratification occurs, this the lower tank section at
the lower temperature (Ts.ow), and a thin thermocline section appears in between the “hot” and the
colder sections. This thermocline zone proceeds towards the top of the tank during the discharge,
as hot molten salts are moved from the top to the colder section. In Figure 10 are shown the oil
inlet and outlet temperatures and the determined molten salts flow rate in the heat exchanger: note
that the TES operation is rather stable.

Exactly opposite trends have been observed during the charging phase, with a roughly
homogeneous temperature profile close to Tsw at the beginning, and the thermocline section
moving from the top to the bottom during the charging run.

Additional experimental tests have been carried out to validate the simultaneous charge and
discharge of the TES, as representative condition of a “daily” working.
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Figure 9. Temperature profiles obtained experimentally in the TES prototype during a typical
discharge phase.
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Figure 10. Oil inlet and outlet temperatures and molten salts (MS) flow rates through the top heat
exchanger during a typical discharge phase.



In conclusion, the experimental tests carried out on the STS-Med TES prototype proved the
concept, with the expected performance with respect to the thermal stratification, the
molten salts fluid dynamics (by natural convection), the effectiveness of the heat transfer to
the thermal oil (HTF) and the stability of the system.

The experimental results and concept validation with the prototype enhanced the design of an up-
scaled TES for the demonstration plant in Palermo.

In order to select suitable materials corrosion tests on the TES materials with the molten salt
mixtures under representative conditions have been carried out.

Additionally, the interaction of the molten salts with the thermal oil (HTF) used in the plant in
Palermo has been studied in laboratory under representative conditions. The objective of this
experimental study was to identify potential safety issues which may arise during the plant
management: in case of a potential leakage from one immersed heat exchanger in the molten salt
bath the oil can interact with the oxidizing molten salts with consequent exothermic reactions
leading to gas formation. Experimental results carried out at the ENEA-Casaccia chemical
laboratories demonstrated that, under representative conditions of the TES, there is no
occurrence of such strong interaction between the components in event of failure.
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