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EXECUTIVE SUMMARY 

Title of Project 

PV Solar System Design and Analysis for a Domestic Swimming Pool Pump. 

Objectives 

Investigating the shift in accessibility of solar energy for domestic use, targeting a 
large electricity consuming device - a domestic swimming pool pump. Analysing 
the rate of return, viability and performance of a photovoltaic solar power supply 
for a domestic swimming pool pump installation. 

Which aspects of the project are new/unique? 

Solar energy has found its place in the domestic appliance market in applications 
such as solar water heating systems. A new aspect of the project is focusing on a 
system, rather than a device in itself, using photovoltaic solar technology to 
power a domestic swimming pool pump. The focus is on designing a cost 
effective and efficient system that incorporates an existing AC swimming pool 
pump. Different designs are analysed and discussed. 

What are the expected findings? 

The financial performance, feasibility and efficiency of a photovoltaic solar power 
supply outweighs the cost of installing and maintaining such a system. The 
advantages of the system could lead to a nationwide solar energy solution 
accessibility that could induce a larger solar energy uptake in domestic 
applications. 

What value will the results have? 

The results will show the viability and advantages of making solar energy 
accessible to the domestic consumer, which could reduce electricity costs for the 
consumer and contribute to reducing the pressure on the national power grid. 

If more than one student is involved, what part will I do? 

N/A 

Which aspects of the project will carry on after completion of my part? 

Further design solutions could be analysed, searching for more optimal solar 
solutions, especially for dedicated PV systems. The design solutions for the 
domestic swimming pool pump could be adjusted for the application of other AC 
appliances.  
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ECSA OUTCOMES 

Outcomes Addressed In 

ELO 1. Problem solving: Demonstrate competence to 
identify, assess, formulate and solve convergent and 
divergent engineering problems creatively and 
innovatively. 

Sections 3, 5, 6 and 
Appendix B 

ELO 2. Application of scientific and engineering 
knowledge: Demonstrate competence to apply 
knowledge of mathematics, basic science and 
engineering sciences from first principles to solve 
engineering problems. 

Sections 2 – 6 and Appendix 
B 

ELO 3. Engineering design: Demonstrate 
competence to perform creative, procedural and 
non-procedural design and synthesis of components, 
systems, engineering works, products and processes. 

Sections 3 – 7 and Appendix 
B 

ELO 5. Engineering methods, skills and tools, 
including Information Technology: Demonstrate 
competence to use appropriate engineering 
methods, skills and tools, including those based on 
information technology. 

Sections 3, 5, 6 and 7 

ELO 6. Professional and technical communication: 
Demonstrate competence to communicate 
effectively both orally and in writing, with 
engineering audience and the community at large. 

Project Proposal, Progress 
Report, Final Report, Oral 
Presentation and Poster 

ELO 8. Individual, team and multi-disciplinary 
working: Demonstrate competence to work 
effectively as an individual, team and in multi-
disciplinary environments. 

Section 7 and Appendix A 

ELO 9. Independent learning ability:  Demonstrate 
competence to engage in independent learning 
through well-developed learning skills. 

Sections 2, 8, 9 and 
Appendix F 
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1. INTRODUCTION 
1.1. Overview 
In 2015 South Africa is facing a national power crisis similar to the power outages 
experienced by the country in 2007. A multitude of reasons could be supplied for 
the deficiency of electricity generation in both bouts of power outages: the 
electricity demand exceeds the production capabilities, maintenance backlog and 
inadequate management. The question now should be how the general 
consumer can take the power crisis into her own hands. According to the 
management consulting firm, The Boston Consulting Group (Slater, 2015), solar 
power generation from residential households could be the most effective 
immediate solution to the current power crises. 

Despite the extensive access to solar power, photovoltaic technology is slow to 
take root in South Africa – the general consumer is especially slow to apply 
renewable energy solutions. This slow progression of a technology, which may 
just be the solution to the country’s power crisis, can be attributed to the high 
initial cost and the regulatory limits of solar photovoltaic systems. Recently, 
South Africa has become more responsive to renewable energy by initiating the 
Renewable Energy Independent Power Producers Procurement Program 
(REIPPP). Unfortunately, the implementation of these power sources is hindered 
by the limited capacity of the electrical grid and the country’s utility company’s 
financial inability to upgrade it presently (Osmundsen, 2015). 

To overcome this slow progress in renewable energy it is critical to inform the 
general consumer of renewable energy solutions, specifically solar. Reducing 
costs of solar photovoltaic systems could be key in its progression and 
implementation by the general consumer. This can be accomplished by 
optimized system design in terms of location and specific application. Specifically 
with an isolated load, such as in this swimming pool pump scenario, an optimized 
system solution is imperative. 

This paper discusses different designs and issues pertaining a solar photovoltaic 
system that powers a 1 kW 220 V AC domestic swimming pool pump, considering 
the erratic nature of insolation and the variability of the load. The effectiveness 
of the system is based on the theoretical efficiency of the system, the rate of 
return on investment and the accessibility of the system components 
commercially. 

1.2. Motivation 
Finding clean, renewable energy sources and implementing commercially 
available system energy solutions are becoming increasingly important to the 
general consumer. Swimming pool pumps form a large part of the domestic load 
and therefore determining a renewable power source could be advantageous 
not only to the consumer but also the national grid. 
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South Africa has great solar energy potential since its climate conditions are well 
suited to the technology but a lack of knowledge pertaining renewable energy 
hinders the implementation. Making renewable energy accessible to the 
domestic user could upturn the evolvement of these technologies since the 
market for alternative energy solutions would increase. An efficient and cost 
effective system solution to high electricity consumers, such as a swimming pool 
pumps, could shift the accessibility of photovoltaic solar energy to the domestic 
user. 

1.3. Objectives 
The basic concept of a direct coupling of DC pumps to solar generators is 
researched extensively and such systems are commercially available (Hankins, 
2010:195). Since the existing pool pump is AC, the coupling of the DC solar 
generators are more complex. Some AC-PV models constituting of a current 
inverter exists (Arrouf and Ghabrourb, 2007: 23), and are commercially available. 
This paper provides the features and complications of both DC- and AC-PV pump 
coupling systems. 

The domestic swimming pool pump serves as a good candidate for a dedicated 
solar photovoltaic system since continuous powering is unnecessary and the 
pump can run whenever sunshine, and therefore electricity, is available. The 
ideal solar photovoltaic system for this application would be stand-alone and 
comprise of no battery back-up, which should lower the system cost. 

The project is targeted at the design, performance and financial viability of using 
a solar photovoltaic power supply for a domestic swimming pool pump 
installation. The objectives of the project is as follow:  

 Determine the available solar resource at the chosen setup location, the 

amount of panels and their orientation needed to achieve the 

specifications. 

 Determined various design alternatives, as well as the investment of 

capital required to install the system. 

 Develop a method to analyse the financial viability of a system, taking 

into account electricity tariffs, rate of return and other factors that 

influence the installation of the system. 

 Recommend if, and which system will decrease the pressure on the 

electricity infrastructure while still being financially- and safety risk free, 

for consumers when investing in solar photovoltaic power as supply for 

domestic swimming pools. 
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2. LITERATURE OVERVIEW 
2.1. Swimming Pool Pump Basics 
Generally, swimming pool pumps installed are larger than they need to be, 
therefore a 1 kW 220 V AC pump is a commonly used pool pump and suitable for 
the design of a general commercially available system. This paper focuses on the 
amount of hours the pump needs to run, rather than the amount of water 
circulated. The actual load of the pool pump is difficult to predict since the 
average power consumed by the pump varies with the mode of operation – 
Table 1 supplies the average power used for these various modes. 

Table 1: Modes of operation and power used by a 1 kW swimming pool pump 
(Delport and Marais, [S.a]:137) 

Operation Mode Power (W) 

Waste 1 000 
Circulate 853 

Filter (100 % Open) 823 
75 % Open 814 
50 % Open 808 
25 % Open 794 

0 % Open 576 

The “% Open” in Table 1 simulates the waste basket and how greatly it is clogged 
up – this basket catches large particles, such as leaves, to prevent pipe clogging. 
0 % open indicates that the basket is full and is effectively blocking the flow. 

Figure 1: Domestic swimming pool pump system 
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Swimming pool pumps are also called pool circulating pumps or refiltration 
pumps. To ensure that bacteria and algae levels in a domestic swimming pool is 
controlled, a pump and sand filter setup is used, showing in Figure 1. Suction is 
created by the pump which forces the water from the pool through the waste 
basket and filter, back to the pool. Filtration removes smaller particles from the 
water by passing it though the filter. 

It is generally recommended that the pool pump runs for at about 4 hours in 
winter and 8 hours in summer per day, but to reduce electricity consumption 
these pumping times are being reduced (Koeller, 2010:21). Circulating the water 
through the pump system is to eliminate the spread of pathogens and to keep 
the water clear – this process is called turnover. 

Multiple papers and models exists on solar photovoltaic water pumping since 
there is an increasing need to supply basic electrical power and basic living 
essentials to isolated areas (Lemaire, 2011:277). These mathematical models are 
mostly based on either displacement or centrifugal pumps. Although pool pumps 
are centrifugal pumps they function differently from centrifugal pumps used for 
water displacement. To displace water, end-suction centrifugal pumps are 
commonly used to push water whereas pool pumps circulates water by pushing 
and pulling, therefore the pump characteristics differ, such as the total dynamic 
head. 

2.1.1. Total Dynamic Head (TDH) 
In a hydraulic pump system the resistance is described as the TDH. Usually 
domestic swimming pool pumps are located just above the water level, therefore 
the head will be relatively small. With water displacement, the level of resistance 
in the hydraulic system is much more and therefore the head will be much 
larger. Even though the distance water travels in a pool pump system is much 
smaller, the TDH is apparent since backwash valves, filters, piping and other 
fittings all contribute to the magnitude of the head (Total Dynamic Head, [S.a]). 

The normal operation of the pool pump is circulation and therefore includes 
filtering. The TDH consists of three man components: the static head, which is 
the vertical distance the water must travel, the friction head that is the friction 
loss in the pipes and the pressure head, which is the pressure required to push 
water through the filter in the circulation process (AquaTech, 2008:19). 

A pool pump that is powered by a variable speed drive motor has the ability to 
operate at a lower head for normal water circulation and higher head in 
backwash or increased filtering modes. More commonly, single- or three-phase 
induction motors are used in pool pumps. 

2.1.2. Single-Phase Induction Motor 
Generally, domestic swimming pools are self-priming centrifugal pumps that 
function above the pool water level. The water is moved in the pump by an 
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impeller that is driven by the shaft from an electric motor. This electric motor is 
usually a single-phase induction motor.  

The characteristics of the motor that drives the pump determines the 
performance of the pump connected to the PV array. Performance degradation 
occurs as insolation varies far from the value for which the system was sized. 

Utilizing solar photovoltaic power to supply a single-phase induction motor is 
possible and some research exists specifically on the use of a single-phase 
Impedance Source Inverter (Reddy and Reddy, 2014: 24). 

2.1.3. Inductive Loads 
A significant disadvantage of powering a swimming pool pump with solar 
technology is the inductive load nature of the motor that drives the pump. This 
means that every time the pump is energized, the motor will draw a large 
amount of current and only settle to the full-load current after a few cycles. This 
is attributed to the rotor needing more power to initially start rotation, than 
sustaining it.  

An excessive voltage, called EMF, is also present at motor start-up. When voltage 
from the power source is applied to the motor it generates a magnetic flux which 
induces an electromotive force that opposes the force that would allow the rotor 
to turn. This EMF causes impedance in the motor which is only overcome after a 
few cycles. This results in power wastage and the need to overdesign the power 
ratings of a PV system powering an inductive load. 

2.2. Photovoltaics 
Photovoltaics refer to the conversion of light into electrical energy through the 
use of semiconductor materials as solar cells. The photo-electric effect is the 
process that dictates this direct conversion of light into electrical energy. This 
effect also dictates that an open-circuit voltage will be present in an un-loaded 
state and therefore current will only flow when the circuit is completed. 

The solar cell technology market is diverse, producing solar panels with varying 
efficiencies. Currently, monocrystalline and polycrystalline solar cells dominate 
the market with a share of over 90 percent (DGS, 2013: 30) since their cell and 
module efficiencies are the highest, as seen in Table 2. The efficiency and other 
electrical parameters of PV modules supplied by manufacturers are under 
standard rated conditions (STC) but systems rarely operates under these 
conditions. The STC is defined as 1000 W/m2, 25°C and an air mass of 1.5 
(Hankins, 2010:32). Construction and testing standards applicable to PV modules 
are supplied in IEC 61730 and design and type approval standards for crystalline 
silicon modules in IEC 61215. 

Solar cells do not get damaged while working in the correct conditions. The 
correct conditions are defined as no shading of the modules, that the modules 
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are clean and correctly installed. These conditions assures the longevity of 
modules since their life is merely limited by continued exposure to the elements 
and their manufactured quality. 

