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The building sector is responsible for the highest portion of energy consumption and carbon dioxide emissions.
To partly address this issue, the scientific community is placing greater emphasis on the utilization of Building
Integrated Solar Systems (BISS) as a means of improving building thermophysics and decreasing primary energy
demand. Within this framework, Integrated Collector Storage Solar Water Heaters (ICSSWH) have the potential
to significantly decrease the costs associated with the installation and maintenance of building-integrated solar
systems (BISS), all while optimizing the utilization of solar power. Nevertheless, ICSSWHs exhibit certain limi-
tations in their capacity to retain thermal energy, particularly during nocturnal periods. One potential approach
for enhancing the efficiency of ICSSWH collectors involves the integration of Thermal Diodes (TD), which have
the capability to optimize heat absorption while minimizing heat retention. In this context, to advance the state-
of-the-art in the field, this paper presents a novel dynamic simulation tool conceived to assess the performance of
an innovative Hybrid Photovoltaic Thermal ICSSWH (the HyPVT), incorporating a cutting-edge Planar Liquid
Vapour Thermal Diode (PLVTD), and purposely designed to be integrated into buildings’ envelope. By using the
developed simulation tool, the performance of the proposed HyPVT collector concept is investigated with the aim
of assessing its collection and retention efficiencies under different boundary and operating conditions.
Furthermore, to show the effect of the Planar Liquid Vapour Thermal Diode (PLVTD) adoption, a comparative
analysis is conducted between the proposed ICSSWH and a conventional one (without a thermal diode). Finally,
the developed tool will be utilized in forthcoming research to determine the optimal device configuration
through the utilization of a model-based design methodology.

Heat retention
Dynamic simulation

1. Introduction

Reducing energy consumption and related CO, emissions are the
main challenges of this time. In this setting, great effort is being made by
many researchers to boost the sustainability of a wide range of sectors,
such as buildings (Forzano et al., 2019; Vassiliades et al., 2022), sus-
tainable communities (Barone et al., 2021b; Maturo et al., 2021; Ceglia
et al., 2022; Bakhtavar et al., 2020; Barone et al., 2021; Buonomano
et al., 2023a) and transport systems (Barone et al., 2021a, 2020; Mar-
tinez Fernandez et al., 2019; Zhang et al., 2019; Buonomano et al.,
2002). Specifically, buildings are responsible for up to 40% of the total
primary energy consumption and CO; emissions worldwide (Agency,
2003; International Energy Agency, LE.A., 2014), representing the

highest relative share. Consequently, more and more challenging
emission reduction targets and renewable energy goals for the building
sector have been set by European institutions, such as the Directive (EU)
2018/2001 (Graziani, 2017). In this framework, solar-based renewable
technologies have considerable potential in aiding the sector to reach
this goal (Barone et al., 2019; Buonomano et al., 2023b), especially
considering the case of Building Integrated Solar Thermal Systems
(BISTS) (Lamnatou et al., 2018; Gagliano et al., 2021). Indeed, BISTS
have been proven to be a promising solution for residential and com-
mercial buildings, for both space heating (and cooling) and domestic hot
water production, as indicated by the number of works present in the
scientific literature (Baljit et al., 2016; Chandrasekar and Senthilkumar,
2021; Ghosh, 2020). Among the feasible technologies that can be
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integrated into the building envelope, Integrated Collector-Storage Solar
Water Heaters (ICSSWH), which are characterized by reduced system
size and cost (Tripanagnostopoulos and Souliotis, 2006), due to the
coupling in one chasing of the collector surface and of the heat transfer
fluid storage tank, represent a very promising solution.

Integrated Collectors Storage Solar Water Heaters

ICSSWHs are commonly adopted in hot climatic zones, and have
been increasingly studied by the scientific community with the ultimate
aim of improving their efficiency, as demonstrated by the number of
related review and research papers (Sharma and Chauhan, 2022; Anu-
pam Rao and Somwanshi, 2022; Singh et al., 2016). One specific
example is given in Xie et al. (2022) where the authors present a hybrid
photovoltaic/thermal ICSSWH, characterized by a compact structure
and a low initial cost, using an insulated water tank directly coupled
with a PV panel. The device was subjected to various tests, that
concluded that the device performance was significantly linked to the
ambient air temperature. A thermal only ICSSWH, characterized by an
evacuated gap between the glass cover and the absorber, was investi-
gated by the authors of Barone et al. (2022) using simulations. From the
conducted analysis, it was possible to conclude that interesting energy
and emissions savings are achievable by adopting the proposed device.
Vacuum technology is also exploited and investigated in a study
involving a cylindrical ICSSWH (Messaouda et al., 2020) equipped with
a concentrator. The device consisted of two concentric cylinders, one
acting as an absorber/storage tank and the other as encasing glass cover
and both separated by an evacuated gap. The experimental and simu-
lation study concluded that significant heat retention performance can
be achieved by exploiting the vacuum. Another device using a com-
pound parabolic solar concentrator (no vacuum) and Integrated Col-
lector Storage solar water heater was experimentally evaluated in
Panahi et al. (2019). The authors state that the concentrator substan-
tially improves the collection efficiency during the day, but the night-
time heat storage retention is strongly influenced by the temperature
gradient between the ambient air and water. A planar integrated solar
water heater with corrugated absorber was experimentally investigated
in Yassen et al. (2019). Similar to other works, the authors state that
worthy efficiencies are obtained during the collection period, but that
large thermal losses were experienced during the night. Many other
studies exist in the literature, irrespective of the geometry and/or
technology, agreeing with the general view that during the day (namely
forward or collection mode) ICSSWHs exhibit positive collection effi-
ciencies, but conversely, during non-collection periods (namely reverse
or retention mode) they are not capable of storing the heat efficiently,
and thus they are a viable proposition in hot climate regions and ap-
plications with no prolonged thermal storage. This behaviour is strictly
linked to the fact that, even if lower fabrication, installation, and
maintenance costs are achievable, ICSSWH/tanks collectors installed
externally are exposed to external weather that produce high heat losses.
To overcome such issues, it is necessary to develop methods that pro-
motes heat transfer in one direction during the collection phase and
limits heat losses during the retention one. A possible solution explored
by the scientific community is the integration of thermal diodes into the
ICSSWH configuration.

