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The prospects of polymeric materials (PMs) in assembling the solar
water-thermal collectors (SCs). Comparative data analysis and
exploratory research of promising solutions
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Concerning the construction of a solar water-thermal collector — the analysis of the applied polymeric materials has
been performed in relation to manufacturing of its main parts — the heat absorber and the transparent cover. The use of
polymers in the construction of the solar water-thermal collector allows one to lower the manufacturing costs, make the
collector light-weight and reduce its price. An analytical review based on the domestic and foreign research and
development, published in scientific journals over the past few years, which the authors hope shall be a useful reading
in the design-engineering departments responsible for constructing the polymeric solar collectors is the goal of the
present work, along with the comparative analysis provided further on the collectors’ efficiency for making a choice of
material and the solar energy capture systems’ testing methodology. As the fundamental direction of further
improvement of the polymeric solar collectors, the authors aim at: elimination of the air gap between the heat absorber
and the transparent cover, leading to construction of a monoblock solar collector, optimization of the heat absorber's
and the transparent cover's flow channels in solar water-thermal collectors, which concern their compages as well as
the size and geometry of the hydraulic collector,; optimization of the transparent cover’s channels size as the means of
air circulation, which lowers summary heat losses in solar water-thermal collectors; studying the evenness of the
heating agent’s distribution in the heat absorber’s channels out in the field, to pursue the improvements in efficiency of
the solar water-thermal collectors, and to avoid the heat shock of a solar water-thermal collector s structural elements
upon uneven warming-up. In the present work the analysis has been performed on the summary heat losses (convective
and radiation losses realized from the solar collector’s heated-up elements) which depend on a polymeric solar
collector’s operating conditions and geometrics as well as on a solar energy capture system’s external environment, a
tryout facility has been built, affording a comparative analysis of various solutions; and the main objectives of further
research in the field of polymeric solar collectors, particularly, the questions on improvement of their assembly
realisation, and reliability of multifunctional solar energy capture systems have been formulated.

Keywords: Solar energy capture system; polymeric solar collector; heat absorber; transparent cover; summary heat
losses.
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Cmocogno 00 KOHCMPYKYii piOUHHO20 COHAYHO20 KONEKMOpPAd 6UKOHAHUL aHANI3 3ACHMOCOGYEAHUX NONIMEPHUX
mamepianié Oiisl USOMOGIEHHS 1020 OCHOGHUX eleMeHmi6, - Menionpuiumaia i npo3opo2o noxpumms. Bukopucmanusa
noniMepié 6 KOHCMPYKYIi COHAYHO20 KONeKMOpa 00360IAE 3HUZUMU GUMPAMU HA 6UPOOHUYME0, SHUSUMU 1020 a2y i
sapmicmo. Memoio yiei pobomu € ananimuyruil 027150, GUKOHAHUL HA OCHOBI O0CII0NHCeHb I PO3POOOK OCMAHHIX POKI8 )
BIMYUSHAHIN MA 3AKOPOOHHIU HAYKOSIU 1imepamypi, UKOPUCOBYEAHUX NPU KOHCMPYIOBAHHI DIOUHHUX COHAYHUX
KOLeKMOpi6 NOAIMEPHUX MAmMepianié [ NOPIGHAHHs IX 6NIUEY HA eeKMUBHICMb KOLEeKmopa 08 NOOAIbuloz0 8UOOpy
mamepiany ma mecmy8aHHs COHAYHUX CUCTNEM. 34 OCHOBHUMU HANPAMKAMU NOOAILULOZO BOOCKOHANEHHS NONIMEPHUX
piounnux consunux konekmopis (CK-p) agmopamu subpano ycynenns nogimpanozo 3azopy mixc menionputimavem TI1 i
nposopum nokpummsm 111 ma cmeopennss CK-p y uensioi €Ounoi MOHOOIOKOBOU CMPYKMypu, onmumizayis po3mipie
Kananie menionpuimaua ma npo3opoco noxkpumms noaimepnozo CK-p, excnepumenmanvhe O00CHIONCEHHS
pisHomipHocmi po3nodiny menionocia 8 xanarax menionputimaya TII, 3 memoio nioguwenns epexmusnocmi CK-p i
3ano0ieants Meni08o20 WOKy eiemenmie koncmpykyii nonimepnoeo CK-p npu ix mepienomipuomy posiepisanui. B
pobomi BUKOHAHO AHANI3 CYMAPHUX MEPMIYHUX 6mpam (KOH8eKMUGHI ma padiayilini empamu 6i0 HASPimux elemenmio
COHAYHO20 KONEKMOopa) 6 3anedCHOCMi 8i0 pedcumMHux i ceomempuunux napamempis nonimepnux CK, a maxooc ymog
excniyamayii conaunux cucmem. Po3pobieno excnepumenmanbie 001a0HAHNA, WO 00360IAE NPOGOOUMU NOPIGHANbHUTL
aHaniz piHUX piwieHvb [ CQOPMYIbOBAHI OCHOBHI 3AB0AHHA NOOANLUWUX OOCAIONCEHb 6 001acmi B00CKOHALEHHS.
KOHCMPYKMUGHO20 0QopMmieHHs | nidguwyenna uaoditinocmi nonimeprux cousiynux CK oas 6azamoghynkyionanbHux
COHAYHUX CUCTEM.
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Knwuosi cnosa: Conauna cucmema, noiimMepHuli COHAYHUL KOLEKMOP, MenIONPUMAay, npo3ope NoKpumms, cymapHi