Table 2: Commercially available solar module types (Hankins, 2010:29) 

Type of PV technology 
Maximum cell 

efficiency 
Typical commercial 
module efficiency 

Crystalline Silicon 
Monocrystalline 24 % 11 – 17 % 

Polycrystalline 20 % 11 – 15 % 
Ribbon 19 % 7 – 13 % 

Thin Film 
Amorphous Silicon 13 % 4 – 8 % 

Multi-junction Amorphous Silicon 12 % 6 – 9 % 
Cadmium Telluride 17 % 7 – 8.5 % 

Copper Indium Gallium Di-Selenide 
(CIGS) 

19 % 9 – 11% 

Organic (Dye)-type 12 % 3 – 5 % 
Other Types 

Hybrid HIT (Combined Amorphous 
Silicon and Crystalline) 

21 % 17 % 

 

2.2.1. MPPT 
By nature solar generators are nonlinear power sources that needs unremitting 
control and monitoring to attain the optimal power output. One important 
control mechanism is maximum power point tracking (MPPT). Although solar 
power generation is advantageous, some shortcomings do exist. The low 
efficiency of solar PV arrays can be attributed to the nonlinear and temperature 
dependent output voltage, load current and power characteristics (Reddy and 
Reddy, 2014: 24).  

Most photovoltaic models assume that the MPP is permanently constant but 
MPP varies with change in irradiance and temperature; usually a control system 
is implemented to find the varying MPP. This is implemented either in the 
inverter or DC-DC converter. The measured ability of the MPPT to remain at the 
MPP, and therefore the amount of energy lost, is called array utilization. The 
MPP point value is a function of the current-voltage characteristics of solar cells, 
as seen in Figure 2. 

This curve changes with variation in solar intensity. A constant solar intensity 
would induce constant current source behaviour in the PV module under a 
lighter load and quasi-constant voltage source under a heavier load (Bai and Mi, 
2011:131).  
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The MPP value on the I-V curve is the point at which the solar cells function with 
maximum power. The maximum current that can be produced by the module is 
defined as the short circuit current      and the open-circuit voltage    , the 
maximum voltage. 

MPPT control has evolved and multiple control schemes and algorithms exist but 
classic MPPT control is most commonly used in PV systems (Bai and Mi, 
2011:33). Classic MPPT control is described by Bai and Mi (2011:132) as discrete 
logic, where the output power of a PV module is the product of voltage output   
and current  . When the peak power is reached, 

  

  
 

     

  
  

  

  
  

  

  
   ( ) 

Therefore  

           ( ) 

                  ( ) 

                  ( ) 

Substituting at time   discrete equations (3) and (4) into equation (2), the 

system will reach MPP when, 

                                  ( ) 

Figure 2: Current and Power versus voltage for a typical solar cell 
(European Editors, 2013) 
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2.2.2. Cell and Module Efficiency 
The quality of solar cells is described by the fill factor (DGS: 2013:69): 

    
         

       
 

    

       
 ( ) 

The fill factor is therefore a function of the MPP power and the theoretical 
maximum power produced by the short-circuit current     and the open-circuit 
voltage    , when the cells are in an un-loaded state. 

The solar cell and module efficiency is determined from the MPP, solar irradiance 
  and the PV module area   (DGS: 2013:71): 

  
          

   
 (7) 

Temperature also influences the efficiency of solar modules. Crystalline cells 
have reduced efficiency at higher temperatures; therefore modules do not 
always operate at the maximum power point. 

2.2.3. Mismatch 
Each photovoltaic cell has an operation MPPT at the specific operating 
conditions, which may differ even slightly due to manufacturing variances. When 
mismatch of solar modules occur due to the performance difference of modules, 
either by inherit characteristics, the irradiance or temperature on the module, 
ideal performance of the system is impossible (Sandia National Laboratories, 
[S.a.]). Even a small variation from the MPPT of the specific cell or module forces 
the maximum power to a changed – usually lower – value of the total DC array. 
Mismatch impact due to module characteristics is calculated as (Sandia National 
Laboratories, [S.a.]), 

               
              

                          
   ) 

 

2.3. Inverter 
Inverters used in PV systems are mainly grouped into either grid-connected 
inverters, or stand-alone inverters, depending on the system type. 

2.3.1. Wave Form 
Many small or cheaper inverters produce square-waves or modified sine wave 
approximations. These wave forms are not preferred for AC load; preferred for 
these load are so-called pure sine wave inverters which produce signals that are 
categorically sine wave. Modifications to the sine wave output, which contains 
energy in high frequency harmonics, can induce motor starting complications, 
and in extreme cases even load burnout (Corkish et al. 2011:105). 
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2.3.2. DC-AC Conversion 
Currently high DC-AC conversion efficiencies are possible but energy losses are 
still relevant. Numerous algorithms exist to estimate the efficiencies of these 
conversions (Sandia National Laboratories, [S.a.]). Inverter efficiency is the 
proportion of output AC power to the total DC and AC input power, therefore 
efficiency is a function of AC power out, DC voltage and in some cases the 
operating temperature of the inverter. Efficiency reduction of inverters caused 
by elevated temperatures is a means of protection to ensure that the device 
does not fail. 

Inverter efficiency is important in system design optimization but for grid-
connected systems it is critical. The CEC Inverter Test Protocol (Eligible Inverters 
per SB1 Guidelines, [S.a.]) is merely one standard method of measuring the 
characteristics of inverters, initiated in California, specifically for grid-tie rebate 
and quality assurance. 

Empirical predictive inverter models exist, taking into account all voltage 
dependencies of the inverter. The Sandia Inverter Model for AC output power 
prediction, 

     
    

   
                          ( ) 

With 

                       (  ) 

                      (  ) 

                     (  ) 

The array’s maximum power voltage is typically defined as a DC input 
voltage    . At reference operating conditions the AC power rating is achieved at 
a DC power level      and the maximum AC power rating for the inverter      is 
assumed to be the upper limit at these reference conditions. The inversion 
process requires a DC power     to start. Defining the AC output power and DC 
input power relationship is the constant parameter   . The empirical 
coefficients   ,    and   each has a default value of zero and allows the 
foregoing parameter to vary linearly with the DC voltage. This model and 
describing parameters are stated by Sandia National Laboratories.  

Saturation, or clipping, of inverters occur when the photovoltaic array DC power 
exceeds the maximum input of the inverter. By increasing the voltage above the 
MPP, the DC power is reduced by the inverter, this is called the self-limit function 
of inverters. 
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2.3.3. Input Source 
Inverters can be classified by their input source with applicable varying circuit 
topologies. The traditional inverters are the voltage-source inverter (VSI) and 
current-source inverter (CSI). The VSI inverter has a constant voltage source 
bridge input which is obtained through a large capacitor connected across the DC 
input. The CSI inverter naturally has a constant source bridge input which is 
obtained through the application of a large inductor. 

Driving induction motors, the main point of interest is the variation in current, 
therefore CSI is the more applicable inverter type for this application. So CSI is 
capable of AC speed control but some disadvantageous do exist.  The operating 
frequency is limited by the commutation ability and the load current; stability 
problems and sluggish operation are prevalent in these inverters at light loads 
and high frequencies (EE IT Kharagpur, [S.a]). 

A large interest was shown in a modified input source inverter, the impedance-
source inverter (ZSI) since 2003 (Luo and Ye, 2013:61). The ZSI implements a 
distinctive impedance network that overcomes the limitations presented by the 
traditional inverter circuits. Some advantageous of the ZSI specifically to power 
an AC single-phase induction motor are: higher efficiency and system cost 
decreases since no DC/DC-boost converter stage is required, over-voltage and –
current are constrained, no dead time of overlap time is present and the 
reliability of the inverter is not susceptible to EMI. 

2.3.4. AC Losses 
AC losses can be substantial after the DC-AC conversion phase due to 
transmission but these losses are usually negligible for residential applications 
since the transmission distances are not significant. 

2.4. Solar 
Photovoltaic solar systems’ efficiency and performance rely on the solar access 
of system installation position. Not only is solar intensity a defining factor but 
also general climate conditions, which could include rain and snow. Site solar 
access is also defined by geographical location and system mounting. 

2.4.1. Solar Irradiance 

Solar irradiance is quantified as the instantaneous power density which is 
dependent on the geographical location, as well as the local weather of the site 
inspected. According to (Chowdhury et al. 2012:2354) solar irradiance at a 
specific location is influenced by: ozone, air molecules, aerosols (atmospheric 
particles), water vapour, clouds, geographical location including latitude and 
elevation, season and time of day. 

Particularly important to the analysis in the design and implementation of static 
photovoltaics is the Global Horizontal Irradiance (GHI) which is defined as the 
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total terrestrial irradiance received by a surface parallel to the earth’s surface 
from the sun (Sandia National Laboratories, [S.a.]), 

                    (  ) 

With Direct Normal Irradiance (DNI) the solar irradiance in-line from the sun - 
this is determined by the time of day, and Diffused Horizontal Irradiance (DHI) 
the scattered solar irradiance. These components are measured in W/m2. For the 
average daily energy per m2 (Chowdhury et al. 2012:2354), 

                
 

    
 
  

 
   

 

                        
  (  ) 

 

2.4.2. Solar Insolation 

Insolation, or incident solar radiation, is the cumulative energy over a specific 
area for a predefined period of time. Solar insolation is quantified through two 
measurements: mean daily insolation, measured in kWh/m2/day, and Daily Peak 
sun hours (PSH) which is the number of hours per day where the solar irradiance 
averages 1000 W/m2 (Hankins, 2010:17). 

2.4.3. Array Tilt and Orientation 

The orientation of a solar photovoltaic array is important to ensure the 
maximum yield and efficiency of the array. Since this array is implemented for 
domestic purposes it will be installed in a fixed tilted orientation. When solar 
radiation strikes the solar array at a right angle (90 degrees), it is absorbed most 
efficiently. This means that for a fixed tilted orientation, the most effective angle 
would allow for solar irradiation to strike the array at a right angle for the most 
part of the day when solar irradiation is present. Therefore, the latitude and 
prevalent weather conditions are two large factors in determining tilt 
orientation. 

The solar radiation incident on the module surface is significantly impacted by 

the module tile angle,  . Larger tilt angles specifically in winter, optimizes the 

use of modules. Figure 3 presents in the incident radiation values as the symbol 

S, with varying subscripts to describe the component. 
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Figure 3: Solar radiation elements on a tilted surface (Bowden and Honsberg, 
[S.a.]). 

The horizontal irradiance in Wh/m2/day, the values provided in Appendix B.2 

Table 19, the radiation incident on the module with   the elevation angle,   the 

latitude.   is the declination angle with   

                          (  ) 

                          (    

          (  ) 

The declination angle is 

            
   

   
         (  ) 

Combining equations (  ) and (16), 

        
                   

    
 (  ) 

 

2.4.4. Plane of Array (POA) 

To calculate the true photovoltaic performance, the irradiance components as 
well as the array orientation and obstructions are taken into account. POA 
irradiance is (Sandia National Laboratories, [S.a.]), 

              (  ) 
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With    the POA beam,    the POA ground-reflected component and    POA 

sky-diffusion. The POA beam is an adjusted DNI value taking into account the 
angle of incidence (AOI), 

                 (  ) 

The AOI between the photovoltaic array and the sun is determined by, 

                                                       (  ) 

With    the solar azimuth angle defined as the degrees east of north (North = 0, 
East = 90, West = 270),    the solar zenith angle. 

Radiation also reflects and scatters from the ground plane to the tilted surface 
area of the photovoltaic array, represented by   , 

              
                

 
 (  ) 

Where albedo is the reflectivity of the ground plane surface from which radiation 
is reflected. A very dark surface has           and a bright white or metallic 
surface has         . 

The diffuse radiation from the sky is more complex and several semi-empirical 
models exist. A simple model by Sandia National Laboratories, 

       
         

 
     

                         

 
 (24) 

It is assumed that diffuse radiation from the sky is uniform in the isotropic sky 

diffuse model, therefore the second term in equation (24) is required to account 

for horizon brightening and circumsolar effects. 

Incident irradiance is reduced further by several losses, including shading, soiling 
and reflection. The adjusted value is therefore the effective irradiance and can 
be seen as actual irradiance on the photovoltaic array which can be converted 
into power. From IV curves of a matched reference PV module, effective 
irradiance is determined by, 

   
    

                  
    (  ) 

The soiling factor (SF) is equal to one when the module is clean. This shows the 
direct correlation between effective radiance and the cleanliness state of the 
module. 
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2.4.5. Shading Issues 

A solar cell in shade can heat up in certain operating conditions and damage a 
solar cell creating a hot spot. This hot spot can be cause by high reverse current 
flowing though the non-operating cell. Repeated shading of a cell increases the 
probability of failure of the cell which increases the chance of module failure. In 
the case of a shaded cell, the module current is determined by the current of 
that shaded cell. Solar cells are implemented with bypass diodes in solar modules 
supplying a shading tolerance to modules. In manufacturing of modules not all 
cells are supplied with a bypass diode, decreasing the shading tolerance of the 
module (DGS, 2013:102). 

Temporary shading also includes the presence of snow, leaves, and other types 
of soil on the PV modules. Since the proposed installation site is located in the 
southern hemisphere, snow is not applicable, but temporary shading caused by 
dust could be increased. The cleaning of PV modules should form part of the 
maintenance of the PV system. 

