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Abstract: Energy needs of air conditioning systems are constantly growing worldwide, due to
climate change and growing standards of buildings. Among the possible systems, solar heating
and cooling based on reversible heat pumps and thermally driven chillers are a viable option for
ensuring space heating and cooling for different users. The high installation costs are a limit to
their diffusion, however, under specific circumstances (climate, type of the building, type of the
user, etc.), the investment in this technology can be profitable in a long term. The presented paper
describes an energy-economic assessment of a solar heating and cooling system integrating a solar
dish concentrator with thermal collectors coupled with a reversible heat pump and an absorption or
adsorption chiller. The system integrated with a household building is developed and dynamically
simulated in the Transient System Simulation (TRNSYS) environment under different circumstances
—adoption of absorption or adsorption chiller, use of auxiliary thermal energy to drive the sorption
chillers, and locality. The results show that space cooling demand in Cracow is matched by solar
energy, in a range between 49.0 and 97.6%, while for Naples the space cooling demand is provided
by solar heat from 46.1 to 99.1% depending on the adopted sorption chiller and or the use of auxiliary
heat for a natural gas boiler. The proposed system is not profitable in case Cracow, since a Simple
Pay Back period of about 20 years is achieved. Conversely, case of Naples, the same index achieves a
value between 8 and 12 years showing that the proposed system may be a viable solution for heating
and cooling installation.

Keywords: solar heating and cooling; solar concentrating system; adsorption chiller; energy analysis;
TRNSYS software; economic analysis

1. Introduction

Heating, ventilation, and air conditioning (HVAC) of the building sector has a rate of
30—40% in global energy consumption and a share of approximately 30% of greenhouse
gas emissions in the energy-related sector [1,2]. Many efforts are taking place to reduce
the negative impact of the operation of such systems, especially in funding the scientific
grants for developing advanced renewable energy systems, increasing requirements for
energy-efficient buildings, or development of incentive policies for investments in the field
of sustainable energy [3,4]. Due to these actions, a positive effect on the European energy
sector has been achieved in terms of a 10% decrease in total energy consumption in the
last decade, reaching a consumption of 1100 Mtoe in 2017) [1]. Nearly 25% of this energy
consumption is related to the European residential sector for HVAC purposes [1].

Constant decreasing of the energy consumption of residential users is possible thanks
to the penetration on the market of energy-efficient buildings, like energy plus houses [5],
nearly zero-energy buildings (NZEB) [6], refurbishments of old buildings [7] or providing
renewable energy sources as a support of buildings energy systems [8]. The most pop-
ular energy sources are photovoltaic panels (PV) and photovoltaic-thermal (PVT) collec-
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tors [9,10], heat pumps [11], and wind turbines [12,13] For larger-scale consumers, the devel-
opment of highly efficient hybrid and poly generation systems becomes profitable [14,15].

Globally, there is an increase in demand for air conditioning systems, which is con-
nected with climate change [16]. In this scenario, the most popular air conditioning systems
are based on vapor compressor technology. Energy efficiency ratings (EER) of such chillers
are relatively high and achieve even over 5 [17], however, the cooling effect is generated
with the use of electric energy, which is the most expensive type of supply and it is pro-
duced and transmitted with relatively low efficiency. Air conditioning systems are often
supplied by geothermal heat sources [18], but the efficiency of heat transfer between the
ground-coupling device and the surrounding soil is relatively low which causes a need
for a high volume of ground as a thermal sink. Thermally driven chillers powered by heat
generated from renewables are an alternative, but their coefficient of performance (COP) is
generally less than 1 [19]. However, greenhouse gas emissions caused by the operation of
such devices are much lower than the ones produced by conventional systems, and under
specific circumstances, their operation may be profitable, which causes the fact of their
growing popularity. Examples of applications of the above technologies are presented in
the literature description below.

Luna et al. [20] described a study on the coupling of the parabolic trough collector
with an air conditioning system with an absorption unit. The studied installation allowed
to generate heat up to 6.5 kW at a temperature level at near 105 °C. The highest achieved
cooling power was equal to 1.92 kW, with a COP of 0.56. The thermal efficiency of the solar
system varied from 8 to 19.8% depending on the conditions. Pinamonti and Baggio [21] pre-
sented a coupling of different configurations of solar-assisted heat pump (SAHP) systems
with energy storage technologies in order to in order to investigate the factors allowing
to decrease the demand, improving self-consumption and system profitability. It was
found that, for an insulated building, the maximum energy consumption reduction was
of 30% with PV panels and a battery storage, whereas solar collectors, despite the energy
consumption reduction of —24% are more economically profitable over the lifetime of the
installation. In the study presented in Ref. [22] a single effect absorption chiller system
connected with a solar evacuated tube collector field and an auxiliary natural gas burner
was dynamically simulated. The best exergy efficiency and solar fraction were achieved for
a generator temperature of 97 °C.

Bellos and Tzivanidis [23] presented a model of a trigeneration system for building
applications based on parabolic trough collectors, an absorption heat pump and a steam
turbine. The small-scale system achieved an electrical, heating and cooling power of
7.16 kW, 9.35 kW and 8.55 kW, respectively for the 80% steam fraction to the turbine. A
PVT collector based system for a combined solar heating and cooling application for a
residential user was studied by Zarei et al. [24], where water is used to cool the collector
and a refrigeration cycle with hybrid ejector-compression is adopted. R600a and R290 were
used as refrigerants. The analysis shows that R290 achieves the lowest exergy destruction
and the best enhancement of COP with respect to R134a (7.5%).

Most small-scale renewable energy installations are based on solar thermal collec-
tors. Such installations offer a relatively low initial cost and allow to satisfy most of the
domestic hot water (DHW) demands. However, for providing higher efficiencies of solar
energy systems it is important to maximize solar energy utilization. One of the possible
approaches is to provide solar heating and cooling (SHC) installations. SHC systems use
the heat produced by solar thermal collectors in order to provide heat for space heating
and domestic hot water, and as a supply for a generator in sorption chillers for cooling
purposes. In most cases, the availability of solar radiation is correlated with the highest
demand for space cooling, which makes solar cooling reasonable from a technical point
of view. Buonomano et al. [25] presented a study regarding this technology, describing
processes of heat generation by flat plate and concentrating PV-T panels and chill genera-
tion by thermally driven chillers. The authors presented a simulation tool that considers
the sector’s demand of the user, technology, and region of the world. The localization
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parameter is crucial for the feasibility of solar systems. In Ref. [26] authors have proven
that solar multi-effect chillers are unprofitable in Europe because of low solar fraction, and,
as a consequence, low temperature available at the generator of sorption chillers. Such
systems need incentives to be competitive with compressor cooling systems.

Wang et al. [27] presented a validated numerical model of a solar cooling system based
on a double effect LiBr-H20 chiller and round-shaped parabolic trough solar collector. In a
case study of a hotel, the COP of the chiller was below 1.2 and the whole system achieved
about 62% of solar energy utilization efficiency. Parametric study showed that it is possible
to increase the value of the efficiency up to 69% in the case of a shopping mall or office,
which has a more suitable load profile for solar cooling purposes.

