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Abstract — The osmotic pressure, obtained from the difference of salinity between fresh
water of rivers and salt water from the sea, is one of the most promising technologies in the
context of marine renewable energy.

The present work investigates a small-scale Pressure Retarded Osmosis (PRO)
plant to be located along the eastern coast of Sicily (Italy), near the mouth of the Simeto
River. After estimating PRO plant potential power production, in terms both of the
availability of water resources and of local salinity gradients, in order to guarantee a low
environmental impact and according to the principles of the “Green Economy”, we paid
attention to the materials adopted for the structure components and, looking at the
educational function of the plant, we ideated the building interior design.

Concerning possible environmental impacts, the discharge dynamics in the
nearshore region is investigated by means of hydrodynamic modelling, taking into account
wave and current interactions close to the river mouth.

Riassunto — Una delle tecnologie piu promettenti nell'ambito delle fonti di energia
rinnovabile é quella che utilizza la pressione osmotica, ottenuta dalla differenza di salinita
tra I’'acqua dolce di fiume e acqua salata di mare.

1l presente lavoro analizza la fattibilita di un impianto Pressure Retarded Osmosis
(PRO) di piccola scala collocato lungo la costa della Sicilia orientale (Italia), vicino la foce
del fiume Simeto. La stima del potenziale di produzione di energia dell’'impianto PRO é stata
fatta valutando sia la disponibilita di risorse idriche che il gradiente di salinita locale. Sono
stati poi scelti i materiali adottati per la struttura, al fine di garantire un basso impatto
ambientale e tenendo in considerazione i principi della “Green Economy”, e progettati gli
spazi interni, pensando alla funzione educativa che I'impianto potrebbe assumere.

La dinamica della propagazione dei deflussi in uscita dall’impianto nella regione
nearshore ¢ stata studiata attraverso la modellazione numerica, tenendo conto della
interazione tra onde e correnti osservata in prossimita della foce del fiume.

Introduction
Sustainable energy development has been subject to increasing attention during

the past decade as a response to global energy challenges and socio-economic and political
changes [14]. In order to give people a comfortable standard of living, many scholars are
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employed to fine new renewable resources that emitting fewer noxious chemicals.

The renewable energy on which is focused the society attention are solar, wind,
biofuel, geothermal and hydro-power, but since 1954 Osmotic power, introduced by Pattle,
is an attractive option. In fact the osmotic energy released from the mixing of fresh with salt
water is a significant amount and osmotic power or salinity gradient energy as a renewable
source of energy has attracted a lot of attention recently [1].

The global energy production potential of PRO (pressure-retarded osmosis) could
reach up to 2 000 TW h per year against 10 000 TW h per years that are the estimated
global energy production from all renewable source [2]. According to Altaee et al. (2014),
osmotic energy is a promising renewable energy source.

Pressure Retarded Osmosis is a technique which enables the generation of
electricity from the difference of molar free energy. The idea behind PRO is based on the
fact that the water flows naturally from a low salinity solution (feed water) across a semi-
permeable membrane to a more concentrated pressurized draw solution, driven by the
osmotic pressure difference across the membrane. In fact, putting two solutions, with
different salinity, in a compartment separated by a suitable membrane an osmotic flow can
be observed. In this way, a pressurization of the volume in the concentrated salt solution
compartment causes an increased hydraulic pressure difference over the membrane. By
discharging the brackish effluent through hydro-turbine electricity power can be generated.

Figure 1 shows a schematically system operation.
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The water flux across the membrane in PRO process is usually described by the
following equation:

Figure 1 — Sketch of PRO.

Jw = A(AT o5, — AP) (D

where Jw is the water flux per unit of membrane area in m’s'm°, 4 is the water
permeability coefficient of the membrane in m’s 'kPa'm? Am,, and AP are the
theoretical osmotic pressure differential and the hydraulic pressure applied, both measured
in kPa. The pressure difference (An,, - AP) represents the effective pressure difference at
the membrane of the PRO system.
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The power density W, in W=m? which can be generated per unit membrane area,
is the product of the water flux J,, and of the hydraulic pressure differential across the
membrane AP in kPa:

W = JwAP = A(Amys, — AP)AP 2)

Moreover in PRO processes, since AP < Am,,, it was demonstrated that the
maximum power density is obtained when AP = Amn,,=2 [8][10][20]. This equation gives
the theoretical specific power density of a PRO system. However, membranes are
susceptible to phenomena which reduce the effective osmotic pressure difference. For a
detailed analysis see [13][3][20].

Besides the osmotic flux related to the characteristics of the semipermeable
membrane, the evaluation of the performance of the whole system must take into account
the efficiency of the hydraulic and the used electric machines. The gross power W,
generated by the PRO plant is defined as [12]:

%ross = APeffQpermeatenturbinengenerator (3)

where AP, is the effective osmotic difference at the end of the process, Opermeare 1S the
permeate discharge flowing through the membrane, 7,,pine a0 Hgeneraror are respectively the
turbine and the generator efficiencies.

