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Abstract: The availability of freshwater and energy is a serious issue in remote and islanded areas,
especially at a small scale, where there may not be the possibility to access the grid and/or water
distribution systems. In this context, polygeneration systems operating on the basis of local, renewable
energy sources can be an answer to the users’ demand for electricity, heating, cooling, and domestic
hot water. The scope of the proposed paper was to investigate, numerically, the energy and economic
feasibility of a novel hybrid polygeneration system powered by biomass, solar, and wind energy for
a micro-district of households. The proposed system consists of a biomass-fueled steam cycle, wind
turbine, photovoltaic field coupled with thermal and electrical energy storage, adsorption chiller,
and a reverse osmosis water desalination unit. The system is also assisted by an LPG generator set
running as backup. The system provides space heating and cooling, electrical energy, and fresh and
domestic hot water to 10 households located on Pantelleria Island, Italy. The proposed system is
modelled and simulated through TRNSYS software with realistic user demand. The energy and
economic performance of the proposed system are assessed with respect to a reference system in
different scenarios, taking into account islanded operation, connection to the grid, and biomass
tariffs. The results show that the proposed system achieves an excellent primary energy saving
performance in all the investigated scenarios, with savings of more than 94% for all the investigated
scenarios. Excluding any kind of funding, in case of new investment for the system, the simple
payback oscillates between 7 and 12 years, showing that the developed alternative is fairly valid with
respect to traditional solutions.

Keywords: polygeneration; biomass; wind; solar; reverse osmosis; electrical storage; buildings;
domestic hot water; heating; cooling

1. Introduction

According to WHO data, even 1 in 3 people globally does not have access to safe
drinking water [1]; almost two-thirds of those who lack clean water also lack access to
electricity. This opens up a range of potential possibilities to manage those problems in a
coordinated manner. The most developed region of the world in the field of freshwater
production is the Middle East, with nearly 5% of its total energy consumption used for
purposes of desalination plants [2]. As countries in this region are mostly producers of fossil
fuels (oil and gas), a relatively cheap operation of thermal desalination plants led to nearly
70% of freshwater production utilizing this method in 2016. However, rising temperatures
in the region, as well as economic and population growth, lead to increasing demand for
freshwater. In general, the availability of water is also a problem in the Mediterranean
region [3], pointing out that the problem is widely diffused in the southern part of Europe.

Due to the relatively low efficiency of thermal desalination processes, membrane
technologies that use electricity are considered the future main source of freshwater in the
region. A transitional period of freshwater production will depend mostly on electricity
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generated from natural gas, however, the Sustainable Development Scenario predicts that
over 41% of water production will be based on renewable energy sources [4].

There are a lot of efforts realized worldwide in order to purify water. Solutions
may involve treating wastewater through microorganisms [5] or using semi-permeable
membranes [6]. However, the most common method is the desalination of seawater.
This can be done by thermal means [7,8], by freezing [9], or by pressure (membrane
permeation) [10]. The thermal way is based on the direct evaporation of a portion of
seawater. During this operation, a by-product is obtained, i.e., deposited salt, and pure
water in the form of steam. One of the latest ideas for desalinating water is to freeze
it [11]; however, this process is very expensive and therefore rarely used. The pressure
methods are based directly on the water passing through a semi-permeable membrane
on the basis of the osmosis phenomenon. The membrane has small openings so that
only water molecules can fit through it. The process can be demonstrated on a model
consisting of two connected vessels divided by a semi-permeable membrane. One of them
contains saline water, and the other contains water with a reduced concentration of salt.
The system seeks to equalize the saline concentrations between the two vessels, thus, a flow
of water of lower concentration into the water of higher concentration is observed. Since
only water molecules pass through the membrane, the water level in the vessel with the
higher salt concentration increases. Water transport is caused by what is called osmotic
pressure [12]. This is the exact amount of pressure with which one has to act on the water
of higher concentration to inhibit liquid transport. Thus, in a situation where the applied
pressure is higher than the osmotic pressure, water molecules from the tank with a higher
concentration will be transported to the tank with pure water. This process is called reverse
osmosis [13,14]. The relative simplicity of this process has made this solution one of the
most common choices in seawater and ocean water desalination systems.

2. State of the Art

As renewables are considered to be the future power source for desalination processes,
it is important to properly design the energy facility used for the purpose of freshwa-
ter production.

The main disadvantage of most types of renewable energy sources is the instability of
power generation. This is mainly due to the fluctuation and hard-to-predict availability of
primary energy sources [15]. Additionally, this energy is beyond the control of the energy
user and it cannot be constantly adjusted to consumption. It is challenging to match the
demand to the potential energy production from renewable sources as they are hard to
forecast on both a short and long-term basis. In order to maintain electricity security, those
intermittent energy sources should be backed up with the ones that can be controlled. In
this way, hybrid energy systems are created [16]. Such systems are divided into two groups:
those with two, and those with multiple types of energy-generation technologies [17]. Due
to the simplicity of plant construction and technological availability, the most popular type
of dual hybrid system is a solar-wind power plant. (The authors analyzed the installations
in their paper focusing on describing the methodology for modeling hybrid renewable
energy system (HRES) components, HRES designs, and their evaluation. In view of the
system cost, the contribution of PV is small compared to that of wind. It is noted that
the ratio of PV power to wind power in a hybrid PV /wind system to achieve the lowest
possible cost is 70% [18].) This solution partially eliminates the stochastic characteristics of
wind and sun by generating energy when one of those sources is unavailable. Moreover, in
many areas, wind and solar energy are mutually exclusive which indicates the necessity of
the hybrid system [19].

While designing the hybrid system, the sizing of the individual components that
match the demand of the user is determined. In the case of a wind—solar hybrid system,
Haddad [20] recommended the following approach. The sizing of the wind turbine should
be calculated first, and the remaining demand is filled up with photovoltaics. The calcu-
lations are then iteratively repeated with a decreasing number of turbines. As a result,
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different configurations of the hybrid renewable energy system are obtained. During the
calculation of the power produced by both wind turbines and photovoltaics, multiple
factors must be taken into consideration. Geographic location and climate data are used to
predict available energy annually [19,21], while local weather forecasting and topography
can indicate daily changes [22]. The sizing of the power system is also influenced by the
required annual system cost, which is a sum of the capital cost, the replacement cost in
case of system breakdowns, and operation and maintenance costs. Another factor is the
required reliability and the autonomy of the renewable resource component of the hybrid
system. Additionally, in the case of the off-grid hybrid systems, the sizing of the energy
storage is also paramount in order to achieve a proper operation of the system [23].

The analysis made by Boonbumroong et al. [24] showed that for Chik Island, Ontario,
in Canada, the most economical system consisted of a photovoltaic field, wind turbine,
diesel generator, and battery. In the considered case, renewable energy met 55.6% of the
energy demand, while the remaining 44.4% was contributed by the diesel generator. The
results show that scenarios based on renewables only or diesel only are not profitable.
Similarly, Kalantar et al. [25] conducted a techno-economic analysis of a stand-alone hybrid
system with a wind turbine, PV array, and lead-acid battery pack using a generic algorithm.
The total cost of this hybrid system was USD 215,580.

For a smaller scale system, Loganathan et al. [26] proposed a hybrid installation to
fulfill 50% of the demand of the average Australian house. In the presented approach, the
authors sized the photovoltaic component to cover the power demand in summer (2.8 kW),
and then added a wind turbine in order to support the system during the winter period
(1 kW). Photovoltaics alone covers 110% of the summer energy demand and 85% of the
winter demand, while the wind turbine supplies the remaining 15-20% of the demand in
the winter period. (Additionally, a 53.1 kWh battery is used to accommodate the surplus
energy generated by photovoltaics in the summer. The incorporation of the wind turbine
in the system significantly increased its cost, but it made the system more reliable by
having two different sources of power. The authors concluded that over the period of
20 years, the cost of the energy generated by the system is higher than the grid connection.
However, they claim that having lower greenhouse gas emissions, lower operating costs,
and a reliable power supply is making alternative power sources attractive to the common
masses). Hiendro et al. [27] have presented a similar conclusion that the wind turbine and
battery are necessary to meet demand loads at night hours in a PV /wind hybrid system,
although both contribute the greatest cost to the system. Therefore, it is important to select
the best size of the wind turbine and battery in order to minimize the total cost of the
PV /wind hybrid system.

With different applications in mind, Mokheimer et al. [28] proposed a hybrid en-
ergy system composed of 3.3 kW PV panels and 6 kW wind turbines which reduced the
energy cost to 0.672 USD/kWh, according to conducted simulation. The system was de-
signed to power a desalination plant producing 5 m3/day in a region with scarce water in
Saudi Arabia. In the colder climate, Miao et al. [29] concluded that because of abundant
wind resources in the United Kingdom, especially in the Newcastle area, wind turbines
have an overwhelming contribution to the electricity supply, leading to LCOE equal to
0.588 USD/kWh.