ICSSWH incorporating thermal diode technology The word “thermal
diode” refers to a technology capable of promoting heat transfer in one
direction whilst reducing/stopping it in the other. This characteristic
perfectly matches the need of ICSSWHs requiring a way to boost heat
collection whilst minimizing heat losses during the retention phase.
Diverse are the works in literature discussing the possibility of using
thermal diode technology in ICSSWH (Anupam Rao and Somwanshi,
2022; Singh et al., 2016). Initial work based on a triangular ICSSWH
integrating thermal diode is presented in Mohamad (1997). The authors
conclude, after experimental analysis, that the proposed device has a
collection performance comparable to similar collectors (without the
thermal diode) but produces higher performance in terms of heat
retention during the night. The convenience in using a thermal diode
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was investigated in Sopian et al. (2004) for a non-metallic unglazed solar
water heater ICS system. Specifically, an experimental comparison be-
tween the ICS collector with and without the thermal diode demon-
strated that the temperature drop during the retention hours was 10 °C
less in the thermal diode unit versus the standard ICS collector unit.
Another experimental investigation of the heat retention performance of
an ICSSWH device is instead reported in Muhumuza et al. (2019b). Here,
the device was designed with cylindrical geometry and an integral
thermal diode to supply solar hot water to off-grid users. The unit
employed an asymmetric reflector with the ICS cylinder in its focus.
Analysis indicated a heat retention efficiency of 35% was achievable.
Another ICS designed to maximize heat retention performance and also
using an asymmetric concentrating reflector is presented in Souliotis
etal. (2011, 2017) through a study of a device made from two concentric
vessels with the adjoining gap evacuated and enclosing a small volume
of heat transfer fluid. From testing, a good performance during the
forward phase was measured, and a slightly lower performance during
the reverse phase. The cylindrical geometry is also investigated in other
studies (Smyth et al., 2020a; Muhumuza et al., 2019a) where a range of
hermetically sealed horizontal, cylindrical double vessel ICSSWH pro-
totypes are experimentally evaluated. The results show positive heat
collection and retention performances, but also indicate room for further
development. A simulation approach was instead adopted in work
(Smyth et al., 2020b) using a dynamic simulation tool where a cylin-
drical ICSSWH with thermal diode is modelled and validated against
experimental data. The tool was developed to conduct a comparison
between different devices with and without thermal diode technologies.
The result of the simulations returned a higher performance for the
cylindrical ICSSWH and thermal diode over similar units without the
thermal diode. A different device, still using cylindrical geometry was
investigated in Smyth et al. (2017, 2018) to determine the collection and
retention efficiencies, as well as heat fluxes, using experimental tests
performed at an indoor test facility. The results gave collection effi-
ciencies ranging from 33.2% to 41%, depending on the considered time
intervals. The authors state that the thermal losses of the prototype were
50% lower than those of similar systems.

Aims and innovation of the current work

From the investigated literature, the interest by the scientific com-
munity in ICSSWHs and the integration of Thermal Diodes has been
observed (Anupam Rao and Somwanshi, 2022; Singh et al., 2016).
Indeed, most works stresses the high performance achievable by such
systems, as well as the potential benefits in their application. Nonethe-
less, two main lacks of knowledge around this topic still exist. The first is
that thermal diode ICSSWH research is still in its infancy and thus the
topic requires much more investigation to enhance the current state-of-
the-art. The second is that the vast majority of the research conducted to
date use primarily experimental approach, whereas the use of dynamic
simulation is limited (with some exceptions Smyth et al., 2020b). This
represents a severe limitation to the progress of this scientific topic.
Indeed, compared to experimental approach, having a tool capable of
evaluating the device performance under diverse boundary and oper-
ating conditions, by also varying its geometrical features, would allow
more rapid analysis with a faster identification of the optimal ICSSWH
design. In this framework, the present manuscript has two different
aims: (i) to develop and experimentally validate a dynamic simulation
tool for a novel Planar Liquid Vapour Thermal Diode (PLVTD) proto-
type, conceived to be included into an ICSSWH. The developed tool can
assess the PLVTD behaviour under diverse boundary and working con-
ditions and optimizing the prototype geometry with the aim of boosting
its overall performance; (ii) to verify the potential benefits achievable by
the integration of the investigated PLVTD into ICSSWH collectors. To do
so, a novel dynamic simulation tool for the energy performance inves-
tigation of an innovative Hybrid PhotoVoltaic/Thermal ICSSWH col-
lector (named the HyPVT) and integrating the investigated PLVTD, is
developed. The resulting dynamic simulation tool can be adopted to
simulate the device performance under different boundary conditions
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and compare them with a standard ICSSWH with similar geometry,
verifying the convenience of the PLVTD adoption. Moreover, the tool
can be exploited to perform suitable optimizations which will be used to
inform the prototype design and fabrication process. As a future
perspective, the prototype, that will be fabricated with the aid of the
developed dynamic simulation tool, will be subjected to suitably
experimental analyses, the results of which will be exploited to finalize
the dynamic simulation tool validation.

