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Abstract: As the number of photovoltaic systems grows and costs decrease dramatically along with their 
connect-to-grid tariffs, we ask whether our investments all make sense. This is a real case study, 
comparing energy use before and after going solar, by installing PV, reducing electrical energy use by 
retrofitting lighting, and storing electricity in a hybrid vehicle. The case study covers more than energy 
savings and explores the results of these actions. We present and develop data to calculate and 
illustrate the findings of energy generation, its use and sale back to the grid. We explore the reasons for, 
and benefits of, each of the investments and justify why ‘Going Solar’ makes plain good sense for the 
future. 
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1. Introduction
In Australia, private solar photovoltaic installations have been growing at a significant rate, both in 
capacity, more than doubling since 2009, and in number (Chapman et al. 2016). That paper reports an 
analysis of the outcomes of solar PV policy up to 2012. However, since the Australian Federal Election in 
2013, changeable government policies and political attitudes have contributed to uncertainty. Apart 
from the politics, the environment of supplier tariffs and plans for grid electricity, especially when they 
involve solar PV, is complex. Ren et al. (2016) have modelled the impact of PV battery systems on energy 
consumption and electricity bills under various tariffs in several Australian cities. Nichols et al. (2015) 
have developed a methodology to estimate total cost of ownership and total life-cycle CO2 emissions. 
Lastly, Agnew and Dargusch (2015) explore the impact of battery storage in solar PV systems on the 
electrical distribution network.  

In this paper, we present an analysis of data collected by the first author over recent years relating to 
energy use at home. In 2014, a 3 kW photovoltaic system was installed and a plug-in hybrid vehicle 
purchased. At the same time, instrumentation was added to record grid energy, solar energy and vehicle 
charging energy. A smart meter had been installed in 2013, and the grid consumption and generation 
energy could be obtained from the provider. Data from the vehicle was recorded before and after each 
charging event and when the car was refuelled. As a result, the data was available to do a before and 
after analysis of energy generation and consumption. 
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The genesis of the project arose out of the consideration of what solar energy could be used for, 
particularly in the light of the very low tariff ($0.05/Kwh) presently offered for energy generation. Given 
the installation of a solar PV system, environmental benefits (e.g. CO2 emissions) have been addressed. 
The remaining efforts achieve benefits for the user, but in the light of addressing global warming, it is 
important to identify these to encourage the installation of further solar PV and other renewable energy 
technologies. Hence, the question, “How do we use the energy?” is important.  

The other possibility is to reduce energy consumption by replacing all lighting with LEDs. The most 
commonly used lights were already compact fluorescent globes so the question of how much energy 
was saved by LEDs is also addressed. 

2. Solar photovoltaic energy in Geelong, Australia 
In this climate (38°S), the installed 3 kWh photovoltaic system harvested 3.94 MWh of energy from 1 
July 2014 to 30 June 2015. There are twelve panels with a total area of 20 m2. So, the harvested power 
density averages 22.8 W/m2 over a year. This figure is 1.7% of the solar constant of about 1,350 W/m2 
(Duffie and Beckman 1991). It is also 12% of the annual averaged direct normal radiation of 193 W/m2 
as reported, for example, in NASA (2016). Some of the difference is cause by the innate efficiency limits 
of Silicon solar panels and the angle of installation, flat on the roof of about 5° incline. The figure is 
consistent with (of the same order as) that reported for the United Kingdom by McKay (2009). 

Each solar panel is rated at 250 W, contains a micro inverter, so generating 240 V AC power, and 
communications to report to the system controller. The controller is connected to the ADSL router and 
serves web pages which can be used to collect performance data. A display summarising a week’s 
output from the whole system is shown in Figure 1. 

The system was switched on at the convenient date of 1 July, 2014. Data logged on the controller are 
only for the previous 30 days, deleting the oldest day at midnight. Collection of the data was done 
manually, and so, sporadically. Fortunately, the life-time energy harvest is recorded (LTE, the stepped 
line in Figure 1). 

The data reported is for each panel and contains date and time, life-time energy harvested, power, 
voltage, current, grid frequency and inverter temperature. For our purposes, date, time, life-time energy 
and power are of interest. Table 1 shows the data collected from the installation for a number of 
periods of 29 or 30 days. 

