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Abstract: European Directives 2009/28 and 2010/31 require member states to reduce CO:
emissions by 20%, increase the share of renewable energy to 20%, achieve energy savings of
20% and mandate that all new buildings must be “nearly zero energy”, by 2020. Solar water
heating collectors are cost effective and well suited to integration into building envelopes
(facades and roofs) to provide heat for direct use inside the building. Senergy building
integrated solar collectors are designed to offset traditional roofing elements. Two working
prototypes; one Polycarbonate Carbon Nano-Tube (PCNT) collector and one Asphalt Carbon
Nano-Tube (ACNT) collector; have been tested at the solar simulator facility at Ulster
University and their performances compared. The PCNT collector uses innovative
polycarbonate twin-wall sheeting which forms both the solar absorptive surface and the heat
transfer fluid channeling elements. The ACNT collector has an asphalt based absorber with
embedded serpentine copper tubing to act as the heat transfer fluid channeling element. Tests
were conducted with 800 W/m? illumination intensity and for water inlet temperatures between
from 23°C and 47°C. The PCNT collector achieved 62% maximum collection efficiency
compared to 45% for the ACNT collector. The heat loss coefficients were 6.0 and 8.1 W/m?K
respectively. The performance of the PCNT collector was similar to benchmark values for
single glazed collectors with selective absorber surfaces. The ACNT collector performance was
lower than a typical unglazed solar water heater with non-selective absorber due to the high
thermal resistance between the absorber surface and the serpentine tubing.

1. Introduction

In 2014, world total primary energy supply was 573 EJ and European OECD countries
accounted for 71 EJ of this total (IEA, 2016). Energy produced by these countries amounted to
only ~53 EJ of which 78% was from indigenous fossil fuel resources (non-renewable coal, oil
and gas) 6% from nuclear power, 8% from biomass and waste, and 5% from hydroelectricity.
Energy imports, to make up the shortfall, have economic consequences and represent a risk to
the security of the energy supply. Furthermore, millions of years of naturally sequestered carbon
stored in fossil fuels is released into the atmosphere when they are processed and combusted,
often along with various other pollutant gases. Excessive quantities of anthropomorphic CO-
and methane appear to be causing global warming and climate change (IPCC, 2015) which is
predicted to have serious adverse effects on human society and on biodiversity.

Space heating and Domestic Hot Water (DHW) use in buildings accounts for almost half of all
UK energy use and almost three-quarters of all household and commercial energy use (DTI,
2002). Building space heating demands depend upon climatic conditions (ambient temperatures
and wind), building fabric construction (thermal insulation and ventilation rates), desired indoor
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temperatures, heating system efficiency, solar gain and internal gains (occupants, lights,
appliances etc). Boardman et al., 2005 suggest that new energy efficient UK homes built in
coming decades will have space heating demands of ~2 MWh/year whereas homes built before
1996 typically consume 15 MWh/year. Energy required to produce DHW for a typical
household is ~5 MWh/year.

European Directive EU2009/28 aims to reduce CO> emissions by 20%, increase the share of
renewable energy to 20%, and achieve energy savings of 20% or more by 2020. Directive
EU2010/31 requires member states to set minimum energy performance requirements for
buildings and mandates that they must be “nearly zero energy” by 2020. These directives
require British, Irish and other European buildings to source their energy from renewable
sources, ideally via technologies installed on or near to the building. Whilst “Brexit” could
feasibly divorce the UK from some of these obligations, the international political consensus
(eg the COP21 climate agreement in 2015 to restrict global warming to 2°C) are clear.

Solar thermal (ST) collectors absorb solar energy to generate heat which is typically dissipated
from the absorber into a working fluid such as air, water or oil, although in some instances the
heat is transferred directly to the end use process. The most common applications for ST
systems relate to provision of low temperature hot water (50-80°C) for domestic uses and space
heating, or very low temperature hot water (30-50°C) for swimming pools, under floor heating,
preheated boiler feedwater or a source for heat pump heating systems.

