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ABSTRACT

This paper presents results of a multi-purpose solar thermal
system that provides hot service water, space heating and space
cooling for residential use during all seasons in Pretoria, South
Africa. A pressurized system using evacuated tube solar
collectors with internal heat pipes to provide the required hot
water and a micro single-effect LiBr -H,O absorption chiller to
provide the required space heating and cooling was considered.
For the solar field, collectors consisting of 25-tubes (3.266 m?
each) are connected in parallel in a 3, 4 and 5 array field. In this
study, the focus was on determining the hourly performance
trends of the considered system using typical meteorological
year weather conditions. The performance of the system was
obtained by developing the system’s mathematical model whose
solution was obtained using Engineering Equation Solver (EES).
The model was validated using available experimental data and
good agreement was obtained. The absorption chiller model was
validated using data from ASHRAE and was shown to be valid
within £2.2%. From the analysis, results show that the 25-tube
collector with a 5 array field could operate without interruption
throughout the seasons, yielding tank temperatures at 111.75°C
and 95.18 °C for the summer and winter seasons, respectively.
However, the recommended system, with the lowest scalding
hazard risk, is that of the 25-tube collectors with a 4 array field.
This system produced a cooling capacity of 5.94-7.3 kW at a
cooling coefficient of performance (COP) of 0.78-0.8 in winter
and 4.24-5.94 kW at a cooling COP of 0.77-0.73 in summer.

INTRODUCTION

The South African solar thermal market is growing due to
increased interest in utilizing this technology for domestic solar
water heating (SWH) in residential areas to negate high energy
consumption from the common electrical geysers [1]. Several
studies have shown that these systems can reduce the monthly
consumption by 30%-50% [2]. However, most South African
households are not yet fully persuaded to invest in these
technologies. This may be due to factors such as low hourly
performance trends and lower maximum system capability, or
due to incorrect construction parameters that lead to
overdesigned systems. The lack of acceptance may also be due
to limited functionality, as with the single purpose SWH
currently offered in the residential market [1].
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Aside from domestic water heating, air conditioning creates
another high energy consuming application in buildings.
Currently, vapour compression systems, using significantly large
amounts of energy and using refrigerants that are harmful to the
environment, are commonly used for air condition in buildings
all over South Africa. According to the country’s energy
providers, heating, ventilation and air-conditioning (HVAC),
account for approximately 4000 GWh of electricity consumption
on an annual basis [3]. A space cooling and heating system
utilizing solar energy would assist in reducing environmental
impact and reduce electricity need.

NOMENCLATURE
0Q [wW] Heat transfer rate
m [ka/s] Mass flow rate
Ax [mm] Thickness
COP [-] Coefficient of performance
Cp [k/kg.K]  Specific heat
D [m] Diameter
h [J79] Enthalpy
L [m] Length
M [ka] Mass
P [kPa] Pressure
R [K/w] Thermal resistance
N W] Absorbed irradiance
T [°C] Temperature
UA [WIK] Overall heat transfer coefficient
14 [m?] Volume
X [-] Refrigeration-absorbent solution
X [-1 Refrigerant solution
DEM W] Demand
Special characters
& [-] Emissivity
n [%] Efficiency
p [kg/m?] Density
Subscripts
a Absorber
am Ambient
c Condenser
d Desorber
DwW Dewar tube
e Evaporator
f Fluid
hp Heat pipe
i Inlet/inner
INS Insolation
IT Inner tube
! Application loss
man Manifold
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Few solar thermal heating and cooling systems have been
installed or studied so far in South Africa. The first solar powered
space cooling unit was installed for cooling a network building
for MTN [4]. Bvumbe and Inambao [5] studied and later
implemented a cooling unit for a hospital in Pretoria. Although
this particular unit was decommissioned due to overdesigning
there are some initiatives regarding the use of such systems. The
adoption in the country is not widespread and these systems have
not been adopted for domestic use.