Initial and final energies are the life-time energy harvest to date, respectively. The difference (“Total” 
column) is the energy harvest for the period. Maximum, minimum and average daily figures are 
extracted. Average power is found from the daily average energy by dividing by 24 hours/day. Average 
power density is derived by dividing by the panel area. Extreme values in the table have been 
emphasised. As expected, the maximum energies harvested occur in December and January, the 
minimums in May, June and July. 

3. The house 
The house was built ten years ago, fully insulated and double-glazed with eaves to control the summer 
sun, a gas-boosted solar hot water service and 10,000 L of water storage. Some outside blinds were 
installed after building to manage summer and autumn heat. As shown in Figure 2, the house performed 
well during the heatwave in January 2014. Table 2 shows the annual energy consumption of the house 
and car, a two-person household, on a flat electricity tariff. The petrol used is tabled, because a hybrid 
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vehicle is introduced later as a means of energy storage and household cost reduction. Furthermore, the 
solar HWS system energy estimates are also listed here because they too could be conventionally 
powered by electrical or gas supply. 

 

 

Figure 1: Display of solar panel system output 

Table 1: Energy harvested from a 3 kW photovoltaic system 

Start End 
Initial 

Energy 
(Wh) 

Final 
Energy 
(Wh) 

Harvested Energy 
Power 

(W) 

Power 
density 
(W/m2) 

Total 
(Wh) 

Daily (Wh/day) 
Maximum Minimum Average 

16-Jul-14 14-Aug-14 79221 265475 186254 10139 2619 6208 258.69 12.93 
20-Aug-14 18-Sep-14 297408 584718 287310 13686 2780 9577 399.04 19.95 
3-Oct-14 1-Nov-14 752742 1147288 394546 19885 3228 13605 566.88 28.34 
2-Dec-14 1-Jan-15 1644589 2135213 490624 22419 5809 15827 659.44 32.97 
1-Jul-15 31-Jul-15 3940583 4093349 152766 8420 1550 5092 212.18 10.61 

15-Dec-15 13-Jan-16 5711243 6238898 527655 22003 10514 17589 732.85 36.64 
30-Mar-16 29-Apr-16 7232765 7490149 257384 13271 2303 8530 355.41 17.77 
22-May-16 20-Jun-16 7630434 7774272 143838 7929 1400 4795 199.77 9.99 
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Figure 2: House performance in 2014 heatwave 

Table 2: Energy use prior to installing solar panels (May 2013 – April 2014) 

 House  Electricity Grid 3,806 kWh $1,524.26  
 Gas 3,842 kWh $479.58  
  Solar HWS Up to 1,694 kWh 

available (NASA 2016) 
  

 Car 
(9696 Km) 

Petrol 
 

10,685 kWh  
(1,113 L x 9.6 kWh/L) 

$1,679.03  

   Total running cost: $3,682.87  

 
The solar panels were installed and became active on 1 July 2014. Data from the panels dates back to 

15 July 2014, but was not regularly collected. The smart meter, installed in February 2013 and providing 
half-hourly consumption data, was reprogrammed, and generation data became available from 28 July 
2014.  
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4. Ways to use the solar energy 
If all the solar energy generated was fed to the grid at a rate of 5c/kWh, the annual harvest of electricity 
would earn about $200. As the panels, installation and “meter alteration” cost $8,300, the pay-back 
period would be over 40 years. However, solar energy may be used in a number of ways, which include 
heating water, running air conditioning systems, or charging electric vehicles. The energy may also be 
stored in batteries for later use. A solar hot water service is already installed, the house does not need 
air conditioning, and battery storage systems were expensive.  

