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Abstract

The demand for air conditioning is increasing due to
changing architectural trends and increased stan-
dards of living and indoor comfort conditions.
Coupled to this, refrigerants used in conventional
refrigeration systems have detrimental effects on the
environment. As a result, there is an urgent need to
implement environmentally cleaner ways of satisfy-
ing this air-conditioning demand. Absorption cool-
ing systems have shown great potential to do so. In
this study, system performance data for an
autonomous solar heating and cooling system
installed at the Vodafone Site System Innovation
Centre, at the Vodacom Campus in Midrand was
collected and analysed. The system comprises a
116 m? vacuum tube collector array, a 6.5 m3 hot
water storage tank, a 35 kW LiBr-Water absorption
chiller, 1 m® of cold water storage, a dry cooler for
the chiller, and two underground thermal stores to
pre-cool the supply air to the building and the dry
cooler respectively. System performance data was
collected from the beginning of December 2011 to
the end of January 2012 and used to estimate the
system long term performance. The chiller has an
average coefficient of performance (COP) of 0.51
whilst the solar COP has an average value of 0.24.
The total installation cost is R2 822 436.89, with an
annuity of R225 949.75 and a cost per kWh of
R28.88.

Keywords: solar powered absorption cooling, LiBr-
water, system performance, economic performance

Nomenclature

CcvV Capital value

d Basic interest rate

f Inflation

G; Incident solar energy
N Life time of the plan

PVF(N,f,d) The present value factor

P(t) Investment at time

t Time

T, Ambient temperature

Tom Collector average temperature

1. Introduction
Heating Ventilation and Air Conditioning (HVAC)
contributes approximately 5 400 MW to electricity
demand, which is roughly 15% of the peak load
demand. In total, every year HVAC systems utilize
4 000 GW of electricity in South Africa (Eskom,
n.d.). Due to the prevailing electricity shortages and
ever increasing energy prices, there is now an
increased need for cooling systems that use working
cycles that can be driven by renewable energy such
as solar, wind, geothermal and biogas, whilst at the
same time, having minimum impact on the envi-
ronment. The solar radiation levels in South Africa
are among the highest in the world. As a result,
solar energy has the potential to supply a sizeable
percentage of the cooling energy demand. The
annual 24-hour solar radiation average for South
Africa is 220 W/m?2. Most of the interior geography
of the country receives an average insolation in
excess of 5 kWh/m?/day with some parts of the
Northern Cape averaging 6 kWh/m?2/day (Haw and
Hughes, 2007). In general, solar cooling is an
attractive idea because the cooling loads and avail-
ability of solar energy are approximately in phase.
The most common type of thermally driven
technology used globally to produce chilled water is
absorption cooling. The absorption cooling system
is characterized by high reliability, silent operation,
long service life, simple capacity control and low
maintenance costs. This makes it a genuine candi-
date for efficient and economic use of solar energy
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for cooling applications. Absorption systems use
low temperature thermal energy collected from the
sun without converting it into mechanical energy as
is the case in vapour compression systems. The
basic physical process in an absorption system con-
sists of at least two chemical components, one of
them serving as the refrigerant and the other as the
absorbent. For air-conditioning applications,
absorption systems commonly use lithium bromide-
water or ammonia-water working pairs. LiBr-water
absorption units are the most appropriate for solar
applications since low cost solar collectors may be
used to power the generator of the machine. The
NH;s-water machine requires high generator tem-
peratures in the range of 125-170°C (Duffie and
Beckman, 2006). This temperature requires the use
of medium concentration ratio parabolic collectors,
which have increased maintenance requirements.
The LiBr-water machine requires a temperature in
the range 75-120°C, which is easily achieved using
flat plate or evacuated tube collectors. The LiBr-
water machine has a higher coefficient of perform-
ance (COP) than that of the NHj-water machine
and costs less (Duffie and Beckman, 2006; Mittal,
Kasana and Thakur, 2006; Henning, 2005; Hang,
Qu and Zhao, 2011; Agyenim, Knight and Rhodes,
2010; Casals, 2006). One of the reasons the NHjs-
water machine is more expensive is because it
requires a rectifier to prevent any water vapour
entering the evaporator.

In this study, we monitor a solar powered HVAC
system and report on its performance and cost.

2. System description

The Vodacom Campus is located in Midrand (with-
in greater Johannesburg) at a latitude of
25°5814”S and a longitude of 28°7'37”. This area
receives on average of 3 128.3 hours sunshine a
year. The key weather parameters for Johannes-
burg are presented in Table 1.

