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Abstract: The need for innovative heating and cooling systems to decarbonize the building sector
is widely recognized. It is especially important to increase the share of renewables at building level
by maximizing self-consumption and reducing the primary energy demand. Accordingly, in the
present paper, the results on a wide experimental campaign on a hybrid system are discussed. The
system included a sorption module working as the topping cycle in a cascade configuration with a
DC-driven vapor compression heat pump. A three-fluids heat exchanger with a phase change ma-
terial (PCM), i.e., RT4 with nominal melting temperature of 4 °C, was installed on the evaporator
side of the heat pump, for simultaneous operation as thermal storage and heat pumping purposes.
The heat pump was connected to a DC-bus that included PV connection and electricity storage (bat-
teries). Results showed that the energy efficiency of the heat pump in cascade operation was double
compared to compression-only configuration and that, when simultaneously charging and dis-
charging the latent storage in cascade configuration, no penalization in terms of efficiency compared
to the compression-only configuration was measured. The self-sufficiency of the system was evalu-
ated for three reference weeks in summer conditions of Athens climate and it was found that up to
100% of the electricity needed to drive the system could be self-produced for a modest cooling de-
mand and up to 67% for the warmer conditions with high cooling demand.

Keywords: heat pump; thermal energy storage; electricity storage; PCM; cooling; buildings

1. Introduction

Climate change mitigation is calling for integrated solutions that act at different lev-
els to reduce the energy consumption at grid scale, as well as at residential level, through
the increase of self-consumption of renewables [1]. To this aim, several possible paths
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were proposed, including passive solutions such as innovative materials for use as insu-
lation and in fagades and windows [2—4], active solutions with latent storages based on
phase change material (PCM) slabs and panels [5-7], and energy systems based on solar
energy. In particular, solar-assisted systems for heat pumping (in heating-dominated cli-
mates) [8] and solar cooling (in cooling-dominated climates) [9,10] were extensively stud-
ied for both residential [11] and tertiary applications [12]. Among the solar systems for
residential applications for maximization of self-consumption, a common solution is the
use of a reversible heat pump powered by PV (photo-voltaic) panels that supply the elec-
tricity needed to drive the compressor [13,14], or a heat pump connected to PV/T panels
that can also supply the evaporation heat during winter season. This is highlighted by
several authors considering different layouts, such as direct expansion [15], gas-driven
[16], water-source [17], dual-source [18]. In warm climates, however, the only solution that
allows having high solar fractions during the whole year is the use of solar-powered
systems based on thermally driven heat pumps/chillers and sorption-based solid [19] or
liquid systems [20]. The main drawbacks of such systems are the low efficiencies at high
ambient temperatures, which make difficult to guarantee comfort conditions in the
conditioned rooms, and the possibility of running on solar energy only in a limited
number of hours [21,22]. As a solution, the integration of energy storage systems for short
term and seasonal cases is considered as a promising alternative. For short term (daily)
applications, the use of electric storage coupled with PV for extending the operating hours
of heat pumps even after sunset was studied numerically [23,24] and experimentally [25].
At the same time, the application of PCMs for thermal energy storage was assessed. Their
application in combination with solar-assisted systems can either be on the high
temperature side of the thermally-driven chiller/heat pump [26] or on the low-
temperature side of the system, being charged by the vapor compression heat pump
[27,28].

An alternative solution for the exploitation of renewables in different climates, with
high efficiency and reaching comfort conditions also under extreme temperatures, is the
application of two-stage cycles with a thermal unit (i.e., a sorption chiller/heat pump) and
a vapor compression one since, as demonstrated by Palomba et al. in [11], primary energy
savings up to 40% can be achieved. The same promising features were numerically
assessed by Gibelhaus et al. in [29] for hybrid sorption-compression cycles using CO: heat
pumps. Another hybrid configuration was simulated by Jia et al. [30] and consists of an
ammonia-water absorption-resorption heat pump for efficient utilization of low-
temperature heat for residential heating applications. The results indicated that heat
source temperatures as low as 82 °C can be used to drive the cycle, which allows the
coupling with commonly used non-concentrating solar collectors for space heating.

As a further step forward in the realization of an integrated system for building
heating/cooling with a high share of renewables, several hybrid solutions were proposed
in the literature. Yao et al. [31] numerically studied a PV/T (Photo-Voltaic Thermal)
module coupled with heat pump and a latent storage. Solar collectors provide the energy
for evaporation in a direct-expansion configuration, whereas the PCM storage is
embedded on the condenser side of the heat pump. The results of simulation indicate that
higher efficiencies than conventional heat pump systems can be achieved and that, based
on the size of the PV/T module, excess electricity to be fed to the grid can be produced.

Dannemand et al. [32] designed and experimentally verified a solar system for
heating and domestic hot water including a solar-assisted heat pump powered by PV/T
collector and coupled with a sensible thermal energy storage tank for domestic hot water
(DHW). The PV/T collector acted as electricity source for the heat pump and as thermal
source for the evaporator of the heat pump. The results of the experimental campaign
indicated that up to 60% of evaporation energy needed in winter could be supplied by
PV/T, but enhanced performance requires further efforts for components sizing and
control.



Energies 2021, 14, 2580

3 of 30

Lazzarin et al. [33] proposed a system coupling a multi-source absorption heat pump
(ground/solar) with three different storages for DHW production, for heating, and for
cooling in a gym in Northern Italy. An energy and economic study was carried out
through TRNSYS with the aim of defining the optimal configuration in terms of energy
and cost savings. Results of the simulations indicated that the best solution is given by 40
m? evacuated tube, 300 m ground probes, 3 m? hot tank, and DHW tank capacity, and 1
m? cold tank capacity filled with PCM RT47. The use of aluminum-enhanced PCM was
evaluated but proved no significant benefits.

Shabgard et al. [34] numerically evaluated the performance of a solar thermal-
powered heating, cooling and hot water system consisting of evacuated tube collectors, a
latent heat thermal energy storage, and an absorption chiller/heat pump under hot climate
conditions (Arizona). According to the simulations carried out, up to 80% of primary
energy savings can be achieved by exploiting solar operation through proper sizing of the
solar collectors’ field and the latent storage.

An alternative configuration was simulated in TRNSYS by Del Amo et al. [35], which
includes a water-water solar-assisted heat pump, PV/T collectors, and seasonal storage for
installation in the university campus od Zaragoza (Spain). The results indicated that self-
consumption can be maximized by selecting the proper volume of the seasonal storage
and the thermal capacity of the heat pump, in order to exploit the electricity from PV/T
for driving the compressor of the heat pump for a high number of hours, while reducing
the need for external heat sources for heating and for providing evaporation heat to the
heat pump.

