2.1.  System description

Typical solar water heating systems used in temperate climates consist of a hot
water storage tank, control unit, pump station and either flat plate or evacuated tube
collectors. The HP-ETC employed in this study was south facing and inclined at 53°, equal to
the local latitude of the location. The hot water tank was installed nearby in the building’s
plant room. The solar circuits consisted of 12 mm diameter (outside) copper pipes insulated
with 22 mm thick Class O Armaflex. All pipe fittings were insulated to reduce heat losses.
The solar circuit pipe length supply and return were 14 m and 15.4 m respectively.

The collector was a Thermomax HP200 consisting of a row of 30 evacuated heat
pipe tubes and an insulated water manifold. It had two separate circuits, one in each
individual tube inside the heat pipe and one in the manifold through which the solar fluid
circulates. The collector had a total collector plate (absorber) surface of 3 m? and the tubes
had a vacuum level of 10° mbar based on the manufacturer’s specifications. Fig. 2 shows

pictures of the Thermomax HP200 collector and details of the heat pipe tubes and manifold.

v

HP200 co

— -

iifold Heat pip

Fig. 2. Thermomax HP200 collector, heat pipe evacuated tubes and manifold.
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The stainless steel hot water tank (model HM 300L D/coil U44332) was 1,680 mm
high with a diameter of 580 mm and an operating pressure of 3 bar. The tank was equipped
with an electric immersion heater of 2.75/3.0 kW capacity located at the middle of the tank.
The tank had a heating coil with surface area of 1.4 m?and a rating of 21 kW.

The hot water demand profile employed was the EU reference tapping cycle number
3 (see Fig. 1), equivalent to a daily energy output of 42.1 MJ representing 199.8 litres of
water at 60°C. It is based on hot water use of the average European household described in
the European Union mandate for the elaboration and adoption of measurement standards
for household appliances EU M324EN (European Commission, 2002).

An automated hot water dispensing unit was designed and incorporated into the
SWHS to draw-off water from the hot water tank in such a way as to mimic real life
operation by households. The unit includes a programmable logic controller (PLC),
contactors, relays, electrical fittings, solenoid valve, thermostat and impulse flow meters. A
software program was written to control the auxiliary heating system as well as opening and
shutting the solenoid valves.

Fig. 3 shows a flow chart of the daily operation of the PLC. The PLC turned on the
immersion heater at the middle of the hot water tank between 5-8 am and 6-9 pm daily just
before the two peak hot water draw-offs to ensure that hot water was available when
needed. An analogue thermostat placed at the top of the hot water tank was set to turn off
the electricity supply to the immersion heater when the temperature of the water at the top
of the tank exceeded 60°C. Hot water was dispensed using a solenoid valve that was opened
and closed using signals from the PLC. A pulse flow meter (1 pulse per litre) installed at the

end of the solenoid valve was used to count the number of litres of water extracted from



the hot water tank. The solenoid valve was closed when the required volume of water was
dispensed based on the water demand profile (see Fig. 1).

Fig. 4 shows a schematic diagram of the experimental setup of the SWHS
components and the position of the thermocouple sensors. Parameters measured include
the following: solar fluid temperature at the collector outlet (Tc,0), water temperature at
the bottom of the hot water tank (Tb,t), water temperature at the middle of the hot water
tank (Tm,t), solar fluid temperature at inlet to the solar coil (Tsc,i), solar fluid temperature at
the outlet from the solar coil (Tsc,0), solar fluid temperature at inlet to the collector (Tc,i),
cold water inlet temperature to the hot water tank (Tcw,i), hot water supply temperature

(Thw,0) and the volume flow rate of the solar fluid.
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the immersion
heater

Close solenoid

Supply power to valve
the immersion
heater

Fig. 3. Flow chart of the daily operation of the PLC
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Fig. 4. Schematic diagram of the experimental setup.
2.2 Data measurement and logging