3. DESIGN ALTERNATIVES 
Several photovoltaic system designs exist but optimal energy output relies on a 
well matched- and designed PV system. Energy demand matching to the 
available solar energy is especially critical in stand-alone systems. Stand-alone, or 
off-grid, PV systems are prevalent in isolated places where electricity is not 
readily available. These off-grid systems are usually systems that have extra-low-
voltage direct current and therefore design solutions for these systems are less 
complicated. 

From the Motivation and Literature Review, Sections 1 and 2, the following 
design alternatives are analysed as suitable system solutions. In the following 
sections,  when referring to the pump, it is acknowledged that it is the induction 
motor that powers the pump that are in actuality referred to. 

3.1. Stand-Alone: No Storage 
Commonly, stand-alone or off-grid PV systems are defined as systems that are 
extra-low-voltage DC systems. As discussed in the Literature Review, Section 2, a 
swimming pool pump does not operate as an extra-low-voltage DC appliance, 
but rather AC. This makes the design unique since few independent electricity 
systems includes direct coupled AC consumers. 

Usually additional storage or some means of electricity back up is needed for a 
PV system since solar energy availability does not always coincide with electricity 
needs. In the case of this specific system consisting of a swimming pool pump, 
the solar energy yield can be used whenever it is available - meaning that the 
pump only runs when solar energy is available. 
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Figure 4 displays the components that would form a stand-alone system without 
storage that would power an AC domestic swimming pool pump with 
photovoltaic solar technology.  

The PV array would consist of multiple solar modules in series and parallel to 
surmount to a power rating of at least 1.2 kW to allow for the surge capacity of 
the motor. Without a stable power source, the inverter and pump will perceive 
wild swing from the array depending on the solar intensity; therefore a control 
method is critical.   

Theoretically this is a simple solution since only power conversion is required to 
directly couple the pump to the PV system. The main disadvantage of this system 
solution is that a very specific inverter and controller are required to ensure that 
the system operates at maximum efficiency, which is not readily commercially 
available. 

3.1.1. Inverter 
As mentioned in the literature review concerning inverters, various types are 
available on the market. The function of the inverter in this configuration would 
be to convert the DC energy from the solar panel into single-phase AC for the 
swimming pool pump. To ensure that the inverter does not decrease the 
efficiency of the PV system significantly, the appropriate type of inverter with 
system matched size, voltage and efficiency is required. 

3.2. DC Pump Alternative to Standard AC Pump 
DC powered pumps have gained increasing attention, especially for water 
displacement in applications such as bore holes, since no power conversion is 
needed and implementation is much less complex. There does exist multiple 
disadvantages for the DC powered pumps as opposed to the AC pump, such as 
maintenance problems and limited power (Betka and Moussi, 2004:2167). The 
maintenance of DC powered pumps includes additional maintenance on the 
commuter and brushes to ensure that current gets to the rotating field. The DC 
motor is also vulnerable to dust, which could decrease the motor performance. 

A PV system including a DC pump, specifically designed for solar, Figure 5, looks 
similar in topology to a stand-alone PV system without storage with the 
substantial difference that a DC pump allows for the whole system to operate 
with DC. 

PV Array Inverter Pump 
DC Single-phase 

AC 

Figure 4: Stand-alone PV system without storage 
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This system could also include a battery bank or some other form of backup such 
as the grid. These systems are widely available on the PV market, occasionally 
including the required panels, mounting structures and cabling to install the 
entire system. This makes DC PV-pump systems accessible to the domestic 
market and could be advantageous to new pool owners. The main disadvantage 
for customers whom already own pool pumps is that the DC pump is an 
additional expense. 

3.3. Stand-Alone: Battery Bank 
A stand-alone system can also include a storage medium, such as a battery bank 
consisting of multiple batteries. This allows the system to operate in 
circumstances when no solar energy is available. Most commonly, rechargeable 
lead-acid batteries are used in PV systems (DGS 2013:149). These batteries are 
capable of efficiently handling small and large charge currents. The quality of the 
batteries used in a PV system influences the quality and performance of the 
system profoundly. 

Some loss in the system is also caused by the inclusion of batteries. This loss is 
dependent on the type of battery and age. Lead-acid batteries lose up to 30 
percent of energy through charge or discharge cycles. 

 

 

 

 

 

 

Figure 6 is the common configuration for applying an AC load to a stand-alone 
system with a battery bank. This system is more complex in installation and 
maintenance since batteries are included and more DC cabling is required – this 
could increase the cost of the system. The advantage of this PV system is that it 
is a general configuration and multiple design tools exist for the creating of such 
a system, making it more accessible to the domestic user. 

3.3.1. Batteries 
Battery life is greatly determined by the type of battery and the depth of 
discharge. With continuous discharge of more than 50 percent of the battery 

PV Array Controller Pump 
DC DC 

Figure 5: DC PV system without storage 

DC DC PV Array Charge Controller Battery Bank 

Single-phase 
AC 

Inverter Pump 

DC 

Figure 6: Stand-alone PV system with storage capacity 
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capacity, called deep discharge, the battery life decreases and the charged state 
decreases as well. If the charged state of the battery decreases below 80 percent 
of the rated capacity, the risk of failure increases significantly. The inclusion of a 
charge controller in a PV system with a battery bank allows for the management 
of the charge and discharge of the batteries. 

A major drawback of batteries in a PV system, especially lead-acid batteries, is 
their short service life caused by various ageing processes. This increases the 
maintenance cost of a PV system since the batteries need to be replaced every 3 
to 8 years, depending on the type of battery and manufacturer. The correct 
application and maintenance of batteries, and the inclusion of a charge 
controller, increases battery life. 

As previously mentioned, charge controllers supplies overcharge- and deep 
discharge protection to batteries. Charge controllers also provide optimal charge 
of batteries, short-circuit protection, reverse polarity protection, and battery 
indication (DGS, 2013:161). 

State of Charge 

As part of maintenance planning of a PV system which includes batteries, the 
state of charge of the batteries should be measured. This measurement is an 
indication of the condition of battery cells – if it has been discharge too much. 
Checking the state of charge every few months could prevent premature battery 
failure and therefore increase battery life. Some charge controllers have the 
ability to monitor the state of charge of the batteries in the system. The state of 
charge can also be measured with a multi-meter or hydrometer (Hankins, 2010: 
49). 

3.3.2. Charge Controller 
Since charge controllers are profoundly advantageous to battery PV systems, 
some inverter manufacturers provide inverters with charge controller 
capabilities. This eliminates the use of an additional charge controller, decreasing 
the initial cost of the PV system. 

Charge controllers serve multiple functions in a PV system. Not only do they 
serve as a central connection point for the modules, batteries and load, but also 
manages the system to ensure the batteries charge optimally. 

3.4. Grid-Tied System 
With the general consumer either reducing her electricity load from the grid, or 
even producing excess energy to feed back into the grid, South Africa’s power 
market will experience a major shift. The necessity of small-scale embedded PV 
generation, however, has been brought to the attention of NERSA and the 
urgency for legislation of it. Currently it is stated that until the regulatory rules 
are implemented, the individual distributor may implement temporary net-
metering schemes (NERSA, 2015:13). Few individual distributors, or 
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municipalities, have accepted the idea of net-metering. This is attributed to the 
unknown cost impact on municipalities - municipalities derive approximately 60 
% of their revenue from electricity sales (Creamer, 2014:11). An increase in 
rooftop PV systems would therefore decrease the revenue of municipalities – the 
balance between municipality and consumer interest would have to be balanced 
through regulation. Although NERSA has stated to release the regulatory rules 
for small-scale embedded generation on 30 May 2015 (NERSA, 2015:11), its 
publication is still anxiously awaited. 

The implications of embedded generation for the local electricity utility are 
numerous and therefore require strict regulation. Not only is the legal standards 
not in place in South Africa, but the practical integration to the current physical 
systems are posing challenges. A series of specification, NRS 097, will be used to 
enable grid-connection but is still uncompleted and inadequate in the technical 
aspects of such a connection (MacDonald and Tuson, 2014:44). 

Even though grid-tied system would be applicable for the system solution it is 
not currently viable in South Africa to all consumers and therefore not an 
accessible solution. In European countries such as Germany, most PV 
installations are grid-tied systems (DGS, 2013: 9) and therefore it would be a 
viable system solution to power a domestic swimming pool pump.  

In this application of a swimming pool pump a grid-tied system would be 
advantageous as a storage solution. The advantages would include that the extra 
power generated, even only a few watts, would be transmitted to the grid for 
which retribution would be given. 

Figure 7 is the configuration for a grid-tied configuration. Batteries could also be 
implemented in this configuration for back up when the grid is off. This system is 
complex since it is required to be connected with the domestic utility meter. 

 

3.1.1. Loss of Grid 
Power loss in the national electricity grid is the effect of the inverter losing 
reference voltage in a power outage, or load-shedding. Loss of grid could 
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Figure 7: Grid-tied PV System 
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Figure 8: Grid-tied system without pump 

produce hazardous situations, affecting all grid-dependant PV systems, therefore 
grid connected systems need to be state responsive to the grid. When the grid is 
off and the PV system continues to produce power, the PV system becomes a 
power island feeding into the grid that is unpowered. 

Islanding is mainly caused by the local power load masking the change in active 
and reactive power, making the variation in power seem very small. Detecting 
the state of the grid is therefore significantly more difficult - an inverter would 
not detect the change. When an inverter cannot detect the loss of power grid 
under certain conditions, the non-detection zone (NDZ), the inverter will 
continue to supply power to the grid. Supplying power to an unpowered grid is 
hazardous and complicates the restoring of grid power. 

3.1.2. Anti-islanding 
Anti-islanding protection is critical in a PV system to ensure that loss of grid is 
detected, therefore to reduce or eliminate NDZs. This allows the grid-interactive 
inverter to follow the voltage and frequency characteristics of the grid line. This 
safety mechanism is a constitutional requirement in countries where electricity 
feed-in is legalized and documented (Evanczuk, 2015). 

3.2. Grid-Tied System (Pump Exclusion) 
Similar in type and topography as the previous system, a grid-tied system can be 

implemented without including the pump, Figure 8. The idea behind an 

installation as this is a simplistic system that feeds into the national power grid, 

which would eliminate the electricity usage of the swimming pool pump. The 

utility meter would run backwards, and according to the location where the 

system is installed, receive rebates according to law for the electricity pushed 

into the grid.  

 

 

 

As mentioned previously, South Africa has not as yet implemented a system to 

allow for grid feeding and rebates. Despite this, the general grid-tied system 

proposed could have multiple advantages above all other designs proposed as 

soon as grid feeding can be applied. These advantages include that it is a 

simplistic system that can be modified or expanded as the consumer requires 

and it can provide electricity for devices other than the swimming pool pump by 

eliminating the device’s electricity consumption. 
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4. SYSTEM SPECIFICATION 
The proposed installation site has a pool of approximately 45 m3 and a 1.1 kW 
swimming pool pump already installed – it is assumed that the pool pump is 1 
kW for analyses purpose. 

4.1. Site Survey 

The proposed site location is in Stellenbosch, South Africa (33°56’15’’ S, 
18°53’23’’ E). As seen in Figure 9, the proposed site has a flat corrugated iron 
roof that is easily accessible. 

Figure 9: Proposed site location roof 

Figure 10:  Proposed Site Floor plan (William, 1999). 

North 

22.5° 

2.5 m 

Main DB 
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The site is located in a suburb with low surrounding buildings and there is one 
tree which could cause shading, but the removal of tree would remove the risk. 
In other cases where shading is a contributing factor, a shading analysis would be 
completed. In circumstances where shading is unavoidable, module arrangement 
and connection can be changed to decrease the shading effect. 

The installation site roof is corrugated iron which is a metallic surface and 
therefore has an albedo value of almost 1.  From Figure 10, it can be determined 
that the roof space is approximately 40 m2, but subtracting used space for the 
chimney and required space for walking access on the roof, it reduces to 30 m2.  

The pool pump is already connected to the main distribution board (DB). A 
conduit could be installed from the garage and carport roof to the main DB 
located inside of the house, to protect the cabling from natural elements. The 
length of cabling required from the installation roof to the main DB is 
approximately 18 m. 

4.2. Solar Resource Survey 
The solar data analysed is monitored by the Sonbesie, located in the same town 

as the proposed installation site, as seen in Figure 11. Since these two locations 

are located relatively close to one another, the data analysed is a good 

representation of the radiation available at the proposed site. 

Figure 11: Solar data monitoring location 

Proposed installation site 



22 
 

Since the proposed site is located south of the equator, the sun is predominantly 
in the northern portion of the sky. Therefore the array should be mounted with 
the solar array facing north. A rule of thumb to determine the array tilt angle is 
to add 10° to the site’s latitude (Hankins, 2010:20). The proposed site has 
latitude of 33°, therefore the optimal array tilt angle is 43°. The client has 
requested for a lower angle of 10° for aesthetic reasons. The panels would be 
installed facing north. 