Mentis et al. [30] considered the potential of satisfying local water demand by re-
newable energy sources on arid islands in the Aegean Sea. The authors considered three
different islands—Patmos, Lipsoi, and Thirasia, and analyzed the possibilities of replace-
ment of transported water. Presented results show that, depending on the installation size,
it is possible to achieve even 4.5 times lower price (from 145 to 260 EUR/m?) of water
compared to the case with the transport of water from other regions.

Azinheria et al. [31] presented a study considering renewable energy-powered desali-
nation. The aim of the study was to determine whether a centralized or a decentralized
strategy yields the lowest costs of water desalination. The optimization model presented
by the authors led to the conclusion that the lowest levelized cost of water is achieved in
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the case of decentralized energy production, where LCOW achieved 72.7 EUR/m?, which
was 2.1% lower than in the case of the centralized scenario.

Most of the articles summarized in Table 1 present a simulation approach where
specialized software is used. Sharma et al. [32] conducted a detailed comparative analysis
of the available simulation tools based on an environmental assessment. Five software
packages were chosen from the group of fifty that best fits the proposed criteria. Among
them, the TRNSYS Simulation Studio showed the most flexibility for simulations across all
stages of the project development.

Table 1. Literature review of hybrid systems studies.

. Evaluation Load Details Size of Wind Size of . Capa.clty'of
Analysis Type [KWh/Day] Turbine [kW] Photovoltaic Desalination Reference
y Field [kW] Unit [m3/day]
Simulation .
[TRNSYS] Chik Island 239 38.5 98.7 - [24]
Simulation
[MATLAB 250 195 85 - [25]
Simulink]
Analytical Geraldton 15 1 2.8 - [26]
Analytical,
simulation - 1 1 - [27]
[HOMER]
Simulation . .
[HOMER] Saudi Arabia 24 6 33 5 [28]
Simulation
[HOMER] Newecastle 4.6 (27.9) 11.04-27.84 1.44-3.6 - [29]
Simulation - 330 86 2000 [30]
Simulation Portiméao - 5000 6300 175,000 [31]

As concerns, the application of the software, good compliance between the simulation
and experimental results was achieved in the case of the polygeneration system based on
hybrid renewable energy and water desalination proposed by Uche et al. [33]. The mean
deviation and averaged relative error were less than 10% with the correlation coefficient in
the range of 0.90-0.98. This means that the control parameters are within the limits that
allow the validity and comparability of experimental and simulation results.

On the basis of the presented literature review, it can be noticed that significant research
possibilities are still available in the field of hybrid polygeneration systems including
desalination units, especially at the scale of micro-installations. The analysis of the literature
shows that the studies are mainly focused on hybrid energy systems used to provide
thermal and electrical energy, while ones including freshwater production are not so
numerous. Such systems are analyzed mostly for purposes of large-scale users, and in such
cases, preferable energy sources are based only on PV and wind energy. Therefore, the aim
of this study was to expand the knowledge about islanded micro-scale reverse osmosis
systems powered by renewables, including energy storage and production of heat and
chill. The proposed system consists of a wind turbine, PV field, electrochemical battery,
Rankine cycle with a biomass boiler, adsorption chiller, and reverse osmosis unit as well as
a backup LPG generator. The heat produced in such a system is used for the whole year
for the production of DHW, for heating purposes in winter months, and as a supply of the
sorption chiller generator in summer months. The electrical energy produced by RES is
used for the purposes of freshwater production throughout the whole year as well as for
matching user load. The novelty of the presented study concerns the dynamic analysis of
such a system in the fully remote and renewable-based scheme of operation and comparing
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it to scenarios utilizing energy from the grid or from generators based on fossil fuels. The
achieved results, beginning from the presentation and discussion of the system dynamic
operation up to the yearly results summarizing the performance of the system, are novel
with respect to the existing literature. Indeed, to the best of our knowledge, the proposed
system is investigated for the first time.

In order to provide a complex dynamic analysis of the energy with a timestep equal to
5 min, the system was investigated using a Transient System Simulation (TRNSYS) software
package. This software was selected since it has some interesting features such as: (i) the
capability to simulate energy systems with a user-defined time scale and resolution, (ii) full
liberty in developing models of energy systems and their operation strategy, and (iii) the
possibility to integrate user-defined components. It is important to note that this software
is continuously used to carry out research on novel and complex energy systems, as proven
by countless papers available in the scientific literature.

The model of the system was developed on the basis of user-defined models validated
against experimental or technical data, as well as build-in software components. The
operating parameters of each of the system elements were calculated at each timestep and
influenced the further operation of the system. Dynamic simulation of the mentioned
system describes its operation in Pantelleria Island (Italy) and can be adapted to any other
climatic conditions.

3. Materials and Methods

In order to simulate the hybrid energy system with a reverse osmosis unit, TRNSYS
software was used [34]. The modeling of the considered system was performed using
both built-in libraries (wind turbine, battery, PV field, steam turbine, pumps, diverters,
valves, tanks, boiler, generator sets, etc.) as well as user-defined components, specifically
configured for the proper design of the system (control strategy, energy, and economic
model, reverse osmosis unit). It is important to note that the software library components
are experimentally validated or were based on manufacturers’ data, which allows achieving
highly reliable outcomes from the simulation.

Figure 1 presents a sequence of activities in the form of a flowchart, which has been
undertaken during the investigation. The flowchart is divided into four sections. The
first presents preliminary research and the component selection of the system. The second
part contains the process of implementing the issue into the program and setting up
subsequent variants. Part three presents results obtained from the simulation. Part four is
the economic analysis carried out on the basis of simulation results, available market, and
the literature data. All of the steps presented allowed the energy and economic potential of
the investigated polygeneration system to be accurately determined.

In this section, models of a reverse osmosis unit, as well as economic and energy
models are provided, while the other models used in the study are omitted for the sake
of brevity since they are presented in the TRNSYS software reference. Concerning the
adopted models, it is worth noting that the wind turbine model is based on manufacturer’s
data [35], as well as the adsorption chiller [36]. The complete list of utilized TRNSYS
build-in components is presented in Table 2.
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Figure 1. Flowchart depicting development of the research.

Table 2. TRNSYS build-in library components used to develop the model of the system.

Component Type Component Type
Steam turbine 592 Condenser 598
Wind turbine 90 Auxiliary heat exchanger 5b

Photovoltaic field 562 Steam condensate pump 597

Electrical storage 47a Proportional controller 1669
Biomass boiler 639 Steam thermodynamic properties 58
Battery inverter 48 Diverters and mixers 11
Thermal storage 534 On/ off controller with hysteresis 2
Domestic hot water tank 340 Variable volume tank 39

Dry cooler 511 Data plotter 25¢
Building 56 Data reader %

Data integrator 24 Weather data processor 109, 15
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It is worth noting that the main components used in the developed simulation are
based on the manufacturer’s characteristic curves and technical and scientific literature.
The wind turbine model, as well as the adsorption chiller used in the simulation, are
defined on the basis of the real performance of the devices as a function of the current
operating conditions. The model of the photovoltaic field takes into consideration the effect
of temperature on the efficiency of the modules, with validation reported in Ref. [37]. The
model of the reverse osmosis was also adopted from the literature [38]. The mass flux M,
of feed water was calculated as the following equation:

My = RR - My @)

where M is feedwater mass flux. It should be noted that the recovery ratio RR value is an
experimentally determined value and is most often provided by the manufacturer of the
membrane. The salinity of the produced freshwater X; can be defined as the relationship
between the salinity of the feed water Xy and the percentage of salt excretion SR, which is
also usually sourced from the manufacturer.

X = X; - (1-SR) @)

The brine mass flux M}, is the difference between the feed My and desalinated water
flux My:
M, = My — My 3)

To calculate the concentration of excreted brine X, the following equation was used:

X, — (Mf'Xf) = (Mg - Xg)

i @
The averaged value of salt concentration X, can be described by the formula:
(M- Xp) = (M, - Xp)
Xo = ®)

M,

A temperature correction factor TCF can be determined for subsequent calculations.
To calculate TCF, the following equation was used:

1 1
TCF =exp (2700 X (273+T — 298)) (6)

The most important parameter describing the modeled semi-permeable membrane
is its water permeability. It is described by the water permeability factor ky, and it is
calculated on the basis of the following equation:

684 %1078 x (18.6865 — (0.177-X;))

Ko (T +273)

@)

The salt permeability index ks was calculated using another empirical parameter called
the sedimentation coefficient FF:

ks = FF-TCF-4.72 x 107 x (0.06201 - (5.31 x 1075 x (T + 273))) ®)

The reverse osmosis process requires knowledge of the parameter describing each
semi-permeable membrane—the osmotic pressure II. By definition, this value can be
determined on the basis of the equation:

M=i-M-R-T )
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However, the above relationship applies to general cases. In the following work, an
empirical coefficient was used to indicate the relationship between salt concentration in
the feed water, freshwater, and wastewater. Separate values of osmotic pressure Iy, 1y, 1y,
respectively, were determined for each flux value [38]:

Il = 75.84 - X; (10)
I, = 75.84 - X,, (11)
I, = 75.84- X, (12)

The calculated values allowed to determine the average osmotic pressure on the
membrane II,;:

I, = (Hf n Hb> 05 (13)

Net osmotic pressure All was determined as the difference between the average value
of the parameter describing the wastewater stream:

AT =TI, — TI, (14)

Net pressure difference AP was calculated from the above results:

My
AP = — ATT 1
<3600-TCF-FF-Ag-ng-nv-kw> (15)

While pump power required, HP, for a reverse osmosis-based system is:

Lo (100-M; AP y
_<3600-pF~17p> (16

As for the other components of the system, the steam boiler model is based on the
definition of boiler efficiencies provided by the American Society of Heating, Refrigerating
and Air-Conditioning Engineers (ASHRAE) [39], while the steam turbine model was
adopted on the basis of an isentropic efficiency approach to calculate the performance of the
component [40]; this method is widely adopted in the literature for purposes of simulating
steam turbines.