The SWHS was equipped with a RESOL DeltaSol M solar controller which had relay
inputs to control the operation of the solar pump station. It also had temperature sensor
inputs onto which PT1000 platinum resistance temperature sensors were connected to
measure water and solar fluid temperatures (Tc,0-Thw,0) shown in Fig. 3. The volumetric
flow rate of the solar fluid was measured using RESOL V40-06 impulse flow meters which
react at 1 litre per pulse. RESOL DL2 data loggers were used to store data every minute from
the RESOL DeltaSol M solar controllers via RESOL VBus cables. DL2 data loggers were
equipped with a secure digital (SD) drive and a local area network (LAN) port for direct
connection to a personal computer (PC). Data from the loggers was extracted using a Web
browser or an SD card and then converted to text format using the RESOL Service Centre
Software.

Global solar radiation on the collector’s surface, ambient temperature and wind
speed data were measured using a weather station consisting of an SMA Sunny Sensor Box
equipped with an ambient temperature sensor and an anemometer. The solar radiation
sensor had an accuracy of 8% and a resolution of 1 W/m?. The PT1000 platinum

temperature sensors had an accuracy of +0.5°C while the ambient temperature sensor was



a JUMO PT 100 U type with accuracy of +0.5°C. The anemometer was a Thies small wind
transmitter with accuracy of +5%. Weather data was logged at 5 minute intervals using a
Sunny Box WebBox.
3. Energy performance analysis

The energy performance indices evaluated in this study include: energy collected,
energy delivered and supply pipe losses, solar fraction, collector efficiency and system
efficiency.
3.1.  Energy collected

The useful energy collected by the solar energy collector is given as (Kalogirou,
2009):

Q. =mC (Tc,0—-Te,i) (1)

3.2.  Energy delivered and supply pipe losses

The useful energy delivered by the solar coil to the hot water tank is given as

Q, = r'nCp (Tsc,i—Tsc,0) (2)

Supply pipe losses were due to the temperature drop as the solar fluid flowed
between the collector outlet and the solar coil inlet to the hot water tank. These losses were

calculated as:

Q, =mC, (Tsc,i—Tsc,i) (3)

3.3.  Solar fraction
The solar fraction (SF) is the ratio of solar heat yield to the total energy requirement

for water heating and is given as (The German Solar Energy Society, 2007):

Q

SF=—2—
Qs + Qaux (4)
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3.4.  Collector efficiency
The collector efficiency was calculated as (Sukhatme, 1998, Duffie and Beckman,
2006):

_ mC_ (Tc,0-Tc,1)
ACGt

e (5)

3.5.  System efficiency
The system efficiency was calculated as (Sukhatme, 1998, Duffie and Beckman,
2006):

_ mC, (Tsc,i—Tsc,0)
ACGt

M (6)

4. Results and discussions
4.1.  Daily performance

Three days representative of typical weather conditions prevalent in Ireland were
used to analyse the daily performance of the HP-ETC SWHS. They consist of heavily overcast
sky (28/01/2010), clear sky (04/06/2009) and intermittent cloud covered sky (23/10/2009).
Fig. 5 shows plots of solar radiation during the three days. The maximum daily solar
radiation was 339.2 Wm™ on the heavily overcast day, 917.2 Wm™ on the clear sky day and
701.3 Wm™ on the day with intermittent cloud cover. Fig. 6 shows plots of ambient air
temperature and wind speed. The maximum ambient air temperatures and wind speeds
were: 8.5°C and 7.9 ms™ on the heavily overcast day; 22.0°C and 4.5 ms™ on the clear sky

day; 15.7°C and 5.1 ms ™ on the day with intermittent cloud cover.
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4.1.1 System temperatures