Figure 12 illustrates for 3 months, the effect of tilting the modules 10° as Smod. 
The incident radiation on the tilted panel is calculated from equation (19). It is 
seen that in the summer months, January and December, the effect of the tilting 
is little. This is attributed to the fact that the sun is higher in the summer months 
and therefore the angle incident to the module is already close to 90°, which 
yields optimum power from the modules.  

The 10° tilt has a greater effect in the winter months since the sun is angled 
lower in the sky in these months. Increasing the tilt angle of the module, reduces 
the angle between the sun angle and the module surface – closer to the 

optimum angle of 90°. Since radiation is less in winter, it is advantageous to tilt 
the modules to increase the yield. The incident radiation calculated, increases by 
an average of 17.46 % in the month of May, by a 10° tilt of the modules. 
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Figure 13 shows the variation in the radiation received on a flat surface over the 
course of the highest radiation month, December, in 2014. This irradiation curve 
represents the actual radiation curve but includes spikes in some instances which 
is attributed to passing clouds and dust in the atmosphere (Hankins, 2010:17). 

Figure 13: Solar irradiance, in watts per square metre, received over time on a 

flat surface 

Figure 14 shows the mean daily insolation received throughout 2013 and 2014, 

measured by the Sonbesie (weather.sun.ac.za). Previously the increased 

insolation percentages were determined for some months – these values are 

used as approximation to adapt the mean daily insolation. It is assumed that the 

10° tilt increases the insolation in summer months with 2 % and in winter 

months with 17 %. 

From Figure 21 in Appendix B.1, it is determined that solar radiation has been 

relatively constant the past 5 years, therefore, data is analysed for only 2 years, 

2013 and 2014. 
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Figure 14: 10° Tilt adapted mean daily insolation for every month of 2013 and 
2014 

Table 3 below provides the minimum and maximum ambient air temperatures 

for each month over two years. These temperatures could influence the 

operating temperatures of the system components. The maximum and minimum 

temperatures for both years are highlighted. 

Table 3: Ambient air temperatures 

 2013 2014 

 Min. Max. Min. Max 
January 11.10 36.69 12.34 36.24 

February 10.58 34.30 12.20 39.74 
March 11.35 38.06 9.64 32.06 

April 8.38 35.84 7.60 38.26 
May 6.48 28.76 6.53 27.64 
June 4.25 26.89 3.95 27.45 
July 3.76 28.57 3.52 25.83 

August 3.02 27.95 4.41 19.40 
September 3.29 29.91 3.45 30.90 

October 5.59 32.65 5.55 33.60 
November 9.58 32.97 8.68 33.35 
December 12.78 34.25 11.26 33.40 

 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

2013 8.46 7.43 5.98 4.92 3.56 3.31 3.07 3.43 5.25 6.32 7.41 8.69 

2014 7.98 7.91 5.95 5.35 3.18 3.07 2.96 3.91 5.18 6.88 7.48 8.70 
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5. STAND-ALONE SYSTEM DESIGN PROCEDURE 
The general design procedures to determine main system components for all 

stand-alone system designs, except the swimming pool pump in AC and DC form 

are supplied in this section. Wiring, fuses and other connection designs, as well 

as, mounting design, are supplied in the Installation Procedure section for the 

most cost effective and practical design choice. 

5.1. Power Needs 
Table 4 summarizes the total daily energy demand in the summer and spring 

months, October to March, and the winter and autumn, April to September. 

Spring and summer together is referred to as “summer” and winter and autumn 

as “winter” from here on. The maximum and minimum required pumping hours 

are recommended by Koeller (2010:21). 

Table 4: Pool pump total daily energy demand in summer and winter 

1 kW 220 V/AC Pool Pump Summer Winter 

Maximum Hours Required 
per day 

5 3 

Max. Watt-Hours [Wh] 5 000 3 000 
Add 25 % inefficiencies 6 250 3 750 

Minimum Hours Required 
per day 

4 2 

Min. Watt-Hours [Wh] 4 000 2 000 
Add 25 % inefficiencies 5 000 2 500 

The 25 % inefficiencies added to the daily total energy demand is an estimate of 

losses in the system attributed to components such as modules, batteries, 

charge controllers and cables. These losses are estimated since it is challenging 

to quantitate, and depends on multiple factors such as operating temperature, 

age, quality and type of the components. 

5.1.1. System Voltage 

The system voltage is the nominal voltage at which system components will 

operate. This nominal voltage determines the voltage of the batteries and charge 

controller, if it is required, the inverter and the solar array. 

The system voltage determines the connection topography of the batteries and 

solar modules. The voltage is usually 12, 24 or 48 V. A larger system voltage has 

reduced voltage drop across wires and therefore cable costs are reduced. 

A 24 V system voltage is chosen since it has a reduced cost for main components 

but performs more efficiently than a 12 V system. 
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5.1.2. Daily Charge Requirement 

The daily charge requirement is the charge the modules have to provide daily to 

meet the energy demand of the pool pump. Equation (26) supplies the daily 

charge requirement. 

                         
              

                   
 (  ) 

Determining the charge requirement from the daily energy demand from Table 4 

and the system voltage chosen above, for the summer maximum, 

                          
     

  
               (    

The winter maximum, 

                          
    

  
               (  ) 

 

5.2. PV Modules(s): Sizing and Selection 
The size of the array depends on the energy requirement and the solar resource 

available. In combination with manufacturer information on the module, the 

configuration is determined. Since the modules are connected to inverters or 

charge controllers, all module strings must be identical; this includes the use of 

identical modules, in the same orientation and the same number of modules in 

series. 

5.2.1. System Design Charge Current 

From Table 5, the lowest mean daily insolation for the summer months and 

winter months is determined, calculating the average for each month across the 

two years analysed. The charging current the array must produce in Amps, 

                                
                        

                       
 (  ) 

The system design charging current in Table 5 is determined from equation (29) 

and equations  27) and (28) for each month individually according to if it is a 

summer or winter month.   
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Table 5: 10° Tilted monthly mean daily insolation and charge current 

 

Month 

Mean Daily Insolation 
[kWh/m2/day] 

System Design 
Charge Current 
[A]  2013 2014 Average 

Summer October 6.320 6.879 6.5990 39.458 
November 7.406 7.483 7.445 34.978 
December 8.690 8.696 8.693 29.955 

January 8.462 7.985 8.223 31.665 
February 7.426 7.913 7.670 33.953 

March 5.983 5.949 5.966 43.648 

Winter April 4.918 5.345 5.132 29.473 
May 3.559 3.183 3.371 44.869 
June 3.314 3.069 3.192 47.390 
July 3.069 2.955 3.012 50.210 

August 3.428 3.910 3.668 41.236 
September 5.245 5.189 5.212 29.019 

The mean daily insolation used is calculated as described in Appendix B.2. 

5.2.2. Module Voltage and Configuration 

Table 6 summarizes various modules which are commercially available. The 

characteristics supplied by the manufacturers are under normal operating cell 

temperature (NOCT), seen in the datasheets provided in Appendix C.1 . NOCT 

provides the nominal rating at 47°C. These values provided are lower at NOCT 

than at STC. 

Table 6: Various modules with characteristics under NOCT 

Module Type 
Nominal 
Rating [W] 

VOC 
[V] 

ISC 
[A] 

IMP 
[A] 

VMP 
[V] Price [R] 

Waaree Ltd WS-
100/12 

Poly 
crystalline 

75 21.97 6.07 5.73 17.46 1 385.00 

ACDC SLP100-12 Poly 
crystalline 

75 21.50 6.36 5.74 17.40 1 883.28 

SDDirectPro 
Enersol 100 

Poly 
crystalline 

75 22.20 6.58 5.56 18.00 1 501.00 

Renesola Virtus II 
255 W 

Poly 
crystalline 

189 35.10 7.20 6.63 28.50 3 096.00 

Astronergy 
CHSM6601P 

Poly 
crystalline 

195 38.53 8.72 6.95 28.08 3 200.99 
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The prices provided are per module and includes VAT. Their specific sources, 

which include prices and specifications, are listed in Appendix C.1, Table 21. The 

nominal power is not always supplied but can be calculated as approximately    

75 % of the maximum rated power of the panel. 

To determine the amount of parallel strings, 

                          
                            

   
 (  ) 

The modules required per string, 

                   
              

   
 (31) 

Therefore, the total modules required is simply the number of parallel string 

multiplied with the amount of modules per string. 

5.2.3. Select Module 

Since the modules form a substantial part of the costing of a PV system, the cost 

of the array is a defining factor in the design. From equations (  ) and (  ) the 

array layout is determined for each module in Table 6, and in response the cost is 

determined and displayed in Table 7. In Table 5 it is seen that the system charge 

current required in the winter is double what is required in the summer months. 

Therefore, designing according the highest system current charge of 60.68 A 

would induce the system to be overdesigned, and the system would produce 

more power than required. In the scenario where the system is grid-tied, this 

could be advantageous. 

To generalize the design of the modules to suit all design scenarios, a system 

charge current of 44.52 A is used, the average for the winter months, and a 

system voltage of 24 V.  
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Table 7: Solar array costing 

Module 
Parallel 
strings 

Modules per 
string 

Total 
modules 
req. 

Max Array 
Rating [W] 

Total Array 
Cost [R] 

Waaree Ltd WS-
100/12 

7.770 
= 8 

1.375  
= 2 

16 1 600 22 160.00 

ACDC SLP100-12 7.756 
= 8 

1.379  
= 2 

16 1 600 30 132.48 

SDDirectPro 
Enersol 100 

8.007 
= 8 

1.333  
= 2 

16 1 600 24 016.00 

Renesola Virtus II 
255 W 

6.715 
= 7 

0.842  
= 1 

7 1 785 21 672.00 

Astronergy 
CHSM6601P 

6.406 
= 7 

0.855  
= 1 

7 1 820 22 406.93 

From Table 7, it is determined that the Renesola Virtuss II has the lowest total 

array cost, as well as, a 10 year product guarantee and 25 year linear-

performance guarantee. Only 7 modules are required, which requires less cabling 

and adapters, reducing installation cost and time. The maximum rated system 

voltage, 600 VDC, is rated much larger than the designed system voltage of 24 V. 

Temperature Effects 

At the installation site the ambient air temperature can vary approximately from 

3 °C to 40 °C, according to Table 3. Therefore, the minimum cell temperature of 

the module should be higher than 3 °C, and the maximum cell temperature 

higher than 65 °C. The maximum cell temperature is determined by standards, 

but 25 °C is usually added to the maximum ambient temperature if no national 

standard exists. The Renesoal Virtus II datasheet states it maximum operating 

temperature as -40 °C to +85 °C. Calculating the module voltage at a specific 

temperature higher than 25 °C (Neill and Stapleton, 2012:219), 

                               (  ) 

   is the voltage temperature coefficient in V/°C, supplied by the module 

manufacturer on the datasheet.  For temperatures lower than 25 °C, 

                               (  ) 

The maximum voltage is present at maximum cell temperature, so from equation 

(33), at a temperature of 3 °C, the maximum voltage is 36.44 V. The minimum 

voltage at 40 °C is calculated as 26.51 V.  
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To determine a more realistic module output, a de-rating factor is determined. 

This factor indicates the efficiency of the module when the installation site 

temperatures are taken into account. The efficiency of the module at 

temperatures above STC (20 °C for the Renesol Virtus II), 

                             (  ) 

The efficiency for the Renesol Virtus II at the maximum ambient air temperature 

of 40 °C is therefore calculated as 86.50 %. 

Dirt Effects 

A de-rating factor for soiling is estimated as 0.95 for relatively clean installation 

sites that experience rain fall regularly. If a maintenance plan is followed, which 

includes the cleaning of modules, this de-rating factor can be eliminated. 

Manufacturing Tolerance 

Manufacturers supply a tolerance for the small variations in output between 

seemingly identical modules. The tolerance for the selected module is 0 to 5 W, 

therefore some modules may have a higher peak power. 

Connection 

Figure 15 displays the connection of the 7 parallel solar modules, with a 

maximum rating of 1.785 kW. Even though the maximum voltage point is rated 

28.50 V, the modules will operate at higher temperature as stated by STC and 

NOCT and therefore the voltage will be reduced. Also, an inverter will regulate 

the voltage to the system voltage of 24 V. 

5.3. Battery Bank: Sizing and Selection 
The battery bank is required to be the size of the system voltage, which has 

previously been determine as 24 V. Table 8 summarizes the features of various 

batteries readily available in the South African Market. The references to 

255 W 
24 V 
6.63 A 

255 W 
24 V 
6.63 A 

 

255 W 
24 V 
6.63 A 

 

255 W 
24 V 
6.63 A 

 

255 W 
24 V 
6.63 A 

 

255 W 
24 V 
6.63 A 

 

255 W 
24 V 
6.63 A 

 

46.41 A 

24 V 

Figure 15: Solar module connection 
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datasheets and prices for the components listed below are provided in Appendix 

C.1, Table 22. 

