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Abstract

Building-integrated Concentrator Photovoltaic (BICPV) technology produces noiseless
and pollution free electricity at the point of use. With a potential to contribute immensely
to the increasing global need for a sustainable and low carbon energy, the primary
challenges such as thermal management of the panels are overwhelming. Although
significant progress has been made in the solar cell efficiency increase, the concentrator
photovoltaic industry has still to go a long way before it becomes competitive and
economically viable. Experiencing great losses in their electrical efficiencies at high
temperatures that may eventually lead to permanent degradation over time, affects the
market potential severely. With a global PV installed capacity of 303 GW, a nominal 10
°C decrease in their average temperatures could theoretically lead to a 5 % electricity
efficiency improvement resulting in 15 GW increase in electricity production worldwide.
However, due to a gap in the research knowledge concerning the effectiveness of the
available passive thermal regulation techniques both individually and working in tandem,

this lucrative potential is yet to be realised.

The work presented in this thesis has been focussed on incremental performance
improvement of BICPV by developing innovative solutions for passive cooling of the low
concentrator based BICPV. Passive cooling approaches are selected as they are generally
simpler, more cost-effective and considered more reliable than active cooling. Phase
Change Materials (PCM) have been considered as the primary means to achieve this. The
design, fabrication and the characterisation of four different types of BIPCV-PCM
assemblies are described. The experimental investigations were conducted indoors under
the standard test conditions. In general, for all the fabricated and assembled BICPV-PCM
systems, the electrical power output showed an increase of 2 %-17 % with the use of PCM
depending on the PCM type and irradiance. The occurrence of hot spots due to thermal
disequilibrium in the PV has been a cause of high degradation rates for the modules. With
the use of PCM, a more uniform temperature within the module could be realised, which
has the potential to extend the lifetime of the BICPV in the long-term. Consequentially,
this may minimise the intensive energy required for the production of the PV cells and

mitigate the associated environmental impacts.



Following a parallel secondary approach to the challenge, the design of a micro-finned
back plate integrated with a PCM containment has been proposed. This containment was
3D printed to save manufacturing costs and time and for reducing the PCM leakage. An
organic PCM dispersed with high thermal conductivity nanomaterial was successfully
tested. The cost-benefit analysis indicated that the cost per degree temperature reduction
(E/°C) with the sole use of micro-fins was the highest at 1.54, followed by micro-fins +
PCM at 0.23 and micro-fins + n-PCM at 0.19.

The proposed use of PCM and application of micro-finned surfaces for BICPV heat
dissipation in combination with PCM and n-PCM is one the novelties reported in this
thesis. In addition, an analytical model for the design of BICPV-PCM system has been
presented which is the only existing model to date. The results from the assessment of
thermal regulation benefits achieved by introducing micro-finning, PCM and n-PCM into
BICPV will provide vital information about their applicability in the future. It may also
influence the prospects for how low concentration BICPV systems will be manufactured

in the future.
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Chapter 1. Introduction

Chapter 1. Introduction

Solar energy is the largest renewable energy resource available on Earth. In one hour the
solar energy received by the Earth is sufficient to satisfy the global human energy needs
for an entire year. The elegance of solar energy being harnessed and made useable in
general lies in a very simple scientific phenomenon where light falls on a semiconductor
and produces noiseless, pollution-free electricity. The semiconductor revolution,
advancement in production technology and policies supporting solar energy have all
contributed immensely to realise its potential during the last four decades. Concentrating
photovoltaic (CPV) technology has added a new dimension to the traditional solar
Photovoltaic (PV). Integration of CPV into buildings for producing electricity at the
source of use and the potential for saving costs by replacing building elements drives

building-integrated concentrating photovoltaic (BICPV) into emerging new markets.

This chapter starts with an overview on PV, CPV and BICPV and reviews the state of the
art of these technologies along with the associated technical parameters in the first part.
PV is further categorised into BAPV (building-attached photovoltaic) and BIPV
(building-integrated photovoltaic). From here, it follows on with an introduction to the
different types of solar concentrators; a feature that differentiates a traditional PV from a
CPV. The advantage and limitations of these technologies, areas of existing as well as
proposed applications, current challenges and some available solutions pertaining to each
of these areas are discussed. In latter sections following the background information, the
important research questions related to challenges with BICPV thermal regulation, the
rationale for pursuing this research, the key aims and the employed research methodology
are summarised. Finally, in the last part, the salient features of this research work based
on low concentration BICPV, the distinguishable in-scope elements and the thesis

organisation are elucidated.
1.1 Background

Solar energy, with its tremendous availability of 120 petajoules per second on the Earth
shows immense potential, having annual net energy production increase by an average
8.3 % and a projected generation of 859 billion kWh, which was accountable for a 15 %

of the 5.9 trillion kWh of new renewable generation by 2014 [1]. Over the last one and a

1
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half decades, PV markets have grown at a rate of 42 % compounded annually (2000-15)
out of which Si-based PV accounted for about 93 % (with 68 % contribution was from
multi-crystalline) and about 7 % from thin film technologies to the total annual production
in 2015 [2]. Owing to increasing efficiencies, the Si usage in cells in the last decade have
reduced from around 16 g/Wp to 6 g/Wp.[2]. Fig. 1 shows the global PV power production
capacity (in GW) and annual additions since 2005, when solar PV contributed to 40 GW,,
growing to a 227 GW, in 2015, an almost six-fold increase within a decade.

Solar PV Global Capacity & Annual Additions (2005-2015)
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Figure 1: Global PV power production capacity and annual additions (2010-2015)[3].

Considering U.K. scenario (Fig. 2), by April 2017, the overall PV capacity stood at
12,098 MW across 913,669 installations, with an increase of 7 % (792 MW) compared
to compared to last year [4]. Of this total installed solar PV capacity, 47 % (5718 MW)
is contributed by large-scale installations (>5 MW) and 21 % (2486 MW) by small-scale
(0-4 kW) installations. The commercial roofs account for only 5 % of all solar
deployment to date [4]. The integration of PV into architectural design is both significant
and innovative because buildings are responsible for a major proportion of total energy
usage. The data for the primary energy consumption in the domestic sector buildings in
the U.K. Fig. 3 shows that a major 66 % of the share goes towards space heating,
followed by 17 % towards water heating. The use of PV with the buildings can act as a

stand-alone or a grid-connected micro-renewable electricity energy source.
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BIPV/BAPV have the potential to contribute to clean energy production at the site of

use and unburden the load on the grid by decentralising electricity production.

UK Solar Deployment: By Capacity
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Figure 2: Solar photovoltaic deployment in the UK since 2010 [4].

Primary Energy Consumption in U.K. Buildings, 2014
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Figure 3: U.K. primary energy consumption within domestic sector [5].

A summary of the international BIPV research activities that have taken place over the
last four decades clearly shows the exponential growth in the sector. In particular, the last
decade has seen the evolution of new societies, task committees, international
conferences and events, which signifies the presence of BIPV knowledge spreading
globally (Fig. 4).
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Figure 4: International BIPV research activities [6].

PV attached to buildings contribute to: (a) electricity production at the point of use
thereby reducing electricity transmission and distribution losses, (b) economic savings in
terms of building materials replacement, and (c) provision of several types of flexible and
innovative solutions based on less material requiring PV technologies [7]. They also offer
a promising solution for electrification of rural areas cut off from main electricity grids,
especially in developing countries. Besides, the recent government policies in many
countries such as the European Union pushes towards energy-neutral buildings, which
not only drive building integration of PV but also benefits by heat generation and daylight
regulation by transmission of diffuse sunlight through transparent parts of the emerging
PV systems [8]. However, there are policy-related and technical challenges to adopting
BIPV, and more importantly, BICPV, on a larger scale, some of which are explored

within this thesis and the potential solutions are suggested.
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1.2 Overview of Photovoltaics

The term Photovoltaic, abbreviated as PV is defined in Collins English Dictionary, 2012
as (adj.) of, concerned with, or producing electric current or voltage caused by
electromagnetic radiation, especially visible light from the sun. The origin of the term
lies in the Greek words phos or phaot meaning light and voltaic meaning pertaining to
electricity or electric current. PV technology is based on the science of photovoltaic
effect, which is used to convert sunlight directly into electricity when exposed to radiant
light carrying higher energy than their band gap energy. The electrons in the valence band
gain energy from the incident photons get excited and jump up to the conduction band,
thereby conducting electricity. The energy and wavelength or frequency correlation for

an electromagnetic wave is given by Planck’s equation (Eqgn. 1)

— By = D€
E—hv-x (1)

Where E is the energy of a photon (J), h is the Planck's constant (h = 6.626 x 1034 ]J-s),
¢ denotes the speed of light in vacuum (c = 2.998 x 10® ms™), v is the frequency (s or

Hz) and A is the wavelength of the photon (nm or m).

PV conversion of solar energy directly into electricity without the need for a heat engine

make them rugged and simple in design with few maintenance needs [9]. Amongst all

other renewable sources, the energy produced by PV systems are deemed advantageous

due to the reasons [10] cited below:

o No moving parts; reduced wear and tear, Noiseless operation

o No threat of fluids or gas leakage compared to some solar-thermal systems

. No fuel consumption to operate or for start-up

o Provide a quick response producing full output almost instantaneously

o No pollutants during electricity production (except manufacturing, disposal)

o Involve less maintenance time and cost after appropriate installation

o Majorly dependent on abundantly available silicon for manufacturing

o Modularity allows wide-range of applications. Small-scale (remote and residential
use), Intermediate-scale (community, small business), Large-scale (centralised)

o Extensive power-handling ability, range from microwatts to megawatts
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o High power-to-weight ratio: suitable for building application such as roof-top
o Can be installed on-site for decentralised power production or grid-connected for

centralised power production and distribution
1.3 PV: Building applications

Depending on the point of application, PV could be either retrofit to an existing and
already constructed building (externally) or integrated with the building, replacing the
building material (internally) wherein the PV panel forms an integral part of the building
itself, hence the names building-applied or building-attached (BAPV) and building-
integrated (BIPV) respectively. As a part of the building skin, PV can be used as a basic
or functional construction element such as tile or cladding panel and as modular-unitized
system combining BIPV modules with the building or electrical sub-constructions
(prefabrication, plug & play etc.) [6]. BAPV systems are simpler and quicker in
installation with lower installation costs but they increase the building load and due to
repeated constructions, there is a waste of the building materials that isn’t the case for
BIPV systems as PV arrays are integrated directly into the building skeleton [11]. PV
installers and commercial companies [12] believe that retrofitting or BAPV is “neither a
good use of material resources nor does it achieve the best aesthetic, functional or cost
effective outcomes”. Further, a study in Shanghai compared the environmental and
economic benefit in terms of payback period for a 3 kW BAPV and a 10 kW BIPV panel
under the yearly total solar radiation quantity of 1181.3 kWh/m? and concluded that the
two installations produced 3114.3 kWh and 9890.7 kWh respectively at the monthly
performance ratios (relates the actual and theoretical energy outputs of the PV system) of
80.8 % and 80.3 % and system efficiencies of 10.8 % and 11.2 % [11]. The energy
payback time and greenhouse-gas payback time were 4.2 years and 3.1 years respectively,
thus suggesting that BIPV perform better than BAPV, and hence the obvious choice for
building application of PV.

BIPV, within the building envelopes, solve the primary purpose of generating electrical
energy for use at the point of generation, however, the device itself can work as a
replacement for construction elements such as roofs, facade claddings, windows, and
static or dynamic shading elements [13] and are capable of delivering electricity at less

than the cost of grid electricity to end users in certain peak demand niche markets [14].
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BIPV are modular in nature, leading to reduced installation time with less regular
maintenance needs and offer an alternative to the use of land for PV modules especially
in urban areas where land availability is a challenge. In addition, the cost for free land
needed for installation can be saved. The technical standards of BIPV are defined in BS
EN 50583. BIPV system performance depends on (a) the solar radiation availability
which in turn depends on the geographical location, climate and building orientation and
(b) the collection ability of the device, which is determined by the PV efficiency,
inclination etc. [15]. The integration of PV into buildings are based on many factors such
as their design, purpose, building and safety regulations and aesthetics, which are
schematically illustrated in Fig. 5. As building elements, BIPV can contribute in one or
more of the following ways: by providing mechanical rigidity, structural integrity,
weather protection, energy economy and thermal insulation, fire and noise protection, and

function as a partition between the indoor and the outdoor surroundings [13].

Durability &

Design (Landscape, Maintenance Socio-cultural
Aesthetics & A "
Architecture) ceeptance

Building Blllldlng Standards,
requirements, . . Regulations &
quality mtegration Legal frameworks
Environmental Safety
Concerns
Performance

Figure 5: Important parameters for building integration or application of PV technology.

Depending on the back sheet material, BIPV modules can be classified into rigid (glass,
metal etc.) or flexible (organic, dye-sensitized, perovskite solar cells or thin-film
technologies). While rigid BIPV can be used to replace traditional cladding materials,
flexible BIPV are used mostly in portable applications such as building fabrics. The
majority of BIPV relies on crystalline silicon solar cell based panels in which the level of
light transmission through the modules can be altered only by adjusting the inter-cell
spacing, whereas BIPV based on thin-film solar cells (a few um thick semiconductor,
vapour deposited on the conductive glass with a metal backed structure), offer semi-

transparency through the use of laser ablation technology to selectively eliminate the
7
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layers of material for light penetration [12]. For instance, a modern commercial design of
using BIPV as a building element as shown in Fig. 6, where the completely recyclable,
natural and fire resistant air incorporated rock-wool brings thermal insulation while the
monocrystalline silicon solar cells protected by two layers of glass provide high structural
rigidity forming a walkable roof for easy installation and maintenance [16]. In case of
lightning, the protection is provided as all the elements are already connected and form
the lightning grid, once connected to the ground, thus assuring the safety of occupants.

’ _ Double water Electricity
Thermal insulation . \

(Rock-wool) production,
Sun-protection

Figure 6: Design of a commercial BIPV by Designergy® (adapted from [16]).

BIPV systems can be categorised based on the PV technology they are built on, their
applications and commercial availability, explained more clearly in Fig. 7.

[ BIPV systems ]
[ PV Technology ] [ Types of applications ] [ Commercial availability ]
Silicon Thin-film 3 Gen ¢ ‘ d . . i
based based (OPV, Roo Facade Modules | Tiles || Glazing || Foils
(Crystalline, (CIS, DSSC
Amorphous) CIGS etc.) etc.)

Figure 7: Classification of BIPV systems.

Although BIPV isn’t a new concept, there are still many challenges related to the large
scale adoption of this technology mostly due to the requirement of extensive planning and
architectural challenges while further challenges include a lack of consistent markets,
complexities in planning and construction process, a gap in available certified
construction products, complicated installation methods requiring specialist know-how,

lack of technical awareness in architects and planners and higher costs in addition to
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constraints related to locations such as solar radiation availability throughout the day and

maintenance etc. [6].
1.4 CPV: an overview

Concentrator Photovoltaic (CPV) technology is based on the general principle of using
optical elements (working as radiation collectors) such as mirrors or lenses, to focus solar
irradiance on a solar cell area, which is much smaller, compared to a conventional PV

panel. The benefits of using concentration are:

o Increased solar radiation for photovoltaic conversion; higher electrical output
o Reduced semiconductor material usage for the same power output; saving costs and

environmental impacts caused during solar cell manufacturing

1.4.1 Components

A schematic of the components forming a CPV assembly is given in Fig. 8. The key
elements forming a CPV system are reflective or refractive optics, solar cells soldered to
form a structure for desired electrical output and an external casing to support the
assembly. Additionally, thermal management could be achieved by using heat dissipation

methods such as active or passive cooling.

concentrators _
Aluminium

back plate
e

' \
N PV silicon
! ' cells
[ B
Soldered
\ connections
Sylgard layer

Figure 8: General components of a CPV system assembled together.

Tracking mechanism is required for accuracy in tracking the sun especially for high
concentration systems based on more expensive multi-junction solar cells and it enables
electricity production for prolonged hours. Each of these elements or components
contributes individually and collectively to overall performance of CPV [17].
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1.4.2 Concentration Parameters

The key parameters associated with concentrators are defined as:

Geometric concentration ratio (Cg) or the number of suns, is the ratio of collector

(entry) aperture area and receiver (exit) aperture area of the concentrator and is given

by Eqn. 2
Ag
€y =5 2

Where: Aais the collector or entry area of the concentrator, the surface on which
light is first incident; and A is the receiver or exit area where the light leaves the

concentrator; (m?)

Optical concentration ratio (Co), defined as the ratio of averaged irradiance or radiant
flux integrated over the exit area and the insolation incident on the entry aperture
(Eqn. 3).

1
yw [ 1dA,

Co = 3)

Iq

Where: I is the averaged irradiance or radiant flux; and I is incident irradiance;
(Wm™)

The optical efficiency of CPV is given by (Eqgn. 4).

_ IMax_Conc (4)

r]Opt Cy IMax

Where: Imax_conc IS the maximum current generated by the CPV; (A) and lwax is the

maximum current generated by the PV (without the concentrator); (A).

Optical efficiency is an important parameter in determining the maximum limit of the

concentration collection efficiency. Literature suggests that as it’s possible to obtain over

90 % of optical efficiency which could contribute to the module efficiency reaching 45

% and full annual plant efficiency to increase from the current value of 12 % to 40 %

[18]. The cost of concentration optics is generally lower than that of solar cells [19]. IEC
62108, a combination of two previous standards, IEEE 1513 and IEC 61215, are the

primary standards for determining the electrical, mechanical, and thermal characterisation

of CPV modules [20]. It is imperative to classify the concentrator type for deciding the
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feasibility of use and assessing the suitability for an application and the cooling

mechanism to be employed alongside.

1.4.3 Classification

The classification of solar concentrators can be based on optical characteristics;
concentration factor or concentration ratio, distribution of illumination, focal shape and
optical standards [21]. CPV classification based on concentration mode, geometry,

primary and secondary optics and applications are discussed below (Fig. 9).

’ Concentrator Photovoltaics (CPV) ‘

T TS

l E/Iedlmﬂ l<: .--é(;ﬁcié;ltraﬁon .--"Ge_d;netry “Concentration Imag.e & _nag% J_
 High [ levels || (Focusarea) | method [ formation oo \io) inyaging |
> 7 \V T
(i “Poiut || Linear | Refactive || Reflectiv |

Figure 9: Classification of CPV systems.

i. Concentration Levels (Low, Medium, High)

Depending upon the geometrical concentration (Cq), CPV can be classified as low
concentration (LCPV, with 2x < C4 < 10x), medium concentration (MCPV, 10x < C4 <
100x), high concentration (HCPV, C4 > 100x) [22] and ultrahigh concentration (Cg >
2000x) [23] where x signifies the number of times the solar light is concentrated, often
expressed as the number of suns. Some authors have classified them as low (with Cg: 1-
4x), medium (Cg4: 40-300x) and high (Cg4: 300-2000x) concentration [21, 24].

LCPV can be easily building-integrated as they mostly do not require electromechanical
tracking of the sun and optical gain is achieved under both direct and diffuse radiation
[25]. LCPV with higher concentrations can work efficiently with single-axis tracking
[22]. The higher end of MCPV (60 < Cg4 < 85) is not deemed suitable for building
applications due to their size. They can be used for power plants and many MCPV designs
differ from typical planar modules. The optical precision and tracker accuracy
requirements are not extreme but there are challenges during cell mounting for good

voltage standoff and thermal management [26]. For HCPV, however, very high precision
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two-axis tracking is mandatory, which is why HCPV can’t be used for building
integration. They also cause architectural and aesthetics issues. In some cases of HCPV,
highly efficient but expensive solar cells are used, but concentration can still provide
economic viability since the area of the cells can be up to about 100 times smaller than

the light collection area [27].

Fresnel lenses, Cassegrain optics and point concentration reflector are generally used for
HCPV applications while MCPV relies on either parabolic troughs or Fresnel optics (lens
or mirror). LCPV uses either V-trough reflectors or compound parabolic concentrator
(CPC) [28]. V-troughs direct light onto the receiver using flat mirrors and can achieve up
to Cg~ 3x. They are very easy to fabricate and capable of giving more output from PV as
well as solar-thermal systems. The authors of [29] published that static V-trough
collectors provide over an annual average Cq >1.2 in highly diffuse solar fraction
conditions, and were found suitable for PV. For convenience, 2 < Cq4 < 10 is referred to

as the low concentration within this thesis.

ii. Concentration Method (Refractive, Reflective, Luminescent)

The key approaches to achieve concentration are reflective, refractive and luminescent,
plus total internal reflection which is included within refractive and luminescent types
[23]. The fundamental difference between reflective and refractive modes is that the
former is based on parabolic reflectors/mirrors (e.g. Cassegrain) while latter work with
lenses (e.g. Fresnel lens). Fig. 10 schematically differentiates between (a) reflective
versus refractive optics while (b) Fresnel lens versus conventional curved lens.
Cassegrain mirror assemblies are made of a parabolic primary optic and a hyperbolical
secondary optic [30]. The mirrors can achieve ultra-high concentrations ranging from
500-1000x and they are beneficial, as they don’t have chromatic aberration. Fresnel lenses
comprise of discrete concentric prisms patterned on a superstrate, either monolithically
or with a separate material layer with the advantage of a high optical efficiency that can
reach values up to 86 % [31]. Compared to ellipsoidal concentrators, the large size
commercial Fresnel lenses (made of poly methyl methacrylate or silicone-on-glass) cost
about 100 US$ each [32]. As compared to conventional lenses, Fresnel lenses use lesser
material and have thinner dimensions for providing similar concentration levels as can be

seen from Fig. 10 (b). Parabolic troughs are mostly utilised for concentrated solar power
12
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using thermal generators and require single axis solar tracking, which is based on the
rotation of the concentrator or receiver.

In mirror based systems, the solar cells are normally illuminated from below while in
refractive set-ups, the cells are under the light source, which means that the cooling
system may not cause any shading issues in case of lenses whereas for mirrors based set-
ups, it’s an important design consideration [33]. The benefits of using a Fresnel lens
refractor or a parabolic mirror are comparable as a function of the luminosity of the
concentrator, however, the achievable gain is greater for a parabolic mirror than a flat
lens but is lower than a curved lens [34]. As Fresnel lenses offer more flexibility in optical
design, allow for uniform flux on absorber, and are less prone to manufacturing errors,
they are more suitable for PV systems [35]. In fact, due to the reasons mentioned above,
refractive mode is generally deemed more appropriate for PV while reflective optics find

their applications in solar thermal systems.

Conventional Lens Solar Radiation Fresnel Lens

W T

Converged beams ——

Solar Radiation

. Receiver

Point foocus —— @

Reflector X¢ — thickness of Fresnel lens
X, — thickness of conventional lens
Xr <X,

(@) (b)

Figure 10: Schematics of a: (a) parabolic trough (reflective) solar collector versus (b)
conventional lens and Fresnel lens (refractive). The Fresnel lens thickness (Xf) is much
lesser than that for a curved conventional lens (Xc) for the same concentration.

The third category of concentrators falling under this sub-category are the Fluorescent /
Luminescent Concentrators (LSC), which are capable of concentrating both the direct and
the diffuse radiations without any tracking systems. Weber and Lambe [36] proposed LSC
for PV applications in 1976. LSC consists of a transparent sheet doped with luminescent
organic dyes to absorb sunlight and focus it on to the solar cell using the principle of total
internal reflection. Their efficiencies are limited because of photon emission within the

escape cone, re-absorption of emitted photons by the dye and the matrix absorption [37].
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Quantum dot concentrators comprise of quantum dots seeded in a plastic material suitable
for building-integration and capable of using both direct and diffuse solar radiation [38].
A typical example is an organic solar concentrator.

iii. Image Formation (Imaging and non-imaging)

Imaging concentrators are classified as the more conventional optics such as parabolic
reflectors/mirrors or Fresnel lenses in which the formation of an image is a necessary or
fundamental requirement. Non-imaging concentrators (anidolic optics) on the other hand,
refer to those concentrators that collect the radiation on a larger aperture area and focus
on to a smaller area, which is wider compared to a focal point, without forming an image
of the light source. Proposed by Hinterberg and Winston in 1965 and grown to popularity
with design modifications in the early 1970s, CPC are a classic example of non-imaging
concentrators [39]. CPC can collect a wide proportion of the available direct and diffuse
radiations. A schematic of a CPC is given in Fig. 11(a) and the working in Fig. 11(b).

Acceptance
CPC axis angle

Parabola —!

\
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1
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1 |
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\
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axis A% segment
Square profile—~—— /
Focus ——
Solar Radiation

«— Parabolic profile

Encapsulant layer
olar cell

(b)
Figure 11: (a) Schematic design and (b) working of a CPC.

The term non-imaging has often been referred to as a misnomer as the non-imaging
concentrators are also imaging devices. Nevertheless, the image formation is not required

or the quality of image at the exit aperture is not of much importance, although image
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formation is not necessarily excluded [40]. Non-imaging concentrators obey the edge-ray
principle, which states that non-imaging devices can be designed by mapping the edge
rays from the source to the target edge, or if the source boundary rays can be directed to
the edges of the target, then all the rays in between will also be directed to the target area
[41]. As these designs offer more simplicity and superior collection efficiency in terms
of concentrating the incident radiation much greater than the imaging systems, ideally
non-imaging concentrators are preferred especially for stationary applications. Other
advantages include uniformity in radiation on flat absorbers, widest acceptance angles
and economic benefits in terms of no investment in tracking costs such as installation,

operation and maintenance [39].

Iv. Focus area (Point or Linear focus)

Both Fresnel lens refractors and parabolic reflectors can be further designed as either
point-focus (3D) or linear-focus (2D) concentrators. The point-focus concentrators focus
the light on each individual solar cell while in line-focus systems such as parabolic
troughs or linear Fresnel lenses the light is focused on a row of solar cells [33] as
illustrated in Fig. 12.

Solar Radiation
/ (Incident) \

T —  Entry Aperture—"
Solar Radiation
‘ l ‘ / (Concentrated) ~ ! ! ‘
Exit Aperture ———
Point focus (AL Linear focus

Figure 12: Schematics of a point focus versus linear focus refracting concentrator.

V. Geometry of Optics
On the basis of geometry (shape, size), the concentrating elements can be classified as
parabolic, hyperbolic, elliptical, dish, trough etc. The optical designs specific to this

research are parabolic and elliptical, the details of which are discussed in later chapters.

Vi. Miscellaneous bases of classification
In addition, concentrating systems can be classified based on tracking mechanism such

as stationary (without applied tracking), 2D (linear or single axis tracking), 3D (point or
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dual axes tracking) and quasi-static. It can be further categorised on the basis of secondary
optics designs, homogeniser and conic reflector etc. [23]. The two primary concentrating
elements used within this thesis are based on non-imaging 2D LACPC (Linear
Asymmetric Compound Parabolic Concentrator) and 3D SEH (Square Elliptical
Hyperboloid) concentrator. Both the concentrators provide low concentration (Cg < 10x)
and hence they aren’t dependent on solar tracking and require no active cooling. They
offer a wide range of acceptance angles and can be used as stationary concentrators. Also,
CPC have other advantages over parabolic reflectors in that they require less precise
tracking due to flat optical efficiency response, in comparison to Fresnel lenses they offer
higher optical efficiency (>90 % with advanced reflective films or coatings), the
smoothness in the CPC surface minimises manufacturing defects and the option to filter
portions of the solar spectrum helps reduce cooling requirements for solar cells [42]. SEH
concentrators, on the other hand, offer high transparency allowing daylight penetration
into buildings. The details on the concentrators used within this thesis including their

designs and fabrication are covered further in section 3.2.

1.4.4 Pros and Cons of CPV technology

As with any technology, CPV has its own advantages that come with a few limitations,
which are described in Table 1. In addition to limited niche market and high risk
investment, the requirement for solar tracking comes at the cost of increasing system bulk,
capital, operational, electricity and maintenance costs, which seems like a necessary evil
for high and medium concentration systems. Their costs may exceed the PV costs, they
may be difficult to install especially in residential applications and may reduce the CPV

lifetime due to mechanical wear and tear [43].

Table 1. Advantages and Limitations of the CPV Technology [44].

Advantages Limitations
High efficiencies for direct-normal HCPV cannot utilise diffuse radiation
irradiance LCPV can only utilise a fraction of

diffuse radiation

Low-temperature coefficients Tracking with sufficient accuracy and
high reliability is required

16



Chapter 1. Introduction

Additional use of waste heat possible for
systems with active cooling possible
(e.g. large mirror systems)

Less sensitive to variations in
semiconductor prices

Greater potential for efficiency increase
in future (vs. flat plate system) could lead
to greater improvements in land area use,
system and balance of system costs
Increased and stable energy production
throughout the day due to tracking

Lower energy payback time when
compared to PV
Modular — from kW to GW scale

Opportunities for cost-effective local
manufacturing

May require frequent cleaning to
mitigate soiling losses, depending on
the site

New generation technologies without
history of production (thus increased
risk)

Strong cost decrease required in short
duration for competing technologies for
electricity production

Bankability and perception issues due to
shorter track record compared to PV

Additional optical losses

Limited market, can only be used in
regions with high DNI

Lack of technology standardisation

1.5 BICPV systems: an overview

CPV, when integrated with the buildings are termed as building-integrated CPV or

BICPV. The many benefits of using BICPV, over conventional BIPV are higher electrical

power output, simplicity in recycling the constituent materials due to less cell usage,

lesser space requirement, improved use of the building space as well as environmental

implications such as lesser toxic by-products from solar cell manufacturing [22] which

are summarised in Table 2 as a qualitative comparison and a few examples of BICPV are

shown in Fig. 13 (&, b, c).

Table 2. Qualitative comparison between BIPV and BICPV systems.

Features BIPV BICPV
Power output for same size of PV Lesser More

Cost (fixed and installation) Higher Lower

Cost (operation and maintenance)  Lesser Maybe higher
Solar cell area for same power Up to 100x more Lesser

Space requirement for installation ~ More Lesser
Tracking Not required Required for
Capability to replace building Yes, more Yes but lesser
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Figure 13: Low concentration BICPV based on (a) CPC with silicon cells [45] (b)
LACPC under outdoor experimental characterisation [46] and (c) Semi transparency
effect of the SEH based BICPV suitable for Window applications [47].

Relevant work on the BICPV systems used within this PhD work has been referred from
the following literature: Mallick et al, [46] designed and characterised a novel non-
imaging linear asymmetric compound parabolic photovoltaic concentrator (LACPC),
with 0° & 50° acceptance-half angles and concentration ratio of 2.0. They characterised
the BIPV system with and without LACPC under outdoor conditions in Northern Ireland
(54°36°N, 5°37°W). The thermal and electrical analysis was carried out for 20 days with
an average of 10 hours each day. The results revealed a 62 % increase in the maximum
power point in BIPCV with respect to BIPV. Sarmah et al, 2014 [15] further designed,
developed and analysed the indoor performance of a BICPV module made using clear
polyurethane based LACPC and eight silicon solar cells in series (1.89 Wp) under
different incidence angles. Their concentrator design differed from the one designed
previously with acceptance-half angles as 0° & 33° and Cq of 2.8. Average AM 1.5G
spectrum-weighted transmittance (in the spectral range 300-1100 nm) for the
concentrator was 81.9 %. Indoor characterisation using a solar simulator (1000 Wm™ at
20° inclination) ensured maximum power ratio of 2.27 compared to the non-concentrating
system. Within the designed concentrator’s acceptance angle range, 80.5 % optical
efficiency, 12.1 % maximum and 9.43 % average electrical power conversion efficiency
was achieved. Additionally, these BICPV achieved 20 % cost reduction (£0.80 for PV
and £0.64 for CPV for a 1 kW system) calculated on per unit power output basis.
Additionally, [48] developed the numerical model for the system and performed an

experimental validation considering concentration ratios, solar cell material properties,
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operating temperatures, solar cell dimensions, bus bar configurations and the number of
fingers (including their size and spacing). Issues with concentrated irradiance such as
non-uniformity of the incident flux, hot spots, current mismatch and efficiency reduction
were considered for simulation. It was found that non-uniformity in illumination accounts
for around 0.5 % loss in absolute electrical efficiency and a relative fill factor loss of 1.85
% at 5° incident angle. Ray tracing and finite element methods were employed to carry
out the optical analysis and electrical and thermal analysis respectively. The difference in
maximum output power, Pm, between numerical model (262.6 mW) and experiment
results (231.6 mW) was 11.4 % which was attributed to the inherent defects in the
concentrator (optical) and solar cell, misalignments between cell and concentrator,
junction temperature difference causing open circuit voltage variation, current mismatch

between series connected cells and modelling constants used in the electrical model.

1.5.1 Challenges

Many drawbacks associated with BIPV and CPV become a natural challenge for BICPV
systems to overcome. In addition, in comparison to BIPV, BICPV is often difficult to
mount or used as a construction element such as the installation on facades, as the mirrors
can prevent light entrance inside the building and the outwardly protruding receivers
creating strain on the structure as well as are have unpleasant aesthetics [22]. In addition,
higher temperature in linear CPV systems produced due to higher light flux density
incident upon the cells is also a major issue [22]. The factors affecting a BICPV electrical
power output are the material, type and quality of the solar cells used, the concentration
level achieved by the concentrator, the incident solar radiation and the operating
temperature [49]. For a given BICPV working under constant irradiance, the temperature
increase limits the efficiency of the system. The panel manufacturers measure the
efficiency under the Standard Test Conditions (STC) of 1 kWm2 irradiance at 25°C
temperature, whereas the electrical efficiency is significantly affected by the outdoor
weather conditions [50].

At present most commercial Si-based solar cells used in BICPV can convert only up to
18-20 % of the available solar irradiance to electrical energy and the rest is converted into
heat, increasing the junction temperature [51] unless the heat is efficiently dissipated.
Various studies have been undertaken to experimentally investigate the effect of
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operating cell temperature over output parameters. In mono and polycrystalline solar
cells, the increase in temperature led to slight increase in short circuit current (0.06-0.1
% /°C), but higher voltage drops (2-2.3 mV/°C), and fill factor reduction (0.1-0.2 %/°C)
causing the electrical power output to drop by 0.4-0.5 %/°C in one of the studies [52].
This undesirable performance degradation owes its existence to the negative temperature
coefficient of the silicon cells [27]. At one sun, the temperature coefficient was found to
be 1.7 mV/°C for highly efficient solar cells and at 200 suns, this reduced to 1.4 mV/°C
in another study [53]. Furthermore, [54] investigated the influence of temperature and
wavelength on the electrical parameters of crystalline silicon solar cell. Under a halogen
lamp (irradiation intensity 618-756 Wm) the single crystalline solar cell showed a
decrease in maximum output voltage and power with increasing cell temperature between
25 °C and 60 °C. The temperature coefficient for the decrease in power output from the
module was found to be -0.66 %/°C, with 0.2 %/°C decrease in fill factor and 0.08 %/°C
decrease in conversion efficiency. The authors of [55] investigated the effect of cell
temperature on the photovoltaic parameters of mono-crystalline silicon cell and reported
that the open circuit voltage, maximum power output, fill factor and conversion efficiency
were decreased following cell temperature. Further details on the effects of temperature,
concentration and radiation over solar cells or PV panels can be referred to from [56-67].
In order to analyse the effect of the cell temperature on the electrical output relationship,
it’s important to understand the underlying mathematical and physical principles. The
output electrical current for a solar cell is related to its temperature as given in Egn. 5 [68,
69].

(5)

Where I-characteristic current of solar cell, Iph-photocurrent, lo-reverse saturation current,

9WV*RsD) V+Rsl
I:IPh_Io{e nkT _1}_—5

Rsn

Rs-series resistance, Rsh-shunt resistance and k-Boltzmann’s constant, n-ideality factor,
g-electron charge, Rs-series resistance, Rsh-shunt resistance, T-cell temperature and V-
characteristic voltage of the solar cell. It is based on the single-diode model, the most
widely accepted approach for circuit-based PV which accurately predicts the 1-V
characteristics of the solar cells, especially at T >300 K [68, 69]. Vo is related inversely

to the cell temperature as given by Eqn. 6.
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Where Eg-band gap and Vc-0pen circuit voltage.

The effect of temperature on a typical solar cell performance is demonstrated as I-V curve
in Fig. 14(a) and other cell parameters as Fig. 14(b). With every 100 K rise in temperature,
the initial output current remains about the same but the output voltage decreases sharply.
Also, the short circuit current increases slightly with temperature due to the diminishing
of the Hall-Shockley—Read single-level trap-assisted recombination rate because of the
decrease of effective traps cross-section with temperature [70]. At the same time, the open

circuit voltage decreases drastically thereby reducing both the fill factor and the cell

efficiency.
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Figure 14: (a) Temperature effect on I-V characteristic of a solar cell and (b) cell
parameters such as Voc, Isc, fill factor and efficiency [70].

The authors of [68] proposed the electrical characterisation of PV modules using the
Approximate Single-Diode Model (ASDM) simulation and reported that the I-V curves
for two different modules (Fig. 15 (a, b)) at different temperatures follow the same trend
as the experimentally obtained results with high accuracy. This also shows that for any
module with varying efficiency, the I-V curve always shifts leftwards at higher
temperatures. From the above experimental results and numerical simulations, it’s evident
that the efficiency and output of a solar cell are degraded at elevated temperature. Not
only this, the temperature rise has other disadvantages such as being detrimental to the
longevity of the silicon solar cells and is a challenge for the effective functioning of the

solar cells within safe operating temperatures [69, 71]. Amongst the other challenges
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faced by BICPV are a lack of available models for predicting the output energy yield and

calculating the maximum power [72].
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Figure 15: 1-V curves at various cell temperatures: (a) KC200GT PV module and (b)
MSX60 PV module. The curves are obtained using: ASDM, simulation by [73], PSIM
electronic circuit simulation software package and the experimental results [68].

1.5.2 WICPV: a type of BICPV

A Windows-Integrated Concentrated Photovoltaic (WICPV) is a special case of BICPV
and is based on the SEH concentrators (Fig. 13(c)) which focusses sunlight onto a smaller
area of 1 cm? square silicon solar cells, thereby saving more than 60 % of the solar cells
against that used for a conventional PV [47]. Being fixed or stationary in nature, these
concentrators can be used without the need for an all-day tracking system, thereby saving
operation costs. This distinctive SEH optical concentrator design aids the high efficiency
of the system and delivers hassle-free power from the window [74]. This WICPV can be
integrated into glazing building facades and contribute to (i) daylight penetration through
windows due to their transparent nature (ii) low-cost electricity production at the site of
use reducing the energy dependency of buildings and (iii) extremely low solar heat gain
[75].

1.6 Current scenario and future: BIPV, CPV and BICPV

The energy payback time for a PV panel, which is the time required to balance the input
energy required for manufacturing the panel or to recover the initial investment, is a
function of the geographical location and is normally calculated in terms of time (years).

For example, for Northern European countries, it’s calculated as around 2.5 years, for
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Southern European countries it’s less than 1.5 years (1 year for CPV) and for Italy, it’s 1
year for multi-crystalline Si modules, thereby implying that PV systems are capable of
producing twenty times the energy required to manufacture them, assuming a 20 years
lifespan [2]. The culmination of BIPV and CPV gives rise to BICPV, which is the
foundation of this thesis, hence their current and future scenarios are discussed here. BIPV
market worth increased from US $1.8x10°%in 2009 to US $ 8.7x10° in 2016 globally
while CIGS contributed to 17 % of this volume and polysilicon based BIPV volume saw
a decline from 75 % of the market to 33 % [76]. The future of BIPV development is
forecasted for the period 2017-2020 (in MW of electricity production) for the global
market as shown in Fig. 16. The compounded annual growth rate (CAGR) is the business
term for the geometric progression ratio that provides a constant rate of return over the

time period and it measures the return on an investment over that certain period of time.

Global market BIPV development forecast (2017-20)
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Figure 16: BIPV development and forecast from 2017-2020 (in MW) for global market
and percentage compounded annual growth rate (CAGR) (Data source: [77]).

While the predicted annual growth is highest for Europe, followed by Asia-Pacific region,
the USA and rest of the world, the % CAGR is estimated to be the highest for Asia-Pacific
(47.8 %) followed by European region (39.7 %), rest of the world (37.9 %) and the USA
(33 %). Concentration effect has been used since ancient times; mostly as parabolic
reflectors, to focus parallel beams to a point, as mentioned in the translated from Greek
version of the book On burning mirrors from the 2nd century AD [78]. In the last few

centuries, further improvements in concentration technologies and innovative approaches

23



Chapter 1. Introduction

to achieve solar concentration and more recently, for PV concentration have taken place
(Fig. 17).
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Figure 17: The CPV designs: past and predicted future trends on a timeline. The circles
in upper half denote the requirements of high accuracy manufacturing and quality
materials while in the bottom half, the most reliable versions are shown [23].

Over a period of time, more attention has been paid to improve optical surface structure,
employing a secondary or homogenising optical element and towards reducing the path
length of light rays with an aim to improve optical efficiency, tolerance and irradiance
uniformity [23]. CPV technology seem a commercially viable solution to increase PV
efficiency and reduce the module costs as the typical cost of silicon solar cells are about
160 US $/m? in comparison to the lenses available at 30 US $/m? and the mirrors at 17
US $/m?[43]. It is envisaged that the robust, easily manufactured, and based on an Earth-
abundant material, silicon, the crystalline silicon based PV will become more cost-
competitive without subsidies in the US at the module costs of US $ 0.50-0.75 per peak watt,
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enabling electrical production at a levelised cost of electricity of US $ 0.06/ kW-h, which is
comparable with the present baseload fossil-fuel electrical utility plants [79]. CPV has
already entered market as a utility-scale option for solar electricity generation since
several of the global cumulative 360 MW instalments are beyond 30 MW per site [44].
As per the data available for until 2016, the few remarkable developments in the CPV

market and industry include [80]:

e Cumulative installations (already grid-connected): 360 MW,, certified record value
of cell efficiency of 46.0 % (Fraunhofer ISE, Soitec, CEA-LETI)

e Certified record efficiency of 43.4% for a mini-module consisting of a single full
glass lens, wafer-bonded four-junction solar cell (Fraunhofer ISE)

e Certified record value for module efficiency of 38.9 % (Soitec)

e Averaged yearly field performance data for power plants with > 100 kW, reported
with performance ratios of 74-80 % achieved

The comparable economic advantage of CPV systems at present in comparison to

conventional PV is still challenging [81]. It demands the optical systems to be more

reliable, an increasing number of higher concentration based systems, lesser reliance on

costly electromechanical tracking mechanisms and a reduced requirement of cooling

systems. This, in turn, needs greater innovation to be incorporated into new designs,

search for novel materials and discovery of newer applications.