There are several studies on the design and construction of
micro capacity chillers (<10 kW) for residential use.
Nevertheless, the micro chillers remain commercially
unavailable. Franchini, et al. [6] modelled, designed and
constructed a 5 kW LiBr-H,O absorption chiller. They created a
computer code to analyze the system to demonstrate the
feasibility of such a chiller by changing operational parameters
of the cycle. Florides, et al. [7] presented a method to evaluate
the characteristics and performances of a single-stage LiBr-H,O
absorption machine. Theoretical equations for mass and energy
balances and the heat exchanger design for the machine were
solved with a computer program (EES). In a second study,
Florides, et al. [8] used TRNSYS to model an 11 kW LiBr-H,O
single-stage absorption chiller for a typical home in Cyprus. This
investigation was directed towards the long-term performance,
economic analysis, and global warming impact. The
investigators concluded that such a system is feasible, especially
with the environmental impact in mind. In Turkey, Atmaca and
Yigit [9] also studied such a system. A modular computer
program was developed to simulate various cycle configurations
and solar energy parameters. The results emphasize the effect of
hot water inlet temperatures on the coefficient of performance
and the surface areas of absorption cooling exchangers. Various
types of collectors were studied and it was concluded that the
evacuated tube collector (ETC) is the system of choice. Arsalis
and Alexandrou [10] designed and modelled a solar heating and
cooling (SHC) system to satisfy a single domestic home’s
thermal loads. The main purpose of the study was to model the
overall system and conduct a parametric study that determines
the optimum economic system performance in terms of design
parameters. Fong and Lee [11] studied the technical
effectiveness of SHC units for a typical village house in
subtropical Hong Kong. They investigated two systems that
consist of driving a single effect LiBr-H,O chiller by ETC’s. The
two systems are connected by either separated or integrated
collector arrays, in which a year-round dynamic simulation,
utilizing TRNSY'S, was performed. It was concluded that such a
system is technically feasible for such an environment and that
the integrated system performed better.
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As revealed in the previous studies, the design and
performance of a multi-purpose solar powered space heating and
cooling system depend on numerous factors such as the solar
array size, operational parameters, environmental conditions and
the type of refrigeration cycles used. It is also clear that few
South African studies have been undertaken to characterize the
performance of multi-purpose solar thermal systems. This
investigation focus on the prediction of seasonal hourly
performance trends. Moreover, the investigation of micro-sized
absorption systems specific for South African weather
conditions would improve the feasibility and understanding of
this kind of technology.

SYSTEM CONFIGURATION

Figure 1 shows the multi-purpose solar thermal system that
is considered in this study. An ETHPC absorbs available solar
radiation, heats up the heat pipes working fluid and transports
the heated fluid to the manifold. A pump circulates a secondary
fluid through the manifold, this fluid absorbs the heat and
transports it to storage Tank 1. Multiple storage tanks were
considered to provide the required demand and a relief valve is
used to relieve high pressures in the solar loop. An auxiliary
heater is used to assist in increasing the working fluid
temperature when a certain temperature tolerance is reached.
Tank 1 receives make-up water from the city supply, provides
water for tank 2 and is used to maintain the water temperature in
Tank 2. A secondary pump transports the hot water to Tank 2, in
which the occupant’s consumption is supplied, and the intended
application. The application can be switched between space
cooling (SSC) and heating (SSH) by means of the application
switch. The fluid that heats the thermally activated refrigeration
system returns to Tank 1 in which it is reheated and the cycle
repeated. Experimentally, the system parameters can be
measured by the equipment marked FM (flow meter), PM
(pressure transducer) and TM (thermocouple). Temperatures can
also be measured at state points throughout Tank 1 by the DTC
(differential temperature controller).

A single-effect LiBr-H,O absorption refrigeration system, as
identified in Figure 1 as the absorption cycle, is divided into two
cycles, namely a power cycle and a refrigeration cycle, as
represented on a Dihring chart in Figure 2. The power cycle
develops pressure for the condenser and the evaporator, similar
to a vapour-compressor system. This is accomplished in an
absorption refrigeration system by absorbing low-pressure
vapour into an absorbing liquid (absorber), which is then
transported, by means of a low powered pump, into a desorber.
The desorber introduces heat to the solution and releases a high-
pressure vapour. The vapour refrigerant then moves to the
refrigerant cycle. Meanwhile, the absorbent returns to the
absorber by passing through an expansion device to repeat the
cycle. The refrigeration cycle accepts the vapour refrigerant and
passes it through a condenser that releases the heat into the
surrounding  environment/component  (SSH). When the
refrigerant is cooled to a liquid state it is passed through the
refrigeration expansion device to satisfy the pressure difference
and enters the evaporator. The refrigerant absorbs the heat from
the surrounding environment/component and returns to the
absorber to repeat the cycle again (SSC)[12-14].
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Figure 1 The multi-purpose solar thermal system schematic

