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With reference to “Heated water systems—Calculation of energy consumption” AS/NZS 4234:2008,
and “NatHERS Reference Meterological Year climate files 2012” downloaded from the URL
https://www.niwa.co.nz/node/109982, the present report forms “Stage 1 — Solar hot water demand
and performance” of the contract “Climate zone map for solar hot water heaters” executed by the
Commonwealth Department of Industry 22" May 2014 for research by The University of
Queensland in consortium with the National Institute of Water and Atmospheric Research, NIWA NZ.

The brief was to conduct a literature review to examine suitable models to estimate infrared
radiative cooling under clear sky conditions on the basis of coincident dewpoint and cloud cover, and
to determine the relationship between shallow earth temperature and inlet water temperature for
solar hot water systems (SHWS).

In addition, a comparative study of solar hot water system performance is provided with respect to
local meteorological conditions in terms of demand and solar resource at five key locations in
Australia and New Zealand: Rockhampton (QLD), Richmond (NSW), Canberra (ACT), Auckland (NZ),
and Dunedin (NZ). Trade literature and industry liaison were employed to nominate a typical
flatplate rooftop installation suitable for these locations, with a pumped 250 litre storage tank.

It is relevant that the New Zealand House Energy Rating Scheme (NZHERS) files were developed by
NIWA with the same approach as the NatHERS 2012 files, and so both sets of data are employed to
compare performance at the five key locations. The present report employs the latest version of the
University of Wisconsin’s TRaNsient SYstems Simulation Studio TRNSYS 17 with a generic SHWS
template.

In the present study explicit direct, diffuse, and global radiation as well as drybulb and dewpoint
temperatures and windspeeds of the NatHERS and NZHERS TMY?2 files are compared for the five key
locations.
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Relationship between shallow earth and inlet water temperature for solar hot water systems

With respect to the assessment of cold water inlet temperatures entering water heaters, the following
literature review evaluates the appropriateness of utilizing the shallowest ground temperature (0.5 m)
provided by the TMY2 files that have been developed by NIWA for NatHERS 2012 and EECA 2008.
Before release of the NatHERS 2012 files this year, Australian Greenhouse Office 2006 files were used
together with EECA 2008 files to produce the classification map in figure 1 below.
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Figure 1 Minimum monthly shallow ground temperature (0.5 m) mapped with NIWA EECA 2008 TMY2
files and Australia Greenhouse Office 2006 RMY files obtained from the EnergyPlus Weather data.

Note EnergyPlus Weather Conversion Program (Crawley and Lawrie 2012) output states that the
default soil diffusivity 2.322576x 10~ m2/d which would equate to 2.7x 1078 m2/s, and does not
seem sensible. Therefor it is surmised they employ a default of 0.025 ft2/h = 2.322576 x 10~ m2/d
= 6.4516 x 1077 m2/s soil diffusivity.

In special cases of steady-state conduction, thermal conductivity A may be the only soil property of
interest. But underground temperature is driven by seasonal oscillations of summer and winter, and
so the soil thermal diffusivity @ must be determined, being the ratio of thermal conductivity to the

k
product of the soil density and specific heat /p~C,,. EnergyPlus default ke = 1.0 W/m2-K; p=1200
kg/m3; and C, = 1200 J/m3-K, and thus a = k/ p-C, = 6.9 x 107" m2/s (7% more than 0.025 ft2/h).

Under slabs Krarti, et al. (2001) found a = 4.47 x 10~ m2/s corresponds to soil thermal conductivity
of k = 21 W/m*K which can be rearranged in terms of under-slab thermal mass, p-C, = 47 MJ/m3*K.



Soil properties vary Qsangy soii = 0.24 X 107 M2/s; Agay soi = 0.18 x 107° M2/s; Aroex = 1.43 X 107° m2/s
(Atkins 2007). Soil thermal conductivity in the range 0.6 to 3.5 W/m*K corresponds to thermal
diffusivities in the range of 3 x 107¢ to 1.74 x 107 m2/s (Zhong and Braun 2007). Wikipedia gives
diffusivity Qyater@2se ¢ = 0.143 X 107 M2/S; Agandstone = 1.14 X 107° M2/s; Qprik 5.2 X 1077 m2/s.