In the long run, BICPV viability will depend on the relative ease of replacement of
structural elements and provide versatile usage with aesthetics plus cost competitiveness
over conventional flat panel PV which already has started declining in prices [22]. The
decrease in PV prices in the last four decades has positively influenced their market
expansion. In addition, the government policies and incentives such as feed-in tariffs in
Europe and investment tax credits in the US have contributed to their penetration [82].
As aresult, BIPV can overcome the shortcomings generated by the BAPV systems. While
selecting the appropriate BICPV system for a building, it’s worth considering the given
advantages and disadvantages of the available panel types, ease of integration, type of
building architecture, aesthetics, costs, building and government regulations, grid
connectivity if feeding into the grid is feasible and the available incentives.
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1.7 Research Questions and Aims

The objective of the current work is to contribute to the growing research in the field of
BICPV and aiming to address the thermal management issues. This PhD thesis primarily
investigates the effectiveness of passive thermal management of BICPV, specifically
using latent heat in PCM and/or nanomaterial enhanced PCM (n-PCM) based on
experimental methods. A small section of this thesis is dedicated to study of micro-fins
as secondary temperature regulation in tandem with PCM and/or n-PCM and the relative

effect of PCM are compared with a sensible cooling media, water.
The following key research questions are attempted to be addressed:

o What will be the quantified electrical and thermal performance enhancement
achieved by BICPV-PCM systems compared to naturally ventilated BICPV?

o Can laboratory synthesised nanomaterial enhanced PCM (n-PCM) enhance thermal
conductivity of PCM

o Which new n-PCM composition would be useful, their morphology, thermo-
physical properties and expected performance enhancement of BICPV?

o How does any variation in the following parameters affect the output power from,
and the efficiency of, the BICPV in question?
o Levels of concentration
o  Solar irradiance levels
o Material used for PCM containment
o Heat exchanging media

o Can BICPV-PCM/n-PCM systems work in tandem with micro-finned back-plate,
and if so, what will be the individual as well as the combined effectiveness?

o What will be the quantifiable effect of applying a sensible versus a latent heat

media, to the thermal regulation of BICPV systems?

This PhD work was undertaken with the following elements of work plan, a set of

deliverables or features to be produced at the end, which are as follows:

o To design and develop different BICPV-PCM systems to experimentally examine
the effects of implementing PCM/ other passive cooling solutions for thermal
management of BICPV. This further includes:
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o Selecting a few low concentration designs from the available literature and
fabricate BICPV system by replacing glass back plate with a metallic plate.

o Designing and fabricating passive cooling containments attached to the BICPV
back plate for introducing (i) PCM and (ii) n-PCM.

o To develop new composite materials through enriching PCM with nanomaterials
(n-PCM) for the thermal management of the BICPV.

o To characterise PCM and n-PCM using X-ray diffraction (XRD), scanning electron
microscopy (SEM) and differential scanning calorimetry (DSC).

o To study the suitability of these novel materials with respect to their heat transfer
characteristics, thermal conductivity, melting point, specific and latent heat.

o To investigate the thermal enhancement effect of using multiple passive cooling
techniques in tandem such as micro-fins with PCM and micro-fins with n-PCM
based on BICPV temperature emulation, for assessing BICPV suitability.

o A brief experimental work to compare the latent heat medium (PCM) with the
sensible medium (water) used in passive cooling, for BICPV thermal control.

1.8 Scope of research: Features and Limitations

Given the numerous technologies accessible and options obtainable within this research
area, it becomes imperative to set the boundaries of the project, define the in-scope
elements and clearly distinguish them at the very outset. Within this thesis, the challenges
related to thermal regulation of BICPV systems are attempted to address using a narrow
spectrum of the potential solutions. A simple grouping of these technologies using a flow
diagram will aid an easy comparison of the relevant research areas and distinguish the

selected pathways to addressing them (Fig. 18). The salient features are listed below:

o Solar cells: Laser Grooved Buried Contact (LGBC) types of crystalline silicon solar
cells were used for all the experimental set-ups.

o Concentrators: the designs (LACPC, SEH) were taken from the published literature
mostly designed by the researchers from within the same research group.

o BICPV: Only low concentration BICPV were considered for the study.

o Media: passive cooling; most of the experimental focus was on latent storage media

with one reference to using a sensible medium, water for the experiment.
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o PCM type: the majority of experiments were conducted using organic PCM, due to
the reasons discussed in subsequent chapters. However, other PCM types such as

granulated forms were analysed for the thermophysical properties using DSC.
BACPV m Other applications

Heatmg /Temperature rise issues
Active cooling ‘
v

Fms

[ Latent [l Micro-fins m

l;t l

=
Thermo- phvswal property enhancement

Other Types of enhancements Nano enhanced PCM

Figure 18: Overview of BICPV system challenges and available solutions. In blue: key
areas of focus while in green are the secondary areas of investigation.

Mode: passive cooling using PCM formed the foundation of this thesis but some

work on combined usage of micro-fins with PCM has also been reported.

Sourcing: all PCM and nanomaterials used were sourced from the manufacturers.

However, n-PCM was manually synthesised in the laboratory.

Thermal conductivity enhancement (TCE): of all the available TCE, CuO

nanoparticles were selected in the first instance to develop the n-PCM. The reasons

are discussed in subsequent chapters on materials (Chapter 4).

The Limitations of the work are as follows:

o BICPV issues: amongst the various challenges faced by the BICPV, only
temperature rise or overheating issues were considered.

o Characterisation: all characterisations have taken place indoors, within the lab, so

outdoor behaviours of the BICPV and BICPV-PCM systems are not included.
28



Chapter 1. Introduction

o PCM issues: the major drawback of organic PCM, i.e. low thermal conductivity,
was focussed for remediation. Other limitations such as subcooling, low volumetric
latent heat storage capacity and flammability etc. are not studied.

o Role of PCM: PCM serve a dual purpose; for heat removal and a buffer for heat
storage, depending on the application. This thesis only involves PCM as a heat
removal medium. Thereby, it contrasts with photovoltaic/thermal (PV/T) system
because the thermal usage of the stored heat within PCM is not considered.
Nevertheless, this area can be an opportunity for the future work in this field.

o Micro-fins: only one particular kind of micro-finned plate has been used to study
its effectiveness as a BICPV back plate feature; the effect of varying the dimensions
and specifications of the micro-fins are not covered here.

o BICPV-PCM system: only the charging cycle of the PCM has been studied in detail
as most of the experiments have been conducted indoors using a solar simulator
with constant irradiance for the duration of the simulator running.

o The thesis is mostly based on experimental results and the obtained data and

mathematical analysis with some application of numerical simulation.
1.9 Organisation of thesis

Chapter 1 gives an overview on PV (BIPV, BAPV), CPV and BICPV technologies;
components, classification and trends in deployment. Further, it highlights the aims,

research questions, deliverables and scope of the thesis and the thesis organisation.

Chapter 2 reviews the existing literature on the state of the art of the BICPV thermal
management with particular focus on passive cooling with PCM. PCM classification,
properties, applications, challenges and means to address low thermal conductivity using
nanomaterials are discussed. In addition, passive temperature regulation using micro-fins
is considered as a potential candidate. This chapter forms the basis of identifying the

knowledge gaps within BICPV cooling and the ways to address them.

Chapter 3 provides the details on materials, methods and design and fabrication for the
modules used for experiments. The key instruments, devices and auxiliary equipment

used during the preparation and running of the experiments along with their technical

29



Chapter 1. Introduction

specifications are described here. Steps by step engineering design, construction and
fabrication processes for the BICPV and the PCM part of BICPV-PCM system set-up.

Following on from here, Chapter 4 describes the methodology followed for electrical and
thermal characterisation of these various BICPV modules with natural convection and
with PCM applied. The procedure for instrument calibration and varying the test
parameters is also detailed here. The four key systems studied are (i) an LACPC based
BICPV system for studying the effect of PCM and irradiance, (ii) an SEH based WICPV
system with Copper tubes for studying the effect of thermal conductivity enhanced PCM
containments and sensible cooling media such as water, (iii) a micro-finned thermal
system emulating BICPV temperature for investigating the effectiveness of micro-fins
and a synthesised n-PCM and (iv) an SEH based BICPV system for examining the effect
of n-PCM on BICPV performance enhancement.

The following chapter, Chapter 5, presents the results from the experimentally obtained
thermal and electrical response as measured using the various set-ups as detailed in the
previous chapter. It also contains results in terms of analysis of PCM thermo-physical
properties (using DSC), morphology (using SEM) and some preliminary results for the
material composition and purity analysis (using XRD). The numerical schemes,
simulation validations and the qualitative and quantitative comparisons between the
different experimental set-ups have also been explained in detail. The results in
appendices give details on thermo-physical properties from DSC, and morphology from

SEM instruments which will be useful for further work in this field.

The final chapter, Chapter 6, gives a general conclusion to the thesis, the lessons learnt
during the entire lifecycle of the experimental work carried out throughout the period of
the research. The second part of the chapter outlines the recommendations for the future
work that can be carried out to enhance the research. This covers many aspects of research
ranging from additional means for thermal energy harvesting from stored PCM energy,
advanced level synthesis of n-PCM and characterisation, outdoor characterisation of the
BICPV-PCM module to account for the ambient air cooling and the practical effects of

non-uniformity of the irradiance on the module.
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Chapter 2. BICPV Thermal Management: State
of the art

This chapter presents the state of the art of BICPV thermal management technologies,
drawing a comparison between the various modes, mechanisms and mediums for heat
removal. With a focus on passive cooling, secondary options based on micro-technologies
such as micro-fins are explored as opposed to active cooling, which are more energy
intensive. Passive cooling techniques can improve the thermal behaviour of BICPV
systems reducing operational costs and material usage at the same time. A broad
classification of the Phase Change Material (PCM) types, their comparative advantages,
limitations and applications in various fields are discussed. The scientifically accepted
definitions relevant to these technologies, their modes of working, salient features and
material availability are also reported. Further, the available passive-passive cooling
systems working in-tandem are reviewed. In this chapter, the opportunities for thermal
management of low concentration BICPV based on micro-finned back plate and PCM are
proposed and the fundamental issues concerning their successful applications are
discussed. In addition, the use of thermal conductivity enhancers, especially the
nanomaterials and their available forms are presented. Metal oxide based nano-materials
are selected to incorporate into PCM to address low thermal conductivity, a major
drawback of organic PCM.

2.1 Introduction

Improving electrical efficiency for the low concentration BICPV systems require efficient
heat removal, without a lot on investment and without increasing system bulk. The heat
transfer rate from a surface can be enhanced either by increasing the heat transfer
coefficient (i.e. by using a pump or fan) or by increasing the surface area (by attaching
fins). Another way of looking at this is the option of either employing active cooling (such
as water pumped cooled systems, which require mechanical or electrical power for
operation), or enhancing passive heat transfer, for example, by changing the geometry
(i.e. by introducing fins), or by utilising phase change materials (PCM). PCM are thermal
energy storage material used for heat absorption, storage and recovery and are often
employed in renewable energy systems due to their intermittent and unpredictable nature.
PCM contribute to the applied system for rationalising and uniformly spreading the use
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of energy over a period of time. Heat removal can be classified as sensible or latent
depending upon whether the storage media removes heat in a sensible or a latent form.
Sensible heat and latent heat describe the heat exchanges taking place under the specific
conditions described by their effect on a thermodynamic system. Often, the best option
to store energy in these systems is to take advantage of the enthalpy of phase change. The
resulting system is typically a latent heat based. Various kinds of sensible and latent heat
storage material and system options have been employed for BICPV cooling systems in
literature. The classification of PV thermal management modes, mechanisms and

mediums is presented in the next section.

2.2 Thermal management: modes, mechanisms and mediums

The six main PV thermal management techniques mentioned in literatures are (a) natural
and forced air circulation, (b) extensions or fins, (c) hydraulic, (d) thermoelectric, (e) heat
pipes and (f) the use of phase change material (PCM) [75]. In order to keep in line with
the research questions to be addressed within this thesis, (a), (b) and (f) are primarily
focussed. As briefed in 2.1 the two modes of cooling (active and passive) and the two key
mechanisms (sensible and latent) by which the media are utilised, have a certain degree
of overlap, which is shown in Fig. 19. It is based on the application of most commonly
used latent and sensible heat removal media. Both, passive and active cooling modes can
utilise sensible mechanism using mediums such as air, water, oil. Latent mechanism
based on PCM mediums have not been traditionally used as the idea of pumping PCM is

a rather challenging one itself.
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Figure 19: BICPV thermal regulation options: passive vs. active cooling mode, latent
and sensible media and the overlap.
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2.2.1 Modes: Active and Passive

To address the challenges related to BICPV temperature rise, thermal regulation can be
achieved via either active or passive modes of cooling, which are also the established
methods for cooling electronic devices [83] and PV panels [84]. Passive cooling doesn't
require any mechanical or electrical power input for heat extraction from the system,
exploiting natural laws such as free air convection and buoyancy, whereas active cooling
depends on externally supplied energy to cool the solar cells [85]. The two modes are
distinguished in Table 3. Active cooling has been established as an effective means for
PV applications by numerous authors through their experimental and simulation works.
To list a few, [86] achieved a temperature reduction by up to 22 °C , by spraying water
over the PV frontal surface using water pumping systems, mean PV array power increase
in the range of 21 % [87] and by 9-22 % from the reference values [88]. The authors of
[84] experimentally proved that actively cooled PV cells, using an air blower, showed an
increase in electrical efficiency from 8-9 % to 12-14 %. Using a parallel array of ducts
with inlet/outlet manifold for uniform airflow distribution at the rear side of the panel, the

temperature dropped from 68 °C to 38 °C with active cooling.

Table 3. Difference between active and passive cooling modes (1:[33, 85, 89]; 2:[90]).

Cooling

Methods Definition’ Definition” Features E.g.: Uses
* Requires external * Also known as * Independent of Forced * Densely
energy (mayv be a portion heat collector  work conditions air/ligquid packed cells
of obtained cell power  technology * Usually easily cooling » Ultra high
output) to cool solar cells « Collects PV controllable and high
Active * Micro-channels heat produced heat; « Bulky and complex temperature
Cooling sink. impinging jets -most uses for heating machinery applications
promising technologies  wventilation, hot + Costly because of
for active cooling of a water etc. parasitic power loss
CPV plant » Additional
equipment costs
* Does not require * Meant to + High reliability,  Natural air = Single cell,
mechanical or electrical remove heat by preferred way for  circulation, Linear cells
power input flow of water or cells cooling when fins, PCM  « Medmum,
Passive * Strategically use natural other medium  safety is important  etc. low temp.
Cooling laws to reduce cooling  which may not * Low heat transfer applications
energy requirement, be utilised rate
dissipation of excess heat further + Simpler and
to sink etc. cheaper

However, the additional costs of operating the blower or pump for active cooling are not
reported and could be higher than the electrical efficiency improvement produced.

Examples of passive cooling using micro-channels [91], micro fins [92] and with PCM
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[83] are commonplace. PCM cooling for electronic devices is elaborated in [93-99]
whereas PCM applications in PV and BIPV are further discussed in subsequent sections.
Previously, passive cooling was not considered feasible for densely packed cells or for
linear concentrators with Cq> 20. However, in recent years, passive cooling technologies
have become more acceptable for CPV applications as they possess greater reliability and
are safer than forced flow, which has a higher damage probability caused by the active
cooling failures [100]. A comparison between active (forced air) and passive cooling
(PCM) modes by the authors of [101] revealed that passively cooled systems showed
better performance at high discharge rates, high operating temperatures and ambient
temperatures of over 40 °C without expending significant fan power, in cooling a Li-ion
battery pack used for plug-in hybrid electric vehicle propulsion. With PCM, the cell
temperature remained below the upper safety limit of 55 °C in high constant-rate
discharge with an ambient temperatures up to 52 °C. This was not feasible using active
cooling due to the high airflow rate demand close to the turbulent range that is beyond
practical range for vehicular applications. However, the authors suggest that in this case,
the expense of electric power for running the fan was relatively small.

Other reported passive thermal management methods include silicon cell cooling using
immersion in an appropriate isotropic liquid dielectric with high refraction factor,
dielectric constant and specific resistance such as glycerine, which has shown to increase
the solar cell efficiency by 40-60% [102]. Using thermoelectric technology, PV heat
sinking by thermoelectric module tile has shown an increase in electrical efficiency by 1—
18 % and panel temperature reduction by 6-26 % for a range of irradiance from 800 to
1000 Wm2 within 25-45 °C based on Matlab and PV modelling [103]. The applicability
of these methods for BICPV is yet to be confirmed.

Within the thesis, keeping in view that BICPV is based on low concentration
concentrators, Cq <10, passive cooling is selected as the primary mechanism as it seems
to offer a convenient, cost-effective and simple way of temperature reduction. Therefore,

passive cooling with PCM will be discussed more elaborately hereafter.

2.2.2 Mechanisms and Media: Sensible, Latent and Thermochemical

Heat removal mechanism can be classified as sensible or latent depending upon whether

the storage media removes heat in sensible or latent form and they are described below.
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2.2.2.1 Sensible medium

Sensible medium remove and store the heat energy by means of raising the media
temperature such as in dwellings and building structures, where the thermal mass of the
materials act as a heat store. The commonly used sensible heat storage media are water
(in hot water tanks), ground/soil/earth, bricks, concrete and rock (in rock beds) systems.
Traditionally, energy was stored in the form of sensible heat which required large volume
of storage material, while now more emphasis is being laid on latent form in PCM [104].

The sensible heat in a system can be expressed in terms of Eqn. 7 [105].

Qs = mCpAT (7)
Where Qs is the sensible heat storage (J), m is the mass of the material, C, is the specific
heat capacity of the material at constant pressure (J/kg/K) and AT is the change in
temperature (K).

The drawbacks of sensible media are: incapability to remove heat at constant
temperatures and it is a less efficient method because it takes more energy to change the
state of a material compared to raising its temperature by a reasonable degree. They also
require significantly larger quantities of media for removing the same amount of energy
as in a latent [106].

2.2.2.2 Latent medium

Latent heat removal mechanism, with media such as PCM is preferred where higher
storage densities with a smaller volume of the material (with high latent heat) are required
[107]. Operational advantages using PCM over a sensible heat removal system include
smaller temperature fluctuations, smaller size, lesser weight per unit of storage capacity
and high energy density (typically 5 to 14 times of that based on sensible media for a
given working temperature range) meaning lesser area requirement, more reliability and
flexibility [104]. In real-life scenarios, the latent heat changes are accompanied by
sensible heating, before and after the phase change, hence Eqn. 8 gives the mathematical
expression for the phase change. However, the sensible heat effect is often negligible
compared to the latent heat during phase transformations, therefore, to calculate purely
the latent heat Eqn. 9 [105] can be used.

Ql,overall = meATs—l + mH + meATl—s (8)

Q, =mH 9)
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Where Qqis latent heat (J), Qi overan is Overall heat storage during phase change, ATs. is
the solid-liquid phase change temperature, (K), AT is the liquid-solid phase change
temperature, (K) and H is the latent heat capacity of PCM (J/kg). The key differentiating

points between the two mechanisms of heat removal are highlighted in Table 4.

Table 4. Distinction between sensible and latent heat transfer (data source [108-111]).

Mechanism Features Materials
 The media undergoes temperature change Stones, Bricks, Rocks,
* Heat transfer by means of conduction, Ground, Concrete, Pebble,
. convection, or radiation Gravel etc.
Sensible
Heat * Most common and mature technology,
implemented in many large-scale demonstration
transfer
plants.
* Bulkier system due to less energy density of
the material
* The media remains at nearly constant PCM of organic, inorganic
temperature and eutectic nature
Latent ) :
Heat * Evolving field as compared to sensible
transfer systems
* Higher energy density, requires less storage
space

Though the high energy density of latent media reduces the heat losses to the surroundings
due to the reduced storage sizes, the authors of [112] concluded that it was uncertain
whether the energy density benefits offered by the latent materials were useful for a
typical solar cooling application. However, higher annual collector performance was
observed with the use of sensible media [112]. In another study, [113] reasoned that there
were no significant differences between the performance of the two and though PCM did
not prove beneficial in terms of either the efficiency or the cost in exergy to be supplied
to the store or thermal power characteristics, they could still be preferred due to their
compactness. It was established by [114] through experimental analysis that latent
systems were a viable option for solar heat energy storage and that it could be utilised as

a substitute for domestic solar sensible applications.

2.2.2.3 Thermochemical medium

Chemical storage mechanisms rely on the phenomenon of chemical reactions (reversible
reaction between two or more substances) or thermochemical sorption using endothermic
and exothermic cycles [108]. The underlying principles of sorption are further based on

adsorption, where gas bonds with the solid surface without creating new compounds, and
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absorption, where a new material is formed due to interaction. In absorption, the energy
storage density depends on the concentration of the solution whereas in adsorption, the
solid/gas medium energy storage density is determined by density of the salt, composite
porosity and additives. Generally, absorption couples such as LiCl/H,O, NaOH/H-O,
CaCl2/H20, and LiBr/H->O are employed for absorption while Hydrates and Ammoniates
are used for adsorption [108]. Thermochemical energy storage offer high energy storage,
low heat losses, capability to conserve energy at ambient temperature as long as desired
and they seldom suffer from heat loss problems [108]. For the purpose of this thesis, only

latent media are described in detail.

2.2.3 Micro-fins

Micro-fins, intended as extended surfaces for improving heat transfer, have at least one
micro-scaled dimension. They have been effectively integrated with optoelectronic
systems [115, 116], with condensers or evaporators for cooling systems and air
conditioning devices [117] and with tubes in brine coolers [118] etc. to enhance heat
transfer rate. Micro-fins have proven to offer better thermal performance as well as higher
mass specific power. Indeed, they have been found to provide up to 50 % higher power
to mass ratio in contrast with the conventional heat sinks [92]. Fins also provide larger
heat dissipation capability which means the size of heat exchangers could be more
compact entailing less refrigerant load in a cooling system. Use of micro-fins has been
preferred to relying on forced convection as they are noiseless, require no power for
operation and offer less expensive alternative [119]. Even though they may not always
increase the heat transfer substantially, micro-fins prove beneficial in terms of material
usage and can be considered useful for the applications dependent on weight minimisation
of heat sinks [120], such as with BICPV systems.

The fundamental mode of heat transfer in a micro-fin is via convection but it has already
been demonstrated that the contribution of radiation should not be neglected [121, 122].
While numerous studies have been undertaken for natural convection around fins and
micro-fins, the existing heat transfer correlations appear insufficient for emerging
technologies such as micro-fluidics, nanostructured devices etc. [119]. However the
authors of [123] have extensively analysed the correlation between fin geometries and

heat transfer coefficients, effects of fin orientation, and influence of fin thickness and
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proposed a modified correlation based on their experimental investigation. The effect of
micro-fin height (between 0.25 and 1.0 mm) and micro-fin spacing (from 0.5 to 1.0 mm)
on heat transfer coefficient under steady state natural convection are published in [124].
Another experimental investigation carried out on a horizontally mounted heat sink
revealed the direct proportionality relationship between convective heat transfer
coefficient and micro-fin spacing while inverse proportionality with respect to the fin
height. Highest value of heat transfer coefficient (h) was recorded at the lowest fin height
of 0.25 mm and spacing of 1.0 mm. The value of h reduced by a maximum of 34.8 % due
to fin height increase from 0.25 mm to 1.0 mm for 1.0 mm fin spacing. The computational
fluid dynamics modelling results were found to agree with the experimentally obtained
correlations. In their work, the authors of [125] applied microscale heat sinks to a
processor chip of micrometer scale. The authors of [126] reported the advantages of
micro-structured roughness on heat transfer performance of heat sinks, cooled by forced
air and showed that 20% enhancement is observed for finned heat sinks compared to
milled ones. The application of micro-fins for thermal management of electronic systems
has been studied in [119, 127, 128] as well as micro-channel heat sinks for reducing
thermal resistance for power electronics cooling [129-131]. Application of fins [51, 132]
and micro-fins [92, 133] for high CPV system passive cooling have been already
proposed. However, for this work, the notion has been extended to potentially use micro-

fins with PCM/n-PCM for the thermal regulation of low concentration BICPV systems.

2.3 Combined usage of passive-passive cooling

In their review on solar cell performance enhancement with the use of various cooling
methods, the authors of [134] summarised that PCM layer was found to effectively
increase the electrical efficiency of the PV cells and fins on back side of the module have
similar effect, with the heat transfer rate determined by the exposed area and wind
velocity. The authors of [75], numerically characterized the PCM melting in a plate fin
type heat sink focussing on parameters such as aspect ratio, Nusselt number (Nu),
Rayleigh number (Ra), Stefan number (Ste) and Fourier number (Fo). They established
that Nu with Ra depend on the PCM containment aspect ratios and melt convection. The
authors of [135] performed numerical investigation on melting, solidification and heat
transfer rates of PCM (using n-eicosane) and studied the effect of mixing PCM with

different volume fractions of 80 nm Copper nanoparticles. Results demonstrated that
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using 2 % and 4 % volume fractions of Cu nanoparticles led to a respective reduction in
full melting time by 25 % and 46 % while full solidification time by 9 % and 16 %.
Similarly, by mounting 4, 10, 15 and 20 fins, respective solidification time reduced by 28
%, 62 %, 75 % and 85 % while full melting time reduced by 39 %, 73 %, 78 % and 82 %
respectively. Adding nanoparticles accelerated the melting and solidification rate via
enhanced heat conduction of the mixture and that the top section melting rate was higher
than at bottom owing to natural convection. Having fins led to more significant
improvements, especially while solidification, because of restrained natural convection
during melting. The authors of [96] experimentally examined PCM based heat sinks for
electronic equipment cooling using n-eicosane PCM and pin fins as the TCE. A number
of 33, 72 and 120 pin fins were packed with PCM. With 72 pin fins, the enhancement
factor was found to be 21, which was maximum, but as the number of fins increased
beyond this, heat transfer showed reduced effects. Clearly, fins contributed to the
enhanced operational duration for the electronic devices and heat transfer performance

was determined by the PCM mass as well as the fin volume fraction.

In another series of studies, Huang et al, 2003 [136] demonstrated the substantial effect
of temperature regulation on PV efficiency improvement. Three configurations were
tested: (i) Single flat Aluminium plate system, (ii) PV-PCM without internal fins and (iii)
PV-PCM with internal fins using PCM RT25. A 0.0045 m thick Aluminium plate was
used to fabricate PCM containment with inner dimensions (L=0.300 m, W=0.040 m,
H=0.132 m) and two full-length 0.030m wide fins. The system (iii) maintained front
surface temperature below 36.4 °C for 80 min with one PCM (Tm-32 °C, depth 20 mm)
under 1000 Wm irradiance, (Tamp-20°C), while it was below 33 °C for 150 min with
another PCM (Tm-26.6 °C, depth 40 mm) under 750 Wm irradiance. Provision of metal
fins within the PCM containment also showed significant thermal performance
improvement. Another experiment by the same author [137], evaluated the performance
of two PCM (paraffin wax based RT25, granulated; GR40) for limiting temperature
elevation of PV systems achieved temperature reduction of over 30 °C using RT25 with
internal fins. Four sets of systems were characterised at 750 Wm (Tamb 23 + 1 °C),
namely; (i) Flat Aluminium plate, (ii) Flat Aluminium plate with eleven fins at (width 27
mm, thickness 0.5 mm thick and 12 mm pitch), (iii) PV-PCM system and (iv) PV-PCM
system with thirty one Aluminium fins (40 mm inside the PCM) with RT25. The effect

of fin parameters on temperature control could be summarised as:
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(i) Fin spacing — five fin spacings (4, 8, 12, 16, 20 mm were studied) in vertical orientation
and the results showed that fins with 8 mm spacing nearly halved the number of fins
required for controlling the temperature under 28 °C as compared to 4 mm spacing. The
4 mm spaced systems were the quickest to melt lowering the front surface temperature
due to higher heat transfer rate. The temperature difference between fin spacing of 12 and
4 mm was only 0.9 °C. The best configuration was with 8-12 mm space, which not only
used smaller amount of fin material but also sustained lower temperature for extended

periods.

(if) Fin width-out of the five studied widths (27, 30, 33, 36, 40 mm), 40 mm performed
the best in maintaining PV frontal surface at 28 °C for the longest duration (125 minutes).
The relation between the fin width and temperature retaining time was almost linear

exception being the widths of 30 and 33 mm that displayed insignificant effect.

(iii) Fin types — three types of fins (strip Aluminium matrix, uncoated soft-iron wire
matrix and straight fins of 36 mm width) were chosen to study the effect of fin types and
the lattermost reached the least temperature with fastest phase change completion.

To analyse the impact of fin geometry (fin-length, fin-ratio and the angle between
adjacent fins) and outer tube thermal conductivity on PCM melting process in a sleeve
tube with internal fins, [138] carried out a detailed numerical study, with 2D assumptions.
The produced numerical model fairly agreed with other published experimental and
numerical results. The results indicated that the PCM melting time could be decreased
with small fin-ratio to a certain extent and the angle between adjacent fins had only slight
effect on the melting, while the outer tube conductivity proved to greatly impact the
melting process whether or not natural convection was taken into consideration. Further,
reducing fin-ratio to increase melting speed did not show any notable effect while the
presence of natural convection had highly significant influence. Also, 60-90° angle
between neighbouring fins in natural convection condition exhibited the highest
effectiveness. The authors of [139] illustrated a new cooling technique for low
concentrated photovoltaic—thermal system, using a micro channel heat sink with different
volume fractions of Al,Oz—water and SiC—water nano-fluids. At different concentration
ratios, the effect of cooling mass flow rate and nanoparticles volume fractions, system
performance was investigated. Results from the numerical simulation of the thermal

model showed significant decrease of solar cell temperature at higher concentration ratio
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by using nano-fluids compared to using water. SiC based nano-fluid performed better in
terms of temperature reduction compared to Al.O3z based, and nanoparticle volume
fraction was found to be directly proportional to the achieved temperature reduction and
hence electrical power increment. Consequently nano-fluids contributed towards higher
electrical efficiency at higher concentration ratio, compared to water. For instance, for
high solar concentration ratios where the cell temperature reduces to 38 °C, and electrical
efficiency improves up to 19 %. It was surmised that nano-fluids increase thermal
efficiency for low (less than 17.8) concentration ratios, while reduce efficiency for higher

concentration.

From the literature survey, it has become quite evident that the combined use of passive-
passive thermal management techniques has proven effective for solar cells and with
BIPV systems. However, no mention has been found on their applications for BICPV
systems in literature so far. The higher temperature and concentration of temperature
around smaller areas makes the thermal management in BICPV designs different from
BIPV .Therefore, one of the knowledge gaps that is addressed during this research work
Is proposing a combined (micro-fins with PCM and n-PCM) passive cooling technique

for the temperature regulation of low concentration BICPV systems.

2.4 Phase Change Materials

PCM, as latent heat storage systems absorb and release thermal energy while undergoing
reversible phase transformations over a narrow temperature range or at nearly constant
temperature [140] thus, their heats of fusion can buffer temperature variations [141]. A
schematic (Fig. 20) shows the working of PCM in a solid-liquid-solid type of phase
transformation using the exothermic/endothermic cycle. Within the last few decades, a
number for authors have reviewed the importance, uses, and challenges, encountered with
PCM use [141-149]. The authors of [107], with their broad review of energy storage
methods, investigated and analysed latent heat storage materials (thermal, physical,
kinetic and chemical properties and economics) such as PCM. They categorised PCM as
group | (most promising), group Il (promising) and group Il (less promising; with
insufficient data) based on properties such as the Trm and the H and the number of carbon
atoms. Measurement techniques for Tm and H, based on differential thermal analysis
(DTA) and differential scanning calorimetry (DSC) using alumina as the reference
material were also discussed in brief.
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Figure 20: Schematic of the working of a PCM.

Thermo-physical properties (thermal conductivity, density and specific heat) of several
PCM containment materials such as aluminium, copper, glass, stainless steel etc. were
presented. Numerical simulation of latent heat storage systems, enthalpy formulation and
numerical solution for the moving boundary or Stefan problem was suggested and solved
using algebraic equations using the control volume technique developed by Voller [150]
and Patankar [151]. An interesting concept of off-peak electricity storage was proposed
in [152] wherein PCM were melted to stock surplus electricity as latent heat energy
providing hotness/coldness when required, which can reduce peak load requirements and

uniformalise electricity demand, thereby achieving cost reduction.

Selection of PCM could be broadly based on the following criterion, (a) phase change
temperature range falling within the desired range [153]; b) high latent heat, specific heat
and thermal conductivity; ¢) low volume expansion and low/no subcooling during
freezing [153], d) non-poisonousness, non-corrosiveness, non-flammable, non-explosive
and chemically stable [153]; and €) low-cost. It also includes parameters such as full or
partial storage availability, freezing and melting heat transfer characteristics, cyclic duty
and reliability [154]. PCM are also selected by their charging/discharging rates, heat
exchanging surface, thermal conductivity (k) of heat exchange container material and
effective k of the PCM [149].

2.4.1 PCM types

o Based on their initial and final states during phase change or physical/chemical

transformation with absorption or release of heat PCM can be classified as solid-solid,
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solid-liquid, liquid-gas and solid-gas types (Fig. 21). Typically, solid-liquid or crystalline
solid-liquid solution types are mostly used due to the ease of working and functionality.
The liquid-gas and solid-gas types of PCM are not preferred because of their dependence

on compression and low volumetric heat capacity [155, 156].

Phase Change Materials (PCM)

Solid- Seolid Solid-Liquid Solid-Gas Liquid-Gas
v
Inorganic Organic Eutectics

Salt . ] Fat Organic- Organic- Inorganic-

‘ Hydrates ‘ ML ” Ice | ‘ Slach { e organic ’ inorganic || inorganic
Figure 21: Classification of PCM types.

o Depending on the constituents, PCM may be broadly classified as Organic,

Inorganic and Eutectics mixtures (Fig. 21, Table 5). Organic PCM comprise of either fatty
acids or paraffin waxes (n-alkanes with the general chemical formula CnHzn+2: n = number
of molecules). They are more commonly used due to their high heat of fusion, availability
in large temperature ranges, low super-cooling, inertness, stability, non-toxicity and
relatively low cost [157-159]. However, on the flipside, they are flammable, exhibit low
thermal conductivity and volumetric latent heat capacity and practically cause leakage
issues in molten state due to thermal expansion. Commercially available organic PCM
have phase change temperature ranging from -9 °C to 150 °C. Inorganic PCM, on the
other hand, are based on salt hydrates (general chemical formula AB.nH>O, n = number
of water molecules) and they have high volumetric latent heat capacity, higher k than
organic PCM and higher heat of fusion [160]. Their limitations, however, are super
cooling, easy and quicker decomposition and highly corrosive nature. Commercially
available salt hydrate based PCM can be applied for applications with -21 °C to 120 °C
phase change temperature. In their extensive review, [161] have shown that organic solid—
liquid PCM have much more advantages and capabilities than inorganic PCM but do
possess low k and density as well as being flammable. Eutectic mixtures are made of

organic or inorganic compounds [162] and are capable of changing phase between (-114
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°C to 0 °C). Table 5 highlights the advantages and disadvantages of PCM under these

classification categories.

Table 5. Classification of PCM highlighting their advantages and limitations.

 Advantages

o Limitations

Organic PCM

Inorganic PCM

Eutectics

Polymers with long chain of C,
H molecules. Exhibit high
orders of crystallinity when
freezing and mostly change
phase above 0°C

* Availability in large temp
ranges

 Congruent melting

* Chemical & Physical stability
* High heat of fusion

* Self nucleating properties

» Safe, non-reactive, recyclable
o Low thermal conductivity

o Low volumetric latent heat
storage capacity

o Flammable

General formula: AB.nH20
(A-acid; B-base, n- no. of
water molecules).Incorporate
water of crystallisation while
freezing, tend to change
phase above 0°C

* High volumetric latent heat
storage capacity

* High heat of fusion

* High thermal conductivity
* Sharp melting point

* Non-flammable

o Corrosive nature

o Decompose quickly
o Incongruent melting
o Super-cooling

Solutions of salts in
water with a phase
change temperature
below 0°C. Binary and
tertiary eutectics of
organic, inorganic
compounds

* Sharp melting point
(range of pure
substances)

* Volumetric heat storage
density higher than
organic compounds

o Lack of extensive
research and knowledge

gap

e Based on encapsulation size, PCM areclassified as macro (> 1 mm), micro (0-1000

um) and nano (0—1000 nm) encapsulated [156]. Classification can also be based on the

encapsulation container geometry (spherical, cylindrical, rectangular etc.).

Last five decades have seen the utilisation of paraffin waxes, hydrated salts, fatty acids

and eutectics of organic/inorganic compound as PCM in a widespread range of

applications and Farid et al [153] reason that the availability of PCM in with widely

varying melting and solidification temperatures enable their use in extensive applications.

Fig. 22 (a) draws the comparison of the melting point of various PCM types and Fig. 22

(b) shows the associated latent heats for the respective materials.
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Figure 22: A comparative assessment of (a) melting temperature and (b) heat of fusion
for various PCM types. (Data source: [141, 163]).

The important thermo-physical properties of a PCM such as the melting temperature (Tm),
latent heat (H), and thermal conductivity (k), vary depending on the type of PCM

(paraffin-wax, fatty acids, inorganic salt hydrates and eutectics). The former two are
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discussed more in detail due to close relevance with the experimental work carried out in
this thesis.

The details on synthesis, characterisation, and their thermal and chemical properties are
elaborated within the publications for fatty acids based PCM [164-167] and paraffin based
PCM [168-171]. Environment friendly and biodegradable bio-based PCM such as
soybean, palm and coconut oil [172] etc. they are and owing to their substantially less
inflammable nature, are becoming a preferred option to paraffin based PCM which are

generally more inflammable.

2.4.2 PCM applications in literature

The wide-spread practical applications of PCM include residential buildings [173, 174],
under concrete pavements [175], air conditioning systems [176, 177], thermo-regulated
textiles [178, 179], PV panel cooling [134, 180], solar dryers [181, 182], solar chimneys
[183, 184], smartphone and electronic device cooling [185-187], internal combustion
engines [188], electrical super-cooling mitigation, battery thermal management [189]
vehicle component thermal buffering [190] etc. Looking into specific PCM applications
for thermal management of buildings, intended for higher energy efficiency via
integration with building masonry [191], PCM are used as follows: inside buildings walls
[192, 193], for under floor heating, they may be used in macro-encapsulated form into
the ventilated facade in its air cavity for day lighting and room heating [194], for low
energy and free cooling of buildings [89, 195], as lightweight thermally activated ceiling
panels [196], as moving PCM curtains integrated with thermally effective windows [197],
to impart improvement in hot water heat stores with stratification [198], as tiles for
building use [199], floor supply air conditioning system using granulated PCM [200] etc.
PCM were also used for capacitance in the air conditioning systems for reducing
fluctuations in the daily cooling load, which later developed into direct integration with
the refrigeration systems to save energy and for better control [201] and thermal energy
storage for solar water heating applications [202].

2.4.3 PCM for BIPV cooling

Recently emerging concept of PV-PCM system integration for temperature control offers
an opportunity for extending its usage to BIPV and BICPV systems. Employing PCM

passively can retain BICPV temperatures within safe operating limit and can collect the
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rejected heat for possible regeneration. Literature mentions hundreds of theoretical and
experimental evidences and investigations to ascertain the effectiveness of BIPV-PCM

and BICPV-PCM systems, a gist of which is presented here.

In their extensive review on PV-PCM, [203] suggested that researches have established
the technical viability of PCM use for PV temperature control only if challenges such as
thermal conductivity and phase stability are addressed. The authors of [204] used a
commercial organic PCM to increase the PV electrical efficiency and output power using
experimental setup and TRNSYS software for simulating the heat extraction. The
experimental results demonstrated that the PV panel maximum temperature was reduced
by 35.6 °C using PCM in a one day period. Simulation results showed that the PV-PCM
panel output was higher by 7.3 % for one-year period. In a study on BIPV-PCM system,
[205] developed a 1-D dynamic simulation program with MATLAB/SIMULINK® and
solved it using control-volume based finite-difference scheme, where the electrical and
thermal efficiency showed an increase of 10 % and 12 % respectively, with the
experimental and the numerical results in agreement. The authors of [206] reviewed PCM
utilisation for thermal management of concentrating and non-concentrating PV modules.
The effect of temperature rise on different PV systems, comparison between hybrid
photovoltaic thermal (PV/T)-PCM and PV-PCM systems, commercialisation, practical
use, economics of incorporating PCM with PV systems, various experimental set-up of
PV-PCM systems and results as given in literature and number of studies reported since
1978 through to 2014 have been discussed. PCM cooling techniques for PV systems could
assume passive or active mode with heat regeneration achieved by natural cooling and
active heat removal respectively. They concluded that by and large, the use of PCM
contributes to performance improvement of such systems. However, the studies were
performed for short durations and require testing for extended periods of time to
understand the discharging and re-charging of PCM, as full discharge becomes

indispensable for its maximum heat storage capacity during the next charging cycle.

PCM use for thermal regulation of BIPV has been experimentally reported [207], for a
PV-PCM system that achieved maximum temperature reduction of 18 °C for 30 min and
of 10 °C for 300 min at 1000 Wm™. A selection of five different PCM types
(commercially available paraffin wax; RT20, eutectic mixture of Capric—Lauric acid and
Capric—Palmitic acid, a pure salt hydrate; CaCl.*6H.0O, and a commercial blend; SP22
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(Tm, 21-29 °C and H, 140-213 kJ/kg) were used for experiment at three irradiance levels
of 500, 750 and 1000 Wm™ to evaluate the performance of each PCM. Variable
parameters for the experiment were thermal conductivity and mass of the PCM. It was
achieved by altering container materials, dimensions (only width) and quantity. Four
types of PCM containments were fabricated using aluminium and Perspex with 3 cm and
5 cm width. In general, all PCM containments made with aluminium (5 cm) performed
better than Perspex for all irradiance levels. For warm climates (Tamp around 34 °C, | =
1000 Wm), PV-PCM systems with Capric—Palmitic acid and CaClz+6H,0 were found
economically viable. The results from [207] could be summarised (Table 6) in terms of
temperature difference (degree) and duration of deviation (time difference) between the
BIPV surface temperature without and with PCM.
Table 6. Temperature difference and deviation in a 4-hour period for various PCM
applied to BIPV.