Fig. 7 shows plots of daily variation in solar fluid temperature at the collector’s outlet
(Tc,0), water temperature at the bottom of the hot water tank (Tb,t), cold water inlet
temperature to the hot water tank (Tcw,i). It is seen that a rise in Tc,0 due to solar gain
through the collector causes a delayed increase in Th,t. The time lag is caused by the time it
takes for heat exchange between the solar fluid and water in the tank as well as conduction
through the tank fluid to the sensor Tb,t. Cold water supply was from a tank located in the
boiler room of the building on which the experimental rig was installed. Short term
variations in Tcw,i were as a result of changes in water temperature in the boiler room

where the hot water tank was installed.
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Fig. 7. Daily variation of Tc,0, Th,t and Tcw,i.
Fig. 8 shows plots of daily variation of solar fluid temperature at the collector outlet

(Tc,0), water temperature at the bottom of the hot water tank (Tb,t) and water temperature
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at the middle of the hot water tank (Tm,t). It is seen that a rise in Tc,0 causes an increase in
both Th,t and Tm,t with both of them lagging behind Tc,o for the same reason explained
above. During the heavily overcast and intermittent cloud covered sky days, the immersion
heater is called on twice (in the morning and evening) while it is called up only in the
morning during the clear sky day since the solar coil raises the water temperature in the
tank to the desired level during the daytime period. Th,t and Tm,t remained very close

throughout the heating period with the solar coil during the clear sky day.
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Fig. 8. Daily variation of Tc,0, Th,t and Tm,t.

Fig. 9 shows plots of daily variation of water temperature at the bottom of the hot
water tank (Tb,t), water temperature at the middle of the hot water tank (Tm,t) and hot
water supply temperature (Thw,0). Due to difficulties in inserting the thermocouples at the
top of the hot water tank, the water temperatures at the top of the tank were considered to

be the same as the maximum values of Thw,0 measured during hot water draw-offs. It is
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seen that during heavily overcast days, Thw,o drops to about 30°C as water is continuously
withdrawn from the tank using the tapping cycle. However, during the clear sky day, Thw,o
did not drop below 50°C due to the relatively greater quantity of heat delivered by the solar
coil throughout the day time. This shows that for a continuous stream of clear sky days, the
SWHS would provide all the hot water required in the evening with a reduced quantity of

auxiliary energy required in the morning.
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Fig. 9. Daily variation of Th,t, Tm,t and Thw,o.

The immersion heater at the middle of the tank was programmed to switch on
between 5-8 am and 6-9 pm daily. An analogue thermostat installed at the top of the tank
was used to maintain the water temperature around 60°C. This ensured that hot water was
available in the tank when needed to satisfy the largest hot water demands at 7:05 am, 8:05
am, 8:30 pm and 9:00 pm as shown in Fig. 1. The timing was such that there was always

enough cold water at the bottom of the hot water tank to be heated by the solar coil during
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even on a clear sky day (04/06/2009) when no auxiliary energy was required from the
immersion heater in the evening. On the other hand, during a heavily overcast day
(28/01/2010) or intermittent cloud covered day (23/10/2009) the immersion heater was
used to heat water in the tank both in the morning and evening.
4.1.2. Solar fluid mass flow rate

Fig. 10 shows variation of the solar fluid mass flow rate during the three days. On the
heavily overcast day the pump cycled on and off regularly to a peak of 0.167 kgs™ but ran
mostly at 0.047 kgs™. During the clear sky day the pump operated at four different flow
rates 0.047, 0.062, 0.092 and 0.167 kgs . The flow rate during solar noon was 0.092 kgs™.
During the intermittent cloud covered sky day the pump ran at three different flow rates
0.047, 0.062 and 0.167 kgs™. Table 1 shows the percentage of time the SWHS pump

operated at different flow rates.
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Fig. 10. Solar fluid mass flow rate.
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Table 1: Percentage of time the SWHS pump operated at different flow rates

Percentage (%)
Intermittent
cloud covered

Flow rate Clear sky day day Overcast day

(kgs-1) (04/06/2009)  (23/10/2009) (28/01/2010)
0.047 40.0 82.6 90.0
0.062 38.9 11.4 0.0
0.092 19.8 0.0 0.0
0.167 1.4 6.0 10.0