The condenser model implements the pinch-point temperature difference method in
order to determine the heat transfer among the cooling liquid and condensing steam [41].
The tank used as the thermal energy storage is modeled as a tank interacting with the
environment, with two flows supplied to the source and load side of the tank. Experimental
validation of this model is presented in Ref. [42].

3.1. Layout and Control Strategy of the System

The proposed system consists of a water-steam power cycle, a wind turbine, and
a photovoltaic field for the generation of electrical energy, and a battery system for its
storage. Moreover, the system is equipped with a generator set operating with LPG in
order to match the user’s electrical demand when needed. The thermal energy rejected by
the condenser of the cycle is used by the adsorption chiller to produce chilled water during
the cooling season, and as a heat source during the winter season for the space heating
purposes of the user. During the whole year, the heat cogenerated by the steam cycle is
also used to produce domestic hot water. The system also includes a reverse osmosis unit,
which utilizes part of the electrical energy produced by the hybrid system. The unit takes
the seawater, then stores the produced freshwater in a tank, while the brine is pumped
back into the sea. The layout of the system, including crucial components and loops, is
shown in Figure 2.
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Figure 2. Scheme of the developed hybrid polygeneration system.

Subsystems included in the entire simulated system are, in particular:

e  Electrical power (EP), wind turbine, photovoltaic field, the output of the steam turbine,
battery storage, and the power supplied from or to the grid;

e  Desalination water (DW), water from the sea, brine, and freshwater directed to the
storage tank;

e Rankine cycle (RC) consisting of distilled water flowing within the boiler, steam
turbine, and condenser;

e  Chilled water (CHW), consisting of chilled water supplied for the air conditioning
system of the user;

e  Cooling water (CW), water used to dissipate the thermal energy rejected by the adsorp-
tion chiller and the one produced by the system when the tanks are thermally loaded;

e  Hot water (HW), consisting of water in a thermal storage tank, which is used for
purposes of space heating and producing domestic hot water and chill in CW when
demand occurs;

e Auxiliary boiler fluid (ABF), a loop which is used to heat the thermal storage tank
when thermal demand peaks;

e  Domestic hot water (DHW), consisting of freshwater produced by DW and heated by
HW in a storage tank with an internal heat exchanger.

The main components of the proposed system are:

Wind turbine, WT, producing electrical energy from the wind energy;
Photovoltaic field, PV, converting the solar energy into electrical power;
Biomass boiler, BOIL, consisting of a low-pressure unit, combusting wood chips to
produce steam;
Steam turbine, ST, consisting of a low-pressure condensing unit and electrical generator;
Condenser, COND, used to transfer the heat to the user’s heating and cooling systems;
Reverse osmosis, RO, consisting of a desalination unit converting seawater to freshwa-
ter and brine, powered by electrical energy;
Battery, BAT, used for the purposes of storing produced energy;
Generator set, GSET, an LPG generator set consisting of three units producing electrical
energy needed to compensate the energy produced by renewable energy sources in
order to match the load of the user;

e  Tank, TKI, stratified thermal storage unit, transferring the heat produced in the system
to the utilization parts of the system;
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Tank, TK?2, a variable level tank used to store the freshwater produced by RO;
Tank, TK3, a stratified thermal storage unit equipped with an internal heat exchanger
and producing DHW;
Auxiliary heat exchanger, AHX, used to dissipate excess energy;
Auxiliary boiler, AUX, consisting of a biomass unit producing thermal energy on demand;
Adsorption chiller, ACH, composed of a zeolite matrix-based unit, producing chilled
water from heat;

e  Dry cooler, DC, used to dissipate the thermal power rejected by AHX and ACH.

Furthermore, the layout of the system also includes plant equipment, e.g., circulation
pumps (P), flow diverters (D), and mixers (M), adopted to ensure proper circulation of the
flows in the system.

The developed hybrid polygeneration system operates on the basis of a well-defined
control strategy, as described below. The heat produced by BOIL is transferred to water in
order to achieve oversaturated steam at a pressure of 10 bars and 220 °C. The produced
steam is expanded in ST and condensed by the COND to a temperature of 75 °C. The
condensed steam is then supplied to P1, allowing to set the cycle maximum pressure.

The heat rejected by the condenser, COND, is supplied to the thermal storage tank
TK1 by means of pump P2. It is worth noting that in the loop between the condenser
and the tank, the auxiliary heat exchanger, AHX, operates in order to ensure a returning
temperature to the condenser not exceeding the limit of 65 °C. Thus, when the bottom
temperature of tank TK1 increases over this limit, water returning to the condenser is
cooled down to keep a proper process of condensing. The heat stored in TK1 during the
heating period is supplied to the user in order to match the heating load, while during the
cooling season the heat is used to drive the adsorption chiller. The hot water pumped by
pump P6 is supplied to the hydronic distribution system of the user buildings and then
returns back to TK1 cooled down due to the heat withdrawal for space heating. For cooling
purposes, the hot water is supplied by pump PS8 to the generator of the adsorption chiller,
ACH, then the evaporator of the chiller produces chilled water at a set point temperature of
10 °C. In this way, cold water supplied to the user conditioning system by pump P9 allows
the system to match the space cooling demand. Furthermore, the heat stored in TK1 is
also supplied by pump P5 to the internal heat exchanger of tank TK3 for the production of
DHW. Pump P5 is always activated with scope to keep the temperature in the top part of
TK3 similar to the one in TK1, which is a temperature level that allows to match the DHW
demand of the user at 45 °C.

The steam turbine, ST, system operates on the basis of a control strategy following the
thermal load of the user. In particular, pump P1 varies linearly the flow rate of condensed
water as a function of the temperature inside TK1 in the range between 30 and 100% of the
nominal value. For a temperature of 60 °C inside TK1, the mass flowrate of water is set
to 100% of the nominal value while for 65 °C the flowrate drops to 30%. The variation of
P1 pump load, as well as of boiler, BOIL, and steam turbine, ST, is assumed to be linear in
the described temperature operation range. Moreover, the system is also equipped with an
auxiliary boiler, AUX, which is activated once the temperature of TK1 drops below 60 °C in
order to maintain a proper operation temperature of the space heating system and of the
adsorption chiller thermal cooling cycle. This may seldomly occur as a consequence of high
demand for heat of the space conditioning system or high DHW demand. The activation of
the auxiliary heater, AUX, persists until TK1 reaches a temperature of 63 °C.

From the point of view of freshwater production, the pump integrated with the
desalination system provides seawater from an onshore intake to the reverse osmosis unit,
RO. The device is activated when the water level inside tank TK2 drops to 50% due to
DHW demand and it is turned off when a storage level of 100% is reached. The freshwater
inside TK2 is supplied to TK3 according to the usage of DHW of the user.

The electrical energy produced by steam turbine, ST; wind turbine, WT; and pho-
tovoltaic field, PV, is supplied in the first place to the user by means of a conversion-
distribution busbar, and an eventual excess is used to charge the battery system. In case
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of a full state of charge of the battery system, BAT, and a user load matched by renewable
energy sources, the electrical energy in excess is dumped by the polygeneration system
due to the impossibility to direct this energy to other loads. Moreover, in order to cover
the demand of the user independent from the energy available from the WT and PV and
the variable user thermal load affecting the energy production of the ST, the system also
integrates an LPG generator set. This system is activated when the power produced by
the ST, WT, and PV and the one provided by BAT is not enough to match the electrical
load of the user. The units of the generator set are activated on the basis of a master-slave
mode to follow the required load, each operating in a range of power between 25 and 100%
of the nominal capacity. This strategy allows one to achieve satisfactory flexibility in the
operation of the generator set as a function of the required power.