The Vodafone Site Solution Innovation Centre
(Vodafone SSIC) is the first 6 Green Star SA accred-
ited building in South Africa. In this building, two
types of solar technologies are used: a photovoltaic
(PV) system to generate electricity and a solar ther-
mal system that provides heating and cooling
through a solar absorption system. This study focus-
es on the solar powered absorption system. This is
a solar autonomous thermal heating and cooling
system to maintain room temperature at comfort-

able levels throughout the year. Two rock storage
facilities are located under the building: one pre-
cools the supply air to the building so that the cool-
ing load is reduced and the other pre-cools the sup-
ply air to the dry cooler at ambient air temperatures
to facilitate heat rejection.

The system also includes a 116 m? evacuated
tube collector array, a 6.5m? hot water storage tank,
Yazaki WFC10 absorption chiller with a dry cooler
for heat rejection, a 1m? cold storage tank, a ther-
mally activated slab and a dehumidification system.

3. Building loads

In Johannesburg, the average ambient tempera-
tures are highest in the period from November to
April and the cooling requirements follow the same
pattern. During this period, the temperatures fall to
about 15°C after midnight and these mild tempera-
tures are responsible for the observed low heating
requirements. The outside ambient temperatures
start falling below 10°C in April and hence the heat-
ing loads for the building start steadily increasing
reaching their peak in July. The load profile for the
office building in this study is shown in the Figure 1.
The maximum cooling load is around 20 kW and is
experienced during the period November to
February whereas the maximum heating load is
22.5 kW and is recorded in July. The annual cool-
ing demand is 18.4 MW and the annual heating
demand is 3.2 MW.

The peak sizing for the cooling system was
based on January 15, 2002. The cooling for the
building increases steadily from morning as the
ambient temperature and incident solar irradiation
increases. The peak cooling load occurs later in the
day instead of around midday when the solar ener-
gy is at its maximum. This delay is due to conduc-
tion of the incident solar energy by the walls, roof
and windows of the building. This heat energy is
transferred to the cooling space by convection. The
peak load is 24.87 kW and occurs at 16:30 and the
average load is 8.86 kW. This particular day experi-
enced an average dry bulb temperature of 24.4°C,
with a maximum of 30°C being recorded at 15:00.
The distribution of the cooling for this day is shown
in Figure 2.

In winter, the system provides heating for the
building. A three-way valve is used to bypass the
chiller in winter so that hot water can be delivered
from the hot water storage tank directly to the air

Table 1: Weather parameters for Johannesburg
(New, Lister, Hulme and Makin, 2002)

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Insolation, kWh/m?2/day 6.70 6.10 5.46 4.77 421 3.80 4.08 4.78 5.69 5.98 6.29 6.62
Maximum Temperature 256 251 24.0 21.1 18.9 16.0 16.7 194 22.8 23.8 242 252
Wind speed, m/s 3.62 350 3.37 3.54 3.74 404 418 4.74 495 4.73 431 3.77
Monthly sun hours 2511 224 239 237 276 267 2852 2852 282 269.7 249 264
Journal of Energy in Southern Africa * Vol 26 No 1 « February 2015 107



25
I T otal Cooling
— A HU Heating |
EZ'EI '
-
E I
815 - L, |
[=1:]
E
e
5
E
]
8 s
0
OO A NN mq-q-q-%mmml.n W= =
IR e e e =L L =R A T3] thcmmmmmtﬂﬁ&
e B s W W W W B s e ol ol o P U BT N NV N W ol o el i 4

Hour of the year [hr]

Figure 1: Load profile for the building
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Figure 2: Distribution of the cooling load for
January 15, 2002

handling unit and the thermally active slab. The
heating energy demand rises quickly in the morning
and reaches its peak before midday. The high
demand in the morning can be attributed to lower
temperatures and incident solar irradiation in the
morning. As the day progresses and this ambient
temperature and incident solar radiation increases
the building energy demand steadily decreases. In
the summer of 2002 the highest heat demand expe-
rienced was July 21, with a maximum heating load
of 22.5 kW and an average of 6.64 kW.

The distribution of the heating load on that day
is shown in Figure 3.

4. Solar array performance

The collector had an average useful energy output
of 31.43 kW with a maximum value of 143.7 kW
on January 31, 2012, as shown in Figure 4.
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Figure 3: Distribution of heating load distribution
on July 21, 2002

There is a rapid rise in both the collector outlet
and inlet temperatures at 7:45 because that is the
time when the primary solar pump is switched on
and starts to circulate water in the collectors that
have already been warmed up by the early morn-
ing sun. The collector inlet is slightly greater than
the outlet at the beginning which is why no useful
energy is supplied by the collector. Once the outlet
temperature becomes greater than the inlet then
useful energy starts being supplied. The useful ener-
gy produced increases rapidly in the first hour and
then stays approximately constant throughout the
day. The graph shows that there is a fairly constant
change in these parameters throughout the day.