mepmiuHi empamu.

© The Author(s) 2018. This article is an open access publication

This work is licensed under the Creative Commons Attribution 4.0 International License (CC BY)

http://creativecommons.org/licenses/by/4.0/

@ (3) || ONAFT
s pk! Open Access

Abbreviations

WHS —water-heating system
SWHS - solar water-heating system
SC — solar water-thermal collector
HA — heat absorber

TC — transparent cover

PM — polymer material

HWT — hot water tank

Introduction

The water-heating systems come second after the air-
conditioning installations as the most energy-hungry ones
in residential housing. The total consumption of electricity
can be reduced by installing the hot-water system equipped
with solar collectors, having a payback period within the
range of 2-4 years (it varies on the complexity of the
system). For building an SWHS, the flat-plate solar
collectors are being used almost routinely due to their low
price, in contrast with their more expensive counterparts —
the vacuum- or concentration-type of a collector. It is well-
known as also traditional for a metal-made SC to be the
most expensive component of an SWHS, in which case the
price of the latter varies upon the size and actual materials
used.

For manufacturing the main parts of a solar liquid-
based thermal collector it is the rule that non-ferrous metals
(such as copper, aluminium, etc) are being used, while
stainless steel comes for a heat absorber, and low-iron glass
for a transparent cover. The cost of those colour metals the
solar collectors must have incorporated, and, moreover, that
of the enduring process of production is for many an
insurmountable barrier to afford a purchase. While the
copper and aluminium prices are on a rise for the last few
years [1], cheap polymeric materials look rather promising
against this backdrop to endeavour into mass-producing of
the low-cost SCs. By turning to the polymeric-made SCs,
the total weight of the installation could be cut down as low
as 50 % that of the traditional metal-made SCs with a free
lunch of less service personnel involved [2].

Evaluation by the method of the Life Cycle
Assessment (LCA) of polymer flat collectors, performed by
Chen [3], Doroshenko [4], and Carlsson et al. [5] for flat
metal-, flat polymer-made and vacuum collectors
demonstrates a positive impact on ecology when polymeric
materials are being used in comparison with traditional
ones.