Capric-  Capric—
Irradiance PCM=> RT20 Lauric Palmitic CaCl2e6H20 Sp22

acid acid
Degree 4.6 7 7.5 8 6.5
500 Wm?  Duration 6.5 9 11.0 13 9.5
Degree 7.5 8 9.0 10 7.5
750 Wm2  Duration 6.0 8 10.0 12 9.0
Degree 35 4 11.0 12 75
1000 Wm2  Duration 55 6 9.5 11 9.0

In another relevant work, [208] investigated the commercial PCM’s potential for the
annual outdoor performance enhancement of a BIPV module outdoors using a simplified
heat balance model to calculate the extra energy gain. They inferred from the theoretical
study that an increase of up to 3 % of the total energy output with the use of PCM can be
expected, however, the additional material and peripheral costs made the system seem
economically unviable. They argued that for realising the standard payback period of 10-
20 years, the PCM heat capacity may need to be increased by about one order of
magnitude; an unrealistic task. Nonetheless, the double role-played by the PCM in
controlling BIPV temperature as well as the building temperature made it a more feasible
option. In order to investigate the temperature regulation effect of PCM on a rack-
mounted PV panels [209] experimentally evaluated the heat dissipation in PCM

containments with four different configurations.
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2.4.4 PCM heat utilisation

As with any other technology, the future of BICPV-PCM integration depends on its
technical feasibility, which is proven from the experimental and simulation results already
published and the financial viability, in terms of costs incurred versus financial benefits
realised. One factor that could support the viability factor, would be the possible
utilisation of waste heat from PCM or enhanced thermal energy harvesting. As suggested
by Enibe et al. [210], PCM can be utilised for passive solar powered air heating system.
Another way of utilising the heat energy stored in PCM could be to combine a BICPV-
PCM system with a solid-state thermoelectric (TE) technology based on either Peltier
(cooling) or Seebeck (power generation) mode, which has been reported by [211] for low
concentrator photovoltaic. The authors used a novel integrated CPV-TE PCB-based
receiver based on Peltier module, which reduced the operational CPV cell temperature by
66.4 °C and increased the absolute cell efficiency by 2.38 %. They concluded that the TE
technology proved convenient, reproducible with the capability to almost instantaneously
control the operational steady-state cell temperature for different irradiance levels. In a
study conducted on the direct cost benefit of the PV-PCM systems by the authors of [212],
it was found that the investment costs for mass production of such systems were higher
than the financial benefits, thereby reducing appeal in terms of cost effectiveness in cold
European countries such as Ireland. However, the results were contradictory and positive
when analysed for the warm Asian countries because of the benefit exceeding the costs
almost two times, which reassured the feasibility and attractiveness of PV-PCM
technologies. The experimental results, numerical simulation and reviews discussed in
this section underline the effectiveness of PCM in electronic components cooling, for
regulating PV and BIPV temperatures and pave a way for further introductory application
into BICPV systems.

2.4.5 Challenges with PCM

The drawbacks of using PCM include low thermal conductivity (of the order of 0.2
W/m.K) [213] in organic PCM, high volumetric changes associated with the solid to gas
and liquid to gas phase transformations [214], undesirable change in material properties
due to cycling, phase segregation and sub-cooling [215] and corrosive effects [216-218]
of inorganic PCM. The challenges mainly faced by the organic and inorganic PCM are

discussed here.
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2.4.5.1 Thermal conductivity

One of the main challenges with organic PCM as heat removal medium is their low k,
which causes delay in PCM phase transformation, leading to slow charging and
discharging rates and consequentially challenges in temperature control [219]. A possible
solution to address this issue is the incorporation of thermal conductivity enhancers (TCE)
[220, 221] by adopting following methods: PCM additives like carbon-fibre chips,
aluminium powder, metal screens, metal spheres or utilizing metal fins and PCM
absorption in porous metal foam or expanded graphite matrix to form composites which
Is an ideal choice [222]. Possible remedy to address it includes improved heat transfer
techniques to increase charging, discharging rates and addition of high thermal
conductivity materials. Traditionally used metal inserts with paraffin wax (reported since
1966) are Aluminium (forms such as honeycomb, powder, gauze, fins, alumina foam and
powder etc.), Copper (Cu foam, plates used as circular and longitudinal fin etc.), stainless
steel (screens, spheres, fin etc.), carbon fibre (woven sheets and brushes etc.) and graphite
(powder, expanded, exfoliated, matrix etc.) [223]. TCE are of the form of fixed, stationary
high conductivity inserts or structures such as fins [224, 225], honeycomb, wool, brush,
powder additives, foam, woven sheets, screens, gauze, etc. traditionally made of metals
such as Cu, Al, Ni, stainless steel and in the more recent years carbon fibres, graphite,
graphene [226-230], single and multi-walled carbon nano-tubes [231-235]. In addition,
graphite in the form of powder, expanded, exfoliated; matrix etc. has also been cited [236-
238]. Composite PCM with fillers also prove to be very thermally conductive [239].
Experimentally, composite PCM thermal conductivity improvement of 14 % (with
Tm=42-44 °C) and 24 % (Tm=56-58 °C) have been achieved using expanded, exfoliated
graphite (EG) (ratio of 3% by mass) owing to the thermally conductive network of the
EG pore structure [240]. Further, the thermal conductivities of composite PCM varied
linearly (with a high correlation of 0.9986) with mass fraction of the TCE material, EG
in this case. An increase of 81.2 %, 136.3 %, 209.1 %, and 272.7 % thermal conductivity
in composite PCM was noticed using 2%, 4%, 7%, and 10 % mass fraction respectively
compared to plain paraffin wax [241]. Preparation and properties of TCE based on Mg
and Ca can be found in [242], while thermal performance of PCM with porous media as
TCE has been mentioned in [243]. TCE use with PCM for cooling of electronic
components has been reviewed extensively in [220] while experimentally studied in

[244]. The authors of [245] experimentally analysed TCE for solar chimney applications
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[246]. Review on TCE specifically for paraffin waxes can be found in [247].
Nanomaterials as TCE is proposed useful by several authors [230, 248-256].

2.4.5.2 Leakage issues: PCM Encapsulation

A critical issue with solid-liquid organic PCM is leakage [257, 258] in liquid phase due
to volumetric changes in expansion. Encapsulation or shape-stabilisation is the process to
integrate PCM into supporting material as macro or microencapsulating PCM could
potentially avoid PCM leakage. The shape-stabilised PCM can be categorised as
composite PCM or microencapsulated PCM (MEPCM) [259] and in both the cases, the
shell stays stable during PCM phase change (Fig. 23). High-density polyethylene (HDPE)
material, formed stable via cross-linking, has been frequently employed as a PCM
supporting material due to its high structural strength. MEPCM comprises of a PCM core
and polymer or inorganic shell to maintain the shape and prevent PCM from leakage
during the phase transformation [260]. This allows greater heat exchange ability because
of high amount of heat storage by MEPCM particles [261].

SOLID
PCM

HEATING COOLING

Encapsulating PCM
shell Core

Figure 23: Structure and working of PCM in encapsulated form, Note that the
encapsulating material undergoes no change during PCM phase transformation.

Encapsulation of PCM in a matrix on nano-scale has attracted attention in the recent times
because it leads to more stabilised and tuned properties of active material [262]. The
advantages of PCM encapsulation are availability of large heat transfer area, reduction of
PCM reactivity towards outside environment and controlling the changes in volume of
the storage materials during phase change [153]. To ensure higher mechanical strength
and leak proof characteristics, high PCM encapsulation efficiency is considered desirable
and the enthalpy of phase change of the encapsulated PCM is a strong function of
encapsulation ratio and encapsulation efficiency [261]. Various forms of commercial
encapsulated PCM are shown in Fig. 24: (a) Flat containers for building temperature
regulation, (b) Ball containers for heat storage (solar, waste heat, hot water etc.), (c) Tubes
for stacking in tanks with minimal void space, (d) Flexible metallic/non-metallic pouches
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for temperature critical transport use, (e) Eutectic plates for temperature controlled

shipment and (f) Hot/cold plates for food transportation.

O]
Figure 24: Commercial encapsulated PCM (courtesy: PCM Products Ltd. UK).
An important parameter, core-to-coating ratio affects mechanical and thermal stability

while thermal conductivity of the shell material decides the heat transfer rate. Though
encapsulation of metallic shells is difficult, they offer high heat endurance and HT rates,
for e.g. silver nanoparticles show substantial improvement in thermal and structural
stability of microcapsules on addition with the shell surface [261]. A technique proposed
for using PCM as thermal system comprised of forming a two-phase fluid by mixing with

another fluid, most commonly, water with PCM.

The five main types of these mixtures [263] are: (i) Ice slurries, (ii) micro emulsions
(dispersion of PCM, water using an emulsifier), (iii) Microencapsulated PCM slurries
(microencapsulation of PCM in polymeric capsule, dispersed in water), (iv) Clathrate
hydrate PCM slurries (clathrate hydrates composed of water as a host molecule, forming
a weaved structure where the molecules of other substances are accommodated as guest
molecule). The accompanied heat exchange due to the chemical reaction of formation and
dissociation of clathrate hydrate amounted higher greater compared to melting of ice into
water) and (v) Shape-stabilized PCM slurries (organic PCM infiltrated in high density
polyethylene, with a melting temperature higher than of the paraffin). This way paraffin

Is retained inside the structure of high-density polyethylene, avoiding leakage.

The authors of [264] proposed a BIPV integrated with MEPCM and performed the
parametric numerical simulations for thermal and electrical characterisation of the BIPV-
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PCM system. The results showed that after operating for a day in summer, more than half
the m-PCM layer remained in liquid phase while increasing the minimum efficiency by
0.13 %. In winters, a portion of m-PCM did not freeze in the middle, increasing minimum
efficiency by 0.42 %. During the normal conditions, the respective increase and decrease
in the minimum efficiency was 0.09 % and 0.18 %, respectively for aspect ratios of 0.277
and 1. They concluded that employing appropriate m-PCM layer improved both, the
thermal and electrical performances of BIPV and that the performance also relied on the
melting temperature and aspect ratio of the panel. Studies in [203] show the potential of
the emerging PV/T technology with MEPCM.

2.4.5.3 Corrosion

Another challenge with organic PCM as thermal energy storage is the corrosion of metal
pipes, plates and PCM enclosures or containments; anything that remains in contact with
salt hydrates under temperature. Farrell and co-workers [216] experimentally investigated
the corrosion rates of aluminium alloys and copper as utilized in heat exchangers in air
conditioning industry and found that copper experienced the maximum mass loss, while
with aluminium had very insignificant mass loss in contact with PCM. In a study on salt
hydrates used for LHS, Porisini [265] experimented with the corrosion of metals used for
storing PCM and their reliability of thermal performance. LHS components with salt
hydrates such as Na2SO4.10H20, CaCl2.6H20, Na2S04.1/2NaCl.10H20 with 15 °C <Tn
< 32 °C were considered while enclosing materials such as stainless steel, carbon steel,
Al alloys, and Cu were tested. Stainless steel was tested as the most corrosion-resistant
alloy to all the hydrated salts tested. It was also concluded that copper had a corrosion
zone that did not increase after extended periods of time [265]. An image of a corroded
stainless steel container encountered during high temperature inorganic PCM is shown in
Fig. 25.

Figure 25: Corrosion of a stainless steel based PCM container.
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2.4.5.4 Phase segregation and sub-cooling

Ideally, the latent heat of fusion and crystallization are constant over cyclic uses for a
perfectly reversible PCM. However, differences arises due to subcooling or incongruent
melting [261]. Inorganic PCM tend to lose their high storage density after repeated use
due to incongruent melting and hydrated salt formation, making the process irreversible
and leading to the continuous decline in their storage efficiency [153]. The salt hydrates
do not change their phase straightaway, around their phase change temperatures, due to
subcooling, wherein the PCM remain in a metastable state; not in a thermodynamic

equilibrium, to reduce which, nucleating agents are added to PCM [75, 266].

2.5 Thermal Conductivity Enhancers: Nanomaterials

In order to overcome the inherent low thermal conductivity of PCM, nanomaterial based
TCE can be added to a base PCM. Nanoscopic properties differ significantly from their
corresponding macroscopic properties; the extremely minute particle size along with
increased surface area display unique property creating vast potential for applications
[267, 268]. Nanomaterials are defined as materials with one or more dimensions in the
nanoscale (10° m) range, while nanoparticles are discrete entities with all three
dimensions in the nanoscale [269]. The various nanoforms available for both
nanomaterials and nanoparticles are nanotubes, nanofibres, nanorods, nanofilms,
nanolayers, nanocoatings, nanosheets; these names stemming from their individual
shapes and dimensions [270]. The term nanoparticle-enhanced PCM (NEPCM), referred
to as n-PCM within this communication, was coined by the authors of [271] about a
decade ago; they proposed the potential use of n-PCM for various thermal energy storage
applications. Nanotechnology is proving attractive for many applications as nano-scaling
tend to demonstrate significant change in the physical and chemical properties of the
materials unique from their micro, macro or bulk equivalents. Similar to PCM
classification, nanomaterials can be categorised as (i) organic, for example, fullerenes,
carbon nanotubes (CNT); single-walled and multi-walled (SWCNT and MWCNT),
graphite and nanofibers and (ii) inorganic such as metal and their oxides (aluminium,
alumina, copper, cupric, cuprous oxide, iron, zinc, titanium, their oxides) and metalloid
nanomaterials or Quantum dots, such as CdSe, ZnS, ZnO etc. [247]. Hybrid materials can
be produced as different combinations of organic and inorganic nanomaterials via
synthesis amalgamation (Fig. 26).
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Kalaiselvam et al [154] conducted experiments and analytically investigated heat transfer
characteristics and thermodynamic behaviour of spherically enclosed six different pure
PCM and with dispersed nanoparticles for latent thermal energy storage system in
buildings. It was observed that the solidification time was reduced by 12.97 % for PCMs
dispersed with aluminium nano-particle of volume fraction of 0.07 (13820 s) as compared
to (15880 s) for a pure 60 % n-tetradecane: 40 % n-hexadecane PCM.

[ Nanomaterials ]
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Electro spun _ _ 1 Metal | Quantum
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Figure 26: Classification of nanomaterials (adapted from [272]).

This further reinforces the argument that utilisation of nanomaterials are practically useful
for overcoming poor PCM properties. As reported by Khodadadi et al [239], nano fluid
(water with copper nanoparticles) addition to PCM showed improvement in k of PCM
during heat release. For the experiment, three solid particle volume proportions of 0, 0.1,
and 0.2 were used with Stefan no. 0.125, 0.136, and 0.50 respectively. Time was
measured in 100, 500, 1000, 1500, sec and contours were generated for volume fraction
of nano-fluid (A=0 implies solid phase while A=1 suggest liquid phase). The results
indicated the sharp L-S interface improved functionality of NEPCM with respect to the
base fluid. Jeong et al. [273] carried out experiments using exfoliated graphite nano
platelets (xGnP), known for its chemical inertness and resistance to thermal degradation,
seeking improvements in the thermal properties of bio-based PCM. xGnP comprises of
several layers of graphene sheets with higher aspect ratio as compared to carbon

nanotubes. Using thermal gravimetric analysis (TGA), differential scanning calorimetry
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(DSC), Fourier-transform infrared (FTIR) spectroscopy and k analysis, they concluded
that bio-based PCM, completely incorporated into the porous XGnP structure, resulted in
375% increment in k rendering thermally enhanced bio-based PCM (k=0.557 W/mK)
more useful than its counterpart bio-based PCM (k=0.154 W/mK). In a study undertaken
by [274], n-PCM were developed using pure paraffin waxes as the base PCM and alumina
and carbon black as nanomaterials TCE. The resulting n-PCM with alumina showed the
highest latent heat enhancement of more than 10%, while the one with carbon black

showed high k improvement of above 25 %.

2.5.1 CuO nanostructures

An important class of transition metal oxides such as cupric oxide (CuO, a 3d metal
oxide), has been found appealing due to interesting properties such as high thermal
conductivity, critical temperature, semiconducting nature with a narrow band gap (1.4—
1.7 eV) which make it useful for photoconductive and photo-thermal applications [275].
The crystal structure of Copper (11) Oxide is shown in Fig. 27 (a) and a Scanning Electron
Microscope (SEM) image is given in Fig. 27 (b). CuO nanostructures offer excellent
electrical, optical and catalytic properties and are available in many structures with
different morphologies such as nanoribbons, nanowires, nanorods, nhanotubes,
nanoflowers, nanorings, nanosheets, nanoleaves, nanowhiskers, nanoplatelets, feather-
like, urchin-like [276] and plate-like [75] structures. They are non-toxic, available at low

cost and are chemically stable [277].

(b)
Figure 27: CuO nanoparticles:(a) the crystal structure [278] and (b) SEM image [279].

CuO nanostructures are used in water chiller systems [234], antimicrobial applications
against a range of bacterial pathogens [280], lithium ion storage [281] and CuO
nanosheets as anode materials for electrochemical energy storage [282]. CuO

nanostructures also find applications in supercapacitors, solar cells, gas sensors, bio
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sensors, catalysis, photodetectors, energetic materials, field emissions, removal of arsenic

and organic pollutants from waste water [283].

2.5.2 CuO nanomaterial based n- PCM as TCE

In [284], the authors experimentally and numerically investigated the constrained melting
of n-octadecane as PCM dispersed with CuO nanoparticles as TCE in a horizontal
cylindrical vessel under a constant heat flux. They emulsified the PCM with varying mass
fractions of CuO nanoparticle (1, 3 and 5 wt. %) and concluded that TCE increased the
effective k and improved the melting process of the PCM; the rate of melting process
being higher at lower value of nano-additives, but this rate decreased for higher values of
nanoparticle concentration because of growing effects of viscosity, agglomeration and
sedimentation. In addition, it was deduced that the lower concentrations of TCE displayed
higher energy storage capacity and involved less costs compared to higher concentrations
[284]. Experimental results from [234] revealed that nano-fluids with low concentration
of Cu or CuO showed significantly higher thermal conductivity. For the case of CuO-
ethylene glycol suspensions at 5 vol. % and Cu-water at 0.1 vol. %, k increased by 22.4
%, and 23.8 % respectively. It was concluded that the volume fraction had an
approximately linear relation with TCE in case of CuO nano-fluids. The experimental
work in [285] suggested that TCE were almost two times as effective in RT25 (lower
melting temperature range) than in RT42 (higher melting temperature range) during
melting process, and five times in solidification. Further, studies using RT42 (the PCM
used for the experiments within this publication) showed that addition of metal based
TCE, even in low volume fraction (< 4%), greatly improved the heat transfer
characteristics of the PCM. They also concluded that higher volume fractions of TCE do
not always lead to better thermal regulation and also that the distribution of the TCE

within the PCM mix has considerable effect on heat transfer.

A n-PCM was prepared using RT42 (50 % by mass) mixed with (15%, 200pum) graphite
platelets (expanded graphite or EG) acting as TCE within HDPE matrix [286]. The
composite so formed displayed fine dispersions of EG, improved mechanical properties,
with unchanged melting and solidification temperatures, enhanced thermal stability of the
composite and increased k (from 82.7 % to 207.4 %) with increased mass fractions of EG
(5-15 %). It was also deduced that along with the increase in thermal conductivity, the

lowering of latent heat of fusion gave rise to higher heat release rate of the n-PCM. The
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results from [287], a study on the effect of CuO nanoparticles (average size 30-40 nm) on
the k of paraffin, revealed the direct correlation between the nanoparticles volume fraction
in the suspension and the effective k of the nanofluid and that a decrease in nanoparticle
size initiated increased Brownian motion of the particles, leading to more particle-to-
particle interactions. The various underlying phenomenon considered were the lowering
of fluid viscosities and the interaction of fluid with the nanoparticle surface, which
produced a shell of ordered liquid molecules on the particle surface that transmitted
energy (via phonons), to the bulk of the fluid. This energy transmission resulted in greater
k of the suspension so formed, which was measured experimentally to compare with a
variety of models. However, the models could not predict the thermal conductivities of

the nanoparticle suspensions effectively.

The authors of [288] experimented on beeswax/CuO nano-PCM using DSC to measure
the melting temperature and heat capacity and inferred that the melting temperatures with
0.05, 0.1, 0.15, 0.2, and 0.25 wt % were of 63.62 °C, 63.59 °C, 63.66 °C, 63.19°C, and
62.45 °C respectively. Furthermore, there were no chemical interactions between CuO
and wax as found with the FTIR testing and though k increased, the heat capacity
decreased, which apparently did not affect the nano-PCM performance. Thus, the
resultant heat transfer of nano-PCM was faster than the base PCM. In another relevant
study, [289] examined the effect of alumina and cupric oxide nanoparticles on the thermal
performance of paraffin wax (dispersed with 0 %, 1 %, 3 %, 5 % and 10 % by volume of
nanoparticles) and concluded that both the TCE only marginally increased the thermal
conductivity. However, alumina performed slightly better due to the lesser magnitude of
dynamic viscosity increase and also because the k of alumina was higher, an underlying
reason for the ease in melting for conduction dominated solidification process. The
authors argued that the economically viability for the technology due to stability and

cyclic durability was still questionable [289].

253 CNT

CNT belong to the structural family of fullerene and are carbon allotropes of seamless
cylindrical structure with diameter ranging from one to a few nanometers [290]; some
pictures are shown in Fig. 28 (a-d) and SEM images in Fig. 28 (e-g). CNT length size in
the range of 100 nm to several cm [291] and they may be open or close ended. Their

thermal conductivity depends on the nature of helix and they are good conductors of heat
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in axial direction while behaving as heat insulator in lateral direction [292]. The span of
usage is due to their unique thermal, mechanical, chemical and electrical properties such
as extremely high electron mobility (100,000 cm?/Vs) [293] leading to high current
carrying capacity, high electrical conductivity (104 S/cm) [294], high k (3500 W/mK)
[295], hardness equivalent to that of diamond, and high thermal stability. However, CNT
as bulk composite materials and thin films based on unorganized CNT architectures have
lesser values for these properties than their organized counterparts such as yarns and
sheets [291]. Exceptionally high k makes it the most likely choice as filler for composite
material. Han et al [296] discussed the effect of nanofiller addition to polymers to increase
k. In another study on molecular dynamics simulation carried out by Berber et al [297]
an unusually high value of k (equivalent to 6600 W/mK), equivalent of an isolated
graphene monolayer or diamond was observed. The reason was large phonon mean free
paths in the system. CNT can be classified based on the layers of graphene and their
structures [290], as (a) Single-walled nanotube (SWNT-diameter ~ 1 nm; tube length =
several thousand times diameter); (b) Multi-walled (MWNT); (c) Polymerized SWNT
(solid-state manifestation of fullerenes and related compounds with diamond-like
hardness ); (d) Nanotorus (carbon nanotube with very high magnetic moments) and (e)
Nanobuds (combine CNT and fullerenes with buds covalently bonded to the outer

sidewalls of the underlying CNT).

(€)

Figure 28: (a) SWCNT, (b) MWCNT [298], (c) a nanotorus and (d) its continuum
model [299], (e), (f) and (g) SEM images of carbon nanorods from different areas
(image courtesy Pradip Pachfule et al. [300]).
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An experiment by Assael [301] investigated the effect of adding C-MWNT to water.
Graphitic sheets were rolled in the form of C-MWNT with 20-100 annular layersAs
dispersant, sodium dodecyl sulphate was used with a 0.6 % (v/v) suspension of C-MWNT
in water. They concluded that a maximum of 38 % k enhancement was attained and that
the k increase is directly proportional to the ratio of length/diameter which means longer

the nanotubes for a given diameter, more is the enhancement recorded.

For the purpose of the experimental work undertaken within this thesis, nano-CuO was
selected as a TCE in the preliminary investigation for which a brief literature survey is
presented here. The rationale is described in the next chapter. Based on whether the
resulting n-PCM improves the thermal performance of the PCM, more expensive TCE

such as CNT could be utilised, which offer promising solutions.

2.6 Conclusions

There are several possible solutions to address the BICPV heating, out of which passive
temperature regulation using PCM is primarily studied. Although apparently sensible
media have been implemented in significantly more projects due to the maturity of
technology and less expensive material, latent media are preferred for high energy density
and nearly constant charging/discharging temperatures. PCM applied to BICPV can
increase the overall system efficiency by two means. As a heat sink for dissipating heat,
reducing the module temperature and minimising the reduction in BICPV efficiency.
And, as a heat storage system for thermal applications (hot water, space heating and misc.

agricultural use), thereby increasing overall system efficiency.

This chapter provides the fundamental evidence and influences the work produced in this
thesis, as it introduces most of the theoretical and experimental information that form the
foundation of the experimental work presented in the next chapters. The research
questions and the knowledge gaps are acknowledged based on a thorough literature

review. In addition, this chapter reveals two main important facts:

e Paraffin wax based PCM have been selected for low concentration BICPV as they
are capable of desirable temperature control i.e. by keeping the BICPV temperature
as close to the normal operating cell temperature. However, their low k needs
addressing using TCE such as metal mesh/metallic oxide nanomaterial. The current

research proposes to take the investigation further, develop solution for improving k
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leading to synthesis of nanomaterial enhanced PCM (n-PCM). The effectiveness of

PCM/ n-PCM for these low concentration BICPV have never been reported before.
e Micro-fins have been used in electronic cooling and light emitting diodes etc. but

their application for a low concentration BICPV alongside PCM is also one of the

novelties of this proposed research work.

After the literature survey on possible TCE, copper metal filler and nano-CuO were
targeted for initial investigations due to availability, low cost and promising results.
However, depending on how effective n-PCM proves for BICPV thermal management,
CNT, though highly expensive may prove vastly beneficial. Passive-passive techniques
seem to produce further enhancement in BICPV temperature control than the individual
techniques applied in isolation. However, these are still in their nascent stage with regards
to their application in low concentration BICPV systems. Their viability is only beneficial
if the net profit exceeds the additional costs for PCM and micro finning. A suitable option
to contribute towards increasing viability is thermal energy harvesting by adding a low
temperature TE that has shown promising results in similar experimental proofs without
PCM usage. The next chapter will focus on the available and selected materials for
producing the BICPV and PCM system components; the methods, design and fabrication
process for assembling. In addition, the instruments and techniques used during

fabrication and for further experimental analysis are described.
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Chapter 3. Materials, Methods and Designs

This chapter deals with the selection of materials, design, pre-fabrication, and engineered
fabrication of the BICPV-PCM systems for experimental purposes. It also presents a list
of the (i) key materials, (ii) instruments and (iii) analytical techniques, employed to carry
out the experimental work contained within this thesis. The BICPV systems were attached
with the appropriately designed PCM containments using various types of adhesives.
Joining the internal and the external electrical circuitry followed this and attaching the
peripheral devices for monitoring desired parameters. The original design of the BICPV,
with top and bottom glass surfaces has been renovated using metallic back-plate. New
approaches to manufacture PCM containments by selecting improved techniques,
adequate thermally insulating materials, PCM with high latent heat capacity have been
employed. The sections below are mainly divided into the categories of CPV,
(BICPV/WICPV) system (acting as the heat source), PCM system (acting as the heat
sink), the instruments (used for fabrication and assembling the components together as
well as to run the measurements) and the software packages (used to design components,
simulate experiments for validating the set-up and for thermal analysis) relevant to this
research work. Analytical techniques using these instruments, based on software

programs for material characterisation of PCM are briefly explained towards the end.

3.1 Methodology

The experimental work carried out within this thesis was focussed on BICPV-PCM
systems, hence the material required for fabricating components of (BICPV/WICPV)
system (heat source) and PCM system (heat sink) are described separately. Primarily, the
BICPV system comprises of solar cells and concentrators with an optical transmission
medium, whereas PCM systems are formed with various kinds of commercially available
plastics and an organic PCM. The few thermal systems investigated within this thesis
were: (i) a BICPV system based on LACPC, (ii) a BICPV system based on SEH
concentrator, (iii) a Window-integrated (WICPV) system based on SEH and (iv) a small
prototype of a thermal system without the PV component to study the effect of micro-fins
as an auxiliary passive cooling mechanism. One test prototype module was fabricated for
each type of BICPV-PCM system. The designs, materials and components of these

aforementioned systems, and the rationale for material selection are described in the
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subsequent sections. The model and make and the basic working principle of the
instruments and devices used for: (i) fabricating and assembling the system components
together (such as metal guillotine, solder and welder mentioned under miscellaneous
devices), (ii) to run the measurements (such as solar simulator, DSC, SEM, XRD etc.) on
the BICPV-PCM system and (ii) the software packages for material thermal analysis
relevant to this research work are explained. The design and fabrication part of the thesis

was based on the adopted fundamental research methodology as shown in Fig. 29.

-l “Start (Research Lab work)

//fflanufacture low concentration BICPV //
modules (various Cg, designs, geometry etc.)

Address the faults/
manufacture modules
with more precision

Characterise the modules indoor under 1 sun
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Check for electrical,
mechanical faults
within modules

Are the output I, V., P,
values within expected tolerance

Design and fabricate various heat sink/ PCM
containments based on BICPV geometry

Test modules under 1sun for 2-4 hours, record
electrical parameters, back plate temperature etc.

|

Repeat the same experiment with various PCM and novel n-PCM
materials, heat sink designs, geometries and containment materials

|

Collate observations, analyse results and add further
modifications incremental improvement

b
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Figure 29: Process flow diagram for the research methodology followed for the thesis.
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It describes the end-to-end experimental procedure in a methodical manner, from the
fabrication of the BICPV system to characterisation, design and fabrication of the PCM
systems and the use of the experimental methods such as testing procedure etc. for data
collection. In order to determine the performance improvement imparted by passive
cooling methods (micro-fins, PCM or n-PCM addition or a combination), the designed
BICPV modules were tested for their thermal and electrical response, first without, and
then with cooling. A highly collimated light provided illumination for electrical
characterisation of the modules using a solar simulator. In cases where only thermal
characterisation was the primary objective, a resistive heat source was used instead, along
with a direct current based external power supply to emulate the temperature profile as
obtained in BICPV modules under solar simulator. The output I-V curves and temperature
data were obtained and compared for the cooled system against the baseline system with
no cooling. Further, the BICPV-PCM experimental set-up was modified to investigate
the effects of: (a) irradiance levels, (b) back-plate geometry, (c) PCM containment
material, (d) PCM types, (e) passive cooling techniques such as micro-fins, water and
PCM with different melting temperature ranges and (f) nanomaterial addition to PCM. In
addition, some samples of PCM and nanomaterials were characterised and studied using
scanning electron microscope (SEM), differential scanning calorimeter (DSC), and X-ray
diffraction (XRD). Some of the thermophysical properties data from PCM suppliers and
morphological data for nanomaterials were scrutinised for their validity and the observed

deviations were reported.

3.2 BICPV Systems: Materials

A typical CPV (BICPV/WICPV) system consists of several elements; a dielectric optical
solar concentrator at the light collection end, an encapsulant in between solar cells and
concentrating element, soldered silicon solar cells at the absorbing or receiver end, a
polyimide film for masking the metal, an aluminium (Al) base plate, soldering ribbons
and insulating sleeves for electrical connections and the attached thermocouples for
temperature measurements (Fig. 30). The key instruments employed during the
fabrication processes were a metal guillotine machine, soldering station with soldering

pencil and power supply, a vacuum oven and a thermocouple welder, detailed later.
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Figure 30: Components of a BICPV system.
3.2.1 Solar Cells

The solar cells used for this research work were crystalline Si-based LGBC (laser grooved
buried contact) although there are provisions for utilising other kinds of solar cells with
the same concentrators as in the original design. For low concentration modules, the
selected solar cells are found suitable in literature because of their high efficiency, low
cost, selective emitter structure and low contact shading [17]. The schematic of an LGBC
solar cell (Fig. 31), with various layers of metals, alloys and doped metals is given for
reference purposes, as there is no further research into this area within the thesis. Similar
cells were employed in the original designs for LACPC [46, 302] and SEH [47, 74] based
BICPV or WICPV respectively. It is to be noted that the due to the long-term storage of
the solar cells used for this research work, their operational efficiency may have degraded.
However, as the study undertaken within this research is relative or comparative in nature,
this would not affect the final results.

Micro-pyramids formed

by texturing . pra— _ Agplating

Si02

Cu
P diffusion in Laser groove
grooyes, Iri-t P-type substrate
L oy Cu plating
Ag plated contact— . N

Figure 31: Schematic diagram of an LGBC solar cell structure; adapted from [48].

(i) Solar cells for LACPC

The 116 mm long, 6 mm wide Saturn solar cells with 6 fingers and 2.5mm bus bar width

on the two ends were used with LACPC for BICPV (Fig. 32).
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These cells have been optimised to perform under conditions of up to 10 x [75].

(i)

5
I1 2

116

Solar cells for SEH

Figure 32: LACPC solar cell dimensions (in mm); adapted from [48].

With SEH concentrators, NAREC solar cells (11.5 mm long, 10 mm wide) were used with

an effective area of (1 cm x 1 cm), hence, nearly square in shape (Fig. 33). Both, the 116

mm long and 11.5 mm long cells, had identical material composition, however, different

dimensions. The technical data for both the types of cells are given in Table 7.

(iii)

1.000

D.?;TQ

10.000

10.000

11.500

Figure 33: SEH solar cell dimensions (in mm)[43].
Table 7. Solar cell parameters.

Parameter LACPC SEH
Cell width (mm) 116 115
Cell length (mm) 6 10
Cell Thickness (mm) 0.3 0.3
No. of fingers 6 13
Busbar width (mm) 2.5 1
Finger width (um) 35 35
Emitter sheet resistance (Q2) 100 100
Finger resistance per unit length

(Q/em) 0.3 0.3
Conductivity (W/m/K) 148 148
Density (kg/m?®) 2330 2330
Specific heat (J/kg/K) 712 712

Micro-finned thermal system: Heating element

Whilst in a BICPV/WICPYV system, solar cells are responsible for the heat generation

during the electrical conversion, a heat source was used for the micro-finned thermal
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system by means of a heating element equivalent to produce the combined heating effect
of a solar cell and concentrator. Omegalux® Kapton flexible heaters (Omega® KHLV-
101/10-P), with 0.254 mm thickness and high flexibility, suitable for both flat and curved
surfaces, were bonded to the plain and the micro-finned Al plate using an adhesive
backing (Fig. 34). The rectangular heaters provided 28 V, 10.55 W/cm? and were supplied

with 12 inches of Teflon insulated lead wire.

30 mm

W §7

Figure 34: Omegalux® Kapton flexible heater.

3.2.2 Concentrators

The concentrators were manufactured using a dielectric clear polyurethane material,
Smooth-On Crystal Clear 200®, selected due to its high transmission, low shrinkage,
resistance to humidity and to solvent. Its low viscosity ensured ease of mixing and pouring
and offered the benefit of resin curing at room temperature with negligible shrinkage. The
resin is available as a 2-part mixture has part A, which is a modified aliphatic di-
isocyanate (4, 4~ Methylenedicyclohexyl diisocyanate) while part B comprises of
Phenylmercury neodecanoate. Material properties are given in Table 8.

Table 8. Physical and electrical properties of Crystal Clear® 200.

Parameter Value
Tensile Strength (psi) 2500
Compressive Strength (psi) 6385
Mixed Viscosity (cps) 600
Pot Life @ 23°C (Min) 20
Cure time at room temp(hour) 16
Specific gravity (g/cc) 1.036
Refractive Index 1.49962 at 20°C

1.49894 at 25°C
Dielectric Strength (Volts/mil) 260
Dielectric Constant (at 100 Hz) 3.36
(at 1 kHz) 3.34
Vol. Resistivity (ohm-cm) 1.4 x 10%
Dissipation Factor (100 Hz) 0
(at 1 kHz) 0.01
Shrinkage in./in. 0.001
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Elongation at Break % 1000%
Mix Ratio 100A: 90B by weight
Heat Deflection Temp (°C) 50

3.2.3 Back-plate

The Aluminium back-plate, formed the base for mounting the skeleton solar cells with

the following dimensions:

(i) LACPC based BICPV system— 169 mm x 160 mm x 0.6 mm

(i)  SEH based WICPV system with Copper tubes (strips)— 270 mm x 12 mm x 6.5
mm and acrylic back plate housing —270 mm x 220 mm x 8 mm

(iii))  Micro-finned thermal system for BICPV application— 30 mm x 29 mm x 2.0 mm

(iv)  SEH based BICPV system— 170 mm x 165 mm x 1.0 mm

3.2.4 Encapsulant

According to Merriam-Webster's Learner's Dictionary, an encapsulant is “a material used
to completely cover (something) especially so that it will not touch anything else or a
material used for enclosing something in or as if in a capsule.” A solar cell encapsulant
is used to bond the cell to the top covering (usually a transparent glass) and the backing
sheet. The purpose is to avoid mechanical damage, provide optical coupling, electrical
and physical insulation and protection against weather etc. An encapsulant also provides
the necessary adhesion between the solar cells, the top surface and the rear surface of the
PV module. Any degradation of the encapsulant can cause optical decoupling due to
discolouration leading to loss in power and adhesion, delamination and even corrosion in
metallic parts due to acetic acid production [303] in the generally used EVA (Ethyl Vinyl
Acetate). The main desirable characteristics for solar cell encapsulant are: high adhesion
strength, low thermal resistance, good optical transparency (with glass-alike transmission
properties), resistance to UV-induced yellow-browning and moisture-induced
delamination, stability at higher temperatures and with ultraviolet (UV) light and low cost
[304], [305], [306]. A recent interesting report by NREL [307] provided useful
information about the types of available encapsulants (Poly-Dimethyl Siloxane or PDMS,
EVA, Poly-Vinyl Butyral or PVB, and Thermoplastic Poly-Olefins or TPO and
Thermoplastic Poly-Urethane or TPU) and details their thermophysical and chemical

properties.
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For the experiments within this thesis, encapsulant refers to Dow Corning® Sylgard®
184 Silicone Elastomer (data in Table 9), with the chemical name Polydimethylsiloxane
elastomer. PDMS was preferred over EVA due to its exceptional intrinsic stability against
thermal and UV light induced stress [308]. Other salient features of Sylgard® are high
transparency, good dielectric properties, room temperature and rapid cure processing and
easy flow-ability. It’s supplied as a two-part (colourless silicone base and silicone resin
solution curing agent), clear liquid component, to be mixed in a 10:1 ratio. As per [309],
Sylgard® cures without exotherm at a constant rate regardless of sectional thickness or
degree of confinement, requires no post cure and can be placed in service immediately

following the completion of the cure schedule.

Table 9. Characteristics of Sylgard® 184 Silicone Encapsulant [309].

Parameter Value

Tensile Strength (psi) 980
Dynamic Viscosity (cps) 3500
Pot Life @ 23°C (Min) 90
Cure time at room temp (hour) 48
Specific gravity (g/cc) 1.03
Refractive Index (at 589 nm) 1.4118
(at 632.8 nm) 1.4225
Dielectric Strength (Volts/mil) 500
Dielectric Constant (at 100 Hz) 2.72
(at 1 kHz) 2.68
Vol. Resistivity (ohm-cm) 2.9 x10%
Dissipation Factor (100 Hz) 0.00257
(at 1 kHz) 0.00133
Temperature Range (°C) -45 - 200
Thermal Conductivity (W/m K) 0.27
Working Time (Min) >90
Mix Ratio 10:1 Base to Catalyst
Resistance Oxidation, Thermal,
Compatibility Ceramics, Plastics,
Stability Low to High

3.2.5 Masking tape

A masking film made of a polyimide (registered as flexible Kapton® type HN polyimide
film, by DuPont™) was used to create an electrical insulation between the cells and the
metallic back plate. The polyimide films exhibit good mechanical toughness, balance of
electrical, chemical and physical properties over high temperature ranges. The layered

structure of the material is given in Fig. 35. For the set-ups within this thesis, high bond,
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of various widths were used, the properties for which are listed in Table 10.

=—————————<—PI Film

Copper metallizing

Silicone adhesive

Figure 35: Structure of anti-static Polyimide film Silicone tape (not to scale).

Table 10. Properties of Polyimide insulating film.

Parameters Values
Material Kapton HN
Maximum Operating Temperature +400 °C
Length 304 mm
Width 200 mm
Thickness 0.025 mm
Density 1.42 g/lcm?3
Thermal Conductivity 0.16 W/m.K
Thermal Coefficient of Linear Expansion 20 ppm/°C
Dielectric Strength 118 kV/mm

Peel Strength
Tensile Strength

> 3.5 kg/mm?

3.2.6 Thermocouples

anti-static Kapton HN insulating film, 304 mm x 200 mm x 0.025 mm and adhesive tapes

K-type thermocouple (Ni-Cr (+) & Ni-Al (-)), made of one core Polytetrafluoroethylene

(PTFE) sheath for optimum accuracy, with fine twin twist, were used for the temperature

measurements. With tolerance class 1, temperature range of -75 to 250 °C, the

thermocouples proved suitable for the experimental set-up also due to flexibility. The

thermocouples were fabricated in the laboratory for cost economy. A ready-made 1 m

long, 1.2 mm probe diameter, K-type thermocouple cable costs £10 while less than £2

excluding labour costs to fabricate in the laboratory thereby saving a massive 4/5™ costs.

They exhibit mechanical strength, resistant to oils, acids and adverse fluids and are colour

coded to IEC-584-3. Table 11 lists the characteristics of the thermocouples.

Table 11. Characteristics of K-type thermocouple.

Parameter

Minimum Operating Temperature
Maximum Operating Temperature
Core Strands

Insulation Material

Number of Strands

Size of Strands
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3.2.7 Miscellaneous materials

e RS Quick Set Epoxy Adhesive: is a rapid setting, pale yellow liquid adhesive with
slight odour and cure time of 24 hours. It forms strong bonds within minutes of
mixing with the resin hardener. The relative density of the adhesive is 1.17 at 20 °C,
flash point, 150 °C and boiling point, 200 °C. It was used to glue the bottom Al plate
with the Perspex walls of the PCM containment in the LACPC based module.

e Geocel® Crystal Clear Seal & Fix: an MS (Silyl-Modified Polyether based) polymer
sealant and adhesive, was used to seal the top Al plate onto the PCM containment
walls and to seal the holes within the PCM containment for the entry of the
thermocouples. The sealant offers UV, weather-resistant and damp-tolerant
properties and has clear colour. It doesn’t shrink, is non-staining, solvent free and
took about 20 minutes for setting in.

e Loctite® hot melt glue gun: a hot melt adhesive based on Ethylene-Vinyl Acetate-
copolymer, and stable up to temperatures above 300 °C, proved better in sealing the
ABS (Acrylonitrile butadiene styrene) plastic containment with the Al back-plate as
it restrained leakage at high temperatures. It also formed the boundaries of the SEH
based module. With a softening point 82 °C - 90 °C, mild distinctive odour and
density 1g/cm? at 20 °C, the hot glue reached maximum bond strength in 2 minutes

providing instant bonding.

3.3 BICPV system: Designs

The two key concentrators used within this thesis are: LACPC and SEH concentrators,

the design of which are described here.

3.3.1 LACPC design

The design of the manufactured LACPC with a 2-D geometry (similar illumination profile
along its length), is given in Fig. 36. The original concentrator design was first published
by the authors of [46] in 2004, with the acceptance-half angles as 0° and 50°, offering up
to 2.0 x concentration. This was further modified in the subsequent work by [15] in order
to optimise the concentrator for building fagade applications in the regions of northern
latitude (>55° N). The modified design offered higher geometrical concentration of up to
2.82 x with 0° and 55° as acceptance-half angles.
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3.3.2 SEH design

With an elliptical entry aperture, hyperbolic profile section and square exit aperture
(hence the name Square Elliptical Hyperboloid), these are classified as non-imaging

stationary 3-D solar concentrators and work on the principle of total internal reflection.

15.0
12.5
10.0
7.5
5.0
25

0.0

-2.5
-5.0

Dimension (mm)

Receiver

-7.5

-10.0
-12.5

Dimension (mm)

Figure 36: LACPC concentrator: geometrical design [46].