The evacuated tube collectors that are used in
this system are defined by the following equation:

n = 0.745 — 2.007 (") — 0.005 [@] (1)

ol
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Figure 4: Distributions of collector energy
output, inlet and outlet temperature on January
31, 2012

Where

T, Ambient temperature

T,, Collector average temperature
G; Incident solar energy

The third term on the right hand side of equa-
tion (1) can be neglected without any significant
effect on the collector efficiency. In the morning, the
collector average temperature is approximately
equal to the ambient temperature so that the collec-
tor efficiency is equal to the nominal efficiency of
0.745. There is a rapid increase in the difference
between the average collector temperature and the
ambient temperature and hence the sharp decrease
in the collector efficiency. As the incident solar ener-
gy increases, the efficiency starts increasing with a
distribution similar in shape to the solar energy dis-
tribution and reaches its peak around midday. The
incident solar then steadily decreases after midday
and consequently the collector efficiency does the
same. The distribution of the collector efficiency
given by the above equation is shown in Figure 5.

5. Absorption chiller performance

The distribution of the temperature streams going in
and out of the chiller is presented in Figure 6. The
chiller can be operated using water with a tempera-
ture of between 70°C and 95°C, but the system
control strategy states that the chiller will only start
producing cooling energy if the hot water tempera-
ture that is being delivered into the generator
exceeds 80°C. The system performance values
were recorded at 15 minute intervals and there are
96 data points for January 31, 2012. As shown in
Figure 6, 35 of the recorded values, representing
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Figure 5: Distribution of collector efficiency on
January 31, 2012
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Figure 6: Temperature distributions of the
chiller water streams on January 31, 2012

36.5%, were above 70°C. This means that the
chiller could have run for 36.5% of the time period
if required. The generator inlet temperature exceeds
the threshold value of 80°C for 28 of the recorded
values representing 29.2% of the time period.

It can be seen that the hot water stream temper-
atures rise sharply when the chiller is switched on at
9:00 after which they become fairly constant before
gradually falling after the chiller is switched off at
17:00. The chilled water return temperature starts
gradually decreasing at chiller switch on, and then
evens out as the day progresses. This is different
from the chilled water supply temperature, which
shows an up and down trend. This is because the
system control strategy requires that the chiller
switches off if the chilled water supply temperature
falls below 7°C. The same distribution is also seen
in the variation of the chiller COP and solar COP as
seen in Figure 7.

6. Thermally activated slab

Concrete Core Tempering also known as Thermally
Activated Building Systems (TABS) is a method of
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Figure 7: Distributions of COP and SCOP on
January 31, 2012

introducing heating or cooling into a concrete struc-
ture by means of embedding a series of pipes in the
concrete floor or cooling slab (REHAU Polymer
Limited, n.d.).. The cooling energy produced is
used to substitute the heating or cooling energy
generated by a central air-conditioning system. The
TABS acts by reducing the building cooling load
through radiant and convective cooling as the cold
water travels in the embedded pipes underneath
the floor. On January 30, 2012 the thermal store
provided an average energy output of 15.74 kW
with a maximum of 45.52 kW. As a result of this
large amount of cooling energy generated, the AHU
had a cooling rate of 3.96 kW which is approxi-
mately 15.3% of the total cooling capacity. The
thermal store satisfies the bulk of the cooling
demand. The energy is generated from the moment
that the slab pumps are switched on and the ener-
gy generation proceeds at a rate that is approxi-
mately constant. The input and outlet temperatures
of the TABS are also fairly even throughout the day.
The variations of these temperatures and the cool-
ing energy produced are shown in Figure 8.
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Figure 8: Distributions of the TAS water stream
temperatures and the cooling energy on
January 31, 2012
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7. Dehumidification fins

The TABS lowers the air temperature when the air
comes in contact with the cooled slab hence con-
densation of water vapour takes place on the floor.
To solve this problem, a dehumidification system is
integrated with TABS. The functions of the dehu-
midification fins are to maintain the building
humidity in the range 30-65%. There is a control
system that automatically switches the dehumidifi-
cation fins on at 8:00 and switches them off at
17:00. The dehumidification is achieved by passing
the air over a refrigerated coil. This cools the air
below dew point and the moisture is condensed
and drained out. The cold air produced is intro-
duced into the building airspace and this produces
a cooling effect. The fins provided an average cool-
ing capacity of 2.6 kW with a maximum of 11.1 kW.
The variations are shown in Figure 9.
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Figure 9: Distributions of the inlet and outlet
water temperatures and the dehumidification
fins cooling energy on January 31, 2012