The study presented in Ref. [28] provided an optimization algorithm for power modu-
lation in solar thermally driven chillers. The presented methodology allowed to reduce
electricity consumption caused by auxiliary devices by 20-60%, depending on weather
and operating conditions. The proposed method can be also applied for HVAC systems
purposes. An experimental study based on solar heating and cooling system consisted of
a 10 kW zeolite-water adsorption chiller and 40 m? of evacuated tube collectors as a heat
source was presented in Ref. [29] Authors proved that in the case of Athene, Greece, it is
possible to achieve a COP of the chiller about 0.535. The payback time of the system was
about 15 years, however, in countries with dominant heating loads, the payback period
lowers up to 7.2 years.

On the basis of the presented literature review, it is possible to note that significant re-
search possibilities are still open in the field of SHC systems. The literature analysis reveals
that the studies are mainly focused on hybrid energy systems based on concentrated solar
radiation for purposes of large-scale users. Small-scale installations for domestic purposes
are not so numerous. Therefore, the aim of this study is to expand the knowledge about
micro-scale SHC systems based on heat pumps and on sorption chillers. The proposed
system consists of a layout including a solar dish, solar collectors, reversible heat pump,
and sorption chiller (absorption or adsorption unit). Heat produced in such a system
is used for heating purposes in winter months and as a supply of the sorption chiller
generator in summer months, and during the whole year for the production of DHW. The
system is based on solar collectors connected with a dish concentrator.

The system was investigated using a dynamic simulation tool, namely Transient
System Simulation (TRNSYS) software, by developing a model based on build-in soft-
ware components and user-defined models previously validated against experimental
and/or technical data. In particular, the model of the concentrating solar collector was
based on a validated model of the parabolic dish solar concentrator previously developed
by the authors, moreover, the present layout has been based on a solar cooling system
integrating such concentrator investigated in a previous paper of the authors [30]. The
novelty of the presented installation is connected with few technical points-preheating
the working medium before reaching the high-temperature heat exchanger located in
the focus of the concentrator, possible use of auxiliary heater before sorption chiller used
for air-conditioning purposes, and connecting the solar-heating system with a reversible
heat pump. In this paper, the proposed hybrid SHC system configuration is investigated
comprehensively by means of dynamic simulation for the first time in literature. The
paper presents a dynamic simulation of the mentioned system, which allows the described
installation to be adapted to any other country conditions.

2. Materials and Methods
2.1. Description of the Installation

The proposed solar heating and cooling system was based on a small scale installation
integrating two serial connected flat plate solar thermal collectors, a 180 cm diameter
parabolic bowl, covered with reflective foil, and a 120 cm diameter parabolic mirror
(Figure 1). The concentrator was equipped with a double-axis tracking system with an
algorithm based on light sensors. In this configuration, the working medium, preheated
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in collectors, is supplied to an aluminum-made hemispherical high-temperature receiver
with a milled internal canal in order to increase its temperature. The whole system was
controlled and managed by a WAGO 750-881 Programmable Logic Controller (PLC) system
with connected analog and digital input/output modules. The system allowed to measure
oil temperature in 8 points of the circuit, working medium pressure, flowrate, and solar
radiation (diffuse, direct-horizontal, direct-tracker surface, direct-collector surface, total).
The system allowed to control the flowrate of the thermal oil by controlling a circulation
pump. A detailed description of the laboratory stand has been provided Ref. [30]. The
working medium used in the installation was thermal oil ITERM 6 MB [31].

Figure 1. Parabolic dish concentrator with two focusing elements: bowl lined with reflective foil and
parabolic mirror.

The numerical model of the solar concentrator was presented and validated in a
previous paper of the authors [30]. The model was developed with the use of TRNSYS 17
software and was based on the utilization of type 539 and mentioned model of the concen-
trator. The arrangement of the model was made by adding the pipes connecting the devices
in order to replicate in the simulation environment the real installation. The validation
of the model was based on the basis of the temperatures and thermal energy generated
by the devices. Data taken from the simulations were compared with experimental data,
especially, total solar radiation, diffused solar radiation, mass flowrate and temperature
levels. The validated model was the basis of the development of the proposed SHC system.

2.2. Layout of the System and Operation Strategy

The investigated system is based on the integration of flat-plate collectors, concentrator,
and adsorption chiller in a traditional DHW, space heating, and cooling system adopting a
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natural gas boiler and a reversible heat pump system for space conditioning. Solar thermal
collectors and the concentrator are used for providing DHW all year long and space heating
in the heating season by means of a reversible heat pump with water-to-water loops, while
the adsorption chiller is used in the cooling season for providing air conditioning with the
produced solar heat.

In the proposed arrangement of solar devices, the concentrator is used in order
to increase the temperature of the working medium boosting up the thermal energy
production of the system. Thus, the concentrator operation allows one to reach more
frequently the desired temperature inside the tank in order to supply both heat pump and
thermally driven chiller in winter and summer, respectively, and this, as a consequence,
allows one to use more frequently the produced solar heat.

In winter, the dry cooler system is used as a heat source when the solar thermal energy
is scarce, while in summer it is used to reject heat from the adsorption chiller and the
heat pump operating as a chiller. An auxiliary heating boiler is used to match the DHW
thermal demand in case of low solar radiation and when the produced heat by the solar
devices and stored in the thermal storage is not sufficient to supply the adsorption chiller.
Moreover, the reversible heat pump is also adopted in summer as an additional backup air
conditioning device in case of low-temperature level in the thermal energy storage. The
layout of the system has been shown in Figure 2.
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Figure 2. Layout of the analyzed hybrid SHC system.

The hybrid SHC system consisted of seven loops designed to manage properly the
thermal energy flows:

e  Hot Water, HW: water-glycol mixture heated by the solar thermal collectors and the
concentrator, stored in the thermal storage and the domestic hot water tank and used
as a heat source for the evaporator of the reversible heat pump during winter and the
hot side of the adsorption chiller during summer.

e  Chilled Water, CHW: chilled water produced by the evaporator of the adsorption
chiller, supplying the fan-coil system in cooling season;

o  Cooling Water, CW: water-glycol mixture circulating from the dry cooler to the con-
denser of the adsorption chiller and the reversible heat pump in summer, or to the
evaporator of the heat pump in winter;

e Heating-Cooling Water, HCW: hot or cold water supplying the fan-coil system for
space cooling purposes;

e  Domestic Hot Water, DHW: sanitary water used by in the household;
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Aqueduct Water, AW: mains water used to produce DHW;
Gas Boiler Water, GBF: water heated up in the gas boiler for purposes of DHW preparation.

The main components of the system are the following:

e  Solar collectors, SC: flat plate selective solar collectors used to produce thermal energy
from the total solar radiation;

e  Concentrator, CONC: a parabolic dish concentrator with receiver equipped with a
two-axis tracking system;

e  Thermal storage tank, TK1: an insulated tank with thermal stratification used to
accumulate thermal energy generated by the solar loop;

e  Domestic hot water tank, TK2: a tank integrating two internal heat exchangers dedi-
cated to the heating of water by the produced solar thermal energy and by the auxiliary
heating device;

e  Natural gas boiler, GB: a natural gas-fired boiler used to heat TK2 and to heat up the
hot water in order to run the adsorption chiller;

e  Sorption chiller, ACH: a thermally driven chiller consisting of a LiBr single-stage absorp-
tion chiller of a zeolite matrix-based adsorption chiller, used to produce chilled water;

e  Reversible heat pump, RHP: a vapor compression reversible unit used to produce heat-
ing water for space cooling and chilled water for space cooling when the adsorption
chiller operation is not possible;

e  Dry cooler, DC: an air to fluid heat exchanger used to provide thermal energy for
the heat pump in winter in case of low thermal energy stored in TK1, or used to
dissipate the thermal energy rejected by the adsorption and vapor compression chiller
when operating;

e  Hydraulic separator, HS: double inlet-outlet vessel used to separate the primary and
the secondary heating system;

e  Fan coils, FC: water to indoor air heat exchangers used to provide heat and cool to the
rooms of the building.

