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Abstract
Murdoch University wishes to explore the possibility of the implementation of a new renewable energy
precinct on the South street campus. It is desired that the building employs the latest state of the art
technologies for clean power generation such that the precinct is both a showcase and a functioning learning
facility. The feasibility study was conducted on the goal that the proposed building is off-grid, relying on the
grid only for backup, and therefore proof of the power generation capabilities of the newer technologies is
essential, whilst also ensuring that the viability of keeping the building off grid is proven.
After assessing the solar and wind resource, the decision was made to design the system to meet the load for
the worst-case scenario – the month of May. Upon assessing the solar and wind power generation capabilities,
it was found that the proposed building-integrated photovoltaic and small wind system is capable of easily
meeting the required load.
The proposed system was then compared with an alternative system, which uses standard building materials
and crystalline silicon photovoltaic panels for power generation to make a cost comparison. The study found
that the proposed system was more expensive by 25.21 percent. However, this was expected as the
technologies proposed are quite new. As the building was desired to be a showcase, and the 25 percent
difference is not too significant, the construction of the precinct is therefore recommended.
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1.0 Introduction
With the growth of the renewable energy sector, the need for advanced facilities with which to research these
technologies increases. Murdoch University – one of the largest universities based on campus size in Western
Australia offers many courses in the field. As such, there is desire for a new renewable energy precinct on the
university campus that showcases the latest technologies in the field, whilst also providing a central hub in
which to learn about them. It is planned that the building will incorporate the existing ROTA/Reslab, RAPS,
hydrometallurgy, biomass and desalination projects, whilst also including office spaces, computer laboratories
and a large event space.
In order to display the strengths of these state-of-the-art technologies, an objective of the precinct is that it be
completely off-grid, utilizing the renewable energy generation technologies in combination with backup
battery storage. In addition to this, it is the desire of the Murdoch University teaching staff that the proposed
precinct employs new, cutting-edge technologies, so the use of photovoltaic glass and roof tiles will also be
explored.

1.1 Background
Following the recent unprecedented growth in the clean energy sector, Australians have begun integrating
renewable energy technologies into their homes and buildings in new ways. In addition to solar photovoltaic
modules and wind turbines, advances in technology have allowed building integrated photovoltaics (BIPV) to
become a choice for developers looking to reduce costs in the long term. However, for these energy
generation technologies to be effective they must be combined with effective means of energy storage –
which is a field in serious need of development. However, if the recent growth in renewable energy
installations continues in combination with the decline in costs of such systems, it is predicted that battery
storage technologies will continue to improve – leading to a cleaner future [3].

1.1.1 PV Market Growth & Scale
In order to gain an understanding of the size of the photovoltaic market it is important to first take a look at its
historical growth. In Australia, PV system installations are reported to the clean energy regulator, which makes
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it easy to track the country’s total amount of installations and their size. Observing figure 1, extreme growth in
the cumulative amount of installed kilowatts of photovoltaic modules since 2010 can be seen.
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Figure 1. Cumulative Installed kW of Photovoltaic Systems in Australia [1]
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Figure 2. Number of Installations per month in Australia. [1]

According to the Australian PV institute, as of April 2017, there are over 1.66 million PV installations in
Australia, totalling a combined capacity of more than 5.92GW [1]. As can be seen in figure 2, since the period
of extreme growth from 2010 – 2013, the amount of installations per month seems to have stabilized. The
significant growth of the photovoltaic market in Australia can be directly attributed to improvements in
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photovoltaic technology, decline in system installation costs and decline in government based incentives such
as the solar credit multiplier.
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Figure 3. Market Share of Current PV technologies. [9]

Observing figure 3, we see the wide range of crystalline silicon photovoltaic cells and their market share. There
are many different types of photovoltaic cells which can be utilized for energy generation. In terms of the
market share however, crystalline silicon is the most popular. As can be seen from the graph above, two types
of crystalline silicon technologies dominate the market, those being mono crystalline and multicrystalline. In
previous years, the two crystalline silicon technologies held an almost even share of the market. This is
because monocrystalline modules are capable of achieving higher efficiencies, whilst also costing more to
produce than polycrystalline. However, more recently polycrystalline silicon solar technology has improved,
with commercially available modules capable of efficiencies rivalling monocrystalline modules at competitive
prices, resulting in it becoming increasingly popular.

1.1.2 Cost
The explosion in demand for residential solar photovoltaic systems can be attributed to a range of factors such
as improvements in efficiency and increased awareness. However, the most obvious factor is the massive
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reduction in price. Although these other factors are important, none are anywhere near as enticing to a
consumer as the installation becoming cost effective.
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Figure 4. Average cost per Watt for all system sizes in Australia [2]

Observing figure 4, an obvious decline can be seen in the price per watt for residential solar photovoltaic
systems in Australia from $2.40 in August 2012 to $1.59 in September of 2016 – a decrease of 33.75% in just
four years [2]. Interestingly however, is that according to a report from the Scientific American, the price of the
modules themselves has remained relatively stable since 2012. This means that reduced cost since 2012 can
be directly attributed to a reduction in cost of inverters [7].
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Figure 5. Average Cost per Watt of PV system installations in Perth [8]

In addition to this, Australians are now installing larger residential systems, with an average size of 4-5kW of
rooftop PV. At this size, the average price per kW is even cheaper than the average for all system sizes, being
1.33$/W [8]. The data shown in the graph above for the average price per watt for photovoltaic systems of
different sizes highlights the obvious decline in cost to install these systems over the past four years, with all
seven data lines showing a significant cost reduction.