Data from the Renewable Energy Network for 21st Century (REN21, 2014 and 2016) suggests
that global solar thermal collector capacity in 2015 was ~445 GW and appears to be increasing
at a rate of ~10% per year. Solar water heaters represent ~98% of the readily quantifiable solar
thermal systems installed globally. They are cost effective and well suited to integration into
building envelopes (facades and roofs) to provide heat for direct use inside the building.
Senergy building integrated solar water heating collectors are designed to offset traditional
roofing elements. Two working prototypes; one Polycarbonate Carbon Nano-Tube (PCNT)
collector and one Asphalt Carbon Nano-Tube (ACNT) collector; have been tested at the solar
simulator facility at Ulster University and their performances compared.

2. Collector design and theory

The working principle of the Senergy solar water heating collectors is essentially similar to
other flat plate solar water heaters in that solar radiation incident upon the planar absorbing
surface is converted to thermal energy and collected by the heat transfer fluid (Twidell & Weir,
2006; Kalogirou, 2009). The total amount of solar energy incident on each aperture area over
the test period can be expressed as:

Qincident - Iave'A‘apAt {1}
where:
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The useful energy gained by the collector is expressed by:

Qcol = me (To - Ti ) {3}
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And thus the heat balance of the system (based on the Hottel-Whillier-Bliss equation for solar
collectors) that expresses the thermal performance of a collector under steady state conditions
is given by:

me (Tout _Tin): Aap FR[Iave(Ta)_UL(Tout _Tin )] {4}

Therefore the collector efficiency is defined as:

mcp (Tout - Tin )
= 5
ncol IaveAap { }
Or substituting Equation 4:
T —T
Moot = Fr (Ta)_ FU, M {6}
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The key novelty is that the Senergy collectors incorporate carbon nanotubes to increase
collection efficiency in two ways: 1) By improving the solar absorption and emittance
characteristics making absorber surfaces partially spectrally selective, and; 2) By improving
thermal conductivity between the absorber surface and the heat transfer fluid. A photograph of
the two collectors examined in this study is given in Figure 1.

Figure 1: Senergy PCNT (left) and ACNT (right) solar water heating collectors
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The PCNT collector design is based upon the novel use of polycarbonate twin-wall sheeting to
create the solar absorptive surface and heat transfer fluid channeling elements. The prototype
was made from extruded polycarbonate twin-wall that was understood to contain 2% carbon
nanotubes. The twin-wall polycarbonate unit was connected to a flow and return manifold and
mounted in an insulated wooden tray base. A single transparent polycarbonate layer provided
aperture protection. The finished active absorbing surface of the collector was 1480 x 500mm.

The ACNT collector design is based upon a simple and robust concept of using asphalt to create
the solar absorptive surface. A serpentine coil of copper tubing is embedded within the asphalt
to act as the heat transfer fluid channeling element. The prototype was made from asphalt that
was understood to contain carbon nanotubes. The asphalt was set into a wooden tray base and
was uncovered. The finished active absorbing surface of the collector was 1605 x 600mmm.

3. Experimental methodology

All testing was conducted at the state-of-the-art indoor solar simulator facility at the Centre for
Sustainable Technologies laboratory, Ulster University. The experimental set up consisted of
prototype collectors connected to a heating/cooling loop via the Julabo F33-MA
Refrigerated/Heating Circulator that could provide a closed flow circuit under constant,
controllable conditions. The experimental set up is schematically shown in Figure 2.
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Figure 2: Schematic detail of test facility and instrumentation (two collectors, side by side)
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Pairs of T-type copper-constantan thermocouples, which had an error of £0.5°C between 0°C
and 70°C were used to measure the temperature of solar collector inlet and outlet flows, the
absorber surface temperature and the ambient air temperature. The collectors were each
supplied with three thermocouples located at the inlet end, middle, and outlet ends of the units.
Thermocouples supplied with the PCNT collector were attached to the absorber in order to
measure absorber surface temperature. Thermocouples supplied with the ACNT collector were
embedded within the asphalt to measure absorber core temperature. In addition, two further
thermocouples were installed on the asphalt surface of the ACNT collector in order to determine
absorber surface temperature. All thermocouples were connected to a stand-alone Delta-T data
logger unit to record all measured variables. The logger data was transferred to a PC via a data
transmission cable for storage. Manual gravimetric flow meters were employed to monitor
water flow rate in the collector heating/cooling loop. The flow through each of the collectors
was checked periodically using measuring jugs and a stopwatch to verify the amount of water
flowing through each collector during a three-minute period.