3.2. Energy and Economic Model

In order to assess the global energy and economic performance of the proposed
polygeneration system, PS, it was compared with a reference system, RS. The analysis
was carried out assuming that both PS and RS systems satisfies the same users load in
terms of heating, cooling, electrical energy, and freshwater. For PS, two configurations were
assumed depending on the fact if the system is connected to the grid or not. Thus, the basic
proposed system configuration without access to the grid (IS), as well as its alternative with
the connection to the grid (GRID) were investigated. A similar assumption was made for
the RS, since it was assumed that the reference system may be islanded and rely only on
LPG generator sets and boilers (GSET) or be connected to the electrical and natural grid
(GRID). Thus, the systems considered are four:

- PS-IS, consisting of the described polygeneration system with LPG generator set
backup and no connection with the electrical grid;

- PS-GRID, similar to PS, IS but without generator sets and with the possibility to
exchange bidirectionally electrical energy with the electrical grid;

- RS-IS, consisting of an islanded system with an LPG generator set to produce electrical
energy, an LPG boiler to ensure space heating and DHW, an electric chiller for space
cooling, and freshwater bought on the market;

- RS-GRID, consisting of a grid-connected system, natural gas boiler for space heating
and DHW production, an electric chiller for space cooling, and freshwater bought on
the market.

The adoption of these proposed and reference systems defines four analysis scenarios
given by their different combinations. In the reference system, the boilers had a reference
efficiency of 0.85, and the seasonal COP in the cooling mode of the electrical chiller was
assumed to equal to 2.5, while, for all the systems connected to the electric grid, the energy
conversion efficiency of the grid was 0.46.

The energy performance was assessed on the basis of some efficiency parameters of
the components, ratios between energy flows, primary energy consumption, and savings.

The performance of the photovoltaic field was determined on the basis of its efficiency,
by means of the following equation:

Ep
v =g (17)
sol,PV

For the steam, wind turbine, and generator set, the index of normalized equivalent
operation hours n was determined, defined as the ratio between the energy produced in
a certain time and the maximum producible energy (at constant nominal power in the
same time):

Eer,sT/Wt/GSET
el, max,ST/WT/GSET

nST/WT/GSET = T (18)
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The operation of the adsorption chiller was assessed on the basis of the coefficient
of performance, COP, defined as the ratio between the cooling energy supplied by the
evaporator of the unit and the one supplied to the generator:

E
COP oy — CHACHEVA (19)
Eth,ACH,GEN

The analysis of the system was also carried out analyzing selected energy ratios, as
listed below:

- energy dumped by the system with respect to the total produced;

- energy supplied to charge the battery compared to the total production;

- total energy produced to the demand of the user;

- energy supplied to charge the battery with respect to the demand of the user;
- energy dumped compared to the demand of the user.

In order to develop the analysis of the proposed system, the following primary energy
flows related to different energy consumptions were considered:

- for PS-IS, consumption due to the user of LPG fuel to run the generator set in case
of necessity;

- for PS-GRID, consumption of electrical energy from the grid and supply of energy
produced in excess to the grid by the proposed system (renewable energy);

- for RS-IS, consumption of LPG in order to run the generator set and the boilers;

- for RS-GRID, consumption of electrical energy provided by the grid to match the load
of the user and of natural gas for heating and DHW production.

The primary energy consumption due to the use of freshwater bought on the market
in case of RS was neglected. This assumption allows one to slightly underestimate the
performance of the proposed system configurations in terms of primary energy saving,
which has a positive effect on the reliability of the results of the analysis.

On the basis of the assessment of energy flows, the total primary energy consumption
PE for each system was determined, and the primary energy saving PES and its ratio PESr
for the proposed system configurations with respect to the reference ones were calculated
using the following equations:

PESps_1s/GRiD,RS—15/GRID = PERs—_1s,GRI1D — PEps—1s/GRID (20)

PESps_1s/GRID,RS—15/GRID 1)

PESYps_1s/GRID,RS—IS/GRID = PErs 15/ GRID

The economic performance of the PS was evaluated taking into consideration the
investment costs of the PS and the operating costs of both the PS and the RS. The methodol-
ogy is based on the evaluation of component costs on the basis of the literature and market
data [43-45]. The specific cost of the steam turbine Rankine cycle, photovoltaic modules,
and adsorption chiller were assumed as 10,000 EUR/kW, 370 EUR/ m? and 500 EUR/kW.
The wind turbine cost was estimated on the basis of a cost function depending on the nomi-
nal power of the device and developed for micro-scale units [44]. The cost of the freshwater
tank was determined on the basis of a linear relationship with the storage capacity [46].

The specific cost of the battery storage was set to 350 EUR/kWh [47]. The initial cost
of the RO unit was set as a function of the cost of the RO system per m> of the capacity
of the desalinated water of the system per day, assumed equal to 532 USD/m?/day [48].
The cost of the onshore intake system for seawater was estimated with the methodology
presented in [49]. As regards the generator sets, the cost was estimated by determining the
specific cost of the small-scale devices in the power range of 5-10 kW with an analysis of
market data. In this way, the cost of 500 EUR/kW was found. It is important to note that
the cost of the generator sets has not been considered in the PS configuration where the
system is connected to the grid (PS-GRID), since the devices are not required.
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Finally, in order to determine the total cost of the system, the costs of all devices have
been summed up and increased by 10% in order to take into account other balance of plant
costs, such as the ones for pumps, connections, control system, etc.

The assessment of operation cost for the PS and RS configurations has been performed
using tariffs for energy and their vectors. For the purposes of the proposed study, the tariffs
for Italy were taken into account. The price of LPG was set at 706.24 EUR/m? on the basis
of yearly average monthly values for the 2021 year [50]. The density of 505 kg/m3 and the
lower heating value of 12.84 kWh/kg of LPG were taken from [51]. The cost of natural gas
was set to 0.1005 EUR/kWh according to data reported by Eurostat for the second half of
2021 [52]. For electrical energy, a constant tariff of 0.236 EUR/kWHh for buying energy was
adopted [53], while for sold energy, the tariff was set to 0.12546 EUR/kWh according to
the yearly mean market price for 2021 [54]. The freshwater cost of 0.7 EUR/m? was taken
from a literature study dealing with a case study similar to the one investigated in this
paper [55].

In addition to the two configurations of the PS, two assumptions have been adopted
for the biomass cost in order to estimate the operation cost of the polygeneration system.
In the base case, the cost of biomass has been set to zero assuming that the system uses
local and free residual biomass, while for comparison, it was assumed a scenario, namely;
BIO, in which the biomass must be purchased on the market. In this case, the wood chip
biomass cost was fixed to 0.06 EUR/kg with a lower heating value of 3.7 kWh/kg [44].
Therefore, the operation costs of the PS in IS and GRID configuration was assessed in the
case of basic and BIO scenario. Moreover, in order to consider the cost of maintenance of
the PS in each configuration, a yearly cost of 2% of the total cost of the system has been
included in the operational expenditures.

On the basis of the assumed cost of operation for all the systems variants, the savings
of the PS with respect to the RS in the four different configurations and under two biomass
cost assumptions was determined. Thus, in total, eight different scenarios were investigated.
Finally, the comparison of the economic performance of the hybrid polygeneration system
under such scenarios was carried out by introducing a simple economic index—the simple
payback time, defined as the ratio between the cost of the system and achievable savings in
the considered scenarios.

3.3. Case Study

The case study was developed for the purposes of testing the system in simulated real
world conditions, and it consists of a group of 10 single-family households with heating,
cooling, and electrical loads as well as freshwater and DWH demand. The location of the
system has been set to the island of Pantelleria, Italy, in order to simulate a user with a
possible remote/island condition.

In the developed case study, each of the 10 buildings presents the same geometrical
properties and characteristics of envelope and user usage. In detail, the building consists of
a 100 m? household with a sloped roof with one floor and an attic. The height of the house
floor was 2.7 m. The detailed geometrical parameters of the building are shown in Figure 3.

This building has been used in other papers of the authors in order to simulate the
space cooling and heating demand of the user [44]. The details of the thermal transmittances
of the building envelope elements and those regarding the internal thermal loads are
reported in [44], thus, are here omitted for the sake of brevity. The adopted building model
was developed with TRNSYS3d plug-in integrated with the Google SketchUp tool, and it
was imported to TRNSYS software environment where details regarding envelopes and
loads were set using the TRNBuild tool [34].

The operation of the space heating and cooling system was set for all the year without
any period of scheduling regarding winter or summer; thus, the thermal load determined
by the simulation of the building was only affected by the required thermal comfort levels
of the users. Indeed, a 24 h/24 h operation schedule was set for heating and cooling of the
building, with the assumption that the indoor air temperature in the rooms of the buildings
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must be kept between the set point of 20 °C and 26 °C as a minimum and maximum
temperature level, respectively.

Figure 3. The household building geometry parameters.

For the necessity of domestic hot water usage simulation, some literature demand
profiles representing the same type of user investigated in this paper were used [56].
In particular, the user DHW demand was developed on the basis of three average user
profiles measured with a sampling time of 5 min. The profiles were normalized in order
to set demand of each building consisting of the water usage for 4 people with a specific
consumption of 60 kg/day/person. DWH demand is reported in Figure 4, while the
heating and cooling load of the building are reported in Figure 5.
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Figure 4. Domestic hot water demand.
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Figure 5. Heating and cooling demand.