4.1.3. Energy collected

Fig. 11 shows the energy collected by the HP-ETC system. The total daily energy
collected was 187.8 MJ on 28/01/2010, 3,337.4 MJ on 04/06/2009 and 627.5 MJ on
23/10/2009. It can be seen that the system operates even during low levels of solar
insolation at sunrise and sunset, and during days characterised by intermittent cloud
covered skies. This has an impact on the quantity of energy collected since short
intermittent flows of the solar fluid tended to carry heat away from the hot water tank and
dump it in the supply line to the collector leading to energy losses as seen in Fig. 11. The
resulting energy losses were 5.1 MJ on 28/01/2010, 7.1 MJ on 04/06/2009 and 14.3 MJ on
23/10/2009. This leads to a reduction in the energy collected and, in some periods during

the cold winter months to net negative daily energy balances.
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Fig. 11. Energy collected.

4.2.  Monthly Performance
4.2.1. System temperatures

Fig. 12 shows maximum recorded monthly water temperatures at Tc,0, Th,t, Tm,t,
Tcw,i and Thw,o0. The maximum monthly water temperatures at Tm,t and Thw,o were fairly
constant throughout the year around 59.0°C and 65°C. Maximum monthly water
temperatures at Tc,o0 varied between 35.9°C in December and 70.3°C in April, Tb,t varied
between 26.7°C in December and 59.5°C in June while Tcw,i varied between 18.5°C in

January and 28.2°Cin June.
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Fig. 12. Maximum monthly water temperatures at Tc,0, Tb,t, Tm,t, Tcw,i and Thw,o.
4.2.2. Energy collected, delivered and losses

Fig. 13 shows monthly and annual average daily global solar insolation on the
collector’s surface, energy collected and delivered to the hot water tank as well as supply
pipe losses. The monthly average daily global solar insolation on the collector’s surface
varied between 13.0 MJd’ in December and 49.7 MJd™ in June, energy collected varied
between 6.1 MJd™ in December and 34.2 MJd™ in June, energy delivered varied between
5.4 MJd™ in December and 27.7 MJd™ in June while supply pipe losses varied between 0.7
MJd™ in December and 6.5 MJd" in June. Annual average daily solar insolation on the
collector’s surface was 32.2 MJd™, energy collected was 20.4 MJd™, energy delivered was

16.8 MJd™* and supply pipe loss was 3.6 MJd™.

19



B Solar insolation B Energy collected FlEnergy delivered O Supply pipe losses
50 =

45 o

40 A

Energy (MJd?)
&

R A e T

H
o

AR

R S R S ]

P e S

May R e e e e e e e e e sy
Ul ST ee

Aug KRS RaR LT L LS

Jun

Average oo ey

Month
Fig. 13. Monthly and annual average daily global solar insolation on the collector’s surface,
energy collected, delivered and supply pipe losses.

For an annual global solar insolation on the collector’s surface of 11,760.3 MJ, a total
of 7,435.1 MJ was collected while 6,121.1 MJ was delivered to the hot water tank. Heat
losses along the supply side of the solar circuit occurred especially at high collector outlet
temperatures. The total annual supply pipe heat loss for the SWHS was 1,314.0 MJ
corresponding to 17.7% of energy collected by the HP-ETC and 21.5% of energy delivered to
the hot water tank. The supply pipe length should therefore be kept as short as possible and
all joints insulated to reduce heat losses. However, this was not the case for our test rig
since the hot water tank was located inside the boiler room of the building on which the HP-
ETC was installed.

4.2.3. Energy extracted, auxiliary energy and solar fraction
Fig. 14 shows monthly average daily and annual average energy extracted from the

hot water tank, auxiliary energy supplied by the electric immersion to the hot water tank
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and solar fraction. The monthly average daily energy extracted varied between 46.4 MJd™ in
January and 51.5 MJd™ in April to August. The auxiliary energy varied from 23.4 MJd! in
June to 41.8 MJd™ in December. The solar fraction varied between 11.5% in December and
54.2% in June. The annual average daily energy extracted was 49.6 MJd™, auxiliary energy
was 32.8 MJd™ and solar fraction was 33.8%.