A plug-in hybrid car was purchased, conveniently replacing a twenty-five year old second car, used 
by a non-resident family member. The solar panels and car changed the energy flows in the household 
significantly, as Figure 3 shows for the year from July 2014 to June 2015. The Solar Panels generated 
3,941 kWh of electrical energy. However, there remains an energy requirement from the grid of 4,017 
kWh even though 2,047 kWh is provided to it from the PV system.  Several points are: 

 Not all the energy from the solar panels (Item a, 3,941 kWh) is used locally; 
 Grid energy of 4,017 kWh (Item b) is imported; 
 About half the energy from the solar panels is exported to the grid (item c, 2,047 kWh) 
 The net energy from the grid is 1970 kWh (item b less item c) 
 The petrol used is 191 L (item d). Assuming 9.6 kWh/L this is 1,833 kWh of energy. However, at 

best, a 30% thermal efficiency yields 550 kWh of mechanical energy. The car demands 15 L per 
quarter to maintain fuel quality; so this could be as low as 60 L per annum).  

 The electrical energy used by the car is 1892 kWh (item e), some of which is derived from the 
solar panels during the day and the balance from the grid at night; 

 The electrical energy demand of the house is the remaining 4,019 kWh (item f). Together with 
the gas used for heating, solar hot water boosting and cooking of 3,573 kWh (item g) gives a 
total energy demand for the house of 7,592 kWh. 

The last step taken was to replace all incandescent lamps and compact fluorescent lamps with LED 
lamps throughout. This was completed late in November 2014. As a result, of all these changes, the total 
running costs have been reduced by $1,390.63. What is interesting about the saving is that most of it 
comes from the reduction in the demand for petrol. 

Table 3: Energy use after installing solar panels (1 July 2014 – 30 June 2015) 

  
Energy in 

(kWh) Payments Energy out 
(kWh) Receipts 

House Electricity Grid 4017 $1,641.98 2047 $145.20 

 
Solar Panels 3941 

   
 

Gas 3573 $544.56 3573 
 

 
Solar HWS 1694 

 
1694 

 
 

Electricity use 
  

4019 
 Car Petrol (191L) 1833  $250.90 1833 
 (10,519Km) Electricity     1892   

 
Total 

 
$2,437.44  $145.20 

Total Energy (kWh) 15058  15058  
Net running cost: 

 
$2,292.24 
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Figure 3: Household energy flows (July 2014 – June 2015) 
 

5. Instrumentation and data collection 
A cheap, commercial energy logger was used, and this can read multiple channels from remote wireless 
stations reading current clamps. The current clamps were installed as follows: 

 the 3-phase grid connection (3 clamps) 
 the single phase solar connection 
 the 15A power point feeding the vehicle 
The reading from the clamp for the vehicle was reliable, but those from the clamps installed in the 

switchboard were not, which was disappointing. Perhaps distance between transmitters and receiver or 
interference from cables in the switchboard may have either magnetically saturated the current clamps, 
or electromagnetically interfered with the transmitters. However, one can obtain ½-hourly data from 
the supply biller, for both consumption and generation. Summaries can also be made from invoices. 
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5.1 Vehicle data 

The vehicle itself reports the energy of the most recent charge numerically so that it could be recorded. 
The following information was recorded each time before charging the vehicle: 

 Odometer reading; 
 Trip meter reading (for error checking); 
 Predicted range available from the batteries; 
 Predicted total range from batteries and petrol. 
During a charge, the energy logger tracking the mains supply would record the minute by minute 

energy flow. After charging the log was downloaded so that the total energy used to charge the vehicle, 
the time the charge was started and finished and whether the vehicle had been fully charged could be 
recorded. 

After charging, the following was recorded from the vehicle: 

 Predicted range available from the batteries; 
 Predicted total range from batteries and petrol; 
 The energy added to the batteries. 
The trip-meter was reset. This information was transferred to a spreadsheet on which was calculated 

or recorded: 

 Accumulated energy use and its cost; 
 The decrease in range to compare with distance travelled; 
 The estimated petrol equivalent in litres, based on the energy density of petrol (9.6 kWh/L) and 

the thermodynamic efficiency of the petrol engine (30%); 
 The current petrol price and the estimated petrol cost. 
Petrol purchases were also recorded. 
This data has been collected since purchasing the vehicle. In the year from July 2014 to June 2015, 

the distance travelled was 10,519 Km, using 2007 kWh. Hence, the electrical economy measured was 
5.24 Km/kWh or 19.1 KWh/100Km. The petrol used was about 191 L, so the petrol economy was 1.82 
L/100Km.  