As regards the electrical energy demand, a similar approach to DHW profiles was
adopted, consisting of using some standard loads for different types of days (workday,
Saturday, Sunday/holidays) and seasons. The profiles were normalized in order to sim-
ulate the user demand according to the used trends of consumption and the total an-
nual consumption of each building. The demand for a single household has been set to
3000 kWh/year. The adopted profile and the detailed description of the used methodology
are presented in [44].

The case study was completed with design parameters of the developed polygen-
eration system, selected in order to size the system components as well as set a proper
dynamic operation of the whole system from the point of view of temperatures, mass flow
rates, and energy flows. The design of the system was carried out with the scope to match
the user heating, cooling, and DHW demand and electrical load entirely. The list of the
main parameters adopted for the system is reported in Table 3.

Table 3. Main parameters of the polygeneration system model.

Parameter Value Unit Parameter Value Unit
BOIL thermal power 55 kW DC water flowrate 14,700 kg/h
BOIL outlet 220 °C DC air flowrate 51,500 kg/h
temperature
P1 outlet pressure 10 bar P6 flowrate 4200 kg/h
P1 nominal flowrate 65.5 kg/h P9 flowrate 6140 kg/h
ST nominal power 5 kW PV power 5 kW
ST 1s.e1.1trop1c 0.50 ) PV rgference 021 )
efficiency efficiency

PV temperature

ST outlet pressure 0.386 bar —0.0035 1/°C

coefficient
COND temperature 75 °C WT power 10 kW
COND pinch point 3 °C WT height 19.9 m
temp. diff.
TK1 set point 65 °C WT shear coefficient 0.14 -
temperature

TK1 volume 10 m?3 BAT capacity 100 kWh
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Table 3. Cont.

Parameter Value Unit Parameter Value Unit
AHX set point 65 °C BAT power 25 kW
temperature
AUX capacity 50 kW BAT < }"largmg 0.98 -
efficiency
ACH cooling power 40 kw BAT maximum state 0.90 -
of charge
ACH set point 10 °C BAT minimumstate -
of charge
RO Feed water RO Mech. efficiency
salinity 45,000 ppm of the driving pump 0-85 )
RO Feed water 20 °C RO Feed water rate 486 m3/h
temperature
RO Feed pressure 67 bar RO Recovery ratio 0.3 -
RO Density of the 3 RO Area of
feed water 1026 g/cm membrane 4 i
4. Results

In order to perform the dynamic simulation of the proposed small-scale hybrid poly-
generation system, the period of one year was considered (0-8760 h) as a time basis, while
its discretization has been set by adopting a timestep of 5 min. The selection of the timestep
was determined on the basis of the sampling time of DHW profiles taking into account the
convergence of the calculation for iterative components (tanks and controllers).

With the selected global simulation parameters, the results as temperatures, mass
flowrates, power trends, and also integrated variables were calculated. In the frame of this
papet, it is not possible to present all the calculated data; thus, only the main results which
point out the performance of the system in different conditions are shown. In particular, the
operation of the system for a reference winter and summer day is presented as a function
of temperatures and powers (thermal and electrical), while for the water production and
storage system only the winter operation is shown for the sake of brevity. The performance
of the system through the year is discussed on the basis of monthly trends of energies and
performance indexes, while the summary of the system energy and economic performance
is reported through yearly data.

4.1. Daily Results for a Winter Day

The selected winter operation day is the 15 of January (between 336 and 360 h of the
year). The main temperatures for the selected day are reported in Figure 6.

The operation of the steam turbine, ST, is characterized by a stable outlet temperature
of 75 °C during the day, due to a constant expansion pressure at its outlet and to the control
of the temperature exiting the boiler, BOIL, (220 °C), as planned by the developed control
strategy. These conditions allow one to also keep a stable temperature of the cooling water
exiting the condenser, COND, at 65 °C for almost the whole day, allowing, in this time, to
match the heating demand of the user. The temperature increases above the set point value
in the period after noon since the produced heat cannot be fully utilized by the system.
Despite this situation, there is no necessity to activate the auxiliary heat exchanger to limit
the temperature of cooling entering the condenser, since it keeps below 65 °C as shown by
the trend of pump P2’s outlet temperature. During the selected day, the inlet temperature
to condenser, COND, oscillates between 59.7 and 63.6 °C ensuring a proper operation of
the condensing process and of the whole steam cycle.
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Figure 6. Main temperatures for the representative winter operation day.

The increase of condenser outlet temperature implies, at the same time, a slight increase
of temperature in both tanks TK1 and TK2, which reaches 64.8 and 64.7 °C, respectively. It
is worth noting that the temperature of both tanks is similar since the pump connecting the
storages runs continuously, and small variations are due to the inertia and heat supplied to
the user. In the morning and night hours, tank TK1 provides a temperature of about 63 °C
for the heating system of the user, while the return temperature from the user oscillates
between about 57 and 59 °C as a function of the heating demand varying on the basis of the
environment temperature. Only during the increase of the temperature inside tank TK1 in
the first afternoon hours does the returning temperature increases to a maximum of 63.6 °C.
This increase is due to the fact that the heat supplied to the buildings decreases; indeed, the
temperature difference between tank TK1 and the return for the heating system decreases
being the flowrate of the hot water constant.

The system’s thermal and electrical powers for the winter day are shown in Figures 7 and §,
respectively. The thermal power trends reflect the operation of the system in terms of
temperatures; indeed, it can be clearly observed that the heat produced by the boiler,
BOIL, and rejected by the condenser, COND, follow mainly the heating demand of the
user (HEAT,USER), and in minor part the demand for DHW. During the night hours, the
heating demand slowly increases, causing a small increase in the heat cogenerated by the
system. It is worth noting that in the first morning hours the user space heating demand is
1-2 kW higher than the one produced by the COND, and this determines a slight decrease
in TK1 tank temperature (Figure 6). During the morning hours, the heat supplied to tank
TK1 by the condenser, COND, decreases from a maximum of 28.1 kW, when the morning
peak of DHW demand occurs, to 13.8 kW, which shows that the system operates with a
significant variation of the load during the day. This operation characteristic is achieved
since the cogeneration process is designed and managed in order achieve an elasticity in
the production of heat as a function of the thermal load of the user.

The electrical power of the steam turbine, ST, reported in Figure 8, follows the same
trend of the heat produced by the boiler, BOIL, as expected due to a partialization of the
turbine operation as a function of the heat demanded by the user. In this way, steam turbine
power production varies between 1.6 and 3.3 kW. In comparison, the variation of the other
renewable electrical energy sources is higher since wind turbine, WT, power oscillates from
almost 0 kW at the beginning of the day to the nominal value at the end, while the PV field
produces a maximum variation of 2.9 kW. The results for the steam and wind turbine show
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that the first one is capable of operating at a minimum regime and providing a constant
power, while the second one may operate in a very variable regime for a single 24 h period.

40

Thermal power [kW]

336 340 344 348 352 356 360
Time [hours]

——BOIL --- COND HEAT,USER —DHW

Figure 7. Main thermal powers for the representative winter operation day.
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Figure 8. Main electrical powers for the representative winter operation day.

As regards the energy storage system, the selected day starts with the discharge of the
battery, BAT, being used to compensate the demand of the user due to null photovoltaic
field, PV, power production and scarce wind turbine, WT, power. However, the battery
discharges completely just after 5:00 am, and the auxiliary generator set LPG must be
activated in order to match the load of the user (USER). The auxiliary power is produced
until the user demand drops at about 6:30 am due to the deactivation of the reverse osmosis
unit, RO. In the remaining part of the day, the system is able to produce excess energy
with respect to the demand of the user, and the battery system is charged with a maximum
power of 5.9 kW.

The operation of the system from the standpoint of view of production and usage of
water is shown in Figure 9. The daily operation starts with the refill of desalinated water
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tank TK2 because during the previous day the stored volume reached the minimum lower
deadband level of 50% of the storage volume for the activation of the reverse osmosis unit,
RO. Due to a null DHW demand in the first hours of the day, tank TK2 is refilled by the RO
unit just before the morning demand of the user at about 6:30 a.m. The operation of the
RO unit is performed with the nominal seawater flow of 1600 kg/h from which 240 kg/h
of desalinated water is produced. The water stored in tank TK2 allows one to meet the
variable demand in the central hours of the day; nonetheless, the activation of the RO
unit is needed before 6:00 p.m. since the stored water volume drops to the half storage
capacity of the tank. It is noticeable that the volume stored in the tank keeps decreasing
after the activation of the RO unit due to a relatively high water demand in the late evening
hours, and that only after this demand does the stored volume increase from the minimum
value of 0.74 m3. The trend shows that the system is robust in providing the demanded
water with a relatively small, desalinated water flowrate given by the RO unit and a proper
storage tank volume. Therefore, similarly to renewable energy sources, in islanded systems
requiring freshwater, it is possible to match the user demand with an adequate storage
capability despite a limited generation capability.
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Figure 9. Water flowrates and stored freshwater volume.