€0 FFEnergy extracted from tank E=3Auxiliary energy supplied =#=Solar fraction (%) €0

L 50
L 40

- 30

Energy (MJd?)
3
Solar fraction (%)

- 20

10 + + 10

S ]
A RN

L e SR S R e

Mar oo oo
L

A N ANNINNNNY
OO AR

Aug
Sep
Nov
Dec

C e}
© (0]
- [

Average Pt

Month

Fig. 14. Energy extracted, auxiliary energy and solar fraction.

4.2.4. Collector and system efficiency

Fig. 15 shows monthly average daily collector and system efficiencies. The average
daily collector efficiency varied from 47.2% in December to 71.4% in May while the system
efficiency varied from 41.7% in December to 58.7% in May. The annual average daily

collector efficiency was 63.0% while the system efficiency was 52.0%.
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Fig. 15. Monthly average daily collector and system efficiencies.
5. Conclusions

The year-round energy performance analysis of a commonly installed SWHS with HP-
ETC in a temperate climate was carried out using a field trial installation in Dublin, Ireland.
The SWHS was designed and operated to mimic real life operation taking into consideration
interaction between the HP-ETC, storage tank and users. An immersion heater was used to
supply auxiliary energy when the solar coil was unable to raise the tank water temperature
to the required temperature.

Results showed that for an annual global solar insolation on the collector surface of
11,760.3 MJ, a total of 7,435.1 MJ was collected while 6,121.1 MJ was delivered to the hot
water tank. For 11,973.3 MJ of auxiliary energy supplied to meet the total hot water
demand of 18,100.4 MJ, the annual solar fraction was 33.8%. Annual average daily energy
collected, energy delivered by the solar coil, supply pipe losses were 20.3 MJd™*, 16.8 Mid™

and 3.6 MJd™ respectively. Annual average solar fraction, collector efficiency and system
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efficiency were 33.8%, 63.2% and 52.0% respectively. The maximum recorded collector fluid
outlet temperature was 70.3°C while the maximum recorded water temperature at the
bottom of the hot water tank was 59.5°C.

The total annual supply pipe heat loss for the SWHS was 1,314.0 MJ corresponding
to 17.7% of energy collected by the HP-ETC and 21.5% of energy delivered to the hot water
tank. The solar circuit supply pipes should therefore be kept as short as possible in order to
reduce energy loss. The low thermal mass of a HP-ETC causes it to absorb solar radiation
and transmit heat quickly to the solar fluid. Therefore, during heavily overcast or
intermittent cloud covered days, the solar controller would intermittently switch the
circulation pump on and off since it operates based on temperature difference between the
collector outlet temperature and bottom of the hot water tank. This resulted in an energy
loss of 5.1 MJ on 28/01/2010, 7.1 MJ on 04/06/2009 and 14.3 MJ on 23/10/2009. A better
pump control strategy for heavily overcast and intermittent cloud covered days could result
in an improvement of the HP-ETC SWHS.

A comparison of the results from this study against those from the study carried out
by Building Research Establishment (2009) revealed that HP-ETCs would generate 2,478.4
MIm?2 while flat plate collectors would generate 1,755.4 MJm™ of heat in northern maritime
climates. This shows that HP-ETCs are more efficient than their flat plate counterparts when

operating as components of a solar water heating system.
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Nomenclature

Ac collector area (m?)

Co specific heat capacity of solar fluid (Jkg*K™)

G total global solar radiation on the collector’s surface (Wm’z)
m solar fluid mass flow rate (kgs™)

Qa.ux  auxiliary heating requirement (MJ)

Q. useful heat collected (J)

Qq useful heat delivered (J)

Q supply pipe heat loss (J)
Qs solar yield (MJ)

SF solar fraction (%)
Ne collector efficiency (%)
Ns system efficiency (%)
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