1.1.3 Building-Integrated Photovoltaics
As the cost of energy rises over time, architects and new homeowners are constantly exploring new ways of
designing their buildings and homes with the desire of making them more energy efficient. One such emergent
means of achieving this is with building-integrated photovoltaics (BIPV). This is where photovoltaic technology
is used as an actual building material, such as photovoltaic glass windows, or photovoltaic roof tiles. In a recent
article from May 2017; Jason Perkins, managing director of Trac Group – a company responsible for the
‘Tractile Solar Roof Tile’, predicted that ““It is forecast that the Building Integrated Photovoltaic (BIPV) market
will grow from about $3 billion in 2015 to over $9 billion in 2019, and surge to $26 billion by 2022”. In addition
to the use of BIPV as a means of reducing energy cost, their use results in reduced emissions compared to
other energy generation means, and a substitute for the use of fossil fuels.
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1.1.3.1 Photovoltaic Glass
One increasingly popular type of building-integrated photovoltaics is semi-transparent PV glass windows.
These windows usually are available at varying levels of transparency, with lower percentage transparencies
costing less per unit. A typical photovoltaic window consists of a layer of solar cells encapsulated between low
iron glass and low-emissivity (low-e) glass, with an air gap to separate the low-e glass and the solar cell layer as
can be seen in figure 6 below. [4] The solar cell layer operates like a usual photovoltaic module, capturing
excited electrons from their interaction with sunlight and using these for energy generation.

Figure 6. Typical PV glass layout & method of operation [6]

The incorporation of photovoltaic windows into a buildings design is proving to be an effective means of
reducing energy costs as the efficiency of solar cells increase over time. Studies on a building located in Tokyo
found that energy costs could be reduced by 54% through the integration of semi-transparent BIPV glass [5].
Another study conducted in Brazil compared different types of photovoltaic windows in office buildings in two
different cities, finding that energy savings of up to 43% were possible through the use of building integrated
PV windows [4].
In addition to its use concerning energy savings, photovoltaic glass windows also provide many other benefits
from its integration into buildings. The BIPV windows are usually quite aesthetically pleasing, and in addition to
this can reduce heat gain inside the building. Because the transmittance of clear glass is much higher than BIPV
glass, more heat is able to enter the room, resulting in a higher average temperature. One study conducted on
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a typical Hong Kong office building found that about 65% of total heat gain could be reduced with the use of
semi-transparent single-glazed photovoltaic windows [6].

1.1.3.2 Photovoltaic Roof Tiles
The concept of the building integrated photovoltaic roof tile is a relatively new one, with commercially
available options being quite limited. Recently however, some options have become available for consumers
looking to integrate photovoltaics into their roof building material. In early October of 2016, the Tesla Solar
Roof was announced [31], with orders being taken starting in May 2017. The roof panels consist of a high
efficiency solar panel manufactured by Panasonic, which are covered by a ‘color louver film’. Tesla has stated
that per square foot, the Solar Roof will cost about $296.22 AUD. In addition to this, the roof comes with a
lifetime house warranty and the company guarantees 30-year power generation.
However, Jason Perkins- head of Trac Group claims that the Tractile Solar Roof Tile outperforms the Tesla Solar
Roof. The latter option not only incorporates energy generation into their roof tile, but also a hot water
system. A comparison of the two commercially available options, taken from an article published on the
Tractile website can be seen below in figure 7:

Tesla
Roof Area in Square meters required for 5kWp solar
Total weight of roof in kilograms
$ per square meter non-solar
$per square meter solar
$for 5kWp solar in/on roof area
$ for non-solar roof area
$ for hot water system
Total price before tax credit or solar rebates

Tractile
77

30

10,000kg
3700kg
$118
$90
$452
$538
$30,000
$16,000
$20,434
$19,832
$5,000 included
$55,434
$35,832

Figure 7. Comparison between Tesla and Tractile roof tile [14]

1.1.3.3 Comparison of PV technologies
In comparing standard photovoltaic modules with BIPV glass windows, a few factors can be discussed. With
regards to efficiency, photovoltaic glass windows generally employ thin film technology, meaning that this
results in lower electrical energy efficiency by comparison with PV modules. Crystalline silicon photovoltaic
panels are capable of relatively high efficiencies, with commercially available mono-crystalline panels achieving
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between 15-24% efficiency, and polycrystalline silicon efficiency typically in the range of 12-14% [12]. By
comparison, a high performing solar photovoltaic glass window is capable of achieving up to 5% efficiency.
One leading manufacturer of solar PV windows is Onyx Solar, which advertise their windows having efficiencies
of between 3 and 6.2% [13].