2. Planar liquid vapour thermal diode

As previously stated, the word “thermal diode” refers to a technology
capable of promoting heat transfer in one direction whilst reducing/
stopping it in reverse by varying its thermal resistance (R) depending on
the boundary/working conditions. Such a feature is extremely useful in
a wide range of applications and has specific potential in ICSSWH
(Integrating Collector Solar Storage Water Heaters) devices. This current
study presents a novel Planar Liquid Vapour Thermal Diode (PLVTD)
designed and experimentally tested at the Centre of Sustainable Tech-
nologies, Ulster University (Belfast, Northern Ireland). The developed
device will be initially described in terms of its geometrical features and
working principles, then, a mathematical model, suitably developed to
evaluate the PLVTD performance under different boundary and oper-
ating conditions, will be presented together with its experimental
validation.

2.1. PLVTD description

The PLVTD concept, structure and components are schematically
and visually shown in Fig. 1 and Fig. 2. Specifically, the PLVTD is a
hermetically sealed and evacuated stainless-steel vessel (650 x 530 x
100 mm — Fig. 2a) containing a Heat Transfer Fluid — HTF - (water) that
exists in liquid and vapour phases in a thermodynamic state close to
saturation. To avoid the device collapse due to the vacuum, a stainless-
steel pillar structure is created inside it (400 pillars, 8 mm diameter —
Fig. 2¢). The device is covered with a transparent cover (4 mm thick).
Finally, the device’s inner surface (the transparent cover on the left of
Fig. 1) is coated with a wicking material (a novel fibreglass/carbon fibre
fabric in a ratio of 1 to 8 — Fig. 2b) which due to capillary action, en-
sures that the surface is always wetted by the HTF. Conversely, no
wicking material exists on the device other surfaces. It is worth noting
that from hereon, the front of the device (the transparent cover) is
termed the “evaporator” and the back of the device (bottom of the
vessel) is termed the “condenser”.

The described PLVTD working principles are schematically repre-

_ e Vessel
L« Wick
Glass ~
Pillars 7
M HTF

Fig. 1. Thermal diode schematic diagram.
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sented in Fig. 3 as a function of the device operating conditions. Spe-
cifically, it is possible to distinguish between the two different
operational modes: (i) forward mode (Fig. 3a) — when the heat is
transferred from the evaporator to the condenser (Teyqporator > Teondenser);
and (ii) reverse mode (Fig. 3b) — when the heat is transferred from the
condenser to the evaporator (Teondenser > Tevaporator). During the forward
mode (Fig. 3a) the HTF fluid wetting the hottest plate (evaporator)
evaporates, absorbing heat from the surface (thus cooling it down). The
generated vapour migrates to the colder plate (condenser) where it
condenses, releasing latent heat (heating it). Once the water has
condensed, it falls to the lower portion of the vessel where it is re-
absorbed by the wicking material, enabling the cycle continuation.
During the forward mode, there are three heat transfer mechanisms
occurring in parallel: (i) convection, i.e. via evaporation and conden-
sation; (ii) radiation; (iii) conduction through the pillar structure.
Reverse mode (Fig. 3b) occurs when the condenser temperature is
higher than the evaporator temperature. In this case, the evaporation/
condensation phenomena cannot happen since the condenser surface is
not wet. In this case, only two heat transfer mechanisms occur in par-
allel: (i) radiation; and (ii) conduction through the pillar structure.

From the described working principle, it is clear that keeping the
evaporator wet and the condenser dry is essential to achieving a high
thermal transmittance (low thermal resistance) in the forward mode
(due to the evaporation and condensation phenomena) and a low ther-
mal transmittance (high thermal resistance) in reverse. In this way, the
vacuum guarantees that evaporation and condensation can take place
even at temperatures slightly higher than ambient one. This ensures an
efficient collection of heat from the absorber surface, with the presence
of the wick that generates capillary pressure to transport the fluid from
the bottom of the vessel to the top, allowing evaporation to take place
continually. An image of the assembled PLVTD prototype is shown in
Fig. 4, where the stainless-steel vessel, wicking material/texture and the
transparent cover (evaporator surface) are detailed.

2.2. Experimental investigation

To analyse the developed PLVTD behaviour, the unit underwent
several experimental tests at the Centre for Sustainable Technologies
(CST), Ulster University (Belfast, Northern Ireland). An image of the
adopted experimental set-up is shown in Fig. 5a whilst a simplified
schematic (showing the thermocouples arrangement) is presented in
Fig. 5b. Specifically, in Fig. 5b it is possible to notice the experimental
arrangement consisting of the PLVTD placed between two water tanks
(front and back) each acting as alternating hot and/or cold sources to
recreate the forward and the reverse operating conditions. The two tank
temperatures are thermally controlled through two different closed-
circuit heating and chilled water systems (two Julaboo1000f units).
Furthermore, the spaces between the diode element and the tanks are
filled with conductive gel to optimize the thermal contact between the
PLVTD and the front and back tanks. Finally, the whole system is then
enclosed into several insulation layers made of extruded polystyrene
(Fig. 5a) in order to avoid dispersions towards the ambient and improve
accuracy of the results.

Within the experimental apparatus there are twenty-four thermo-
couples (T-type Copper/Constantan) with an accuracy of +/—0.5 °C,
which are appliable for the test temperature range (0-300 °C). With
respect to the condenser and evaporator surfaces, five thermocouples
were placed on the condenser, and thirteen thermocouples were placed
on the evaporator. It worth noting that no thermocouples are installed
inside the PLVTD due to the difficulties associated with maintaining a
perfectly evacuated chamber. A number of different tests were per-
formed to study both forward and reverse operating conditions. In the
forward mode tests the front tank (evaporator side) is brought to a
higher temperature than the back tank (condenser side). Conversely, to
test the reverse mode, the front tank (evaporator side) is brought to a
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Fig. 2. PLV thermal diode components.

T,

evaporator

T,

Evaporator
Condensator

oo eeoeee oo oo

Heat flux
a)

Fig. 3. Thermal diode schematic diagram and operating principles.