Finally, other important design parameters are the ratio between fresh water and
salt water discharge, which should be O,=0Q,= 2 [15][18] and between permeate and fresh
water discharge 0,=0,= 0,8 [18].

The aim of this study is to design a PRO plant and the building that will host it,
according to the principles of the “Green Economy”. Two aspects of the project are
discussed: the PRO plant energy production and the environmental impact of the structure.

From the power production viewpoint, PRO design method is applied in order to
estimate potential power production in terms both of the availability of water resources and
of local salinity gradients. Moreover, the discharge dynamics in the nearshore region is
investigated by means of hydrodynamic modelling, taking into account wave and current
interactions close to the river mouth. The results of numerical simulations have been
analysed in order to determine the influence area of the brackish discharge of the plant, to
quantify the effect of deviating fresh and salt water from river and offshore regions and the
effect of discharging the resulting brackish water near the river mouth. Indeed as a
consequence of a different salinity distribution in the nearshore zone, potential ecological
impact may arise.

Regarding the plant structural design, in order to guarantee a low environmental
impact we paid attention to the choice of the materials adopted for the structure and to the
building design, ideated also considering the educational function of the plant (i.e.
educational laboratories and exposition area). The study should demonstrate that, despite
the specific location close to Simeto mouth, the eco-friendly realization of a PRO plant is
feasible.
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Site study

The majority of PRO researches are focused on mixing of seawater and river
water [19]. The most relevant basin of Sicily is the Simeto’s basin, with its 4200 km?

catchment area.

In the 1984 the Simeto mouth area, with an extension of 2 000 ha, was established

as natural reserve.

To determine the suitable site to build the PRO plant different types of analysis

have been carried out:

e Hydraulic and hydrologic analysis, to evaluate the expected persistence of the river
water discharge during an average year (Figure 2);
e Salinity concentration analysis along the river, to determine an optimal location for the

river water intake;

e Road traffic and power lines system analysis, to secure a strategic position for use of

energy (Figure 3);

e Environmental protection system analysis, to prevent damaging and not to alter the
ecosystem of the Simeto Oasis protected area (Figure 4);
e Hydraulic risks analysis, to consider the delimitation of flood areas (Figure 5).
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Figure 2 — Water discharge available at the
Giarretta Station over an avenge Yyears,
determined through a statistical analysis of a
data-set which covers more than 36 years
(from 1931 to 1967).

Figure 4 — Environmental protection system
analysis.
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Figure 3 — Road traffic and -po;ver lines
system analysis.
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Thanks to the first analysis, by using data coming Giarretta hydrometric station, it
turns out that the water discharge available for more than 240 days per year is about 3 m’s™.

Thanks to all these analyses, the position chosen for the PRO plant is 6.5 km
upstream of the estuary, nearby a node of the electric network and the extended industrial
area of Catania and in such a way as to ensure a gravity driven river water supply to the
plant. Indeed the elevation difference between the fresh water intake and the plant is about
5 m, which allow overcoming all possible energy losses. The salt water intake is located at
an offshore area close to the river mouth, at a water depth of about 5 m, so the draw
solution supply must be provided. The plant is located at 10 m above sea level. The suitable
location for the plant installation is shown in Figure 6.

Concerning the wave forcing along the coast, data about the yearly average wave
climate are considered, to characterize the investigated area. The analysis reveals that the
wave climate is mainly characterized by waves coming from the East (40°, 90° and 135°),
in terms of frequency and significant wave height, with the most frequent wave heights in
the range 0.5 + 3 m.

Figure 6 — Simeto catchment area and location of PRO plant installation area.

PRO plant design

The design of PRO plant depends on three parameters: osmotic pressure
difference, fresh water intake availability and characteristics of the PRO plant membrane.

The first two parameters are related to the choice of the plant installation area.

In the case being, the osmotic pressure difference is calculated using eq. 1, which gives
ATtoen= 2900 kPa, considering that the salinity concentration of fresh water (Simeto River)
is about 0.1 g 1", while the salinity concentration of salt water (Ionian Sea) is about 35 g I
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The maximum power density W is obtained when the hydraulic pressure AP is
equal to half of the osmotic pressure Am,g, [8], but a significant deviation may occur when
the osmotic pressure increases and the ratio of the feed and draw flow varies [5]. To extract
the maximum power density condition a volumetric ratio 0.5 for the feed and draw solution
has been selected [7]. Considering that the Simeto River guarantee a water discharge of
3 m?s, a sea water intake of 6 m’s™ is required.