A word of caution is in order, as the battery use and petrol use cannot be readily separated. The 
instrumentation provides battery range, total range and battery economy, but it is not clear what 
algorithms are used to estimate these figures. 

The car operates in three modes: battery only; series mode, in which the petrol engine charges the 
battery which drives the car; and parallel mode, in which the petrol motor and the batteries together 
drive the car. Switching between modes is seamless and depends on how the car is driven. Apart from 
that, the driver can choose to charge the battery or “save” the battery while driving. Regenerative 
braking is also available and under full control of the driver.  

5.2 LED globe data  

After installing the PV system, all lighting in the house was changed to LED lighting. The commonly used 
lights were already compact fluorescent globes. Kitchen lighting and outside lighting used halogen 
globes, but they were used with care and were always turned off when not in use. Tubular fluorescent 
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lighting in the garage and under the house, and compact fluorescent floodlighting in the garden was not 
changed as they were used infrequently. 

Does the data collected show any saving? It is difficult to say because the globes were changed 
gradually late July to November, 2014, the house was unoccupied for a week in August, and the hybrid 
car was also being charged at the time. Nevertheless, an attempt was made to compare year on year 
consumption by using the data from the electricity provider, a month at a time. For a particular half 
hour time slot, the total power for the month was calculated. Daytime data was excluded, as lighting 
was rarely used during the day. Data that coincided with vehicle charging was cleared (i.e. removed 
rather than set to zero) and the total power for that slot recalculated from the average of what 
remained. As a result, the lighting upgrade saves about 15 kWh/month or about $60 annually. 

6. Discussion 
The surprise for the first author, obvious in hindsight, was that the savings came from reducing the 
purchase of petrol by 925 L. Without the vehicle, a significant portion of the solar energy used to charge 
it would have been exported to the grid. To save $1,390 at the current 5c/kWh generation feed-in tariff 
would require the export of 27,800 kWh of energy, seven times the capacity of the installed system. 
Alternatively, if the car were petrol only, for the electricity supplier to rebate $1,350, less the actual 
rebate of $145.20, for 2,047 kWh fed to the grid and 1,892 kWh used by the car, the feed in tariff would 
need to be 31c/kWh. 

What of carbon dioxide emissions? These are calculated according to DOE (2015) for electricity from 
Victorian brown coal and are summarised in Table 4. Three cases are presented, pre-solar installation in 
2013-4, and with and without charging the hybrid vehicle. The data in the last case is estimated from the 
petrol vehicle case, assuming the same fuel economy, but feeding all the excess harvested energy to the 
grid. The solar energy harvested reduces emissions by about 54%, whether a hybrid vehicle is used or 
not. These emission calculations ignore indirect emissions such as energy used to deliver the resource: 
vehicle fuel or electrical transmission losses. 

Table 4: Comparison of CO2 emissions (Victoria) 

 Before Solar Installation With Hybrid Vehicle Without Hybrid Vehicle 
   CO2-e   CO2-e   CO2-e 
Grid (net) 3806 kWh 4301 1970 kWh 2226 78 kWh 88 
Gas 3842 kWh 711 3573 kWh 661 3573 kWh 661 
Petrol 1113 L 2451 191 L 421 1207 L 2658 
  Total 7463 kg  Total 3308 kg  Total 3408 kg 

 
The fact that there is no reduction in emissions when using the hybrid vehicle is because the 

emissions factor for Victorian electricity is 1.13, yielding emissions of 2,226 kg CO2-e. At the other 
extreme, in Tasmania, the emissions factor is 0.12, achieving a CO2-e of 236 kg. Table 5 establishes a 
compelling case for using hybrid vehicles, whether solar panels are installed or not. 