Acikkalp et al. [36] proposed a solar-based, environmentally-friendly system for
heating, cooling and electricity production based on a solar driven Stirling engine,
chemical heat pump and absorption refrigeration system. Solar energy is the main energy
source for the Stirling engine, whereas the waste heat rejected by the Stirling engine is
used by the chemical heat pump and absorption refrigerator. Results indicate that
maximum power output of the hybrid system increases by 14% and energy efficiency
increases by 13% for the hybrid configuration compared to a reference system producing
heat and electricity through the Stirling engine.

Palomba et al. [12,37] evaluated the application of a hybrid solar-biomass system for
heating, cooling, DHW, and electricity production consisting of evacuated tube solar
collectors with thermo-electric generators, a cascade sorption-compression heat pump
that can work in reverse mode as an ORC (Organic Rankine Cycle) and a biomass boiler.
Results of an energy analysis for residential and office applications demonstrated the
possibility of achieving a high overall share of renewables (i.e., higher than 70%) at
different latitudes (Spain, Germany, Finland).

From the literature review here presented, it is clear that the application of hybrid
multi-source systems is gaining interest and several configurations have been proposed
recently. However, the vast majority of studies are based on numerical simulations,
whereas practical experience and experimental proof of the benefits arising from the use
of such systems are still lacking, especially for the most complex cases. In this context, the
present paper presents the results of the experimental testing on a hybrid thermal-electric
system, developed in the course of the EU-funded project HYBUILD, including a cascade
sorption-compression reversible heat pump with built-in PCM storage and a DC-bus
(direct-current bus) for battery and PV connection optimized for operation in warm
climates for a high level of renewables-powered operation. Several operating modes are
possible and the results for all of them are discussed. Moreover, the application of the
system under realistic conditions is evaluated and the share of renewables, primary
energy savings, and self-consumption share are calculated under typical Mediterranean
conditions.
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2. The Hybrid System
2.1. System Description

The main components of the hybrid system, schematically represented in Figure 1,
include [38]: (1) a sorption module; (2) a vapor compression heat pump with R410A as
refrigerant with variable speed compressor DC-powered; (3) a latent storage made up of
a 3-fluids heat exchanger (refrigerant-PCM-water heat exchanger, RPW-HEX); (4) an elec-
trical storage system; (5) a DC bus connected to the grid and PV, to supply the DC current
to the heat pump. The sorption module, fed by a low temperature heat source (70-90 °C,
such as non-concentrated solar collectors, district heating, etc.) is hydraulically connected
to the condenser heat transfer fluid (HTF) circuit of the compression unit, in order to allow
for cascade operation and reduce the temperature lift for the compression cycle, thus en-
hancing its efficiency [11,39,40]. A preliminary analysis of the system here investigated,
based on validated models for the various components, is reported in [38]. A more com-
plete description of the experimental performance on a lab-scale version of the latent heat
storage is instead presented in [41]. The main innovative feature of such a component is
the direct integration of the storage capacity within the heat pump cycle, since the PCM is
embedded in the same heat exchanger that works as the evaporator of the compression
heat pump. The main features and specifications of the system are given in Appendix A.
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Figure 1. Layout of the hybrid system, including the main sensors used and their names.

A picture of the installed system connected to the test stand at CNR ITAE is shown
in Figure 2, where it is also possible to notice that the latent storage was insulated with 20



Energies 2021, 14, 2580

5 of 30

mm of mineral wool to avoid thermal dispersions towards the environment. Such a value
was selected starting from the datasheet of the insulation material in order to guarantee
that during a typical day-night cycle, i.e., using the storage after sundown, the tempera-
ture of the PCM is still within the phase change range.

¥ DCBUSAND
e . A BATTERIES :
410A HEAT PUMP N B\ VLI
' [ LATENT STORAGE | 3 — :
N = \ 2 1§ l,”

Figure 2. HYBUILD system installed in the laboratory of CNR ITAE.

2.2. Operating Modes

The HYBUILD system here presented allows the provision of thermal energy with a

high rate of self-consumption in residential buildings. It is specifically optimized for the
installation in warm climates, where there is a high share of cooling demand over the year.
Accordingly, the layout was chosen in order to maximize the energy efficiency for high
ambient temperatures during summer. The following main operating modes were evalu-
ated:

Cooling mode 1—cooling through compression unit as stand-alone: in this case, the
sorption module is not powered (i.e., due to a too low temperature of the heat source)
and all the cooling demand is provided by the reversible heat pump, which works as
a chiller. The standard evaporator of the heat pump (i.e., a plate heat exchanger is
employed).

Cooling mode 2 —cooling through compression unit in cascade operation: in this op-
erating mode, the sorption module is powered on and cools down the condenser HTF
circuit of the reversible heat pump, which provides the required cooling demand to
the user, using the standard evaporator.

Cooling mode 3—discharge of the refrigerant PCM water —heat exchanger (RPW-
HEX): in this case, both the sorption module and the reversible heat pump are turned
off and all the cooling demand is supplied by discharging the latent storage.
Cooling mode 4—parallel charge/discharge of the RPW-HEX through compression
unit as stand-alone: this operating mode exploits the unique feature of the investi-
gated system. The reversible heat pump is turned on and the pump on the RPW-HEX
HTF circuit is operated as well. Accordingly, at each instant, the refrigerant and the
HTF are circulated through the RPW-HEX, and while PCM is partially charged, a
cooling effect is delivered to the user. This is particularly suitable for part load oper-
ation. To switch between the RPW-HEX and the standard evaporator, two piloted
solenoid valves were installed on the refrigerant circuit, whereas a three-way piloted
valve was installed in the HTF circuit.

Cooling mode 5—parallel charge/discharge of the RPW-HEX in cascade operation:
similar to the previous operating mode, the RPW-HEX is simultaneously charged
and discharged, but the heat pump is operated in cascade mode.
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¢  Charging mode 1—charging of the RPW-HEX through the compression unit in
stand-alone operation: the pump on the HTF circuit of the RPW-HEX is turned off
and all the evaporation heat is released on the PCM, that is charged. The reversible
heat pump is operated as a stand-alone unit (sorption module is off).

Charging mode 2 —charging of the RPW-HEX through the compression unit in cas-
cade mode: it is similar to the previous operation, but in this case the sorption module is
turned on and cascade connection is realized.