The selected SEH concentrator (Fig. 37 (a, b)), referred to as H3 in the original design
[43, 47, 74] with 3 cm height (H), side of the exit square aperture (A) as 1 cm, major axis
(b) as 3.2 cm and minor axis (a) as 2.4 cm, offered 3.29 optical concentration (maximum),
Copt max, and geometrical concentration ratio, Cg, of 6 (Fig. 37 (c)). The Height Aspect
Ratio (HAR), H/A for this concentrator was 3. Another important parameter, EAR or

elliptical aperture ratio, is defined in Eqgn. 12:

major axis

EAR = =2=134 (12)

minor axis a
The rationale behind selecting this particular height of the concentrator was that although
H3 has the lowest acceptance angle of 40° (-20°, +20°), it has the highest optical efficiency
of 68%. SEH concentrator design and fabrication process has been replicated from as
given in [47, 74].
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(b) (©)

Flgure 37: (a) SEH concentrator top view, (b) side profile and (c) design (in mm).

3.4 BICPV Systems: Fabrication Method

This section describes the basic processes involved in fabricating the different BICPV.

3.4.1 Metal cutting for the Back-plate

The metal back-plate, used as the skeleton solar cells base, was cut from a commercial
plain Aluminium sheet roll (99 % pure) provided with a protective cover on both sides to
avoid oxidation. The metal guillotine machine was used for cutting the sheets, which
strongly held the sheet with the table preventing any lifting during shearing operation.

3.4.2 Wrapping the Masking tape

After the sheet was cut, polyimide based Kapton® tape was manually wrapped around
the cut-to-size Al sheet for mounting the CPV assembly on top side. This was adopted to
ensure appropriate electrical insulation between the solar cells and the conducting Al
back-plate. The plate was set-aside after this.

3.4.3 Soldering the Solar cells
The solar cells were soldered in a series connection (with the front side of one cell
connected to the back side to the subsequent cell and vice-versa) to ensure that the current
through the connected strings of the solar cells remains the same. The total voltage,
however, is the sum of the two voltages for a given current. In addition, series connection
uses a single cable and handles larger voltages, hence preferred for connecting multiple
solar cells in nearly all PV modules. The soldering process is briefly described here.

1. Using a soldering machine (power unit and soldering pencil) as discussed in

previous section, five solar cells were connected in series for the LACPC (Fig. 38
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(@), eight cells for the SEH with Copper (Cu) tubes (six strings of which were
soldered in parallel making 48 cells altogether as shown in Fig. 38 (b)) and six
cells for the SEH based BICPV (four strings of which were connected in parallel
configuration as shown in Fig. 38 (c)) module respectively. Lead-free, thin tin-
plated Cu ribbons (0.1 mm thick, 1 mm wide) were used for the internal

connections, while 3 mm wide ribbons for connections with the external

(b)
+
<— Aluminium back-plate
<— Kapton film (insulation)
| Electrical connections
(soldered ribbons)
Silicon solar cells
(Icm x lcm)
(

c)
Figure 38: (a) Solar cells connections for (a) BICPV with LACPC, (b) WICPV with
SEH and (c) BICPV with SEH concentrators.

measurement instruments.

+

Soldered Al back plate Silicon

connections with Kapton solar cells

Solar cells o
e Aluminium

strips >

Soldering
ribbon

Electrical
connections

(@)

2. The skeleton of these connected cells were wiped with a very light, even coating
of Dow Corning® 92-023 Primer [310] to strengthen the bonding between cells

and concentrator and to improve the inhibition resistance of cured silicones.
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3.4.4 Casting the concentrators

The various BICPV modules were based on LACPC and SEH concentrating elements,
providing low concentrations in two dimensions and three dimensions (2-D, 3-D)
respectively. It is to be noted that both these concentrators were designed within the
research group. An array of concentrating elements was fabricated via casting process
using Smooth-On Crystal Clear 200® in the stainless steel casting moulds (Fig. 39 (a) for
LACPC and Fig. 39 (b) for SEH).

Jm

Figure 39: Stainless steel casting moulds for (a) LACPC and (b) SEH concentrators.

The dielectric clear polyurethane material resin available as a 2-part mixture, was mixed
to make the concentrators and the details on casting process based on in [74, 311] is
synopsised here:

1. The stainless steel casting moulds were cleaned, dried and sprayed with a thin
even coating of Universal® mold release agent to easily release the solidified
dielectric concentrators from the metal moulds.

2. Crystal Clear®200 casting resin (A: B mix ratio 10: 9) was manually weighed
and mixed in glass beaker and stirred thoroughly to ensure proper mixing.

3. The mixture was degassed in the Vacuum oven at room temperature for 20
minutes for a few times.

4. The mixture was gently poured into the moulds to avoid trapped air bubbles.

5. The mould was left to cure for 24 hours at room temperature, after which the
casted concentrating elements were removed using gentle tapping.

Using a single casting mould, 10 rows of individual linear concentrating elements and
3x4 arrays of 12 individual SEH elements were produced. Depending on the experiments,
they were adjoined or cut to size using a band-saw for the module.

3.4.5 Encapsulating the solar cells

The solar cells were fixed on the back-plate, using silicone based Sylgard®, which also

glued the concentrators on top of the cell assembly. The typical process consisted of:
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1. Mixing: the two parts of Sylgard were poured in a clean glass beaker in the
prescribed ratio (10:1), manually weighed on a micro-scale and then poured
slowly in another beaker, thoroughly mixing using a clean glass rod.

2. De-Airing: the mixture in a vacuum oven to remove the trapped air bubbles for
approximately 20 minutes.

3. Pouring: the de-aired liquid was gently poured over the back-plate wrapped in
Kapton and with the soldered solar cells temporarily glued on it.

4. After leaving the encapsulant to cure for about 5 mins, the concentrators were
fixed and pressed lightly with a uniform moderate weight for bonding the surfaces
and providing optical coupling.

5. Sylgard® cures to a flexible elastomer requiring no post cure and can be placed

in service immediately following 48 hours at room temperature.

3.4.6 Welding the thermocouples

The thermocouples were manually tip welded using a thermocouple welder at the medium
level arc and medium level power (Fig. 40). No purge/argon gas was used. The
thermocouple tips were attached at BICPV locations using a small piece of strongly

adhesive aluminium tape and the twisted wires were reinforced using glue-gun.

Maximum Power
(marked for K-type)

Electric arc point

Lead for pliers

Figure 40: Thermocouple Welder with maximum power settings for thermocouple
welding.

3.4.7 Module assembling process

As a general standardised method for assembling the module, the concentrators were
attached on top of the series connected silicon cells skeleton using optically clear
Sylgard®, poured over in a uniform layer, left for 24 hours to cure at room temperature.
This ensured an appropriate optical coupling between the concentrators and the soldered
cells assembly, as an adhesive as well as a protective coating from mechanical damages.
Another thin layer over cured silicone ensured prevention against delamination at higher
temperatures. The assembled LACPC module, with 11.9 cm x 8.4 cm concentrator top

dimensions is given in Fig. 41 (a). The WICPV module, made of the dielectric material
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based SEH concentrator (detailed in [47]), had the profile designed using a continuous
union between an elliptic entry aperture and square exit aperture where the solar cells
were placed. Each SEH concentrator assembly measured 10.2 cm x 10.1 cm considering
shrinkage and manufacturing allowance, which was assembled on Al metal strips (1.2 cm
wide). Four concentrator assemblies with 12 SEH elements were required to cover the 48
solar cells used within the designed system. (Fig. 41 (b)). For the SEH based BICPV
module (Fig. 41 (c)), one casted 4 x 3 concentrator assembly, along with strips of 4 x 1,
2 x 3and 2 x 1 SEH concentrators (cut from the other casted 4 x 3 concentrator assemblies

using a band saw) were attached on the 24 solar cells (six series connected cells and four

such strings connected in parallel) using Sylgard®.

Figure 41: The assembled modules: (a) BICPV based on LACPC, (b) WICPV based on
SEH concentrators, showing the semi-transparency effect and (c) BICPV based on SEH.

For the micro-finned thermal module, a 30 mm x 29 mm x 2 mm Al plate was used as the
heat sink and mounting Omegalux® Kapton flexible heater (Fig. 42 (a)). Micro-fins were
manufactured using micro-milling facilities at the University of Strathclyde (UK) (Fig.
42 (b)). Al metal was selected to emulate the experiment performed in [311], however,
the plate thickness of almost 1.5 times higher than in [311] was selected due to practical
challenges on down-scaling. The aspect ratio of 1.1 contributed to the robustness and
durability of the component against bending. The shape and dimensions of micro-fins can
be found in Fig. 43.

(b)

Figure 42: (a) Heating element on top of unfinned Al plate and (b) micro-finned plate.
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t

S

n = no. of fins

g

P W > W
Abbreviation | t(mm) | to(mm) | s(mm) H W(mm) L N
(units) (mm) (mm)
. Spacing ]
Micro- between | Micro- No.
fin Plate micro- fin Plate Plate | of
Nomenclature | thickness | thickness |  fins height | width | length | fins
Magnitude 1 2 0.5 0.5 30 29 20

Figure 43: Enlarged view of the micro-fins and the table with nomenclature used and
the actual dimensions: Micro-fins form the secondary passive cooling mechanism.

3.5 PCM Systems: Materials

This section details the various PCM used as well as the PCM containment designs and

their fabrication processes. Costs have been given for reference purpose.

351

PCM Materials

The PCM were outsourced from Rubitherm® Gmbh, Berlin, Germany. Mostly, the focus
has been on organic paraffin wax based PCM due to the reasons discussed in the previous
chapter. Table 12 enlists the supplier’s thermophysical properties of the PCM. Due to
much higher temperature than ambient within laboratory, working with lower melting
PCM (with phase change temperature < 30°C) did not prove practical.

3.5.1.1 RT28HC

Rubitherm® RT28 HC (melting range: 27-29 °C), was used in SEH system with Cu tubes
as lower melting PCM. This is a solid-liquid type organic PCM with higher heat capacity,
and supplied as a white, odourless solid with costs at (US $ 11.5/kg).

Table 12. Characteristics of the various PCM used within this thesis.

Max. | Latent |Latent . .
Con | Flas Oper| Heat + Densit | Densit Vol.
Melt| geal | h ating | capacit |sensibl y y expa
PCM |peak| pea |poin (at (at> .
o temp y e heat o N nsion
°C)| k t 15°C) | 40°C)
C) | °C) : +7.5% |(kJ/kg ka/l) | (kg/) (%)
(CC) | (kJ/kg) |)
RT28HC| 28| 27| 165| 50 245 241.2| 0.88 0.77 | 12.50
RT42 41| 42 | 186 | 72 174 172.8| 0.88 0.76 | 12.50
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GR42 41| 42 | 190| 70 55 57.6 0.80* NA

RT50 49 | 50 | 200| 70 168 169.2| 0.88 0.76 | 13.63

RT55 55| 55| 200 90 172 172.8| 0.88 0.77 | 14.00
* Bulk density (g/cm3)

k for all RT PCM is 0.2 W/m.K and for GR PCM is 0.1 W/m.K

3.5.1.2 RT50

Rubitherm® RT50, (melting range: 45-51 °C) was selected to test the effect of melting
range of a PCM on its thermal regulation capability. A solid to liquid type PCM, it was
used with the SEH system with Cu tubes as a higher melting PCM. RT50 is a white

transparent paraffin supplied as small tear-drop pellets form at a cost of (US $ 6.5/kg).

3.5.1.3 RT42

Rubitherm® RT42, (melting range: 38-43°C) was used with BICPV and micro-finned
systems. It is an organic, paraffin wax material. RT42 was used with also further treated
with nanomaterials to investigate the effect on thermal conductivity for another study. A
translucent material supplied as blocks, it has a high latent heat of fusion, low super-
cooling, chemical non-reactiveness, and low vapour pressure, self-nucleating properties,
non-toxicity, environmentally friendly attributes and relatively cheaper costs (US $
6.5/kg). It should be noted that the PCM was recycled for a few studies, which

theoretically doesn’t change any properties until it exceeds to thousands of cycles.

3.5.1.4 GRA42

Rubitherm® GR 42, a solid-solid PCM (melting range: 38-43°C), is a granulate which
contains PCM within a secondary supporting structure, such as a natural porous mineral
particle. Its cost was comparable to other PCM used within this research (US $ 6.8/kg).
Since it doesn’t undergo any change in its form, it was used in the micro-finned thermal

system study to take advantage of its shape-stabilised property.

3.5.1.5 RTS55

Rubitherm® RT55, (melting range: 51-57 °C) was selected to test the effect of melting
range of PCM in the LACPC first with respect to another lower melting PCM system and
then against an insulated back. A solid to liquid type PCM, RT55 is a white transparent
paraffin supplied as a block at a cost of (US $ 6.5/kg).
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3.5.2 Thermal conductivity enhancers

The thermal conductivity of organic PCM was enhanced using Copper mesh in stage 1

and with a copper nanomaterial in the stage 2 for the initial instances of investigations.

3.5.2.1 Copper mesh

The woven Cu (purity of 99.98 %) wire mesh, 125 mm wide, 0.25 mm thick and weighing
58 gm/m, designed like a tube sock and supplied by The Crazywire Company, Cheshire,
UK was used as the TCE in the first instance. Many authors [312] have found that metallic
meshes reduce the complete melting time of PCM and that melting initiates from the
corner region of meshes. The woven Cu wire mesh designed like a tube sock (Fig. 44 (a))
was cut using scissors and washed before first use to remove contaminants accumulated
during production process. This was then filled in the PCM containment in layers so as
to fill the entire volume of the containment as shown in Fig. 44 (b). Approximately 170
gm of mesh was used for the set up. They were layered in a parallel arrangement as studies
have found [313] layering without interlayer gap resulted in 80% melting reduction time.

The mesh was filled with the poured over liquid PCM, which solidified within the

Figure 44: Copper mesh (a) single layer and (b) multi-layered with PCM incorporated.

3.5.2.2 Nano-CuO

Copper (Cupric) Oxide Nanoparticle or Nano CuO with an average particle size of 60 nm
was selected as the stage 2 TCE for organic PCM, (properties in Table 13). It was sourced
from EPRUI Nanoparticles & Microspheres Co. Ltd, China.

Table 13. Manufacturer-supplied physical and chemical properties for Nano-CuO.

Parameter Value
Average Particle Size (nm) 60
Purity (ICP Test) (%) >09.8
Specific Surface Area (m?/g) 13.08
Colour Black
Morphology Nearly spherical
Bulk Density (g/cm3)* 0.3-0.45
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True Density (g/cm?) 6.31
Components (contents; pg/g) Ba (0.79), Cd (2.37), Co (6.32), Fe (86.9),
Mg (71.1), Mn (3.16), Sr (2.37)

Components (contents) (%) Ca (0.04), K (0.03), P (0.03), Pb (0.01), Zn
(0.02)

Components (others) Al, Cr, Li, Mo ,Ni, Ti not tested

* True density-of particles that make up the material; bulk density- average material

density of a large volume.

The additive nanomaterial, nano-CuO for the base PCM was outsources and used as it is

without much further treatment. The rationale for selecting CuO are given below:

Appreciable thermal conductivity (33 W/m-K) compared to Silica (0.02 W/m-K)
and TiO2 nanoparticles (0.7 W/m-K) which have comparable costs.

Low cost (US $59/100g) as compared to Cu nanoparticles (US $399/100g), 60 nm
silicon nanoparticles (US $399/100g), 30 nm silver nanoparticles (US $450/100g).
Safe for use, non-toxic [280], whereas Alumina (Al.Oz) nanoparticles are proven
to exhibit environmental toxicity effect [75] and Ease of availability.

Non-oxidising and non-reactive with paraffin wax based materials.

3.5.2.3 n-PCM Ultra sonication

Hilsonic ultrasonic cleaner with the attached ultrasonic bath was used for mixing and

dispersing the nano-CuO particles within the paraffin wax based PCM. The principle is

using the ultrasonic energy for agitating the particles. The n-PCM was synthesised by

mixing nano-CuO 0.5 % (by mass) with the required mass of PCM RT42 at a thermal

bath temperature of 60° C to ensure the PCM was in a fully melted state. The mixture was

then ultra-sonicated using Hilsonic® ultra-sonicator for 24 hours at 70 °C. Finer size of

nano-material ensured higher mixing rate, proper dispersion within the PCM, ease of

ultra-sonication and less settling of the particles under gravity in the molten state. The
PCM and the resulting n-PCM are shown in Fig. 45.

42 +05

Figure 45: Samples of PCM RT42 and nano-PCM (0.5%).
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3.6 PCM Systems: Design

The containment for storing PCM also act as a heat sink for the BICPV system. It is to be

noted, that the term PCM containment also incorporates n-PCM containments.

3.6.1 LACPC based BICPV

The inner and outer dimensions of the PCM containment used for the BICPV system with
LACPC type concentrator are shown in Fig. 46. This design was based on heat transfer
equations taken from literature based study [136, 137] and needed further mathematical
treatment, which is explained here. This design was based on modified heat transfer

equations as expressed in Eqn. 13 and Eqn. 14 given below.

160

Figure 46: Design of the PCM containment for LACPC based BICPV (dim. in mm).

As per the available literature [136], the energy balance for a BIPV-PCM system is
defined as follows:
(@) For Tpv,t< Tm, the relation is given by:

AL At = A(h1+h;) (Tpye-Tamp )At + (Toye4ac-Tov, ) PCpAXA (13)

(b)  The energy balance for the phase transition is:

AL Y At = A(h;+hy) (T - Ty )At + H AXA (14)
Where A-front surface area of the BIPV-PCM system (m?), l-irradiance on photovoltaic
(Wm2), At-time step (), h1, ho-heat transfer coefficient at front, rear surfaces (Wm2K™),

Tamb-ambient temperature (°C), Tm-PCM melting peak temperature (°C), Tpv +- temperature
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on PV at time t (°C), Tpv, «+a¢ - temperature on PV at time t + At (°C), p - density of PCM
(kgm™3), Cp - specific heat of PCM (JkgK™), Ax - depth of the PV/PCM system (m) and
Hy - latent heat of PCM (Jkg?). The assumptions were that:
a. Initial thermal equilibrium between the PV and PCM
b.  Constant values of hy and h
c.  Top and bottom adiabatic boundaries of the system.
These equations seem mathematically inconsistent for the reasons stated below.
a. Egn. 14 is dimensionally incorrect in its last term, which could be balanced by taking
PCM density into consideration and the variable, area (A) could be eliminated, essentially

meaning the equation could take the form of Eqn. 15 and Eqn. 16.

LAt = (hy+hy) (Tpy - Tamb )At + (Tpy gac-Tpv, ) pPCpAX (15)
Ir Z At= (h1+h2)(Tm'Tamb)At + pHLAX (16)

b. This energy transfer doesn’t consider the electrical conversion efficiency of the solar
cell (typically 16-20%), implying conversion of 100 % of the available solar irradiance
into heat and no useful electrical conversion taking place within the BIPV system.An
alternate energy balance equation for the BICPV system, considering it as a transient heat
transfer case in a 1D domain, making an allowance for the geometrical concentration of
the concentrator, could be written as Eqn. 17 and Eqn. 18. The term (1—neiec) Signifies that
part of irradiance which is not converted to electricity, (typically 80% of the available
irradiance). These are based on the assumptions as stated above (a, b and ¢) and also that

d.  The PCM is immiscible, non-reactive and homogeneous.

e.  The heat transfer occurs primarily by natural convection and heat conduction.

f. Radiation losses and thermal resistance between the PCM and walls are

neglected.

Therefore, the modified equations are proposed as follows:
L (1-Nglec) Cg At = (hy+hy) (Tpy¢-Tamb) At + (Tpy e4ac-Tpy,0) pPCpAX (17)

Ir (1'r|£lec)CgZAt = (h1+h2) (Tm'Tamb)At + pHLAX (18)

These heat transfer equations for BICPV-PCM systems are based on a 3D control
volume based on heat flow perpendicular to irradiance assuming no heat transfer takes

place in the walls due to low thermal conductivity (0.1875 Wm™K1) of Perspex.
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For the initial experiments on the LACPC based BICPV modules, the PCM containment
was assembled using 13 mm thick Perspex sheet (cast Poly-methyl methacrylate), which
was cut to size using a band saw (described in 3.4.11) and finished using a grinding
machine, to form the walls of the containment. The holes were drilled in the walls using
an internal thread cutting tool for screwing the sides of the walls together using eight 6
mm screws. Al plate was glued to the bottom of the four walls and then sealed using RS
Quick Set Epoxy Adhesive. Geocel® Crystal Clear Seal & Fix sealant was used to seal
the top plate (with the BICPV module) onto the wall thickness. The back-plate of the
BICPV module formed the top covering for PCM containment while the bottom one
supported the containment base. Further, the screwed walls were also sealed using a
sealant to ensure leak-proof bonding between the edges of the wall [311]. Once the sides

and base was glued, it was set to cure at room temperature for 24 hours.

3.6.2 SEH based WICPV (with Copper tubes)

The PCM containments for individual Al strips were fabricated using six Cu tubes of
length 32 cm, with 7 mm internal diameter and 8 mm outer diameter (Fig. 47). They were
fitted at the bottom side of the Al strip (back-plate) which had solar cells and concentrator
assembly on the top side. Cu was selected for making the tube containment due to its high
thermal conductivity (between 301 Wm™ K 1-383 Wm™ 1K™ 1) [314] so they also serve
as the thermal conductivity enhancer. The tubes were sealed on both the sides using
detachable soft plastic stoppers, each 2.5 cm long, leaving at least 2 cm gap on each side

to account for the volumetric expansion of the PCM in the molten state.

Figure 47: Cu tubes with filled PCM (a penny coin for size comparison).

3.6.3 Micro-finned thermal system

For the micro-finned thermal system, micro-fins acted as the secondary passive cooling
mode, in addition to PCM cooling. The PCM containment for the micro-finned system
was 3-D printed, using ABS plastic with the three-step process for model creation and

printing [315] as described below:
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1. File preparation: create the 3D model in CAD software (Solidworks), click “print.”
STL output is converted into 3D model print paths using Catalyst EX™ software
including support structures that guide the uPrint SE 3D Printer extrusion head.

2. Model printing: using FDM Technology™, the 3D model is built with the support
material layer by layer, from the bottom up on a removable modelling base.

3. Support removal: printed model is pulled, popping off the modelling base and
dissolving the soluble support material using the WaveWash Support Cleaning System.
Once the 3D printed part was taken out, a 1.5 mm hole was drilled using drilling machine
was allowing thermocouple entry within the containment. The design of the containment

and the fabricated part are shown in Fig. 48 (a, b) respectively.

PCM containment

Drilled hole for
thermocouple wires

(@) (b)

Figure 48: The 3-D printed PCM containment (a) design and (b) fabricated part, for the
micro-finned thermal system. Dimensions in mm.

3.6.4 SEH based BICPV

The PCM containment for SEH based BICPV was manufactured using the 3D printing
process. The printed component was loaded into basket for a pre-set time and temperature
(Fig. 49), and by gentle agitation of 3D printed part in the heated cleaning solution,
support material was effortlessly dissolved away. uPrint SE 3D Printer powered by
Stratasys’ patented FDM® (Fused Deposition Modelling™) technology were used. The
PCM containment is shown in Fig. 50 (a) and the design is given in Fig. 50 (b). One 3
mm hole was drilled on one side of the containment using the drilling machine, for
accommodating thermocouples. All thermocouples were inserted through this hole,

which was sealed using the glue gun for a leakage-proof assembly.

85



Chapter 3. Materials, Methods and Designs

Figure 49: Support cleaning apparatus with the 3-D printed component inside the bath
with the cleaning program running.

3-D printed PCM
Containment

Model support base
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Figure 50: (a) 3-D printed PCM containment for the SEH based BICPV and (b) its
design with dimensions in mm.

3.7 BICPV-PCM system assembly

The following sub-sections describe the assembly of the BICPV part (heat generating
element) of the various systems with the PCM part (the heat absorbing elements) for the

different module types, and details the applicable design data for these systems.
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3.7.1 BICPV (LACPC)-PCM

The aim of designing and fabricating this module was to examine PCM effectiveness and
the effect of varying irradiance on the BICPV electrical performance. The back-plate of
BICPV was attached as the top covering for the PCM containment using acrylic glue.
Thermocouples were attached at the rear side of the top Al plate, entering through the
holes drilled in the containment walls, sufficient to accommodate the multiple wire
thicknesses. The BICPV and BICPV-PCM system so assembled are shown in Fig. 51 (a,
b) respectively while the properties of the individual key components are enlisted in Table

14. The design data for the mathematical analysis is given in Table 15.

Tamb
Dielectric
Concentrator

<€—Solar Irradiance

Silicon — Ray trace
LGBC Solar
cell
. Sylgard
Y Soldered
module :
i connections
Aluminium
back plate
Thermo-
] e PCM K couples
ontainment ==
Perspex
(transparent thin Al bottom Wall
layer) >
Silicon Solar cell 2
(@) (b)

Figure 51: Schematics of the (a) LACPC based BICPV (b) cross-sectional view of the
BICPV-PCM system.

Table 14. Thermo-physical properties of the BICPV component materials.

Component Solar Concentrator Back- Insulation Encapsulant
cell plate
Material Silicon  Crystal Aluminium Sylgard®
Clear® Kapton® 184

tape Silicone
Width (mm) 6 136 169 25 169
Length (mm) 115 120 160 3300 160
Thickness (mm) 0.3 170 0.6 0.065 0.5
Density (kg/m?) 2329 1036 2700 - 1030
Thermal conductivity - -
(W/m/K) 149 205 0.27
Molar heat capacity - - -
(3/mol/K) 19.79 1030
Latent heat capacity - - - - -
(kJ/kg)
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Melting temperature

I(\;C) | 660

ax. operation - - - -

temperature (°C) 180

Volume expansion (%) - - - - -

Volume resistivity - - 14 -

(Qm) 1x10

Dielectric breakdown - - -

voltage (V) 7500

Temperature range (°C) - - - - 45 to 200

Table 15. Design Data for the LACPC based BICPV.
Parameter Definition Value

0 Inclination with the horizontal (°) 0
L panel(o) Outer length of the panel (cm) 17
L paneli) Inner length of the panel (cm) 14.4
W panel(o) Outer width of the panel (cm) 16
W panel(iy Inner width of the panel (cm) 13.4
AXpcm PCM containment thickness (cm) 4.2
AXAal Aluminium plate thickness (mm) 0.6
Lcen Solar cell length (mm) 116
Weenl Solar cell width (mm) 6
Apanel Area of PV/PCM system front surface (m?) 0.0272
Acell Solar cell area (m?) 0.0007
N No. of solar cells in the system 5
Acell total Total area occupied by solar cells (m?) 0.0035
I+ Available irradiance (Wm™) 1000
Ipv Irradiance on PV panel (Wm2) 1820
IHeat Irradiance after electrical conversion (Wm™2) 291.20
NGeo Concentration ratio (geometrical) 2.80
Nopt Optical efficiency of concentrator 0.65
Mcell PV electrical conversion efficiency 0.16
Nrear Heat transfer coefficient rear surface (W m2K™) 5.00
Nfront Heat transfer coefficient front surface (W m2K™") 10.00
Tm PCM melt temperature (°C) 41
Tamb Ambient temperature (°C) 20.00
p Density of RT42 (kg m™) at 15°C 880
Cp Specific heat of RT42 (J kg 'K™) solid 2000
H Latent heat of RT42 (J kg 'K™) 174000
K Thermal conductivity of RT42 (Wm™'K™) 0.20
a Volumetric expansion (%) 12.50

3.7.2 BICPV (SEH)-n-PCM

The objective of fabricating this module was to examine the n-PCM effectiveness for

BICPV performance. The system was assembled using the same process), but using SEH
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instead of LACPC, 3-D printed containment sealed using Loctite® hot melt glue gun

which provided better sealing properties quickly. The system is shown in Fig. 52.

_I_

— Kapton film (insulation)

Incident radiation

- |~ SEH concentrator top

SEH Concentrator

/ Sylgard layer
< Silicon PV
Silicon solar cells Aluminium back-plate

;| (lemx lem) < PCM

15

—— Electrical connections
(soldered ribbons)

<——PCM containment
15 | < Insulation (glass-wool)

(@) (b)

Figure 52: Schematics of the BICPV module based on SEH: (a) top view with dotted
lines showing concentrator assemblies and (b) cross-sectional view (Dim. in cm).

3.7.3 WICPV (SEH)-PCM with Copper tubes

The WICPV-PCM module was designed to study the comparative effectiveness of latent
(PCM) versus sensible (water) cooling towards improving electrical efficiency. The
cooling media was contained within highly conductive metallic copper tubes, fitted at the
rear side of the WICPV under Al back-plate with recesses, to ensure that the low k of
PCM was overcome by the higher k of Al and Cu, for higher heat transfer. To ensure
semi-transparency effect in the module compared to the original design, narrow strips of
opaque metallic back-plates were used to mount the skeleton of the soldered solar cell
assembly. The remaining structure was made of acrylic based clear plastic frame, so as to
ensure provision of daylight penetration within the building. The top view (Fig. 53 (2))
and the cross-sectional view in (Fig. 53 (b)) can be used to visualise the overall module
design. To measure the temperature under the back-plate, six K-type exposed welded tip
thermocouples were placed between the Al strips and the Cu tubes using highly
conducting thermal paste (thermal conductivity 3.4 Wm™K). These tubes, primarily
used as PCM containment, also acted as thermal conductivity enhancers and were
insulated using a 3 mm thick glass wool strips between the recesses in the transparent
acrylic frame that formed the foundation of the system. This transparency of the frame
permits the use of the set-up as a building window or fenestration. Further, for water
circulation within this system, a water circulation circuit was designed, using the same

plastic pipes, which is described in the next chapter.
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Figure 53: Schematics of WICPV with SEH concentrator: (a) top-view showing semi-
transparency effect of acrylic frame (in grey) and (b) cross-sectional view (dim. in cm).

3.7.4 Micro-finned thermal system

For the micro-finned module, rectangular Al plates (either with or without the machined

micro-fins) were snug fit on 3-D printed PCM containment which was insulated with a

polystyrene layer (k = 0.03 W/m-K) on all sides. The system was sealed using silicone

sealant to ensure added protection from PCM

To ensure the fin contact with the PCM, it was

leakage upon phase change to liquid state.

tested after filling the containment for the

first time with liquid PCM and upon solidification it was tested again. The heating

elements were glued on the top flat surfaces of

The complete fabricated experimental set-up h

Heating element

- —<Thermocouple wire
Aluminium back-plate

Printed PCM containment
Teflon insulated lead wire

(a)

the plate, acting as a resistive heat source.

as been shown in Fig. 54 (a, b).

Insulation

_l_i

PCM container

Heating
element

Micro-finned
Aluminium
plate

(b)

Figure 54: PCM system with micro-finned thermal systems (a) top-view and (b) cross-
sectional view of the set-up with insulation layer.
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The whole experimental set-up was enclosed within 200 mm x 200 mm x 200 mm
insulated walls, covered on top, with only the front open, to shelter it from mechanical
damages and temperature variations. The design data and the experimental parameters for

the components used for the software based simulation are listed in Table 16.

Table 16. Design data for the micro-finned-PCM system.

Parameter Definition Value
\Y Voltage applied (V) 8.0
I Current applied (A) 0.101
v Volume of PCM (m®) 0.0000475
A Area of the PCM containment wall (m?) 0.087
Tm PCM melting peak temperature (°C) 41.0
Tamb Ambient temperature (°C) 26.0
o Stephan-Boltzmann constant (Wm 2K ™) 5.670367x10°®
HL Latent heat of RT42 (Jkg™) 174000
k Thermal conductivity of RT42 (Wm'K™) 0.20
PPCM Density of RT42 at 15°C (kgm™) 880
Density of RT42 at 80°C (kgm™) 760
Density of RT42 at operating temp (kgm™) - Assumed 800
pcuo Bulk density of nano CuO (kgm) 300-450
True Density of nano CuO (kgm) 6310
Approximated density assumed for calculations 3380
Pnano Density of RT42+0.5% nano-CuO; Calculated (kgm) 803.06
Cp, pcm Specific heat of RT42 solid (JkgK™?) 2000
Cp, cuo Specific heat of nano-CuO; From literature (Jkg*K™) 2400
Cp, nano Specific heat of RT42+0.5% nano-CuO; Calculated (Jkg 2002
XPCM Mass percentage of RT42 (%) 99.5
XCuo Mass percentage of CuO (%) 0.5
a Volumetric expansion coefficient (%) of PCM RT42 12.50

3.8 Instruments and Devices

3.8.1 Solar Simulator

For providing highly collimated illumination for those experiments that require a
controlled light source, Wacom Super Solar Simulator (WXS-210S-20, AM1.5G from
Wacom Electric Co. Ltd., Japan), shown in Fig. 55 was used. With an irradiance area of
210 mm x 210 mm, and collimating angle within +/- 3°, it’s a Down-shine type simulator
with a 2000 W Wacom Xenon short arc lamp. Solar intensity fixed at 1000 Wm™2 provided
constant irradiation for most of the experimental set-ups except when the effect of

irradiance was studied.
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Simulator power unit

BICPV Module
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Digital Multimeter/
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Figure 55: Wacom solar simulator front panel with BICPV for characterisation.

The simulator can vary irradiance level between 700-1200 W/m?2 and its classified as a
Class AAA with positional non-uniformity within +/- 2 % at 1 sun, temporal instability of
irradiance within +/- 1 % at 1 sun, spectral match approximating AM1.5G [316]. The
simulator works on three-phase AC 200V, 50/60Hz, 15A with +/- 10 % tolerance, with
diode full wave rectification in the circuit and stabilised irradiance by internal light
monitor and feedback circuit. The lamp cooling fan and the propeller exhaust fan maintain
the healthy operating temperature. The irradiance intensity was regulated using a Voss
electronic GmbH HelioCon device, capable of controlling the Xenon lamp intensity using
the HelioCon software. It can control the Xenon lamp intensity of the Wacom Simulator
remotely or manually. With a high repetition rate from (0.1 W/mz2 per step), it offers high
accuracy and repeatability of adjustment setting and is designed to work on 230V power
supply [317]. The calibration constant for the device works on Eqgn. 10, where He is the

Heliocon value corresponding to the irradiance intensity, I.

He = —0.0000007713 + 0.0018059471% — 0.2397557661 — 85.39340718 (10)
For instance, the He values set on the device were 896.91, 710.80, 425.80 and 149.97
(rounded off to 2 decimal places) in order to receive an irradiance intensities of 1200 Wm-
2,1000 Wm 750 Wmand 500 Wm- respectively.
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3.8.2 Differential Scanning Calorimeter (DSC)

Differential scanning calorimetry is used to study the thermal transitions of materials such
as melting temperatures and enthalpies (heats of fusion), crystallization and glass
transition temperatures. The temperature difference between a sample and a reference
substance of a fixed mass heated at a pre-defined rate is used to identify the chemical or
physical changes in a material via exothermic and endothermic processes. A purge gas
(usually Nitrogen, but also He and Ar) is circulated within the DSC cell to remove
moisture, oxygen or dirt particles that may affect the measurements or damage the cell.
Equipment manufacturers [318] advise that the balance chamber must continuously be
purged with a pure, inert and dry protective gas. The purge gas also contributes to
improved heat transfer, sensitivity and response and prevents the formation of localised
hot-spots. Fig. 56 (a) sketches the basic outline of a DSC equipment. Netzsch DSC 214
Polyma was used for the purpose of thermal testing of the PCM and Netzsch Proteus
version 7.0.1 software was used for the analysis of the test results within the premises of
this thesis. The DSC instrument comes with a special arena furnace, which is shown in
Fig. 56 (b). Heating/cooling rates can be varied from 0.001 K/min to 500 K/min, at a
temperature accuracy of 0.1 K/min and enthalpy accuracy of < 1 % [319]. The Indium
response ratio is > 100 mW/K and the resolution is 0.25 uW [319]. The installation works

on 230V, 50 Hz in dynamic, static, oxidizing and inert atmospheres.

Measuring cell

Arena furnace

Crucible lid

Concavus pan
Corona sensor

Protective gas ]

Purge gas
/

Heat flow  Temperature and
heat flow sensors

(@) (b)

Figure 56: (a) Schematic of a DSC and (b) the cross-sectional view of Arena furnace
(adapted from [318]).
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The DSC instrumental set-up consists of the main equipment with the furnace, the
nitrogen cylinder for providing the protective gas, a data acquisition system (computer
running the Proteus software) attached to the DSC equipment and an auxiliary cooling
accessory or intercooler unit IC70, which is capable of handling temperature as low as -
70 °C and as high as 600 °C (Fig. 57 (a)). A set of standard samples (one sapphire disc
each, @ 4 mm, thickness 0.25, 0.5, 0.75, 1.0 mm) for calibration measurements (specific
heat or sensitivity/enthalpy), with purity certificate was provided. The sample cutter and
accessories such as a micro-spatula and a surgical blade were used to prepare PCM
samples of masses 4-10 mg. The Al Concavus pans and lids had 30/40-ul capacity with
outer bottom diameter of 5 mm (Fig. 57 (b)).

e
' Ix’,-‘”% Nitrogen Cylinder

1d

@ ()
Figure 57: (a) DSC unit with the Nitrogen cylinder and the intercooler unit IC 70 and
(b) The sample crucible pan and pierced lids (from top and bottom).

Netzsch Proteus

Netzsch DSC Polyma supplied with the Netzsch Proteus® version 7.0.1 software, was
used for the thermal analysis and studying the thermophysical properties of the various
PCM and n-PCM. The visual display and real-time data collection during the execution
of the temperature program, was achieved using the expert mode measurement window.

Proteus® analysis software programs are available as a 32-bit Unicode version, implying
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that they support the settings which vary by location (decimal separators, data formats
etc.). Other features include curve evaluation (added to the method for automatic
evaluation of the measurement curve) and specific heat package (to determine C, for
solids, powders and liquids). The software can also be used for carrying out the heat-flow
calibrations with sapphire as the standard material. Fig. 58 shows the GUI display, with

the DSC curve obtained for a typical thermal analysis experimental run.
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Figure 58: Netzsch Proteus® GUI with the DSC curve (solid red), flow rate (green line)
and temperature program (dotted red) displayed.

3.8.3 Scanning Electron Microscope (SEM)

Optical microscopy is suitable for low-magnification (1000 X) analysis into colour, size
and shape detection of samples but for higher resolutions, SEM is useful. The components
and working of SEM used for PCM/n-PCM analysis are described here; the two SEM
instruments used for the thesis are described as SEM-I and SEM-II. Basically, primary
electrons striking specimen react with its surface producing the following beams [320]:

(i)  Secondary electrons - lower energy electron beam (5-50 eV) produced from the

samples after the SEM primary electron beam hits them.
(i) Back-scattered electrons - same energy primary electrons reflected due to elastic

scattering, providing good image contrast in the imaging field.

The key SEM instrumental elements are shown in Fig. 59 (a).
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e Electron source or gun creates the electron beam discharged within a small volume
with a slight angular spread and predefined energy.

e Lens system containing numerous electromagnetic or electrostatic lenses. It allows
the beam from electron source to enter and upon exit, hit the sample surface.

e Scan unit produces onscreen image by modulating the detected system signal upon
the beam movement in a raster pattern over the specimen area.

e Detection unit picks the backscattered electrons, secondary electrons and X-rays

signals from the sample and transforms them into digital signals.

(i) SEM-I

FEI™ Quanta FEG 650 SEM (Fig. 59 (b)) was used to characterise CuO nanoparticles as
it can achieve magnifications of ~6 to 100,000 X, providing high resolution images in a
digital format. The SEM works with a 200 V to 30 kV of accelerating voltage, up to 2
1A, continuously adjustable probe current and offers a 6.5 mm maximum horizontal field
width at analytical working distance at 10 mm, 24.3 mm at 65 mm, 150 mm with
Navigation Montage routine [321]. The samples were filled in the prescribed carbon
coated stub and inserted in the holder within the main chamber. The vacuum pump was
started for high vacuum and the beam is set on with a 2 kV signal; spot size 2.0. Using
the control panel functionalities (magnification, focus, stigmator, shift, image contrast
and brightness), the required parameters were selected using the knobs for attuning. The
tilt angle (10°), vertical (Z) distance, scan rate (2-30 us) and pixel size were varied using
the software options on the attached computer. The minimum working distance for this

device was 10 mm, which is the OEM provided safety limit as well.
(ii) SEM-11

Hitachi S3200N SEM-EDS (Fig. 59 (c)) was used for high resolution imaging of n-PCM
using gold sputtering. It can achieve a magnification of ~ 20 to 250,000 X, with a practical
operational magnification of ~60,000 X. BioRad Sputter Coater (Fig. 59 (d)) from BioRad
Microscience Division along with the Polaron E5550 density thickness FTM unit
(Polaron equipment Ltd., UK, now Quorum Technologies Ltd.) was used to sputter coat
the PCM and n-PCM samples in the specimen chamber using nano-layered gold coating.
The thickness of coating was controlled using the Plasma current (electric kV) by means

of turning the HV control knob.
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Figure 59: SEM instrument (a) Schematics of a generic SEM, (b) FEI™ Quanta FEG
650 SEM, (c) Hitachi S3200N SEM-EDS and (d) the Sputter Coater with the PCM
samples in the specimen chamber being gold-coated to 60 nm.
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3.8.4 X-Ray Diffractometer (XRD)

X-ray Diffraction, an example of X-ray wave interference, is used to produce the periodic
atomic structure of crystals. It can be used for measuring the average spacing between the
interatomic rows, determining the crystal or grain orientation, discovering the crystal
structure for unknown materials and for defining the size, shape and internal stresses for
small crystalline areas. The atomic planes of a crystal cause an incident beam of X-rays
to interfere with one another as they leave the crystal. The phenomenon is called X-ray

diffraction. It works on Bragg’s Law as given by Eqgn. 11.

nl = 2dsinf (11)
Where, 0 is the angle of incidence at which the cleavage faces of crystals appear to reflect
X-ray beams, d is the interatomic layers distance in a crystal, A is the wavelength of the

incident X-ray beam and n is an integer.

For detecting the purity of nanomaterials and PCM GR42, Siemens D5000 Powder
Diffractometer, a bench-top X-ray Diffractometer, also configured as a reflectometer, was
used for Control software allows automated data collection and visualisation. The
specifications are given in Table 17. This XRD is used to examine mineral samples based

on crystallography, with a lower detection limit of ~5 %.

Table 17. Siemens D5000 diffractometer Specification.

Parameter Value

X-Ray Tube 1.5kW, Cu-anode

kV & mA 40kV, 30mA

Wavelength 1.5406/1.54439 (Cu Ka1/2)
Detector Scintillation point detector
Div. Slit V6 (variable, 6mm)
AntiScatter Slit (same as above)

Scan Type 20/6 locked

Scan Range 2-70 °20

Step Size 0.02 °26

Scan time 1 sec/step

Scan Rotation None

Interpretation software EVA v.18.0.0.0.

PDF Database JCPDS PDF-2 (2004) database

3.8.5 Temperature Data Acquisition System

For recording the thermocouple temperature of the BICPV modules functioning under

the solar simulator, Keithley Integra Series Model 2700 Multimeter / Data Acquisition
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System (Fig. 60) was used, as it is more useful for stationary testing. It can be used for
measurement functions such as DC voltage, DC current, AC voltage, AC current,

frequency or thermistors, period, event counter/totalizer, continuity and digital 1/O etc.