Table 5: Comparison of CO2 emissions (Tasmania) 

 Before Solar Installation Hybrid Vehicle Only Solar PV & Hybrid Solar PV Only 
   CO2-e   CO2-e   CO2-e   CO2-e 
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Grid (net) 3806 kWh 457 5911 kWh 709 1970 kWh 236 78 kWh 9 
Gas 3842 kWh 711 3573 kWh 661 3573 kWh 661 3573 kWh 661 
Petrol 1113 L 2451 191 L 421 191 L 421 1207 L 2658 
  Total 3619 kg  Total 1791 kg  Total 1318 kg  Total 3329 kg 

There is a time-of-day problem because energy supplied to the grid during the day is redrawn after 
sunset. Battery storage of PV generated energy would avoid exporting energy to the grid. This would not 
impact emissions but would reduce energy costs. However, storage could be used to drive heat pumps 
to replace gas heating which would reduce gas emissions. The house has no air-conditioning, but if 
installed as summers grow hotter, it could draw on PV generation during the day. 

In January 2015, the average daily energy harvested was 17.6 kWh (Table 1), of which about 9 kWh 
average is exported daily to the grid. So, 10 kWh of storage seems about right. In winter, less than 5 
kWh per day is harvested and the batteries would rarely be charged. So, driving heat pumps is likely to 
draw on grid energy. Precisely how to exploit heat pumps to replace gas heating is another open 
question. Which is better in these circumstances: reverse-cycle air conditioners or a solar hot water 
system backing a heat pump? 

While collecting data, it was easy to forget to charge the vehicle at a suitable time, particularly if the 
computer running the data collection was not already running. Time of use tariffs were not exploited as 
the energy flows are the items of interest. But, it is likely that an energy management system would be 
required to optimise energy flows in the system.  

The cost-benefit analysis and justification of a photovoltaic installation with electrical storage is not 
simple and straightforward.  Rather, it is one that requires attention to detail on multiple levels of 
photovoltaic sizing, type of electrical storage, and electrical energy consuming devices used. 
Furthermore, it is an analysis that will vary according to the user of the household, where in this 
particular case, it is a house often occupied during weekday working hours.   

Once a solar PV system is installed, environmental savings follow without further investment, 
because it displaces energy generation from the grid system. However, the economic argument begins 
to make sense because the cost of the panels is paid for by the annual savings of fuel costs in about five 
or six years. This community does not need to wait for cheaper battery storage requiring further capital 
investment to achieve savings. Of course, the capital cost of the car has been ignored here, but, as in 
this case, if a new vehicle is required much of the cost may be written off against this need.  

7. Conclusions 
Installing photovoltaic solar cells reduces carbon dioxide emissions significantly, in this case, by 54%. 
One may expect using a hybrid vehicle would reduce CO2 emissions further. But, in Victoria, at present, 
using a hybrid vehicle has little impact on emissions. We are left with increasing the capacity of PV 
generation to reduce emissions. In other states, where the emissions factor for electricity is lower, a 
hybrid vehicle does reduce emissions. Indeed, “Going Solar” in Tasmania does little to reduce emissions 
unless hybrid or electric vehicles are used.  

 However, a hybrid vehicle does yield significant financial savings by reducing petrol use. In this case, 
annual energy costs fell by about $1,390. This means that finding ways to use harvested energy makes 
economic sense. Another possibility is to use heat pumps to reduce gas used for heating, but this implies 
a need for energy storage so that heating can be done at night. 
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Energy storage avoids exporting energy, and so can achieve the “Grid (net)” figures in Table 4. The 
analysis has not been done here, but lesser savings may be achieved by battery storage, because the 
cost of electrical energy is much less than that from burning liquid fuels, because of the low 
thermodynamic efficiency. 

Finally, optimal usage will require an energy management system to ensure that energy is harvested, 
stored and used to best effect in the prevailing conditions. Questions of time of use tariffs have been 
ignored, as the house supply is on a flat rate; a time of use tariff may have made analysis very difficult. 
In any case, an up-to-date design of the grid would allow energy trading at the household level and 
automatic buying and selling of electrical grid energy whatever the time of day, to meet the distributor’s 
needs. 

This paper is based on real-world data and provides analytical results of solar energy use in a 
residential situation. It demonstrates energy flows in a household and how these impact CO2 emissions 
and financial costs. In particular, the impact of using a plug-in hybrid vehicle for electrical storage is 
studied. 
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