In addition, during winter, the reversible heat pump can provide heating by means
of reversing the HTF circuits of the condenser and the evaporator. However, since no op-
timization on the components and layouts for this case was foreseen, this mode is not
reported in the present investigation.

Regarding the operation of the electrical section, the following control logic is imple-
mented: a range for the operation of the batteries, in terms of minimum and maximum
allowed State Of Charge (SOC) is defined. Accordingly:

e  if the SOC is higher than the minimum one and there is power request from the com-
pressor of the heat pump, then the energy is supplied by the batteries;

e if the SOC is lower than the minimum one, the energy for the operation of the com-
pressor of the pump is taken from the grid.

Moreover, if energy from PV is available, it is used primarily to operate the heat
pump (in presence of cooling/heating demand) and secondarily to charge the batteries.

3. Methodology
3.1. Testing Facilities

A test stand already available at CNR-ITAE was used for testing, which is described
in detail in [39]. It mainly consists of three storages, corresponding to the three thermal
levels needed for the operation of the HYBUILD system. Heat source temperature is sim-
ulated by using two heaters, a gas heater and an electric one, connected to a 1.5 m? storage.
Ambient heat sink is simulated by means of an electric chiller connected to a 1 m? storage,
whereas heat source for evaporation is simulated by means of a 0.75 m? storage with im-
mersed thermal resistances. All the piping of the testing rig is insulated with polyurethane
foam and aluminum external cover. Data acquisition and control are done through cDAQ
National Instrument hardware and LabVIEW software. The DC bus controller was con-
nected to the main electric grid of the laboratory, whereas PV generation was simulated
by means of an ElektroAutomatic DC supply voltage that can be remotely controlled. The
heat storage medium and heat transfer fluid of high temperature (HT) and medium tem-
perature (MT) tanks and HT and MT circuits on the primary side of HEX1 and HEX2 was
tap water, whereas the low temperature (LT) tank and the primary side of HEX3 are filled
with 40% water/glycol mixture. The secondary side of HEX1, HEX2, and HEX3 is filled
with a 10% water/glycol mixture with a corrosion inhibitor (Coracon HE6
(https://www.aqua-concept-gmbh.eu/de/service/ausschreibungstexte/, accessed on 30
April 2021)). An accurate temperature regulation in the various circuits was obtained by
mixing supply and return streams through high-speed mixing valves on the primary side
of HEX1, HEX2, and HEX3.

The following sensors are installed in the testing rig: Class A type T thermocouples
(accuracy +0.5 °C), magnetic flow meters (accuracy +2.5% full scale).

For the testing of the HYBUILD system, additional sensors were installed in the prox-
imity of inlet and outlet of all circuits, which were ultimately used for the evaluation of
system performance. A list of the sensors and their accuracy is given in Table 1, whereas
the layout of the testing rig is shown in Figure 3.
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Table 1. Sensors and their accuracy.

Type of Sensor Measured Quantity

Accuracy

temperatures in the HTT cir-

Pt1000 cuits of the sorption module

+0.15 °C

flow rate of the HTF circuits of

Magnetic flow meters )
& the sorption module

+2.5% full scale

temperatures in the PCM and

Pt100 in the HTF and refrigerant cir- +0.1°C
cuits of the heat pump
fl te of the HTF circuits of
Magnetic flow meters ow rate of the CITEHs 0 +2.5% full scale
the heat pump
Piezoresistive pressure sensor pressure of R410A £2% full scale
I: 0.5% E.S.
lectri ters in the DC
Network analyzer e Ei;iiﬁ: ezisr:litse V:0.5% E.S.
Y W: 1% E.S.
HIGH MEDIUM Low
TEMPERATURE TEMPERATURE TEMPERATURE

STORAGE

HT TANK1

ELECTRIC GAS
HEATER BOILER

HT CIRCUIT HEX1 MT CIRCUIT
VH

HT OUT! MT OU

LTTANK3

LTTANK2

LTTANK1

HEX3
LT CIRCUIT

vir
LTouT! i LTIN

SYSTEM UNDER TESTING

Figure 3. Layout of the test stand at CNR and main sensors.

3.2. Data Collection and Testing Conditions

STORAGE

In order to estimate system performance, heat flows to each component were meas-

ured, and in particular the following quantities were used:

e Thermal power to the heat source circuit of the sorption chiller Qyr.

¢  Heat rejection power of the sorption chiller QMT’ sorp*
e  Evaporation power of the sorption chiller QLT’ sorp’

e Condensation power of the vapor compression heat pump Q, omp"

¢  Evaporation power of the vapor compression heat pump QLT’C omp-

¢  Charge power of the PCM storage QPCM’Ch.
e  Discharge power of the PCM storage QPCM, disch®

e Electric energy input for the operation of the compressor of the heat pump Py comp-

e Auxiliary power for the sorption module, Pgjrp-
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The instantaneous thermal power for each component were calculated as:
Q = I‘th(Tin — Tout) 1)

where Q is the instant power in kW, m is the mass flow rate in the circuit in kg/s, cp is
the specific heat capacity of the heat transfer fluid in kJ/kgK, and Tin and Tout are the inlet
and outlet temperatures of the circuit considered.

Instead, all the electric power contributions were directly measured by means of the
power meter integrated in the rack with DC bus.

In addition, the energy charged or discharged in the RPW-HEX was calculated as:

trest .

Qch(disch)= X QPCM,ch(disch)dt 2)

where Q,iscny [KJ1is the energy charged or discharged and teet [s] is the overall duration
of the test analyzed.

For the evaluation of the performance of the heat pump and the comparison of its
operation in stand-alone the Energy Efficiency Ratio (EER) was calculated as:

QLT,comp

EER =
E

®)
el,comp

The normalized cooling power is defined as the ratio between the cooling power of
the compression unit at a certain condition and the cooling power in nominal conditions.
The nominal conditions chosen are: operation with standard evaporator in compression-
only mode (CM1), inlet temperature to the condenser of 32 °C, outlet temperature in the
HTF circuit of the evaporator of 7 °C., flow rate in the HTF circuit of the condenser of 0.75
kg/s, and flow rate in the HTF circuit of the evaporator of 0.70 kg/s:

. Qcool
Qcoolnorm =

(4)

Qcoolnom

3.3. Uncertainty Analysis

Uncertainty analysis was carried out on the experimental values of thermal powers
and EER, considering the uncertainty on mass flow, temperature, and electrical power
measured. According to the extended uncertainty analysis, the uncertainty on thermal
power was calculated as:

. e 286 2
u(Q) = \/[%u(r'n)] +[%u(AT)] ®)

u(mh) and u(AT) were calculated for a triangular probability distribution as sug-
gested by UNI CEI ENV 13005: u(x) = %. For the flow meter, “a” factor is indicated by

technology provider and, in this case, is 2.5% of measured value:

() a 0.025xm [kg] ©)
u(m) = —==——7—|—
V6 V6 s
For AT uncertainty, the value guaranteed for class A Pt100 was used: a=0.1 °C:
a 01
u(AT) =—==—[°C 7
(AT) N [°Cl ?)
Similarly, for EER uncertainty analysis:
cery - |[CEER e ? s [SEER b ]2 @®
W(EER) = [|=2mu(@)| + |

With:
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0.01 X P,
u(Ra) = 2 === (kW] ©)

Considering the experimental results, the u(Q) was estimated to be in the range of
2-4% and the u(EER) in the range of 4-6%.