4.2. Daily Results for a Summer Day

The representative operation of the polygeneration system in terms of temperatures for
the summer day of 29 July is shown in Figure 10. Condenser, COND, outlet temperature is
higher in the first part of the day (68 °C) compared to the remaining part (65 °C). This occurs
because the morning hours of operation are characterized by relatively high temperatures
in the loop that manages the cogenerated heat, due to a scarce demand for heat from the
user (DHW and space cooling). In fact, at the beginning of the day, tank TK1 is already
above the maximum set point temperature of 65 °C, along with the temperature at the
outlet of pump P2 (returning to COND). Such temperatures are almost the same since the
TK1 tank top and bottom temperatures are similar due to a small heat utilization. This
situation changes in the morning hours when a drop in the temperatures in the system
can be observed starting from the maximum of 67 °C. TK1 tank temperature drops below
65 °C before 11:00 am, and one hour earlier, the same occurs for the outlet of pump P2,
which determines the end of the necessity of cooling down the water returning to the
condenser, COND, by the auxiliary heat exchanger, AHX. As occurred in the winter day,
here, also, TK3 tank temperature follows that of TK1 due to continuous heat exchange
between the tanks.
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Figure 10. Main temperatures for the representative summer operation day.

The trend of the temperature of tank TK1 shows also that the generator of the ad-
sorption chiller is always operated at a temperature above 60 °C without the activation
of the backup heater, AUX. Thus, for the selected day, space cooling is generated only
with the cogenerated heat from the steam cycle. The increase in the cooling demand of the
user can be observed by analyzing the trend of the outlet temperature from the generator
(ACH,GEN) and the user cooling distribution system (COOL,USER). In the first case, the
difference of temperature between tank TK1 and the adsorption chiller, ACH, generator
outlet increases during the day, achieving a maximum of 3.0 °C, while for the chilled water,
the difference between the outlet (COOL,USER) and inlet (ACH,EVA) temperature of the
cooling system reaches a maximum of 3.2 °C. In general, the operation condition of the
adsorption chiller, ACH, allows one to achieve a stable chilled water set point temperature
of 10 °C due to temperature levels inside tank TK1, which are adequate to the device’s
manufacturer specifications.

The summer operation of the system is more clear when analyzing the thermal power
trends in Figure 11. At the beginning of the day, the boiler, BOIL, runs at minimal capacity
(30%) in order to keep running the steam turbine, ST, in the specified operation range of
temperature, pressure, and mass flowrate. This occurs because both space cooling and
DHW demands are relatively low in such a period; thus, the majority of the heat rejected by
the condenser, COND, is dissipated by the auxiliary heat exchanger, AHX. The presented
situation continues until the concurrent demand of heat by the adsorption chiller generator
(ACH,GEN) and for the production of DHW in the morning hours determines a decrease
of the temperature in the loop storing the thermal energy produced by the steam cycle.
It is interesting to note that the response of the steam cycle in terms of heat generation is
delayed by about 1 h with respect to the rising demand for heat of the ACH in the morning
hours. This trend is due to the thermal capacity of the TK1 tank and its relatively high
temperature. Conversely, a much more rapid response of the variation of boiler, BOIL,
and condenser, COND, power is achieved when the DHW demand peaks before 8:00 p.m.,
since it causes a noticeable variation of the TK1 tank.

In Figure 12, the electrical powers concerning the summer operation of the system are
shown. The steam turbine, ST, operates for about half of the time at a minimum load of
1.5 kW, while in the remaining time, the power reaches a maximum power of 3.6 kW as a
consequence of the increases in the cooling load of the user. The wind turbine, WT, in the
first part of the day is turned off since the wind speed does not reach the cut-in threshold
of the unit, while in the second part of the day, two periods of significant wind availability
are present allowing the device to achieve a relative maximum of 2.0 and 4.1 kW. A similar
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maximum production is also achieved by the photovoltaic field, PV, at about 1:00 p.m., due
to the peak of solar energy availability.
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Figure 11. Main thermal powers for the representative summer operation day.
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Figure 12. Main electrical powers for the representative summer operation day.

The operation of the battery is variable since it shifts from a period of discharging and
charging over the day, depending on the ongoing production of power and the demand of
the user. For the selected day, the battery system, BAT, provides 21.2% of the demand of
the user, which is a significant contribution for covering the user load in the selected day.

4.3. Monthly Results

The monthly thermal energies of the system and the thermal demand of the user
are presented in Figures 13 and 14, respectively. The thermal energy produced by the
condenser, COND, is the highest in the first month due to the heat demand of the user,
and it varies between 10.2 and 15.5 MWh throughout the year. In general, the steam
cycle system runs at a higher load in winter with respect to the summer; nevertheless, the
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differences between these two periods are not significant since the mean energy produced
in the first three months of the year is only less than 2% higher than the one in the summer
months (June-August). Therefore, from the point of view of heat generation in the system,
the winter and summer periods are similar despite a different type of heat demand of

the user.
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Figure 13. Main thermal energies of the system on monthly basis.
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Figure 14. Monthly heating, cooling, and DHW demand.

The thermal energy dissipation of the auxiliary heat exchanger, AHX, in each month
is always above zero, and this means that the system is not able to effectively partialize the
heat produced when needed. Such a condition is due to the technological/thermodynamic
limits of the steam cycle adopted, characterized by a relatively low pressure/temperature
operation, as well as efficiency. Unfortunately, it is not possible to reduce the load of the
steam cycle below a certain limit imposed by the turbine operational range. The ratio of the
thermal energy dissipated by the AHX with respect to the one rejected by the condenser,
COND, oscillates between 3% in the 1st month and 71% in the 10th one. The peaks of
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energy dissipation are achieved in the periods of shifting between the heating and cooling
demand of the user when the space conditioning demand of the user is null.

In the operation period, the adsorption chiller generator (ACH,GEN) absorbs 37.6%
of the thermal energy of the condenser, COND, while the remaining part is supplied to
tank TK3 to produce DHW (19.3%) or it is dissipated by the AHX (43.1%). During the
activation months of the adsorption chiller, ACH, the production of cooling energy by
the ACH evaporator (ACH,EVA) follows the demand of the user as expected without any
significant differences due to the lack of a cold storage tank in the system that may produce
heat (cool) losses.

The results point out also that the stabilization of the monthly thermal load of the
system by DHW demand is scarce, since, despite a more or less constant trend, the DHW
demand is relatively low with respect to other thermal loads of the user. Indeed, DHW
demand accounts for a share between 16.3 and 23.9% of the thermal energy produced by
the condenser, COND.

It is worth mentioning that the monthly thermal energy provided by the auxiliary
heater, AUX, is two orders of magnitude lower with respect to the other energy flows, thus
it has been omitted in the graph.

The operation of the system in terms of electrical energies is shown in Figure 15. The
steam turbine, ST, produces energy in the range of 1.1 and 1.64 MWh, with a variation
of 34% due to the change of the user’s thermal demand over the year. Higher variation
of the energy yield is observable for the photovoltaic field, PV, with an oscillation of 55%
between winter’s worst and summer’s best month, while for the wind turbine, WT, energy
production varies between 2.1 and 3.3 MWh, and the variation is 37%. The trend of energy
produced by the generator set, GSET, shows that the system relies each month on the
activation of the auxiliary source of energy. The energy generated by the GSET ranges
between 95 and 473 kWh, making the device mandatory to match the user demand despite
the presence of a battery system, BAT, and a constant operation of the steam turbine. The
energy storage allows one to provide energy to the user by discharging (BAT, discharge)
between 373 and 697 kWh, showing its important role in saving the system from a more
frequent activation of the GSET.
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Figure 15. Main electrical energies of the system on monthly basis.

The trend of dumped energy (DUMP) reveals that the system is subject to a significant
ineffectiveness from the point of view of the utilization of produced electrical energy.
Indeed, the energy dumped varies between 0.75 and 2.00 MWh. This is due to the intrinsic
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characteristic of the user demand, thermal load strategy adopted, and availability of solar
and wind energy.

The performance parameters of the main energy conversion devices present in the
system are shown in Figure 16. The steam turbine’s normalized equivalent number of
operation hours (n,ST) is relatively low as it does not exceed 0.5 during the whole year.
Such a situation is due to the fact that the steam cycle system has a high heat-to-power
ratio, caused by the adopted Rankine cycle parameters, which limits the electrical energy
production even when the heat demand of the user is substantial. Conversely, better
utilization of the installed power capacity is achieved by the wind turbine, WT, whose
normalized performance index (n,WT) varies between 0.28 and 0.46 due to the favorable
wind conditions of the selected location. Moreover, as pointed out by the energy results,
the operation of the GSET is marginal since its normalized energy production with respect
to its nominal capacity (n,GSET) keeps between 0.009 and 0.042.
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Figure 16. Energy performance indexes of the system’s main components on monthly basis.