Table 8: Commercially available battery features 

Type 
Volts 
[V] 

Capacity 
[Ah] 

Rec. Max 
DoD [%] 

Cycle Life 
at 25 % 
DoD Price [R] 

Deep Cycle (Lead Acid) 
Trojan T105  

6 225 40 % 2 500 2 510.00 

Deep Cycle (Lead Acid) 
Trojan J305H-AC 

6 335 40 % 2 600 5 471.00 

Deep Cycle (Lead Acid) 
Trojan L16H-AC 

6 420 40 % 2 500 6 457.01 

Calcium Alloy 
Maximus 105 Ah 12 V 

12 105 40 % - 1 807.99 

Calcium Alloy 
Deltec BD-54-105N 

12 105 50 % - 2 453.00 

Lead Crystal 
Betta BC-6CNFJ-120 

12 120 100 % 3 000 5 813.00 

Deep Cycle 
Trojan J185H-AC 

12 215 40 % 2 500 5 155.00 

The Betta BC-6CNFJ-120 is the only battery analysed that is a lead crystal battery. 

This specific battery manufacturer, Betta, claims that the batteries can be 

discharge 100 % and still be restored to the full rated capacity, with no risk to the 

life of the battery (Betta Batteries, [S.a]). 

5.3.1. Battery Bank Capacity 

Calculating the required capacity of the system battery bank from Hankins 

(2010:133), 

                  
                                     

       
 (35) 

If batteries are stored outside, the colder temperatures will affect the capacity 

and a multiplier would’ve been required for equation (    to determine the true 

increased capacity required in winter months (Dufresne, 2011). It is assumed 

that the environment temperature of the batteries do not reduce enough for 

long periods, to affect the capacity. 

To determine the amount of parallel battery lines required, 
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 (  ) 

To determine the amount of batteries per line required is not affected by the 

capacity but rather the voltages, 

                        
              

               
 (37) 

Both the battery capacity and voltage referred to in equations (36) and (37) are 

the rated values for an individual battery. Batteries used in a battery bank are 

always exactly similar; to ensure the charging and discharging of all the batteries 

ensue and can be controlled. 

The daily charge requirement for the solar arrays also applies to the battery 

bank, which was calculated from equations (27) and (28). The reserve days are 

estimated as 2 days in the winter months and 1 day in the summer months. 

Table 9 summarizes the maximum required capacity the various batteries, 

according to the listed recommended depth of discharge (DoD), the battery bank 

connections required and total price.  

Table 9: Battery bank capacity and total cost 

Type 
Volts 
[V] 

Winter 
Capacity 
Req. [Ah] 

Amount of 
Lines 

Total 
Amount 
Batteries 

Total 
Price [R] 

Deep Cycle (Lead 
Acid) 

Trojan T105  

6 781.25 3.470 
= 4 

16 40 160.00 

Deep Cycle 
Trojan J305H-AC 

6 781.25 2.332 
= 3 

12 65 652.00 

Deep Cycle (Lead 
Acid) 

Trojan L16H-AC 

6 781.25 1.860 
= 2 

8 51 656.08 

Calcium Alloy 
Maximus 105 Ah 12 V 

12 781.25 7.440 
= 8 

16 28 927.84 

Calcium Alloy 
Deltec BD-54-105N 

12 625.00 5.982 
= 6 

12 29 436.00 

Lead Crystal 
Betta BC-6CNFJ-120 

12 312.50 2.604 
= 3 

6 34 878.00 

Deep Cycle 
Trojan J185H-AC 

12 781.25 3.634 
= 4 

8 41 240.00 
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In actuality, more than 2 reserve days are required in the winter months, but 

increased reserve days ensure a significant system cost increase. Generally, the 

amount of reserve days chosen are between 1 to 4 days (Hankins, 2010:133). 

5.3.2. Select Battery 

The batteries evaluated are mostly deep cycle batteries with a life expectancy of 

5 to 10 years, with the exception of the lead crystal battery which has a life 

expectancy of 7 – 10 years. The lead crystal battery also has a much smaller 

environmental impact than lead acid type batteries, 

The battery is chosen according to the manufacturer, and therefore the quality, 

as well as how the batteries are connected and the capacity required. 

Although the Maximus 105 Ah battery bank is the least expensive, the batteries 

merely have a 12 month product warranty. This would be an expensive option in 

the long run. 

The Deltec Calcium Alloy battery is a good choice since the batteries have a 2 

year product warranty is relatively inexpensive in relation to the other batteries 

choices and are capable of deep-cycling (50 % DoD) – the datasheet is supplied in 

Appendix C.3, Figure 24. Figure 16 shows the battery bank connection to reach 

the required capacity and system voltage with 12 similar Deltec batteries. 

 

 

 

 

 

 

 

 

 

 

5.4. Controller: Sizing and Selection 
Charge controllers ensure that batteries are not damaged by deep discharging 

and overcharging from the modules. Two solar charge controller options are 

available: PWM and MPPT. MPPT are the most common controller currently and 

gains 30 % more power than a PWM controller (Andorka, 2014). 

 
+ + 

+ + 

+ + + + 

+ + + + 

- - - - - - 

- - - - - - 

12 V 12 V 12 V 12 V 12 V 12 V 

12 V 12 V 12 V 12 V 12 V 12 V 

105 Ah x 6 
+ 

- 

24 V 

Figure 16: Battery bank connection 
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Previously it was decided that the system voltage is 24 V, and the calculated solar 

array wattage for the chosen modules 1 785 W. To determine the size of the 

controller the wattage is simply divided by the system voltage, which equals 

74.375 A. 

Other controller selection factors include: module array short circuit protection, 

load short circuit protection, reverse polarity, lightning protection, displays and 

data logging. 

5.5. Inverter: Sizing and Selection 
Inverter selection differs for stand-alone and grid-tied systems, since their 

function and therefore operation differs. Some inverter characteristics which are 

important are wave form and inverter efficiency, as discussed in the Literature 

Review section. 

The maximum AC power from the load side is multiplied by 1.25 to determine an 

inverter rating. The rated power for the swimming pool pump is 1 kW, but as 

described in the Literature Review, the required surge power is up to 6 times the 

full load value (Square D, 1992:2). The inverter is therefore size for a rating large 

than 1 kW, with a surge capacity of 6 kW. 

6. GRID-TIED SYSTEM DESIGN PROCEDURE 
For the grid-tied system design, it is assumed that the swimming pool pump is 

not connected to the system, as seen in Figure 8. Previously, the function of this 

system was explained, the pump is not directly powered by the PV system. The 

grid-tied system is therefore designed according to the radiation and 

temperatures at the installation site, to eliminate the effect of the load. 

Unlike the stand-alone design procedure, the grid-tied system design procedure 

requires the analysis of the modules and inverter simultaneously. The grid-tied 

design procedure is described by Neill and Stapleton (2012:127). 

6.1. Matching Voltage Specifications 
An inverter is not only selected according to the load size but also according to 

the designed module array characteristics. The maximum input voltage of the 

inverter must be larger than the system voltage, but is rarely larger than the 

maximum system voltage, which is approximately 600 VDC – 1000 VDC. If the 

module array’s voltage should exceed the maximum input voltage of the 

inverter, it could cause the inverter electronics to fail. 

Grid-tied inverters are also specified with a MPPT range and voltages, since 

outside of this range, the inverter cannot utilize the modules effectively 

according to MPPT.   
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The minimum number of modules in a string required, is calculated by, 

                       
                

              
 (38) 

1 % voltage drop across the DC cables is assumed, and a 10 % safety margin is 

added to the minimum inverter input voltage. The maximum number of modules 

required in a string, 

                       
                   

         
  (39) 

The maximum inverter input voltage is reduced with a 5 % safety margin.  

6.2. Matching Current Specifications 
Inverters are specified according to the current it can process and the current it 

can deliver. The current of modules does not vary significantly, therefore 

temperature effects are not considered in determining the amount of strings 

required, 

                 
              

   
 (    

 

6.3. Matching Power Ratings 
To match the module and inverter power rating, the maximum inverter DC 

power is simply divided by the module rated power to determine the maximum 

allowable number of module connections to the inverter. 

6.4. System Selection 
The Renesola Virtus II modules, with datasheet supplied in Appendix C.2, Figure 

22, are selected for the design. From equations (32) and (33), the maximum 

voltage was determined as 36.44 V and the minimum voltage as 26.51 V for 

these modules. Three commercially available inverters are matched in Table 10, 

the reference for their price and specifications is supplied in Appendix C.1, Table 

23. 

The StecaGrid 1800 inverter is selected since it is less expensive than the Sunny 

Boy, and has a higher efficiency and warranty than the Microcare inverter. The 

data sheet for the selected grid-tied inverter is supplied in Appendix C.4, Figure 

25.  
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Table 10: Grid-Tied inverter matching 

Inverter Max. DC 
Power 
[W] 

Max. 
Allowed 
Modules 

Max. 
Inverter 
Input I 
[A] 

Number 
Strings 
Req. 

Min. 
Inverter 
Voltage 
[V] 

Min. 
Modules 
per 
String 

Microcare 
1.5 kW 

1 750 6.860 9.0 1.016 
= 1 

150 6.287 
= 7 

StecaGrid 
1800 

1 840 7.216 11.5 1.298 
= 1 

125 5.239 
= 6 

SMA Sunny 
Boy 2100TL 

2 200 8.627 11.0 1.242 
= 1 

125 5.239 
= 6 

It was previously determined that approximately 1.6 kW is required from the 

system to power the pump. Therefore with this system the same amount of 

energy is required. With seven 255 W Renesola modules in series, the energy 

requirement is met, 1.785 kW. The system voltage falls between the inverter 

input range, and is therefore a suitable match. 

 

7. COSTING 
The costing of the various designs is determined from the components readily 

available on the commercial market from various manufacturers and 

distributors. Specific module and battery costing have previously been 

completed in the design phase. The cost of cabling, fuses, mounting and 

installation is not included in the system costing. 

7.1. Stand-Alone: No Storage 
This system configuration is not popular and therefore not readily available on 

the commercial market. The main reason for the unsuitability of the system can 

be attributed to the efficiency which is low since very specific amounts of power 
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Figure 17: Grid-Tied module configuration 
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is required at specific times. If the power is too much, it is lost in the system and 

if the power is too little it is lost as well and cannot be harnessed.  

The pump is nominally rated at 1 kW but has a surge capacity of approximately 6 

kW. Therefore, with each start-up of the pump, more than 1 kW is required from 

the solar modules, even if the radiation dips and does not produce 1 kW for a 

only few minutes, the pump will slow down, or even stop, and then again require 

a larger surge of power. 

Some days the radiation incident on the modules will not be enough to produce 

1 kW of power. If the modules produce, for example, 900 W average per hour for 

2 hours, it surmounts to 1.8 kWh which is lost that cannot be used. 

For the above reasons, no costing is completed for this system design. Even if the 

upfront cost of this system were to be less than for the other system designs, its 

return would be too little to compensate for the expense of the system. 

7.2. DC Pump 
The PV system with a DC pump is a simple design. Usually a pump is chosen 

according to the rating of the already installed AC pump, and the PV panels 

matched to this rating. 

All DC pump prices listed in Table 11 include a controller, level sensor probe and 

DC cabling for these components. The first costing option consists of 

components manufactured and distributed by C.R.I. Pumps; the component 

quote is supplied in Appendix D, Figure 26. The other components quotes are 

listed in Appendix D, Table 24.  
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Table 11: DC pump system costing 

 Qty. Item Description Unit Price Company Total Date 
Queried 

1 16 PV 
Module 

17.6 V, 100 W 
(GPP-100/18) 

R 1 489.07 C.R.I. Pumps R 23 825.09 07/2015 

 1 Pump 110 V, 1.2 kW 
(GSP-16/A20)  

R 39 944.69 C.R.I. Pumps R 39 944.69 07/2015 

      R 63 769.78  

        

2 6 PV 
Module 

255 W 
Renesola 

Virtus II 

R 3 096.00 Renesola 
(Sustainable.co.za) 

R 18 576.00 09/2015 

 1 Pump PS1800  
CS-37-1 

R 33 254.39 Lorentz 
(Sustainable.co.za) 

R 37 910.00 09/2015 

      R 56 486.00  

        

3 5 PV 
Solar 

Panels 

255 W 
Renesola 

Virtus II 

R 3 096.00 Renesola 
(Sustainable.co.za) 

R 15 480.00 09/2015 

 1 Pump 110 V, 1.2 kW 
(TSSP25-15-

110/1200)  

R 32 096.00 ACDC R 36 589.44 09/2015 

      R 52 069.44  

This costing is done with VAT included. The mounting and PV cabling is excluded. 

The costing varies significantly between manufacturers and the amount of 

modules required to power the pump. 