4. Test Results

In this section, the main results of tests will be shown. The section is organized as
follows: at first (Section 4.1), the results of the operation of the system without the sorption
module will be given, in terms of typical dynamic evolution. Subsequently, in Section 4.2,
the results of cascade mode will be presented, again in terms of dynamic evolutions of the
various parameters recorded. Section 4.3 presents an overall energy balance of the system
to identify the relative flows and contributions of the components to the overall energy
required and supplied by the system investigated. Finally, Section 4.4 presents the perfor-
mance maps of the system for the various operating modes as a function of boundary
temperatures in the different circuits.

4.1. Stand-Alone Compression Operation

A first series of tests was carried out as a benchmark, considering the different oper-
ating modes when the compression unit works as a stand-alone chiller. In order to better
evaluate the energy charged/discharged and the uniformity in the temperature of the la-
tent storage, 8 Pt100 sensors were installed, and their positions are shown in Figure 4. The
typical temperature evolutions for reference tests are shown in Figure 5 (charging mode
1) and Figure 6 (cooling mode 3, discharge of the RPW-HEX). The curves for the cooling
provision with the standard evaporator (cooling mode 1) are not reported since a contin-
uous and steady-state operation was achieved during the whole test duration.

For the charging operation of the RPW-HEX, the main peculiarities identified were
the extremely high temperature difference between the refrigerant at the compressor out-
let and the evaporator outlet, which penalizes the operation of the system. The spikes in
the temperature evolutions of the refrigerant were due to the operation of the thermostatic
expansion valve. In order to better understand the temperature distribution in the RPW-
HEX, the schematic of the latent storage and the positions of the sensors are shown in
Figure 4. It was possible to notice that, during charge of the RPW-HEX, the areas close to
the refrigerant outlet (PCM4, PCM5) were the coldest one. Moreover, there was a stratifi-
cation in the vertical direction, with the upper part of the HEX (PCM7, PCMS8) at a signif-
icantly higher temperature than the remaining part of the HEX, up to 15 K at the end of
the charging period considered. Indeed, while in the lower and central areas of the RPW-
HEX, the stratification was not so evident (about 3K in the phase change range), the dif-
ference to the upper part of the latent storage was higher. The reasons for this behavior
were different: on the one end, the refrigerant circuit was designed in order that part of
the expansion occurs in the thermostatic expansion valve and part directly in the refriger-
ant distributor shown in Figure 4. However, since the design of the system was carried
out considering the retrofitting of the heat pump, the large inlet refrigerant pip did not
force the refrigerant to enter the passages homogenously. Accordingly, each refrigerant
passage was connected individually with copper tubes and a special distributor to gener-
ate more pressure loss in each passage. Due to the effect of gravity and of the low thermal
conductivity of paraffin, such a design could not prevent the stratification. Preliminary
evaluations in lab-scale shows that with a vertical arrangement of the RPW-HEX, such a
problem could be avoided. From the temperature evolution in Figure 5b, it is possible to
notice that phase change occurs in the temperature range 2-7 °C, whereas Figure 1c shows
that a linear trend for the energy supplied can be identified.
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Figure 5. Example of test results for charging mode 1. (a) Temperatures of HTF and refrigerant
circuits of the RPW-HEX; (b) temperatures of the PCM; (c) energy supplied to the PCM during the
test.

The considerations reported above for the charge apply also to the case of the dis-
charge of the RPW-HEX (cooling mode 3), shown in Figure 6 for the case of HTF flow rate
of 0.5 kg/s and HTF inlet of 12 °C. It is possible to notice an even more marked stratifica-
tion than during discharge. The upper part of the RPW-HEX, where phase change was
not completed, reaches in less than 200 s the temperature of the HTF, thus completing the
solidification. The effect of vertical stratification is clear, since the phase change in the
central part of the RPW-HEX (sensors PCM4, PCM5, PCM6) occurs while the lower part
of the RPW-HEX (sensors PCM1, PCM2, PCM3) are still at a temperature between -7 and
=5 °C. The main reason for such a behavior is the low thermal conductivity of the PCM
chosen, and therefore, the farthest areas from the HTF inlet/outlet ports experience a slow
dynamic behavior. The power measured in the HTF circuit is shown in Figure 6b: at the
beginning of the discharge there was a peak of 25 kW due to the high temperature differ-
ent between the HTF entering and the PCM. After about 200 s, a value of 4 kW was
reached, which was maintained constantly until almost the end of discharge, i.e., 1400 s
approx. The energy discharged is plotted in Figure 6b as well: similar to the charging pro-
cess, a linear behavior is observed and up to 1.7 kWh were discharged under the examined
operating boundaries.
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Figure 6. Example of test results for cooling mode 3. (a) Temperatures of HTF and the PCM; (b)
energy discharged during the test and correspondent power.

Figure 7 shows what occurs during a test in cooling mode 4, i.e., with parallel
charge/discharge of the RPW-HEX under the following conditions: MTeompin = 35 °C,
LTcomp,out: 5 °C, flow rate of LTeomp 0.72 kg/s. During this operation, peculiar of the design
chosen, once the PCM reaches the phase change temperature, steady conditions are
achieved and, at each instant, part of the evaporation heat keeps the PCM in the liquid
state, whereas part is used for the evaporation of the refrigerant and the subsequent cool-
ing effect to the user. For this cooling mode, the stratification in the PCM is less marked,
i.e., 2.5 K between the colder and warmer points are measured, thus remarking that an
improved behavior can be achieved under these conditions, that were specifically targeted

during design phase.
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Figure 7. Temperatures in the PCM for a test with parallel charge/discharge (cooling mode 4) of
the RPW-HEX.
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4.2. Cascade Operation

One of the main characteristic features of the HYBUILD system here presented is the
optimization for summer operation by coupling the sorption module and the compression
unit in cascade to reduce the temperature lift on the compression unit. A more complete
discussion of the results when comparing, for typical ambient temperatures, the two op-
erations, will be given in Section 5. In this section, the typical results are reported and the
peculiarities of the cooling mode 2, charging mode 2, and cooling mode 5 are discussed.