The main system components were connected to each other by means of pipes, divert-
ers, mixers, and pumps, while the control and management model was developed using
virtual temperature sensors and several controllers. The logic of the system operation has
been reported below.

The working medium in the solar part of the HW loop is pumped by P1, activated
when the solar radiation reaches 10 W/m? [32]. Solar radiation is transformed in thermal
energy with the use of both solar collectors and the concentrator, whose operation causes
the increase of the water-glycol mixture temperature. The supply of HW to solar collectors
and concentrator is controlled by double by-pass connections (M1/D1 and M2/D2), used
to avoid the possibility of cooling of the working medium during circulating within the
devices. The control system activates by-pass connections in case of a situation when the
temperature at the SC or CONC outlet is lower than the inlet temperature.

During the heating season, the solar loop supplies HW to TK1 and TK2 in order
to provide thermal energy for space conditioning and DHW production. TK1 tank has
valves D3 and M3, which allow to manage the supply of HW. In the situation when HW
temperature is higher than TK1 top temperature by 2 °C, the control system allows to
supply HW to TK1. In a scenario when the HW temperature is lower than the TK1 top
temperature, the by-pass D3/M3 is activated. This same control strategy is adopted for
TK2 by means of M4 /D4 in order to prevent the cooling of the bottom part of the tank. In
this case, the water temperature in the proximity of internal heat exchanger of TK2 is used
for the control strategy. In winter, the heating operation of the top part of TK1 is performed
when its temperature drops to 15 °C, while it is stopped when the temperature increases to
25 °C. It is worth noticing that the TK1 temperature may decrease below the fixed set point
due to the variation of weather conditions. From TK1, HW is supplied to the evaporator
side of the reversible heat pump, which operates in order to keep a proper temperature for
the FC system. In particular, RHP operates in order to keep the temperature at the outlet
of HS between 40 and 42 °C. The set point temperature for the heated water by RHP was
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set to 40 °C. Moreover, in order to achieve the best possible performance of RHP, outside
air may be supplied to DC for RHP operation. In fact, TK1 stops to supply heat to RHP
when the outside air temperature increases by 2 °C above TK1 top temperature, while this
operation stops once the air temperature decreases to the one inside TK1.

DHW is provided to the user at constant temperature. In the situation when TK2 top
temperature exceeds 45 °C, mains water is mixed with the tank water in order to provide
the required DHW temperature which is equal to 45 °C. In case of an insufficient amount
of solar radiation, which is connected to TK2 top temperature below 55 °C, the control
system activates gas boiler GB, which heats the water at the top part of TK2 to the set point
of 65 °C. The deadband of 10 °C allows one to limit the number of activation of GB to
heat TK2.

During the cooling season, the heating of TK1 by the solar loop is performed to keep
its top temperature between a level allowing to run the sorption chiller: for the absorption
unit the temperature range is 80-90 °C, while for the adsorption chiller it is 60-70 °C.

The activation of the absorption unit occurs once the temperature rises to 80 °C, and the
deactivation is performed when the temperature drops to 75 °C. For the adsorption chiller,
the required temperature level allowing to activate the unit is set to 58 °C, while the one
that deactivates the chiller is fixed to 53 °C. It is worth notice that the selected temperatures
for the activation and deactivation of both thermally driven chillers are compatible with
the operation specification of small-scale devices provided by manufacturers [33,34].

During the operation of ACH, GB may supply auxiliary heat to drive the sorption
chillers. In the case of absorption chiller, when the inlet temperature of the generator of
ACH decreases to 77 °C, GB heats HW to 80 °C until the TK1 top temperature increases
to 79 °C. In the scenario where the adsorption chiller is integrated into the system layout,
when TK1 temperature drops to 55 °C, GB is turned on to heat HW to 60 °C until TK1 top
temperature rises to 57 °C. In the operation of the space cooling system, the chilled water
temperature is maintained at the level of 7 °C (by ACH and RHP), allowing the proper
operation of the fan-coil system.

The control system turns off the sorption chiller ACH when the generator inlet tem-
perature decreases below the allowed minimum threshold, then the electric chiller ECH is
switched on. Furthermore, during the operation of the ACH, when the outlet temperature
of the load side of the HS exceeds 12 °C, in case of a high space cooling demand of the user
or a decrease of ACH chilling power, the auxiliary chilling equipment is activated. In the
mentioned case, ACH is switched off and ECH is used to reduce HS outlet temperature
to 10 °C.

The space conditioning system ensures a temperature inside the building rooms
in a range of 20-22 °C and 24-26 °C [11] during the space heating and cooling season,
respectively. When the temperature inside the building is on a sufficient level, the FC system
is turned off. Finally, cooling water CW, supplied by P3 to the dry cooler is used in order to
dissipate the thermal energy rejected by the ECH condenser or ACH cooling circuit.

2.3. Model of the System

The system under investigation was modeled and simulated using Transient System
Simulation (TRNSYS) software, which is a tool capable to simulate the transient operation
of conventional, renewable, and new concept energy systems. The main features of this
environment consist of a vast library of validated components, the possibility of implement
user-defined components, and flexibility in developing the layout of the systems as well as
their control and operation strategy.

In the frame of this paper is not possible to present each model of the adopted
components for reasons of brevity, thus only the detailed description of the energy and
economic analysis model is presented, since the other models are available in the TRNSYS
software documentation containing the mathematical structure of components [35] or are
available in the literature. Nevertheless, some information about the adopted models
(types) are reported below.
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The flat-plate solar collector is modelled taking into account the thermal performance
of a theoretical collector. In particular, the Hottel-Whillier steady-state model [36] is used
for evaluating the thermal performance, while the overall thermal loss coefficient of the
collector per unit area is determined on the basis of Ref. [37].

The model of the concentrator and the absorption chiller have been presented in
Ref. [30]. For the concentrator, the working medium temperature at the outlet of the
receiver T, was calculated with the following equation:

Q
To = Tin + micp @
where Tj, is the inlet temperature, Q is the amount of heat transferred to the working fluid,
m is the mass flow and ¢, is the specific heat. Q is given by the formula:

Q=A -F-[Gr—U(T - T,)] 2)

where: A is the receiver surface (aperture), Fr is the overall collector heat removal efficiency
factor, Gt is the intensity of direct solar radiation at the receiver surface, U is the overall
thermal loss coefficient of the collector per area of the unit, T is the average working
medium temperature inside the receiver and T, is the ambient temperature. Fr coefficient

is given by: A
_ DO _exp( 224
Fr = A~U{1 exp( me, )] 3)

where f, is the total efficiency of the receiver. U coefficient was calculated taking into
account the radiative and convective heat losses according the following equations:

m:m4m+ﬁym+n) ®)
he=57+380 ©)

where: h, is the radiative loss coefficient, /i is the convective loss coefficient [38] ¢ is the
Stefan-Boltzmann constant, ¢, is the receiver surface emissivity, T}, is the average medium
temperature inside the receiver, T is effective sky temperature and v is the wind velocity.