Figure 60: Keithley Integra Series Model 2700 Multimeter temperature recorder.

Each channel of the instrument has the ability to be configured separately for any of the
14 available measurement functions and provides built-in signal conditioning.
ExceLINX-1A software was used to acquire data directly into an Excel spreadsheet
format. The specifications for the instrument are given in Table 18.

Table 18. Technical specification for Keithley Integra Series Model 2700 Multimeter
temperature recorder.

Parameter Value
Power Supply 100V / 120V / 220V [ 240V | £10%
Range of temperatures (K- -200 to +1372°C
Accuracy +0.2°C
Data logs storage format as files with the .xls extension
Line Frequency 45Hz to 66Hz; 360Hz to 400Hz
Operating Environment 0°C to 50°C
Number of channel /slot 20
Thermistor 2.2kQ, 5kQ, and 10kQ
Thermistor range -200 to +600°C
Thermistor resolution 0.001°C
Scanning rate DCV 60/s - 185/s

3.8.6 1-V curve tracer

Eko I-V Curve Tracer (Fig. 61 (a)) was used in conjunction with MP-160i software (Fig.
61 (b)) for the CPV module testing and I-V characterisation in combination with the solar
simulator, as determined by changing the electrical load during the I-V sweep (Fig. 61
(c)). MP-160 I-V tracer can be used for testing single or multiple solar cell or module
characteristics in combination with a solar simulator or natural sun light. The radiant
energy on the module can be measured with the voltage and current measurements. The

technical specifications for the curve tracer are given in Table 19.
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Figure 61: Eko MP-160 I-V curve tracer (a) front panel, (b) the mp 160i software
console with the rated I-V settings and (c) a typical I-V curve.

Table 19. Eko MP-160 Specification.

Parameter

Value

Input Power
Input Current
Input Voltage
Sweep Direction
Temperature Input
Irradiance Input
Operating

Power

Accuracy
Resolution
Sweep Time
Minimum Range
A/D Converter
Voltage Range
Current Range
I-V data points
Communication

300W (Max. 360W)
10A (Max. 11A)
300V (Max. 320V)
Vo to lsc Sweeping

2 points; T-type or K-type thermocouple

1 point ( 30mV)
0 °C ~ 40 °C, 20% ~ 90%RH

AC100-240V, 50/60Hz, Stand-by 20VA,

+/- 0.5%FS

1/1000FS

2~330 seconds
0.5V,5mA

16 bit (£15 bit)

300V, 30V, 3V

10A, 3A, 0.3A, 0.03A

256 sets (Voltage, Current, and Light amount, each

38400 bps
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3.8.7 Temperature recorder

RDXL12SD 12-Channel Temperature Recorder (Fig. 62) with Excel-Formatted Data
Logging SD Card was used for measuring and recording the temperature of the various
points within the PCM system. As a hand held mobile device, it offers the flexibility for
moving and placing, hence more suitable for the micro-finned thermal system, which

didn’t require a solar simulator. The technical specifications are highlighted in Table 20.

—12-channel display

ontrollers

Figure 62: Omega® RDXL12SD 12-Channel temperature recorder front panel.

Table 20. Technical specification for Omega® temperature recorder.

Parameter Value
Accuracy (%) 0.4
Read out temperatures (-100° to 1300°C)

(J-type) (-100° to 1100°C)
Display Backlit 3.9 in. diagonal
Powered by 8 AA-batteries or 9-VDC AC
Data logs storage format as files with the .xls extension
Storage media SD card
SD card memory limit 16 GB
Number of channels Twelve
Temperature- K,JT,ESandR

3.8.8 3-D printer

Stratasys’ uPrint SE plus 3D Printer based on patented FDM® (Fused Deposition
Modelling ™) technology was used (Fig. 63) to print the PCM containment using
ABSplus plastic. The specifications for the printer are given in Table 21.

101



Chapter 3. Materials, Methods and Designs

<— 3-D printer

Support base

ABS plastic material

Figure 63: Stratasy’s uPrint SE plus 3D Printer front panel and plastic material[315].

Table 21. Technical specification for uPrint SE 3D Printer [315].

Parameter Value
Footprint 635 x 660 mm
layer thickness .33 mm/.013

Model Material

Build Size

Workstation Compatibility

Network Connectivity

WaveWash Support Cleaning System
Basket size

uPrint SE 3D Printer Power
WaveWash Support Cleaning System

ABS plus in ivory, white, blue, fluorescent

203 x 203 x 152 mm

Windows® 7

Ethernet TCP/IP 10/100 base

48.33 (w) x 43.18 (d) x 43.85 (h) cm
203 x 203 x 152 mm

220-240 VAC 50/60 Hz, minimum 7A

100-240 VAC, 50/60Hz 1200W

3.8.9 Power supply

An external power supply (Aim-TTi EX354RD) was used to supply DC electrical power

input to the resistive Kapton heaters. Temperature defining voltage and current were set

to emulate the temperature rise in the BICPV system as experimentally determined in the

literature. The power supply unit came with mixed-mode regulation (to combine HF

switch-mode pre-regulation with linear final regulation) and two outputs (0 to 35V /0 to

4A). The dual output DC bench power supply with digital V, | meters offered the option

to work on constant voltage or constant current operation. The power rating was 280W,

with minimum and maximum supply AC voltage of 110V and 240V. The calibration for

V and | was performed using an external multimeter
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3.8.10 Miscellaneous devices

1.

Multi-meter - Fluke® 117 true RMS digital mustimeter was used to measure the
instantaneous input current and voltage, which were then used to calculate the
electrical power and heat for the micro-finned thermal system with micro-fins.
Ultrasonicator - Hilsonic ultrasonic cleaner with the attached ultrasonic bath was
used for mixing and dispersing the nano-CuO particles within PCM. The principle
is based on using the ultrasonic energy for agitating the particles.

Support cleaning apparatus, SCA-1200 220VAC manufactured by PADT
Phoenix Analysis & Design Technologies, USA, was used to remove the support
material from the 3-D printed parts. Working on 220-240 V, 50Hz, 10A, the
equipment utilizes soluble support technology based on cleaning fluid containing a
combination of Sodium carbonate, Disodium carbonate, compound with hydrogen
peroxide and anhydrous Citric acid. Temperature ranges suitable for ABS,
Polycarbonate and nylon are available.

Metal Guillotine - Baileigh Industrial hydraulic shear guillotine, SH-5214, with
52” shear, operating on 220 V, single phase power, with an adjustable back gauge
for precise repeatability and table guides and front arm extensions was used for
cutting Al sheets. It can cut 14-gauge mild steel over its full length and with the
upper carriage built to minimise deformations while upper and lower blades with
multiple shearing edges, gave a quick and smooth cut. The machine strongly held
the sheet with the table preventing lifting during shearing.

Band Saw - Record Power BS300E Premium 12" Band saw was used to cut the
concentrating elements to the required size as well as the walls of PCM containment
from the Perspex sheets. With the ability to cut both curved and straight lines, the
band saw table was dynamically balanced with its tilting tables and cast iron wheels
for flywheel effect.

Thermocouple Welder - Labfacility L60+ was used for welding thermocouples.
Vacuum drying oven - MTI technologies (250 °C, 215L, 22"x 25" x 24") EQ-DZF-
6210 Vacuum Oven was used to degas the Sylgard and Polyurethane based mixtures
for removing any trapped bubbles and to cure them.

Soldering station - For the solar cell soldering, Weller WD1 soldering kit was used,
with 120 V power unit WP80 soldering pencils, and Xytronics 426 DLX solder fume

extractor.
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3.9 Conclusions

The various materials employed for the BICPV-PCM system components and the
rationale for their selection for the research work have been listed in this chapter. In a
nutshell: (i) silicon based solar cells used for BICPV, (ii) Polyurethane material, with
appropriate curing, used to cast the concentrators using the Stainless steel moulds, (iii)
encapsulants, adhesives and epoxy glues, thermocouples, masking tapes, heating
elements and (iv) PCM and nanomaterial types applicable for the thesis are discussed. No
modifications were made to the original proposed design of concentrators or the type of
the solar cells. However, the BICPV in this thesis were reformed using Al back-plate
instead of glass plate used in the original designs. In addition, the top glass plate was
removed from the system, so the available irradiance falls on the concentrator first before
entering solar cells. The metal back plate was wrapped in a polyimide film for electrical
insulation and a thin layer of clear silicone elastomer was used for encapsulating the solar
cells. Various sized PCM containment were fabricated through either manual means or
by printed them using a 3-D printer, which were then attached to the back of the BICPV
through detachable adhesive means. The three main materials used are: (a) PCM, (b)
nanomaterial and (c) n-PCM. The process of synthesising n-PCM has been discussed in
brief. This chapter also contains the only BICPV-PCM analytical model for designing the
system reported till date highlighted in Eqns. 17 and 18. Further, the model & make, and
the working principles and technical specifications of the key instruments such as solar
simulator, 1-V tracer, multimeter/data acquisition, DSC, XRD and SEM are described.
Miscellaneous devices such as thermocouples, temperature recorders and a number of
other auxiliary tools such as for soldering, welding, ultra-sonication, vacuum drying and

metal cutting are also explained.

PCM used were sourced from Rubitherm Gmbh, and nanomaterial was obtained from
EPRUI Nanoparticles & Microspheres Co. Ltd, China. The facilities in Environment and
Sustainability Institute, Penryn Campus (solar lab, chemical lab, research hall workshops
and image-processing suite) provided the instruments and devices for fabrication. Micro-
finning was performed at the University of Strathclyde. The next chapter will outline: (a)
the processes followed to use the BICPV and BICPV-PCM systems shaped within this
chapter and (b) the procedures for using the instruments for characterisation and

measurements.
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Chapter 4. Experimental Characterisation

The experimental characterisation provided a way to examine the influence of PCM/n-
PCM on BICPV performance. The complete and final BICPV-PCM experimental set-up
so arranged as explained in the previous chapter was capable of continuously measuring
the output photoelectrical current, voltage and temperature firstly without, and then with
the PCM/n-PCM. This chapter elucidates the procedures followed to investigate the
electrical and thermal performances of the fabricated BICPV and the BICPV-PCM
systems. The standard test procedure has been used for the indoor electrical
characterisations using a solar simulator. A list of other PCM has also been tested for
establishing their thermophysical properties as they are known to show deviations from
the manufacturer data. Further, studies have been carried out to determine the material
purity for the nanomaterial and granulated PCM. The specific techniques for
characterising material samples were based on scanning electron microscopy (SEM), X-

ray diffraction (XRD), and differential scanning calorimetry (DSC).

4.1 Introduction

In order to produce a fit-for-purpose BICPV module, it’s vital to understand the electronic
properties of the solar cells that it is composed of. A broad range of techniques is available
for characterisation, mainly relying on different electronic structure and the different
physical effects. To typify a solar cell’s performance, electrical characterisation is
performed. This is useful for research and development as well as during the
manufacturing process of PV cells and involves measuring the output current or
capacitance as a function of an applied DC voltage. Electrical characterisation is
important in determining how to make the cells as efficient as possible with minimal
losses and a range of key device parameters can be extracted from the DC and pulsed
current-voltage (1-V) measurements [322]. I-V characteristics of a material provide
information on the carrier concentration and the minority carrier diffusion length [323].
For comparing the different types of solar cells, they are rated on the basis of standardised
measurements, usually conducted under standard test conditions (STC), which involves
testing the cells using a vertical light source of 1000 Wm™, at 25° C ambient temperature
and 1.5AM (air mass) spectral composition of the light [324]. The AM factor denotes the
path length of the solar radiation passing through the Earth’s atmosphere. An AM=1
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signifies the shortest light path with vertical solar radiation, and a higher AM implies a
small angle of incidence as the light travels longer through the atmosphere. The output
measured under STC determines the solar element’s rated module output that the

manufacturer is obliged to state [12].

A comprehensive indoor electrical and thermal characterisation of BICPV was carried
out to analyse the reliability of the designed systems. Both, the BICPV and the BICPV-
PCM modules based on various concentrator designs providing different geometrical
concentrations, were tested under the solar simulator. In general, the electrical
characterisation consists of a series of steps investigating parameters of the module such
as output short circuit current (lsc), short circuit current density (Jsc), open circuit voltage
(Voc), maximum power (Pm), maximum power current (Im), maximum power voltage
(Vm), fill factor (FF), active area conversion efficiency (nin), total area conversion
efficiency (npr), solar cell efficiency (1) and temperature profiles under various constant
levels of irradiance. Based on the results, the relative module electrical efficiencies were

compared without and with the use of PCM/n-PCM. Fig. 64 summarises the features and

aims for the planned experiments, including micro-finned thermal systems.

System
Name (C,)

LACPC

Design and Features Experimental Aims

* BICPV Dim.(mm): 169x 160x 0.6 | |* Initial assessment of BICPV/PCM

based
BICPV (2.8)

SEH based
WICPV(6.0)

SEH based

BICPV (6.0)

* PCM Dim. (mm): 170x 144x 42
* TCE-Cu mesh
* PMMA sealed PCM containment

» Effect of Intensities (500, 750, 1000
1200) W/m? with PCM RT42 use
» Application of simplest TCE (mesh)

* WICPV Dim.(mm): 270x 12x 6.5
* PCM Dim.(mm): 320x 0.75 dia,,.,,
* TCE-copper tube containment

» Use of sensible (running water) vs.
latent medium (PCM)

« Intensities (500, 1000) W/m?

» Compare two PCM: RT42, RT50

* Plate Dim. (mm): 30x 29x 2.0

* Micro-fins Dim.(mm):(0.5x 1x 0.5
Intensity (I-V Eq. to 1000 W/m?)

» TCE- CuO nanomaterial

*» 3D printed PCM containment

+ Effect of Micro-fins in BICPV on a
prototype level; n-PCM vs. PCM

» Address possible leakage issues by
using: (1) Granulated PCM GR42 &
(i1) 3D printed PCM containment

* BICPV Dim.(mm): 170x 165x 1.0
+ PCM Dim. (mm): 165x 165x 44
* TCE- CuO nanomaterial

* Real-sized 3D printed containment

» Final assessment of BICPV-n-PCM
* Intensity (500, 1000 W/m?)
» Effect of n-PCM on module scale

+» Benefits of 3D printed containment

Figure 64: Various BICPV-PCM systems and the associated experimental aims.
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It’s also important to assess the thermo-physical properties and the phase transformation
temperatures (both range and peak) of the PCM. Any inaccuracy in these data may affect
the correct choice of PCM as well as the appropriate amount of material required for a
particular application. The melting and congealing temperatures and the specific and
latent heats of the materials have been validated using a DSC instrument. The morphology
and orientation have been assessed using SEM while the purity and composition; using
XRD techniques. The procedure for obtaining the DSC thermo grams and SEM
micrographs has been detailed in subsequent sections of this chapter, which range from

sample preparation to data acquisition and analysis.

4.2 BICPV-PCM system: Electrical Characterisation

The I-V characterisation of the modules were performed indoor, using highly collimated
illumination at 0° (horizontal) under the class AAA Wacom® Super Solar Simulator and
measured using EKO MP-160i I-V Tracer. The curve tracer, with a sweep time of 10
seconds (in Voc P Isc direction), measured the instantaneous Jsc, Voc, Pm, Im, Vm, FF, nin
and mpr for the BICPV systems under the simulator. In general, for all three experimental
modules, the output electrical connections of the fabricated BICPV were joined with the
current and voltage reading electric cables (shown by red and blue, live and neutral
electrical cables in Fig. 65) of the curve tracer. In order to calibrate the simulator and to
regulate the irradiance intensity for varying the available irradiance for the experiments,

the following processes were followed:
Solar Simulator Calibration

The solar simulator lamp intensity was calibrated using a 20 mm x 20 mm reference solar
cell made of monocrystalline Si, enclosed within 9 mm x 70 mm x 16mm anodized Al
with a quartz window for protection and temperature sensor. Using a 100 ohm Pt RTD
/Type K thermocouple as the temperature sensor, it was used to calibrate the 1 sun (1000
Wm2) irradiance of the solar simulator. The reference cell operated on < 200 mA,
between 10°C- 40°C [325].

Solar Simulator Intensity Variation

With the Voss electronic GmbH HelioCon device, the simulator’s Xenon lamp intensity

was controlled based on HelioCon software. For running the device, communication port
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8 was opened and turned on for operating the intensity regulator. For the intensities of
1200 Wm2, 1000 Wm2, 750 Wm2and 500 Wm™2, the He values (He is the HelioCon
value corresponding to the irradiance intensity, I; the parametric defining values on the
HelioCon device) were set at 896.91, 710.80, 425.80 and 149.97 respectively.

4.2.1 LACPC

To study the effect of irradiance on the electrical parameters of the LACPC based BICPV
system without and with the use of PCM within the same system, and ascertain the
respective correlation, the radiation intensities of 1200 Wm2, 1000 Wm2, 750 Wm and
500 Wm™ were selected. The schematic of the experimental set-up along with the
peripheral devices and the electrical parameters for the simulator are shown in Fig. 65.
The data was recorded for over 2 hour-period at an interval of 5 minutes. The effect of
intensity was studied using the HelioCon control box for regulating the Wacom solar
simulator Xenon intensity for both the BICPV and the BICPV-PCM systems.

S No. 1 Mirror
/ I .I \ 0<— Emergency switch
- WS No. 2 Mirror
A 1\ Integrator lens, Beam
?564(?1?1:,’,4 2kVA splitter & Shutter
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WXS-210S-20, AM1.5G electrical
cables
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power supply m

Figure 65: Schematic of the experimental set-up for characterising BICPV and BICPV-
PCM systems, with the LACPC based BICPV in inset.
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Similarly, for studying the effect of PCM thermal conductivity, the PCM (RT42) was
replaced with the PCM and Cu-mesh combination. In order to do this, the PCM container
was filled with the mesh, cut using standard scissors and then formed into layers, until
the layers were thick enough to fill the entire volume of the containment. Liquefied PCM
was then poured over the mesh to form a highly thermally conductive PCM system and
PCM was allowed to cool down.

4.2.2 SEH with copper tubes

To test the WICPV system (with SEH concentrator and copper tubes) indoors with natural
air convection, PCM and water-cooled options, the solar simulator was used to provide
the irradiance. Intensities of 1000 Wm2 and 500 Wm normal to the horizontal surface
were used for 1.5 hours. This limited time period was selected so as to focus on the heat
absorption /melting phase of the PCM heating - cooling cycle. Eko® I-V curve tracer
MP-160 was used to measure the output lsc, Voc, Pm, and overall system electrical
efficiency nelec Was calculated from the obtained Prm data. Using the experimental set-up

(Fig. 66) each experiment was repeated three times for repeatability and accuracy.

Wacom Solar Simulator

Electrical SEH concentrators
Connections™ ransparent acrylic base
WICPV module P ¥

Wooden support PCM containment (tubes)

Figure 66: Experimental set-up of the WICPV system and the semi-transparency effect
of the SEH system (in inset).

423 SEH

The SEH based BICPV-n-PCM system was illuminated with the solar simulator at 1000
Wm-2and 500 Wm for a period of 2.5 hours with applied n-PCM passive cooling and

for 2 hours for characterising the module without any cooling (Fig. 67).
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Figure 67: Experimental set-up for electrical characterisation of BICPV and BICPV-
PCM system based on SEH concentrators.

There two types of n-PCM tested were with varying % by weight (0.5 % and 1.0 %) of
nanomaterial (CuO with 60 nm average particle size) dispersed within PCM RT42. EKO
MP-160i I-V Tracer was used for 1-V characterisation of the module and the data was
collected using MP-160i software intended for indoor use, every 10 minutes, on the
attached computer. The experiments with same intensity and n-PCM type were repeated

three times for repeatability and accuracy.

4.2.4 Micro-finned thermal system for BICPV applications

For this experiment, two rectangular aluminium plates without (for benchmarking) and
with plate micro-fins geometries were considered. The aluminium plates (either with or
without the machined micro-fins) were fitted on the 3-D printed PCM containment, which
was then insulated with a 5 mm thick polystyrene layer (0.03 W/m-K) on all sides. The
Kapton heaters were glued on the top flat surfaces of the plate, acting as a resistive heat
source. The electrical power input was applied using Aim-TTi EX354RD dual DC power
supply. Temperature defining voltage and current were set to emulate the temperature rise
in the BICPV system as experimentally determined in the literature [311]. As the
maximum temperature attained within the aluminium back plate under the highest solar
irradiance (1200 Wm) was 60 °C [311], for the tests within the present experiment, 70

°C was attained at the selected DC V, | combination (i.e. at P = 0.8W). This is because in
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this case, the top surface had been insulated to avoid radiative and convective losses,
contrary to the uninsulated reported BICPV system, so a higher temperature range was
selected to account for the insulation effect. Fluke® 115 service engineers digital multi-
meter was used to measure the instantaneous input current and voltage from the power
supply, which were then used to calculate the produced electrical power and
consequently, temperature rise. The experimental set up is shown in Fig. 68. A further
study was undertaken to compare the effectiveness of two different (solid-solid and solid-
liquid) PCM using the same set-up for thermal regulation of BICPV on a scaled down
level. The reason behind using a solid-solid PCM was to overcome the challenges related
to PCM leakage and study its suitability for BICPV applications. The temperature profile
of the BICPV under solar simulator irradiance was emulated using an Aluminium plate
with Kapton heaters for a period of 150 minutes. The melting temperature range for both
the solid-solid PCM GR42 and solid-liquid PCM RT42 was similar as 38-43 °C.

Kapton heater
Aluminium plate

Insulation —; _
° . Hygrometer
V. I (heat) | | PCM @container |
L IEE T

Thermocouple location Temperature

® Ti1: Ambient data

0 T2: Over Aluminium plate

® T3: Under the plate —* Temperature

Computer Recorded

(Data Acquisition) | temperature data

Figure 68: Schematic of the experimental system set-up with the highlighted
thermocouple locations.

4.3 BICPV-PCM system: Thermal Characterisation

The thermal characterisation of the fabricated modules, without and with PCM, was based
on the recorded temperatures using the K-type thermocouples. In general, for all the four
experimental systems, welded thermocouple tips were attached to the location of
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temperature monitoring. The other ends of the wires were either connected to the type k
thermocouple plugs, to insert into hand-held temperature recorder or manually screwed
inside the 20-slot channels of the temperature acquisition system. In order to calibrate the
thermocouples, the standard procedure of using 0°C (ice point) and 100°C (steam point)
as the reference points were used. By inserting the welded tip of the thermocouples in a
bath, the output from each of them was noted down separately. Only the thermocouples
that showed a stable and constant temperature at these fixed points, which also remained
uniform, were selected for their suitability for the measurements. The thermocouples
were re-calibrated each time before using them again for the experiments. The ambient
temperature and relative humidity were monitored using Hygrometer Testo 608-H1

placed in the vicinity of the modules.

43.1 LACPC-PCM
Five K-type thermocouples were attached to the back of BICPV using Aluminium
adhesive tape for thermal conduction. Similarly, another 5 K-type thermocouples were

attached to the inner side of the bottom Aluminium plate of the containment (Fig. 69).

Solar
simulator g

I-V Curve-
Tracer

Temperature
recorder

Figure 69: Thermal characterisation and the location of thermocouples (inset) for the
LACPC based BICPV system.
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The locations were chosen to study temperature variations across the centre and corners
of the module and for examining the extent of temperature distribution within the
underside of the back-plate. Keithley Model 2700 Digital Multimeter Data Acquisition
and Data logging System were used to simultaneously measure temperature. The
temperature data was recorded for over a 2 hour-period at intervals of 5 minutes and the
ambient temperature was 25 °C - 29 °C.

4.3.2 SEH with copper tubes
For the SEH WICPV module, the temperature was recorded under the back-plate strips

every 30 seconds for duration of 90 minutes using a Keithley Model 2700 Multimeter
Data Acquisition System. All six K-type thermocouples were used to record the
temperature at the centre of each solar cell skeleton under the aluminium strip on which
they were mounted. The experiments were carried out indoors under ambient temperature
conditions between 27 °C and 29 °C and relative humidity between 37 % and 46 %. For
the experimental run with water, an arbitrary flow rate of 5 mLsec™ was selected, a rate
at which the flow was visibly streamlined; below this rate, the flow in the pipes remained
constricted and higher rates produced more turbulence, due to high Reynolds number.

The water circuit for circulating water is illustrated in Fig. 70.
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Water cooling circuit

Figure 70: Water flow circuit for cooling the tubes behind the WICPV system and the
thermocouple locations under the Aluminium strips.

Water inlet Water outlet
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Five clear soft plastic tubes on either side of the copper tubes were used as conduits for
inter-channel flow. It is to be noted that for these experiments, the difference in heads (of
water supply and the WICPV system) acted as the driving force for the water flow, doing
away with the need for an electrical motor or pump thereby saving the active power loss.
Hence, it may be argued that although water was continuously circulated for this

experiment, it is still a passive cooling mechanism.

4.3.3 Micro-finned thermal system

The schematic of the experimental set-up has been shown in Fig. 68 above. The four K-
type thermocouples, as shown by the coloured dots, were located vertically: above the
insulation layer to record the nearest ambient temperature; at the central top of the plate;
under the top plate; and in the mid-section of the PCM containment for different
configurations, with the aim to study vertical temperature variations. The additional
thermocouple placed outside the containment wall was used to detect how much heat was
escaping through the sidewalls. Temperature measurements were recorded every 5
seconds for 2.5 hours using Omega RDXL12SD 12-channel temperature recorder. The
entire experimental set-up was then enclosed within 200 mm x 200 mm x 200 mm
insulated walls, covered on top, with an open front, to shelter it from mechanical and
environmental damages. All experiments were carried out indoors under ambient
temperature conditions between 26 °C and 27 °C and relative humidity between 21 % and
33 %. The following test cases or configurations were covered to justifiably use all
possible combinations of micro-fins, PCM and n-PCM within the experiments: (i) flat
(un-finned) plate, (ii) plate with PCM, (iii) plate with n-PCM, (iv) micro-finned plate, (v)
micro-finned plate with PCM, and (vi) micro-finned plate with n-PCM.

4.3.4 SEH-n-PCM

For the SEH BICPV module, the temperature was recorded under the back-plate every
10 seconds for a duration of 3 hours, using a handheld Omega RDXL12SD 12-channel
temperature recorder. Five K-type thermocouples were placed at horizontal locations;
attached to the rear side of the top plate of the BICPV module using Aluminium adhesive
tape and secured using the Loctite glue gun (Fig. 71) and five others were located on the

bottom of the containment.
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Figure 71: Experimental system set-up with the highlighted thermocouple locations at
the rear side of the module.

4.4 DSC analysis of PCM

The working principle of the DSC is based on the measurement of the difference in the
amount of heat used to increase the sample and the reference temperature as a function of
either time or temperature. However, the results depend on the sample mass as well as
the heating rate applied to the sample. It has been reported that the melting enthalpies
measured experimentally by the authors of [326] for various PCM samples were lower
than the manufacturer’s values, with uncertainties ranging between 10 % - 47 %.
Typically the data supplied by manufacturing companies are determined for a large
amount of samples, which may be slightly or overwhelmingly different when the PCM is
used in relatively smaller quantities such as, for the experiments within this thesis.
Therefore, a DSC analysis becomes a necessity for detecting the magnitude of inaccuracy
within the supplied PCM properties during phase change. The working on DSC involves
a methodical process including sample preparation, calibration, evaluation and

interpretation of the resulting curves, which are described below.

4.4.1 Samples

For the experimental work undertaken within this study, a wide variety of PCM including
organic (RT series, based on paraffin wax), inorganic (SP series), granulated (GR series)
and powdered PCM (PX series) were studied and analysed using DSC. This is done with

a foresight of developing combination PCM from within the available different material

types.
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4.4.2 Sample preparation

The samples for DSC were prepared by sealing 10 = 0.015mg sample of PCM in an
aluminium (99.5 % purity) sample crucible. Known as concavus pans, (diameter: 5 mm,
volume: 30/40 uL) these crucibles have a unique geometry with a concave bottom that
allows a clearly defined ring-shaped contact zone. The lids were perforated using the
standard perforation tool to avoid any pressure building in the sample during phase
change. The pans were covered with pierced lids and cold-welded using a manual
mechanical sealing press (Fig. 72) to avoid leakage of PCM in the liquid state that also
maintains the furnace hygiene. As the samples for measurement were arbitrarily selected
from the bulk supplied PCM, at least three samples were tested for each type of PCM in

order to ensure accuracy and repeatability in the results.

Figure 72: A sealed, pierced lid DSC sample crucible (against a British 5 pence coin for
size comparison).

4.4.3 DSC calibration

The DSC instrument was calibrated for temperature and heat flow/enthalpy/sensitivity
measurements, with known reference standards (high purity reference materials with >
99.99 % purity). High purity metals exhibit sharp melting peaks, which make them
popular for calibrating the instrumental response against accurate values. For purposes
such as for organic materials and polymers, this may not be appropriate as there is an
argument for calibrating like with like, however, indium, tin and lead are still widely used
and will remain as convenient temperature and enthalpy standards for DSC in the time to
come [75]. One empty reference crucible and the loaded sample crucible were placed in
Arena Furnace. The reference crucible was always placed on the left furnace and the
sample crucible on the right. The temperature program was set using the Expert mode.
The tests were carried out under nitrogen gas as the purge and protective gas with a flow
rate of 40.0 ml/min and 60.0 ml/min respectively. Intracooler IC70 was used as the

cooling device, as they offer an alternative to liquid nitrogen cooling.
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M Temperature calibration

For temperature calibration pure metals were heated through their melting temperature
range based on the exactly similar conditions (such as atmosphere and heating rate),
which were to be used in subsequent measurement runs with the samples. A comparison
was then drawn between the observed and the theoretically known melting points of the
standard materials, to determine the resulting difference. The calibration shifting by a
constant amount in the sample temperature is based on the number of points (one, two or
more) and relies on a smooth curve through the calibration points. The DSC curve shows
the melting of pure substances as they melt at an exactly defined temperature
corresponding to their melting points. This temperature is taken as the onset or the start
of the melting process which is defined as the temperature given by the intercept of the
extrapolated slope of the melting curve and the continuation of the base line [327]. Fig.
73 shows the onset temperature calibration chart for the DSC equipment used within this
thesis, using five substances (CioHi, Indium, Tin, Bismuth and Zinc). Table 22

represents the nominal and experimental temperature and the temperature correction.
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Figure 73: Temperature calibration chart for the DSC instrument.
Table 22. Nominal and Experimental melting temperatures for five calibration

substances.
Temp. Temp. Mathematical Temp.
Substance nom. (°C) exp. (°C) weight corr. (°C)
CioH1se -64.5 -62.8 1 -64.4
In 156.6 157 10 156.6
Sn 231.9 232 1 231.9
Bi 271.4 271.7 1 271.7
Zn 419.5 419 1 419.4
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(i) Sensitivity or Heat Flow calibration

As DSC instruments do not record the temperature directly at the sample, but through the
crucibles via a thermocouple, this thermal resistance gives rise to a difference in the
accuracy of measured and actual sample temperature, which affects the width of the
measured peaks. A narrow peak and steep slope suggest proximity with the actual values
[328]. The onset slope of the heat flow-temperature curve is used to calculate the value
of thermal resistance [329]. Sensitivity calibration is carried out to determine the
difference between the theoretically known and the observed values of heat or enthalpy
of fusion for one or more standard materials. The ratio of these values is termed as a Cell
constant. Fig. 74 shows the sensitivity calibration chart for the DSC equipment used
within this thesis, using six substances (C1oH1s, Indium, Tin, Bismuth, Zinc and Caesium
Chloride) as provided by the manufacturer while Fig. 75 demonstrates the physical
usefulness of the calibration. Table 23 represents the heat of fusion, the experimental and

calculated sensitivity of these substances.
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Figure 74: Sensitivity Calibration chart for the DSC instrument.
Table 23. Experimental and Calculated Sensitivity for six calibration substances.

Temp. Enthalpy Peak Area Sensitivity Mathematical Sensitivity

Substance °C) (J/g) Vs Exp. weiaht Calc.
9)  (VISmg)  vimw) g (LV/mW)
CioH1se -64.5 22 79.577 3.617 1 3.642
In 156.6 28.6 101.53 3.55 10 3.537
Sn 231.9 60.5 200.451 3.313 1 3.382
Bi 2714 53.1 170.987 3.22 1 3.28
Zn 419.5 107.5 298.048 2.773 1 2.801
CsClI 476 17.2 45.386 2.639 1 2.589
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Figure 75: Schematic representation of sensitivity calibration [318].

4.4.4 Temperature program /thermal cycle

To ensure the samples underwent same thermal cycle of charging and discharging, the
following generic thermal cycle was used: The samples cooled down to 0 °C from room
temperature to standardise the beginning. After maintaining a 5 minute isotherm at 0 °C
for achieving a uniform temperature distribution across, the samples were heated
dynamically at the same rate to 75 °C followed by another 5 minute isothermal heating
(Fig. 76). In the end, they were subjected to cooling cycle (75 °C to 0 °C) at the same

rate. Emergency cut-off was set at 95 °C to avoid any accidental superheating failure.

RT27 5K sample 1-runl.ngb-sdg

Section/Subfile Contents
""" | Header Num  Mode T K/min  pts/mn  hhmm  STC AC  P2N2  PGNZ
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..... 1T e, Steps &3 Dynamic 750  S000 30000 0015 1a 1 400 BOO
..... “| Temp. Program =34 |sothermal 5.0 50.00 0005 1a 1 40.0 60.0
..... 4, Preview W 5 Diynarnic 0.0 h.000 300,00 0015 1a 1 40.0 £0.0
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----- (] Thermocouple Calibratic @7 Emergency 950 0 40.0 B0.0
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010 0.5 0,30 045 50

Figure 76: The set temperature program for the thermal cycle and the pictographically
represented temperature steps.
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The temperature range on the program was selected to ensure that the samples undergo
complete phase change and their behaviour could be recorded for the entire range. Each
sample underwent three heating and three cooling cycles using the same temperature
program and the measurement data was averaged and tabulated. The first thermal cycle
was used to ascertain more uniformity and homogeneity within the samples before
characterisation. Therefore, the measured data, phase change behaviour and thermal
analysis of the data obtained for this research work were based on the second thermal

cycle onwards.

4.45 Measurement procedure

The DSC 214 Polyma instrument measurement window was opened in Expert mode and

the desired measurement (baseline, sample + correction or sample) was selected. For

running the measurements on the samples to determine melting temperature or heat of

fusion, the following procedure was adopted (Fig 77):

(i) Baseline run: two empty crucibles of same mass, with one reference.

(i) Standard run: one empty crucible and one with a standard material with known
specific heat, of similar mass (a Sapphire disc) were used as a sample. However,
the smallest Sapphire disc (& = 0.25 mm) with the least mass of 12.707 + 0.005 mg,
was selected for the experiments.

(ili) Sample run: one empty reference crucible and another with a known sample

material and mass was used.

DSC /(uV/Img) Temp.
d exo 2
sample R e S 5
0.4 1 :
calibration substance .-~
021 //"
isothermal at Tst isothermalat [
Tend n
0.0 " empty pan
0.2 - i
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time/min

Figure 77: The various runs for sample measurement in a DSC [318].
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4.4.6 Parameters

Material characterisation is imperative to correctly determine the thermophysical
properties such as melting and congealing temperatures, and heat of fusion values for the
PCM in use. Although within this thesis, only PCM charging side was employed for the
experiments, which is mostly related to the melting characteristics, the PCM thermal
analysis was carried out with an aim to determine both the melting and the solidification
characteristics. Fig. 78 shows typical DSC thermograms for a PCM with the melting curve
(in red) and the congealing or solidification curve (in blue). The signal (mW/mg) versus
the corresponding temperature in °C is shown for the temperature range defined in the
thermal cycle. The various important points on the curve, determining the material
characteristics are highlighted by A, B, C, D, E and F. Once the curve is selected, options

in the menu enable auto evaluation of Peaks, Onset, and Inflection and End temperatures.
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Cregted with NETZSCH Proteus software

Figure 78: A typical DSC thermogram showing melting and the congealing/
solidification characteristic of a PCM. Highlighted by A, B, C, D, E and F are the
various temperature points of importance.

The definition and measurement for the selected thermo-physical properties within this

thesis are defined in the following paragraphs:
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(i)

(ii)

(iii)

(iv)

v)

(vi)

Melting Onset: the onset temperature at which the phase of the material starts to
change (point A in Fig. 78). It is also the intercept of the extrapolated slope of the
melting curve and the continuation of the base line.

Melting Peak: highest point on the melting curve or the apex temperature of the
solid-liquid transition, shown by point B in Fig. 78. Many authors [157] consider
melting point as the peak temperature calculated from a DSC melting curve.
Melting End: the end point of the curve when it becomes a solid line again (point
C). Some authors cite this as the real melting point of a substance, as melting
phenomenon finishes here and all crystals turn to liquid from the solid state [330].
Congealing/Solidification Onset: the temperature during cooling cycle when the
liquefied sample starts to solidify as given by Point D.

Solidification Peak: this is the lowest point on the solidification curve or the apex
temperature of the liquid-solid transition, shown by point E.

Solidification End: the end point of the curve when it starts to become fully
solidified (Point F).

The following points were considered while taking these observations:

(vii)

For this thesis, the melting peak is the actual melting point of the substance.

The width, i.e., the difference between the onset, and the end temperature of the
solid-liquid transition indicate the carbon number distribution of the waxes [331],
which are not studied. However, the temperature ranges for both melting and
congealing cycles are studied to compare with the manufacturer data.

The PCM temperature range was determined by the starting (Onset) and ending
of melting/solidification throughout which the phase transition was in progress.
The software of the temperature programme automatically determined the peak as
the maximum (most positive) or minimum (most negative) values of the DSC

signal during melting and solidification cycles respectively.

Latent heat (L): It is important to determine L of PCM because this determines
the amount of heat that can be stored. On a specific heat -temperature curve, it is
calculated as the area under the curve. Fig. 79 shows total latent heat capacity of
the material between 10°C and 50°C (total cross-hatched area of 197.7 J/g) and
the peak area (double cross-hatched area as 150.7 J/g).
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(viii) Specific heat capacity (Cp): The Cp Ratio method was selected for evaluating Cp
of the PCM samples. The two correction and sample runs were opened on the
Proteus Analysis window using temperature scaling for the measurement (on X-
axis). The appropriate dynamic heating segments on both runs were selected and
sapp.nbs.cpe was highlighted. The three DSC curves, Baseline, Standard and
Sample were selected and C, curve was auto-calculated in a new window. As can
be seen from Fig. 79, maximum or peak Cpwas calculated as the value at the tallest
peak (25.295 J/g/K). However, the baseline C, for the material, which is provided
by the manufacturers, can be given by the base Cp as highlighted in Fig. 79 (approx.
2.5 J/g/K).

Cp (JIg*K))
25

= Peak: 44.2 °C, 25.295 J/(g*K)

Area: 197.7 J/g Area: 150.7 J/g

Onset: 36.4 °CL
End: 46.8 °C

40
Temperature /°C

Figure 79: A typical DSC curve showing the L, Cp analysis for a PCM.

4.5 SEM analysis of PCM-I

To study the morphology of nanomaterial samples and to obtain the micrographs of n-
PCM samples for studying the dispersion of nanomaterial within the PCM, FEITM
Quanta FEG 650 SEM was used. Samples of nanomaterial nano-CuO (60 nm) and n-
PCM (RT42 enriched with 0.5 % w/w CuO) were tested. The nano-CuO samples were
dispersed in 100% pure methanol magnetically stirred whereas the n-PCM samples were
ultra-sonicated again before scanning them to enhance the dispersion and to avoid particle
sedimentation thereby ensuring homogeneity in sample. The imaging process based on
[320] is described here.
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4.5.1 Sample preparation

The specimen was prepared on the stub that fits on top of the sample holder, using a
carbon tape for adhering it. The stub was screwed into the end of the threaded rod (Fig.
80 (a)) after the specimens were filled on the prescribed carbon-coated stub (Fig. 80 (b)).
The surfaces were blown using a nitrogen gun to remove any loose particles, which were

then set-aside and inserted in the holder within the main chamber.
()

Figure 80: (a) SEM sample stub in a sample holder and (b) carbon coated stub with n-
CuO.

(b)

4.5.2 Venting and Loading

To minimize the time of exposure of the chamber to ambient air, it was vented while
loading and unloading the sample as the contaminants and humidity can affect the quality
of the sample images and increase the pump down times.

4.5.3 Imaging
The NavCam (navigation camera) was swung at 90° for activation and the stage was
moved under the NavCam to capture the image. During images being taken, the WD was

adjusted but a safe distance of 8 mm was ensured.

4.5.4 Venting and Unloading
The beam was turned off and the sample stage was lowered to the 10 mm mark before
venting. The sample holder was removed and the chamber door was closed. The high

vacuum button was clicked in order to pump the chamber again to high vacuum.

4.6 SEM analysis of PCM-11

Hitachi S3200N SEM-EDS by Oxford Instruments was used for high resolution imaging
of PCM using gold sputtering in variable pressure mode. Capable of achieving a
magnification of ~ 20 to 250000X, with a practical operational magnification of

~60,000X, it was selected as an alternative SEM equipment for overcoming electronic
124



Chapter 4. Experimental Characterisation

charge accumulation observed in the PCM samples. At high voltages of the order of 1-5
keV, sufficiently high number of electrons are incident on the surface while at even higher
voltages when the yield is lower, the excessive electrons are piled up on the sample
(insulators like ceramics, polymers) surface, which if not conducted away, start to deflect
the incoming beam, thereby producing distorted images [332]. Therefore, it is advised
that the insulating samples be coated with extremely thin layers of a highly conducting
material such as Gold or Platinum to improve their operation in high vacuum mode.

Within this thesis, Gold-sputtering was performed as described below.

4.6.1 Gold-sputtering

On the BioRad Sputter Coater, using the Polaron E5550 density thickness FTM unit the
sputter coating of the n-PCM samples was performed with nano-layered gold coating.
The PCM and n-PCM samples were inserted in the specimen chamber under vacuum.
The pump pressure was set to slightly over 101 mbar, gold density to 19.3, and the
thickness range to 10 nm. The input electrical current was set below 20-15 mA, while the
voltage was set to 2 kV before pressed start on the FTM box. The thickness was displayed
and when the required value was reached, the process was stopped using the stop button

on the FTM box. The gold-sputtered n-PCM sample is shown in Fig. 81.

Figure 81: Gold sputtered n-PCM on the sample stub.
4.6.2 Imaging

The imaging process followed is described here [320]:

(i) Checking Initial Settings
Stage controls set to: X=30, Y=20, Z=exchange position, tilt=0, contrast and brightness

(min), magnification (max), high Vacuum mode (yes) and no aperture.

(ii) Selecting a Vacuum Mode
The low vacuum mode was selected for the PCM samples and high vacuum mode for the

nanomaterials due to the ease of imaging [333].