Figure 8 shows the temporal evolutions of temperatures for a test in cooling mode 2,
i.e., in cascade operation of the sorption unit and the compression unit working with the
standard evaporator. In particular, Figure 8a shows the main temperatures in the different
circuits of the sorption and compression units. The MTin and MTou temperatures for the
compression unit are not reported, since they correspond to the LToutsorpand LTinsorp Ones,
respectively. The main peculiarity of cascade operation is the possibility to keep the pre-
cision in the regulation of the temperature supplied to the user with varying conditions,
while reducing the temperature lift on the compression unit [42]. Indeed, it is possible to
see that that LTin,compand LTout,comp are constant throughout the duration of the test, despite
the typical discontinuous behavior of the sorption module. At the same time, there is a
clear reduction in the condensation circuits (refrigerant and HTF) of the compression unit,
since more than 12 K of temperature reduction compared to the return temperature from
the cooling system (i.e., MTinsorp-MTincomp) can be achieved.

Figure 8b,c show the power evolutions for the same test. The powers on the negative
y axis are those released in the ambient, whereas on the y axis the absorbed powers are
indicated. During the phase switch of the sorption unit, extremely high thermal powers
in the HT and MT circuits of the sorption unit are measured, due to the need to heat up
one adsorber from the adsorption to the desorption temperature levels and vice versa for
the other. However, as clearly represented in Figure 8c, this does not significantly affect
the operation on the power supplied to the user (LTemp). Moreover, it is also possible to
see that, with the exception of some seconds during the phase switch, the power supplied
by the sorption unit to cool down the condenser of the compression unit was always
higher than 6 kW.

100

(o]
o

(@]
o
T
<
—|

N
o
-
_
8
el

Temperature [°C]

[
T
L
-
L
T
(
-
C
L
C
-
L
-
L
T

0 1000 2000 3000  4000]
time [s] "

(@)



Energies 2021, 14, 2580

14 of 30

—HT,
sorp
— —MT
=~ LT
= M b e > M sorp
g %qu—wwmw—%ww—www—&w— MT
2 comp
3 /VVWWWWM T
o -50 comp
——Elec
‘comp
-100 :
0 500 1000 1500 2000 2500 3000 3500 4000
time [s]
(b)
10 |t | LTsorp
g _ LTcomp
=, ——Elec
PR S 111007 | GRS T, | . O . 11 . S .| | R 1 | . 14 comp
s 5 1
s}
o
|
O L | 1 1 1 | L ‘
0 500 1000 1500 2000 2500 3000 3500 4000
time [s]
(c)

Figure 8. Example of test results for cooling mode 2. (a) Temperatures of HTF and R410a for sorption
and compression units; (b) power measured in the HTF circuits and electricity consumption of the
compressor; (c) detail of powers for the LT circuits of sorption and compression unit and electricity
consumption of the compressor.

Figure 9 instead presents the results of a typical test for charging mode 2, i.e.,, when
all the evaporation heat of the compression unit is supplied to the PCM. Compared to the
temperature evolutions that are reported in Figure 5, the temperature of the refrigerant at
the exit of the compressor was much lower (up to 35 K) and only increased by 4 K during
the charge, whereas up to 16 K of increase were measured for charging mode 1. The same
stratification of PCM as in the previous case was identified. Figure 9c presents the energy
supplied during the charge where the small peaks corresponding to the phase switch of
the sorption module can be seen.
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Figure 9. Example of test results for charging mode 2. (a) Temperatures of HTF and R410a; (b)
temperatures of PCM; (c) energy supplied during the test.

Figure 10 demonstrates the operation of the HYBUILD cascade configuration under
the cooling mode 5, i.e., the parallel charge/discharge of the RPW-HEX. The system is op-
erated so that LToucompis in the range of 5 °C, to allow part of the PCM to be in the phase
change range. As already shown in Figure 7, the stratification of PCM in this case is re-
duced compared to the charging mode (<3 K). At the same time, the temperatures of the
refrigerant circuit are comparable with those measured for cooling mode 2 (Figure 8) un-
der the same MTinsorp. Similarly, the temperature in the LT circuit of the sorption unit (and
therefore the MT circuit of the compression unit) is the same as for the cooling mode 2,
thus remarking that the innovative operation of the presented system not only does not
penalize overall operation but gives the additional possibility of partially charging the
storage to further increase the self-consumption rate. A comparison between the different
cooling modes, in terms of energy efficiency, will be given in Sections 5.1 and 5.2.
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Figure 10. Example of test results for cooling mode 5. (a) Temperatures of HTF in the sorption
unit; (b) temperatures of HTF and R410a in the compression unit; (c) temperatures of PCM.

4.3. Energy Balance of the Hybrid System

In order to better understand the performance of the hybrid system proposed, the
relative contributions of the different energy inputs under the five cooling modes (CMs)
tested are reported in Figure 11. The contributions considered are only the heat or elec-
tricity inputs supplied to the system. The same boundary conditions were chosen for com-
parison purposes: MTinsorp (for CM2 and CM5) or MTin,comp (for CM1 and CM4) of 33 °C,
HTin of 85 °C (for CM2 and CMS5), LToutcomp5 °C. Comparing CM1 and CM4, it is possible
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to notice that about 1/3 of the overall evaporation heat was released to the PCM during
parallel charge/discharge, whereas the relative contribution of the electricity consumption
was the same. Comparing CM2 and CM5, the same result can be seen, i.e., that the only
relevant difference between the two cases is that 2/3 out of the overall useful cooling effect
are actually supplied to the user and the remaining part of evaporation heat is supplied
to the PCM. In the case of CM3, the only contribution is the one of the PCM, since it is the
only source for supplying the user with the desired cooling effect. The analysis also allows
identifying the efficiencies of the system, which will be further discussed in the next sec-
tion. In general, a ratio of 3:1 for the heat source input to the cooling effect delivered to the
user can be achieved under these conditions, whereas the electrical efficiency of the com-
pression unit is higher than 3.
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Figure 11. Relative energy contributions to the overall energy inputs of HYBUILD system for dif-
ferent Cooling Modes (CMs).