The model of the absorption chiller was based on mass and enthalpy balance equations
from the point of view of water-LiBr mixture and only LiBr in the different point of heat
exchangers of the device (generator, absorber, evaporator and condenser). For the LiBr in
the weak and strong solution concentrations were assumed from Ref. [34]. The thermal
power of the i-th Q; heat exchangers was calculated as:

Qi= Zminhin - Zmouthout 7)

where m;;, and m,,; represent the mass flow rate at the inlet and outlet, /;, and h,,; represent
the enthalpy at the inlet and outlet, respectively. The COP of the absorption unit was
calculated with the following equation:

QEU!J

COP =
Qgen

®)

where Qe and Qgen is the thermal power of evaporator and generator, respectively.
The efficiencies # of heat exchangers in all loops of the absorption chiller were given
by the following formula:
n=1-e" )

o Upe - AHE (10)
m CP
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where Uy it the overall heat-transfer coefficient of heat exchanger, Ayr is the total heat
transfer surface, m is the flow rate of the given working fluid and c;, is its specific heat.

The adsorption chiller component was based on manufacturer data (Invensor LTC
10 E PLUS) [34] and a model comprehensively described in a previous paper of the au-
thors [32]. The model uses user-supplied data files with cooling capacity and COP taken
from manufacturer data as a function of different inlet temperatures of hot, chilled and
cooling parts of the device and liquid mass flow rates.

The model for summer operation of the fan-coils is reported in Ref. [15]. The model
was based on correction factors taking into account for fluid mass flow rate, inlet fluid and
air dry/wet temperature, and air flow rate.

The list of the adopted components has been provided in Table 1.

Table 1. TRNSYS components adopted to develop the simulation model of the system.

Component Type Component Type
SC 73 pipes 31
TK1 4c building 56
TK2 340 weather data reader 109
Adsorption chiller 909 on/off controller with hysteresis 2
RHP 927 winter summer scheduler 515
GB 751 schedulers 14h, 516
HS 60c diverter and mixers 11, 647, 649
DC 511 data integrator 24
FC, summer operation 508a data plotter 65
P, fixed flow pumps 3 data printer 25¢

Energy and Economic Model

In order to assess the performance of the novel hybrid system from the energy and
economic point of view, a Reference System (RS) was adopter for the comparison with
the proposed system (PS). RS consisted of an air-to-water reversible heat pump for space
heating and cooling and a natural gas boiler used for DHW production. The analysis was
performed assuming that both systems must provide an equal quantity of final energy to
the user, in the form of space conditioning and DHW.

The consumption of primary energy of PS and RS was calculated at a boiler system
efficiency of 0.85% [15] and an averaged Polish electric network efficiency of 0.33 [39]. In
the calculation, the following energy flows were taken into account for RS:

energy consumed in the form of natural gas for the production of DHW;
electrical energy used by RHP operating with air as a heat source for space heating
(seasonal COP = 2.5);
electrical energy used by RHP operating for space cooling (seasonal COP = 3.5);
while for PS:
energy consumed by GB for the integration of the heat needed to produce DHW and
HW auxiliary heating for sorption chiller operation under low temperature available
at the generator;

e electrical energy used by RHP operating with the solar loop and air as a heat source
for space heating;

e electrical energy used by RHP operating as an auxiliary unit for space cooling.

Under these assumptions the following equations were adopted to evaluate the Pri-
mary Energy (PE) of both RS and PS and the Primary Energy Saving ratio (PESr) of PS:

Eth,heating Eth,cooling

E
PEgs = th,GBDHW,RS |

(11)
1GB COPRHP,heating,RSUel COPRHP,cooling,RSUel

where PEgg is the primary energy consumption of reference system, Ey, gg prw rs is the en-
ergy consumed for purposes of domestic hot water preparation for RS, 775p is the efficiency
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Cop,PS =

Ewn,cB,pHW,Ps + Etn,GB,ACH,PS

of the gas boiler, Ey jegting is the energy consumed for heating purposes, COPrypjeating,RS
is the coefficient of performance of the reversible heat pump in heating mode for RS,
el is electric grid efficiency, Egcooling is the energy consumed for purposes of cooling,
COPRHPpcooling ks 1S the coefficient of performance of the reversible heat pump in cooling
mode for RS.

Eth,GB,DHW,PS + Eth,GB,ACH,PS Eel,RHP,heating,PS Eel,RHP,cooling,PS
PEps = + +

12
NGB Hel el 12)

where PEpg is the primary energy consumption of PS, Ey, G pgw ps is the energy consumed
for purposes of domestic hot water preparation for PS, Ey, gg acr ps is the energy con-
sumed for purposes of cooling with the use of sorption chiller for PS, E,; ryppeating,ps is the
electric energy for purposes of heating with the use of reversible heat pump for PS and
Eel,RHP cooling,Ps 18 the electric energy for purposes of cooling with the use of reversible heat
pump for PS.

PErs — PEps

PEgs

where PESg, is the primary energy saving ratio.

The economic parameters of PS were evaluated by calculating the investment costs of
the mentioned system taken from manufacturers and operating costs of both RS and PS,
according to the methodology available in literature [40]. Parabolic dish concentrator with
a double-axis tracking system costs was assumed to 118 €/m? and 825 €, respectively [30].
Solar thermal collectors cost was 150 € /m? and for the absorption and adsorption chiller
units was 300 and 500 €/kW, respectively [39]. The cost of other components, like control
system, pumps, etc., was included in the total costs of PS and the maintenance costs of PS
and RS were ware assumed to be the same, allowing to neglect the effect of maintenance
on the economic results.

To calculate the operating costs of both systems, the natural gas and electrical energy
price were taken from the Eurostat data [41], thus were set to 0.0425 and 0.1475 €/kWh,
respectively. Costs of operation of both RS and PS systems (Cyp) and the savings (AC,y)
were calculated based on Equations (3) and (4).

PESr = (13)

Etn,GB,DHW,RS

= ¢NG + (Eel,RHP heating,RS + Eel, RHP,cooling,RS ) Cel (14)

Cop,RS =
where Cyy, rs is the cost of operation of the RS, ¢y is the cost of natural gas, E.; rrpeating RS
is the electric energy used for purposes of heating with the use of reversible heat pump, RS,
Eel,RHPcooling, RS 18 the electric energy used for purposes of cooling with the use of reversible
heat pump, RS and c,; are the costs of electric energy.

1GB CNG + (Eel,RHP,heuting,PS + Eel,RHP,cooling,PS + Eel,uuxiliaries,PS)Cel (15)

where C, ps are the costs of operation, PS, and E, gxiliaries, ps 1S the electric energy used for
purposes of auxiliary elements, proposed system.

Acop = Cop,RS - Cop,PS (16)

where AC,), are the savings caused by implementation of the proposed system
The simple Pay Back period (SPB), defined as the ratio between the cost of the proposed
system and the savings, was calculated to assess the economic results of the hybrid system.