Relrigeration Power
cyele eyele

Solution Heat
Exchanger

Condenser

Refrigerant
Expansion Device —
Solution Expansion
Deviee

9

Dvaporator
10
17 et . 18 13
Qe

Temperature

Pressure

Absorber

Figure 2 The Duhring plot of a simple absorption system
illustrating the power & refrigeration cycle (modified from
Herold, et al. [14])

NUMERICAL METHOD

ETHPC system

The thermal electrical analogy of an evacuated tube with
internal heat pipe configuration collector (ETHPC) is illustrated
in Figure 3. ‘ :
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Figure 3 The electrical analogy for an ETHPC

Allowing for steady state performance of the collector, an
energy balance equation can be determined as

S= QlossDW + th = QlossDW + Qu + Qlossman 1)

In which, S is the product of the incident solar radiation and
the transmittance-absorptance product with regard to a chosen
sky model; onsspw the product of the overall heat loss of the
Dewar tube components; th the heat pipe rejected energy to the
circulating fluid flowing inside the manifold; Q,ossmun the heat
loss from the manifold itself; and Q,, the useful heat transferred
out of the collector into the required system.

A single simplified expression is developed for the useful
energy obtained from the ETHPC in terms of all collector
components, in which the absorbed solar radiation, manifold
fluid temperature, and ambient temperature are known:
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S _ Tf_Tam
1+Rpyr+Rcr 1+Rpyr+Rcr

. 1 1

= + 1+
Qu (RlossDW Rlossman (
th + Rcr)) (2)

In which, the following ratios are used in the numerical
manipulation

th _ Rcondw

th = & (3)

cr

RlOSSDW RLOSSDW

The temperature leaving the manifold can be acquired by
means of the formula [15]

Qu =1 * Cp * (Tfo - Tfi) (4)

Lastly, the collector efficiency can be obtained as the ratio of
actual useful heat to the absorbed solar radiation.
— %
n=- ®)
Storage system

Assuming a fully mixed (un-stratified) storage scenario, an
energy balance for a storage tank can be acquired as

Qs =Qu+XQ+ 0y (6)

Where the storage capacitance (Q,,), at uniform temperature
and operating over a finite temperature difference (ATy), is
expressed as

Qst = (M = Cp)s * (AT;)
In which, M is the mass of storage capacity.
Then, the rate of energy loss from the tank itself can be
expressed in terms of (UA), being the storage tank’s overall heat
transfer coefficient-area product and T, is the storage tank’s
surroundings environment temperature [15].
Qtl = UA)s * (Ts — T,

env)

()

®)

Considering the application load (Q,), the crucial parameter
of water consumption /demand (D EM) over a certain time period
can be determined [16] as

DEM =V # p » Cp » ST )

Y.Qi=DEM +Qq (10)

In which, m is the mass consumption rate for a set time
period, V is the volumetric consumption capacity, T the water
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distribution temperature, T,,,, the public main water temperature
and Q, the heat rate required for the absorption cycle. In
simulation, hourly repetitive water demand profiles should be
used [17, 18].

Generally, with some mathematical manipulation, the fully
mixed storage tank temperature to be supplied to the next
collector loop (T_,) can be obtained as by [16]

At

Ts—n = Ts +m* (Qu_ZQl - (UA)S * (Ts -
Tenv)) (11)

Absorption System

The cycle plot, shown in Figure 2, is modelled by assigning
mass and energy balances to each component of the system to
obtain the thermal properties of each state point. The mass and
energy balances are formulated for each component in Table 1
and Table 2. Note that x represents the refrigerant quality and X
that of the refrigerant-absorbent solution.