Fig. 4. PLV thermal diode prototype.

lower temperature than the back tank (condenser side). The list of
conducted tests is shown in Table 1. For the sake of brevity, the results
for only a forward and reverse test (Test 1 and Test 4) are reported and
shown in Fig. 6a and Fig. 6b, respectively. Here, it is possible to
appreciate the thermal history of both evaporator (T, — blue line) and
condenser (T, — orange line) temperature.

2.3. PLVTD mathematical model

To simulate the PLVTD prototype performance under diverse
boundary and operating conditions, a mathematical model of the device

condensator

Tevaporamr Tcundensator
1
St
g S
- <
< »
i =
[~ %)
=3 =
< =
> =}
= o
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Heat flux
b)

has been developed and implemented in MatLab environment. The
simulation tool, that will be described in this section, relies on three
simplified assumptions: (i) negligible heat losses are considered through
the lateral insulated surfaces; (ii) the water vapour included in the diode
cavity is studied by using the ideal gas model, and (iii) the surfaces are
considered as isothermal. Since different behaviours occur in the for-
ward and the reverse operating conditions, two separate thermal net-
works were considered to study the heat transfer phenomena, as shown
in Fig. 7. During the forward mode, the heat transfers from the front of
the device (T; — external evaporator surface) to the back (Ts — external
condenser surface) as shown in the thermal network Fig. 7a. During the
reverse mode, the heat transfers in the opposite direction (from Ts to T;)
following the thermal network shown in Fig. 7b.

From the figure, it is possible to distinguish different thermal nodes
and resistances. Concerning the thermal nodes: T; is the external
evaporator surface (glass cover); T, is the temperature at the interface
between the internal evaporator surface and the wick layer; Ts is the
wick layer internal surface; T4 is the internal evaporator (vessel) surface;
and Ts is the external evaporator (vessel) surface. The thermal re-
sistances, Ry_», Ry_3, and R4_s are the conductive thermal resistances
through the evaporator, the wicking material and the condenser,
respectively. These resistances are evaluated using the following well-
known equations:

Sevap

R, = (@]

kevapAdiode
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@ Evaporator thermocouples (from E,; to E,3)

@ Condensator thermocouples (from C, to Es)

Venting Venting Back tank
T T
Tautlet
Front PLVTD Back
Julabo Julabo

Tinlet

1
Gel Gel
package package

b)

Fig. 5. PLVTD experimental set-up (a) and thermocouple arrangement (b).

Swick
Ryy=—777— (2)
Table 1 . 7 ickAdiode
Conducted experimental tests.
Test Testtype  Evaporator initial Condenser initial Ry s = _ Scond 3
number temperature temperature kcondAdiodE
rel Where, Sevap, Swick, and Scong are evaporator, wick, and condenser thick-
Test 1 Forward 53 36 ness, respectively, and Keyap, kyick, and keonq are evaporator, wick, and
Test 2 Forward 36 26 d th 1 ductivi ivelv. The 1 . R
Test 3 Reverse 16 s condenser thermal conductivity, respectively. The last resistance, R3_4
Test 4 Reverse 15 70 (not shown in Fig. 7), is the thermal diode equivalent resistance, which
is considered different in the forward and reverse modes. During the
forward mode, Rs_4 is the equivalent resistance resulting from three
mechanisms occurring in parallel: (i) convection, i.e. via evaporation
and condensation phenomena (computed by considering the respective
e Tev Mean (K) e Tcon Mean (K)
e Tev Mean (K) e Tcon Mean (K)
— 80
g 70 T o
o s, 70
£ 50 g 50
g 40 2. 40
S 30 £ 30
20 & 20
10 10
0 Lo " TR TERTTRTTIT 0 Lt Ll Lol
012345678 9101112 01 2345678910112

a)

Time [h]

Time [h]
b)

Fig. 6. Test 1 (left) and Test 4 (right) temperature time profiles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Heat flux direction

evap

Rcond

Heat flux direction

Ry,

R rad

Fig. 7. PLVTD thermal networks: forward mode (a); reverse mode (b).
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evaporation and condensation resistances Re,qp and Reona), (i) radiation
Ryq4, and (iii) conduction through the pillars Ry. The radiative and
conductive resistances through the diode cavity are evaluated as
follows:

spillars (4)

Ridiode = 77—
KpittarsApitiars

Ly 14

Eevap Econd

0Amp (T§ + Tﬁ) (T5 + Ty)

()

Rmd,d[adr =

Where Spijiars, Kpittars, and Apiiars, are the thickness, thermal conductivity,
and total area of the pillars respectively, &¢qp and econq are the emittances
of evaporator and condenser, respectively, ¢ is the Stefan-Boltzman
constant, and Arp is the total area of the thermal diode (less the pillars
area). Finally, with respect to the evaporation and condensation re-
sistances (Reygp and Reong respectively), these are evaluated through the
following equations:

Rmp N T% N 2 'ﬂ'Rmp N T3

evap — (6)
Y Arp-Q;(T5)-P(T5)
Ry T2\/27Rogp T4
Rt = —— 5~ @)

Arp-Q; (Tu)-P(Ts)

Where R, represents the gas constant for water vapour, T3 and T4 are
the wick and condenser temperatures, respectively, and Q; and P are the
latent heat of evaporation/condensation and the vapour pressure of the
water, respectively (both assessed at the corresponding surface tem-
perature). It worth noting that the evaporation and condensation phe-
nomena cannot occur during the reverse mode, since the heat is
transferred from the condenser (T4) to the absorber (T3), and the
condenser is not wet (no wick). Thus, Re,q and Rconq cannot be consid-
ered and so the thermal diode equivalent resistance in forward and
reverse mode is evaluated as follows:

1

(8
1 1 1
Ryad (Rem/r +Rcond )

REq.di()de,F()rward = R3—4 =
(Rk

1

REq,z[iz)de,Reveme =R3 4= (9)
1 1
(Rk + Rrud)

80 - T
——Evaporator - Exp
=-=-Condensator - Exp

70 H— Condensator - Sim

Upper limit
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Focusing on dynamically assessing the PLVTD behaviour, the described
heat transfer equations have been implemented in a MatLab routine. To
verify the reliability of the resulting simulation tool, it has been exper-
imentally validated as described in the following paragraph.