1.1.4 Battery Technology
One of the largest issues with regards to renewable energy is insufficient energy storage technology. Rooftop
solar is capable of generating enough electricity to power a household during sunlight hours for the entire day;
however, the energy needs to be stored for later use. Currently, sufficient energy storage with available
technology to achieve the goal of maximizing a households self-consumption is ludicrously expensive, and
therefore some may not consider it worth making the purchase.
However, despite the high cost of storage technology the world is still seeing rapid growth in the field. As of
today, worldwide battery storage totals less than 1GW, with the International Renewable Energy Agency
predicting that by 2030 it could reach 250GW. The current market value of battery storage was valued at $2.77
billion AUD at the end of 2015, with predictions that it could grow to $17.65 billion within 5 years [11].
With regards to types of storage technologies, there are a few choices – with the most popular being lead acid,
lithium-ion and Nickel-Cadmium [18]. Recently, Lithium-ion batteries have seen an increase in popularity as
research has progressed with the technology, and are predicted to displace lead-acid batteries as the primary
choice for storage. Lithium-ion batteries are capable of a greater depth of discharge, and also have a longer
lifespan than their lead-acid counterpart has. [19]

1.1.5 Small Wind Power
When discussing ‘small wind power’ wind turbine systems rated at less than 10kW are being referred to.
Although wind-generated power is becoming increasingly prevalent in recent times, it is not as easily
accessible to the residential sector as solar power. In order for a wind turbine installation to be successful, a
large amount of space is required with no obstacles to block the flow of wind to the tower, meaning that windgenerated power is not well suited to residential applications. Despite the fact that one may not see wind
turbines in suburban areas, they are sometimes installed on rural properties with battery storage to assist with
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self-consumption. Small wind turbine diameters generally range from 2m to 10m, and can be up to 18m tall
[15].
To entice rural property owners into installing such systems, some government financial incentives have been
introduced. Renewable energy certificates exist which can cover 5-25 percent of the initial cost of the purchase
and installation of a small wind turbine system. An additional benefit of wind-generated power when
compared to solar photovoltaic power is that it is capable of producing energy at all times of the day – not just
during sunshine hours. However, combination of the technologies is an effective method for owners of larger
properties such as farms.

1.1.6 Examples of Off-Grid, Stand Alone Systems
Across Australia, examples of good performing off-grid standalone systems exist. One such example is located
at the Chain O’Ponds Crematorium in Collombatti, NSW. The system is composed of 108x250W STP250-20/Wd
polycrystalline photovoltaic totaling 27kW, with 92kWh of installed lead-acid battery storage. To ensure
constant supply of power under all conditions, a backup diesel generator was also installed [32].
The system has been incredibly successful, winning the 2015 Clean Energy Council Solar Design and Installation
Award [32]. In addition to this, a report on the systems installation claimed that in its 10 months of operation,
the backup generator had not been turned on once. The report also claimed that the payback period for the
system was expected to only be 4-5 years based on fuel savings alone.
Another example of a renewable energy focused building is one located at the Maharishi University of
Management in Iowa [16]. The building, dubbed the ‘Sustainable Living Center’ has been described as a ‘zero
utility bill’, after its net energy use intensity was announced to have been at net -0.5 percent in 2015, which
means that the building produced 5 percent more energy than it used over the period. The SLC features 5kW
rated of solar PV, 10kW rated of wind, and 7.5kW rated biodiesel generation, with 1200Ah of lead-acid battery
storage. The building is also grid tied so that it feeds its excess energy generation back into the electrical grid,
whilst also relying on it for backup during times where energy production is limited [16].
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1.1.7 Feasibility Studies
A feasibility study is an assessment which is conducted to determine the viability of a desired project. With
regards to a renewable energy feasibility study, an engineer usually designs a system which is capable of
meeting the clients desired parameters such as peak demand, daily load and budget. The engineer then begins
the assessment by determining the available energy resource such as solar or wind, and determines the clients
typical load profile. Data is then input into computer analysis software, which allows assessments to be made
in different scenarios. With the results of these assessments, the engineer can then make a judgment on the
feasibility of the project, taking into account a range of factors such as the performance of the system, cost of
parts and installation, and the viability of the system’s payback period. Observing all these factors, the
feasibility study is complete and the engineer can make a judgment on whether the project is economically
feasible.
Although feasibility studies can be useful for making educated predictions on the performance of a system,
there is always a degree of uncertainty. In a recent publication from the International Energy Agencys fourth
PV Performance Modelling Collaborative Workshop report, a blind study on PV performance modelling was
discussed [10]. This study, conducted at Sandia National Laboratories involved 20 PV professionals, who were
given technical descriptions on three separate photovoltaic systems. The participants then used seven
different modelling methods to predict the performance of the systems. The results were then compiled and
compared, with the study not only finding a different result from each participant, but also a significant
variance in each of the final results. What this suggests is that the difference in result is not due to the
modelling method, but the person who conducted the assessment [10].
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2.0 Assessment of the Load
2.1 Background
When designing a new power system, regardless of size – the first step is always to assess the load that it is
expected to provide. This allows for a system to be correctly sized to meet its load. The process usually begins
with an initial site visit, in which data is compiled on all electrical power-using appliances and information
about their usage – such as hours of operation and consumption. If a power usage monitoring system exists at
the premises, this can be used to directly view the load profile. From this, important information such as the
peak power consumption and total average daily load can be derived, as well as a visual representation of
power consumption at the building of interest; thus allowing for an accurately sized system to be designed.