8. Building environment

The system was designed to keep the building air-
space temperature between 20°C and 25°C. The
ambient conditions determine the amount of work
that the system has to perform for these desired
conditions to be maintained. On 31 January, 2012
there was an average ambient temperature of
23.82°C with a maximum temperature of 32.5°C.
The ambient humidity had an average of 58.82%
and a maximum of 76.6% as shown in Figure 10.
The solar cooling system was able to maintain the
temperature within the desired limits throughout the
day; the average building temperature had a mean
value of 22.47°C, a maximum of 24.9°C and a
minimum of 20.4°C. The humidity had an average
value of 57.6% with maximum and minimum val-
ues of 61.15 and 53.3% respectively.

9. Economic analysis
The costs of a solar powered cooling system can be
broken down into capital costs, operating costs and
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Figure 10: Distributions of the ambient and building humidity and temperatures on
January 31, 2012

costs for energy. The capital costs for the Vodafone
SSIC system are shown in Table 2.

Table 2: Vodafone SSIC system capital costs

Item Costs [Rands]
Air conditioning equipment 1,918,544.00
Solar equipment 559,422.89
Thermal store 388,350.00
Total installation value 2,866,436.80

To measure economic performance we use the total
cost of the cooling system. We make use of the
annuity method, where all cash flows are connected
into a series of annual payments of equal amounts.
The annuity is found by first calculating the net
present value (NPV) of all costs occurring at differ-
ent times during the project, i.e. by discounting all
costs to the time when the investment takes place.
The NPV is the total present worth of the gains from
the solar system compared to the electricity only
system. The capital value of the investment is made
up of the initial investment costs and any further
investments for component exchange in subsequent
years. This is calculated using the rate of inflation
and the basic interest rate (Pietruschka, 2010). The
capital value is given as:

B (1+£)F
CV—ZP(t)m (2)

Where:

CV Capital value

p(t) Investment at time t
t  Time

d Basic interest rate

f  Inflation rate

The prime interest rate set by the South African
Reserve Bank as of May 2012 was 5.75% and the
inflation rate was 9% (South African Reserve Bank,
2012). With these values the CV is found as R1 934
844.90.

The annual expenses for maintenance and plant
operation, which occur regularly during the life time
of the plant, are discounted to the present value by
multiplication of the expenses with the present
value factor (PVF). The PVF is given by the follow-
ing equation:

_1+f 1+ Y
PVF(N,f,d)——d_f[l—((1+d)) } (3)

Where:

PVF (N,f,d) The present value factor
N Life time of the plan

f 575

d 9

N 20

The PVF is calculated to be 2.08.

In the case of solar cooling plants, no annual
income is generated (Pietruschka, 2010; Edwards,
2011; Sakellari, 2005; Li and Sumathy, 2002). As a
result, the NPV is simply obtained from the sum of
discounted investment costs and the discounted
annual expenses. It is defined here with a positive
sign to obtain annuity values:

NPV =CV + EX.PVF(N, f,d) (4)

Where: EX Annual expenses

The annual expenses include maintenance
costs, energy and water costs. The maintenance
costs over the lifetime of the system are taken as 2%
of the initial capital investment and the average life

Journal of Energy in Southern Africa * Vol 26 No 1 « February 2015 111



of the system is taken as 20 years (Pietruschka,
2010). The annual expenses (EX) are found to be
R57 328.74. This consequently results in the NPV
for the system being equal to R2 054 088.64

To obtain the annuity, the NPV is multiplied by
a recovery factor,r; which is calculated from the dis-
count rate and the life time of the plant.

a = NPV.r{(N,d) 5)
Where:
r; Recovery factor and is given as:
d(1+d)N
TEA N -1 ‘6’

The recovery factor ryis calculated and found to be
0.11. The annuity for the system is R225 949.75.

The cost per kWh of cooling energy produced is
the ratio of the annuity divided by the annual cool-
ing energy produced (Sakellari, 2005). The cost per
kWh is R28.88.

10. Conclusions and recommendations

The use of solar energy to provide building cooling
energy using the absorption cycle has been demon-
strated. The costs of the installation and hence the
cost per kWh of energy produced is very high. This
is because the system is oversized to cater for peri-
ods when the incident solar energy is low. It is rec-
ommended that solar powered absorption systems
should be installed in combination with conven-
tional vapour powered system so as to reduce the
initial costs of the solar system. Further research
should be geared towards cost reduction and the
government can also introduce a rebate in order to
encourage uptake of solar powered absorption sys-
tems.
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