2.4. PLVTD model validation

To verify the reliability of the developed PLVTD dynamic simulation
tool, an experimental validation was carried out. Simulation data have
been compared with those measured from the previously described
experimental testing for both forward and reverse operating conditions.
In particular, two main temperatures have been taken into account: (i)
external surface of the evaporator (T; — Fig. 7) and (ii) external surface
of the condenser (Ts — Fig. 7). Note that the other temperatures (those
related to the wicking material — T, and T3 in Fig. 7), and the internal
surface of the condenser (T4 in Fig. 7) cannot be considered in the
validation due to the difficulty in measuring the related experimental
data (thermocouples were no installed in the evacuated chamber due to
the risk of vacuum leakage). Nevertheless, by validating the condenser
temperature for the forward mode, and absorber temperature for the
reverse mode, it is possible to ensure the correct assessment of the
thermal diode behaviour. In this context, four experimental tests, pre-
viously described in Table 1 have been considered. To validate the de-
vice during the forward mode, the evaporator temperature (T;) is
considered as an input of the software, whereas the condenser temper-
ature output (Ts) is subjected to the validation. The opposite action
occurs in validating the device during the reverse mode. The comparison
between the experimental and simulated data time histories are shown
in Fig. 8, Fig. 9, Fig. 10, and Fig. 11.

For the forward tests (Fig. 8 and Fig. 9), the experimental condenser
temperature (dotted black lines) and the simulated temperature (solid
red lines) exhibit a very good agreement, with the deviation always
below 1 °C (dotted purple lines). Similarly, for the reverse tests (Fig. 10
and Fig. 11), the experimental evaporator temperature (dotted black
lines) and the simulated temperature (solid red lines) also present a very
good agreement with the temperature deviations (dotted purple lines)
almost always below 1 °C. To further prove the reliability of the
developed simulation tool, a statistical analysis has been conducted to
assess the goodness of fit between experimental and simulated data. In
particular, the two indexes considered are the mean absolute percentage
error (MAPE), and the R-squared (R2), evaluated as follows:

-1 1.5

60 |\———Deviation
Pl C
e — :
E g
: 40 E
| >
E L é
e -
......... \ 0.5
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=)

20

120 240

360
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Fig. 8. Test 1 (forward), experimental vs. Simulated temperature time histories. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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By evaluating these indexes for the investigated experimental tests, it
is possible to obtain the results presented in Table 2.

From the reported values, it is possible to notice that excellent
agreements are achieved. However, it worth noticing that higher dif-
ferences occur in case of reverse mode simulation. From the presented
results, it is possible to state that the PLVTD model is validated and
reliable to be adopted for further analyses.
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3. HyPVT concept description

The previously described PLVTD prototype is the core element of the
novel solar photovoltaic thermal collector concept. Specifically, the
conceived hybrid collector is an Integrated Collector Storage Solar
Water Heater (ICSSWH), based on the previously described Planar
Liquid Vapour Thermal Diode (PLVTID) and called the HyPVT. At the
time of writing, the complete device has not been realized yet and thus
the focus of this present work is to theoretically analyse the device
performance to validate and support its fabrication. The proposed device
structure is presented in Fig. 12 where the five different components can
be detected: (i) transparent cover; (ii) photovoltaic absorber; (iii)
PLVTD; (iv) integrated hot water storage tank, and (v) thermal
insulation.

Concerning the device dimensions, it is 1.4 m high and 0.7 m wide
with a total frontal area of 0.98 m2. Other key dimensions are presented
in Table 3.

Finally, the PV sheet is a monocrystalline silicon panel, with a
nominal efficiency of around 17% and its behaviour is presented within
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Table 2
Validation indexes for all the investigated tests.
Forward Reverse
Test 1 Test 2 Test 3 Test 4
MAPE 0.13 0.11 0.51 0.28
R? 0.99 0.99 0.93 0.97
PV absorber -_ .
. _~ Insulation
Glass cover -~ - Y o
PLVTD

Fig. 12. Proposed prototype schematic representation.

the mathematical model. By integrating the PLVTD, the described device
varies the front thermal resistance (Rfr) from the heat collection to the
heat retention phases. Specifically, thanks to the high heat transfer co-
efficient (ow Ryne) of the PLVTD during the forward phase, the entire
device allows heat transfer during solar collection periods. On the other
hand, during the reverse phase (when the PLVTD heat transfer