2.2 Murdoch Campus Audit
An initial energy audit was conducted to derive a rough estimation of the required load. Visits were made to
several buildings on the South street campus, which includes the ROTA/Reslab, and RAPS facilities, a typical
campus office space, computer laboratories and project rooms. During this survey, all electrical power-using
appliances were tallied and their usage information quantified. An estimated load profile was then
constructed.
Once this was complete, an initial meeting was set up with the campuses energy manager – Andrew Haning,
who provided access to usage information from the university’s power monitoring system. Power
consumption information is recorded for each distribution board in each of the buildings on campus and
stored in a Microsoft Access database at half hour intervals. The system had only been installed in the few
months prior accessing the database; so long-term information was not available. At the meeting, it was
informed that air conditioning for buildings on the campus is provided by a large central chiller system,
meaning that seasonal variation in usage due to heating and cooling could be ignored for this feasibility study
due to the fact that it would not need to be included into the load. Therefore, it was assumed that the load
profile for the university only follows two typical patterns; one being during the teaching period and the other
during semester breaks. Fortunately, the limited period of monitored data stretched across both of these
periods, so an accurate load profile was able to be derived from the monitoring system.
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2.3 Load Profiles
In order to construct the load profile from the power monitoring system information, some initial
manipulation of the data was conducted. For the teaching period assessment, the consumption over the entire
month of August – which is during the teaching period, was considered. The average consumption at each half
hour interval of a day was then calculated and used to construct the load profile. In order to do this, the
consumption readings for each interval were added together, and then divided by the number of days for the
month (31) to give average consumption readings for each half hourly interval. The same process was used to
construct the non-teaching period load profile, which used data from the month of July. The average
distribution board power half hourly import readings as described for each room were added together to
construct the total daily load profile, which can be seen in Appendix 1.1. For the purpose of this feasibility
study, the teaching period load profile will be used to size the hybrid system due to it being the period with the
largest average daily load, and therefore ensuring the goal of the precinct being off-grid is met. If the system
were to be sized to meet the needs of the non-teaching period, during the busy semester it would not be
capable of meeting the load. For the purpose of this study, the teaching period is considered to be from the
beginning of March through to the end of May, and again from August through November. The non-teaching
period lasts from December to February and again during June and July.

2.3.1 Teaching Period Load Profile
Figure 8 below shows the constructed average daily consumption for the teaching period, derived from the
university’s power monitoring system. Observing the graph, it can be seen that the majority of the power is
consumed between 7:00am and 5:00pm, which is quite consistent with standard business hours. The peak
consumption occurs between 10:00am and 11:00am, with a reading of 9.59kWh. Taking the readings for each
interval of the profile, it was calculated that the average daily consumption of the proposed loads was 142.4
kWh. It is also interesting to note that there is still significant power usage during the night (between 3-4kW at
all times), although much less than during business hours. This could be due to students using facilities through
the night, or standby power draw from electrical appliances.
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Figure 8. Average Daily Consumption During Teaching Period

2.3.2 Non-Teaching Period Load Profile
The graph below seen in figure 9 gives a visual representation of the load profile for the proposed precinct
during the non-teaching period. The bulk of the power consumption occurs between 4:00am and 5:00pm,
which is interesting to note as it extends to earlier than usual business hours (7:00am – 5:00pm). Comparing
with the teaching period load profile, average daily energy consumption is much lower, being 69.95kWh –
which is expected due to less people being on campus. Another interesting factor to note is that although
there is a large amount of electrical appliances, consumption appears to be fairly low. This can be attributed to
the fact that heating/cooling mechanisms such as air-conditioning is not being considered due to the fact that
the campus uses a central chiller system and the proposed precinct will be assumed to be on this system.
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Figure 9. Average Daily Consumption During Non-Teaching Period

2.4 Battery Storage System
One major issue with renewable energy technologies is not their capability of generating the required power
for their loads, but the availability of storage technologies. With regards to solar power, generally, a system
can be sized to meet a load quite easily, but battery storage is needed so that the generated power can be
utilized during other periods of the day when power is in higher demand.
With regards to the system being designed here, battery storage will be needed to ensure that the system can
be generally off-grid, with reliance on the grid only for backup. Although the load profiles obtained previously
demonstrate that the majority of energy consumption is during the day, when the solar resource is available,
backup storage will still be needed to supply the precinct during the night time, where it has been derived that
at times there is up to 4kWh of energy consumption.
In order to calculate the total amount of storage, the following calculation for the battery bank size can be
used:

𝐵𝑎𝑛𝑘 𝑠𝑖𝑧𝑒 =

𝐴𝑢𝑡𝑜𝑛𝑜𝑚𝑦 𝑥 𝐿𝑜𝑎𝑑
𝐷𝑂𝐷 𝑥 𝑛𝑖𝑛𝑣
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In which;