1 Main trends of improvement for liquid-based SCs
There exists a number of polymeric materials, which

all have different characteristics and distinctive price
brackets. For use in the solar energy capture systems

(SECS) the stability requirements of various kinds in the
operating environment are being put forward. The
researches have already gained some experience to profile
the most promising polymeric materials for such systems
[6-8]. With the emerging technologies and further advances
in chemistry, the existing ones and yet new polymers are in
a constant state of continuous re-improvement. It normally
depends on the additives and the particulars of a
manufacturing process to shift the polymer characteristics
towards a particular set of desired qualities, such as
improved UV-resistance or heightened thermal stability
(withstanding a high temperature) as well as durability. PC
is such an example: within a year untreated it oxidizes fast
and then breaks in pieces, whereas protected by UV-coating
it endures ~10 years of service [9].

The question of transitioning from metallic to
polymeric SC components was studied earlier in the Odesa
State Academy of Refrigeration (OSAR) by Shestopalov
[10] and Kosteniuk [11]. They were sequentially replacing:

—the glass transparent cover with a polymeric plate
(transitioning from an aluminium SC-A towards a metal-
polymeric SC-C) [10];

—the traditional pipe register (as a heat absorber) with
a hollow-channel polymeric plate (transitioning from the
metal-polymeric SC-C towards an air-gap-polymeric SC-P)
[10];

—the traditional air gap with an air-channeled-
polymeric plate (transitioning from the air-gap-polymeric
SC-P towards an air-gapless-polymeric PSK-1) [11].

The schematic representation of the SCs-w studied by
Shestopalov (the metal [aluminium] SC-A; the metal-
polymeric SC-C) and Kosteniuk (the air-gapless-polymeric
PSK-1) is shown in Figure 10mmu6ka! MCTOYHMK CCHUIKH
He HaiijeH..

Heat absorber

The polymers used for a heat absorber in the solar
energy capture systems must meet the following
requirements:

—resistance to high temperature and pressure (for
systems working under pressure);

—resistance to hot water or applied working fluid
exposure;

—low absorber-wall thermal resistance;

—low water-absorption.

The following thermoplastics have received a wide
practical application (both in research and industrial
designs) for production of a heat absorber: PC [2; 12], ABS
[13], NORYL" (PPO) [14], PB, PVC with and without
additives, PP-R [15; 16], HDPE [17], PE [18], PP [19; 20],
PA, PS, PPS and its various modifications [21].

An experimental study of the effects of hot air and hot
water was carried out on the following plastics, which were
identified as most durable against exposure to the above:
MDPE [7], PE-X [22], PP-B [23], PA66 [24], PA12 [25]
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Figure 1 — The schematic representation of the SCs studied in the OSAR.

Transparent cover

A transparent cover made from polymeric materials
must meet the following requirements: high light
transmittance, resistance to degradation upon exposure to
UV-radiation and high temperatures, low-level soiling.

In Switzerland, Ruesch and Brunold [22] have tested
in open-air the polymeric materials for glazing to determine
their resistance to pollution and atmospheric exposure. The
following materials were checked: PMMA, PC, FEP, PVF,
PU, PVC, ETFE. The testing results revealed that PC and
PMMA were suited better for outdoor application, but
because the temperature resistance of PC (130°C) is greater
than of PMMA (90°C), it is the most preferred material.
Despite the above, both polymers are being used for glazing
in solar collectors [20; 21]. Other transparent polymers such
as PS, transparent PA, or PU either do not meet the thermal
stability requirements or are not viable economically [7].

2 Comparative data analysis

Polymeric materials are used not only to create
polymeric collectors but also in traditional metal-made
collectors to reduce the losses resulting from convection.
Polymeric honeycombs, placed between the heat absorber
and the transparent cover, are used for these purposes.
Experimental data for the metal-made SCs with polymeric
parts were obtained in the works of Ghoneim [26] and
Kessentini [27]. Kosteniuk [11] has applied a similar
concept to a polymeric SC using a hollow-channel
polymeric plate to suppress the convection. A comparison
of the characteristics of metal SCs with a polymer
honeycomb is shown in Fig. 2A

Ghoneim [26] has used honeycomb material placed in
the air gap space between the glass cover and the heat
absorber of a flat plate solar collector to suppress natural
convection. He investigated what an impact honeycomb
polymer arrangement in the air gap space might have had
on the efficiency of the SC. The advantage of such a
construction is the convection suppression. Two distinctive
designs were under consideration: with (w/hc) and without
a honeycomb insert (wo/hc). The honeycomb panel has
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reduced the optical efficiency in negligible manner, paling
into insignificance with the achieved reduction of the heat-
loss coefficient.