2.4. Case Study

The case study adopted to investigate the system energy and economic performance
consisted of a one floor single family household, with an attic, and a sloped roof (Figure 3).
The model of the building structure has been adopted in other papers of the authors [30].
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In the present case, the thermal load of the building were calculated within the developed
model assuming Typical Meteorological Year (TMY) climatic conditions with the adop-
tion of Meteonorm weather data of Cracow, Southern Poland. The building geometrical
structure has been reported in Figure 3. The ground floor area consisted of one room of
50 m? and two rooms of 25 m?2, while the attic had a useful area of 75 m2. The floor height
was 2.70 m and the slope of the roof was 30°. The building exposition with respect to the
south-north direction has been set as shown in Figure 3. The building envelope elements, as
walls, roof, and floor, were modeled setting several layers for each component simulating
the structure of a realistic building envelope. The information about building envelope
components have been reported in Table 2 in terms of thermal transmittance and structure.

Table 2. Building envelop elements thermal transmittance and structure.

Building Envelop Element

Transmittance [W/(m?K)] Description and Structure

External window
External wall
Adjacent wall

Ceiling

Roof

Ground floor

1.10 frame to window ratio: 0.2

external plaster: 2.0 cm, insulation: 7.0 cm, brick: 20.0 cm,
0.40 .
internal plaster: 1.0 cm
2.20 internal plaster: 1.0 cm, brick: 17.0 cm, internal plaster: 1.0 cm
wood parquet: 1.5 cm, concrete: 15.0 cm, brick: 15.0 cm,

1.58 internal plaster: 2.0 cm
roof sheet: 0.1 cm, insulation: 10.0 cm, brick: 10 cm,
0.32 R
internal plaster: 1.0 cm
037 wood parquet: 1.5 cm, concrete: 5.0 cm, insulation: 7.0 cm,

foundation slab: 30.0 cm,

Figure 3. Building structure: (a) outside and (b) inside.

The building hydronic air conditioning system consisted of one fan-coil for each zone
of the building, operating from 15 November to 31 March and from 1 May to 15 October
during the heating and cooling season, respectively. Regarding the daily operation, air
heating was set for the whole day, while air cooling was assumed to work from 8:00 am
to 10:00 pm. In the thermal model of the building, realistic thermal load and loads were
implemented (Table 3). The DHW demand was set to 60 L/person/day with a realistic
profile during the day. The hourly space heating and cooling demand for the case study
building is shown in Figure 4.

Table 3. Internal thermal loads of the building.

Load Description
Person activity 5 persons, sensible heat 75 W, latent heat 75 W
Electric equipment 3.3 W/m?
Lights 5.0 W/m?

Fresh air infiltration Fresh air changes, 0.25 Vol /h
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Figure 4. Thermal power demand for space heating and cooling of the building.

The case study in terms of system configuration was completed assuming several
design and operational parameters of all components. The main parameters have been
listed in Table 4.

Table 4. Parameters of the main components of the hybrid system.

Parameter Value Unit Parameter Value Unit
SC, Area 15 m? TK1, thermal loss coefficient 0.694 W/m?2/K
SC, slope 30 © TK1, height 1.3 m
SC, absorber emittance 0.1 - TK2, volume 250 L
SC, absorptance of absorber 0.95 - TK2, thermal loss coefficient 0.694 W/m2/K
SC, loss coefficient 0.833 W/m2/K TK1, height 1.2 m
CONC, dish area 5 m? Absorption chiller, cooling capacity 7 kW
CONC, receiver area 0.03 m? Adsorption chiller, cooling capacity 7 kW
CONC, receiver absorptance 0.9 - Adsorption chiller, nominal COP 0.72 -
CONC, emittance 0.8 0 P2, flowrate 1680 kg/h
HW, specific heat 3.66 kJ/kg/K P3, flowrate 1580 kg/h
HW, density 1036 kg/ m> P4, flowrate 700 kg/h
P1, flowrate per SC area 100 kg/h/ m? P5, flowrate 1050 kg/h
TK1, volume per SC area 50 L/m? P6, flowrate 2400 kg/h

In order to determine the values of such parameters, manufacturer data were used
and an iterative sizing/design procedure was performed, allowing to achieve a satisfactory
system configuration from the point of view of energy generation, dynamic operation,
and capability to cover the thermal demand of the building users. It is worth noticing
that for the solar collecting devices the size was selected taking into account their thermal
energy production in order to meet a part of the user demand. Thus, the aperture area of
SC and CONC are higher than the ones of the units present in the experimental installation.
The selection of different areas was possible because the models of the components are
validated, thus the reliability of the simulations is independent of the selected configuration
of each solar device.

3. Results and Discussion

In order to perform the simulation and the investigation of the system, the simulation
time was set to one year (from 0 to 8760 h) with a timestep of 0.05 h, allowing to achieve a
satisfactory time resolution in terms of the dynamic behavior of the system. The simulation
was carried out for the layout with an adsorption (ADS) and absorption (ABS) chiller with
and without the operation of GB in order to provide auxiliary heat to such devices.
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In particular, the dynamic trends of the system variables were analyzed for the entire
system operation along the year, nevertheless, for sake of brevity, only the trends of
temperature and powers highlighting the operation of the system with ADS and GB
providing auxiliary heat for a typical winter and summer day have been reported in the
following. The same configuration of ADS and GB was selected to show the operation of
the system during the year with weekly results. The yearly energy and economic results
of the system were discussed for all the configurations of thermally driven chillers al GB
operation for the base case study consisting of Cracow locality, and for a different locality
consisting of Naples, Southern Italy. For the simulation of the second locality, Eurostat data
regarding energy prices were used, as for the first one.

3.1. Daily Analysis for Winter Operation

The system operation in terms of temperatures and power trends, calculated with
dynamic simulation, has been presented for the day of January 25th, occurring from 600th
to 624th of the year. The temperatures of the working fluids at the outlet of the main
components and the ambient air temperature have been reported in Figure 5.
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Figure 5. Temperatures of the working fluids at the outlet of the main components and the ambient
air temperature, winter day.

In the night hours, the temperatures at the outlet of SC and CONC decrease due to the
lack of solar radiation and the occurrence of thermal losses to the environment. In the same
way, the temperature at the top of TK1 decreases during the first morning hours due to a
short activation of the tank in order to supply the source side of RHP. This occurs because
the air temperature in the same period drops and equals the temperature of the tank, thus
DC, which provides thermal energy to RHP, is turned off and the P2 starts to pump HW
to RHP. This operation occurs only for about 30 min since the air temperature starts to be
2 °C higher than the one of the water inside the TK1 top part. This condition is also present
after 8:00 am. It is interesting to note that after TK1 thermal energy supply to RHP, the
top temperature of TK1 starts to slightly increase due to the internal heat exchange inside
the stratified tank. In fact, the temperature at the middle part of the tank is higher than
the top one.

According to the implemented control strategy, SC and CONC start to operate after
about 8:00 am, due to the increase of solar radiation above 10 W/m?2. However, after that
time TK1 has not reached an adequate temperature to provide heat to RHP, thus only
after 10:00, am when the tank temperature overcomes the air one, solar heat is used as
a source for the evaporator of RHP. The heating operation of the TK1 tank continues to
about 3:00 pm, when the tank achieves the temperature of 25 °C, and after that the thermal
energy generated by both SC and CONS is transferred by the internal heat exchanger to
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TK2 in order to heat DHW. The condition of a thermally loaded TK1 tank allows to operate
RHP only with solar thermal energy to the end of the day with no activation of DC.