Bank size – The total storage capacity in



kWh of the battery bank


Autonomy – The desired amount of time

Energy Load – Calculated average daily
load as specified earlier



which the battery will supply the load

DOD – The maximum depth of discharge
of the specified battery



Ninv – The efficiency of the inverter

Following this approach, to calculate a general size of the battery values are inserted into the equation.
The autonomy will be the amount of hours of night, which is experienced at the specified location,
which is generally longer in winter months and shorter in summer months. As discussed later in the
solar assessment section of this report, the month of May is the chosen month for the system design,
and therefore the night time hours in this month will be used to calculate the battery size. Based off
meteorological information obtained, Perth experiences between 10:24 and 10:51 hours of night (the
period between sunrise and sunset) during the month of May [34]. Knowing this, the average period of
autonomy for the desired month is 10.625 hours is found.
Now, for lithium-ion batteries, generally a depth of discharge of 0.8 to 0.9 [34] is considered the
average. Therefore, taking 0.85 as depth of discharge, inverter efficiency of 0.96, 10.625 hours of
autonomy and a load of 142.4kWh derived from the previously mentioned information, it is substituted
into the equation and obtain a bank size of 71.55kWh.
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3.0 Wind System
3.1 Murdoch Pre-Existing Wind Turbines
On the Murdoch South street campus, there are two pre-existing wind turbines that are currently out of
service and only used for research purposes. As there will be no cost involved with purchasing the wind
turbines, it is assumed that using these pre-existing turbines will prove to be more cost effective than
purchasing newer ones, and therefore will be the only turbines considered for the feasibility study.
These two small wind turbines are the SOMA 1000, which has a rating of 1kW and a cut-in wind speed of
3m/s [27], and the Fortis Passaat 1.4kW turbine which has a cut-in wind speed of 2.5m/s [28].

SOMA 1000. Power Curve

1600
1400
1200

Power(W)

1000
800
600
400
200
0
0

5

10
15
Hub height normalised wind speed (m/s)

20

25

Figure 10. Power Curve for the SOMA 1000 Wind Turbine [27]

3.2 Wind Resource Assessment
In order to begin a wind feasibility study, the wind resource at the desired site must be assessed. Usually
however, there is no wind data monitoring system at the site as it is a new installation, and so therefore
long-term wind resource prediction methods must be used to do this. One such popular method of
achieving this is the MCP (Measure- Correlate-Predict) method. This process involves taking long term
reference wind speed and direction data from a nearby site and matching it with short term data from
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the candidate site. It is important that the measured short-term data correspond to a matching period in
the long-term data. This long-term data can then be correlated and used to predict long-term wind
speed and direction information for the candidate site. Fortunately, however, long-term wind resource
data is available from the Murdoch University Weather Station located on campus, meaning that the use
of prediction methods was unnecessary. Wind speed and direction data recorded at a height of 10
metres over 10 minute intervals from the past 10 years was downloaded and then compiled and used
for the wind resource assessment.
A total of 508,949 readings over the 10-year period from 01 January 2007 to 01 December 2017 were
used for the wind resource assessment. To assess the wind speed data, each reading was binned into
1m/s intervals ranging from zero to 27m/s. A count of the frequency of each of the wind speed bin’s
occurrences was then used to calculate the probability of that wind speeds occurrence in a given year by
dividing it by the total amount of readings. Multiplying this probability by the 8760 (the number of hours
in a year) gives the amount of occurrences of the given wind speed per year. Multiplying these values by
the turbine’s given power curve, the power density of each turbine can be calculated. Appendix 1.2.4
and 1.2.5 shows the results of these calculations.
The same method is then used to visualise the wind direction data. The entire set of readings from the
10-year period is binned into 10-degree subsets, with the total counts for each wind direction bin being
tallied. These direction counts are then used to create the wind rose, which is a visual representation of
the frequency of wind direction occurrences over the measured period.
Following this data manipulation, another step must also be used to ensure the data is accurate. As the
observed data is recorded at a different height to the hub of the turbines, the wind speed-readings must
be adjusted to give a predicted new speed for the specific height. This can be done by using the
following equation, which accounts for changes to wind speed due to wind shear:
ℎ2
)
𝑧 )
𝑣2 = 𝑣1 (
ℎ
ln ( 1 )
𝑧
ln (
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Where;


h2 = Hub height



V1= Wind speed at reference data height



h1= Reference data height



V2= Wind speed at hub height



Z= Wind shear coefficient

3.3 Wind Resource Assessment Results
3.3.1 Reference Wind Speed Data
Observing figure 11, the results can be seen of the wind speed assessment from the data taken at 10m over
the 10-year period. The data shows that the observed wind speeds at the candidate site are mostly between 48m/s, with wind speeds in this range making up 59.3 percent of the observed speeds. It is also important to
note that wind speeds between 0m/s and 1m/s are observed quite frequently, with 11.3 percent of the data
appearing in this range.
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Figure 11. Wind Speed Frequency of measured data (10m)

These results are consistent with those displayed in Figure 12, which shows the yearly average wind speeds
over the tracked period. In this graph, it is observed that each year the average speed ranges between 5 6m/s, with no consistent trend suggesting an increase or decrease with each successive year.
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Yearly Average Wind Speeds 2007-2017
7