Table 3

HyPVT dimensional/geometrical feature.
Quantity Value Unity
Glass cover thickness 2 mm
Air gap thickness 33 mm
PV sheet 5 mm
PLVTD depth 100 mm
Water storage tank depth 100 mm
Polystyrene foam insulation 75 mm
Water storage tank volume 0.1 m?
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coefficient drops, and the front thermal resistance rises), the conceived
device can successfully retain the heat in the integrated thermal storage
during non-collection periods (the heat retention phase). Concerning the
HyPVT behaviour during the heat collection phase, the incident solar
radiation is absorbed by the PV panel (a de facto collecting absorber)
and partially converted into electricity. Incident solar radiation that is
converted into heat is transferred through the PLVTD (characterized by
a low thermal resistance during this phase) into the integrated thermal
store as hot water at the rear of the device. Conversely, during the heat
retention phase, the stored heat inside the water tank is subject to
reduced heat loss due to the heavily insulated walls and the PLVTD.
Specifically, since no evaporation/condensation phenomena occurs, the
PLVTD guarantees a low heat loss coefficient, reducing the heat dissi-
pation. It is worth mentioning that even if the described HyPVT device
has not been realized, a similar prototype has been experimentally
investigated by the same authors, as reported in Smyth et al. (2019),
Pugsley et al. (2019), Pugsley (2017). This device has the same
dimensional and geometrical features relative the proposed HyPVT and
adopts the same working principles. Nonetheless, a main difference
between the novel HyPVT and the device presented in Smyth et al.
(2019), Pugsley et al. (2019), Pugsley (2017) exists, in that the latter
utilizes a water pump to keep the evaporator surface wet, whereas the
presented HyPVT relies on the capillary wicking feature. Specifically,
the wicking (sorption) material represents a more cost-effective benefit,
since the passive operation reduces operating costs (no parasitic pump
input), thereby increasing the reliability of the device with less
components.

3.1. HyPVT mathematical model

In this section, the mathematical model of the HyPVT concept is
described. The thermal network detailing the heat transfer phenomena
occurring inside the device is shown in Fig. 13.

here, GA(ra) and E,; are the solar radiation absorbed and the elec-
trical power produced by the PV panel, respectively. With respect to the
temperatures, Ty is the ambient air temperature, Ty, and Tg; are the
transparent cover external and internal temperatures, respectively, Ty .
and Tp,; are the external and internal temperatures of the PV panel,
respectively, Teond is the temperature of the condenser external surface,
T, is the water node temperature and T;. is the external surface tem-
perature of the insulated case. Regarding thermal resistances (Fig. 13),
Ry, is the radiative resistance between the glass cover and the sky, R.,
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Fig. 13. HyPVT thermal network during the forward mode.

is the convective resistance between the glass cover and ambient air, Ry,
is the conductive resistance inside the glass cover, Ry cayiry is the radiative
resistance of the air gap between the absorber and the glass, R¢ cayigy is the
convective resistance between the absorber and the glass, Ry, is the
conductive resistance inside the PV panel, Rp.yrp is the thermal resis-
tance of the PLVTD (assessed as previously shown), R,, is the thermal
resistance of the water storage tank, and Ry ;. is the resistance of the
HyPVT casing (including the insulating material). All the resistances
presented in Fig. 13, with the exception of the PLVTD, are well-known
convective, conductive and radiative heat transfer phenomena, and for
sake of brevity, they are not specified here. Conversely, the term Rp.yrp
describes the equivalent resistance of the PLVTD, which can be still
evaluated as previously shown in this paper (see Egs. (8) and (9)). With
respect to the electricity produced by the PV panel (E,), this has been
evaluated, along with the electrical efficiency (,), by the following
equations:

E., = GA(ta)n,, 12)

(13)

Ty))

Where 7, is the overall electrical efficiency, 7, is the PV nominal effi-

Ny = ﬂrif'(l =Py (Tpv,e -

ciency at reference test conditions, f,;; and T are the temperature co-
efficient and the reference temperature of the PV panel (as per the data
sheet) and T, is the PV panel temperature. The latter, is estimated
through an energy balance of the PV panel control volume, as follows:

- Tgvi) + (pr’ —
szcavify Rk

pve — Lgi
Tpe Tgl)+(Tp” Tpi)

(14

Adioch(Ta) = Eel + (

ricavity

With respect to the HyPVT thermal performance assessment, this is
evaluated by adopting two different measures: (i) the front thermal
resistance (Rgon:); and (ii) the heat collection and retention efficiencies.
Concerning the former, the front thermal resistance is evaluated as fol-
lows (see Fig. 13):

) -1

(15)

+R.}

c,0

—1
reavity T R('.(:aviry

-1
Rjion = Rw + Rprvip + Ripy + (Ril ) +Rig + (R:Ai

here, the term Rppyrp modifies its value according to the considered
phase as specified before: during the heat collection phase, due the
occurrence of evaporation/condensation phenomena, the PLVTD front
thermal resistance is very low. On the contrary, during the reverse
phase, since the evaporation/condensation phenomenon cannot take
place, the front thermal resistance is high, reducing the heat losses. With
respect to the heat collection and retention efficiencies it is instead
necessary to estimate the heat stored and then lost during the device
operations. More precisely, given any time interval (6 - (6 — 1)), where 6
is the time, it is possible to evaluate the thermal energy variation
(AQqqnx) inside the water storage as follows:

0+1

AQunc = Y My [T(0) = T (0 — 1)] ae)
0

Where, M,, is the water mass inside the storage tank, T,, is the temper-
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ature of the water and ¢, is the specific heat capacity of the water. By
evaluating Eq. (16) from the starting interval (0 = 0), to the end of the
collection period (0 = Ogqcon) it is possible to calculate the amount of
energy stored inside the tank (AQqgnk.con), Whereas, by evaluating Eq.
(16) from the end of the collection period (0 = Genq con) to the end of the
retention period (6 = Oengrer), it is possible to calculate the energy lost
from the device during the reverse operating condition (4Q¢gnk rer). Given
these values, for the forward mode it is possible to define a collection
efficiency as the ratio between the energy collected by the water tank at
the end of the collection period (0nqcon) and the total solar energy
incident on the absorber during the same period (Qsoincident) as
described in the following equation:

_ [ AQunkcor \ 100
Neottection = A :
Qsal.incidcnr

With respect to the reverse mode, the retention efficiency can be eval-
uated by considering the initial and final water tank temperatures, as
follows:

a7

Tw (0end.mll) B Tw (eendjel)
Tw (gend.z‘ull) - Tmnb (eend,rft)

18)

Nreverse =

Where, T, (@ena.con) is the water temperature inside the store at the end of
the collection period and T, (Gendrer) and Tymp (Bendrer) are the water
temperature inside the store and the ambient air temperature at the end
of the retention period, respectively. By means of Egs. (17) and (18) itis
possible to evaluate the investigated ICSSWH heat collection and
retention performances.