To understand the ground temperature data available from EnergyPlus TMY2 files recently released, it
is worth viewing the Moorabbin (Melbourne suburb) data with “Climate Consultant” software in Figure
2 below, noting that the ground surface is assumed to be freshly mowed grass. Shallow 0.5m ground
temperature varies 10 to 18°C, while AS/NZS 4234 zone 4 (Melbourne) varies 8 to 20°C. Monthly
average air temperatures vary 9 to 19°C. Note that Yarra Valley Water network mean water mains
varied 11 to 21°C, with extreme outliers in some branch lines 9 to 27°C (Bors and Kenway 2014).
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Figure 2 Moorabbin EnergyPlus TMY2 ground temperatures at 0.5m, 2m and 4m below surface,
viewed with ClimateConsultant software version 5.4, available from the URL http://www.energy-
design-tools.aud.ucla.edu/climate-consultant/request-climate-consultant.php after preprocessing with
EnergyPlus Weather Statistics and Conversion version 7.2.6




The dissipation of fluid energy in water mains amounts to only a tiny fraction of one degree of
temperature (Cabrera, et al. 2010), and so the most significant factors determining temperature of
water mains are the ambient temperature as illustrated in Figure 3 from Burch and Christensen
(2007).
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Figure3 Burch and Christensen (2007) lock diagram of a potable water supply system, showing

importance of Tamb on Tmains- Copyright American Solar Energy Society, with rights retained by

US Department of Energy, URL http://www.nrel.gov/docs/fy120sti/54539.pdf.

The influence of the temperature of the ground Tg,-d surrounding water mains at depth Zpjpe is

illustrated in Figure 4 from Burch and Christensen (2007), where surface temperature varies from

ambient, which is elaborated upon by Popiel, et al. (2001) denoted by ATm orAToffset.
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Figure 4 Burch and Christensen (2007)’s buried pigfeematic, with surface energy balance terms and
schematic heat transfer modébpyright American Solar Energy Society, with rights retained by US

Department of Energy, URL http://www.nrel.gov/docs/fy12o0sti/54539.pdf




The Baggs equation is presented below in form suiting the southern hemisphere (Popiel, et al. 2001):

T(2,8) = (To + ATw) — 1.07 Ky A exp{-0.00031552 (/i )} - cos[ /365 (t - t, - 0.018335 (/yar))]

where T, = annual mean air temperature (°C)
AT, = Bagg’s correction to ground temperature at depth (K)
Kv = vegetation coefficient (Kv = 1 for bare ground; Ky = 0.22 for 100% cover)
A = amplitude of monthly average air temperature (K)
z = depth underground (m)
a = thermal diffusivity (m2/s)
t = timescale date (Julian date with year)
t = lag date corresponding to minimum air temperature

Burch and Christensen (2007) in Phoenix example used k=1 W/m*K and p=3000 kg/m3 and C,=
1254 J/kg'K, so a = 2.66 x 1077 m2/s soil diffusivity. Burch and Thornton (2012) recommend the
rating of water heaters with mains water temperature depending on air temperature

Tmains = Tamb,avg + AToffset + R ATamb Sin((’~)ann t- ¢mains)

where R=0.05 and ATamb = (Tmon,max — Tmon,min)/2 With @mains = @3 + @4 Tamb,ann SEt tO give minimum in
late winter, R=a: + @z Tamp,ann , and ATogset = 2.8°C, and wann = 211/365.

ai = 04,
a. = 0.0056 K%;
a; = 0.61 radians; (I suggest adding n radians for southern hemisphere)

a, =-0.000314 radians per Kelvin
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Figure 5 comparing Moorabbin TMY2 file 0.5 m deep ground temperature to AS/NZS 4234 zone 4
and Yarra Valley Water measurements April 2012 through March 2013. Baggs’s formula for 0.5 m
depth soil temperature with soil diffusivity a = 3 x 102 m2/s and AToffset = 2.8 °C is good fit.



AS/NZS 4234:2008 cold water feeder temperatures for zone 4 (Melbourne) were proven to be
several degrees too low in study of Yarra Valley Water (Bors and Kenway 2014). Figure 5 indicates
that TMY2 0.5 m depth soil temperature is also conservative, but not as punitive as AS/NZS 4234. In
figure 5 the heightened water mains temperatures observed in the Yarra Valley Water mains in
March 2013 are not continuous with April 2012 commencement of the study by Bors and Kenway.