Wind Speed (m/s)

6
5
4
3

Yearly
Average

2
1
0
2007

2008

2009

2010

2011 2012
Year

2013

2014

2015

2016

Figure 12. Yearly average wind speeds from 2007 to 2017

In addition to the previously mentioned statistics, winds ranging from 0-2m/s account for 17.3% of the
observed speeds. As the cut-in speeds of both turbines are higher than 2.5m/s, this means that almost a fifth
of winds experienced at the site for the year are unable to be utilized for power generation. Reflecting on
these results, it is observed that the candidate site experiences mostly wind speeds which could be considered
quite slow. This suggests that a wind turbine installation at the Murdoch University campus would perform
poorly due to the low power generation capabilities of the turbines at these speeds, which is reflected in the
power curves for each turbine as depicted in Figure 14. However, as mentioned previously – the goal of the
proposed facility is that it showcases a range of renewable energy technologies, and considering that there are
no purchasing costs involved with the wind turbines, any energy generation which they are responsible for is
essentially free and the installation can therefore considered feasible.
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Figure 13. Wind Rose for the measured data

Figure 13 above shows the wind direction frequency distribution, or ‘wind rose’ for the candidate site as
observed by the Murdoch meteorological data. The distribution shows that the majority of winds tend toward
the South to South Easterly direction, with the highest frequency of wind direction readings ranging from
between 110 degrees to 230 degrees.

POWER DENSITY CURVES
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Figure 14. Power density curves for the SOMA 1000 and Fortis Passaat 1.4kW Turbines

Using the yearly-calculated number of occurrences of wind speeds mentioned previously, power density
curves for each of the turbines can be calculated. This is done by multiplying the number of occurrences of the
turbine’s respective power generation values for each wind speed taken from its power curve. This data is then
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visualized in Figure 14, a representation of the power density curves for both the SOMA 1000 and Fortis
Passaat 1.4kW turbines is displayed.
Observing the two power density curves for each of the turbines, it is obvious that they are both expected to
produce similar amounts of power for the year, with the total expected annual output for the SOMA 1000 and
Fortis Passaat 1.4kW turbines being 2.129 and 2.285 MWh per year respectively, which translates to 5.83kWh
and 6.26kWh per day, totalling a combined daily output of 12.09kWh generated from wind power. Multiplying
this by 0.95, the efficiency of the inverter, a total daily output of 11.49kWh is calculated.

3.3.2 Height-Adjusted Wind Data
In order to ensure accurate prediction of the wind turbine’s performance, the reference wind speed data was
adjusted using the logarithmic wind shear equation presented in section 3.2. Because the two considered
turbines were of similar height, the value for the new height for the adjusted wind speed data was chosen by
taking the sum of the two turbines heights (18 and 19.7m) and dividing by two to get the average height of
18.85m. After researching common wind shear coefficient values, a coefficient of 0.2 was chosen to be used in
the calculation, as this corresponds with a wind shear exponent typical of an area with ‘low bushes and a few
trees’, which matches the candidate site.
Using this equation, the wind speed data adjusted such that all recorded speeds were slightly increased.
Because all the available wind speed reference data had been rounded to the nearest whole number, this
meant that when the speeds were adjusted there were now some integer bins, which did not have any data,
which fell into them. This effect can be observed in Figure 15 below, where it can be seen that there are no
recorded wind speeds of 4m/s, 11m/s, 18m/s and 25m/s.
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Figure 15. Wind speed frequency graph for the adjusted data

The adjustment basically results in a shift in the wind speed frequency curve; where before 59.3 percent of
speeds were in the range 4-8m/s, now 59.3 percent of speeds lie between 5-9m/s. Another important metric
to consider in comparison of the pre and post-adjustment data is the percent of recorded speeds, which are at
or above the turbines rated power. When considering the SOMA 1000 turbine, an increase from 3.5% to 9.8%
of recorded wind speeds higher than 1kW is observed. A visualization of the increase in wind speeds is
displayed below in Figure 16, which shows a comparison of the yearly average wind speeds for both the
reference and height-adjusted data over the ten-year period.
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Figure 16. Comparison of yearly average wind speeds from 2007 - 2017 for adjusted and reference data

These higher wind speeds as a result of the increase in height translate to an increased power generation of
both of the turbines. Figure 17 below shows the combined power density curves for the turbines before and
after accounting for wind shear, and highlights how much the adjustment of the height increases the turbine’s
power output. The graph demonstrates the increase in power densities for the turbines with the adjusted
height, and this can clearly be observed by just comparing the peak values of each wind speed bin. Using these
values for power output at each wind speed bin and adding them, the combined turbines output for the year
as described previously in section 3.2 can be predicted. For the 10m data, the yearly-predicted energy output
was calculated to be 4.413MWh. Taking into account inverter losses, and therefore multiplying this by 0.95,
then dividing this value by 365 gives a rough estimation of daily output to be 11.49kWh on average. Next, the
same process was repeated and the output for the turbines at an adjusted height of 18.85m was calculated to
be 6.125MWh yearly, translating to roughly 15.15kWh per day on average or an increase of 31.85% due to
wind shear adjustment.
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Figure 17. Comparison of the power density curves of the original and height adjusted data