The change in the PV performance over the months is not significant because the
efficiency (n,PV) drops meanly only by 6% with respect to the maximum value of 0.194
achieved in the second month. This result is mainly due to a relatively low temperature
coefficient of the PV modules. Furthermore, an opposite trend to the PV efficiency is
achieved by the COP of the adsorption chiller, ACH, as its values are higher in the central
months compared to the ones at the beginning and end. The maximum COP result is 0.626
while the minimum one is 0.571. The difference is achieved because during the central
months of operation, the temperature returning from the user is relatively higher which
allows to achieve better thermal performance of the adsorption chiller.

The trends reported in Figure 17 show the distribution of electrical energies generated
by the devices in the system (ST, WT, PV and GSET), and the ratio of energy dumped
(DUMP) and supplied to the battery (BAT) with respect to the energy produced. The
contribution in energy production throughout the months is highest in the case of the wind
turbine, WT, whose utilization factor oscillates between 0.474 and 0.640, followed by the
steam turbine, ST, with a contribution in the range of 0.203 and 0.328, and, finally, there is
the photovoltaic field, PV, with a 0.069-0.177 share. For the GSET, the energy generated
accounts for between 0.022 and 0.086 of the total energy produced.

The ratio of energy dumped monthly varies throughout the year from 18.5 to 39.1%,
which significantly affects the performance of the system in terms of effective operation.
A lower value could be achieved with a higher capacity of battery system, BAT, since in
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the investigated case, it stores between 7.5 and 16.5% of the monthly energy produced.
This energy is completely supplied to the user as shown by the electrical energy trends
(Figure 15). Thus, the battery system is crucial to buffer the energy between the production
and the load; indeed, with a higher capacity, it could be possible to reduce both the dumped
energy and the activation of the auxiliary generator set.

o o =
© © o

~

e o ©°o o o ©
N oW x o o

1 2 3 4 5 6 7 8 9 10 11 12
Time [months]

Utilization factor of devices in energy
production, ratio of dumped energy and ratio
of produced energy supplied to the battery [-]

o o o
o -

ST s WT PV mmm GSET —o—BAT —e—DUMP

Figure 17. Utilization factor of devices in energy production, ratio of dumped energy, and ratio of
produced energy supplied to the battery on monthly basis.

The utilization of the energy generated or stored in the system is shown in Figure 18.
The user demand is directly matched by the produced renewable energy (directly generated)
in a range between 72.0 and 81.4%, while the electrical storage system (BAT) provides
energy from 8.7 to 21.3% of the total load. The last contribution is from the generator set
(GSET), with a range between 2.9 and 12.3%. These results show that the system in the
major part is powered by renewables, but a small amount of energy must be provided from
a dedicated system that is not affected by variation of availability of renewable energies
such as solar and wind or it is dependent on the thermal loads of the user.
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Figure 18. Share of energies in matching the user demand on a monthly basis.
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Finally, the ratio of energies generated, used to charge the battery, and dumped with
respect to the demand are shown in Figure 19. It is interesting to note that the system
is able to produce a monthly amount of energy that is significantly higher with respect
to the user needs, as the ratio of generated to demanded energy (generated /demanded)
oscillates from 1.27 to 1.74. This means that the system produces at least more than 27% of
energy compared to the user demand. Unfortunately, as shown previously, this energy is in
significant part dumped due to the time variation of both load and production patterns.
Performing a comparison with the demand, the dumped energy (dumped/demanded)
results in between 21.4 and 65.6% of the monthly needs. This shows that the system has a
significant potential of effectively supplying energy that is not utilized, and this situation
may change if other users outside the system could benefit from the dumped energy.
Alternatively, with a higher battery system capacity, it could be possible to increase the
energy supplied to the battery (BAT,charge/demanded), increasing at the same time the
demand covered by renewables and reducing the waste of energy.
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Figure 19. Ratios of energy generated, used to charge the battery, and dumped with respect to the
demand on a monthly basis.

4.4. Yearly Results

The annual analysis of the considered polygeneration system was carried out on the
basis of a one-year integration period within the simulation. Main thermal and electrical
energies in the system components, as well as the energy and economic indexes of the
system, are reported in Tables 4-7.

Table 4. Thermal energies of main components of the system on yearly basis.

Component Value [MWh] Component Value [MWh]
BOIL 145.40 ACH,GEN 24.00
COND 130.00 ACH,EVA 14.70
AHX 38.80 DC 77.80
AUX 0.16 USER,HEAT 39.40
TK1 88.90 USER,COOL 14.60

TK3 25.50 USER,DHW 25.50
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Table 5. Electrical energies of main components of the system on yearly basis.

Component Value [MWh] Component Value [MWh]
ST 15.40 BAT,discharge 6.34
WT 32.90 DUMP 15.50
PV 7.63 RO 6.87
GSET 2.87 AUXILIARIES 3.33
BAT,charge 6.54 USER 30.00

Table 6. Energy performance parameters of the system on yearly basis.

Result Value [-] Result Value [-]
nsT 0.106 npv 0.188
ngr 0.352 NGSET 0.022
nwT 0.376 Ccor 0.613

Table 7. Primary energy performance and economic results of the system.

Component Value Unit Component Value Unit
PESPS-IS,RS-GSET 195.04 MWh ]PS-IS,RS—GRID 13.50 kEUR / year
PESps 15,RS-GRID 149.94 MWh JPS-15-BIO,RS-GSET 16.20 KEUR/year

PESps GRID,RS-GSET 231.80 MWh JPs-15-BIO,RS-GRID 10.50 KEUR/year
PESps.GRID,RS-GRID 186.70 MWh JPS-GRID,RS-GSET 24.20 KEUR/year
PESrps 15 RS-GSET 0.956 - JPS-GRID-BIO,RS-GRID 18.50 KEUR/year
PESrps.1s,RS-GRID 0.943 - JPS-GRID-BIO,RS-GSET 18.50 KEUR/year
PESrps.GRID,RS-GSET 1.136 - JPS-GRID-BIO,RS-GRID 12.80 KEUR/year
PESrpsGrIDRS-GRID ~ 1.174 - SPBps 15,RS-GSET 7.15 years
Cop,Ps-15 3.72 KEUR/year SPBps.1s,Rs-GRID 9.53 years

Cop,PS15-BIO 6.67 KEUR/year  SPBps 5-BIO,RS-GSET 8.45 years

Cop,PS-GRID 1.45 kEUR/year  SPBps.15.BIO,RS-GRID 12.20 years
Cop,PS-GRID-BIO 4.39 KEUR/year  SPBps.GRID,RS-GSET 5.67 years

Cop,RS-GSET 22.90 kEUR / year SPBPS—GRID,RS-GRID 6.95 years

Cop,RS-GRID 17.20 KEUR/year SPBps GRID-BIO,RS-GSET 7.41 years

JPs 1S RS-GSET 19.10 kEUR/year SPBps.GRID-BIO,RS-GRID 10.00 years

The analysis of the results points out that the thermal energy produced by the boiler
(BOIL) is converted into 89.4% (130.00 MWh) of cogenerated heat available at the condenser
(COND). However, this amount of energy is not fully used because 29.8% is dissipated by
the auxiliary heat exchanger (AHX) due to the overheating of tank TK1 occurring when
the steam turbine, ST, runs at minimum load and there is a scarce demand of heat. The
heat supplied to tank TK1 is in part diverted to produce DHW in tank TK3 (USER,DHW),
supplied to the heating system of the user (USER,HEAT), and to drive the adsorption chiller
(ACH,GEN). The distribution of heat among these uses is 28.7, 44.3, and 27.0%, respectively,
highlighting that the highest thermal energy consumption of the system consists of space
heating. Moreover, it is important to note that the production of auxiliary heat (AUX) is
negligible with respect to the one provided by the COND; in fact, it is only 0.12%. This
result is achieved because the production of heat in the system is constant, and only in
some peaks of concurrent heat demand for DHW and space conditioning is the steam cycle
incapable of matching entirely the needs of the user.

The yearly electrical energies of the system components are reported in Table 5. The
energy generated by steam turbine, ST; wind turbine, WT; and photovoltaic field, PV,
together is 39.1% higher than the one consumed by the system auxiliaries; reverse osmosis,
RO; and user. ST, WT, and PV contribute for 27.5, 58.8, and 13.6% of the total electrical
renewable energy produced by the system. The higher contribution of the wind turbine is
due to the higher nominal power of this component with respect to the other ones (10 kW
vs. 5 kW) and to the favorable wind conditions of the Pantelleria island. The energy
results also confirm that the operation of the GSET is marginal in terms of generation
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since it produces only 2.87 MWh, being significantly lower than the other electrical energy
generators. Therefore, the proposed system is solid in providing renewable electrical
energy to the user with a limited use of fossil origin fuels for matching the load. Conversely,
higher amounts of energy are managed by the energy storage BAT energy during the yearly
operation. In fact, with a utilization of 6.54 MWh, the battery absorbs 11.7% of the energy
produced by renewables, while it returns to the user a slightly lower amount due to the
charging losses occurring in the energy exchange process.