125



Chapter 4. Experimental Characterisation

(i) Preparing the Specimen

The sample preparation process was similar as above where in the specimen (sample
holder holding the stub with the sample) was inserted into the sample stage and using the
ChamberScope and detector was inserted following this to ascertain that it will not touch

the detector. The height was adjusted as a 23 mm of WD.

(iv) Inserting the Samples
The Z-stage control was set to the exchange position and the chamber door was held
tightly till the vacuum system started pumping. When the vacuum gauge displayed 9 x

10 Torr, the system was considered ready for use.

(v) Focussing the sample area and Image capturing

Using the focus knob, many hit and miss iterations for the optimal focus were required to
produce the best possible imaging. For removing stretching effect in the images,
astigmatism correction process was used as described in section 5.5.3. Using the X and
the Y stigmator control knobs, the apparent focus in the image and the image details were
improved. The contrast and the brightness were adjusted by means of the signal monitor
S. The stigmator adjustment was checked for astigmatism correction every time the
instrument focused was changed. The control panel on the image-capturing software is
shown in Fig. 82. To save the digital micrographs from the samples, Revolution software

was used in the Survey mode.

Figure 82: Control panel setting for micro graphing the gold-sputtered PCM samples.
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4.7 XRD analysis of PCM/Nano-material

X-ray diffraction is used to determine the composition of the constituents in a sample
semi-quantitatively by comparing the intensities of the diffraction peaks from the known
phases [334]. Further, for complex mixtures with more than two phases (even if one
amorphous), XRD can still be useful for determining the relative amount of each phase.
The chemical composition of the PCM GR 42 and the purity of 60 nm nano-CuO were
tested using XRD technology, based on crystallographic study of the material. Both these
materials were outsourced and the manufacturers for PCM were unable to comment on
the composition or the reactivity with PCM or nanomaterial. XRD proved a useful tool
for identifying the constituents. Also, as it is considered as a good practice to verify the
purity of the nanomaterial, XRD analysis of nano-CuO was performed, although
manufacturer supplied data suggested > 99 % purity. Siemens D5000 Powder
Diffractometer was set to work on a 40 kV, 30 mA, and 50 Hz electrical signals. The data
output was in the form of spectra with identified phases representing minerals in the

sample. The process for using the XRD is described below.

4.7.1 Sample preparation

As nano-CuO was supplied as 60 nm average particle size, it was used as it was while
GRA42 as uneven coarse material (Fig. 83 (a)) was grinded using a tungsten carbide ring
mill. Using Normal Mount method, approximately 5 g of powdered sample was loaded
into the XRD holder using a clean spatula to spread it evenly. The sample holder (Fig. 83
(b)) was numbered to ensure the location in the machine was tallied with the sample
number. The powder was packed down while avoiding orientation using the narrow edge
of the spatula. A glass plate was used to smoothen the powder surface until it became
completely flattened and levelled with the top of the sample well (Fig. 83 (c)).

|
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Figure 83: (a) Textures of Granular PCM GR42 compared to Organic PCM RT42, (b)
annular sample holder marked with sample number and (c) glass on top for pressing.
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The excess powder was brushed off gently from the sides to avoid contamination in the
machine. The sample name and the grey sample holder number were logged in the book

for reference.

4.7.2 Software program

The XRD commander program was opened and the default location to save the data files
was added to the program before adding the input job title and the sample identification
details using the Create jobs icon at the top of the screen.

4.7.3 Data interpretation and Analysis

The scanned file was opened on EVA software, and the profile was loaded. Using the
search/match toolbar, the following path was followed favour simple patterns = mineral,
to check the yellow quality marks and the structure selected. Then, also on the main
database displaying master, search utility was used to process the peak-searching for
matching the minerals in the samples and generating the list of probably matching mineral
data. On the toolbar, the pattern tab displayed a list of minerals, from which each mineral
was picked one by one to see if their peaks match on the sample profile. Non-matching
samples were deleted and the steps were repeated to identify other peaks. The
disturbances in the signals or noise in the profiles were removed by replacing the

background and the analysed profile was saved as an EVA (or raw data) file.

4.8 Conclusions

While the manufacturing and fabrication processes have been discussed in the previous
chapter, the experimental procedures for characterisation of BICPV and BICPV-PCM
systems have been discussed here, focussed around thermal and electrical aspects. The
three different BICPV-PCM systems, based on varying concentrator designs, were
electrically and thermally characterised. The micro-finned-PCM system was only
characterised for its thermal behaviour as the solar cells were replaced by an external
electrical power supply emulating the BICPV temperature. A range of electrical
parameters; short-circuit current, open circuit voltage and maximum power point were
studied for the systems as well as the temperature under the PV back plate and other
locations. For electrical characterisation, the collimated beam from the solar simulator at
selected solar radiation intensities were used while the BICPV systems were set at a

horizontal plane under the down shine type solar simulator. The electrical performances
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were monitored using an 1-V tracer and a multimeter/data acquisition system. The
reference solar cell was used to calibrate the light flux of the simulator. For temperature
measurements, K-type thermocouples were used in connection with either a handheld or
stationary temperature recorder. The electrical conversion efficiency for the BICPV was
calculated, first without and then with the use of PCM by incorporating them in the PCM
containment at the rear of the BICPV. The thermocouples placed at the back-plate

captured the temperature data.

The thermophysical properties of the PCM and n-PCM, were explored using DSC
techniques to assess their melting and congealing temperature ranges, latent heat and
specific heats in certain cases. For obtaining the micrographs of nanomaterial and n-PCM,
SEM was used with the aim to explore surface morphology and distribution. The first
images of n-PCM were of inadequate quality and clarity. To improve this, samples were
sputtered with a gold metal nano-layer before imaging them for the second time using
different facilities. The purity of the nano-material and the composition of a granulated
PCM were analysed using XRD. The processes for operating these instruments; from
sample preparation through to data collection and analysis has been discussed. The
chemical imaging and mineralogical analysis department, Camborne School of Mines, a
part of the University of Exeter, provided XRD facility. The next chapter will detail the
observations and the outcomes, centred on the experimental results and based on the

procedures explained in this chapter.
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Chapter 5. Results and Discussion

This chapter presents the results of indoor electrical and thermal characterisation for each
BICPV-PCM system. The results are presented in graphical or tabulated forms and
include a comparison of the electrical parameters such as open circuit voltage (Voc), short
circuit current (Isc), maximum output power (Pm), and electrical efficiency along with the
temperature data. The plots for the measured data are plotted against the elapsed time that
begins when the solar simulator was switched on. The results and benefits for introducing
combined passive thermal management using micro-fins, PCM and n-PCM are discussed.
The results of investigating the thermophysical analysis of the PCM using DSC, the
material characteristics studied using SEM and the composition of granulated PCM
discovered using XRD technology are also presented. Moreover, simultaneous minor
investigations on the effects of irradiance, thermal conductivity and PCM type on thermal
management of BICPV and the effect of using 3D printed PCM containment on leakage
control are discussed. A very brief cost-benefit analysis, where appropriate, has been
produced for the micro-finned PCM/n-PCM systems. A new analytical model for BICPV-
PCM system was proposed as inaccuracies were found in the previously repeated PV-
PCM model. In discussions, the major findings from the experimental results, their
meaning, importance of the findings, and reasons are presented. This includes any

extrinsic or intrinsic circumstances, features or limitations of the experimental set up.

5.1 Introduction

Extensive indoor characterisation was undertaken for the fabricated BICPV-PCM
modules, using a range of incident solar radiation intensities supplied by the solar
simulator. The electrical performance for the modules such as I-V and power curves were
measured and compared. The investigated systems are discussed below:

(i) LACPC based BICPV system

(i) SEH based WICPV system

(ii1) Micro-finned thermal system

(iv) SEH based BICPV system

The systems were characterised for thermal behaviour in the horizontal direction across
the back plate in cases (i), (ii) and (iv) while in vertical direction in (iii) to explore the

distribution of heat across the system. The results were analysed both qualitatively and
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quantitatively. In all cases PCM and n-PCM limited the temperature rise in BICPV to an
appreciable degree. Other notable effects with PCM usage such as reduction in hot spot
formation and more uniform temperature distribution across the back plate were
discovered. The fundamental analytical model available in the literature for a PV-PCM
system was challenged due to the detected incongruences in its dimensional analysis.
Therefore, a revised model has been proposed for the BICPV-PCM system. Additionally,
a brief cost analysis model for the system have been presented.

The opportunity of integrating a passive micro-cooling system with the back plate of a
BICPV module was also investigated. After an initial investigation in case (iii), micro-
fins were found to be beneficial in terms of heat transfer as well as reduced material usage.
Experimental set-up was validated using simulation and uncertainty analysis has been
reported for this case. The results from these original experimental investigations were
analysed to understand their suitability on a real-world level. This chapter also presents
the results from the evaluation of the thermophysical properties of various PCM and n-
PCM, such as melting point (onset, peak and end), congealing/solidification point (onset,
peak and end), Latent heat capacity, and Specific heat capacity using DSC. A list of
different PCM types were analysed since they are envisaged as being useful for related
future works. An attempt was made to study the morphological features such as shape
and structure of the outsourced nanomaterial and n-PCM using SEM, the micrographs
from which are added to this chapter. The particle purity based on material composition
was assessed using XRD technology for granulated PCM, GR 42 and the metal oxide
based TCE nanomaterial (nano-CuO) has been expressed as diffractograms.

5.2 Characterisation of BICPV-PCM system

(i) Electrical Characterisation

The short-circuit current (Isc) and the open-circuit voltage (Voc) are the two fundamental
parameters of the I-V curve for a PV module. Both Isc and Voc are dependent on the
incident irradiance and module temperature in such a way that change in Isc and
irradiance are almost directly proportional while change in Voc is only nominally
dependent. On the contrary, Voc is inversely proportional to the module temperature
causing significant reduction in electrical power at higher temperatures even though Isc

increases slightly with temperature [335]. The Pm and n are dependent on the Isc and Voc.

131



Chapter 5. Results and Discussion

The following sub-sections detail the results derived from the I-V trace obtained for
different BICPV modules with and without PCM.

(if) Thermal Characterisation

The main aim of the work was to improve thermal management of BICPV, the results
from the thermal characterisation are presented in the sub-sections below to display the
behaviour of the system under different irradiances. The four different systems were
characterised first without any cooling media and then passively using PCM, n-PCM or
a combination of them with the micro-fins. In one case, tests were performed using water
as a passive cooling means to compare the relative effectiveness of the latent and sensible
media. In all systems, the thermocouples were attached at various locations under the
back-plate and within the PCM containment. The curves represent the temperature

obtained (in "C) with respect to the time elapsed since illumination began.

5.2.1 LACPC BICPV-PCM system

(i) Electrical Characterisation:

The LACPC based BICPV-PCM module was illuminated under the solar simulator at
1000 Wm-Z irradiance for a period of 145 min. Isc, Voc and Pm curves versus elapsed
time for the BICPV system under natural convention and with PCM, were obtained as
shown in Fig. 84 (a), (b) and (c) respectively. With the use of PCM, less reduction in both
Voc and Pm were observed due to the inverse temperature relationship, while Isc showed
a proportional nominal decrease. The average Voc increased by 5.6 % from 2.49 V
without PCM to 2.63 V with PCM. At the start of the experiments, the voltage
improvement was only slightly higher in the BICPV-PCM system, which continued to
increase as time progressed and similar behaviour was observed for Pm. The value of P,
with PCM surpassed the value without PCM after 15 min from the start. Similar to
fluctuations in Tc, Pm decreases sharply with PCM in the first 30 min (60 min without
PCM) and stabilises later as the PCM starts absorbing excess heat. The melting
temperature range of the PCM used for the experiment could effect this duration. After
70 min, Pn stabilised (fluctuation < 8 mW) for the rest of the duration with PCM while
without PCM, Pr, stabilised for a while after 70 min and then started reducing further after
110 min (Fig. 84 (c)). Overall, the average Pm without PCM was 581.7 mW while with

132



Chapter

5. Results and Discussion

PCM, it was 626.4 mW showing a relative efficiency increase of 7.68 %. The absolute

electrical efficiency for the module without PCM was 6.48 % whereas with the use of

PCM in the system, it increased to 6.98 %. In Fig. 84 (d), a comparison has been made

between the percentage changes in P at a frequency interval of 30 min, negative values

indicates a decline over a period of time. As can be seen, during the first interval, the

BICPV experienced an 18.6 % (10.0 % with PCM) electrical power loss. Similarly, during
the second interval, the output power reduced by 4.6 % (1.2 % with PCM). In both the

cases, power loss after 60 min was nominal, especially with the use of PCM. As can be

observed from Table 24, the minimum output Pm using PCM was almost 17 % higher than

that without PCM.
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Figure 84: Comparison of BICPV parameters with and without PCM (RT42) versus
time (a)lsc, (b)Voc, (c)Pm, (d) percent change in Pm at a frequency interval of 30 min,
(Inclination: 0°, 1000 W m)
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Table 24. Important experimental data from the BICPV-PCM system output at 1000
Wm2. (Negative sign indicates increase in the parameter value with the use of PCM).

Isc,min  Isc,max  Voc, Voc, Pmmin  Pm, Max

(mA)  (MA)  wmin(V) wmax(V) (mW) (mW)
Without PCM 319.4  329.7 2.4 2.96 521.5 742.9
With PCM 316.6 324.2 2.6 2.97 608.4 706.0
Change (%) 0.9 1.7 -8.3 -0.3 -16.7 5.0

The maximum value of Pm was however higher for the non-PCM case (by 5 %) due to
the lower ambient temperature at the start-up. There was a nominal decrease of less than
1 % and 2 % respectively in the minimum and the maximum Isc. Experimentally, it was
verified that an increase in module temperature leads to decrement in (Pm) within the

aluminium (thermal conductor) backed module.

5211 Effect of irradiance

The effect of increased irradiance on the electrical output parameters and consequently
the effectiveness of PCM for the LACPC based BICPV-PCM system was the focus of
this study. The experiment as described in the previous section was repeated for 120 min
at various intensities of 500 Wm2, 750 Wm2and 1200 Wm. The effects of increasing
irradiance on PCM effectiveness in terms of Isc, Voc and P profiles are illustrated in Fig.
85 (a), (b), (c) respectively. The relationship was almost linear between an increase in
irradiance and the output Isc and Pm, however, this relationship wasn’t directly
proportional, especially at higher intensities with PCM. After an hour of running the
experiment, Pm remained stable for the rest of the duration with PCM while without PCM,
Pm stabilised for a while after 80 min but then started declining further (Fig. 85 (c)). The
relative increase (calculated as a percentage figure) in electrical power using PCM with
the BICPV system were 1.15 % at 500 Wm, 4.20 % at 750 Wm™ and 6.80 % at 1200
Wm2. Notably, at 1200 Wm2, the Pr, increase with PCM was about 1 % lesser than that
at 1000 Wm?2, the reason for this could be inadequate PCM material thickness as well as
the chosen PCM melting range. The absolute average comparisons of Pm, Isc and Voc
without and with PCM are plotted in Fig. 85 (d), (e), and (f). The percentage increase in
Voc (decrease in Isc) with PCM were calculated as 1.6 % (-1.3 %) at 500 Wm2, 2.4 % (-
0.5 %) at 750 Wm=2and 3.9 % (-3.8 %) at 1200 Wm,
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Figure 85: Comparison of electrical parameters at various intensities with and without
PCM: (a) Isc, (b) Voc, () Pm at 500, 750, and 1200 W m-2 and average values in (d)
Pm, (&) Isc and (f) Voc at Inclination: 0°and Intensities: 500, 750, 1000 and 1200 W m.

The results indicated that this particular PCM had a more pronounced effect for lower to
medium intensities and was comparatively less effective for higher levels of irradiance
which may be due to lower melting temperature range of the PCM corresponding to heat

generation in the BICPV panel at those intensities.

5.2.1.2 Effect of melting temperature range of PCM and insulation

To study the effect of melting temperature range, another PCM, RT55 was used in the set
up. For the system, with 8 cells in series, it was found that the Pm without any heat
sink/PCM arrangement was 625.8 mW, while with PCM RT55 it increased to 647.1 mW
at 1000 Wm?, thereby showing an average increase by 4.1 %, (3.7 % lesser than a PCM
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with lower melting temperature range, RT42). In addition, to examine the negative effects
of inappropriate ventilation, the BICPV back plate was insulated with a glass wool of less
than 1 cm thickness. The insulated system showed an average Pm of 611.7 mW, reducing
the power output by 2.3 %. The profiles for Pm using different backing materials with the
module is compared in (Fig. 86). As expected, the absence of thermal regulation (presence
of insulation) proved detrimental to the efficiency of BICPV system, in this case by a
small percentage for a small period of time.
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Figure 86: Pm profile at 1000 Wm™ with and without PCM RT55 and insulated back.
5.2.1.3 Effect of thermal conductivity

Following the studies on the effect of thermal insulation, it was envisaged to study the
benefits of enhancing the thermal conductivity of PCM. The simplest way to achieve this
initially was by introducing a metallic (copper) mesh. The results obtained by comparing
the maximum power output profiles at 1000 Wm are presented in Fig. 87.
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Figure 87: Pm profiles compared with PCM and enhanced PCM (1000 Wm2).
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The initial values for P vary nominally due to a variation in ambient temperature which
was outside of experimental control as well as slight degradation in module efficiency.
Under 90 min of illumination, the presence of PCM increased the average Pm by 2.1 %,
while PCM with copper mesh improved the average Pm by 3.9 % as compared to the case
with no use of PCM. Hence, the effectiveness of the mesh was 1.8 % higher with respect
to PCM. The respective Voc decreased over this period as shown in Fig. 88. The system
with PCM showed a 4.8 % increase in the average Voc and a 4.1 % rise with PCM and
copper mesh compared to no applied PCM. The Isc decreased by 15.5 % for PCM and
2.1 % with PCM and copper mesh. There was a 1.7 % increase in the average Pm by
introducing the metallic copper mesh, so the initial experiment to determine the merits of
TCE in BICPV proved successful.
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Figure 88: Voc profiles compared with PCM and enhanced PCM (1000 Wm?)

(if) Thermal Characterisation:
In the LACPC based BICPV system, the temperature at the centre of the module (Tc) was
recorded under the plate at an interval of 5 min for four levels of irradiances; 500 Wm,
750 Wm, 1000 Wm2, and 1200 Wm2.The temperature profiles for Tc and the average
temperature at various irradiances is shown in Fig. 89 (a) & (b) resp. A comparison has
been drawn between BICPV temperature without PCM (patterned red bar) and with PCM
(solid blue bar) . Absolute average T. at 500 Wm2, 750 Wm2, and 1200 Wm? showed a
decrease from 36.3 "C to 31.5 "C (13.2 %), 43.8 "C t0 33.7 'C (23.1 %) and from 54.2 °C
to 47.6°C (12.2 %) respectively with the use of PCM RT42. Comparing the average T
reached at 1000 Wm by the BICPV without PCM (50.1 ‘C) to that with PCM (46.3 "C),
it was established that the use of PCM reduced the average temperature by 3.8 °C (7.6 %).
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The maximum T¢ (49.2 "C with PCM and 55.2 “C without PCM) was 3 "C higher than the
average Tc with PCM and 5 “C without PCM suggesting more thermal disequilibrium in
the system without PCM. The percentage change in T for every subsequent every 30-
minute period of illumination is shown in Fig. 89 (c) to compare the relative temperature
increase per quarter of the 2 hour experiment. It can be seen that during the first 30 min
of starting the simulator, the temperature at the BICPV centre without PCM increased by
33 °'C (24 "C with PCM) from the ambient. Similarly, during the second 30 minute
interval, T increased by 4.5 "C without PCM (0.6 "C with PCM). In both the cases, the

increase in temperature after 60 min was only nominal, more so with the use of the PCM.
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Figure 89: For the BICPV module with and without PCM RT42: (a) Temperature
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The melting range of the PCM, 38-43 "C, which was slightly lower than the temperature
at which the BICPV module temperature becomes nearly constant (46.5 ‘C) attained
towards the end of the experiment. The bottom plate of PCM containment was fabricated
with Aluminium to measure the extent of heat available after the complete melting of the
PCM on the end opposite to the BICPV. This was aimed to gauge whether the heat could
be used for other regeneration purpose such as domestic water heating. If successfully
exploited, it could further improve the overall system efficiency by contributing in
thermal processes in addition to the already realised electrical efficiency improvement.
So far, a maximum temperature rise of 4 °C in the centre of the bottom plate with 24.4
°C as the average temperature could be realised which may be increased by running the
experiments for longer than 2 hour. A highly non-uniform temperature distribution was
also observed within the BICPV without PCM. Relatively higher temperatures were
recorded under the centre while temperatures were lower towards the edges and lowest in
the corners of the module. This could be attributed to the edge effect or end losses due to
interfacing with the surroundings. This internal temperature gradient may lead to local
high temperature or hot spots within the module leading to a loss in efficiency as well as
possible permanent degradation in the long run. The silicon solar cells in the module were
soldered in series and the cell with the smallest output limits the overall output current,
hence the uniformity of temperature could again indirectly contribute to achieving higher
overall electrical power output. It was thus deduced that PCM also aids in maintaining a
uniform temperature throughout the BICPV module which may lead to prolonged module
life.

5.2.2 SEH system with copper tubes

(i) Electrical Characterisation:

The experimental results presented here are based on the four test cases of: (a) without
applied cooling/with natural convection as the baseline case, with latent cooling means,
(b) PCM with lower melting temperature (RT28 HC), (¢) PCM with higher melting
temperature (RT50), and with a sensible medium (d) circulated water cooling. The
electrical characterisation of the SEH based WICPV-PCM system was conducted for a
duration of 150 min primarily at an irradiance of 1000 Wm™2. However, the experiment
was run with water only for 90 min as the electrical power output in this case remained

fairly constant. Three runs were conducted and an average value is presented. A few
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experiments were repeated at a lower intensity of 500 Wm for testing the efficacy of
PCM with respect to intensity in these systems. During the time period of the
experimental run, both PCM were observed to undergo a complete phase change from
solid to liquid state. The electrical characterisation is expressed in terms of the output Isc,
Voc and Pm. These values were then used to calculate the absolute electrical efficiency
(metec) and consequently, the relative electrical efficiency improvement in the WICPV
using the different cooling options (cases b, ¢ and d) compared to the output with no
applied cooling (case a). The first exercise for these tests was to compare the effectiveness
of PCM RT50 in the WICPV system at a lower irradiance of 500 Wm™ and a higher
irradiance of 1000 Wm™. The obtained profiles for Voc, and Pm are illustrated in Fig. 90
and Fig. 91: (a) and (b) respectively without and with PCM RT50. As can be seen, there
was a sharp and almost steady drop in Voc at both intensities without and with PCM,
although with the use of PCM, the decline was not as steep during the first 60 min due to
the absorption of heat in the material. The Isc curve showed an increasing trend with
irregularities, possibly due to the effect of ambient cooling. The profile for Pm was
relatively similar to Voc at both irradiances. At higher irradiance, however, there was a
sudden drop in Pr, after about 30 min, possibly due to overheating caused by continuous
operation at 1000 Wm2. The fluctuations in the beginning were possibly due to abrupt

changes in the internal temperatures.
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Figure 90 : Comparison of (a) open circuit voltage (Voc), and (b) maximum power (Pm)
without and with PCM RT®50 at a lower irradiance of 500 Wm.
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without and with PCM RT®50 at higher irradiance (1000 Wm).
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As can be observed from Table 25, the average values of electrical parameters increased
with the use of PCM RT50 at both levels of irradiances. The unexpected increase in Isc
was possibly due to averaging of the data. The results demonstrated an average increase
of 11.5 % in the output electrical power at 1000 Wm and 5.2 % at 500 Wm with RT50

incorporated as compared to a naturally ventilated system for 150 min.

Table 25. Experimental data for the photoelectrical parameters without and with PCM
RT®50 for a duration of 150 min at both irradiances.

Irradiance  Parameter Without With PCM
(Wm?) (average value) PCM RT50 RT50

Isc (A) 0.51 0.57

1000 Vo (V) 4.39 4.48

Pm (W) 1.74 1.94

Isc (A) 0.28 0.28

500 Vo (V) 4.46 4.55

Pm (W) 0.96 1.01

Following on from this, the next aim was to study the relative effectiveness of various
cooling means at the standard irradiance of 1000 Wm™. To achieve this, the profile for
the output power Pm (Fig. 92 (2)) and its linear trend (Fig. 92 (b)) for the WICPV-PCM
system were compared with the three cooling means versus natural ventilation. The steady
state change (increase or decrease) is shown by this linear trend. Although similar trends
of decay in Pm were observed for the system in all cases; the decline was the steepest for
the naturally ventilated system followed by the PCMs and it was the least for water
cooling. With a higher melting temperature range, PCM RT50 exhibited higher
effectiveness and the difference in the trend line compared to the uncooled system showed
an increasing gap. As the melting temperature range of RT28 HC was lower than that of
RT50, all the available material in the tubes melted earlier and the decline in the Pr, started
sooner. This indicate that for such systems, a PCM with a higher melting temperature
range should be selected; roughly at least 25 °C above the room temperature. The average
Pm for the duration of the experiment is shown in Fig. 92 (c). The average electrical power
output with no applied cooling was 1.70 W, with RT28HC; 1.97 W, with RT50; 2.00 W
and with circulating water cooling reached 2.11 W. The absolute electrical efficiency of
the WICPV without additional cooling, with latent and sensible cooling is illustrated in
Fig. 92 (d) and one can clearly see the gradual increase from 5.9 % with no cooling to 6.8

%, 6.9 %, and 7.3 % with PCM RT28HC, RT50 and water respectively.
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Figure 92: Comparison of the (a) profile of Pm, (b) linear trend of P, (c) average Pmand
(d) absolute electrical efficiency for the WICPV with no applied cooling and using
sensible (water) and latent (PCM RT28HC, RT50) cooling for 90 min at 1000 Wm™,

To quantify the relative effectiveness of each of these cooling options, the percentage

change in the output electrical parameters of the WICPV with various applied cooling
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means compared to no cooling were calculated at 1000 Wm™ as demonstrated in Table
26. As the I-V data for the run with water was recorded for 90 min, the values from other
cooling options were compared for the same duration. The output power was maximum
with circulated water cooling (7.8 % increase in Isc, 5.4 % in Voc) followed by using
RT50 (12.4 % increase in Isc, 2.7 % in Voc) and RT28HC (12 % increase in Isc, 1.8 %
in Voc) against the naturally ventilated system at 1000 Wm. The obtained curves from
the 1-V tracer and the measured data showed an output electrical power improvement of
16.9 % with the use of RT28HC, 18.7 % with RT50 and 25.5 % with circulating water at
1000 Wm compared to the naturally ventilated set-up. With RT28HC, a 15.9 % relative
increase in electrical efficiency was achieved, with RT50; 17.6 % and with water; 24.2 %
respectively. Sensible cooling with circulated water proved more effective with 6.4 %
and 8.0 % higher electrical efficiency achieved than with RT28HC and RT50
respectively.
Table 26. Relative change (% A) in output electrical parameters with PCM and water
cooling compared to no cooling for a 90 min duration at 1000 Wm.
Parameter % A % A % A

RT28HC RT50 Water

lse (A) 1205 1237 7.81
Ve (V) 1.81 2.66 5.40
Pm (W) 1693  18.75 25.46
Nelec (%) 1593  17.63 24.24

While the results demonstrated an average increase in the output electrical efficiency of
over 17 % at 1000 Wm with RT50, it halved to 6.5 % at 500 Wm™ as compared to a

naturally ventilated system, considering the first 90 min of the experimental data.

Water cooling produced higher improvements in spite of lower heat capacity due to
continuous circulation effect. With Sensible cooling with water 6.4 % and 8.0 % higher
electrical efficiencies were recorded than RT28HC and RT50 respectively. Water was
circulated using water supply tank head as the driving force instead of electrical means,
saving electrical expenses. However, in a real world scenario, power losses in running
electric motor or pump for water circulation have to be taken into consideration, which
may entail active power parasitic losses as well as a higher capital cost. In those cases,
the overall efficiency with water systems may even become reduced. Hence, it could be

concluded that PCM could still prove to be largely more effective in the long term.
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(if) Thermal Characterisation:

For the SEH system with six copper tubes under the six strings of solar cells, the
temperature was recorded at the centre of and under each aluminium strip mounting solar
cells. The effectiveness of latent passive cooling media, namely two PCM types; the lower
melting RT28 HC and the higher melting RT50 was compared with the sensible passive
medium, water, and was expressed in terms of the temperature reduction achieved by
them at 1000 Wm2. A comparison of the obtained temperature profile for individual
channels (channel 1 to 6, expressed as T1 to T6) is shown in Fig. 93 (a-f). As channel T1
was located on one edge of the panel experiencing maximum natural convection, the
highest temperature (56.8 ‘C) reached there was less than 60 “C. Similarly for T6, which
was located on the other edge but experienced slightly lesser natural convection due to its
placement towards the solar simulator, the highest temperature (61.2 °C) reached there
was only marginally higher than 60 ‘C. However, in the case of other channels, such as
T2, T3 (one of the most centrally located channels), T4 (another centrally located channel)
and T5, temperatures reached between 65 °C and 70 'C. The system with no applied
cooling showed the highest temperature in all channels while, with water, the lowest
temperatures were observed. Both the PCM showed approximately similar levels of
effectiveness in achieving temperature reduction so further investigation is needed in

bigger systems to test the respective performance of PCM with various melting points.
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Figure 93: Comparison of channel temperature profile without applied cooling at 1000
Wm 2, with RT28HC, RT50 and water cooling options. (a) T1 (on one edge), (b) T2, (c)
T3 (centre), (d) T4 (centre), (e) T5 and (f) T6 (on another edge).

It was observed that towards the end, all the PCM in the channels melted to liquid form.

The absolute temperature data at the end of the run (at 90 min), within channels T1 to T6

with PCM RT28HC, RT50 and water are arranged in Table 27. As can be seen, both PCM

were in molten states as the end temperatures were well above the melting peak for each

PCM:;

28 °C and 49 °C respectively.

Table 27. Comparison of absolute temperature within each channel without applied
cooling and with different passive cooling mechanisms at the end of experiment.

TL T2 T3 T4 T5 T6
Media (°C) (°C) (°C) (°C) (°C) (°C)
Without ~ 56.6 611 634 650 643 612
RT28HC 545 596 57.8 594 585 522
RT50 557 609 612 601 571 518
Water 385 401 402 396 394 399
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The temperature data for the channels with all cooling options was averaged at 1000 Wm-~
Zand is shown in Fig. 94. It can be seen that for all channels the application of both
sensible and latent cooling were beneficial, though in some channels, one PCM was

slightly more effective than another, the reasons for which are unexplored at this stage.
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Figure 94: Comparison of average channel temperature, Ti (where i is the channel
number) without applied cooling and with cooling (two different PCM and water).

The average temperature distribution within channels T1 to T6 for lower and higher
irradiances with no PCM versus with PCM RT50 is demonstrated in Fig. 95. One can
observe that RT50 was more effective at lower irradiance as the difference between the
two graphs was higher. At 500 Wm2, the maximum average temperature without PCM
was 46.1 °C (39.5 °C with PCM) while at 1000 Wm2, it was 59.7 °C without PCM (55.7
°C with PCM). Hence the difference was 6.6 °C at lower irradiance and 4.0 °C at higher
irradiance. The highest temperature attained within the WICPV system without PCM was
53.7 °C while it was 48.2 °C with RT28HC, 48.9 °C with RT50 and 38.6 °C with water.
Similarly, the lowest average temperature was recorded as 49.2 °C, 44.9 °C, 44.2 °C and
37.5 °C for the respective cases (details given in Table 28).
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Figure 95: Average temperature in channels: (a) 500 Wm and (b) 1000 Wm.

Table 28. Comparison of maximum, minimum and average temperatures across the
channels with no cooling, PCM and water cooling options at the end of the experiment.

Media Twmin (OC) TAvg,Min (OC) TMax (OC) TAvg,Max (OC)
Without cooling  56.6 49.2 65.0 53.7
With RT28HC  52.2 44.9 59.6 48.2
With RT50 51.8 44.2 61.2 48.9
With Water 38.5 37.5 40.2 38.6

There was only less than a degree of variation between the average highest and lowest
temperatures obtained in the case of using both the PCM. It can also be seen that the
average temperatures across all channels with water as a cooling medium was almost
constant with a variation of £0.4 °C. As an exception, T1 (inlet water channel)
experienced the lowest average temperature of 37.5 °C in contrast to the highest 38.6 °C
within T2 (outlet channel) due to the water circuit configuration. For the two cases of
PCM cooling, the temperature at the central channels (T3 and T4) were comparatively
higher due to their central location achieving lesser cooling via natural convection
otherwise available to the channels on the sides or edges such as T1. The average
temperature reduction achieved across channels 1 to 6 using different passive cooling
media as compared to the case with no cooling for the duration of the experiment is
highlighted in Table 29. As expected, the circulated water achieved the highest

temperature reduction across all channels followed by RT28HC and RT50 respectively.
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Table 29. Average temperature reduction achieved within each channel using various
passive cooling media, compared to the case without applied cooling.

Channel/l ATl AT2 AT3  AT4 AT5  AT6
Media (°C) (C) (C) (€ (€ (C)
RT28HC 4.0 3.0 6.0 5.6 45 5.8
RT50 33 2.7 3.8 5.2 5.4 6.4
Water 118 125 142 154 140 124

It is to be noted, however, that since water was continuously circulated, despite lower
heat capacity compared to PCMs, it was able to achieve greater cooling benefits. The
rationale for choosing water circulation was that firstly, comparison of still water with
PCM wouldn’t have led to interesting conclusion in terms of quantitative difference in
temperature control and secondly in practical situations, flowing water is used for heat
removal applications, which required comparison with PCM. Also, it is easily achievable
task in practice compared to circulation of PCM. The maximum average temperature
reduction being higher by 9.6 °C and 10.3 °C and maximum temperature reduction by
19.4 °C and 21 °C in case of water cooled system as compared to RT28HC and RT50
respectively, essentially because of the circulation effect. Water has a specific capacity of
4.187 kJkg K™ whereas both the PCM have reported specific heat values of 2 kd.kgt'K-
! in addition to the latent heat capacity of 245 kJkg™ and 168 kJkg™ for RT28 and RT50
respectively. This indicates that PCM circulation could give better results though it may
incur additional costs in pumping and transportation. It may be worthwhile to highlight
that for the experiments on SEH based WICPV system, water was circulated using the
head of the water supply tank as the driving force instead of electrical means, thereby

saving electrical expenses.

The use of PCM increased the uniformity in temperature distribution throughout the
module, which is an important outcome for BICPV systems as a thermal disequilibrium
leads to the formation of hot spots. The temperature distribution throughout the module
was studied and it was found that the average temperature difference between the
channels T3 and T4 (located in the centre of the module) and T1 (on the edge) was higher
by 3.5 °C and 4.5 °C (without PCM), 1.4 °C and 2.9 °C (with RT28HC), 3.0 °C and 2.6
°C (with RT50). In terms of percentage change, the set-up with no external cooling
showed a 6.6 %-8.4 % higher temperature in the centre than the edges while with PCM
RT28HC, itwas a 3.1 %-6.1 % difference and PCM RT50 showed a 5.3 %-6.1 % variation
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in the temperature within the module. This implied that the PCM cooling almost halved
the temperature variance within the module as compared to the natural ventilation case.
This uniform spreading of heat across the module can reduce the formation of hot spots,

which cause system degradation over a period of time.

The experimental data as obtained could provide an insight into designing heat sinks or
PCM containments with variable dimensions within the same module. For instance, tubes
with lesser diameter containing less material could be put to use for the sides of the panels
while thicker tubes with more PCM could prove more effective for the central part of the
panel, thereby saving on the material costs required to provide the uniform cooling effect
throughout. This may be further helpful in maintaining a more uniform temperature
across the CPV panel. The given copper tube configuration which could have been
practically close-fitted within the system under narrow aluminium strips had a limited
cooling contribution using lesser material and hence for lesser time. Therefore, the
designs with bigger tube diameter may produce better results in terms of cooling and
electrical efficiency of the WICPV.

5.2.3 SEH-n-PCM system

(i) Electrical Characterisation:

The SEH based BICPV system was characterised at a lower (500 Wm) and a higher
(1000 Wm) irradiance for a duration of 150 min at 0° inclination. The system was then
characterised by attaching the PCM containment filled with two n-PCMs; n-PCM 1 with
0.5 % and n-PCM 2 with 1.0 % of 60 nm nano-CuO dispersed in paraffin wax based
PCM, RT 42. Two runs were conducted and an average value was obtained to take any
environmental variations into account. For a qualitative analysis, the profiles of output
power from the BICPV module at both intensities without and with n-PCM 1 and n-PCM
2 versus time are compared in Fig. 96: (a), (b) at 500 Wm2and 1000 Wm™ respectively.
As can be seen from the profiles, the system showed a substantial increase in Pm with n-
PCM 1 from the beginning of both levels of illumination. The reason for abrupt trends
with n-PCM 2 and the sudden decline in the values were unclear and may need further

investigations which are beyond the range of this thesis as of now.

151



Chapter 5. Results and Discussion

290 500 W/m?

280 W—!—l—‘
270

2
g 260
E 250
240
230
220
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Time (min)
—e—no PCM —4&—n-PCM 1 —8—n-PCM 2
(a)
550 1000W/m?

530 bt M

510

< 490 ./*—4/\_-‘\’_‘*._*_._._‘___._.
E 470
£ 450
430
410
390

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Time (min)
——no PCM —4&—n-PCM1 —8—n-PCM 2
(b)

Figure 96: Comparison of Pm profiles for the SEH based BICPV at two irradiance levels
without PCM, and with n-PCM 1 and n-PCM 2 versus time: (a) for irradiance of 500
Wm2 and (b) for 1000 Wm? (Inclination: 0°).

One can see from the profiles that the values for Pn, in all three cases almost stabilised
after 80 min from the start at the lower irradiance while at the higher irradiance, Pm
became stable for a while after 50 min but displayed a few variations with n-PCM 2. With
no PCM, and with n-PCM 1 it mostly remained constant. For a quantitative comparison,
the relative average P, Isc, and Voc with n-PCM 1 and n-PCM 2 media compared to the
case with natural convective cooling are presented in Fig. 97 (a) at 500 Wm™ and (b) at
1000 Wm™. As can be seen, at both lower and higher intensities, the use of n-PCM 1
exhibited higher improvement in performance for the system as compared to n-PCM 2.
Though with n-PCM 1, Voc was highest at lower irradiance, it was highest with n-PCM
2 at higher irradiance, although the disproportionate decrease in Isc caused a decline in

the overall Pp,.
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Figure 97: Comparison of relative average Pm, Isc, and Voc without and with n-PCM 1
and n-PCM 2 at: (a) 500 Wm and (b) 1000 Wm™.

As shown in Table 30, the addition of n-PCM 1 resulted ina 7.2 % increase in Pm (1.5 %
increase in Voc and 4.0 % increase in Isc) whereas with n-PCM 2 there was a decrease of
6.9 % in Pm (1.3 % increase in Voc and 4.0 % decrease in Isc) at 500 Wm2. Similarly, at

1000 Wm2, with n-PCM 1, there was a 6.7 % increase in Pm (2.0 % increase in Voc and
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5.5 % increase in Isc) whereas with n-PCM 2 there was a decrease of 12.3 % in Pm (2.5

% increase in Voc though 10.3 % decrease in Isc).

Table 30. Change (% A) in the output electrical parameters with n-PCM 1 and n-PCM 2
compared to the no cooling. (Negative sign denotes a decrease from baseline).

Parameter % A at 500 Wm2 % A at 1000 Wm™2
n-PCM n-PCM n-PCM n-PCM

1 2 1 2
lse (A) 4.01 -343 553 -10.31
Voc (V) 1.54 126  1.97 2.44
Pm (W) 7.23 691 6.68 -12.32

From the experimental data, it can be concluded that n-PCM 1 was more effective, with
an increased electrical power output at both irradiance levels and n-PCM 2 performed

relatively better at lower irradiance level of 500 Wm.
(if) Thermal Characterisation:

The SEH based BICPV system was thermally characterised without PCM (RT 42)
cooling first and then the thermal performance was compared with n-PCM 1 and n-PCM
2 at 1000 Wm and 500 Wm. The temperatures were recorded at the points across the
edges and at the centre of the module. While T6 to T10 were recorded just below the
BICPV back-plate, T1 to T5 were the corresponding temperatures recorded at the base of
the PCM containment. The temperature profiles for all the monitored points with both
types on n-PCM are shown for 1000 Wm in Fig. 98 (a) with n-PCM 1 and (b) with n-
PCM 2, while at 500 Wm with n-PCM 1 in Fig. 98 (c) and with n-PCM 2 in Fig. 98 (d).
There have been minor fluctuations in the observation for the curves due to external
environmental changes beyond control such as occurrence of day-night temperature
difference as well as different temperatures (weather dependent) every day although
every precaution was taken to minimise these effects and ensure that the working
/operating conditions remained almost identical for all test cases. Apart from minor
fluctuations, there was a common trend followed with the highest temperature monitored
at the centre of the module. For comparing the temperature profiles with no-cooling, n-
PCM 1 and n-PCM 2 at significant points under the BICPV back-plate for 1000 Wm
and 500 Wm2, Fig. 99 and Fig. 100 can be referred to, respectively. At most of the
monitored points, n-PCM 1 proved to reduce the temperature better than or at least equal
to as n-PCM 2, with a minor exception at 1000 Wm2 (T7).
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Figure 98: Temperature profiles for all the monitored points in the SEH based BIPCV
system at: (a) 1000 Wm with n-PCM 1, (b) 1000 Wm2 with n-PCM 2, (c) 500 Wm
with n-PCM 1, and (d) 500 Wm? with n-PCM 2.
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Figure 99: Temperature profiles under back-plate at 1000 Wm2 with no-cooling, n-
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Figure 100: Temperature profiles at significant points under BICPV back-plate at 500
Wm 2 with no-cooling, n-PCM 1 and n-PCM 2. Plotted on X-axes: temperature (°C) and
Y axes: time (min).
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The average and maximum temperatures recorded across the points of observation for
both irradiance levels are shown in Fig. 101 (a) and (b) resp. for 1000 Wm2 and 500 Wm"
2. As can be seen, the highest temperatures were detected at the centre of module (T7),

followed by the sides with lesser exposure to the ambient air (T9 and T10).
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Figure 101: Average and maximum temperatures across points of observation in the
SEH based BICPV at an irradiance of (a) 2000 Wm2 and (b) 500 Wm.