3.4 Wind Power Generation and Considerations
In order to size the solar system, the average daily wind energy generation is subtracted from the total average
daily load and then the resulting load will be met via building-integrated photovoltaics. To ensure that the load
can always be supplied by the precinct’s renewable energy generation means, the month with the lowest
average daily insolation must be used to size the system. In Australia, this is generally June – however as
mentioned previously in section 2.1.3, the system was being designed to meet the teaching period load profile,
meaning that the month of June is not being considered. This will be further discussed in the solar resource
assessment section 4.3, however – for the purpose of the discussion of wind generation considerations it was
found that the month of May shall be used for system sizing.
Taking this into consideration, all data for the month of May was extracted and analysed so that it could be
used to determine the load, which was needed to be supplied by the solar portion of the hybrid system. Using
the previously mentioned methods, a wind rose was generated for a visualization of the optimal orientation of
the turbines. A comparison of the entire 10-year period’s wind rose and the wind rose for the month of May
can be seen below in Figure 18. It is interesting to note that the two results are quite similar; meaning that
facing the turbines in a southeast direction is favourable regardless of the time of year.
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Figure 18. Wind roses for adjusted and reference wind direction data
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Figure 19. Combined power density curve for the month of May
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Observing figure 19, we see a combined average power density curve for both of the turbines for each motnh
of the year. As described earlier, the power density curve is used to calculate the expected daily generation of
the combined turbine system. Taking the total output for the month of May, which was calculated to be
0.352MWh, dividing by 31 days and taking into account losses, an expected daily output was then calculated
to be 10.8kWh generated from the two wind turbines. This daily output can then be subtracted from the
average daily load for the teaching period for the month of May to determine the remaining load with which
the solar portion of the hybrid system will be sized to meet.
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4.0 Solar System
4.1 Photovoltaic System Components
For the purpose of this feasibility study, two interesting building - integrated photovoltaic technologies were
considered, those being photovoltaic glass and roof tiles. The two technologies were analysed to determine
whether using them in combination was a feasible means of supplying the remaining load for the proposed
precinct. Onyx Solar is a BIPV glass manufacturer which offers their technology in either amorphous silicon or
crystalline silicon (polycrystalline and monocrystalline), and each ranging from zero to 30 percent
transparency, depending on the application. There are multiple different sized glass choices, but for the
purpose of this feasibility study glass panels of dimensions 2.462 x 0.635m are considered.
Concerning the precinct’s BIPV roof tiles, there are two well-known manufacturers – those being Tesla and
Tractile. Initially both were to be considered, however data for the Tesla solar roof was unable to be obtained
and therefore only the Tractile Solar Roof Tile will be considered for this study. Interestingly, the Tractile Solar
Roof is made up of multiple components, and not just the actual solar roof tile. The entire system is composed
of standard roof tiles available in multiple colours, solar photovoltaic roof tiles, and the ‘Eclipse Thermo Tile’
which is a roof top solar hot water tile, meaning that in addition to electrical power generation, money is also
saved on hot water heating.

4.2 Proposed Building Design
In order to determine the specifications of a solar photovoltaic system, aspects of the candidate building must
be known; such as its dimensions, location, orientation and roof inclination and available northern-facing wall
and roof space, among others. Because this feasibility study is concerned with the design of a system for an
entirely new precinct which doesn’t currently exist on the campus, this allows a lot of freedom for the design
of the system as aspects of the building can be changed to create an optimally performing photovoltaic
system.
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Figure 20. Satellite image of the proposed location for the renewable energy precinct
Source: ‘Murdoch University” -32°03'59.47" S 115°50'6.29" E. Google Earth. November 1, 2017

The proposed system will be based off a mock design originally drawn up by David Parlevliet, a lecturer at
Murdoch University. A satellite view of the Murdoch University campus can be seen above in Figure 20, in
which the location of the proposed renewable energy precinct can be seen highlighted in yellow in the eastern
side of the campus grounds. The area is favourable in that it is relatively clear of large flora, so that issues with
shading of the building rooftop will not need to be considered, and blocking of wind due to obstacles is
currently not an issue.
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Figure 21. Mock design of the renewable energy precinct