During the winter operation day, RHP stabilizes the temperature of the heated water
to about 40 °C, and only some oscillations are present due to the increase of the temperature
returning by the FC heating system of the user, that is caused by the reduction of the thermal
demand for space heating. In such a case, the heat pump is activated and deactivated in
order to keep the inlet temperature to FC below the maximum set point of 42 °C.

The operation of the system in terms of thermal powers of the main system compo-
nents for the same selected day are reported in Figure 6. In this figure, it clearly shown the
activation and deactivation of the system components. The thermal energy production of
SC and CONS is present during the central hours of the day (8 h), and here the different
magnitude of the energy production between the devices, due to the collection of different
components of the solar radiation and different aperture area, can be noticed. In the first
part of the day, RHP operates at almost constant load, due to the slight variation of the air
temperature, and during such time it is for the most of the time supplied by DC. Only in
two moments TK1 supplies thermal energy to RHP, as pointed out also by the temperature
trends. The constant operation of RHP ends after 9:00 am when the space heating demand
decreases due to the increase of air temperature and the presence of solar radiation. After
such a moment the thermal power supplied by the load side of RHP is a function of the
operation of the FC system, where the heating units operate to keep the air temperature of
the rooms between 20 and 22 °C.
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Figure 6. Thermal powers of the main system components, winter day.

3.2. Daily Analysis for Summer Operation

The typical operation of the system during the cooling season has been presented for
the day of August 2nd, occurring from 5112th to 5136th of the year. The temperatures of
the loops at the outlet of the main components have been reported in Figure 7.

After about 6:00 am, the activation of the solar loop occurs, and SC and CONC outlet
temperatures start to increase due to the increase of solar radiation. However, during the
first operation hours the thermal energy produced is only supplied to TK2 in order to
heat DHW, since only after 10:00 the temperature at the outlet of CONC rises above the
one present at the top of TK1, allowing one to increase the temperature of the thermal
storage up to a maximum of 65 °C. The heating of TK1 by SC and CONC continues to
about 4:30 pm, when the solar loop temperature starts to decrease.

During the night hours, TK1 temperature decreases, thus when the space cooling sys-
tem is activated, the activation of GB in order to provide auxiliary heat to ADS is required.
In fact, the tank temperature remained above the limit determining the deactivation of the
adsorption chiller (53 °C), this GB operation was possible. The activation of GB increase
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also TK1 temperature, due to heated fluid by GB returning from ADS. It is worth noting
that the activation of GB is repeated again during the morning hours, due to the decrease
of TK1 temperature caused by the thermal demand of ADS for space cooling.
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Figure 7. Temperatures at the outlet of the main components, summer day.

Furthermore, the temperature trends also show that the thermally driven chiller is
sufficient to provide space cooling during the selected day, indeed the temperature of
TK1 oscillates on the activation range of ADS and the chiller is capable to provide chilled
water at the fixed set point (7 °C). In the same way, on the side of the FC system, the
returning temperature oscillations are also limited, due to the relatively small variation of
the cooling demand.

The operation of the system in terms of thermal powers of the main system com-
ponents for the summer day are reported in Figure 8. In this figure, the activation and
deactivation of GB and ADS are clearly pointed out. As previously mentioned, during
the first morning hours GB provides auxiliary heat to ADS in order to allow its operation
without turning on RHP in cooling mode. In addition, during the day the ADS cooling
power, and this the thermal power supplied by TK1, increases significantly. This occurs
because additional cooling must be performed for all the rooms of the building in order to
keep the air temperature between 24 and 26 °C. Moreover, the dynamic trends show that
the thermal energy supplied by GB to run ADS when TK1 temperature decreases below
55 °C is relatively small.
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Figure 8. Thermal powers of the main system components, summer day.
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3.3. Weekly Analysis of the System Operation

The thermal energy of the main system components on weekly basis have been shown
in Figures 9 and 10. The thermal energy produced by SC and CONC undertakes an
oscillatory trend depending on the solar irradiance and thermal load of the system. In
detail, the solar thermal energy production is lower during winter as compared to the
summer period, and this affects the amount of thermal energy used for DHW in the cold
months, since the majority of the energy goes to TK1, and this involves the activation of
GB for DHW production. On the other hand, during the central weeks of the year, the
supply of solar heat to TK2 oscillates stably, highlighting that the DHW demand is almost
entirely met by solar energy. This is due to an oversized solar system with respect to the
sole DHW demand, indeed during the period when space conditioning is not needed
(heating and cooling), the thermal energy production of SC drops. The lower is the thermal
demand of the user, the higher is the operating temperature of the solar loop, and thus
higher are the thermal losses. Among the solar devices, flat plate collectors are the ones
that are more sensitive to the operation temperature, thus the effect is higher compared to
the concentrating unit. Moreover, due to the high-temperature operation also the summer
heat production levels are limited, achieving values comparable to the ones present and
the end and beginning of the heating season.
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Figure 9. Thermal energy flows of SC, CONC, TK1, TK2, and GB for ADS, weekly analysis.
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Figure 10. Thermal energy flows of RHP, ADS, and DC, weekly analysis.
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The activation of GB in order to supply heat to ADS in summer is frequent in some
weeks when the solar energy production is higher. In fact, the higher is the energy yield,
the higher is the space cooling demand. The weekly trend also highlights that the operation
of RHP is rarely needed during the summer period since the majority of the space cooling
demand is match by the solar-powered adsorption chiller. This is partly due to the relatively
small space cooling demand of the user compared to the heating one. For this reason, the
activation of RHP as an auxiliary device for cooling purposes is rarely needed.

The thermal efficiency of SC and CONC and the COP of ADS and RHP have been
reported in Figure 11.

1.0 8.0
7.0
0.8
- 6.0
[=%}
S 06 50_ T Msc
w1 . —_
2 % —*Nconc
4.0
"% ~ COP g
o
é‘ 0.4 ’“\/ 300 COPRHP
L
&
m 2.0
0.2
1.0
0.0 0.0

—

4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52
Time [weeks]

Figure 11. Thermal efficiency of SC and CONC and the COP of ADS and RHP, weekly analysis.

SC field achieves a relatively better thermal performance during the winter with re-
spect to summer and mid-season weeks, and this is due to the lower operation temperature
of HW. In fact, during such a period the solar collector works with a relatively small tem-
perature, limiting the thermal losses. Therefore, the variation of SC efficiency is significant,
ranging between 0.159 and 0.705. Conversely, apart from few weeks in the mid-season
period, the efficiency of CONC is stable, varying from 0.738 to 0.817. The variation of COP
of ADS is relatively small (0.514-0.619), and, as expected, the highest values are achieved
for the weeks with higher insolation. This result is due to the implemented control strategy
on the ADS generator supply temperature, which is kept in the required range by the
supply of heat by TK1 and GB. Furthermore, the COP of RHP during winter oscillates
between 2.24 and 4.59, while during the cooling period it ranges from 4.16 and 6.387.

3.4. Yearly Results

The annual analysis of the system energy and economic performance was carried
outperforming a one-year integration period within the simulation. As mentioned the
results were carried out for two locations (Cracow and Naples) under four thermally
driven/auxiliary heating configurations. Main thermal and electrical energies in the system
and the energy and economic indexes of the system for Cracow and Naples localities have
been reported in Tables 5 and 6, respectively.