7.3. Stand-Alone: Battery Bank 
The battery and module costing was completed previously in the design phase. 

Table 12 lists only one option since inverters and charge controllers are chosen 

to suit the design, also according to manufacturer, quality and availability.  
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Table 12: Stand-alone battery bank costing 

 Qty. Item Description Unit Price Company Total Date 

1 7 PV 
Module 

255 W 
Renesola 

Virtus II 

R 3 096.00 Renesola 
(Sustainable.co.za) 

R 21 672.00 09/2015 

 12 Battery Deltec  
BD-54-105N 

R 2 453.00 Deltec 
(Sustainable.co.za) 

R 29 436.00 09/2015 

 1 Inverter Phoenix 
Compact 24 V 

1600 W 

R 14 979.00 Victron 
(Sustainable.co.za) 

R 14 979.00 09/2015 

 1 Charge 
Controller 

BlueSolar 
MPPT 150/85 

R 11 889.00 Victron 
(Sustainable.co.za) 

R 11 889.00 09/2015 

      R 77 976.00  

 

7.4. Grid-Tied System 
The costing for the grid-tied system with and without the pump connection is 

identical. A summary of the design selection from section 6, is supplied in Table 

13. As mentioned previously, the quality of the grid-tied inverter is especially 

important and many standards exists, specifically national standards, which 

controls the implementation of grid-tied inverters.  

The StecaGrid has a maximum efficiency of 97.5 % - 98 % and has a 7 year 

warranty. Since South Africa has no national standards on the characteristics of 

grid-tied inverters, inverter efficiency and warranty length are measure of 

inverter quality. 

Table 13: Grid-tied system costing 

 Qty. Item Description Unit Price Company Total Date 

1 7 PV 
Module 

255 W 
Renesola 

Virtus II 

R 3 096.00 Renesola 
(Sustainable.co.za) 

R 21 672.00 09/2015 

 1 Inverter StecaGrid 
1800 

R 19 902.00 Steca 
(Sustainable.co.za) 

R 19 902.00 09/2015 

      R 41 574.00  

 

7.5. Design Selection 
From the costing above it is determined that the initial cost of the grid-tied 

system is the least expensive, and the stand-alone system with a battery bank 

the most expensive. Even though grid-tied systems are not legal in most towns in 
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South Africa as yet, it is the system which has the most advantages. Grid-tied 

systems are adaptive, this allows for the size increase of the system with less 

expenses than any other system – this would allow the consumer to expand their 

PV system to compensate for other household appliances. 

Since the grid-tied system consists of fewer components, installation and 

maintenance times are decreased. Although the installation time is decreased, 

the installation needs to be completed by a certified electrician since the system 

needs to be connected to the grid, through the DB board. 

Another estimated price and its cost breakdown is supplied in Table 25. The total 

system cost supplied (Barnard, 2015) of approximately R 38 533.00includes the 

main components, installation material, mounting and labour. 

Therefore, the capital cost make up approximately 80 % of the total system cost. 

The other 20 % is attributed to installation and maintenance costs. The capital 

cost would also include a new meter, which would not be funded by the 

municipality – as in the case of other countries, such as Australia. (Neill and 

Stapleton, 2012:181). 

Maintenance cost of a grid-tied system is estimated as 1% of the system cost. 

Maintenance should be undertaken every 6 – 12 months and generally include 

the cleaning of PV modules, and technical maintenance on the system. 

Replacement costs are usually only incurred after the system has been operating 

a few years. This depends significantly on the quality of system components. 

Replacement costs are also applicable to diodes, cable, plugs, etc. If the capital 

cost is R41 574.00 as determined in Table 13, the total system cost with an 

included 15 % installation cost, approximates to R 47 810.10. This amount is used 

in the Financial Performance section. 

8. PERFORMANCE ASSESSMENT 
Predicting and evaluating system performance based on historical weather data 
and system characteristics is important for the designing and commissioning of 
photovoltaic projects. Performance differs from reliability, but it is dependent on 
it. Different models exist which supplies measures of performance. 

8.1. Energy Yield 
Energy yield is the system energy output over a total year, determined by the 

peak power rating of the solar array. The average yearly energy yield 

(NORHTREP, 2012:10), 

                                                         (41) 
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The rated power output of the array under STC,         , is de-rated by a 

temperature factor, manufacturing tolerance and dirt factor. The yearly 

irradiation, taking into account tilt, orientation and shading, is       in kWh/m2. 

Equation (41) also takes into account of the losses of the inverter and cabling. 

The temperature de-rating factor,   , for the Renesola Virtus II module as has 

previously been determined as the module efficiency due to temperature from 

(34) as 86.50 %. The manufacturing tolerance de-rating factor,     , is assumed 

to be 0.95. It is also assumed that the modules are cleaned regularly and 

therefore the dirt de-rating factor is equal to 1. 

Equation (41) has several components which are calculated systematically. The 

first part de-rates the output power of the module array. Each Renesola module 

has a power rating of 255 W at STC, according to Figure 22 in Appendix C.2. 

Therefore for the 7 module array, 

                                      (  ) 

The DC output of the PV is the second part of equation (  ). The DC losses are 

assumed to be the following: 3 % for cable loss between the modules and 

inverter (NORTHREP, 2012:27) and 2 % for the inverter, stated in Figure 25, 

Appendix C. The AC losses are attributed to the cables connecting the inverter to 

the grid – it has an assumed loss of 1 %. The average monthly output for 2013 

and 2014, calculated through equation (41), is listed in Table 14, as Esys per 

Temperature. 

Another measure of the power output of the module, can be calculated in terms 

of the area on which the radiation is incident, 

                        (    

The module area is determined from the dimensions supplied on the datasheet – 

the area for one Renesola module equals 1.627 m2, and therefore the array area 

is 11.388 m2. The power output calculated from equation (43) is further de-

rated by the system AC and DC losses. The system output with de-rated module 

output from equation (43) is supplied in Table 14, as Esys per Area. 

Table 14 indicates the effect of temperature on the efficiency of the modules and 

therefore the energy output. In the summer months when the temperature is 

higher, the difference between the system energy outputs are much larger. In 

winter the two equations supply values that are almost equal. 
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Table 14: Monthly system energy output averages for 2013 and 2014 

 
Month 

Esys [kW h] per 
Temperature 

Esys [kW h] per 
Area   

Summer October 282.405 337.473 55.068 
 November 308.303 368.421 60.118 
 December 372.001 444.539 72.538 
 January 351.906 420.526 68.620 
 February 307.026 354.243 47.217 
 March 255.299 300.935 45.636 

Winter April 212.518 221.399 8.881 
 May 144.251 150.690 6.439 
 June 132.173 142.492 10.319 
 July 128.907 134.294 5.387 
 August 156.961 163.521 6.559 
 September 215.844 224.865 9.0203 

Total  2867.594 3263.398 395.804 

The specific energy yield standardizes the solar output to a default amount of 1 

kWp. This output is in effect determined by the radiation intensity and the 

duration of sunshine. 

   
    

        
 (44) 

From equation (44), the specific energy yield is therefore determined as 

1 606.495 kWh/kWp, with the array output at STC 1.785kW, as determined 

previously. 

8.2. Performance Ratio 

To compare between the performances of the different system solutions for the 
specific site, performance metrics are applied as discussed in (Sandia National 
Laboratories, [S.a.]). The objectives of the performance assessment are to 
predict how the designed system will perform with its specific location, how the 
system will perform long-term and predicting the energy yield of the system. 
Performance assessment can also be implemented to detect crucial changes in 
the system to prevent system failure, and therefore to allow for cost effective 
maintenance. Defined by the IEC (IEC 61724, 1998) is the daily AC performance 
ratio, 

     
     

  
 (    
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With the nominator defined as the measured AC energy produced by the system 
in a day (kWh/day), divided by the rated system power. The denominator,   , is 
the plane of array insolation ( kWh/m2) divided by a reference irradiance of 1000 
Wm-2. This performance ratio is dependent on temperature and therefore the 
ratio will be lower in warmer time of the year, and higher in colder times. 

A simplified model which can be used for one specific location is the 
Performance Ratio (PR) - the energy yield from a photovoltaic system compared 
to a predicted yield from a model, 

   
    

      
 (    

A performance index of 1 for a system indicates a perfectly optimized and 
functioning system. The ideal energy output, 

                      (    

The rated 1.785 kW for the array is multiplied by the incident radiation from 
Appendix B.2, Table 19 – the ideal energy is 6 189.780 kWh. Therefore, the 
performance ratio is determined to be 0.67 for summer months, and 0.58 for 
winter months. Increasing the tilt of the modules, as discussed previously, will 
increase the incident radiation and therefore the performance ratio of the total 
system. 

The performance ratio is a quality measure of a PV system, which is in actuality a 
quality factor since it is not dependant on location. The PR simply states a 
relationship between the actual and theoretical system outputs. The PR of a 
system is usually determined after the installation of the system, and a period of 
at least a month of operation. 

Multiple performance metrics exist with the objective to determined how the 
system is currently performing in comparison to how it would perform in the 
future, how is the system comparing to other systems in similar climates and 
how can maintenance be scheduled to ensure an optimally operating PV system. 
The metrics are usually determined with data from an installed system, or even 
multiple similar systems. Most of the metrics are continually applied to the 
installed system to determined changes in system performance. In 
commissioning a new system the uncertainty is increased since the performance 
assessment relies on the validity of the system model and the assumptions 
made. 

9. FINANCIAL PERFORMANCE 
The system value is correlated to the lifetime cost of the system relative to the 
AC energy yield, referred to as the Levelized-Cost-of-Energy (LCOE) as by 
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Cunningham and Mokri (2014:4). The performance and viability of the PV system 
is discussed in terms financial performance, influenced by the technical 
performance.  

The financial performance is completed for the grid-tied system which excludes 
the pump, as seen in Figure 8. 

9.1. System Value 
The system is evaluated in terms of the upfront cost and output,  

 
   

                       

                           
      

This method is a standard in Europe to compare systems and their component 

cost (Neill and Stapleton, 2012:182). For the selected system with an upfront 

cost of approximately R32 620 as supplied by Barnard (2015), and the peak rated 

power approximately 1 785 W,  

 
   

           

     
              (  ) 

 

9.2. Return on Investment 
The system is a non-current asset and therefore its value needs to be 

depreciated over the useful life. The useful life the system is assumed to be the 

various system components’ warranty – the Renesola modules have a 10 year 

material warranty, the inverter warranty is specified as 7 years and it is assumed 

that the other system components, such as cables, have a useful life of 10 years.  

It is assumed that at the end of the useful life, the component has a value of 

approximately R 0.00 – the estimated residual value. The estimated residual 

value is zero since it is expected that components have physically degraded in 

this time period, and therefore cannot be re-sold. 

The depreciation is calculated according to the diminishing balance method, also 

known as the accelerated method. It is an appropriate method since the 

components have a higher utility value for the first few years. A fixed percentage 

is selected to ensure that the residual value of the component is zero (Berry et al. 

2008:266). The depreciation of the inverter is supplied in Table 15, and the 

depreciation of modules and other installation costs is supplied in Table 27, 

Appendix F.  
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Table 15: Inverter investment depreciation according to the diminishing-
balance method, over 7 years 

Date 
[Year] 

Cost Price 
[R] 

Calculation of 
Depr. [R] 

Annual 
Depr. [R] 

Accumulated 
Depr. [R] 

Net Amount 
[R] 

Invert 19 902.00 - - - 19 902.00 
1 19 902.00 50 % x 19 902.00 9 951.00 9 951.00 9 951.00 
2 19 902.00 50 % x 9 951.00 4 975.50 14 926.50 4 975.50 
3 19 902.00 50 % x 4 975.50 2 487.75 17 414.25 2 487.75 
4 19 902.00 50 % x 2 487.75 1 243.88 18 658.13 1 243.88 
5 19 902.00 50 % x 1 243.88 621.94 19 280.06 621.94 
6 19 902.00 50 % x 621.94 310.97 19 591.03 310.97 
7 19 902.00 50 % x 310.97 155.48 19 746.52 155.48 

   19 746.52   

Even though the useful life is estimated as the warranty period of each 

component, the actual service life is significantly longer. The module has a 25 

year linear power output warranty and therefore still has 85 % efficiency after 20 

years, according to Figure 22 in Appendix C.2. Most inverters have a service life 

of 20 years if it is used under the maximum ratings supplied by the manufacturer 

(Neill and Stapleton, 2012:182). Therefore, the service life of the total system is 

assumed to be 20 years. 

The cash flow and rate of return is calculated in Table 16 for the 1.758 kW 

relating to the investment cost of R 47 810.10, designed in section 7.4. The 

energy savings are the savings from avoided electricity cost.  

The price of electricity per kWh varies significantly according to location, usage 

bracket and previous usage. The average 2015 - 2016 electricity tariffs in the 

Stellenbosch Municipal area is used to calculate the energy savings. The cost per 

unit used is R 1.48, VAT inclusive (Stellenbosch Municipality, 2015:2). The 

increase in electricity cost is also variant, from a 2 % increase to 9 %, as seen in 

Appendix E, Table 26. The increase in electricity cost is approximated to be 8 % 

yearly. 

The energy saving per year is calculated as, 

                                           (50) 

The electricity cost is the cost for that specific year. For year 1 it is R 1.48, for 

every year following, the previous year is increased with the assumed 8 %.    
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and    in equation (50) refers to the total power usage in the 6 summer 

months and 6 winter months, independently. Each 6 months are assumed to be 

182 days. As previously mentioned, it is assumed that the average 1 kW pool 

pump is run for 8 hours in the summer months, and 4 hours in the winter 

months. 