Figure 6 indicates when the TMY2 0.5 m depth ground temperatures are more conservative than
AS/NZS 4234 cold water feeder temperatures at Rockhampton, Richmond, Moorabbin, Canberra,
Auckland, and Dunedin. Except in the case of Canberra, the annual average is neutral or more
conservative by accepting the TMY2 EnergyPlus 0.5 m depth ground temperature to represent cold
water feeder temperatures. Canberra TMY2 EnergyPlus 0.5 m depth ground temperature average is
1 °C higher than AS/NZS 4234 cold water feeder temperatures, averaged over the year. Perhaps a
water mains network study should be commissioned, but the results from Yarra Valley Water show
that either AS/NZS 4234 or TMY2 EnergyPlus 0.5 m depth ground temperature provide a lower
estimate of water mains temperature in the vicinity of Moorabbin, and so it seems reasonable to
accept the NatHERS 2012 and EECA 2008 EnergyPlus TMY2 files 0.5 m depth ground temperature as
a conservative surrogate for water mains temperature in the 87 house energy rating zones of
Australia and New Zealand.
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Figure 6 Comparing AS/NZS 4234 T,tr and T4 derived from TMY2 EnergyPlus Weather % m
depth. Note positive values indicate that AS/NZS 4234 T,ater > Trdm), @S CONservative assumption.

Rockhampton TMY2 0.5m depth varies 18 to 27°C; AS/NZS 4234 cold water ranges 20 to 28°C.
Richmond TMY2 0.5m depth varies 12 to 23°C; AS/NZS 4234 (Sydney) cold water varies 11 to 23°C.
Canberra TMY2 0.5m depth varies 7 to 20°C; AS/NZS 4234 cold water varies 5 to 19°C.

Auckland TMY2 0.5m depth varies 12 to 19°C; AS/NZS 4234 cold water ranges 11 to 21°C.

Dunedin TMY2 0.5m depth varies 7 to 14°C; AS/NZS 4234 cold water ranges 5 to 16°C.



Infrared radiative cooling relationship to dewpoint and cloud cover

With regard to modelling infrared radiative cooling, particularly under clear sky conditions, a review of
models based upon dewpoint and cloud cover is provided herein. Because infrared sky radiation is
not generally measured by standard meteorological stations, it must be estimated from other
observations.

The phenomena of thermal radiation emission to the sky is modelled as hourly horizontal infrared
(HIR) radiation in the 87 TMY2 files that have been developed by NIWA for NatHERS 2012 and EECA
2008. The default condition, as specified by EnergyPlus Weather Converter is that Opaque Sky Cover
is taken at a constant 50% if cloud cover is not provided.

HIR = €y, X O X Tgp*
Tay = (HIR/0)" — 273.15
where
HIR is the horizontal IR intensity {W/m2}
Tsky is the radiative temperature of the sky if it were assumed to be a black body
€sy IS the emissivity of the sky
0 is Stefan-Boltzmann constant {5.6697 x 108 W/m2-K*}
Tqp is the absolute drybulb temperature {K}
According to Walton (1983) emissivity of the sky is calculated as follows
€y = (0.787 + 0.764 X 10g9(T4p/273)) X Feioud
where
Tqp is the absolute dewpoint temperature {K}
cloud cover factor, Fgoug = (1 + 0.0224 N — 0.0035 N2 + 0.00028 N3)
N is the opaque sky cover {tenths}
For clear sky (N=0) with temperature Ty, = 20°C+273 = 293K and dewpoint Ty, = 10°C+273 = 283K
In this example the emissivity of the sky, €4, = 0.787 + 0.764 x 0.031 = 0.811

Horizontal sky cooling, HIR = 0.811 x 5.6697 x 1078 x (293*) = 339 W/m?2

Other models of emissivity of clear sky are also related to dew point temperature.
€y = 0.787 + 0.0028 Tgp where Ty, is the dewpoint temperature expressed as °C

is known as the “trinity equation” (Clark and Allen 1978) while Chen et al. (1991) proposed the
following variation, still with linear proportionality to dewpoint:

€y = 0.787 + 0.006349 T4, where Tgp, is the dewpoint temperature expressed as °C



Martin and Berdahl (1984) utilize and intermediate temperature T, = 0.01 (Tdp-273)
€k = 0.711 + 0.01 T, x (0.56 + 0.73 T,)

Brown (1997) used parameters A;= -0.0103; A,= -6.1 x10-4; and A;= 6.1 x 10~® P, {kPa}

3 .
€gy = 0.65 + 0.41 P,2 x exp{i_, Ai(Ta-240)1}
which uses Py vapour pressure {kPa} instead of dewpoint as the independent variable.