The weak point of PRO technology is the efficiency of the membranes. Indeed, no
hollow fiber semi-permeable membranes have yet been developed and optimized to meet
the requirement of PRO applications and we can say that they are still in their “infancy”. To
choose the suitable membrane, the performances of a flat sheet cellulose triacetate (CTA)
Forward Osmosis (FO) membrane and hollow fibre (HF) spiral wound membrane have
been compared. The processes, which reduce the effective osmotic pressure difference
across the membrane, are salt reverse diffusion and even more severe phenomena such as
the concentration polarization (accounting both for external and internal polarization). The
effects of the above process can be evaluated if the membrane coefficients, i.e. the water
permeability coefficient A, the salt permeability coefficient B, the external concentration
polarization mass transfer coefficient &, and the internal concentration polarization mass
transfer coefficient K, are known. The values of such parameters are based on the work of
Achilli et al. (2009), in the case of flat sheet cellulose triacetate FO membrane, and on the
work of Han et al. (2014) in the case of spiral wound membranes. For each membrane type,
the value of power density obtained both in the ideal case, in which salt reverse diffusion
and concentration polarization are not taken into account, and in the complete case, in
which the effects of such processes are considered, are reported. As expected, a much
higher maximum power density (8.5 W m™) is obtained in the case of the hollow fiber
spiral wound membrane with respect to flat sheet cellulose triacetate membrane (3.5 W m™).
Considering the complete case, the effective osmotic difference at the membrane Az,g,q5 |
and consequently the hydraulic pressure difference AP applied at the draw solution, is
slightly higher for CTA membrane (A%, =2690 kPa and AP,;=1350 kPa/m’) when
compared with the HF membrane (A7,,,,/~2680 kPa and AP,;=1340 kPa/m’).

If the turbine and generator efficiencies are to be taken equal to 0.85 (1 € 1) and
the permeate discharge is to be taken equal to 2.4 m’s™ (Qp), the power plant capacity is
estimated about 2.7 MW for both of the selected membrane, but the arecas of membrane
needed are different. Indeed, for the HF membrane is required an area of about 380 000 m>,
while for the CTA membrane is about 915 000 m” Considering a membrane packing
density of 775 m*m~, with stack height equal to 3 m and stack length of 10 m, 12 membrane
stacks are needed for the HF plant while 30 membrane stacks are needed for CTA plant.

In order to optimize the provided power density, energy losses due to the spatial
variations along the membrane have to be taken into account [7]. Such energy losses
throughout the system represent loads that must be provided by the pump. Considering the
gross power and the losses due to the pumps, the determination of the net power of the
plant is important [12]. In this case a pumping system is required only for the draw solution
from the sea. The pumping system has been designed considering a pipe diameter of 2 m
and an efficiency of 0.75. The power required is equal to about 1.6 MW. Therefore, net
power of the considered PRO plant would be about 1.1 MW. It follows that power
reduction of the 40 % of the gross power capacity Py, is due to the energy required by the
pumping system.
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Building design and its environmental impact

The building hosting the PRO plant is designed, according to the principles of the
“Green Economy” and in a way to guarantee a low environmental impacts.

The building shape is ideated, proposing a low visual environmental impact
configuration. In particular a “dug and built structure” presenting a green roof architecture
and a wooden construction is designed. Figure 7 shows two different views of the 3D
model of the PRO plant building.

The “dug and built structure” presents an extension of 2 meters in the underground
direction and an extension of 4 meters above the terrain level. The dimension of the
underground structure allows the installation of ribbon windows, ensuring a good window-
to-floor area ratio.

The interior design of the structure is divided in two floors, which are ideated in
order to contain not only the technical plant components (located in the lower level) but
also to allow educational activities. Therefore the structure contains also: visitor center with
an exposition area, pedestrian visitor paths and experimental laboratory. The visitor
entrance is located on the upper floor, directly from the sloping roof. A walking way along
the perimeter of the building is designed, working as terraces from which it is possible to
see the different components of the plant. The walking way is designed aiming at
educational goals. Visitors are allowed to go downstairs, in a underground room, where an
expositive area is organized and where eventually multimedia exposition about the PRO
plant functioning could be realized.

Figure 7 — View of the building 3D.
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Regarding the green roof, it offers the opportunity to enjoy a nice panoramic view
seeing: the Etna volcano on the north direction, the Simeto river on the south direction and the
Ionian sea on the east direction. The roof of the structure is a sloping plan, with a gradient of
6 % -8 %, which provides a natural habitat. It is a widely accepted form of green
infrastructure deployed around the world to contribute to building efficiency and
climatechange mitigation and adaptation through improved thermoregulation and water
capture [11]. Indeed, the green roof substrates provide insulation and the vegetation
contributes to cooling via shading, reflection of solar radiation and evapotranspiration of
water. These cooling effects improve building energy balance and the resulting artificial
warming of surrounding air temperature. The application of green roofs is widespread and
significant benefits to building owners and users by improving thermal efficiency, energy
savings and mitigation of the urban heat island. Moreover, this kind of covering mitigates
the effects of pollution acting as a filter, improves the building insulation (heating -
cooling) increasing the building energy efficiency, reduces noises resulting in a more
comfortable environment.