The investment capital for year 0 is the total cost of the system, from year 1 and 

onwards the investment capital is determined by deducting that specific year’s 

energy saving from the previous year’s investment capital. 

Table 16: Cash flow and rate of return on a 1.758 kW system 

The cumulative savings and investment capital, calculated for cash flow and rate 

of return, is displayed in Figure 18. The crossing of the two values is at 6 years – 

this is the point of parity between the cost of the system and the energy saving. 

Date 
[Year] 

Energy 
Savings [R] 

Inverter 
Depr. [R] 

Module 
Depr. [R] 

Investment 
Capital [R] 

Cum. 
Savings [R] 

0 0.00 0.00 0.00 47 810.10 0.00 

1 3 232.32 9 951.00 13 954.05 44 577.78 3 232.32 

2 3 490.91 4 975.50 6 977.03 41 086.87 6 723.23 

3 3 770.18 2 487.75 3 488.51 37 316.70 10 493.40 

4 4 071.79 1 243.88 1 744.26 33 244.90 14 565.20 

5 4 397.54 621.94 872.13 28 847.37 18 962.73 

6 4 749.34 310.97 436.06 24 098.03 23 712.07 

7 5 129.29 155.48 218.03 18 968.74 28 841.36 

8 5 539.63 - 109.02 13 429.12 34 380.98 

9 5 982.80 - 54.51 7 446.32 40 363.78 

10 6 461.42 - 27.25 984.89 46 825.21 

11 6 978.34 - - -5 993.44 53 803.54 

12 7 536.60 - - -13 530.05 61 340.15 

13 8 139.53 - - -21 669.58 69 479.68 

14 8 790.69 - - -30 460.27 78 270.37 

15 9 493.95 - - -39 954.22 87 764.32 

16 10 253.47 - - -50 207.69 98 017.79 

17 11 073.74 - - -61 281.43 109 091.53 

18 11 959.64 - - -73 241.07 121 051.17 

19 12 916.41 - - -86 157.49 133 967.59 

20 13 949.73 - - -100 107.21 147 917.31 
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The area to the right of the parity point indicates profit – the system has fully 

been paid for and all savings from the energy usage is profit. 

In Table 28, Appendix F, the rate of return is calculated for electricity cost 

increase at 12 % and 16 %. These increased percentages decreases the rate of 

return with approximately 1 year, therefore the rate of return is approximately 8 

years for 12 % or 16 %. 

The rate of return shows that the system is paid for, through electricity savings, 

before the end of the service life of all components. The rate of return is also less 

than the useful life determined by the component warranty. Enough profit is 

generated after the point of parity is reached, to cover maintenance costs, and 

some replacement costs. 

Since grid feeding is not as yet supported in South Africa, the actual saving 

through rebates and feed-in tariffs cannot be calculated. The feed- in tariff is a 

reward for contributing electricity to the grid – these rewards vary in amount 

and country. Therefore, the above calculation of return in investment assumes 

that the reward received per kWh, equals that of the retail electricity price. 
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Figure 18: Return on investment of a 1.758 kW system 
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Financial incentives are provided by some governments through rebates. This 

would decrease the upfront cost of the PV system and therefore reduce the 

return on investment significantly. 

10. CONCLUSION 

10.1. Discussion 
In European countries such as Germany the point of grid parity, the point where 
the cost of photovoltaic electricity equals the cost of grid electricity, is much 
closer. In these countries where the volume of photovoltaic installations is 
numerous, the cost of installations is reduced and equipment is more widely 
available, making the installation of photovoltaic systems more accessible. 

Multiple system designs are possible, relating to the needs of a specific user. The 
moderate inaccessibility of solar technology in South Africa limits the options but 
there is some growth in market.  Some solar installation consulting companies do 
exist in South Africa which analyses the needs of the client and designs a system 
to fit those needs. Currently this method is the most successful in making solar 
technology accessible to the domestic user. 

In such a system, especially this one pertaining a swimming pool pump which is 
an AC load, some complexity is unavoidable. Multiple factors influence such a 
system such as the variability of the load and radiation – the design should take 
these into account. 

Initially, installation of a system to power a pool pump at the chosen installation 
site in Stellenbosch was considered. After the cost analysis it was determined 
that the least expensive and most advantageous system cannot as yet be 
installed in South Africa – the grid-tied system. Therefore, no installation was 
completed. 

The rate of return was only determined for the grid-tied system since all other 
system have an equal or shorter warranty, therefore their rate of return would 
be increased, making these design less effective than the grid-tied system. 

Changes to the timeline and budget of the project have been adapted suitably, 
as seen in Appendix A. The timeline was considerably increased for design 
analysis and cost performance since system installation was not completed. 

10.2. Recommendation 
From the financial performance section it is concluded that the rate of return for 

the grid-tied system is 6 years – therefore all system components are paid off 

before their warranties expire. Assuming that the service life of the system is 20 

years, profit is acquired from the system for 14 years. It is assumed that grid-

feeding is rewarded per kWh at the retail electricity price, since no tariff is set. 
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The initial investment of the system was determined as R 47 810.10 – the 

cumulative savings over the 20 years of system service life R 147 917.31. 

Therefore, enough money is saved through installing the system to not only 

cover the initial investment cost but also provide for maintenance, repair and 

replacement costs. 

Unfortunately, grid feeding is not yet legalized in all towns in South Africa – and 

to when it will be legalized is uncertain, even though NERSA views it as inevitable 

(Creamer, 2014:11). The recommendation is therefore that general consumers 

wait until grid-feeding is legalized – this system is the most effective, not only for 

saving on electricity costs of swimming pool pumps but all electrical appliances. 
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APPENDIX A: Techno-Economic Analysis 
A.1 Planning 

 

Figure 19: Project proposal Gantt chart 

 

Figure 20: Final Gantt chart 
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Figure 19 and Figure 20 provides the planning for the project. It can be seen that 

the timeline was considerably adjusted from the initial planning since no system 

installation took place. 18 days was added to the design analysis since five 

designs were completed, and 17 days were added to analyse the selected design 

in terms of performance. 

The financial analysis was moved much later in the timeline since no component 

acquiring was required. Initially it was planned to analyse solar data as part of 

the Literature Study, this process took much longer than planned and was 

therefore analysed over all sections. 

A.2 Budget 
Since no installation was completed for the project, the budget was also 

significantly adjusted. 

Table 17: Initial cost per Activity for a photovoltaic solar power supply for a 
domestic swimming pool pump installation 

Activity 

Engineering 

Time 

Operating 

Costs 

Capital 

Costs 

Facility 

Use TOTAL 

 hr R R R R R 

Literature 

Study 
40 14 000 0 0 0 14 000 

Design 30 10 500 0 0 0 10 500 

Financial 

Analysis 
20 7 000 0 0 0 7 000 

Final design 15 5 250 0 0 0 5 250 

Buy Resources 1 350 0 30 000 0 30 350 

System Setup 20 7 000 100 0 500 7 600 

Testing 100 35 000 0 0 0 35 000 

Data Analysis 60 21 000 0 0 0 21 000 

Report 

Writing 
40 14 000 200 0 0 14 200 

TOTAL 326 114 100 300 30 000 500 144 900 

 

The initial system capital cost was estimated as R 30 000.00, as seen in Table 17. 

This value was significantly underestimated, as capital costs from approximately 

R 40 000.00 and R 70 000 was determined in the costing section. 
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Table 18: Final cost per activity 

Activity 

Engineering 

Time 

Operating 

Costs 

Capital 

Costs 

Facility 

Use TOTAL 

 hr R R R R R 

Literature 

Study 
80 28 000 100 0 0 28 100 

Design 70 24 500 90 0 0 24 590 

Final design 30 10 500 40 0 0 10 540 

Financial 

Analysis 
30 10 500 40 0 0 10 540 

Report 

Writing 
50 17 500 300 0 0 17 800 

TOTAL 260 91 000 570 0 0 91 570 

The final project cost is supplied in Table 18, where all capital is for engineering 

time and operating cost, which is for computer usage and printing expenses. The 

literature study has the greatest cost since the research for not only the 

literature review, but components available, system design and methods for 

analysis where determined in this activity. The total engineering time decreased 

considerably since no installation was completed and therefore data analysis 

time was combined with other activities. 
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APPENDIX B: Solar Resource 

B.1 Historical Solar Data 

 

Figure 21: Solar radiation measurement for the past 7 years 
(weather.sun.ac.za) 

B.2 Mean Daily Insolation 
Data from the Sonbesie is used to approximate insolation and incident radiation 

values for the installation site, which is located in the same town. The data is 

supplied on weather.sun.ac.za. 

The column SunWm_avg from the Sonbesie data is the Global Horizontal 

Irradiance (GHI) in W/m2, recorded every minute of the day. To analyze this data, 

the GHI value on every 1 hour timestamp was used. There is variance in the 

radiation measured throughout each hour– it is assumed that these average out, 

and therefore the value for each hour is used. 

Missing measurements from the Sonbesie was approximated as follows: if one 

measurement value is missing, it is average from the previous and following 

hour. The month of July in both years 2013 and 2014 has multiple missing values, 

therefore all calculated values for this month was averaged between the 

previous and following months. These GHI values are provided in Table 19  These 

GHI values are used to determine the incident radiation on 10° tilted modules – 

the procedure is provided by equations (16) to (19). 

Table 20 provides the hourly yield determined through the area method as 

described in equation (43). 
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Table 19: GHI in W/m2 from the Sonbesie located in Stellenbosch (weather.sun.ac.za), and the daily total incident radiation on a 10° tilted module 

Times 2013/01/01 2013/01/02 2013/01/03 2013/01/04 2013/01/05 2013/01/06 2013/01/07 2013/01/08 2013/01/09 2013/01/10 

00:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
01:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
02:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
03:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
04:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
05:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
06:00 14.76 14.52 10.89 10.89 10.89 14.51 10.89 10.89 10.89 10.89 
07:00 220.28 208.56 22.86 65.31 210.49 196.79 213.40 195.70 56.25 155.96 
08:00 463.73 442.68 36.29 159.78 437.25 425.27 440.26 420.91 429.63 79.84 
09:00 688.70 662.95 161.73 311.81 660.88 647.00 671.16 674.85 327.54 272.51 
10:00 882.22 865.37 380.76 395.46 848.70 847.85 859.82 1 137.72 95.90 175.74 
11:00 1 028.89 1 008.40 897.44 663.91 988.21 989.92 1 011.91 998.41 352.81 696.92 
12:00 1 111.95 1 091.11 690.28 940.24 1 072.13 1 073.69 1 087.11 1 083.53 278.40 263.92 
13:00 1 131.73 1 109.64 856.68 1 119.70 1 086.63 1 096.06 1 117.03 1 113.96 130.61 159.05 
14:00 1 085.78 1 062.84 983.73 1 058.75 1 054.72 1 050.48 1 069.71 1 077.32 145.13 212.63 
15:00 979.71 960.03 615.66 950.52 953.67 950.24 966.36 976.00 305.23 278.91 
16:00 812.64 800.43 340.06 789.79 790.38 791.24 801.51 810.59 684.28 247.47 
17:00 606.65 600.57 620.52 582.19 585.61 591.06 597.10 602.85 721.24 322.22 
18:00 372.89 367.93 150.78 356.81 359.15 360.93 364.79 377.61 391.74 183.21 
19:00 140.58 132.64 130.61 134.82 136.22 139.13 133.08 143.64 50.79 83.34 
20:00 3.63 0.00 2.90 1.69 0.12 3.63 3.63 3.63 0.00 3.63 
21:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
22:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
23:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Daily Total 
Horizontal 

[W/m2] 
9 544.13 9 327.67 5 901.15 7 541.69 9 195.04 9 177.80 9 347.75 9 627.58 3 980.43 3 146.24 

Day of Year 1 2 3 4 5 6 7 8 9 10 
Declination 

Angle [°] 
-23.01 -22.93 -22.84 -22.75 -22.65 -22.54 -22.42 -22.30 -22.17 -22.04 

Alpha [°] 79.01 78.93 78.84 78.75 78.65 78.54 78.42 78.30 78.17 78.04 
Shor  

[W h/m2/day]  
9.54 9.33 5.90 7.54 9.20 9.18 9.35 9.63 3.98 3.15 

Smod 

[W h/m2/day] 
9.72 9.50 6.01 7.69 9.38 9.36 9.54 9.83 4.06 3.21 
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Table 20: Yield values in Stellenbosch on Renesola Virtus II modules according to the area method. 