Kessentini et al. [27] have proposed the numerical
model for optimizing the design of an aluminium-made
collector. To reduce convective losses and weight, a
polymer honeycomb was situated between the transparent
cover and the heat absorber as alternative to (instead of) the
specially made a double glass with capillary tubes. The
bottom part contained a thermally controlled ventilation
duct for protection against stagnations. By analysing the
simulation results, the optimal geometric characteristics of
the heat absorber were proposed and the SC prototype was
created. The optimal linear dimensions of the collector were
as follows: insulation thickness as of 60 mm, the height of a
honeycomb insert — 80 mm, while that of a gap between a
heat absorber and a honeycomb insert — 15 mm, and of the
ventilation channel — 20 mm.

Numerous studies have been conducted to determine
the efficiency of the polymer-made solar collectors. The
collectors’ technical description is being provided below
and summarized in Table 1. The efficiency curve of the
listed collectors could be found in Fig. 2A and 2B.

Shestopalov [10] was studying the modifications of a
traditional solar water-thermal collector with the hollow-
channel polymeric plate in the absorber and in the
transparent cover design. He has replaced the traditional
glass cover with a 4-mm hollow-channel polymeric plate
(SC-C), and then exchanged its heat absorber with a 8-mm
honeycomb polymer plate (SC-P). The comparison showed
that the use of polymeric materials in solar collectors
reduces the efficiency at most by 14%, compared to an
aluminium solar collector (SC-A).

Ariyawiriyanan et al. [15] have tested the unglazed
SCs in Thailand with various working areas, made out of
the 5 (five) kinds of thermoplastics: PVC-B, PB, PP-R of
1,3 m2, and PVC-CB, PVC-CB1 of 1,8 m2 and 2 m2
accordingly. The result of their tests was that the authors
have proposed to use the material with the highest thermal
conductivity. They have also found the relation between the
size of the SC working area and its efficiency. PVC-CB1
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had exhibited a better characteristics, probably due to the
particulars of its channel-gapless design of the heat
absorber.

Cristofari et al. [2] have studied the thermal behaviour
of the honeycomb-copolymer-made solar collector. They
developed a nodal mathematical model to track the various
parameter’s contribution to the SC’s overall efficiency. The
modelled theoretical system would have a yearly mean
efficiency of 56.5% — with the wind speeds at 0 m/s, and
that of 49.0% — with the wind speeds around 5 m/s (see
Cristofari AugV5 in Fig. 2B, data approximated from
readability). Moreover, they have also reported the SC’s
weight reduction by 50% versus the traditional flat-plate
solar collector.

Sandnes B. u Rekstad J. [14] have devised a combined
thermal and photovoltaic solar energy collector based on
modified PPO plastics. In their study the efficiency of the
photovoltaic/thermal (PV/T) solar collector with (PV/Tg)
and without (PV/T) transparent cover was examined.
According to the obtained results, a transparent cover
reduces the heat losses coming from the SC’s top part,
while at the same time and to the lesser extent increasing
reflective losses.

Ehrenwirth et al. [13] have produced the polymeric
SC coated by glass. The heat absorber they were using was
formed in the Twin-Sheet-Thermoforming manufacturing
process and tested according to EN ISO 9806:2013 (Solar
energy - Solar thermal collectors - Test methods). The
tested prototype has demonstrated a better efficiency than
those of commercial origin, and a similar efficiency in
comparison with the described prototypes in the existing
literature.