All tests were conducted under a constant 800 Wm2 solar flux simulated by a state-of-the-art
solar simulator. The simulator lamp array consists of high power 35 metal halide lamps
arranged in 7 rows of 5 lamps each. Each lamp is equipped with a rotation symmetrical
paraboloidal reflector to provide a light beam of high collimation. In order to achieve uniform
distribution of light intensity on the test area, a lens is inserted in each lamp to widen the
illumination of light. The combination of reflector-characteristics, lens and lamps ensures a
realistic simulation of the beam path, spectrum and uniformity (Zacharopoulos et al., 2009).
Tests were undertaken simultaneously on both the PCNT and ACNT collectors under the
following controlled conditions:

i) Irradiance, temperature, air and water flow conditions were set to be broadly
comparable to those required for testing under BS EN 12975-2 (2006) ‘Thermal
solar systems and components solar collectors - Part 2°, although the tests were not
undertaken in strict accordance with the standard.

i) Solar simulated irradiance level (average across each collector) of 800 + 5 Wm2,
Pyranometer measurements at different points across the surfaces of the two
collectors suggested variation in intensity of no more than +50 Wm-2,

iii)  Flow rates of 0.02 kg.s*m™ were maintained through each collector during tests,
except for stagnation tests. Measured flow rates through the PCNT and ACNT
collectors were 0.99+0.2 litres/minute and 1.31+0.3 litres/minute, respectively,
corresponding to the respective absorber areas of 0.74 m? and 0.96 m?.

iv) Water supply temperatures at the collector inlets were varied from 23°C (equal to
ambient temperature) in steps of either 4°C to 5°C up to a final temperature of 47°C.

V) Airflow at ambient temperature was provided across the surfaces of the collectors
in the direction from outlet towards inlet.

Vi) Stagnation tests were undertaken to estimate the maximum absorber surface
temperature reached by each collector in the absence of water flow.

The test setup was operated for 2% hours prior to taking any measurements in order to allow
for stabilisation of the irradiance levels, ambient temperatures and the initial thermal mass of
the ACNT collector. Further stabilisation periods (typically about 30 minutes per temperature
step) were factored into the test programme to ensure that all step measurements would be
representative of steady state conditions.
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4. Results and discussion

Figures 3 and 4 illustrate the inlet, outlet, absorber and ambient temperatures measured for both
collectors, based on arithmetic averages of results from the thermocouple pairs. Step changes
to the inlet water temperature are apparent, together with the subsequent stabilisation periods.
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Figure 3: Measured inlet, outlet, absorber and ambient temperatures for both
collectors under lowest inlet temperature conditions

Unfortunately, a leak occurred in the PCNT collector sometime after 16:30 (Figure 4) so results
corresponding to inlet water temperature of 47°C are unreliable for this collector due to the
disrupted flow rate. After 16:45 the collectors were largely emptied of water and the subsequent
data therefore relates to a stagnation condition, characterised by a rapid rise in absorber
temperatures (particularly apparent for PCNT collector data denoted by red dashed lines on
Figure 4). Problems caused by the leaking collector meant that the experiment was terminated
prior to steady-state stagnation conditions being achieved and hence estimated stagnation
temperatures shown on the graphs are based on observed trends.

The comparatively low rate of temperature change for the ACNT collector comparted to the
PCNT collector is indicative of the large thermal mass associated with the asphalt absorber.
This results in a very slow response to changes in inlet water temperature. A similarly slow
response would be expected to changes in solar irradiation conditions which may result in a
poor diurnal performance, especially in climates typified by intermittent cloud cover. Whilst a
degree of thermal inertia can be beneficial, the current design appears to carry excessive mass.
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Figure 4: Measured inlet, outlet, absorber and ambient temperatures for both
collectors under highest inlet temperature conditions

Using Equations 1 to 6, the solar thermal collection efficiencies of the prototypes were
determined (Figure 5) for a variety of operating conditions and compared with published
benchmark performances for typical solar water heating collector types. The benchmark
performances for unglazed, single glazed and double glazed flat plate collectors, along with
evacuated tube collectors, were determined from data presented by Twidell & Weir, 2006;
Kalogirou, 2009; Liang et al. 2011; and Giovannetti et al. 2014.