Times 2013/01/01 2013/01/02 2013/01/03 2013/01/04 2013/01/05 2013/01/06 2013/01/07 2013/01/08 2013/01/09 2013/01/10 

00:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
01:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
02:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
03:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
04:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
05:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
06:00 26.39 25.95 19.46 19.46 19.47 25.95 19.47 19.46 19.46 19.47 
07:00 393.84 372.88 40.87 116.77 376.34 351.84 381.53 349.89 100.57 278.84 
08:00 829.11 791.47 64.87 285.67 781.75 760.33 787.15 752.55 768.14 142.75 
09:00 1 231.32 1 185.29 289.16 557.49 1 181.59 1 156.78 1 199.97 1 206.56 585.60 487.22 
10:00 1 577.32 1 547.20 680.75 707.04 1 517.38 1 515.87 1 537.28 2 034.13 171.46 314.21 
11:00 1 839.55 1 802.92 1 604.53 1 187.01 1 766.82 1 769.88 1 809.19 1 785.05 630.79 1 246.03 
12:00 1 988.06 1 950.80 1 234.14 1 681.06 1 916.86 1 919.65 1 943.64 1 937.24 497.75 471.86 
13:00 2 023.42 1 983.93 1 531.65 2 001.91 1 942.79 1 959.65 1 997.14 1 991.65 233.51 284.37 
14:00 1 941.27 1 900.25 1 758.81 1 892.94 1 885.73 1 878.15 1 912.53 1 926.14 259.48 380.17 
15:00 1 751.63 1 716.44 1 100.74 1 699.44 1 705.07 1 698.94 1 727.76 1 744.98 545.72 498.67 
16:00 1 452.91 1 431.09 607.99 1 412.07 1 413.11 1 414.67 1 433.01 1 449.25 1 223.43 442.45 
17:00 1 084.63 1 073.75 1 109.42 1 040.89 1 047.00 1 056.75 1 067.56 1 077.83 1 289.50 576.09 
18:00 666.68 657.83 269.57 637.94 642.13 645.30 652.20 675.12 700.40 327.56 
19:00 251.34 237.15 233.51 241.04 243.55 248.75 237.93 256.82 90.81 149.00 
20:00 6.49 0.00 5.19 3.03 0.22 6.48 6.49 6.49 0.00 6.49 
21:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
22:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
23:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Daily Yield Total 
[W/m2]l 

17 063.96 16 676.94 10 550.67 13 483.75 16 439.81 16 408.99 16 712.85 17 213.16 7 116.62 5 625.16 

Amount Hours 
> 1 kW 

9 9 6 7 9 9 9 9 2 1 
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APPENDIX C: Component Datasheets 

C.1 Component References 

Table 21: Module datasheet references 

Module Reference 
Waaree Ltd WS-100/12 http://www.sustainable.co.za/waaree-arun-series-ws-

100-100w-solar-panel.html 
ACDC SLP100-12 http://www.acdc.co.za/ 
SDDirectPro Enersol 100 http://www.sustainable.co.za/sddirectpro-enersol-

100-100w-solar-panel.html 
Renesola Virtus II 255 W http://www.sustainable.co.za/renesola-virtus-ii-255w-

solar-panel.html 
Astronergy CHSM6601P http://www.sustainable.co.za/astronergy-260w-

chsm6601p-solar-panel.html 
 

Table 22: Battery datasheet references 

 Battery Reference 
Deep Cycle (Lead Acid) 
Trojan T105 

http://www.sustainable.co.za/trojan-re-series-t105-
225ah-6v-solar-storage-batteries.html 

Deep Cycle (Lead Acid) 
Trojan J305H-AC 

http://www.sustainable.co.za/trojan-deep-cycle-j305h-
ac-6v-solar-storage-batteries.html 

Deep Cycle (Lead Acid) 
Trojan L16H-AC 

http://www.sustainable.co.za/trojan-re-series-l16hc-
420ah-6v-solar-storage-batteries.html 

Calcium Alloy 
Maximus 105 Ah 12 V 

http://www.sustainable.co.za/maximus-105ah-12v-
maintenance-free-solar-storage-batteries.html 

Calcium Alloy 
Deltec BD-54-105N 

http://www.sustainable.co.za/deltec-bd54-105n-
105ah-12v-sealed-lead-calcium-battery-with-tapered-
terminal.html 

Lead Crystal 
Betta BC-6CNFJ-120 

http://www.sustainable.co.za/betta-lead-crystal-
battery-bc-6cnfj-120-120ah-12v-solar-storage-
batteries.html 

Deep Cycle 
Trojan J185H-AC 

http://www.sustainable.co.za/trojan-deep-cycle-j185h-
ac-12v-solar-storage-batteries.html 
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Table 23: Grid-tied inverter datasheet references 

Grid-Tied Inverter Reference 
Microcare 1.5 kW http://www.sustainable.co.za/microcare-1-5kw-single-

phase-grid-tied-inverters-solar-inverter.html 
StecaGrid 1800 http://www.sustainable.co.za/steca-stecagrid-1800-

coolcept-solar-inverter.html 
SMA Sunny Boy 2100TL http://www.sustainable.co.za/sma-sunny-boy-2100tl-

solar-inverter.html 
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C.2 Module Datasheet: Renesola Virtus II 255W 

Figure 22: Renesola Virtus II characteristics   
(Renesola Virtuss II datasheet, [S.a]). 
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Figure 23: Renesola Virtus II physical characteristics and I-V curves (Renesola Virtuss II datasheet, [S.a]). 
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C.3 Battery Datasheet: Deltec BD-54-105N

Figure 24: Deltec BD-54-105N specifications (Deltec Voyager Batteries, [S.a]). 
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C.4 Grid-Tie Inverter Datasheet: StecaGrid 1800 

Figure 25: StecaGrid 1800 specifications (StecaGrid Coolcept, [S.a]. 
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APPENDIX D: Quotes 

Table 24: Component price reference 

Component Reference 
Renesola Virtus II 255 W 
Module 

http://www.sustainable.co.za/renesola-virtus-ii-
255w-solar-panel.html 

PS1800  
CS-37-1 Lorentz DC Pump 

http://www.sustainable.co.za/lorentz-ps1800-cs-
37-1-solar-powered-pumps.html 

ACDC TSSP25-15-
110/1200 DC Pump 

http://www.acdc.co.za/ (Monthly pricelist supplied 
online) 

Deltec  
BD-54-105N Battery 

http://www.sustainable.co.za/deltec-bd54-105n-
105ah-12v-sealed-lead-calcium-battery-with-
tapered-terminal.html 

Phoenix Compact 24 V 
1600 W Inverter 

http://www.sustainable.co.za/victron-phoenix-
compact-12-24v-1600w-inverter.html 

BlueSolar MPPT 150/85 
Charge Controller 

http://www.sustainable.co.za/victron-bluesolar-
mppt-150-85-12-24-36-48v-85a-charge-
controller.html 

StecaGrid 1800 http://www.sustainable.co.za/steca-stecagrid-
1800-coolcept-solar-inverter.html 

 

Figure 26: C.R.I. Pumps component quotation 
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Table 25: 1.6 kW Grid-tied system costing (Barnard, 2015) 

Hardware  unit unit cost qty total cost 
 

distributor 
 

dealer 
 

Recommended 
Retail Price 

Panels (240W) 240  R  1 464.88  
      
7   R      10 254.18  11.5%  R  11 592.00  9.2%  R  12 768.00  10.6%  R  14 280.00  

Grid-tie Inverter 
(SMA)    R  8 085.63  

      
1   R         8 085.63  17.5%  R    9 805.60  10.0%  R  10 895.11  16.7%  R  13 074.13  

Roof Mount Frame        R         1 160.00  25.0%  R    1 546.67  15.0%  R    1 819.61  15.0%  R    2 140.72  

materials    R  1 030.00  
      
1      

 
  

 
    

frame preparation 
   
130.00   R     130.00  

      
1      

 
  

 
    

Electrical (Solar)        R         1 710.00  25.0%  R    2 280.00  15.0%  R    2 682.35  15.0%  R    3 155.71  

materials    R  1 410.00  
      
1      

 
  

 
    

component + inverter 
prep/setup 

   
120.00   R     120.00  

   
2.5      

 
  

 
    

Labour        R         3 400.00  20.0%  R    4 250.00  15.0%  R    5 000.00  15.0%  R    5 882.35  

Installation 
   
425.00   R     425.00  

      
8      

 
  

 
    

Installation 
   
310.00          

 
  

 
    

Installation 
   
360.00                    

    

 R      24 609.81  16.5%  R  29 474.27  11.1%  R  33 165.07  13.9%  R  38 532.91  
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APPENDIX E: Electricity Bills 

Table 26: Electricity bill summary for 2012 - 2014 from the installation site      
(T. Harms, 2015) 

 

 

Date 
[Month] 

Usage [kWh] Consumer Total [R] Price per Unit [R] 

2014 2013 2012 2014 2013 2012 2014 2013 2012 

12 759 726 705 826.66 869.63 783.69 1.09 1.20 1.11 
11 792 867 735 1 043.28 1 091.50 827.81 1.32 1.26 1.13 
10 665 765 871 829.01 930.88 1 027.81 1.25 1.22 1.18 
09 579 1021 800 689.18 1 333.82 1 011.50 1.19 1.31 1.26 
08 781 1481 1508 1 024.72 2 057.65 1 964.58 1.31 1.39 1.30 
07 1 656 1076 1529 2 501.02 1 420.37 1 774.12 1.51 1.32 1.16 
06 1 323 979 909 1 808.37 1 186.73 963.03 1.37 1.21 1.12 
05 1 198 1012 1224 1 612.34 1 235.17 1 372.40 1.35 1.22 1.06 
04 822 912 912 1 110.69 1 088.11 966.93 1.35 1.19 0.93 
03 721 727 582 861.76 816.05 541.34 1.20 1.12 0.93 
02 646 592 596 743.75 482.57 556.98 1.15 0.85 0.89 
01 664 720 477 772.07 805.75 424.03 1.16 1.12 1.12 

Average [R] 1.25 1.14 1.11 

Difference [%] 9.03  

 2.47 
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APPENDIX F: Finance 
 

Table 27: Installation and module investment depreciation according to the 
diminishing-balance method, over 10 years 

Date [Year] Cost Price 
[R] 

Calculation of 
Depr. [R] 

Annual 
Depr. [R] 

Accumulated 
Depr. [R] 

Net Amount 
[R] 

Installation  27 908.10 - - - 27 908.10 
1 27 908.10 50 % x 19 902.00 13 954.05 13 954.05 13 954.05 
2 27 908.10 50 % x 9 951.00 6 977.03 20 931.08 6 977.03 
3 27 908.10 50 % x 4 975.50 3 488.51 24 419.59 3 48.51 
4 27 908.10 50 % x 2 487.75 1 744.26 26 163.84 1 744.26 
5 27 908.10 50 % x 1 243.88 872.13 27 035.97 872.13 
6 27 908.10 50 % x 621.94 436.06 27 472.04 436.06 
7 27 908.10 50 % x 310.97 218.03 27 690.07 218.03 
8 27 908.10  109.02 27 799.08 109.02 
9 27 908.10  54.51 27 853.59 54.51 

10 27 908.10  27.25 27 880.85 27.25 

   27 880.85   
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Table 28: Cash flow and rate of return on a 1.758 kW system with electricity 
price increase of 12 % and 16 % 

Date 
[Year] 

Energy 
Savings 

[R] 
Inverter 
Depr. [R] 

Module 
Depr.[R] 

Investment 
Capital [R] 

(12 %) 

Cum. 
Savings [R] 

(12 %) 

Investment 
Capital [R] (16 

%) 

Cum. 
Savings [R] 

(16 %) 
0 0.00 0.00 0.00 47 810.10 0.00 47810.1 0 

1 3 232.32 9 951.00 13 954.05 44 577.78 3 232.32 44577.78 3232.32 

2 3 620.20 4 975.50 6 977.03 40 957.58 6 852.52 40828.2888 6981.8112 

3 4 054.62 2 487.75 3 488.51 36 902.96 10 907.14 36 478.88 11331.22099 

4 4 541.18 1 243.88 1 744.26 32 361.78 15 448.32 31433.56365 16376.53635 

5 5 086.12 621.94 872.13 27 275.66 20 534.44 25580.99783 22229.10217 

6 5 696.45 310.97 436.06 21 579.21 26 230.89 18792.02149 29018.07851 

7 6 380.03 155.48 218.03 15 199.19 32 610.91 10916.80892 36893.29108 

8 7 145.63  109.02 8 053.56 39 756.54 1781.562352 46028.53765 

9 8 003.11  54.51 50.45 47 759.65 -8815.323671 56625.42367 

10 8 963.48  27.25 -8 913.03 56 723.13 -21107.71146 68917.81146 

11 10 039.10   -18 952.12 66 762.22 -35366.88129 83176.98129 

12 11 243.79   -30 195.91 78 006.01 -51907.5183 99717.6183 

13 12 593.04   -42 788.95 90 599.05 -71094.65723 118904.7572 

14 14 104.21   -56 893.16 104 703.26 -93351.73838 141161.8384 

15 15 796.71   -72 689.87 120 499.97 -119169.9525 166980.0525 

16 17 692.32   -90 382.18 138 192.28 -149119.0809 196929.1809 

17 19 815.39   -110 197.58 158 007.68 -183860.0699 231670.1699 

18 22 193.24   -132 390.82 180 200.92 -224159.6171 271969.7171 

19 24 856.43   -157 247.25 205 057.35 -270907.0918 318717.1918 

20 27 839.20   -185 086.45 232 896.55 -325134.1625 372944.2625 

 