The sides near ambient (T6 and T8 located opposite to the solar simulator), showed the
lowest average temperatures. At a higher irradiance of 1000 Wm2, the average
temperature reductions across T6 to T10 with the use of n-PCM 1 were 22.0 °C (34.5 %),
19.7 °C (29.8 %), 30.5 °C (47.6 %), 20.8 °C (31.4 %), and 26.8 °C (36.9 %) while with
n-PCM 2, they were 18.9 °C (29.7 %), 27.7 °C (41.9 %), 20.8 °C (32.4 %), 21.2 °C (32.0
%), and 29.2 °C (40.1 %) respectively. Using the lower irradiance of 500 Wm, the
average temperatures across T6 to T10 were reduced by 5.1 °C, 5.3 °C, 4.8 °C, 4.9 °C,
and 4.1 °C with n-PCM 1, in terms of relative percentage drops, 13.0 %, 12.7 %, 12.1 %,
12.0 % and 10.3 %. With the use of n-PCM 2, the temperature reduced by 2.4 °C (6.1 %),
4.6 °C (11.1 %), 3.2 °C (8.1 %), 3.4 °C (8.3 %) and 3.9 °C (9.7 %). In conclusion it can
be said that for the SEH based BICPV system, n-PCM 1 showed more improved thermal

regulation as compared to n-PCM 2 especially at the lower irradiance.
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Chapter 5. Results and Discussion

5.2.4 Micro-finned thermal system

(i) Thermal Characterisation:

To emulate the temperature profile of the BICPV back-plate in the designed thermal
system, insulated flexible heaters (resistive heating), were used. For understanding the
thermal behaviour of the micro-finned thermal system, thermocouples were located at the
top and rear side of the module, and within the PCM (RT 42) containment.. In order to
select the appropriate values of the input voltage and current (V, 1) to produce the output
power required to produce similar thermal effects, the un-finned plate was characterised
for various combinations of V, | input. The corresponding values of power and
temperature were recorded for the experimental duration, at an interval of 30 min. The
resulting data is presented in Table 31. It was found that out of P = 0.52 W (at V = 5.0
V),P=062W (at V =6.5V)and P =0.80 W (at V = 8.0 V), the latter values of V, |
yielded the closest electrical power input required for producing the same thermal effect
as reported for the BICPV in [311] at 1000 Wm™2. Maximum temperature reached by the
system (under the un-finned plate) with P = 0.52 W was under 46 °C and with P = 0.62
W was under 57 °C. However, with P = 0.80 W, the maximum temperature reached was
over 70 °C and hence, it proved to be the ideal power setting for emulation.

Table 31. Temperature profile attained by the un-finned aluminium plate for various
Voltage settings for the Micro-finned plate for the duration of the experiment.

Temperature profile for various Voltage settings

V (V) 6.5 5.0

P=V*| (W) 0.62 0.52

Oth hour 25.6 26.6

0.5th hour 54.8 44.2

Under plate {T3} (°C) 1st hour 56.2 45.2
1.5th hour 56.3 45.5

2nd hour 56.7 45.8

2.5th hour 56.7 45.9

Oth hour 25.6 26.6

) 0.5th hour 36.7 33.1

Centre of containment {T4} 1st hour 38.3 34.2
(°C) 1.5th hour 38.5 34.4

2nd hour 38.8 34.8

2.5th hour 38.9 34.9
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During the experimental run, the temperatures across the system were recorded at these
points on a vertical section: (a) T1 or ambient temperature above the insulation layer, (b)
T2 above the plate centre, (c) T3 below the plate centre, and (d) T4 at the centre of the
PCM containment. A comparison of the average temperatures obtained across all the six
configurations are given in Fig. 102. The bar graphs were plotted in such a way that the
effect of introducing micro-fins on the un-finned surface can be easily compared for the
three cases of using natural convection, PCM and n-PCM. As can be observed, the
temperatures T2, T3 and T4 were recorded highest for the un-finned configuration,
followed by the micro-finned configuration with only natural convection cooling. The
same trend was followed for the configurations entailing the use of PCM and n-PCM
respectively. It is to be noted that the ambient temperature closest to the shielded set-up,
T1, remained relatively unchanged for all the configurations, which was desirable for
ensuring a constant ambient temperature throughout each run. The magnitude of the
reduction in T4, the temperature at the centre of the PCM containment, was appreciable
for the case with PCM and n-PCM. However, if either the experiment was run for a longer
duration or the set-up used a greater amount of PCM/n-PCM, this value would be
expected to change. For the cases (i), (ii), (iii), (iv), (v) and (vi), the maximum values of
the temperature above the plate, T2, were registered as 72.1 °C, 66.1 °C, 63.8 °C, 71.7
°C, 63.5 °C, and 62.6 °C respectively.

mT3 mT4

=Tl mT2

Unfinned  Micro-finned Unfinned + Micro-finned Unfinned + n- Micro-finned
PCM + PCM PCM + n-PCM

70

6

o

5

o

4

o

Temperature (°C)

3

o

2

o

Various configurations

Figure 102: Comparison of average temperatures for all six configurations.
(Thermocouple locations described in Figure 68).
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Similarly, the maximum values of the temperature below the plate, T3, were recorded as
70.2 °C, 65.6 °C, 63.0 °C, 63.3 °C, 60.8 °C, 63.0 °C, and respectively. The maximum
temperatures followed the same trend as the average temperature values. The average
temperatures across all the four locations have been shown in Fig. 103 to present an

alternative visual perspective for the reader.
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Figure 103: Comparison of average temperatures depending on the location of the
thermocouple. (Thermocouple locations described in Figure 68).

As can be seen, T2, T3 and T4 were considerably higher in un-finned configurations
compared to the micro-finned configurations. The use of both PCM and n-PCM,
significantly reduced the average temperature. In the micro-finned systems, the average
temperature at the plate centre was reduced by 10.7 °C (15.9 %) with the use of PCM and
by 12.5 °C (18.5 %) with n-PCM. Similarly, in the un-finned system, PCM reduced the
average temperature at the plate centre by 9.6 °C (13.9 %), and n-PCM by 11.2 °C (16.2
%). It was inferred from this data that micro-finned surfaces offered higher cooling
potential compared to the un-finned surfaces, with at least 2 % greater improvement with
PCM and 2.3 % with n-PCM. It can further be deduced that the sole use of micro-fins did
little to reduce this temperature, while PCM provided a greater reduction in temperature
both with and without fins. Furthermore, enrichment of PCM with nanoparticles yielded

a small but noticeable decrease in temperature. On average, the steady temperature at the
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centre of the plate measured below it, without any passive cooling provision, was reached
within the first 100 min of the start-up. The temperature outside the PCM containment
was measured to assess the extent of thermal insulation provided by the walls and for
determining any radiative losses from the walls. It was observed that the walls were
thermally insulated and only a small amount of heat could escape. The average
temperatures below the plate, T3, for various configurations are plotted in Fig. 104. With
natural convection, there was a rapid temperature rise in the beginning for both un-finned
and micro-finned surfaces. The temperature reached 65 °C within the first 25 min of the
start-up. However, with PCM, the temperature surpassed this value only for the un-finned
configuration, after 120 min, thereby delaying the process by almost a factor of 5. For
micro-finned surfaces with PCM, the temperature remained well below 64 °C for the

duration of the experiment.
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Figure 104: Temperature (average) profile obtained below the plate centre (T3) for six
different configurations. (Thermocouple locations described in Figure 68).

The temperature in the PCM containment centre was another area of interest, as this
ascertains the extent of PCM phase transformation. The average temperatures inside the
centre of the PCM containment, T4, for all the configurations are plotted in Fig.105. As
can be seen, both the surfaces, with and without micro-fins under natural convection,
experienced a much higher temperature rise during the first 40 min and exceeded 45 °C
before 140 min. With the use of PCM, the un-finned surface reached its peak at 43.6 °C
and the micro-finned surface recorded 41.7 °C towards the end of the experiment. With

the use of n-PCM, both the un-finned and the micro-finned surfaces remained below 41.5
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°C throughout but there was very little difference in the temperatures for both the surfaces.
The effect of nanomaterial addition seemed more pronounced with the un-finned surface
as compared to the micro-finned surface because the difference between the two curves
was greater than for un-finned surfaces. The reason behind this is unexplored so far, and

may require further detailed analysis to confirm.
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Figure 105: Temperature (average) profile obtained inside the PCM containment centre
(T4) for six different configurations. (Thermocouple locations in Figure 68).

The results from the experiments as discussed above are presented below in terms of four
key parameters for understanding the effectiveness of each individual passive cooling
media in isolation as well as in combination. Their respective contribution to the thermal
regulation of the system was defined in terms of the difference in the average temperature
reduction (AT in °C) achieved by the system in their presence as compared to their

absence. The two configurations were the un-finned and the micro-finned surfaces.

Q) PCM effectiveness -quantitatively determines the efficacy of PCM within the
two configurations with respect to natural convection. Results showed that with
the use of PCM, average temperature reduced by, AT = 9.6 °C (un-finned

surface) versus AT = 10.7 °C (micro-finned surface).

(i) n-PCM effectiveness -quantitatively determines the efficacy of n-PCM versus

natural convection employed within the two configurations. The use of n-PCM
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led to slightly higher temperature drop in the micro-finned surface, with AT =
12.5 °C compared to the un-finned surface, with AT =11.2 °C.

(iii) n-PCM effectiveness (versus PCM) -compares the relative effectiveness of n-
PCM to that of PCM in the two configurations. It was found that configurations
with n-PCM achieved AT = 1.5 °C (un-finned surface) versus AT = 1.7 °C

(micro-finned surface).

(iv) Micro-Fin effectiveness -quantitatively determines the effectiveness of micro-
finned surface with respect to the un-finned (flat plate) with the three
temperature regulation media (natural convection, PCM and n-PCM).
Comparing the results, it was found that the micro-fins were capable of achieving
AT = 1.3 °C (natural convection), AT = 2.5 °C (with PCM) and AT = 2.7 °C
(with n-PCM) as compared to the un-finned plate under the similar conditions
respectively.

As can be noticed, the micro-finned systems exhibited more effective thermal regulation
as compared to the un-finned systems. In addition, the configurations using PCM
demonstrated higher temperature reduction in comparison to non-PCM systems and
consequently n-PCM performed better than PCM in thermal regulation. Another
interesting theoretical aspect of this attained temperature reduction can be its correlation
with the increase in the output electrical power. Based on an analytical method, the
achieved temperature reduction could be converted to the increase in electrical efficiency
and consequently power production for a BICPV. Assuming the temperature coefficient
of maximum power point as -0.5 %/°C [52], which is a ball parked value for the BICPV
panel, 12.5 °C decrease in its average operating temperature using n-PCM with micro-
fins will theoretically lead to an increase of as high as 6.25 % in output power. Similarly,
with the use of PCM and micro-fins, an 11.2 °C reduction in average temperature could
increase the maximum output power by 5.6 %. Even in worst case scenarios of either
using PCM with un-finned plate or PCM with micro-fins, a reduction of 10.7 °C and 9.6
°C will also result in 5.35 % and 4.80 % of electrical power gain respectively. It is worth
noting the effect of each configuration on the heat transfer (Fig. 106). Indeed, both for the
un-finned and the finned surfaces, replacing air with PCM leads to an increase in heat

transfer coefficient between 16 % and 35 %. These results further confirm the advantages

165



Chapter 5. Results and Discussion

of using PCM in heat transfer applications and its potential as an effective coolant in
BICPV systems.

Heat transfer coefficient for all six configurations
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Figure 106: Heat transfer coefficients registered for the different configurations, with
error bars. On the right axis, the overall fin effectiveness of each configuration
compared to the un-finned surface exposed to air is reported. By definition, the

effectiveness of the un-finned configuration is equal to 1.

On the other hand, in accordance with the previous literature [124], the introduction of
fins causes a reduction in the heat transfer coefficient. A lower heat transfer coefficient
should not be implied as a cause for reduction in thermal performance since it is mainly
due to the fact that the heat transfer coefficient is calculated on the total surface area,
which is larger when fins were added. Indeed, by analysing the overall fin effectiveness,
defined as the ratio of the heat transfer rate for each configuration to that of the natural
convection based un-finned case, it can be seen, that a combination of micro-fins and
PCM can lead to an enhancement as high as 32 %. The thermal performance of the un-
finned plate under the naturally convective condition was found to be superseded by the

one with micro-fins, PCM, and n-PCM in increasing orders of effectiveness.
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524.1 Effect of PCM type

To compare the effectiveness of two different (solid-solid and solid-liquid) types of PCM
for the thermal regulation of a scaled down BICPV, their temperature profiles under
constant heating were compared with a system with no applied PCM. The temperature
profiles using no PCM, with a solid-solid PCM (GR42), and a solid-liquid PCM (RT42)
are shown in Fig. 107. Although both GR42 and RT42 had similar melting temperature
range of 38-43 °C, the steady state was reached at 147 min in non-PCM system, at 156
min with PCM GR42 and at 160 min with PCM RT42 incorporated system. The average
temperature reduction achieved under the plate was 16.3 °C with PCM RT42 and 7.6 °C
with GR42, and the maximum temperature was reduced by 12.5 °C with RT42 and 5.6 °C
with GR42 for the duration of the experimental run (Table 32). As a result, RT42 was 9.7
% more effective than GR42 in reducing the maximum temperature and by 13.2 % in

reducing the average temperature.

Plate centre Temp (°C)

——NoPCM ——With GR42 ——With RT42

20
0 40 80 120 160

Time elapsed (Min)

Figure 107: Temperature profile for the set up using no PCM, with a solid-solid PCM,
GR42, and a solid-liquid PCM RT42.

Table 32. The average and maximum temperature reached in the system: using no
cooling, with PCM RT42 and GR42.

Avg. Temp. (°C) 73.7 574 66.1
Max. Temp. (°C) 77.1 64.6 71.5
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Various combinations of mass fractions can be used to produce a PCM mixture exploiting
the non-leaking nature of GR42 while high utilising the higher heat capacity of RT42.
The ideal fraction would contain GR42 saturated with RT42, but at which there is no

visible leakage upon melting of the PCM.

5.3 DSC Analysis

For this part of the experiment, the results from the calorimetry studies are presented for
PCM used within this thesis (RT42, RT28 HC, RT50 and GR 42) as well as a few
additional PCM of different types (RT27, RT31, RT44 HC, PX25) which may be useful
for future work. The experimentally obtained data for each specific thermophysical
property is tabulated for individual runs at three different heating rates, a mean value was
then obtained, and the standard deviation was calculated. In addition, the relative
percentage difference between the manufacturer supplied values and the mean
experimental values are also presented. The values were determined for three heating
rates of 10 K/min, 5 K/min and 2 K/min. The standard deviation for each DSC run was
calculated using the standard formula. The relative percentage change (% A) in the value
of n-PCM from the value of base PCM was calculated as per Eqn. 19.

{(Mean value of the property for PCM)—(Mean value of the property for n—PCM)}*100

%A = (19)

Mean value of the property for PCM

The data obtained for two samples were prepared from the bulk material and three runs
were performed on each sample. The thermograms obtained for a PCM sample with
respect to Sapphire (standard material, shown by baseline) are given in Fig. 108 as an
example. The three curves with different colours denote the different runs using the same
samples. For pure materials, only single peak is expected to appear, however, the other
smaller peaks in PCM appear as a result of polymeric nature of the material with different

combinations of hydrocarbons present in it.

In order to interpret the DSC curves correctly, it is imperative to examine it for obvious
artefacts, which are not caused by the samples, to avoid any misinterpretation of the
results. Appendix-1 (Fig. 116) shows the examples of artefacts widely accepted [327].
The results for melting point (peak, range for onset and end), congealing point (peak,
range for onset and end), specific and latent heat capacities for the many tested PCM and

n-PCM samples are highlighted in Appendix-3 (Table 38-47 and Fig 117-120) .
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Figure 108: DSC calibration runs on a PCM sample and with Sapphire baseline.

5.4 Thermal Conductivity

For determining the thermal conductivity of n-PCM, the Maxwell Garnett Equation, Eqgn.
20 [336] was used. The two n-PCMs tested for the experiments were: (a) n-PCM 1 (PCM
RT42 + 0.5 % nano CuO by mass) and (b) n-PCM 2 (PCM RT42 + 1.0 % nano CuO by
mass)

k  {kn+2kp+2(kn—kp)®)ky
WPCM ™ e 42k~ (kn—kp)®

(20)

where kn, pcm is the thermal conductivity of the resulting n-PCM, kx is the thermal
conductivity of the dispersed nanomaterial (for nano-CuO, knis 33 W/m-K), kp is the
thermal conductivity of the dispersion medium (for PCM RT42 kpis 0.20 W/m-K) and ®
is the particle volumetric concentration (corresponding to a mass fraction of 0.5 % and
1.0 % respectively for n-PCM 1 and n-PCM 2). The effective thermal conductivity of the
n-PCM 1 and n-PCM 2 using this analytical method were calculated as 0.2007 W/m-K
and 0.2014 W/m-K respectively; an increase of 0.35 % and 0.70 % from the thermal
conductivity values for the base PCM.

5.5 SEM analysis

The micro-structural analysis of, nano-CuO and the resulting n-PCM using SEM has been
presented in this section. The morphological characterisation was carried with the aims

to evaluate the degree of dispersion of the nanomaterial in the n-PCM after the
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calorimetry cycle test. The purpose of carrying this exercise out was to assess if the
structure of the material provided by manufacturers before shipping differed from them
just before use, which may indicate any significant differences within the thermo-physical
properties. As mentioned in the previous chapter, the quality of images for the n-PCM
samples did not produce satisfactory results with the first SEM run, so a different route
of gold sputter coating the samples was chosen before scanning using second SEM run.
The images were still not of highly acceptable quality as paraffin wax samples started to
charge (white appearance in dark background). The charging effect was observed due to
their non-conducting nature. SEM imaging was performed for the nanomaterial CuO (60
nm) and an n-PCM (RT42 enriched with 1.0 % CuO).

5.5.1 Morphology of CuO

The surface morphology of the nano-CuO sample supplied by the manufacturer on a 1
micrometer (um) scale (Fig. 121, Appendix-4). . It was cross-validated against the
approximate particle size of a prepared layer of the nano-CuO sample. The nano-CuO
micrographs are shown on different scales and resolutions in Fig. 122 (Appendix-4). The
island growth of the tightly packed spherical arrangement can be clearly seen, the
diameter of which varies between 65 and 150 nm. Although the supplied material sample
was ground, milled and dispersed using solvents such as ethanol, agglomeration of
nanomaterial can be clearly observed, showing a non-uniform distribution of the particle

size, heterogeneous morphology and presence of other material.

5.5.2 Morphology of n-PCM

The n-PCM samples were first imaged without any metallic sputter coating on a scale of
200 um and 10 pum respectively. However, to avoid the accumulation or build-up of static
electric charges on the specimen surface that appear due to non-conducting nature of
paraffin waxes, the samples were coated using gold sputtering. Appendix-4 shows the
micrographs obtained on gold coated samples on a scale of (c) 400 um, (d) 200 um, (e)
20 um and (f) 6 um scales. One can clearly see from the figures that the charging of PCM
continued to happen (bright patches seen in Fig. 123 (a) and (d)). The clarity of the images
decreased with the increasing resolution and the dispersion of nanomaterial in the n-PCM
could not be experimentally determined with the micrographs.
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5.6 XRD analysis

Using X-Ray Diffraction, the samples were quantitatively analysed to determine the
phase, structure and crystallinity. This was done by comparing the intensity of the
diffraction peaks from each of the constituents to the intensity of the known phases of the
pure material. Structural properties and crystalline structure of materials were also
investigated using XRD technique. The rationale behind this exercise was that: (a) the
nano-CuO sample didn’t yield sufficiently satisfying results using SEM, possibly due to
agglomeration, hence the supplier provided chemical properties had to be cross verified
for the purity of nano CuO and (b) the composition of granulated PCM, GR42 wasn’t
known from the manufacturer’s data. Further, they were unable to comment on the
reactivity of its constituents upon treatment with other PCM or nanomaterial. The results

from XRD analysis are described in this section.

5.6.1 Analysis of CuO

The XRD spectrum of nano-CuO nanoparticles provided by the manufacturer (though not
very clear) is shown in Fig. 109 and it can be seen that the there are other constituents in
a larger proportion in addition to some other materials in smaller ratios. The diffractogram
image obtained experimentally is given in Fig. 110. Two reflections were observed in
the diffraction patterns at 26 = 35.6 and 20 = 38.8 similar to [337], which attributes to the
formation of the CuO as a monoclinic crystal. It was beyond the scope of the XRD
programme to derive the weight fraction of the constituents in the samples. However, the
presence of any common mineral or metal was easily gathered with the help of the
analysis software. It was found from the diffractogram that the sample contained Tenorite
(CuO), as well as Cuprite (Cu20) forms of copper oxides in addition to metallic copper
(Cu). Tenorite occurs in the weathered or oxidized zone associated with deeper primary
copper sulphide orebodies and Cuprite is an oxide mineral and a minor ore of copper,
which can easily oxidise into other forms. As can be seen, there were some percentage of
Cu20 and metallic Cu present in the apparently pure sample of nano-CuO (inset of Fig.
110). It can be deduced that approximately 75 % of the material sample comprised of
CuO while the rest was 17 % Cu.0 and 8 % metallic Cu.
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Figure 109: Manufacturer provided XRD image of the 60 nm Nano-CuO (Image was
provided with an intrinsically low resolution, which can’t be altered).

5.6.2 Analysis of GR42

For the granulated sample of PCM GR42, Fig. 111 displays the XRD spectrum. From the
data it was found that the sample was composed of Paraffin wax in addition to Quartz and
Haematite, all of which were non-reactive to other paraffin waxes as well as
nanomaterials. The exact percentage composition wasn’t required as this task was

performed to detect the presence of any reactive constituents.

172



Chapter 5. Results and Discussion

83 -

Percentage (%0)

700 Tenorite (CuO)
s Cuprite (Cu20)

= Copper (Cu)

Lin (Counts)

40 50 0

2-Theta - Scale
CuO - File: CuO.raw - Type: 2Th/Th locked - Start: 2.000 ° - End: 70.000 ® - Step: 0.020 ° - Step time: 1.5 - Temp.: 25 °C (Room) - Time Started: 17 5 - 2-Theta: 2.000 ° - Theta: 1.000 * - Chi: 0.00 * - Phi: 0.00 *- X: 0.
EU1—089—2529 (C)-Tenorite, syn- CuD - Y: 8244 % -d x by: 1. - WL: 1.5406 - Monoclinic - 24.68320 - b 3.42880 - c 5.12970 - alpha 90.000 - beta 99.309 - gamma 90.000 - Base-centered - C2/c (15)-4 - 81.2867 -1/

Em-nﬁ'-mss (C) - Cuprite, syn - Cu20-Y: 2859 % -dxby: 1.- WL 1.5406 - Cubic - a4.25800 - b 425800 - c 4.25800 - alpha 90.000 - beta 90.000 - gamma 90.000 - Primitive - Pn-3m (224)- 2 - 77.1999 - I/lc PDF
@01—085—1 326 (C)-Copper-Cu-Y:23.88 % -d xby:1.-WL: 1.5406 - Cubic- a3.61500 - b 3.61500 - ¢ 3.61500 - alpha 90.000 - beta 90.000 - gamma 90.000 - Face-centered - Fm-3m (225) - 4 - 47.2416 - |/lc PDF 8.

Figure 110: Diffractogram of copper oxide (CuO): Raw image with the explained colour coding below. S-Q (%) for the 60 nm Nano-CuO
from the XRD diffractogram is shown in the inset.
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Figure 111: X-Ray diffractogram for a sample of PCM, GR42.
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5.7 Experimental uncertainty and setup validation

The uncertainty of the experimental and the calculation processes was measured as
described by the previous works in this field [124], by applying the formula on
propagation of errors for independent variables [338]. In particular, the error occurring in
determining the heat transfer coefficient of air in an un-finned configuration was
calculated to determine the experimental uncertainty, where the heat transfer coefficient,
h, is defined in Eqgn. 21 [75]:

h=—"9%" (21)

Afins'(Tfins_Tair)

Where Qin is the input power, Asins is the finned surface extension and Trins and Tair are
the steady state temperatures of the fins and of the air inside the containment respectively.
Therefore, the uncertainty (Uh) was determined in Eqn. 22 [75]:

2 2 2 2
Uh UQ; UAr«; UT ¢; UT :
— ( Qm) + ( fms) + ( fins ) + ( air ) (22)
h Qin Afins Tfins_Tair Tfins_Tair

Where the prefix U indicates the absolute uncertainty for each variable.

In accordance with [123], a conservative uncertainty of +4 % was considered for the
surface area of the micro-finned/un-finned plate. The applied electrical power was
calculated from the supplied I, V measurements, which were measured in the proximity
of the input connections to the heater. In accordance with the previous studies, no voltage
drop was considered to have taken place in the wires between the power supply and the
heater. All the uncertainties used in this analysis are shown in Table 33. Furthermore, an
average deviation of 1.0 % was measured between the voltage readings and thus, taken

into account for this calculation.

Table 33. Instruments’ measurement uncertainties, as reported in the datasheets.

Instrument Datasheet values in uncertainty
Fluke® 115 Service + (0.5 % + 2 digits)
Engineers Digital Multi- DC voltage from 0.001 V to 600 V
meter DC current from 0.001 A to 10 A
0.4 %
RDXL12SD 12- Measurement range (K-type): -100 ° C to 1300
Channel Temperature °C
Recorder Measurement resolution (K-type): 0.1 °C

below 538 °C, 1 °C above 538 °C
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Voltage: + (0.3 % + 1 digit)
Current: £ (0.6 % + 1 digit)
(0to35V/0to4 A), P =280W

Aim-TTi EX354RD
dual DC power supply

Taking into account the steady state conditions, (8.0 V and 0.101 A of input, fin
temperature of 68 °C and air temperature of 42 °C), an uncertainty of 12.6 % was found
in the calculation of heat transfer coefficient. This value agrees with those reported in
previous experimental micro-fins investigations [123] and is below the 20 % uncertainty
span generally considered acceptable for natural convection correlations [339].

The quality of the experimental setup was then validated through a 2D model built in
COMSOL Multiphysics® 5.2. Considering the simplest case for an initial investigation
into validation modelling, it was based on a sufficiently appropriate 2D geometry. The
behaviour of the flat surface when exposed to air within the containment, was modelled
and then compared with the experimental results. The flat aluminium plate was
reproduced on top of the setup (Fig. 112 (a)), the containment box (Fig. 112 (b)) was
modelled using the built-in properties of acrylic plastic (1470 J/kg.K, 1190 kgm™ and
0.18 WmK) and the centre of set-up is depicted in Fig. 112 (c). A 1.5 cm thick insulating
layer made of polystyrene (1900 J/kg.K, 930 kgm=, 0.38 Wm2K) was placed on each
side of the containment box. A heat flux of 0.8 W was applied to the aluminium plate and
natural convection forces were simulated on the exterior surfaces of the polyethylene. The
bottom surface of the setup was assumed to be mounted on a surface large enough to be
at a constant temperature, such as a table. Under steady state conditions, the model
returned the results as shown in Fig. 112, with a peak plate temperature of 70.9 °C, against
the 68.0 °C experienced during the experiment. The temperature of the air at the centre
of the box was found to be around 43.0 °C. The modelled setup returned a coefficient of
heat transfer of 33 Wm2K, which was about 8 % lower than that registered in the
experimental case. This difference falls within the experimental uncertainty calculated
before, proving the reliability of the setup.
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Figure 112: Results of COMSOL model for un-finned plate exposed to air under steady
state conditions. The flat aluminium plate, containment and air are marked as (a), (b)
and (c) resp.; the polyethylene layer is not reported. Temperature (°C), dimensions
(mm). The locations of the thermocouples (T1, T2, T3 and T4) are represented too.

5.8 Other Important Observations

During the course of the experiments, a few important factors were noted which may
either have internally affected the experimental outcomes to a minor extent or have

appeared as an outcome of the experiments. These are listed and described below.

5.8.1 White spots/patches

Undergoing illumination for extended periods of time, white spots or patches between the
encapsulant layer and the solar cells started to appear in the BICPV modules. Fig. 113

shows the white patches appearing between the soldered LACPC cells and Sylgard layer
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after approximately 20 hours under the solar simulator at an intensity of 500-1200 Wm,
The effect of these could be sensed with the decrease in the output short circuit current
from the module. There hasn’t been much study on these patches, however, the authors
of [340], who have used analogous systems for their research, described similar
observations. They indicated that it may be due to uncured silicone material that gives
rise to the white spots as the system is exposed to higher temperatures for elongated period
of times. In addition, presence of certain materials or chemical interactions may inhibit

complete curing of Sylgard such as the flux solvent used for soldering the solar cell with

|

Figure 113: White spots in between solar cells and Encapsulant (Sylgard) layer.

tabbing wire.

5.8.2 Nanomaterial agglomeration

The n-PCM for the micro-finned systems was synthesised by mixing 0.5 % (by mass)
nano-CuO with PCM RT42 at 60 °C to ensure the fully melted state of the PCM. The
mixture was then ultra-sonicated using a Hilsonic® ultra-sonicator machine for 24 hours.
The possibility of agglomeration within the nano-PCM was minimised by using the
ultrasonic vibrator [250]. A low mass fraction of CuO was selected for the initial testing
as the lower concentrations of TCE were found to show higher energy storage capacity
with lesser costs involved [284] . Another important observation during the course of the
experiment was the limitation of mixing nano-CuO with paraffin wax; namely the
segregation, agglomeration and deposition of the metal oxide nanoparticles due to the
difference in their densities (Fig. 114). After successive heating and melting cycles, the
n-PCM showed visual signs of agglomeration and deposition of nano-CuO due to the
difference in their densities. In future work, other forms of TCE or nano-particles with a
density of the similar order as the base PCM could be used to overcome this. Though

some tests have been performed with higher mass fraction of 1.0% for BICPV system and
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DSC, it was envisaged to investigate the detailed effect of variation in mass fraction on
performance in a future work, and hence this consideration does not fall in the immediate

scope of this thesis.

42 +05f6

(a) (b)
Figure 114: n-PCM (RT42 dispersed with 0.5% nano-PCM): (a) homogeneous sample
after ultrasonic mixing and (b) in agglomerated state after the experiments.

5.8.3 Leakage Analysis

Leakage is one the most challenging practical issues [257, 258] associated with the use
of paraffin wax based PCM at temperatures exceeding than their melting range. A
substantial amount of PCM leakage was observed in its melted form in those cases where
the PCM containment was made using PMMA form of plastics, by sealing and joining
the parts together. Every joined or screwed interface in the containment could be seen as
a potential point of leakage at higher temperatures. As can be seen in the Fig. 115, there
were 12 joined edges on the manually fabricated clear PCM containment while only 4
potential points of leakage in the opaque 3D printed containment. This shows that the
leakage with the 3-D printed containment may have roughly reduced to one-third of its

initial value quantitatively.

cas+s g ——
<— PCM containment 1

Figure 115: Leakage issues and addressing it through 3-D printing PCM containment.

Hence, the 3-D printed PCM containment, with no joined, screwed or glued parts showed
significant improvement in terms of leakage control as opposed to the issues faced during

previous similar works.
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5.8.4 3-D printing

The PCM containments for latter studies were fabricated using 3-D print technology. This
method not only contributed to substantial leakage control, but also reduced the high
manufacturing turnaround time, and the associated labour plus material costs. This
approach for manufacturing PCM containments using additive layer manufacturing

technology has not been reported elsewhere and could pave the way for its future use.

5.8.5 Cost-Benefit Analysis

In order to analyse the cost effectiveness of the individual elements (PCM, n-PCM and
micro-fins) forming the passively cooled system in tandem, a simple excel based cost-
benefit model was produced. It compared the additional costs per degree temperature
reduction (£/°C) for the system both individually and combined and was based on the
amount of material used. The results from the cost-benefit analysis is shown in Table 3

and the details are given in Appendix-2. The assumptions are stated below:

1. It was assumed that the amount of base PCM did not change in n-PCM and that
nanomaterial was just an add-on as the mass of the nanomaterial was negligible.
2. The costs of micro-finning per plate has been assumed as £ 2.0 as a ball-parked value.

3. The material costs are the actual costs per gram of the material used.

In this analysis the following were not considered:

1. The cost of 3-D printer and manual labour costs in designing the component.

2. The material cost saving due to micro-finning the surface instead of using thicker
material section for producing the BICPV back plate.

3. The costs of micro-milling machine and other tools and accessories such as glues etc.

Table 34. Cost per degree temperature reduction in a micro-finned PCM/n-PCM system.

Cost/°C (E)

PCM 0.044
n-PCM 0.042
Micro-fins 1.538
Micro-fins + PCM 0.226
Micro-fins + n-PCM 0.198

As can be observed from the Table 34, the cost of using n-PCM for every degree of

temperature reduction was slightly lesser than the cost of using PCM. This was due to
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higher temperature reduction achieved with n-PCM although the overall cost of the n-
PCM was relatively higher by 45.4 % compared to the PCM costs. The cost of having
micro-fins only was the highest for temperature reduction and the cost of micro-fins with
n-PCM followed the one with micro-fins with PCM..

5.8.6 Module efficiency degradation

It was observed that the BICPV modules lost a part of their absolute electrical efficiencies
over a period of time as they were constantly under intense irradiance levels during indoor
characterisation. Though this constant high irradiance (750-1200 Wm-2) will definitely
not be the case in real outdoor conditions, the lifespan of the modules must still be higher.
However, with the analysis, it was found that on an average a module was degraded by
almost 30 % after spending 12-15 hours under the solar simulator at intensities of 750
Wm-2 and above. At 1000 Wm-2, the BICPV modules were efficient and performed
stably only during the first 10 hours of operation. This had been a deciding factor for
selecting the experimental characterisation test run timing. Some of the reasons behind
this reduced life expectancy over continuous use of BICPV module could be: (a) an
increase in the cell’s internal resistance because of the contaminants such as water vapour
from the atmosphere, entering from the micro-cracks in the Sylgard layer, (b) UV
exposure at higher temperatures and temperature cycling causing thermal stresses, (c)
decrease in shunt resistance of the silicon cells at high temperatures, (d) the age of the
solar cells (they had been stored previously for almost 7 years), (e) inefficient soldering
of cells causing issues within the internal circuitry, and (f) the deterioration of the Sylgard

layer causing white spots that prevent proper penetration of the irradiance.

5.9 Discussions

Going back to the research questions outlined initially (section 1.7), this section aims to

describe whether and how have they been addressed. While the qualitative assessment

has been detailed below, quantitative results are presented in the next section.

I. What will be the quantified electrical and thermal performance enhancement
achieved by BICPV-PCM systems with respect to naturally ventilated BICPV. In
other words, what benefits can be expected by introducing PCM for passive cooling

of BICPV systems realised through experimental studies?
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In all the four BICPV systems, addition of PCM achieved at least a 7 % increase in the
output average electrical power. The heat absorption in PCM also reduced the overall
average temperature of the BICPV panel. It may be concluded that these original
experimental investigations to establish the PCM effectiveness for thermal management
of BICPV were successful, a field which was unexplored before.

ii.  Which combination materials can be synthesised via enriching PCM with

nanomaterials? What will be the morphological and thermo-physical properties?

To address this, a low cost, relatively easily available, and non-toxic nanomaterial, nano
CuO with an average particle size of 60 nm was dispersed in PCM RT42, in two mass
ratios of 0.5 % (n-PCM 1) and 1.0 % (n-PCM 2). The morphology of nanomaterial was
studied using a scanning electron microscope but it did not match with the manufacturer
provided data for particle size. The reason for this was the agglomeration of the particles
to form bigger lumps at a nanoscale. However, this did not affect the experimental results
vastly on a macroscopic level. The dispersion of the n-PCM within PCM was also
attempted to be studied using SEM, but could not yield meaningful results due to the
charging of the PCM. The alternate solution, to sputter coat the sample with gold nano-
layer, also did not prove effective. The inevitability of this issue was rooted in the non-
conducting nature of the paraffin waxes. Nevertheless, the obtained images and
micrographs are added within this thesis. The thermal conductivity enhancement
provided by adding low proportions of nano-CuO (with k =33 W/m-K), was very little as
the effective thermal conductivity of the n-PCM was calculated to have a 0.35 % increase.
This could be increased with materials with higher thermal conductivity such as carbon
nanotubes (with k of the order of 2000 W/m-K).

iii.  What will be the expected performance enhancement realised within the mentioned
BICPV system using laboratory synthesised n-PCM?

With respect to PCM, n-PCM proved effective by over 3 % in terms of improving

electrical power output in one BICPV system. The n-PCM 1 proved more effective for

temperature regulation in two experimental cases compared to n-PCM 2.

iv.  How does variation in the following parameters affect the output power from, and
the efficiency of, the BICPV in question?

e Levels of concentration - In order to study the effect of these parameters, various

concentrators such as LACPC, SEH with different concentration ratios, were used

182



Chapter 5. Results and Discussion

for fabricating the BICPV and no major differences were observed with regards
to PCM application.

e Solar irradiance levels - A range of irradiance (500 Wm2, 750 Wm2, 1000 Wm"
2 and 1200 Wm2) were selected to repeat the experiments. It was found that PCM
RT42 was more effective at higher intensities of over 750 Wm, due to its melting
range corresponding to the temperature rise in the BICPV.

e Heatsink designs - The heatsink design for PCM containments in all cases were
based on a previously reported analytical model for flat-plate BIPV-PCM systems
from literature. However, due to mathematical inadequacy, a new and refined
BICPV-PCM model for designing was proposed.

e Material used for PCM containment - The two materials tested for fabricating the
PCM containments were 13-mm thick Perspex sheet (cast Poly-methyl
methacrylate) and 3-mm thick ABS plastic (Acrylonitrile butadiene styrene). It
was easier to machine the latter and due to its lightness, the overall system bulk
of the BICPV-PCM system wasn’t increased, an important aspect for such
systems. In addition, ABS based PCM containment was 3-D printed as a single
part, exhibiting nominal PCM leakage upon melting into liquid form.

e Heat exchanging media - in addition to latent heat media (PCM), a sensible
medium (water) was used to compare its effectiveness. Although water proved
more effective, it was predominantly due to the circulation effect.

V. Can BICPV-PCM/n-PCM systems work in tandem with micro-finned back-plate,
and if so, what will be the individual as well as the combined effectiveness of the
elements constituting the passive-passive thermal management?

With micro-fins, PCM (and n-PCM) increased in effectiveness by 1.1 °C (and 1.3 °C),

although micro-fins alone provided little cooling potential compared to the un-finned

surface. Further, micro-finning the back plates were also envisaged to reduce the system
bulk and reduce the mass specific power of BICPV systems.

Vi. What will be the quantifiable effect of applying a sensible versus a latent heat
media, to the thermal regulation of BICPV systems?

As expected, a sensible media has far more potential for temperature control as compared

to a latent media. However, the experimental results revealed that the difference in the

performance wasn’t too great, with only 8 % and 6 % higher electrical efficiencies
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compared to the two PCMs with a lower and a higher melting temperature range. This
analysis did not consider any energy expenditure for the circulation of water since the
natural supply head was the driver. If this was included, potentially the system may hardly
reach a break-even for the cooling with water scenario or it may prove even more

expensive or power consuming than the additional power produced

5.10 Conclusions

The detailed indoor experimental characterisation of the fabricated BICPV-PCM systems
for electrical and thermal performances were performed using a highly collimated solar
simulator at selected solar radiation intensities, and at a 0° angle of incidence. The four
systems were first characterised in natural convective heat transfer conditions with no
applied cooling. Passive cooling mechanisms, predominantly PCM and in later stages, n-
PCM were used to investigate the extent of thermal regulation achieved as compared to
natural cooling. The effect of PCM on temperature reduction and electrical performance
was measured in absolute and relative terms. Further, other parameters were varied to
assess their effect on BICPV temperature control using PCM such as: (a) operating
parameters (irradiance), (b) design considerations (different types of concentrators, 3-D
printing technology), and (c) material considerations (granulated solid-solid PCM,
enhancing thermal conductivity with metal mesh and nanomaterials). A brief summary

of results from electrical and thermal characterisation are given below.

e For BICPV-PCM systems, average panel temperature was significantly reduced
by using a PCM and this effect was enhanced by adding passive means such as
micro-fins and thermal conductivity enhancers using mesh and nano-CuO.

e A steep increase in temperature and corresponding reduction in maximum power
was observed during the first 30 min using PCM.

e The module temperature increased linearly with the increase of irradiance. At 500
Wm2, 750 Wm2, 1000 Wm= and 1200 Wm, the respective average back-plate
temperature for LACPC system was reduced by 4.8 °C (13.2 %), 10.1 °C (23.1
%), 3.8 °C (7.6 %) and 6.6 °C (12.2 %) with RT42. The relative increase in

maximum electrical power output was of 1.15 %, 4.20 %, 7.70 % and 6.80 %.
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For SEH system, average temperatures with PCM were reduced by 4.8 °C and 7.4
°C at 500 Wm2 and 1000 Wm respectively. An increase of 17 %, 19 % and 25
% in average Pm was observed with RT28HC, RT50 and circulated water.

The thermal regulation improved when PCM was replaced by n-PCM. The
average temperature with PCM was reduced by 9.6 °C (13.9 %) and 10.7 °C (15.9
%) in un-finned and micro-finned surfaces respectively while with n-PCM, it was
11.2 °C (16.2 %) and 12.5 °C (18.5 %) respectively.

The average temperature reduction at 500 Wm with n-PCM 1 were higher (5.1
°C,5.3°C,4.8°C, 4.9 °C, and 4.1 °C) than with n-PCM 2 (2.4 °C, 4.6 °C, 3.2 °C,
3.4 °C, and 3.9 °C). At 1000 Wm, the respective reduction were (22.0 °C, 19.7
°C, 30.5 °C, and 20.8 °C) with n-PCM 1 and (18.9 °C, 27.7 °C, 20.8 °C, 21.2 °C,
and 29.2 °C) with n-PCM 2. Higher concentrations of nanomaterials did not prove

beneficial for improving the thermal management.

Some other conclusions from the perspectives of material characterisation, cost benefits,

and design and running of the experiments are presented as follows:

Using XRD analysis, GR42 was found to be composed of Paraffin wax, Quartz
and Haematite, and nano-CuO sample contained Cuprite and metallic copper.
Segregation, agglomeration and deposition of the metal oxide nanoparticles was
observed in n-PCM due to the difference in their densities.

White spots were formed in BICPV over a period of continuous use at high
irradiances. These were responsible for the degradation of output efficiency.

The cost per degree temperature reduction using n-PCM was slightly lesser than
that using PCM. The cost (£/°C) of having micro-fins only was the highest at 1.54
for a unit temperature reduction and the cost of micro-fins with n-PCM (0.19)
followed the one with micro-fins with PCM (0.23).

From the results obtained within this chapter, it could be concluded that the introduction

of passive cooling mechanisms such as PCM, n-PCM and even producing micro-finned

back-plate for BICPV systems have been highly effective in thermal management as well

improving the electrical efficiencies. PCMs have also proved to improve the uniformity

in BICPV average temperatures thereby offering a potential to increasing their lifespan.
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Chapter 6. Conclusions and Recommendations

This final chapter draws conclusions from different aspects and phases involved in the
experimental work carried out within the thesis; material selection, design, fabrication of
components, assembling systems and characterisation. It presents an overall synopsis of
the lessons learnt, limitations of the work, the achievements and future perspectives for

the research area, with focus on adopting new materials, methods and approaches.