4. HyPVT theoretical performances

The described dynamic simulation tool has been adopted to deter-
mine the HyPVT theoretical performance and to verify its convenience
over similar device without PLVTD. In this context, two different ana-
lyses have been performed: (i) first, the developed tool is used to eval-
uate the HyPVT performance at the variation of the boundary conditions
to derive its collection efficiency curves, and (ii) secondly it is used to
perform a comparison with a similar device, without the PLVTD (a
standard ICSSWH collector) aiming to prove the potential of the HyPVT
concept.

HyPVT theoretical performance assessment

The first analysis considered four different constant irradiation levels
(see Table 4) with a constant air temperature of 25 °C (standard air
temperature for testing conditions). The four simulations were carried
out for an entire forward/reverse cycle consisting of six hours collection
mode and ten hours of retention.

For each tests the related collection and retention efficiencies have
been calculated using Eqgs. (17) and (18) respectively over a six- and a

Table 4
Investigated boundary conditions.
Test 1 Test 2 Test 3 Test 4
Irradiation [W/m?] 1000 800 600 400
Tamy [°C] 25
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ten-hours period, and the results are shown in Table 5.

From the results it is possible to notice that, besides the interesting
collection efficiency also remarkable 10 h retention ones are achieved. It
worth noticing that these results are influenced by the different thermal
resistance of the HYPVT front side during the forward and reverse mode.
Specifically, the front side thermal resistance has been calculated by
using Eq. (15) and its values for the collection and retention phases are
equal to 0.2 m? K/W for the collection phase, and equal to 1.4 m? K/W
for the reverse one. Aiming at better characterizing the collection effi-
ciency of the device, the same Egs. (17) and (18) have been applied over
smaller time intervals (rather than on a daily basis) four the simulated
tests reported in Table 4. The obtained collection efficiencies have been
plotted against the normalized tank temperature (Pugsley, 2017) as
shown in Fig. 14.

HyPVT performance comparison

To verify the convenience of the conceived HyPVT device, a com-
parison with a similar one based on the same dimensions and thermo-
physical features (e.g. solar absorption area, storage tank volume,
materials, etc.), but without PLVTD, has been conducted. Specifically,
the configurations reported in Fig. 15, and described in the following,
have been investigated:

e Device 1: the proposed ICSSWH with a fully integrated PLVTD. In this
case, the evaporation and condensation phenomena can occur during
the forward mode, whereas only radiation and conduction phe-
nomena take place during the reverse one.

Device 2: the ICSSWH collector without a PLVTD. In this case, the
solar radiation collected is directly transmitted to the water in the
storage tank, as in a standard device. Nonetheless, higher losses are
expected. This device has the same storage volume and active cap-
ture area as the other device.

The described devices are compared considering three different
measures: (i) front thermal resistances during both forward and reverse
phases; (ii) water tank temperature time histories; and (iii) collection
and retention efficiencies. With respect to the front thermal resistances,
evaluated as shown in Eq. (15), these are reported in Table 6. From the
table it is possible to notice that, during the collection (forward) phase,
the standard device (no PLVTD) is characterized by lower thermal
resistance with respect to the proposed HyPVT.

Such a result is due to the fact that the PLVTD, even if highly
transmissive during the forward mode due to the evaporation/conden-
sation phenomenon, still contributes to the overall thermal resistances
(absorber and condenser plates, wick layer, pillars, etc.). On the other
hand, in case of the standard device (device 2 in Fig. 15), the absorber
(PV sheet) is directly in contact with the storage tank, implying a lower
front thermal resistance (and thus a higher heat transfer coefficient).
Still, during the collection phase, the heat transfer coefficients of the
proposed HyPVT and of the standard device as still comparable in terms
of magnitude (0.22 vs. 0.20 m? K/W). Conversely, a different situation
occurs during the retention phase, where the proposed HyPVT device
exhibits a front thermal resistance remarkably higher than the standard
ICSSWH (1.4 vs. 0.20 m? K/W). From the results shown in Table 6 it is
then possible to state that the PLVTD integration does not really affects
the heat collection performance of the device, while substantially
enhance the heat retention ones. To verify the better performance ex-
pected by the HyPVT over the standard device, they are both

Table 5
Collection and retention efficiencies for the investigated working conditions.
Test 1 Test 2 Test 3 Test 4
Reached collection temperature (6 h) [*C] 51.3 45.7 40.0 34.5
Collection efficiency [%] 52.0 51.1 49.8 47.2
Reached retention temperature (10 h) [°C] 47.3 42.5 37.5 32.7
Retention efficiency [%] 85.1 84.5 83.2 80.3
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investigated by means of the developed dynamic simulation tool by
considering the same boundary conditions reported in Table 4, and the
related results are shown in Fig. 16. Here, the water tank temperature
time profiles are presented over a forward/reverse cycle made up of six
hours in collection mode and ten in retention mode for both investigated
configurations.

From the figure it is possible to notice that the HyPVT (device 1 in
Fig. 15) and the standard ICSSWH (device 2 in Fig. 15) during the for-
ward mode exhibit a similar profile, with device 2 performing slightly
better than device 1, as expected in accordance to the results reported in
Table 6. This slight difference is due to the higher thermal resistances
between the PV panel/absorber and the water tank in device 1 opposed
to the direct contact between the PV panel and storage tank in device 2
(as already specified). However, during the retention phase, the pro-
posed HyPVT (device 1) experiences a smaller temperature drop
compared to a standard ICSSWH without a thermal diode (device 2), in
accordance with the front thermal resistance values reported in Table 6
for the reverse mode. As an example, for the case with a radiation of
1000 W/m?, after 10 h of reverse mode the water temperature of device
1 (solid blue line in Fig. 16) is still around 47 °C, whereas device 2
(dotted blue line in Fig. 16) is 44 °C. The collection and retention effi-
ciencies of the investigated tests are presented in Table 7. From the
table, as expected, the collection efficiencies for both devices are com-
parable, whilst the retention efficiencies are different, and specifically
always higher in case of the proposed HyPVT.