The results outline that solar energy produced by SC is about 2-3 times higher with
respect to CONC for the selected localities. This is due to the different aperture areas of
the devices and the different availability of the solar direct radiation. However, the energy
yield of CONC is not marginal due to the better thermal performance of the concentrator
with respect to the solar collectors. It is important to note that the effect of the adoption
of different thermally driven chillers on the solar thermal energy production is negligible
since the temperature variations in the solar loop due to the type of chiller adopted are
limited. However, the type of chiller unit affects the heat provided by TK1 during summer.
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The higher activation temperature of ABS with respect to ADS decreases the heat available
for the activation of the thermally driven unit.

Table 5. Yearly results for Cracow location.

Parameter ADS + GB ADS ABS + GB ABS Unit

Isc 1.79 x 10* 179 x 104 179 x 10* 179 x 10*  kWh/year
Icone 3.00 x 105 3.00 x 103 3.00 x 103 3.00 x 103  kWh/year
Ehsc 6.89 x 103 6.93 x 10> 638 x 10> 642 x 103 kWh/year
Eih coONC 223 x 103 223 x 103 224 x10% 224 x103  kWh/year
Eih winter,TK1 2.79 x 103 279 x 103 279 x 108 279 x 103  kWh/year
Eth summer,TK1 292 x10° 299 x10° 219 x 10° 226 x 10>  kWh/year
Eh TK2,5C + CONC 2.38 x 103 237 x10% 250 x10% 251 x10°  kWh/year
Ew TK2,GB 1.92 x 10° 193 x 100 179 x 10> 1.80 x 10> kWh/year
Eih ADS,GB 8.45 x 102 - 7.78 x 10? - kWh/year
Eih source, ACH 3.20 x 103 244 x 105 215x10° 147 x10°  kWh/year
Eth Joad ACH 1.88 x 105 142x10®> 159 x 10> 1.09 x 103  kWh/year
Eih source,winter, RHP 6.40 x 103 639 x 103 639 x 103  6.40 x 103  kWh/year
Eth load,winter, RHP 9.72 x 103 972 x10° 971 x10° 972x10° kWh/year
Eth source,summer,RHP 5.58 x 10! 713 x 10> 7.65x 10>  1.39 x 10> kWh/year
Eih load summer,RHP 456 x 10! 586 x 102 629 x 10> 114 x 103  kWh/year
Efh winter,DC 3.30 x 10° 329 x 10> 330 x 10> 329 x 103  kWh/year
Eih summer, ACH,DC 445 x 10° 338 x 105 322x10% 219 x 10>  kWh/year
Eth summer, RHPDC 5.37 x 10! 7.05 x 10> 748 x 10>  1.38 x 10>  kWh/year
Eih winter, HS 9.61 x 103 9.61 x 103 961 x 10> 961 x 10>  kWh/year
Eih summer,HS 2.10 x 103 210 x 103 212 x10%  212x10°  kWh/year
Eel winter, RHP 3.32 x 10° 332 x 10  332x10° 332x10° kWh/year
Ecl summer,RHP 1.02 x 10! 1.28 x 10> 1.36 x 10> 249 x 10>  kWh/year
Eel auxiliaries 3.98 x 102 387 x 102 368 x 10> 355x 10> kWh/year
Nsc 0.386 0.388 0.357 0.360 -
NCONC 0.745 0.743 0.746 0.747 -
COPacy 0.587 0.581 0.739 0.740 -
COPyinter RHP 2.926 2.925 2.925 2.926 -
COPsymmer,RHP 4.467 4,591 4.619 4,555 -
PEps 145 x 10 1.39 x 10* 146 x 10*  1.40 x 10*  kWh/year
PESr 0.263 0.297 0.261 0.291 -
ACop 2.99 x 102 323 x 102 291 x10%2 3.2 x 102 €/year
SPB 24.0 22.2 19.8 18.4 years

The result shows that DHW consumption of the user is covered mainly by the solar
system for all the selected localities, indeed solar energy contributes to the production of
DHW between 55.4 and 58.2% for Cracow, and from 86.3 and 89.4% for Naples. Moreover,
it is worth noting that the solar thermal energy supplied by TK1 to the source side of RHP
in the case of Cracow is about 2.5 times higher with respect to Naples, despite the different
solar energy availability. This is due to a higher space heating demand of the Polish locality
compared to the Italian one.

The space cooling demand is matched in almost the major part by solar energy
compared to the electrical chiller in Cracow, ranging between 49.0 and 97.6%, while for
Naples the space cooling demand is provided by solar heat from 46.1 to 99.1%.

The thermal efficiency of SC is lower for Naples compared to Krakow, due to higher
solar energy availability determining an increase of solar loop operating temperature,
which implies higher thermal losses, especially in the summer period. For the same reason,
the efficiency of CONC is lower for Naples, due to the higher operation temperature of the
receiver. Nevertheless, the efficiency variation for Naples is limited, since it is confined to
range from 5.9 to 6.6%.

The results also point out that the adoption of GB as an auxiliary device to drive the
thermally driven chiller in case of scarce solar radiation has a limited effect on the COP
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of the unit. This is achieved because the temperature of the hot fluid is similar to the one
provided by the solar loop under normal operation and because in such a temperature
range both devices are not significantly affected by the driving temperature. Moreover,
a similar result is outlined looking locality at the effect of the locality, since it scarcely
affects the COP of both ADS and ABS. This condition is achieved on the basis of the
temperature control strategy and a relatively small mean generator variation between
Cracow and Naples.

Table 6. Yearly results for Naples location.

Parameter ADS + GB ADS ABS + GB ABS Unit

Isc 2.60 x 10% 260 x 104 260 x 10* 260 x 10*  kWh/year
Icone 5.86 x 103 586 x 10> 586 x 10> 586 x 103  kWh/year
Eihsc 9.12 x 103 912 x 103 813 x10® 822x 10> kWh/year
Eih conC 4.10 x 103 410 x 10° 409 x 10° 410 x 10>  kWh/year
Eth winter TK1 1.10 x 103 110 x 10> 1.09 x 103 1.09 x 103 kWh/year
Eih summer,TK1 6.67 x 103 672 x 103 540 x 10> 551 x 10>  kWh/year
Eh TK2,5C + CONC 3.61 x10° 360 x 10° 373 x10° 373 x10°  kWh/year
Eih TK2,GB 5.69 x 102 571 x 102 442 x 10> 443 x 10> kWh/year
Eih ADS,GB 3.24 x 103 - 291 x 103 - kWh/year
Eth source, ACH 9.28 x 10° 6.15 x 10> 7.39 x 10>  4.64 x 10>  kWh/year
Eih load, ACH 5.93 x 103 3.85x10% 551 x10° 346 x 103 kWh/year
Eth source,winter, RHP 1.35 x 103 135 x 103 1.35x10®> 135 x 10>  kWh/year
Eih load,winter, RHP 1.79 x 10° 1.79 x 103 1.79 x 103 1.79 x 10> kWh/year
Eih source,summer,RHP 6.32 x 10! 331 x10° 244 x10° 500x10° kWh/year
Eth load summer,RHP 5.16 x 10! 268 x 103 198 x10°  4.04 x 10>  kWh/year
Eih winter,DC 1.75 x 102 1.76 x 10> 1.75 x 10> 1.76 x 10>  kWh/year
Eth summer, ACH,DC 133 x 10+ 872 x10°  1.10x10*  6.89 x 10>  kWh/year
Eih summer,RHP.DC 6.22 x 10! 329 x 103 241 x10% 498 x 10>  kWh/year
Eih winter HS 1.66 x 103 1.66 x 103 1.66 x 10> 1.66 x 10>  kWh/year
Eth summer, HS 6.77 x 10° 7.00 x 10> 740 x 103 740 x 103 kWh/year
Eel winter, RHP 4.40 x 102 440 x 102 441 x 10> 440 x 10> kWh/year
Eel,summer,RHP 1.16 x 101 6.27 x 102 4.63 x 10> 9.62 x 10> kWh/year
Eel auxiliaries 2.71 x 10? 269 x 102 268 x 102 268 x 102  kWh/year
e 0.351 0.351 0.313 0.316 -
NCONC 0.699 0.699 0.697 0.700 -
COPacH 0.639 0.626 0.746 0.746 -
COPyinter RHP 4.065 4.065 4.069 4.066 -
COPgymmerRHP 4.446 4275 4275 4198 -
PEps 6.66 x 10> 472 x10° 749 x 10> 558 x 10>  kWh/year
PESr 0.518 0.664 0.480 0.613 -
ACop 5.85 x 102 742 x 102 5.67 x 102 7.05 x 102 €/year
SPB 12.2 9.7 10.2 8.2 years