The variability of both the electrical load and production over the year causes a
significant production of energy in excess which is unused. In fact, dumped energy (DUMP)
accounts for 27.7% of the total yield from renewable energy sources. This negative result of
the operation of the system is unavoidable in order to limit the activation of the auxiliary
generator system but could be limited with a different combination of the capacities of the
steam turbine, ST, wind turbine, WT; and photovoltaic field, PV, along with the battery
system, BAT.

As regards the demand of the system and user for electrical energy, the share of
consumption of both the system auxiliaries and the reverse osmosis unit, RO, is about
three times lower than the user intrinsic demand. Thus, the addition of the polygeneration
system does not substantially affect the final demand of energy of the system user.

The performance parameters of the system components are presented in Table 6.
The efficiency of the steam turbine, ST, due to assumptions on the thermodynamic cycle
is relatively low (10.6%), nevertheless its operation allows one to achieve a satisfactory
normalized equivalent number of operation hours of more than 0.35. This points out that
despite a thermal load following strategy of the steam turbine, the production of electrical
energy reaches a decent level with respect to the maximum potential at nominal power.
A similar result is also achieved by the wind turbine, WT, with a normalized equivalent
time of operation above 0.37, while for the generator set, GSET, this parameter drops to
0.022, and it underlines once again the rare activation of the auxiliary component. For
both the photovoltaic field, PV, and the adsorption chiller, ACH, the performance achieved
is lower than the nominal one due to their operating temperature. For the PV during
summer, the modules operate at a temperature higher than the reference one, while for the
ACH, the chilled water set point temperature (10 °C) is lower than the one provided by the
manufacturer at nominal conditions.

The performance of the system from the standpoint of view of primary energy and
economics is reported in Table 7. Analyzing the scenarios investigated, it can be clearly
noticed that the best PES is achieved by the combination of a proposed system connected
with the grid PS-GRID (without GSET) and a reference system running on a GSET (namely
RS-GSET), followed by the islanded variant (PS-IS) coupled with the previous reference
system (RS-GSET). This is obtained because the RS systems using LPG are characterized by
a high primary energy consumption due to the use of fossil fuels.

In terms of PESr, the islanded configuration of the system (PS-IS) allows one to achieve
a very high saving of primary energy with respect to reference systems in both islanded (RS-
GSET) and grid-connected (RS-GRID) configurations since it is above 90%. It is interesting
to note that the PESr is above the unit for the other two combinations of PS connected to
the grid (PS-GRID) independently from the assumed reference system. Such a result is
given by the supply of electrical energy produced in excess by the system to the grid, and
this energy is free of primary energy consumption being produced by renewables. The
lower value of PESr in the case of the PS-GRID and RS-GSET combination with respect
to the one with RS-GRID is only due to the fact that the primary energy consumption of
RS-GEST is higher than in the case of RS-GRID. Thus, the effect of supplying renewable
energy to the grid is marginally lower.

The operation cost for the investigated PS and RS systems depends substantially on the
configuration considered. The lowest cost of operation for the PS is achieved in the scenario
where the system is grid-connected, as the possibility to sell the electrical energy in excess
to the grid allows one to cut the yearly bill of the proposed system. In fact, the operation
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cost of PS-IS with respect to PS-GRID is 61.0% higher. In the case of not-free biomass, the
additional cost for the renewable fuels is 2.95 EUR/year, whichever is the adopted scenario
for PS. Thus, the biomass cost could have a significant effect on the operation cost if bought
on the market, making the option of free local biomass very convenient.

The achievable economic savings and the simple payback time are better in scenarios
where the PS is grid-connected. For the investigated system, the grid connection allows
one to avoid the cost of GSET and to achieve a SPB mean 1.83 years lower with respect to
the islanded scenarios (PS-IS), with a range between 1.48 and 2.20 years. However, even if
the system works in islanded mode, its economic feasibility is fairly reliable since SPB is
lower than 10 years for 3/4 of the scenarios. Obviously, higher times of capital recovery are
achieved in the case of market-priced biomass, since the BIO scenario increases SPB from
1.30 to 3.05 years compared to a free biomass condition.

5. Conclusions

In the present paper, a comprehensive analysis of a hybrid polygeneration system
integrating renewable energy sources such as biomass, wind, and solar was performed
by means of a numerical modeling approach and dynamic simulations. The designed
system integrates a steam turbine-based Rankine cycle, a horizontal axis wind turbine, and
a photovoltaic field coupled with electrical storage for the production of electrical energy,
a heat recovery system of cogenerated thermal energy with a storage and adsorption
chiller for the production of heating, cooling, and domestic hot water, and a reverse
osmosis desalination unit for the production of freshwater from seawater. The system
is also equipped with an LPG generator as an auxiliary device to match the load. For
the case study, a small, isolated community of 10 households on Pantelleria Island, Italy,
was considered.

The system was developed and simulated using TRNSYS software, which allowed
one to model in detail the components and the whole system on the basis of validated
components on the basis of the scientific literature and manufacturers’ data regarding the
performance of devices. The user was simulated using real data regarding domestic hot
water and electrical energy consumption, and the realistic heating and cooling demand of
the buildings obtained within the simulation.

The performance of the proposed system was performed assuming a reference system,
and, for both, different scenarios were considered. Stand-alone or grid-connected situations
were assumed for both systems, affecting the necessity of not adopting LPG generator sets.
Moreover, for the polygeneration system, freely available or market origin biomass was
considered. The simulation carried out allowed one to investigate the detailed operation
of the system on the basis of temperatures, powers (thermal and electrical), and water
production/usage. On the other hand, a global assessment of the system was performed
on the basis of aggregated data regarding energy and economic flows.

The results obtained from simulations are the following:

- the freshwater volume stored may decrease after the activation of the reverse osmosis
unit due to a relatively high water demand; nevertheless, the system is robust in
providing the demanded water with a relatively small, desalinated water flowrate
given by the RO and a proper storage tank volume;

- the activation of the auxiliary generator set is not frequent, and it occurs typically dur-
ing the morning hours when the battery is discharged and the photovoltaic production
is null and the reverse osmosis is turned on;

- during the summer days, despite the operation of the steam cycle at minimum load
(30%) in the night and morning hours, the dissipation of cogenerated heat is needed
since both space cooling and DHW demands are relatively low in such period;

- the monthly thermal energy produced varies between 10.2 and 15.5 MW; the steam
cycle system runs at a higher load in winter with respect to the summer; nevertheless,
the differences between these two periods are not significant since the mean energy
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produced in the first three months of the year is only less than 2% higher than the one
in the summer months (June-August);

- the stabilization of the monthly thermal load of the system by DHW demand is scarce;
indeed, DHW demand accounts for a share between 16.3 and 23.9% of the thermal
energy produced by the cycle;

- the steam turbine produces energy in the range of 1.1 and 1.64 MWh per month
(variation of 34%); higher variation of the energy yield is observable for the photo-
voltaic field with an oscillation of 55% between winter’s worst and summer’s best
month, while for the wind turbine, the variation of energy production is smaller, being
only 37%;

- due to characteristics of the user demand, thermal load strategy adopted, and avail-
ability of solar and wind energy, the system is subject to a significant ineffectiveness
from the point of view of the utilization of produced electrical energy; in fact, the
energy dumped monthly varies between 0.75 and 2.00 MWh;

- the contribution in energy production throughout the months is highest in the case of
a wind turbine, whose utilization factor oscillates between 0.474 and 0.640, followed
by the steam turbine with a contribution in the range of 0.203 and 0.328. For the
generator set, the energy generated accounts for between 0.022 and 0.086 of the energy
totally produced;

- onyearly basis, the generated renewable electrical energy is 39.1% higher than the one
consumed by the system auxiliaries, reverse osmosis, and the user, while the dumped
energy accounts for 27.7% of the total yield from renewable energy sources;

- theislanded configuration of the proposed system allows one to achieve a saving of
primary energy above 90% with respect to reference systems in both islanded and
grid-connected configurations since it is above 90%. The saving is above 100% for
the combinations of a proposed system connected to the grid independently from the
assumed reference system. Such a result is given by the supply of renewable electrical
energy produced in excess by the system to the grid;

- the grid connection allows one to avoid the cost of the generator set and to achieve
a simple payback meanly 1.83 years lower with respect to the islanded scenarios.
However, even if the system works in islanded mode, a simple payback time of 10
years is achievable in the majority of the scenarios. Higher times of capital recovery
are achieved in the case of biomass bought on the market since this case is charac-
terized by a capital recovery from 1.30 to 3.05 years higher with respect to the free
biomass scenario.

The presented results allow one to conclude that it is possible to develop an energy
system allowing to satisfy user needs in the field of electric energy, thermal energy including
cooling needs and domestic hot water, and freshwater production. Economic analysis
shows that depending on the analyzed scenario, it is possible to achieve a payback period
in a range from 5.67 to 12.20 years, which proves profitability. The investigations performed
are the basis for further developments of the study, where a complex analysis of the
proposed system by means of parametric/sensitivity and optimization approach is the
next step. Future investigations will also include considering subsidies policy and load
profiles adapted to other types of users. Including long-term energy storage based on
hydrogen and its impact on the energy safety of the community will also be considered in
further research.
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