The alternative models of clear sky emissivity are compared in figure 7, taken from Clear et al. (2001),
where analysis was limited by lack of sky long-wave radiation measurements. They employed Walton'’s
model, but did not justify why they believed it to be the most appropriate, but it seems likely that
extraction of vapour pressure for Brown'’s equation was not an attractive task when there appears to be
little difference from the simplistic Martin and Berdahl model based on dewpoint temperature.
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Figure 7 from Clear et al. (2001) Clear sky emissivity vs. dewpoint temperature as predicted by the
Walton, Martin and Berdahl, and Brown models. Two values of relative humidity are shown for the Brown
model. This figure was funded by US Department of Energy, Lawrence Berkeley National Laboratory.

Angstrom (1918) developed three-term empirical relationship between clear-sky emissivity and
Vapour pressure €gy = X1 + Xp X 103 which was simplified in two terms by Brunt (1932)

Esky = X1+ X3 X Pv
where x; = 0.55 +13% while x, = 0.65 hPa™"5 +32% (Iziomon, et al. 2003)
Wang and Ling (2009) recommended X; = 0.605 and x, = 0.048 hPa™'%

Duffie and Beckman (1991) reviewed sky temperature literature and commented that it is fortunate that
variations between alternative models do not have a substantial impact on the performance of solar
collectors. However they caution that sky temperature is critical in radiative cooling. Nearly horizontal



solar collectors can function as effective radiators to chill water in situations where night sky
temperatures are substantially below ambient air, but dust build-up will degrade performance. An
interesting correlation with ambient temperature Tq, {K}, dewpoint Tqp {°C} and hour from midnight
(Berdahl and Martin 1984) models sky temperature {K}.

Tay = Tap{0.711 + 0.0056 Tap + 0.000073 Tap? + 0.013 cos(15 t)}°'25

Cloudy sky HIR depends on either clearness index, cloud cover, or solar index — with various
methods yielding an accuracy of about 10% in Swedish case studies (Wallentén 2010),
recommending Dilley and O’Brian clear sky radiation with Kimball, et al. cloud adjustments.

P
Dilley and O’Brian (1998) use mm precipitable water w = 4650 ( V/-ro) to predict clear sky radiation

HIRgear = 59.38 + 113.7 (T,/273.16)¢ + 19.39 Vw

Vapour pressure Py is related to dewpoint by Tetens’ equation (Murray 1967)
Py = 0.61078 x exp[17.2694 x (Tq4p — 273.16)/(Tqp — 35.86)]

Kimball, et al. (1982) uses atmospheric transmittance in the 8-14 um band, T: = 1 - €, and the
fraction fs of black body radiation emitted in this band based on cloud temperature Teoud

Taoud  =Tab— 0.0065 Zgoud (nominal Teoud = Tap - 11°C)

fs =-0.6732 + 0.6240 X 1072 Tajoua - 0.9140 X 1075 Teioud®
zenith emissivity €s, =0.24 4+ 2.98 x 107 x P2 x P, 3000/

Ts =1-6,(1.4-04¢€s,)

HIRcloudy = HIRgyear + T C fs O Teaoud?
where cloud fraction C = N/10

Wang and Liang (2009) found that daily HIR has been increasing at a rate of 2.2 W/m? per decade
around the world due increases in air temperature, water vapour and CO, concentration.

Cloud Cover Remote Sensing
Satellite monitoring of cloud cover is well established (Ackerman, et al. 1998)

The Australian Bureau of Meteorology advises that the following channels are available for hourly
analysis, and so discussions are on-going to establish if the NatHERS 2012 files could be improved to
include night time cloud cover. Five bands are available within infrared coverage over Australia,
provided by the Japanese Meteorological Satellites that have informed the solar data that is now
included in the NatHERS 2012 TMY?2 files.