From the point of view of primary energy saving, the variation of PESr for all the
system configurations in Cracow is from 0.261 and 0.297, revealing that the effect of
the type of chiller and the adoption of an auxiliary device is scarce. Nevertheless, it
must be noticed that the use of GB reduces PESr of about 0.03. For Naples, PESr varies
between 0.480 and 0.664, and the effect of GB on PESr is higher since is in the range
of 0.133 and 0.146. The result is due to the magnitude of space cooling energy demand,
being higher for Naples compared to Cracow. Higher is the cooling demand, higher is the
influence of the energy source for the production of space cooling.

Looking at the economic results, it is evident that the proposed system is not feasible
in case Cracow, since high investment cost is not connected with adequate savings that
may be achieved. Indeed, despite a high heating demand, the system not achieves in
the winter period a substantial increase of the performance in providing space heating
compared to the reference system. This economic result is also due to relatively small
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cooling demand and energy prices (natural gas and electricity). Moreover, the adoption of
a more costly thermally driven chiller, as well as the adoption of GB as an auxiliary device,
affects negatively the economics of the system.

Finally, in the case of Naples, SPB values are two times lower compared to Cracow,
which is achieved since for this locality the space cooling demand, electrical energy, and
natural gas prices are higher. Under these conditions, the proposed system may be a
possible and valid solution as an alternative to conventional heating and cooling systems
based only on reversible heat pumps.

4. Conclusions

In the paper, a comprehensive investigation of the operation and energy, and economic
performance of a novel and hybrid solar heating and cooling system is presented. The study
is focused on a system consisting of a flat-plate solar collector, solar concentrator, thermal
storage, reversible water-to-water heat pump and thermally driven chiller (absorption and
adsorption unit) used to provide space conditioning in winter and summer and to produce
domestic hot water during the whole year. The system uses also air as a heat source or
heat sink, by means of a dry cooler, for the reversible heat pump during winter and to
reject thermal energy related to space conditioning in summer, respectively. The system is
examined using dynamic simulation carried out with TRNSYS software and assuming a
reference system consisting of a conventional reversible heat pump for air conditioning
and a natural gas boiler for domestic hot water heating. The latter one is assumed to
be operating also in the proposed system for auxiliary production of domestic hot water
and producing auxiliary heat for the thermally activated chiller. The system is applied
to a residential user, consisting of a household with five inhabitants under the weather
conditions of Cracow, Southern Poland. In order to assess the system performance for
different conditions, Naples, Southern Italy, is selected for comparison.

The adoption of adsorption or absorption unit as chiller along with the possibility to
use or not the natural gas boiler for providing auxiliary heat to such chillers are investigated.
In particular, the system dynamic behavior is analyzed on daily basis for the configuration
with adsorption chiller and natural gas boiler as an auxiliary device for a representative
winter and summer day. A weekly time scale is adopted to investigate the system perfor-
mance along the yearly operation period, while yearly energy and economic parameters
are calculated to evaluate the global performance for different system configurations under
Cracow and Naples conditions. The analysis reveals that:

- in the winter period and night hours, after a thermal energy by the storage tank to
the reversible heat pump, the top temperature of the tank starts to slightly increase
due to the internal heat exchange inside the stratified tank. Moreover, the condition
of a thermally loaded TK1 tank allows one to operate the reversible heat pump only
with solar thermal energy until the end of the day without using external air as a heat
source for the device;

- in the summer period, when the space cooling system is activated, the activation of
the axiality boiler in order to provide auxiliary heat to ADS is required;

- the activation of the gas boiler in order to supply heat to the adsorption chiller in
summer is frequent in some weeks when the solar energy production is higher. In fact,
the higher is the energy yield, the higher is the space cooling demand. This operation
characteristics is found also in Ref. [42], where the auxiliary boiler must be activated
during the hottest weeks of summer when the cooling load is high. The weekly trend
also highlights that the operation of the reversible heat pump is rarely needed during
the summer period, since the majority of the space cooling demand is matched by the
solar-powered adsorption chiller;

- the weekly variation of solar collectors efficiency is significant, ranging between
0.159 and 0.705. Conversely, apart from few weeks in the mid-season period, the effi-
ciency of the concentrator is stable, varying from 0.738 to 0.817. The variation of the
Coefficient of Performance of the adsorption chiller is relatively small (0.514-0.619),
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and the highest values are achieved for the weeks with higher insolation. The achieved
performance of the adsorption unit is similar to the ones reported in literature [43].
This is due to the adoption of a commercially available unit and ensuring a tempera-
ture operation range allowed by the manufacturer;

- the effect of the adoption of different thermally driven chillers on the yearly solar
thermal energy production is negligible since the temperature variations in the solar
loop due to the type of chiller adopted are limited. However, higher activation
temperature of the absorption chiller with respect to the adsorption unit decreases the
heat available for the activation of the thermally driven unit;

- the space cooling demand is matched in almost the major part by solar energy com-
pared to the electrical chiller in Cracow, ranging between 49.0 and 97.6%, while for
Naples the space cooling demand is provided by solar heat from 46.1 to 99.1%. The
solar fraction for Cracow is coherent with the one achievable in Berlin [44], which
has similar weather conditions to the selected Polish locality. On the other hand,
also for Naples the achieved solar cooling system performance is similar to literature
data [45], pointing out that the system performance is intrinsically related to the
weather conditions of the selected locality;

- the variation of the Primary Energy Saving ratio for all the system configurations in
Cracow is from 0.261 and 0.297, revealing that the effect of the type of chiller and
the adoption of an auxiliary device is scarce. Whereas, for Naples, the same ratio
varies between 0.480 and 0.664, and the effect of the operation of the natural has on
the energy-saving is higher;

- the proposed system is not profitable in case Cracow, since a Simple Pay Back period
of about 20 years is achieved. Conversely, case of Naples, the same index achieves
a value between 8 and 12 years showing that the proposed system may be a viable
solution for heating and cooling installation. These results find confirmation in a
previous paper of the authors [30], although in the present paper a different solar
cooling installation and the solar heating option are considered. This shows that for
the proposed system the adoption of only cooling or both solar heating and cooling
operation modes does not affects significantly the economic profitability of the system,
independently from the considered location.
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