Matrinopoulos G. et al. [12] have used computational
fluid dynamics (CFD) in order to approximate the fluid’s
heat distribution transfer function and to compute its

Table 1 — Properties of polymeric collectors

effective velocity along the channels of the heat chamber.
The heat-carrying fluid of a black colour was employed as
the working medium. The authors denoted the importance
of the effective inlet’s configuration. Their field data
(Martinopoulos exp. in Fig. 2B) were in agreement with the
results obtained from modelling.

Missirlis et al. [28] were studying various
arrangements of the hydraulic collector’s inlet with a view
to improve their polymeric SC’s output efficiency. It had a
single layer formed by a PC-plate over its honeycomb PC
heat absorber. For improved solar energy absorption the
used working liquid was a mixture of black ink diluted by
water. The results demonstrated that a simple rearrangement
of the hydraulic collector’s in- and outlets can boost the
SC’s characteristics for no added costs in production. The
best efficiency was demonstrated to be exhibited by their
3rd layout design, where the heat absorber’s input and
output pipes were going along the heat absorber (case 3 in
Fig. 2B).

Kosteniuk [26] has researched several modifications
of the polymeric SCs made from a hollow-channel
polymeric plate: with a transparent cover, having an air gap
(SC-P in Fig. 2) and the air-gapless type (PSK-1 in Fig. 2),
both the collectors’ transparent covers were 4 mm thick.
The experimental results for the PSK-1 monoblock
structure had a slight decrease in efficiency due to a large
number of transverse walls in the 4 mm panel. Despite this,
the construction has a greater rigidity and a smaller
thickness.

The relationships in Figure 2B for the polymeric SCs
show that the use of polycarbonate gives a better efficiency
when compared against the other materials, what could be
explained as forming a thermal resistance of a lesser degree
by thinning the walls.

Authors Area, m’ |HA TC Insulation |Insulation HA TC Air
material ~ |material  |thickness, |material thickness, |[thickness, |gap,
mm mm mm mm
Ariyawiriyanan [15] [1.3; 1.8; 2 |PVC-B,
PB, PP-R,
PVC-CB,
PVC-CB1
Cristofari [2] 2 PC G 30 Iy 10 4 -
Sandnes and Rekstad |0.48 PPO G 50 MW 10 4 12
[14]
Shestopalov (SC-P) 1.16 PC PC 20 MW 8 4 16
[10]
Kostenyk 1.16 PC PC 20 MW 10 4
(PSK-1) [11]
Muissirlis [28], 13 PC PCP BP - 10, PC+nanogel, (10 3 -
Matrinopoulos [12] EP-30 PU
Ehrenwirth [13] 1.32 ABS G 30 PU 8 4 -

Keys: PC — polycarbonate; PCP — plate-type polycarbonate; G — glass, PU — polyurethane; MW — mineral
wool; BP — bottom part; EP — side part; «-» — no data; « » — characteristics are not available due to construction
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Figure 2A — Efficiency curve for metal (A) and polymer (B) solar collectors
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Figure 2B — Efficiency curve for polymeric SCs (Figure 2A’s keys)

3 Development of new solutions for polymeric
SCs-w and the objectives of further research.

The authors consider further improvement of the
polymeric SCs-w, in particular, its assembly realisation with
the suggestions found in the above-cited research [2,12—
15,28] and those made earlier in the OSAR studies [10, 11].

The main approach to solve the problems under
consideration would be to implement the planned cycle of
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theoretical and experimental research. The authors has
conducted a preliminary analysis of the summary heat
losses in liquid-based solar collectors (Fig. 3), which are
thought to be the result of convection and heat radiation.
The main parameters’ dependencies, which are material to
the performance of the polymeric SCs, were determined as:
the size of the air gap between a heat absorber and its
transparent cover (A), the wind speeds at the place of a SC
installation (B), the number of transparent layers (C) and
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insulation thickness (D). The A,B, D parameters were
obtained for a double-layered (of 10-mm separation) SC
with the air gap of 20 mm, insulation of 30 mm, and the
SC’s angle of slope of 42°.