4.4. Temperature Lift

As previously stated, the main reason for selecting a cascade layout was the reduc-
tion of the temperature lift for the operation of the compression unit. A comparison be-
tween the compression unit stand-alone operation (CM1, CM4, ChM1) and the cascade
operation (CM2, CM5, Charging mode 2, ChM2) is reported in Figure 12. The temperature
on the x axis was the inlet temperature of the HTF either to the compression unit (CM1,
CM4, ChM1) or the sorption unit (CM2, CM5, ChM2) and corresponded to the return tem-
perature from the cooling system (dry cooler, wet tower, etc.). It is possible to notice that
a linear trend for both cascade and compression stand-alone operation was measured,
with an average AT of 16 K, which represents a significant reduction that was kept also
for higher temperatures, i.e., >35 °C.
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Figure 12. Variation of temperature of HTF in the compression unit with external temperature for
different operating modes. For all the reported tests, LToutcomp=5 °C.

The effect on the operation of the compression unit can be seen by reporting the op-
erating cycle of the reversible heat pump in a p-h diagram. Accordingly, two reference
ideal cycles are plotted in Figure 13. The two cycles in red and dark green represent the
reference cycles for CM1 operation with evaporation temperature of the refrigerant of 2
°C and condensation temperature of 30 °C (dark green) and 35 °C (red line). The corre-
spondent operating cycles for cascade operation are the light green one (with condensa-
tion temperature of 14 °C) and brown (with condensation of 17 °C). It is possible to notice
that there is a significant reduction of the operating pressure for the system, i.e.,

pma& = 0.6, which is a marked decrease compared to the ones measured or evaluated
stand—alone

in similar systems in the literature [29,39]. As discussed, such a pressure ratio (PR) is con-
stant for the overall operating field investigated, i.e., 20-42 °C of return temperature from
the cooling system and can then be used for sizing and evaluation purposes.
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Figure 13. Compression cycles for CM1 and CM2 operation.

5. Discussion

The aim of this section is to critically discuss the results presented previously. A first
elaboration is presented in Section 5.1, where the EER is calculated for the different con-
ditions and operating modes, including the evaluation according to Eurovent conditions,
for the seasonal EER (Section 5.2). In Section 5.3, the system is compared to other hybrid
and innovative heating/cooling systems already discussed in the open literature, to high-
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light the similarities, benefits and disadvantages of the investigated system. Finally, Sec-
tion 5.4 presents a case study under typical operating conditions, considering the load
profiles for three weeks in a reference building to evaluate the energy flows between the
various components under dynamic operation.

5.1. EER

A first evaluation of the results can be done in terms of EER, i.e., the ratio between
the useful effect over the electricity consumed. The EER for the different cooling modes is
presented in Figure 14 as a function of return temperature from cooling system, allowing
a comparison not only between the cascade and compression stand-alone operations, but
also to evaluate the standard evaporator and RPW-HEX operation. In order to allow a
comparison for the operating modes, all the tests considered were done with LToutcomp Of
5 °C and all the tests including the sorption module were done for HTin of 85 °C. The base-
line for operation was the CM1 (yellow rhombuses in Figure 14). For the range of interest
of the system operation, the EER of the reference system (the compression unit working
as stand-alone with the standard evaporator), EER was between 3 and 4. When operating
in cascade mode with the standard evaporator (CM2, green circles) the EER in the same
temperature range was between 4.5 and 5.5, hence with an increase of 50% compared to
the benchmarking case. The EER in CM4 and CMS5, i.e., when parallel operation of the
RPW-HEX was chosen, was lower, due to the fact that only part of the cooling effect was
supplied to the user, since part of it was used to charge the PCM. What was interesting to
notice is that, for CM4 (orange triangles), the EER achieved are indeed quite low (2.9 to
1.5 going from 21 to 39 °C), but the cascade operation (CM5, blue stars) allows operating
with the same efficiency as the standard operation (CM1), while achieving an extra benefit
for overall self-consumption, i.e., the partial charge of the PCM. However, as already dis-
cussed in the previous section, under CM4 and CMS5, the cooling power supplied to the
user was lower than in CM1 and CM2. This is highlighted in Figure 15, where the normal-
ized cooling power for the different operating modes was reported. It was possible to no-
tice that for CM1 and CM2, the normalized cooling power was in the range of 1.1 to 0.8
for a range of return temperatures from the cooling system of 23 to 40 °C. The cooling
power in CM2 was slightly higher than in CM1, due to the lower temperature lift in the
same external conditions. As already stated in Section 4.3, 50 to 60% of nominal cooling
power was instead delivered to the user in CM4 and CMS5, with a lower penalization for
CMS5 compared to CM4.
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Figure 14. EER for different cooling modes.
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Figure 15. Normalized cooling power for different cooling modes.

The EER for the charging modes is instead reported in Figure 16. ChM1 refers to the
charging of the PCM with the compression unit in stand-alone mode, whereas ChM2 to
the cascade operation. As for the case of cooling modes, a significant effect of cascade
operation was observed, that increased with the return temperature from the cooling sys-
tem. For instance, while at 30 °C, the EER gained in passing from compression to cascade
operation by about 30%, for 37 °C it was up to 100%. The effect during charging tests was
more marked than in cooling modes, since during charging, the temperature lift was
higher, due to the lower pressure on the evaporator side because of the progressive re-
duction of PCM temperature.

5.0

. T
3.5 +

ok T4
3.0 m%

25 =

EER

2.0
X
1.5 S
X ChM1 = ChM2
1.0
20 25 30 35 40

Return temperature from cooling system/°C

Figure 16. EER for different charging modes.
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5.2. European Seasonal Energy Efficiency Ratio

The results achieved under cascade operation (CM2) were analyzed in terms of Eu-
ropean Seasonal Energy Efficiency Ratio (SEER), that allowed a better measure of the an-
nual energy consumption and efficiency in typical day-to-day use [43]. It is calculated as
a weighted average of EERs over a range of rated outdoor air conditions [44]:

3% EERqgo + 33 * EER;4 + 41 * EER,, + 23 * EER
SEER = 100 74100 47 21 (10)

where EER100, EER74, EER47, and EER21 are the EER of the unit at different partial cool-
ing loads measured for the outdoor air temperatures of 35, 30, 25, and 20 °C, respectively,
and an outlet temperature of the evaporator of 7 °C. Such calculation gives a more reliable
evaluation of the overall efficiency of the heat pump over an entire cooling season, since
it considers that full load conditions will only be needed for a reduced number of hours
compared to the intermediate part load conditions.