Table 1 Mass balances of the absorption cycle states

Component Mass balance State
Pump m; = m, LiBr-H,O
X=X, solution
SHX m, = ms m, = Mg LiBr-H,O
X, =X; X, =X; solution
SED Mg = 1ig LiBr-H.0
Xs =X, solution
Absorber myo + Mg = My LiBr-H,O
MygX1g + MeXg = My X, solution
Desorber my + M, = 1My LiBr-H,O
MyXy + 1Myx, = maX; solution
Condenser m, = Mg Inlet
X7 = Xg vapour
RED Mg = T Liquid
Xg = Xg refrigerant
Evaporator My = Myq Inlet liquid
X9 = X19

Table 2 Energy balances of the absorption cycle states

Component Energy balance
Pump W = m,h, — iy h,
SHX QSHX = myh, — mzhy = myh, — mshs
SED hs = hg
Absorber Qq = Myghyo + Mghg — My hy
Desorber Qq = Mmyhy + Mmyh, — m3h,
Condenser Q. = myh, — mghg

RED hg = ho
Evaporator 0, = myohy — Mghg

The performance of the system can be calculated after
completion of the component modelling. Using a similar method
to Stoecker and Jones [12] the cooling load coefficient of
performance (COP) can be calculated as:

Qe
COPcooling = 0 (12)

da

The COP for the heating load is calculated according to [14]

Qa+0c
COPheating = 0a = COPcooling +1 (13)

ENVIRONMENTAL CONDITIONS

In this study, a typical meteorological year (TMY) was
generated, based on data received from the South African
Weather Service (SAWS) for Pretoria (25.75°S, 28.21°E) [19,
20]. Figure 3 illustrates the irradiance and ambient temperatures
for 21 June (winter), and 21 December (summer). A maximum
wind velocity constant was taken as 7.3 m/s and 5.1 m/s for these
seasons, respectively [20].
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Figure 3 The solar irradiance and ambient temperature

The hourly repetitive water demand/consumption profiles used
for a typical South African townhouse are illustrated in Figure 4.
Water is supplied to users at 60 °C to eliminate bacterial growth,
as recommended by Duffie and Beckman [16].
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Figure 4 The average hourly water consumption for the winter
and summer seasons in South Africa for a 4 occupant family
[18]

COMPONENT SPECIFICATIONS

The ETHPC receivers consist of a borosilicate glass Dewar
tube (e,= 90%) with a copper internal heat pipe operating with
water as the internal fluid (saturation temperature of 25 °C). The
dry type pressurized manifold is operated at a pressure of
400 kPa (saturation temperature of 143.65 °C). The manifolds’
internal fluid is water, layered with a copper internal shell,
polyurethane foam insulation and a stainless steel outer layer.
The design specifications of the collector are shown in Table 3.
The storage tanks have a volume capacity of 150 kg each with a
U-Value of 0.16 W/m*K [16].

The single-effect LiBr-H,O absorption chiller theoretical
specifications are indicated in Table 4. These parameters were
selected to supply 4.678 kW heating and 4.505 kW cooling load,
at a cooling COP of 0.784 to a residential space at start-up. The
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system has a start-up temperature of 75°C and a minimum
evaporative exit temperature of 4 °C.

Table 3 Solar collector specifications [21, 22]

validated by comparing the models results with the results
obtained with a simulation investigation from ASHRAE [24].