The convective heat transfer coefficient is calculated
by
k

h:NUI (31)

where k — thermal conductivity [W/m K], L — plate spacing
[m].
The radiation heat transfer (RHT) coefficient from

plate to the first cover (Eq. (3.1)), between plates and to
the ambient in Eq (3.2) is calculated by:

2 2
e T, +T,, | T +T|

hr,p-cl_ 1 1 (32)
i —
EP £
h _ TE, TCE+T5 Tcz'!"'Tszl TCE_TS 3.3
rc2—a— T.:z_Ta ’ ( . )

where ¢ — the Stefan-Boltzmann constant (W-m2-K™), e —
emittance, T — temperature (K) and the indices: ¢ —cover, p
— plate, s — sky, a —ambient.

For parallel plates the correlation of Hollands et al.
(29) is used, which relates Nusselt number and Rayleigh
number for tilt angles from 0° to 75°.

3
e
oy -4

—
e -

2 3
n,, (pes)

+

Nu=1+144 (l _ ;'Dﬂf,sin;ﬂf_:is‘.l [l __i7o2 ‘.I+ ['J(Rﬂccs E‘.l; 3 _ l)

Racos @ A Racos B/ =
34)

where the + exponent means that only positive values are
to be considered and zero is to be used for negative values,
B — collector tilt (deg), Ra - Rayleig number.

Convection heat loss coefficient from the top glazing
exposed to wind is calculated using McAdams correlation
[30] given by:

hw:5.7+3.8-w (3.5)
where w — wind speed (m/s)
The resistance to the surroundings:
1
=
I"llI,\_,+J5],.Il_,2_l_,I , (36)

where & — convection heat loss coefficient from the top
glazing exposed to wind.

For two cover system, the top loss coefficient from
the collector plate to the ambient is:

- 1
" R+R+R, (3.7)
Overall loss coefficient
["'E: stop+L'ba!!om+bTMgw (38)

B)
1.50 -
. 4.25 1
g
% 4.00 1
=5'3.75 1
3.50 4
T T T 1 T
0.0 2.5 5.0 7.5 10.0
w, (m/s)
D)
3 .
m
S
l -
0 20 40 60
6i11_~.! (mln)

Figure 3 — Dependence of top loss coefficient on: air gap between heat absorber and transparent cover (A),
wind speed (B), number of transparent covers (C), insulation thickness (D).
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Keys: 1- thermo-insulated polymeric HWT, 2- polymeric SC-w, 3 — globe valve, 4 — water pump,
5 — flow meter, 6 — thermal sensors, 7 — ambient temperature thermal sensor, 8 — anemometer,
9 — pyranometer.

Figure 4 — Principal schematics (A) and the photo (B) of the experimental installation.

For testing of new solution the experimental
installation was modernized (Fig. 4). Its purpose is for
comparative analysis of new SCs under the same
conditions. Main trends for improvement of the polymeric
modifications of the water-based SCs are:
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—elimination of an air-gap between a heat absorber
and its transparent cover as well as the creation of the
monoblock SCs; it is of importance to optimize the flow
channels geometry of the SCs transparent cover; air
circulation is expected to reduce the summary heat losses;
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—optimization of the polymeric SC heat absorber
channel sizes, including the form and the size of a hydraulic
collector; its interconnection matters also;

—experimental study of water-distribution factor and
its evenness in the heat absorber channels, aiming at an
increase of the polymeric SC efficiency and its elements’
thermal-shock prevention; the foundation of this part of the
research was laid earlier in the OSAR in the theoretical
studies [4].

Conclusions

1. As the result of the above performed review of the
bibliography cited, further improvement of the liquid-based
SCs is to be in the reference direction of more extensive use
of polymeric materials in its main parts; it is chosen by the
authors for a heat absorber and for its transparent cover the
UV-stabilized PC as the most accessible material on the
market which meets the requirements.

2. The air-gapless installation comprising the heat
absorber and its transparent cover is currently being
scheduled, with the plans being put forth under
consideration of a monoblock polymeric SC for assembly;
with this it would be of certain importance to optimize
further the flow channels of its transparent cover and those
of the heat absorber.
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