The results shown in Table 7 and Fig. 16 clearly indicate the validity
of the proposed HyPVT collector concept giving positive theoretical
results, that demonstrate a higher overall performance compared to a
standard ICSSWH device based on similar dimensions and geometrical
features and thus proving the case for PLVTD integration.

5. Conclusions

In this manuscript a novel Hybrid Photovoltaic Thermal (HyPVT)
Integrated Collector Storage Solar Water Heater (ICSSWH) concept is
presented and theoretically investigated. The innovative device in-
tegrates a novel Planar Liquid Vapour Thermal Diode (PLVTD) devel-
oped and experimentally tested at Ulster University, Belfast, Northern
Ireland. Aimed at assessing the PLVTD performance under diverse
boundary and operating conditions, a mathematical model was devel-
oped, and experimentally validated. The validated PLVTD mathematical
model was incorporated into a more complex simulation tool conceived
to analyse the physical behaviour of the proposed ICSSWH-HyPVT-
PLVTD collector concept. The resulting tool is then adopted to verify
the convenience of the inclusion of the PLVTD into ICSSWH collectors by
performing comparison simulations. Specifically, the proposed HyPVT
device performance were compared to that from a standard ICSSWH
collector, with similar dimensions and thermophysical features, but with
no PLVTD. The results demonstrated that the PLVTD plays an essential
role in increasing the ICSSWH’s overall thermal efficiency. In particular,
the following conclusions can be drawn:

e The adoption of PLVTD into ICSSWH permits to have different col-

lector’s front thermal resistance during the heat collection and heat

retention phases. More precisely, the HyPVT shows front thermal

resistance of 0.22 m? K/W during the collection phase and of 1.4 m?

K/W during the retention phase.

The higher front thermal resistance during the retention phase per-

mits to increase the retention efficiency with respect to a similar

device not integrating the PLVTD;

e Whilst a slight reduction on the forward mode, the proposed HyPVT
device had a 14% better heat retention efficiency in the reverse mode
over the standard device.

By concluding, thermal diodes offer a promising solution to
enhancing ICSSWH performance, enabling them to overcome some of
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Fig. 14. Collection efficiency curves for the investigated HyPVT.
protype that advances the thermal diode performance. Following suit-
able testing, overall validation of the simulation tool will be confirmed,
| I and its application used to evaluate the concept performance in diverse
I I climates and operating conditions over extended operating periods.
I Vacuum I Nomenclature
I | Symbols
| | A Surface area
I I BISS Building Integrated Solar System
¢ Specific Heat
I I G Incident solar radiation
| I HyPVT Hybrid Photovoltaic Thermal Collector
HTF Heat Transfer Fluid
Device 1 Device 2 ICS Integrated Collector Storage

Fig. 15. Investigated device configurations.

Table 6
Front thermal resistances for the investigated devices.
Device 1 Device 2
(HyPVT) (standard)
Front thermal resistance [m? K/ 0.22 0.20
(collection phase) Al
Front thermal resistance 1.4

(retention phase)

their main drawbacks and supporting their adoption in colder climatic
regions previously beyond the reach of standard systems.

6. Future research

This research presented a dynamic simulation tool for the perfor-
mance assessment of an ICSSWH-HyPVT collector integrating a novel
PLVTD. The mathematical tool was adopted to confirm the benefits of
the collector concept over devices with similar geometry. As next step,
the developed mathematical model will be employed to support the
development and physical fabrication of the HyPVT prototype. It is
proposed that the tool will optimize the selection of componentry,
inform sizing, and direct operational features to realize an actual
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ICSSWH Integrated Collector Storage Solar Water Heater
K Thermal conductivity
M Mass
P Pressure
PLVTD Planar Liquid Vapour Thermal Diode

Q Heat

Q. Latent heat

R Thermal Resistance

Ryap Universal Gas Constant

s Thickness
T Temperature
TD Thermal Diode
V Volume Flow Rate

Subscript

amb Ambient air
coll Collection
con Condensator
cond Condensation
e External
el Electric
eq Equivalent
ev Evaporator
evap Evaporation
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Fig. 16. HyPVT vs. standard ICSSWH water tank temperature/time profiles for the investigated tests.

Table 7
Collection and retention efficiencies for the investigated devices.
Device 1 Device 2
(HyPVT) (standard)
Test 1 (1000 W/m?&  Collection 52.0 53.1
25 °C) efficiency [%]
Retention efficiency ~ 85.1 70.0
[%]
Test 2 (800 W/m? &  Collection 51.1 51.9
25°QC) efficiency [%]
Retention efficiency ~ 84.5 69.0
[%]
Test 3 (600 W/m? & Collection 49.8 50.5
25 °C) efficiency [%]
Retention efficiency ~ 83.2 66.4
[%]
Test 4 (400 W/m? &  Collection 47.2 47.9
25 °C) efficiency [%]
Retention efficiency  80.3 60.9

[%]

g Glass
i Internal
k Conductive
o Outside
pv Photovoltaic
rad Radiative
ret Retention
rif Referment
sol Solar
Sky Sky vault
w Water

Greek

a Absorption coefficient

n Efficiency
& Emissivity
0 Time

o Stefan-Boltzmann constant
7 Transmission coefficient
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