The main material used for the building design is cross-laminated (X-lam). The X-
Lam system is based on the use of panels made of layers of timber boards with the adjacent
layers glued under pressure at a right angle [17]. The main advantage of the system is the
speed of construction since all the panels are prefabricated off-site, cut to size, delivered to
the building site and then easily connected using metal connectors. Moreover, they are large
structural elements, ranging usually between 2.40 and 2.95 m wide and up to 16.50 m
long [6], able to cover large span.

From the architectural point of view the use of X-lam material means to design
adopting a sustainable building material, with energy saving properties that will represent
an active contribution to climate protection. X-LAM construction meets the requirements of
environmental and passive energy standards, thanks to its high energy efficiency, low
greenhouse emissions and small environmental impact. Moreover, a reduced wall
construction thickness enables more space within the structure and it easily integrates with
other materials. The panels can be visible directely from the interior, providing a natural
finishing or clad with other materials and they require little or no maintenance.

Regarding the structural benefits, X-lam has a high axial load capacity and high
shear strength from horizontal loading. Moreover, it offers significant advantages to fire
protection, improves air tightness and provides excellent acoustic performance.

Environmental impact of discharge dynamics

The dynamics of the brackish discharge has been numerically investigated based
both on the plant effluent characteristics and on the river discharge and wave climate.

The hydrodynamic model used are CMS-Wave and CMS-flow, designed for
simulating currents, waves, sediment transport and morphology change in coastal areas.
The CMS-Wave model was used in order to simulate the wave propagation from offshore
to the nearshore zone, by including wave shoaling, refraction-diffraction and breaking
processes. The output of the wave model (i.e. wave heights, peak wave periods, wave
direction, etc.) is used as the input of the CMS-flow simulation of the nearshore
hydrodynamics. The results of hydrodynamic model provide information about the
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dynamics of the PRO plant brackish effluent in terms of plume extension, current velocity
and direction as a function of the specific wave climate conditions.

By taking into account different simulated scenarios, it appears that the difference
in terms of salinity caused by effluent discharge is low if compared to the seasonal salinity
variability of the selected site. Indeed, the maximum estimated fluctuation determined by
the presence of the plant effluent discharge in terms of dilution is 40 % of the average
annual ambient seawater salinity concentration, while the seasonal variability in the same
coastal area is about 100 %.

Moreover, the results demonstrate that the plume extension in the offshore
direction is of the order of about 300 m and it is relevant for the optimal position of draw
solution intake, in order to avoid problems of salinity recirculation. Thus, the sea intake
should be suitably located outside of the surf zone, more or less 150-200 m far from the
shoreline.

Conclusions

The feasibility of a small-scale PRO plant located close to a river mouth along the
coast has been evaluated in terms of possible energy production and environmental impact,
from the building design and the hydrodynamics of effluent discharge point of view.

Considering a fresh water intake of 3 m’s™ coming from the Simeto River, which
is guaranteed at least 230 days per year, and a salt water intake coming from the Ionian Sea,
the results on the analyzed case highlight the potential of the PRO technology. In particular,
the power plant is estimated about 2.7 MW. Taking in account the required power for
pumping system, the net power is about 1.1 MW. After the analysis of the river mouth area,
the location of the optimal position of the plant is determined.

The building plant was designed according to the Green Economy and in order to
guarantee a low environmental impact. The main structure material is X-LAM, which
meets the requirements of environmental and passive energy standards. Moreover, to
mitigate the visual impact, the construction is a “dug and built structure” with a sloping
vegetated roof. The building is designed also for hosting educational activities.

Concerning the impact of the discharge, thanks to the hydrodynamic analysis it is
possible to demonstrate that the small discharge of the brackish effluent is not capable of
dramatically changing the salinity distribution along the coast, which is primarily
dominated by the presence of the Simeto River. Indeed, the seasonal variability of the
salinity concentration in the same coastal area is about 100 % of the offshore seawater salt
concentration, while the maximum fluctuation of dilution of salinity concentration due to
the PRO plant effluent is about 40 %. Since the salinity dilution due to the PRO plant
presence is lower than that due to the Simeto seasonal variability, it is reasonable to assume
that many marine organism should be naturally adapted to such changes.

In conclusion, the net power achievable by the present plant is comparable with all
other source of renewable energy. The advantages of the PRO plant technology are related
to the continuity in time of the plant operation and also to the production of energy in
coastal areas, where the energy demand is higher.
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