For the current system, the SEER under CM1 was 3.9, whereas for CM2 it was 6.4,
thus with an overall gain of 40%.

However, it is worth noticing that recent research has highlighted how the use of
typical weather conditions, which are the basis for the selection of part load conditions of
European SEER, can underestimate the cooling demand increase due to climate change
up to 18% [45]. Accordingly, the gain in the EER at higher external temperature is, in per-
spective, even more interesting for future applications in warm climates.

5.3. Comparison with Previous Studies

The achieved results were compared with other literature studies of hybrid absorp-
tion-compression and adsorption-compression systems. It is worth remarking that the
vast majority of studies in the literature are based on thermodynamic or numerical anal-
yses, especially for the case of absorption-compression cascade units and therefore a fair
comparison is not straightforward. The systems to be compared were chosen in order to
guarantee similar operating conditions as the one here discussed.

Jain et al. [46] discussed the cascade configuration for a hybrid sorption-compression
cycle with R410A as refrigeration of the compression stage and H:O-LiBr as working pair
of the sorption stage. A numerical analysis for energy and exergy optimization was car-
ried out and the results indicate a reduction in the compressor consumption of about 76%
for 27 °C inlet temperature of water at the condenser of the sorption stage, 5 °C outlet at
the evaporator of the compression stage, and 100 °C of heat source temperature. Under
the same conditions, the current prototype yields an increase in EER of about 40% for CM1
and 90% for CMB5.

In [47], a numerical analysis on a LiBr-H20/R134a cascade system driven by solar
radiation is presented. According to operating conditions (i.e., heat source temperature
and ambient temperature), a COP (Coefficient of Performance) of 6.1 was reached with 35
°C ambient temperature and chilled water supply temperature of 7 °C, with 50% electric
power reduction as compared with the normal mechanical compression system. Such re-
sults are comparable with the ones obtained for the present prototype.

Some experimental studies are instead available for the coupling of solid adsorption-
compression cascade systems, under conditions that are similar to the ones evaluated in
the experiments here presented. For instance, in [42], the cascade combination of a R410a
unit with a silica-gel water sorption one is investigated for air conditioning applications.
The measured EER for an inlet temperature at the condenser of the sorption unit and 7 °C
chilled water outlet temperature of the compression unit is in line with those measured in
the current case, i.e., about 6, with an increase of 100% compared to the operation of the
compression unit itself. It is however worth noticing that the tested system does not have
the same flexibility as the one here evaluated, which includes the possibility of increasing
the self-consumption through the use of the PCM.
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In [48], a two-stage silica gel-water/CO: sorption-compression system was experi-
mentally assessed under Polish weather conditions. For air conditioning applications, the
reduction of electric energy consumption by the cascade, with respect to the compression
stand-alone unit, was higher than 30%, which was a bit lower than what measured for the
present prototype in lab-controlled conditions.

These results further remark the promising features of the current system that can
operate at the top energy efficiency compared to state-of-art hybrid systems at lab stage,
while at the same time providing innovative operating modes.

5.4. Energy Evaluation under Typical Mediterranean Conditions

A set of tests was carried out simulating the PV production and the increasing ambi-
ent temperature for a reference day (21 July) in Madrid through the testing bench. In this
way, the overall integration of the thermal and electric storage could be assessed, as well
as the operational logic for the electric storage.

An example of test results is reported in Figure 17, in terms of the state of charge
(SOC) of the batteries, which is limited between a lower threshold (28%) and an upper
threshold (85%), as well as the energy charged and discharged for the batteries, the PV
production and the energy required by the compressor of the heat pump. A positive value
for the current of the batteries indicates their charging, whereas a negative value corre-
sponds to the discharging of the battery. It is possible to notice that the batteries are
charged within the first hours of the day and are discharged after sunset, allowing to ex-
tend the operating hours of the system without needing an external grid.
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Figure 17. Experimental results for a reference day in Madrid.

Starting from the experimental results described so far, a further evaluation was per-
formed, to estimate to which extent the hybrid system here presented can self-sustain the
cooling demand of a reference building for the climate of Athens. To this aim, the results
of a set of TRNSYS simulations described in detail in [49] were used. From the simulations,
which were used for an energy assessment of the heat pump and latent storage HYBUILD
subsystem, the data on PV production, energy charged in the batteries and cooling load
for three reference weeks were taken: 7-14 June, 21-28 July, 28 August—4 September. In
addition, the data for the production of the Fresnel solar collectors that will represent the
heat source for the HYBUILD system in the pilot site, provided by the producer, were
used to evaluate the amount of energy available to drive the sorption module. Finally, to
evaluate the efficiency of the hybrid sorption module-compression unit-latent storage sys-
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tem here presented, the performance maps for each operating mode were derived, as pre-
sented in Section 5.1, and the EER expected for each operating mode and each hour of the
weeks evaluated, were calculated. In order to define the operating mode for each case,
simplified control rules were used:

e  The sorption module is operated only when there is a cooling demand and, at the
same time, the output from solar collectors is enough to drive it and to cover the
whole energy demand.

e  Each time the sorption module is activated, the chosen operating mode between
standard evaporator and parallel operation (i.e., CM2 or CM5) is those with the
higher EER for the current ambient conditions.

e When there is a cooling demand and the sorption module cannot be operated, the
compression unit is operated, working as a stand-alone unit. The chosen operating
mode between standard evaporator and parallel operation (i.e., CM1 or CM4) is those
with the higher EER for the current ambient conditions.

¢ During the first hours after sunset, the cooling demand is met by the latent storage
until its full capacity is reached (and so the storage is completely discharged).

The results of this simplified evaluations are presented in the Sankey diagrams of
Figure 18. During the week in June (Figure 18a), where the cooling demand is limited, not
only the system was fully self-sufficient, but there was also excess heat available in the
buffer, e.g., for DHW, and there was excess electricity that is not needed for the cooling
system, but can be exploited for other household appliances. The efficiency of solar ther-
mal collectors is about 40% and the cooling demand supplied to the user comes for about
1/6th from the PCM storage and for the remaining part from the standard evaporator. The
compression unit works for about 70% of the time in cascade mode.

For the case of July (Figure 18b) chosen as an example of high cooling demand and
high solar availability, 68% of electricity needed to drive the system came from the self-
production from PV, either directly used for the heat pump or stored in the batteries for
use after sunset, and the remaining 32% came from the grid. The cooling demanded the
user is mostly covered through the standard evaporator and about 1/10th was supplied
through the PCM. This was mostly due to the simplified operational logic imposed,
whereas the latent storage could be better exploited through specific control strategies
[50]. The sorption module was activated approximately for 65% of the hours, during
which there was a cooling demand, whereas the remaining ones were covered by the com-
pression unit. It is worth pointing out that for this week, the amount of excess heat stored
in the buffer was sensibly lower than in the previous case, indicating that a good sizing
for the peak load was achieved.