Table 5 Comparison between experimental and model results

Component Parameter ~ Value Unit Time of day T nlet Texperimentat  Tmodet
D,, 58 mm 10:00:00 AM 44,4 47,74 47,7
Glass tube Dy, 462 mm 10:38:00 AM 49,4 53,03 52,5
L 1800 mm 14:20.00PM 50,9 55,57 55,3
ax 262 T/m 14:4500PM 42 47,04 46,8
Absorber tube coating 2 od (yo
g 8 0 Table 6 Absorption model vs. simulation results
mm T T T T
Copper evaporator 2 cop e Q. Q. Qa4 B
Ax 1.2 mm [KW] [kW] [kW] [kW] [kPa]
D, 14 mm Model 0.683 2193 3049 2352 3208 0.686
Copper condenser L 57.5 mm ASHRAE  0.68 2148 2984 2322 3158 0.697
Ax 1.2 mm Error % 054 209 218 129 158 149
D; 60 mm The model’s values are accurate to within 2.18% of the
Axr 2.4 mm simulation values. It is concluded that that the model accurately
Manifold Axys 100 mm predicts the performance of the absorption cycle. Therefore, it
Axyr 1.4 mm follows that the model is acceptable for study purposes and
Lo 75 mm accurately illustrates what is expected in practical application.
Table 4 Ab . | ificati TRENDS AND RESULTS
able sorption cycle specifications : This investigation is accomplished by analyzing only the
Component _ Parameter Value Unit hourly tank temperatures recorded from the array of parallel
UA 0.7 kW/K connected ETHPC’s. Considered collector parameters are shown
Desorber myy 0.2 kg/s in Table 7.
T . 5 . °C Table 7 Collector arrays investigation parameters
Cooling | Heating Parameter Value Unit
VA 0.7 0.7 kW/K Slope angle 30° Degrees
Absorber gz 0.2 0.2 kg/s Manifold mass flow rate 0.03 kg/s
Tis T, 24 °C Receiver array 25 Tubes
UA 0.7 0.7 kW/K 3 Array absorption area 9.80 m?
Evaporator my, 0.2 0.2 kg/s 4 Array absorption area 13.06 m?
Ty, 21 7, °C 5 Array absorption area 16.33 m?
Cond ,UA 8; 8; kl:N//K Figure 5 and 6 shows the periods when the system is active
onaenser 5 : ' Sk as a multi-purpose solar thermal system (SWH & SSC/SSH), the
Tis T, 24 C absorption machine limits has been met, and as such indicating
SHX 3 0.64 . the values on and above the boundary line, or only supplying hot
Pump m; 0.03 kg/s water to occupants (SWH), below the boundary line.

Validation of Numerical Models

The model results that evaluates the thermal characteristics
and performance of the solar collector was compared with results
obtained from an experimental study by Jafarkazemi, et al. [23].
When the developed EES Program is solved for a 4 tube collector
and using the environmental conditions used in their study, the
obtained outlet temperatures are compared, as shown in Table 5.
The model is accurate within + 3% of the experimental values.
As such, we can conclude that the model accurately predicts the
performance of an ETHPC.

Likewise, the model developed for evaluating the thermal
characteristics and performance of the absorption cycle is
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In both these figures, it is illustrated that the 25-tube receiver
collector mounted with 5 arrays produces the highest tank
temperatures and are able to operate the absorption cycle during
both seasons without failing, yielding tank temperatures at
111.75 °C and 95.18 °C for the summer and winter seasons,
respectively. However, this system configuration can produce
temperatures hazardous to residential users, presenting the risk
of scalding, overheating and early corrosion of the components.
For these reasons, a system producing lower temperatures is
preferred such as that of the 25-tube collector with 4 arrays. This
system produced a cooling capacitance of 5.94-7.3 kW at a
cooling COP of 0.78-0.8 in winter and 4.24-5.94 kW at a cooling
COP of 0.77-0.73 in summer.
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In Figure 7 the 25 collector with 3 array is shown. It can be
visualized that the temperature curve fluctuates with the heat
demand variations when the system is operating in the SWH or
SWH & SSC/SSH zone. Although the water consumption load
profile remained the same (Qpemana), the total usage load
(Qusage) increased in periods in which the absorption machine is
operable. In these periods the tank temperature for the following
collector loop (T,_,,) decreases due to the netto usage surpassing
the collector arrays’ net useful heat (Q,), obtaining a negative
storage capacitance (Q,).
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Figure 7 Hourly storage capacitance and temperature drops
observed in a multi-purpose solar thermal system in June

CONCLUSION

In this investigation, a numerical model was developed and
implemented in Engineering Equation Solver to investigate the
dynamic performance trends of a multi-purpose solar thermal
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system. To validate this model for evaluating the thermal
characteristics and performance of the solar collector and the
absorption cycle, the results from this study have been compared
with results obtained from previous literature and found within
the good agreement to produce reliable results.

The tank temperature curves fluctuating in the SWH and
SWH & SSC/SSH zones was observed in regards to the usage
load variations when the absorption cycle is operable. It was
observed that the 25-tube collector with 5 parallel connected
array configurations produced the highest tank temperatures and
would be able to operate the multi-purpose solar thermal system
in both seasons. However, temperatures hazardous to residential
users might develop. Considering this hazard, the 25-tube
collector with 4 arrays was viewed to be more acceptable to
utilize.
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