6.1 Summary

This thesis conducted experimental investigations on innovative solutions to improve the
electrical performance of BICPV using passive temperature regulation. The research
followed two directions: (a) the development of different BICPV-PCM assemblies based
on low concentration CPV combined with mostly paraffin wax based organic PCM, to
examine the effects of passive cooling on BICPV efficiencies and (b) the development of
nanomaterial enhanced phase change material (n-PCM) for addressing low thermal
conductivity of paraffin wax and analysis of thermophysical properties. In addition to
this, a study on the applicability of micro-fins for the passive cooling of BICPV was also
included in the first direction as an additional means of passive cooling. Both these studies
have been conducted with the aim to contribute to the development of a low-cost and
reliable BICPV thermal management method. The important outcomes of the work are

resumed in the following paragraphs.

6.2 Selection of materials and components

Within this study, the solar receiver/BICPV is considered as the heat source. The PCM
system, which acts as a heat sink, consists of PCM containment and organic PCM/n-PCM.
A summary of the most common materials available for BICPV-PCM system and the
suitability of the selections have been presented. Among the various available materials,
most appropriate materials were selected on the basis of a literature survey.
e Organic PCM were used for latent heat removal as they are safe to use (non-toxic),
cheaply available and are approved for building use in many countries.
e Finer nanomaterials with smaller average particle size (60 nm) were more
efficient with prolonged dispersion in base PCM, increasing the effectiveness of
the n-PCM in the long run.
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Despite adding nominally to the costs of machining, micro-finned plate was used
to assess its effectiveness in possible applications as a BICPV back plate.

In the first instance of testing the effects of k enhancement on PCM effectiveness,
a copper mesh was selected due to low costs and availability.

Nano CuO material was preferred due to higher thermal conductivity although
metallic nanomaterials are more conductive, they cost 6-7 times more. In addition,
the density of Cu is higher which leads to more particle segregation reducing its
effectiveness over continuous charging/discharging cycles.

Finer nanomaterials with smaller average particle size (60 nm) were more
efficient with prolonged dispersion in base PCM, increasing the effectiveness of

the n-PCM in the long run.

6.3 Conclusion from design and manufacturing aspect

One of each four different BICPV systems were fabricated using LACPC and SEH

concentrators with a low concentration ratio (< 10x) as per the standard process in

literature. However, the thick glass back-plate was replaced with a thin aluminium plate.

The top glass cover was also removed and PCM containment was added at the back which
reduced the bulk of the BICPV by more than 5 times.

For same output power, the LACPC-BICPV system with a concentration ratio of
2.8 saved almost 50 % of the required number of solar cells and SEH based
BI/WICPV required 60 % less PV material compared to a flat PV.

The PCM containment was first produced by mechanical means and the
components were manually picked-and-placed. However, PCM leakage indicated
a need for improvement. PCM containments for latter studies were fabricated
using 3-D printing, which controlled leakage substantially and in addition,
reduced the high manufacturing turnaround time, and material costs.

Micro-fins proved beneficial in terms of higher mass specific power or mass to

power ratio. System bulk is an important consideration in BICPV.

6.4 Conclusion from electrical characterisation

Overall, PCM into BIPCV increased Pm by various percentages depending on melting

temperature range of PCM and irradiances. The results for electrical characterisation have

been concluded in Table 35.
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PCM effectiveness is presented in terms of increase in the average output electrical power

(Pm). The salient points are listed below:

e PCM proved more effective at higher (1000 Wm2) compared to lower intensities
(500 Wm). This was a direct result of PCM melting temperature (38 °C-43 °C).
PCM with lower range may prove effective, but due to 30 °C ambient conditions
in the laboratory it was not possible to select a lower melting PCM.

e Introduction of copper mesh as TCE showed a 1.7 % increase in the average Pm.
The effect of using a higher melting PCM RT55 was found to increase Pm by 4.1
%, (3.7 % lesser than RT42). Insulating back plate with a lightly insulating
material reduced the power output by 2.3 %.

e Introduction of nanomaterial (0.5 % mass fraction) into PCM proved beneficial in
SEH system, by 7.2 % at 500 Wm2and 6.7 % at 1000 Wm2. However, increasing
the mass fraction to 1.0 % did not yield expected positive results. The result for
this could be the saturation of the available PCM, agglomeration of nanomaterials

or attributed to the degradation in the overall module efficiency.

Table 35. PCM effectiveness in terms of increase in the average output electrical power
(Pm) for all the experimentally tested systems.

Average Pm (MmW)
PCM Irradiance Without With Change

Configuration

(Wm2) PCM PCM (%)

500 336.1 340.3 1.3

RT42 750 4727 4925 4.2

LACPC based BICPV 1000 581.7 626.4 7.7
1200 625.7 668.4 6.8

RT42+ mesh 1000 692.7 719.6 3.7

RT55 1000 625.8 647.1 4.1

SEH based WICPV RT50 500 960.0 1010.0 6.5
1000 1740.0 1940.0 17.0

n-PCM 1 500 257.6 276.2 7.2

SEH based BICPV 1000 489.2 5219 6.7
n-PCM 2 500 257.6 239.8 -6.9

1000 489.2 428.9 -12.3

6.5 Conclusion from thermal characterisation

The thermal characterisation of the four different BICPV-PCM systems; (i), (ii), (iii) and
(iv) the micro-finned PCM system are presented here. The effect of using PCM in terms
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of maximum and minimum temperature reduction is given in Table 36 and the average

values are compared in Table 37. It has been observed that PCM/n-PCM have been able

to reduce the maximum system temperature between 6 % to 34 % depending on the

configuration while the average temperature by at least 7.5 % and a maximum of 30 %

compared to the systems with no PCM.

Table 36. Thermal regulation provided by PCM in terms of maximum and minimum
temperature reduction for all the experimentally tested systems.

Without PCM  With PCM/n-PCM
_ _ Irradiance Max. Min. Max. Min. Max Min
Configuration (Wm?) Temp Temp Temp Temp Change Change
(°C) (°C) (°C) (°C) (%) (%0)
500 387 360 332 310 143 13.7
LACPC based 750 476 455 376 343 211 247
BICPV 1000 552 515 492 445 10.9 13.5
1200 50.8 568 527 476 11.9 16.1
SEH based 500 51.9 451 465 415 10.4 8.0
WICPV 1000 650 565 611 556 6.0 1.6
500 437 377 395 372 9.6 13
SEH based 1000 727 700 509 354  30.0 49.4
BICPV 500 437 377 399 331 8.7 12.2
1000 727 700 477 406 34.4 42.0
Micro-finned

system for NA 721 702 638 630 11.5 10.3

BICPV

Table 37. Thermal regulation provided by PCM in terms of average temperature
reduction for all the experimentally tested systems.

Average Temp (°C)

Configuration Irradiance Without With Change
(Wm2) PCM PCM (%)

500 36.3 315 13.4

LACPC based BICPV 750 438 338 22.9

1000 50.1 464 75

1200 542 47.7 12.1

SEH based WICPV 500 46.1 395 14.3

1000 53.7 489 8.9

500 40.8 36.6 10.3

SEH based BICPV 1000 66.2 46.3 30.1

500 408 374 8.3

1000 66.2 45.0 32.0

Micro-finned system for BICPV NA 36.3 315 13.4
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e Micro-finned systems with PCM reduced the average temperature at centre by
10.7 °C (15.9 %) and 12.5 °C (18.5 %) with n-PCM. Similarly, for the un-finned
system, using PCM and n-PCM reduced the respective temperatures by 9.6 °C
(13.9 %) and 11.2 °C (16.2 %), indicating higher micro-finned cooling potential.

e From the baseline comparisons on un-finned and finned heat sinks, the fin
effectiveness in natural convection, with PCM, with n-PCM were demonstrated
by decrease in average central plate temperature by 1.3 °C, 2.5 °C and 2.7 °C.

e PCM produced a clear enhancement in heat transfer for any investigated
configuration. Indeed, enhancements as high as 35 % in heat transfer coefficient
were registered when air was replaced with PCM. It was demonstrated that PCM
and micro-fins can result in a fin effectiveness as high as 1.32.

e The module centre showed significantly higher temperatures than other parts.
With the use of PCM, temperature variation was reduced for all cases and
experimental conditions. It can be inferred that PCM can reduce thermal
disequilibrium within the module, reduce hot spots formation and avoid untimely

degradation of the modules.

6.6 Material characterisation
6.6.1 DSC

e A list of various types of PCMs either used within this thesis or are considered
useful for future work were analysed for charging (melting)/ discharging cycles.
At 10 K/min, measured values were substantially higher for almost all PCMs,
while at 2 K/min, supplier’s data proved closer to measured values.

e The melting onset temperature was slightly decreased at higher heating rates in n-
PCM 1 and substantially increased in n-PCM 2. The change in experimental
values for PCMs compared with supplier’s data were 12 % on either side.

e Nanomaterial addition increased the solidification end temperature for most
heating rates compared to the base PCM. The experimental means were lower
than manufacturer’s values, suggesting a higher degree of super cooling.

e The experimental values for latent heats were lower than the manufacturer’s for
the PCMs, indicating reduced heat storing capacity. They may prove 2-8 % less
for certain PCMs and up to 44 % for others in both solidification and melting.
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e The specific heat increased marginally for n-PCM 1 and further more for the n-
PCM 2 compared with the base PCM for both melting and solidification.
In addition, the analytical method for calculating the effective thermal conductivity of
n-PCM 1 and n-PCM 2 showed the respective values as 0.2007 W/m-K and 0.2014
W/m-K; an increase of 0.35 % and 0.70 % from thermal conductivity of base PCM.

6.6.2 SEM & XRD

e The micrographs were produced on different scales and resolutions (30 um to 500
nm) without and with a micro-nano-layer of gold sputter coating of PCM samples.
The island growth of the tightly packed spherical (diameter of 65-150 nm)
arrangement, could be seen in nano-CuO in addition to agglomeration, non-
uniform distribution of the particles and the presence of other material/s.

e The attempt to explore the morphology and dispersion of nano-CuO in n-PCM
samples was held back by the accumulation of static electric charges on the

surface due to the non-conducting nature of paraffin waxes.

6.6.3 XRD

e It was concluded that GR42 composed of Paraffin wax, Quartz and Haematite, all
of which were non-reactive to other paraffin waxes as well as nanomaterials.

e The diffractogram confirmed the presence of Cuprite (Cu20) forms of copper
oxides in addition to metallic copper (Cu) in the nano-CuO samples with

approximate content of 17 % and 8 % respectively.

6.6.4 Cost-Benefits

e The cost per degree temperature reduction using n-PCM was lesser than PCM due
to higher temperature reduction, although the material cost for n-PCM was higher
by 45.4 %. The cost (in £/°C) of micro-fins only was the highest at 1.54 while for
micro-fins with PCM, it was 0.23 and micro-fins with n-PCM at 0.19.

6.7 Limitations

The limitations of this thesis and the experimental work are discussed as follows:
e Characterisation: taken place indoors within the lab, so outdoor behaviours of
the BICPV and BICPV-PCM systems are not included.
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PCM: except low k (associated with organic PCM), no other limitations
(subcooling, flammability etc.) were addressed. Only charging of PCM was
studied as experiments were conducted indoors using a solar simulator.

Role of PCM: only PCM is used as heat removal media and not as a storage.
This thesis is mostly based on experimental work with some mathematical
analysis and an application of simulation.

Micro-fins: the effect of varying micro-fins dimensions etc. are not covered.

The BICPV life span was compromised due to degradation of Sylgard in almost
35-40 hours of running because of the decomposition of chemical compounds.
The performance deterioration was also apparent due to overheating of cells for
prolonged hours. Hence the system did not show high stability over time.

While casting concentrators, some micro-bubbles were trapped inside the liquid.
This may have affected the clarity as well as the effective concentration ratio.
The solar cells were individually tested after soldering but a small minority of
them failed during experiments, due to their ageing.

The life expectancy of BICPV in continuous use reduced due to: (a) cell’s internal
resistance (increases because of contaminants such as atmospheric water vapour
that seeps through the Sylgard micro-cracks), (b) thermal stresses (due to UV
exposure at higher temperatures), (c) shunt resistance decrease in solar cells at
high temperatures, (d) age of solar cells (stored for over 7 years before use), (e)
internal circuitry issues (inefficient soldering) and (f) Sylgard degradation leading
to the white spots formation that inhibited penetration of the light.

n-PCM showed agglomeration, deposition of nanoparticles upon successive
heating and melting, due to the difference in their densities. Although CNT, would
suit best with thermal conductivity of 2000 W/m-K and bulk density almost four
times lesser (maximum mass density of 1.6 g cm) than CuO (6.3 g cm®), due to
high material costs (30-130 times more expensive with C-grade: US$ 20.00, X-
Long grade: US$ 75.00 per gm compared to US$ 0.59 per gm for CuO), they were
not considered for the initial phase of TCE investigations.

6.8 Achievements

As part of the UK Department of Energy and Climate Change 2014 Solar PV Strategy

[4], the emphasis as a key target is changing significantly towards increasing solar
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PV rooftop installations. The present study was conceived as an incremental

contribution towards those goals by helping unlock the huge potential for building-

integration of PV across the UK. The salient points of achievements are given below:

This thesis reports novel approach for enhancing electrical performance of the
present day low-concentration BICPV passively with PCM which has not been
reported before. This is the first instance of work relating thermal management of
BICPV to efficiency increase. In previous studies on BIPV-PCM, primarily focus
was on temperature regulation and melt fraction, i.e. the PCM containment part
of the system. In this study, however, thorough investigation was carried on the
effect on electrical parameters including efficiency, output Isc, Voc and P .

As yet, the proposed mathematical model for BICPV-PCM systems is the only
optimised analytical model for designing such systems. Previously used BIPV-
PCM model was mathematically incongruent so, revised model was proposed.
BICPV cooling using simple passive means such as micro-finned back-plate
combined with PCM/n-PCM were developed. The low thermal conductivity of
paraffin wax based PCM was successfully addressed using inexpensive TCE.
The experimental investigation in this study has allowed identifying the most
favourable passive cooling solution to BICPV temperature rise. The use of micro-
fins with PCM and n-PCM for the passive cooling of BICPV have not been
previously reported. The micro-fins showed dual benefits: reducing the system
temperature and material and mass; enhancing the mass specific power.

The use of PCM and n-PCM has proven to reduce the hot-spots in BICPV; a local
overheating phenomenon leading to damaging effects such as failure of solar cells
or cracking of encapsulating layer exposing the cells to environment.

To address practical challenges such as leakage, high manufacturing turnaround
time and associated costs, 3-D printing was used to fabricate PCM containments.
This approach for containments manufacturing using additive layer
manufacturing has not been found in literature and could pave way for the future
use with market penetration.

The specific knowledge accumulated on the issues and the challenges related to
fabrication and long-term working of BICPV-PCM systems have been recorded,

contributing to the development of more reliable and competitive systems.
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6.9 Future Recommendations

The major objectives of the project were achieved and are reported in detail in the present

thesis. However, a full scale outdoor characterisation of the BICPV-PCM systems would

allow refining the presented design and material. A long term outdoor testing would also

prove the durability of the developed BICPV-PCM systems and highlight any

modifications that may need introducing. Moreover, BICPV with the micro-finned back

plate with PCM and n-PCM in outdoor testing will lead to more accurate results on the

PCM effectiveness as well as provide the data for studying their discharging. Finally, new

ideas to be investigated have emerged during the current study. Hence, a list of

recommendations for future works is reported here. They are categorised into component

level, system level and application level:

(i)

(i)

Component-level recommendations:
Improve BICPV quality fabrication by automated processes for soldering solar
cells and manufacturing concentrators. Use more appropriate soldering wires
(material and dimensions) to avoid resistive losses within the internal circuitry.
Other n-PCM such as CNT nanomaterial, in varying mass proportions, can be
used. Inorganic PCM such as SP 31 or powdered PCM such as PX 25 can also
be investigated, for which the thermal analysis are presented here.
Composite PCM (varying mass proportions of granulated/organic PCM) such as
GR42+RT42, can be treated with metallic nano-material for ideal combinations
of leak-proofing and higher thermal conductivity.
Finer nanomaterials (60 nm average particle size) helps in more efficient
dispersion and for longer periods in the base PCM although CNT would be the
best choice as their densities are almost a quarter of the density of nano-CuO.
Encapsulation of PCM in Aluminium or HDPE shells for improved leakage

control, ease of manufacturing, and fire safety of the system.

System-level recommendations:
Investigate the relationship between micro-fin parameters (effectiveness,
geometry etc.) for optimising heat sinks designs. Benefits for CPV cooling due
to introduction of micro-pin fins instead of plate-fins should be studied.
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e The stored thermal energy in the PCM can be used for potential building heating
application either with thermoelectric devices or heat exchangers with other
mediums such as water. The thermal energy extracted from modules can also be

utilised for low temperature applications e.g. water and air heating [84].

(ili)  Testing-level recommendations:

e Perform accelerated weather tests to enhance the stability and life time of
BICPV-PCM assembly. On-field installation and continuous monitoring of the
system to get more information on the long term performance and on the
durability of the components.

e Analyse levelised cost of energy (LCOE) for various BICPV-PCM systems. It
can include the costs of additional features (micro-finning, n-PCM synthesis).

e PCM discharge studies can assess the possible uses of heat and integration with

a secondary power generator (Peltier or Seebeck devices).

These recommendations can improve the BICPV performance on one hand and reduce
the overall costs of these systems on the other hand, by increasing BICPV lifetime. These
investigations could not be conducted within this thesis because of (a) the time
constraints, and (b) out of the main scope of PhD.

As a consolidated conclusion, it could be established that the research problem of
determining the effectiveness of introducing micro-finned back-plate, PCM and n-PCM
into BICPV systems has been answered to a substantial degree with the quantified
outcome but further questions are raised concerning the long term stability of these
systems. The experimental results presented within this thesis provide promising
foundations on which to build the next stage of the work. By introducing micro-finned
back-plate, PCM and n-PCM into a utility-scale BICPV system, it would be possible to
test their effectiveness not only through temperature regulation, but also in terms of
enhancing the output electrical efficiency of the BICPV systems. These types of
investigations can contribute immensely to the future of the BICPV market, opening
pathways for innovation and market penetration to increase its share in the competitive

power generation industry.
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Appendix-1
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Figure 116: Artefacts caused by various sources, a-c for exotherms and d-h for
endotherms [327].

a: a sudden change in the heat transfer between pans and samples either due to
irregular sample forms toppling over in the pan or polymer films not pressed against

the base of the pan.

b: a sudden change in the heat transfer between sensor and pan either due to the
distortion of sealed pan because of vapour pressure of the sample, or small shift in
the pan during dynamic temperature program as a result of the difference in

coefficients of expansion (Al~24 ppm/K, sensor~9 ppm/K).

c: noisy signal caused by an entry of cool air into the cell due to misaligned cell lid

d: electrical effects either due to a possible discharge of static electricity in the
metallic parts of the system, or disturbance in power supply (d1), or frequency
interference caused due to the presence of radio emitters, such as a mobile phone in
the vicinity (d2).

e: sudden change in the ambient temperature due to day-night cycle or presence of

heat producing instruments.

f: if the increasing vapour pressure of the sample causes a burst of the lid, it produces
an endothermic peak with a height proportional to the quantity of vapour.

g: periodic/intermittent closing of the hole in the lid due to the condensing droplets.

h: contamination of the sensors due to the presence of any residues from previous

experiments
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The cost-benefit model of the micro-finned thermal management system for the BICPV.

PCM 0.044
n-PCM 0.042
Micro-fins 1.538
Micro-fins+PCM 0.226
Micro-fins+ n-PCM 0.198
Cost /kg US$ GBP Amount (£) Comments
PCM 6.5 5.2 22.76  0.118 RT42
Nanomaterial 590.0 472.0 0.11 0.054 CuO nanomaterial
n-PCM 22.87 0.172 RT42 + CuO
Plastic costs 25.0 20.0 15.00 0.300 for 3D printing
Total PCM usage costs 0.418 PCM + plastic box
Total n-PCM usage costs 0.472 n-PCM + plastic box
Additional Additional Benefit (°C) temperature reduction
PCM 0.418
. . 10.7
Micro-fins 2.000 125 1.3
n-PCM 0.472 ' 11.2
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1. Melting point (peak)

Appendix-3

The melting peak determined as the maximum value of the DSC signal during the melting

cycle is shown in Fig. 117 which is an example for RT42 at a heating rate of 5 K/min.

Table 38 lists the melting peak temperatures (°C) for different PCM. A negative (-) sign

indicates lower manufacturer value compared to experimental. Nanomaterial addition to

PCM causes a nominal decrease in peak melting temperature, especially for higher

heating rates. For most of the other PCM, the manufacturer provided values were closer

to the measured value at the lowest heating rates of 2 K/min. At higher heating rates the

measured values were substantially higher for almost all the PCM.
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Figure 117: Example of melting point determination: RT42 heating cycle at 5K/min.

Table 38. Melting peak temperatures for different types of PCM. A negative value in
the last column denotes a higher experimental value than the manufacturer given value.

Melting temperature (PEAK) °C

PCM Ratfa Run Run Run Mean Std. Manu. %
[K/min] 1.1 1.2 1.3 Dev. Value Diff.

10 295 295 295 295 0.00 27.0 -9.3

RT27 5 273 275 274 274 0.10 27.0 -15
2 264 266 267 266 0.15 27.0 1.6

10 347 343 349 346 031 28.0 -23.7

RT28HC 5 31.8 316 317 317 0.10 28.0 -13.2
2 29.8 30.1 303 301 0.25 28.0 -7.4

10 31.7 315 315 316 0.12 31.0 -1.8

RT31 5 29.6 29.7 29.7 29.7 0.06 31.0 4.3
2 288 288 286 287 0.12 31.0 7.3

10 46.0 458 46.0 459 0.12 41.0 -12.0

RT42 5 441 438 442 441 0.23 41.0 -75
2 424 422 422 423 012 41.0 -3.1

10 48.8 483 484 485 0.26 43.0 -12.8

RT44HC 5 46.6 46.8 46.8 46.7 0.12 43.0 -8.7
2 453 453 455 454 0.12 43.0 -5.5

10 56.7 56.4 56.4 56,5 0.17 49.0 -15.3

RT50 5 53.9 542 542 541 0.17 49.0 -10.4
2 527 525 528 527 0.15 49.0 -7.5
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10 2909 300 300 300 006 250 -19.9
PX25 5 285 285 285 285 000 250  -14.0
2 273 273 274 273 006 250  -93
10 457 455 455 456 012 410 111
GR42 5 447 447 447 447 000 410  -90
2 438 439 439 439 006 410  -7.0
10 443 444 442 443 010 NA  NA
healygh 5 431 431 432 431 0.06 NA  NA
2 418 418 417 418 006 NA  NA
10 451 451 451 451 0.0 NA  NA
eyl 5 433 436 433 434 017 NA  NA
2 412 417 418 416 032 NA  NA

2. Congealing/Solidification point (peak)

The solidification peak temperature was determined as the maximum negative DSC

signal during the solidification process as shown in Fig. 118 as an example for RT42 at

5K/min. Table 39 lists the solidification peak temperatures for the PCMs investigated.
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Figure 118: Solidification peak temperature: RT42 at 5K/min during cooling cycle.

Table 39. Solidification peak temperatures for different types of PCM.

Solidification temperature (PEAK) °C

PCM Ratfa Run Run Run Mean Std. Manu. %
[K/min] 11 12 13 Dev. Value Diff.
10 199 199 223 20.7 1.39 27.0 23.3
RT27 5 21.3 213 21.2 21.3 0.06 27.0 21.2
2 227 227 226 22.7 0.06 27.0 16.0
10 178 178 178 17.8 0.00 27.0 34.1
RT28HC 5 21.2 212 203 209 052 27.0 22.6
2 23.0 223 227 22.7 0.35 27.0 16.0
10 212 211 21.2 21.2 0.06 31.0 31.7
RT31 5 240 239 240 240 0.06 31.0 22.7
2 258 25.6 25.6 257 0.12 31.0 17.2
10 325 325 325 325 0.00 42.0 22.6
RT42 5 353 353 354 35.3 0.06 42.0 15.9
2 379 379 379 37.9 0.00 42.0 9.8
RT44HC 10 33.0 336 339 33,5 0.46 43.0 22.1
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5 388 388 378 385 058 430 105
2 350 349 349 349 006 430 188
10 431 432 429 431 015 500 139
RT50 5 465 463 463 464 0.12 500 7.3
2 485 486 483 485 0.5 500 31
10 178 179 179 179 006 250 285
PX25 5 202 203 202 202 0.06 250 191
2 224 223 223 223 006 250 107
10 371 373 372 372 0.0 20 114
GR42 5 390 390 3901 390 0.06 20 11
2 409 408 408 408 0.6 420 28
10 344 344 341 343 017 NA  NA
ey 5 369 369 369 369 0.00 NA  NA
2 392 390 390 301 0.2 NA  NA
i 10 337 337 337 337 000 NA  NA
T2 5 362 362 362 362 0.0 NA  NA
2 387 386 386 386 006 NA  NA

It was evident from the data that nano-CuO addition increased congealing temperature.
In general, for most other PCM, the manufacturer’s values were closer to the measured
values at the lowest heating rates of 2 K/min. At higher heating rates the measured values

were substantially higher for almost all the PCM.
3. Melting Onset point

The PCM melting temperature range is based on the start and the end of the melting
process throughout which the melting of PCM remains in progress. The onset point was

determined as the intersection of the starting slope and the horizontal line (Fig. 119).
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Figure 119: Example of melting onset temperature assessment: RT42 heated at 5K/min.

The melting onset temperatures for PCM (Table 40) show that addition of nanomaterial
causes a slight decrease at higher heating rates in n-PCM 1 but a substantial increase in
n-PCM 2. The experimentally obtained values for the other PCMs were either higher or

lower by up to 12 % from the positive manufacturer’s values.
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Table 40. Melting Onset temperatures for different types of PCM.

Melting temperature (ONSET) °C

Rate Run Run Run Std. Manu. %
PCM ™ ming 11 12 13 MeaN o vVale  Diff.
10 232 227 236 232 045 25.0 73
RT27 5 227 227 228 227 0.6 25.0 9.1
2 233 233 232 233 006 25.0 6.9
10 269 269 267 268 0.12 27.0 06
RT28HC 5 266 266 265 266 0.06 27.0 16
2 266 266 266 266  0.00 27.0 15
10 236 236 238 237 0.12 270  12.3
RT31 5 241 241 243 242 012 270 105
2 237 234 241 237 0.35 270 121
10 367 370 365 367 0.5 38.0 33
RT42 5 367 358 360 362 047 38.0 48
2 338 338 340 339 012 380 109
10 413 412 416 414 021 410  -0.9
RT44HC 5 487 430 41.6 444  3.76 410 -84
2 431 433 432 432 0.0 4.0 54
10 486 486 484 485 0.12 450 7.9
RTS0 5 470 467 469 469 0.5 450  -41
2 458 456 469 461  0.70 450 2.4
10 232 231 232 232 006 220 53
PX25 5 227 227 228 227 0.6 220  -33
2 2205 228 227 227 0.5 220  -3.0
10  39.1 392 392 39.2 0.6 380  -3.1
GR42 5 390 396 394 393 031 380  -35
2 395 395 350 38.0  2.60 38.0 0.0
nano- 10 368 368 361 366 0.0 NA NA
RT42-1 5 36.0 35.9 35.9 359 0.06 NA NA
2 345 345 343 344 012 NA NA
nano- 10 450 452 457 453 036 NA NA
RT42-2 5 435 436 438 436 0.15 NA NA
2 422 423 421 422 0.0 NA NA

4. Solidification onset point

The congealing or solidification temperature onset was determined in a similar way as

melting onset, but on the opposite side of the curve. Solidification onset temperatures for

different PCM are presented in Table 41. Nanomaterial addition increased the mean onset

temperatures, especially at the lower heating rate of 2 K/min.

Table 41. Solidification Onset temperature determination for different types of PCM.

Solidification temperature (ONSET) °C

PCM

Rate
[K/min]

Run
1.1

Run Run

1.2

1.3

Mean

Std.
Dev.

Manu.
Value

%
Diff.
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10 256 256 256 256 000 270 52
RT27 5 213 213 212 213 006 270 212
2 227 227 226 227 006 270 160
10 197 194 188 193 046 270 285
RT28HC 5 212 212 203 209 052 270 226
2 234 233 234 234 006 270 135
10 202 211 212 212 006 310 3.7
RT31 5 240 239 240 240 006 310 227
2 258 256 256 257 012 310 172
10 328 328 327 328 006 420 220
RT42 5 3.1 361 362 361 006 420 140
2 251 251 250 251 006 420 403
10 330 336 339 335 046 430 221
RT44HC 5 388 388 378 385 058 430 105
2 350 349 349 349 006 430 188
10 431 432 429 431 015 500 139
RT50 5 465 463 463 464 012 500 7.3
2 485 486 483 485 015 500 31
10 178 179 179 179 006 250 285
PX25 5 202 203 202 202 006 250 191
2 224 223 223 223 006 250 107
10 371 373 372 372 010 420 114
GR42 5 300 390 3901 390 006 420 71
2 409 408 408 408 006 420 28
10 344 344 341 343 017 NA  NA
0.1 5 365 362 362 363 017 NA  NA
2 390 388 387 388 0.5 NA  NA
. 10 344 339 337 340 036 NA  NA
lealy/l 5 366 366 363 365 0.7 NA  NA
2 422 423 421 422 010 NA  NA

5. Melting End point

The PCM melting end point was determined as the intersection of the ending slope and

horizontal line (Fig. 120) and the values obtained for the PCMs tested are listed in Table

42. Both the n-PCM exhibited lower melting end point temperatures than the base PCM.
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Figure 120: Example of melting end temperature assessment: RT42 heated at 5K/min.

202



Appendices

Table 42. Melting End temperature for different types of PCM.
Melting temperature (END) °C

Rate Run Run Run Std. Manu. %

PCM " 1kiminp 11 12 13 Mean oy value Diff
10 29.5 295 295 295 0.00 27.0 -9.3
RT27 5 27.3 275 27.4 27.4 0.10 27.0 -1.5

2 26.4 26.6  26.7 26.6 0.5 217.0 1.6
10 33.3 334 338 335 0.26 28.0 -19.6
RT28HC 5 31.8 316 317 31.7 0.10 28.0 -13.2
2 29.8 29.8 299 29.8 0.06 28.0 -6.5
10 31.7 315 315 316 0.12 31.0 -1.8
RT31 5 29.6 29.7  29.7 29.7  0.06 31.0 4.3
2 28.8 28.8 28.6 28.7 0.12 31.0 7.3
10 46.3 46.0 46.0 46.1 0.17 41.0 -12.4
RT42 5 43.7 43.7 435 436 0.12 41.0 -6.4
2 42.2 423 423 42.3  0.06 41.0 -3.1
10 48.8 48.3 484 485 0.26 43.0 -12.8
RT44HC 5 46.6 46.8 46.8 46.7 0.12 43.0 -8.7
2 45.3 453 455 454 0.12 43.0 -5.5
10 56.7 56.4  56.4 56.5 0.17 49.0 -15.3
RT50 5 53.9 542 542 541 0.17 49.0 -10.4
2 52.7 525 52.8 52.7 0.15 49.0 -1.5
10 29.9 30.0 30.0 30.0 0.06 25.0 -19.9
PX25 5 28.5 285 285 28,5 0.00 25.0 -14.0
2 27.3 213 274 27.3  0.06 25.0 -9.3
10 45.7 455 455 456 0.12 41.0 -11.1

GRA42 5 44.7 447 447 447  0.00 41.0 -9.0
2 43.8 439 439 43.9 0.06 41.0 -7.0
nano- 10 45.4 45.4 457 455 0.17 NA NA
RT42-1 5 43.9 444 443 442 0.26 NA NA
2 42.4 425 427 425 015 NA NA
naNo- 10 45.0 452 457 453 0.36 NA NA
RT42-2 5 43.5 43.6 438 436 0.15 NA NA
2 42.2 423 421 422 0.10 NA NA

6. Solidification End point

The solidification end point temperatures for the PCM were determined as the intersection
of the ending slope and the horizontal line. The data for PCMs is tabulated in Table 43.
For most cases, nanomaterial addition increased the solidification end temperature
compared to the base PCM. For the other PCMs, the experimental means were lower than
manufacturer’s values, indicating the degree of super cooling would be higher during

congealing cycle than expected.
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Table 43. Solidification End temperature for different types of PCM.

Solidification temperature (END) °C

PCM Ratt Run Run Run Mean Std  Manu. o4 Diff.
[K/min] 1.1 1.2 1.3 Dev value

10 256 256 256 256  0.00 27.0 5.2
RT27 5 213 213 212 213 0.06 270 212
2 27 227 226 227  0.06 270  16.0
19.7 194 188 193 0.46 270 285
RT28HC 5 212 212 203 209 052 270 226
2 234 233 234 234 0.06 270 135
10 212 211 212 212  0.06 31.0 317
RT31 5 240 239 24.0 240  0.06 310 227
2 258 256 25.6 25.7  0.12 310 172
10 328 328 327 328  0.06 420 220
RT42 5 36.1 361 362 36.1  0.06 420 140
2 251 251 250 251  0.06 420  40.3
10 330 336 339 335 046 430 221
RT44HC 5 388 388 37.8 385  0.58 430 105
2 350 349 349 349  0.06 430 188
10 431 432 429 431 015 50.0 13.9
RTS0 5 465 463  46.3 464 012 500 7.3
2 485 486  48.3 485  0.15 50.0 3.1
10 178 179 179 179 0.6 250 285
PX25 5 202 203 20.2 202  0.06 25.0  19.1
2 224 223 223 223 0.06 250  10.7
10 371 373 372 372 0.10 420 114
GR42 5 300 390 391 39.0 0.06 20 71
2 409 408  40.8 408  0.06 420 2.8
nano- 10 34.4 34.4 34.1 34.3 0.17 NA NA
RT42-1 5 365 362  36.2 363  0.17 NA  NA
2 390 388 387 388  0.15 NA  NA
nano- 10 344 339 337 340 0.36 NA  NA
RT42-2 5 36.6 366 36.3 365 0.7 NA  NA
2 422 423 421 422 010 NA  NA

7. Latent heat capacity

The latent heat capacity was calculated as the area under the C, curve and the temperature

line and was determined on the basis of the highest peak area values. The data for melting

and solidification cycles are in Table 44 and 45 resp. It can be observed that for n-PCM

1, the mean values were lower than the base PCM, they were higher for n-PCM 2 during

both melting and solidification. For other PCMs, experimental values were lower than the

manufacturer provided values, indicating PCM aren’t as capable of storing heat as they
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were advertised. They may be less efficient by a few percent for certain PCM and up to
44 % for others in both solidification and melting cycles.

Table 44. Latent heat capacity of PCM during melting.

Melting enthalpy (based on Highest Peak area) J g*
PCM Ratfe Run Run  Run Mean Std. Manu. %
[K/min] 1.1 1.2 1.3 Dev. Value Diff.

10 1309 131.8 1284 130. 1.76 179.0 27.2

RT27 5 103.1 1019 993 101. 1.95 179.0 433
2 1234 1256 119.0 122. 336 1790 315

10 2354 2368 2362 213. 055 2450 128

RT28HC 5 2296 2275 2289 228. 1.07 2450 6.7
2 2131 2142 2137 213. 055 2450 128

0 131.7 1312 1303 131. 071 1650 206

RT31 5 1258 1258 1234 125. 1.39 1650 242
2 1142 1125 1133 113. 085 1650 313

10 150.7 1506 1464 149. 245 1740 142
RT42 5 150.7 153.3 152.6 152. 1.35 1740 125
2 1424 1424 1428 142. 023 1740 181

10 2544 2540 255.8 254. 095  255.0 0.1
RT44HC 5 256.9 2554 2554 255. 0.87  255.0 0.4
2 2457 2369 2344 239. 594 2550 6.3
10 142.8 1420 1435 142. 0.75 1680 150

RTS0 5 1436 1475 1458 145, 196 1680 133
2 137.2 1353 1352 135. 113 1680  19.1
0 69.7 684 687 689 066 95.0 274

PX25 5 770 772 789 777 1.09 95.0  18.2
2 740 758 757 752 1.02 95.0 209

10 407 222 313 314 928 550 429

GR42 5 327 326 324 326 0.16 550  40.8
2 305 313 312 31.0 040 55.0  43.7
nano- 10 1449 1438 146.7 145. 1.46 NA NA
RT42-1 5 1459 1463 1484 146. 1.34 NA NA
2 137.4 136.6 1379 137. 0.66 NA NA
nano- 10 151.0 1495 1481 149. 1.45 NA NA
RT42-2 5 1542 1536 154.8 154. 0.60 NA NA
2 1395 140.1 1447 141. 284 NA NA

Table 45. Latent heat capacity of PCM during solidification.
Solidification enthalpy (based on Highest Peak area) J g*
Rate Run Run Run Std. Manu. %
PCM  minl 11 12 13 Mean oo Vale  Diff.
10  -1369 -137.3 -1341 1361 1.74 1790 239
RT27 5 -108.5 -107.8 -102.6 1063 322 1790  40.6

2 -133.8 -132.8 -126.7 131.1 3.84 179.0 26.8
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10 -233.7 -234.7 -2344 236.0 0.30 245.0 3.67
RT28HC 5 -236.3 -235.7 -2359 236.0 0.31 245.0 3.69
2 -236.3 -236.0 -235.7 236.0 0.30 245.0 3.67
10 -130.3 -130.3 -130.2 130.3 0.06 165.0 21.05
RT31 5 -1341 -1351 -1351 1348 0.58 165.0 18.32
2 -130.0 -130.7 -130.1 130.3 0.38 165.0 21.05
10 -142.1 -147.6 -146.3 1453  2.87 1740 16.48
RT42 5 -158.1 -157.4 -157.5 157.7 0.38 174.0 9.39
2 -160.3 -160.5 -159.8 160.2 0.36 174.0 7.93
10 -257.1 -259.3 -267.9 2614 571 255.0 -2.52
RT44HC 5 -264.1 -265.1 -263.8 264.3 0.68 255.0 -3.66
2 -261.7 -262.1 -261.9 2619 0.20 255.0 -2.71
10 -148.9 -148.0 -148.0 1483 0.52 168.0 11.73

RT50 5  -150.3 -149.6 -1505 1501 047 1680  10.63
2 -1567 -156.9 -1570 1569 0.5 1680  6.63
10 791 -800 -794 -795 044 950 18367
PX25 5 803 -823 -835 -820 162 950 186.36
2 860 -853 859 -857 035 950 190.24
10 407 -403 -403 -404 023 550 17354
GR42 5 320 -314 -315 -316 030 550 157.49
2 342 342 326 -337 090 550 161.22
10  -1429 -1478 -1470 -1459 263 NA  NA
el 5  -1530 -153.7 -1555 -1541 129 NA  NA
2 -1564 -156.6 -1575 -156.8 059 NA  NA
10 1528 -1529 -1523 -152.7 032 NA  NA
T4 5  -1588 -158.7 -1588 -1588 0.06 NA  NA
2 1458 -1631 -159.1 -156.0 9.06 NA  NA

8. Specific heat capacity

The specific heat capacity of PCMs determined on the basis of highest peak values are
displayed in Table 46 (melting), and Table 47 (solidification). It can be seen that C, for
both melting and solidification increased slightly from the values for the base PCM for
n-PCM 1 and more for n-PCM 2. It is to be noted that Cp, for all PCM was given at a

constant value of 2 kJ/kg K irrespective of the PCM type in the manufacturer data sheet.

Table 46. Cp of PCM during melting determined from highest peak.

Specific heat Peak during Melting Jg*K™*

Rate Run Run Run Std.

PCM [Kmin] 11 12 13 Mean po

10 22.0 216 181 206 2.16

RT27 5 21.6 216 209 214 041
2 35.0 355 332 346 1.20

RT28HC 10 32.4 31.0 31.2 64.8 1.12

206



Appendice

S

5 463 463 439 455 136
2 660 645 638 648 1.12
10 179 178 177 178 0.10
RT31 5 207 210 210 209 0.7
2 222 208 225 218  0.89
10 204 207 206 206 0.5
RT42 5 253 252 251 252 0.0
2 276 278 278 277 0.3
10 349 341 326 339 118
RT44HC 5 450 445 434 443 085
2 59.7  60.6 606  60.3 050
10 205 202 203 203 0.5
RT50 5 259 252 251 254  0.45
2 281 293 2904 289 073
10 65 64 64 64 004
GR42 5 76 76 76 76 002
2 85 86 86 86 005
10 220 218 212 217 039
o1 5 258 252 254 255 031
2 269 275 265 270 0.52
. 10 218 212 218 216 036
el 5 259 258 258 259 0.8
2 267 278 282 276 081

Table 47. Cp of PCM during solidification on the basis of highest peak.

Specific heat Peak during Solidification Jg'K™!

pcmM R&®  pii11 Runl2 Runl3  Mean  Std. Dev.
[K/min]
10 221 221 181 208 231
RT27 5 227 225 217 223 052
2 38.8 38.8 374 383 084
10 35.8 38.2 361 367 132
RT28HC 5 70.0 71.7 681 699  1.80
2 91.2 1155 801 986  14.68
10 17.0 16.9 167 169 015
RT31 5 197 19.7 197 197 001
2 23.0 22.7 230 229 012
10 20.2 20.1 201 201 0.05
RT42 5 24.6 247 246 246 004
2 31.1 31.2 312 312 003
10 39.0 32.0 353 357 306
RT44HC 5 49.2 52.5 524 514 188
2 86.3 1195 1206 1088  19.46
10 198 107 196 197 0,09
RT50 5 25.1 25.8 24.7 252 058
2 33.2 32.4 32.5 327 041
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10 5.9 6.0 6.0 60 002
GR42 5 7.3 7.3 7.3 73 001
2 9.1 9.1 9.1 91 001
10 217 214 214 215 0.16
0.1 5 25.7 25.8 25.9 258 010
2 323 322 32.1 322 008
10 213 213 213 213 001
T2 5 25.9 25.8 25.9 259 003
2 319 324 324 322 030

From this exercise, a more appropriate value for the thermo-physical properties of the

PCMs have been experimentally obtained especially for different heating rates. At this

juncture, this may not seem very useful but for planning future experiments, these

differences will have to be taken into consideration especially for highly sophisticated

thermal regulation systems.
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Figure 122: Micrographs of nano-CuO at a scale of: (a) 30 um, (b) 10 um, (¢) 5 um, (d)
4 pum, (e) 1 pm, (f) 500 nm, and with gold sputter coating: (g) 1 um and (h) 500 nm.

Tum

| 400um : 200um

6um

(e) ()
Figure 123: Micrographs of n-PCM (RT 42 with nano-CuO) without gold coating at a
scale of (a) 200 pm, (b) 10 pm, and gold sputtered samples at (c) 400 um, (d) 200 pm,
(€) 20 um and (f) 6 pum scales.
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