The third week chosen in the analysis, at the end of August, corresponded to a bal-
anced case in which there was a moderate cooling demand and, at the same time, there
was a good availability of solar for both PV and thermal collectors. As shown in Figure
18c, in this case the need for integration from the grid was only for 14% of the overall
energy needed to drive the system, thus indicating a self-sufficiency level extremely high
under still challenging ambient conditions. About 20% of the overall energy supplied to
the user comes from the latent storage and the remaining from the standard evaporator.
Operation under cascade mode (either CM2 or CM5) occurs for about 60% of the cooling
demand period. As already stated, a proper control system could further increase this
value.

The results of this simplified analysis clearly indicate that the system investigated is
able to operate with high efficiency and, at the same time, keeping a high level of self-
consumption and reducing the need for integration from the grid. Through further opti-
mization, a scenario for the application in passive buildings disconnected from the grid
could be then foreseen. Such results will be validated in a pilot site in Almatret (Spain),
where an adapted control logic based on different optimization rules will also be investi-
gated.
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Figure 18. Sankey diagrams for three reference weeks in the climate of Athens: (a) 7-14 June, (b) 21-28 June, (c) 28 August—
4 September. All the flows are in kWh.

6. Conclusions

In the present paper, the results on a testing campaign in lab-controlled conditions of
a hybrid system for residential applications are reported. The system combined a hybrid
sorption-compression heat pump in cascade configuration, a three-fluids heat exchanger
with a PCM embedded in the compression unit of the cascade heat pump, and a DC-bus
that included PV connection and electricity storage (batteries). The system was optimized
for operation under warm climates and the results of different cooling modes and charg-
ing modes of the storage are presented. Focus of the experimental analysis was two-fold:
proving the long-term steady operation of the system under the different modes and eval-
uating its energetic performance in the different cases.

The results of measurement proved that, for cascade operation, EER of 7 to 4 can be
achieved according to external temperatures, whereas for traditional operation of the
compression unit as a stand-alone one, it ranged from 2.5 to 4. The most innovative feature
of the hybrid unit was the possibility to exploit part load operation for simultaneous
charge/discharge of the PCM storage, i.e., only part of the energy was supplied to the user
to satisfy the cooling demand and the remaining part was used to charge the PCM to
extend operating hours. The energy efficiency under this operating mode, when cascade
configuration is used, allows maintaining at least the same efficiency as the reference com-
pression heat pump.

For comparison purposes, an equivalent seasonal EER was calculated according to
the procedure commonly employed for air-conditioning units, showing an increase of up
to 60% compared to the compression unit only.

Finally, the performance maps obtained in the experimental campaign were com-
bined with the simulation results for a typical residential case under Athens climatic con-
ditions and the energy flows between the various components were calculated. It was
found that up to 100% of the electricity needed to drive the system could be self-produced
for a modest cooling demand and up to 67% for the warmer conditions with high cooling
demand. Under non-optimized control, the cascade operation was active for 60 to 70% of
the cooling demand period and up to 20% of the overall energy to the user can be deliv-
ered by exploiting the PCM storage.

The tested system will be installed in a pilot site in Almatret (Spain) and the results
under real operating conditions for a reference season will be monitored, to validate the
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laboratory testing and further advance the application of the hybrid system in residential
applications for highly efficient buildings. On-going activities are aimed at the evaluation
of the life cycle impact and costs of the system. The main advantage of the proposed con-
figuration is the strong reduction of the costs related to the operational stage even though
the higher complexity of the system reflects on a higher capital cost. However, given the
recent boost from several governments to energy efficiency improvement in building with
subsidies, the economic feasibility of the system can be achieved.

The system here presented was designed for the application in Mediterranean cli-
mates, where cooling demand represents the main load during the year and the condition
under which it is more critical to keep comfort conditions. The flexibility of the system
allows the operation also in heating-driven climates since the heat pump that represents
the core of the system is a reversible one. However, for proper optimization in different
climates, with heating demand as primary load, the use of a different PCM could be fore-
seen, i.e., to make the heat pump work as a solar-assisted system matching it with the
expected outlet from solar collectors or by embedding the latent storage in the condenser
of the heat pump.
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Nomenclature

Cp specific heat, J/(kg K)
E Electric energy, ]

f frequency, Hz

I mass flow rate, kg/s
P Electric Power, W

p Pressure, bar

Q Thermal Energy, J

Q Thermal Power, W

T Temperature, °C

t time, s

Acronym

EER Energy Efficiency Ratio
HEX Heat EXchanger

HT High Temperature

HTF Heat Transfer Fluid
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LT
MT
PCM
PV
RPW
SOC
Subscripts
ch
comp
cond
disch
el
evap
in
out
sorp

Low Temperature
Medium Temperature
Phase Change Material
Photovoltaic
Refrigerant-PCM-Water
State of Charge

charge
compressor
condenser
discharge
electric
evaporator
inlet

outlet
sorption

Appendix A. System Specifications

In the present appendix, the main characteristics of the different components of the
system are reported.

Table A1. Sorption module.

Working Pair Zeolite/Water
Aluminjum finned flat tubes heat exchangers
connected in parallel for each adsorber with directly
Adsorbers syinthesized zeolite

(https://fahrenheit.cool/en/references/zeolite-
crystallization-technology/ accessed on 30 April

2021)
Nominal cooling power 14 kKW
Nominal electricity consumption of
auxiliaries (pumps in all hydraulic 1 kW
circuits)
Table A2. Compression heat pump.
Refrigerant R410a
Compressor rotation range in % 30-100%
Nominal cooling power in kW 13
Table A3. Three-fluid heat exchanger for latent storage-.
PCM (RT4)
https: rubitherm. index.ph
Parameter Refrigerant  Coolant (https://www.rubitherm e1'1/en/m x-php
/productcategory/organische-pcm-rt,
Accessed on 30 April 2021)
Number of 20 20 0
passages
Fin # 73 18 33
Fluid volume in | 5.34 4.6 46
Core length x width

x depth in mm

1000 x 585 x 160
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Empty weight in kg 190
(Al)
Table A4. ELECTRICITY STORAGE.
Type of Battery Lithium Titanate Oxide
Nominal capacity/module 1 kWh
Number of modules 3
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