The measured zero temperature rise efficiencies (the Fr(ta) value apparent from the y-axis
intercepts on Figure 5) of the PCNT and ACNT collectors are similar to the benchmark for
evacuated tube collectors but considerably lower than achieved by most other flat plate
collectors. The ACNT collector appeared to have reasonably good light absorption
characteristics (black bitumen absorber surface with a slight sheen) and is unlikely to have
suffered from significant reflection losses (as it was unglazed) which suggests that the low
measured efficiency (45% compared to 90% for the unglazed collector benchmark) is primarily
attributable to a low heat removal factor. The relatively low measured efficiency for the PCNT
collector (62% compared to 83% for the single glazed matt black collector) may also be
partially attributable to a low heat removal factor, although optical losses (absorber and cover
reflectivity and low optical transmissivity of the semi-translucent cover) seem likely to be the
more significant causes. Absorbers made of polymeric materials often have lower heat removal
factors than conventional metal sheet-and-tube absorbers owing to inherently lower thermal
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conductivities. The very low apparent heat removal factor for the ACNT is likely to be caused
by the heat exchanger pipework being buried too deep within the asphalt and perhaps also by
the pipe length being too short, which introduce very high thermal resistances between the
absorber and the working fluid. This is evidenced by the significant difference (10 to 20°C)
between the ACNT’s core and outlet temperatures and the 5 to 7°C temperature difference
between the core and absorber surface temperatures.
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Figure 5: Comparison of instantaneous efficiency of Senergy solar water
heater prototypes against other flat plate solar collector benchmarks

The thermal insulation performances (the FrRUL values apparent from the trendline gradients on
Figure 5) of the prototype collectors are considerably lower (better) than the corresponding
benchmarks. The ACNT achieved a heat loss coefficient of 8.1 W/m?K which is less than half
the unglazed collector benchmark value (18 W/m?K). The PCNT achieved a heat loss
coefficient of 6.0 W/m?K which is 28% lower than the benchmark value for single glazed
collectors with matt black absorbers (8.3 W/m?K) and approaches the benchmark value of
5 W/m?K for single glazed collectors with selective absorbers (high absorptivity and low
emissivity). The cause of the low heat loss coefficients cannot be reliably determined from the
test data but is thought to be primarily due to the low heat removal factor. The degree to which
the carbon nanotubes increase thermal conductivity and affect the optical properties of the
absorber surfaces will be determined through further testing as part of the ongoing research.
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5. Conclusions

The performance of the Senergy polycarbonate (PCNT) and asphalt (ACNT) carbon nanotube
solar water heating collectors was investigated under controlled simulated conditions. The
single glazed PCNT collector achieved higher collection efficiencies than the unglazed ACNT
collector under all tested conditions. Test results have been compared to published benchmark
performances for flat plate and evacuated tube solar water heaters. Both collectors achieved
measured zero temperature rise efficiencies (45% for ACNT and 62% for PCNT) of similar
magnitude to the benchmark for evacuated tube collectors. The measured heat loss coefficient
for the ACNT collector (8.1 W/m?K) is significantly better than the benchmark for an unglazed
collector. The measured heat loss coefficient for the PCNT collector (6.0 W/m?K) is equivalent
to that achieved by a conventional one-cover liquid heater with moderately selective absorber.
The ACNT collector had a very slow thermal response rate due to its high thermal mass and a
very low heat removal factor due to high thermal resistances within the asphalt absorber. The
degree to which the carbon nanotubes increase thermal conductivity and affect the optical
properties of the ACNT and PCNT absorber surfaces will be determined through further testing
as part of the ongoing research.

6. Nomenclature

a (dimensionless) Solar absorption coefficient

Azp (m?) Collector aperture area

Cp (J.kg*K?1)  Specific heat capacity of the working fluid

Fr (dimensionless) Heat removal factor

Neot  (dimensionless) Solar thermal collection efficiency

lave (W.m?2) Instantaneous solar radiation flux incident on collector aperture
m (kg.s™) Working fluid mass flow rate

Qcol () Thermal energy collected by the working fluid

Qincident ) Total solar energy incident on collector aperture area

t (s) Time

At (s) Duration of the test period

Tabs (°C) Temperature of the solar absorber surface

Tamb (°C) Temperature of the ambient environment near the collector

Tin (°C) Working fluid temperature at the collector inlet

Tout (°C) Working fluid temperature at the collector outlet

T (dimensionless) Solar transmission coefficient

UL (Wm2K?1)  Heat loss coefficient which quantifies the thermal conductance

between the working fluid bulk and the ambient environment
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