Band: 1 0.73 pym VIS Cloud and Surface Features 1km
Band: 2 10.8 ym IR Surface/Cloud-top Temp 4km
Band: 3 12.0 ym IR SFC/Cloud Temp, Low-level WV 4km
Band: 4 6.75 pm IR Mid-level Water Vapour 4km

Band: 5 3.75 um IR Low Cloud/Fog,Fire Detection 4km



The first band is of no use at night, so the 4km resolution bands 2 and 5 would suffice for cloud
detection. The difference between the brightness temperatures measured in the shortwave (3.75 pym)
and in the longwave (10.8 um) window regions can be used to determine if cloud is present.

Grey Literature Review

In addition, a comparative study of solar hot water system performance is provided with respect to
local meteorological conditions in terms of demand and solar resource at five key locations in
Australia and New Zealand. Trade literature and industry liaison were employed to nominate a
typical flatplate rooftop installation suitable for these locations: Rockhampton (QLD); Richmond
(NSW); Canberra (ACT); Auckland (North Island, NZ); Dunedin (South Island, NZ). Note that the three
Australian locations have been proposed by AS/NZS DR 102470, 102471, and 102472 (I1SO 16358-1,
2, and 3:2013) as representative of broadly defined residential heating and cooling demand zones
(“Hot/Humid”, “Mixed”, and “Cold/Icing”) based upon NatHERS Climate Zones 7, 28, and 24.

Although represented by Richmond (NSW) under the residential heating cooling scheme, Auckland
has been separately analysed in the present report as it is the dominant population centre of New
Zealand and also represents characteristics of the frost-free “winterless north” of the North Island.
Although represented by Canberra (ACT) under the residential heating cooling scheme, Dunedin is
the largest population centre beyond 45° latitude and exemplifies limited solar radiation and icing
problems.

It is relevant that the New Zealand House Energy Rating Scheme (NZHERS) files were developed by
NIWA with the same approach as the NatHERS 2012 files, and so are comparable.

Preliminary simulation with Transys 17
4.1 m? total collector area, installed on 25° north facing roof with 250 litre storage tank.

Assumed constant 38 MJ daily demand for 65°C hot water, heating from constant average
temperature based on 0.5 m ground temperature from TMY2 files.

76 | PR
TABLE 1 Defining 38 MJ daily demand

location inlet demand

s8MIh | y Rockhampton 225°C 214L/d
Richmond 17.0°C 189 L/d

Canberra 13.3°C 176 L/d

omih —d . Auckland 15.4°C 183 L/d
- = = = = Dunedin 10.8°C 168 L/d

Figure 8 Hourly load profile employed

Results of TRNSYS 17 simulations of the generic system are summarized in Table 2, with detailed
hourly plots in Figure 9a, 9b, 9c¢, 9d, and 9e. Reading the right-most column “Fsol” it is found that
Rockhampton requires only 1% auxiliary boost, while Dunedin would require boost to supply 32% of
hot water energy per annum. The seasonal efficiency of collectors ranges 28 to 32% EtaColl, with
the better performance in Dunedin due to the angle of installation. Note that IColl is the incident
solar energy on the tilted collector surface, while QuColl is the energy harvested and used by solar
hot water system.



Table 2 Summary results of preliminary simulations

location TIME IColl QucCaoll QDHW  QAux EtaColl FSol

Rockhampton 8760 8 kWh 11 M) 7 M) 0.1 M) 28% 0.99
Richmond 8760 7 kWh 10 MJ 8 M) 0.7 M) 30% 0.91
Canberra 8760 7 kWh 11 M) 9 MlJ 0.8 MlJ 29% 0.91
Auckland 8760 6 kWh 9MIJ 8 M) 1.5MJ 30% 0.82
Dunedin 8760 5 kWh 8 MlJ 9 MlJ 2.8 MJ 32% 0.68

Temperatures

200

10000

8000

6000

4000

2000

1251 2503

3754 ‘ 5006
Simulation Time =8760.00 [hr]

6257

7509

0
8760

Heat transfer rates

Figure 9a Rockhampton hourly results of storage temperature and booster demand
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Figure 9b Richmond hourly results of storage temperature and booster demand
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Figure 9c Canberra hourly results of storage temperature and booster demand
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Figure 9d Auckland hourly results of storage temperature and booster demand
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Figure 9e Dunedin hourly results of storage temperature and booster demand
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