Based off David’s sketch of the facility in Figure 21, the available roof space can be calculated. In the top left
image of figure 21, it can be seen that the square area on the far left has dimensions of 100m 2. It was then also
determined that there are six square areas of similar size in the proposed building, and therefore decide on a
total roof area of 600m2. In addition to this, as optimum performance of the proposed building’s hybrid energy
systems is the design goal, it will be north facing in order to maximize utilization of direct insolation. To allow a
relative amount of simplicity in solar generation calculations, it was decided that the building be broken up
into three evenly sized areas; those being 200m2 north, northeast and northwest facing.
In addition to this, a roof exclusion zone must be utilized as per AS/NZS: 5033, which suggests 20cm, or more
[23]. This means that the actual available roof area is 572.16m. Also, in regards to the inclination of the roof
the chosen angle will be 17 degrees as this is quite a standard rooftop slope, and data from NASA’s POWER
(Prediction of Worldwide Energy Resource) database [24] is available at tilt angles of 0, 17, 32, 47 and 90
degrees.
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Another important design consideration is the amount of available window space on the north-facing wall. As
mentioned previously, each square area on the design sketch in figure 21 is 100m2, and therefore it is assumed
that each side of the square is 10m. This means that, as there are six 100m2 areas in the sketch in figure 21,
the north-facing wall is taken to be 60m long. Assuming that the entrance takes up 10m in the centre of the
north – facing wall to the building, this leaves 50m for windows. Then, assuming that each 10m space of the
north-facing wall can fit three connected glass panels of 2.462m length, with two connected windows above
each to make a 9x9 array of windows, this means that the entire 50m of available wall will be capable of
featuring 45 Onyx solar glass windows, totalling to 70.35m2.

4.3 Solar Resource
Data for the solar resource at the candidate site is can be obtained via the NASA POWER database [24]. This is
easily accessed online, and by entering the longitudinal and latitudinal coordinates of the location, provides
the user with monthly averaged data compiled from over 22 years of recording. For the purpose of this study,
the candidate site location of latitude -32.066 and longitude 115.835 was entered into the database, and the
following site specific insolation data as seen in Table 1 was obtained, presented in peak sun hours (PSH):

Lat -32.066

Annual
Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Lon 115.835

Average

SSE HRZ

8.47

7.56

6.02

4.34

3.06

2.54

2.74

3.64

4.99

6.52

7.73

8.49

5.49

K

0.7

0.69

0.65

0.6

0.55

0.53

0.53

0.56

0.6

0.64

0.66

0.69

0.62

Diffuse

1.74

1.57

1.38

1.17

0.97

0.85

0.91

1.12

1.41

1.67

1.88

1.89

1.38

Direct

9.91

9.08

7.55

5.95

4.59

4.11

4.23

5.01

6.1

7.48

8.66

9.7

6.85

Tilt 0

8.43

7.52

5.93

4.32

2.99

2.51

2.69

3.52

4.93

6.37

7.69

8.44

5.44

Tilt 17

8.17

7.65

6.46

5.08

3.74

3.27

3.43

4.2

5.49

6.63

7.55

8.1

5.8

Tilt 32

7.48

7.31

6.55

5.46

4.19

3.75

3.88

4.57

5.68

6.49

7

7.33

5.8

Tilt 47

6.41

6.59

6.28

5.54

4.4

4.02

4.12

4.69

5.55

6

6.09

6.21

5.49

Tilt 90

2.47

3.1

3.78

4.13

3.66

3.53

3.53

3.64

3.67

3.09

2.56

2.32

3.29

OPT

8.43

7.67

6.56

5.55

4.42

4.07

4.15

4.69

5.68

6.64

7.71

8.44

6.16

1

12

28

43

52

57

55

46

34

18

4

0

29.2

31.2

31.6

29.6

25.9

22.3

19.5

18.4

19.1

20.3

23.4

26.6

29.1

24.8

OPT ANG
Mean Max Temp
(°C)

Table 1. Solar Resource data obtained from the NASA Power database [24]
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Highlighted in yellow are the relevant data points; with the tilt angle of 17 degrees corresponding to the
inclination of the photovoltaic tiles, and the tilt angle of 90 corresponding to the vertical photovoltaic glass
windows. As is to be expected, as the angle of inclination is increased, the insolation decreases, with the
month of January’s average daily peak sun hours ranging from 8.43 for completely horizontal data, to 2.47 for
the vertical plane.
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Figure 22. Monthly average solar insolation at 90º and 17º

As mentioned earlier in section 3.4 on wind power generation, the month of May was chosen for design of the
wind system. The reasoning for this choice can be seen from observation of Table 1, in which it can be seen
that it has the lowest value for average insolation (3.74 PSH) during the teaching period at a tilt of 17 degrees.
It is also interesting to note that generally the summer months have the highest amount of daily insolation,
however the data for a tilt angle of 90 shows that the summer months of December and January actually
receive the lowest amount of insolation, as is visually represented in Figure 22.
In addition to this data, information on the solar resource from the Australian Solar Radiation Data Handbook
was also used [25]. The book includes tables, which give average insolation data for the Perth metropolitan
area at a range of zenith and azimuth angles. As mentioned previously, the rooftop is comprised of three
sections, all facing different directions, and therefore equator pointed insolation data is not sufficient to
estimate the solar power generation. The raw data table from the Australian Solar Radiation Data Handbook
for the month of May used for calculations can be seen in Appendix 1.4
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4.4 Building Integrated Photovoltaic Assessment
4.4.1 Method
To begin, an estimation of the required array size can be calculated. In order to do this information about a
number of factors such as the solar resource, photovoltaic panel parameters, and losses to temperature, dirt/
dust, manufacturing defects and inverter efficiency must be obtained. Once values for these factors have been
obtained, they can be multiplied to obtain the estimated array size. The following equation represents that
which is used to calculate losses due to temperature:

𝑓𝑡𝑒𝑚𝑝 = 1 + (𝛾(𝑇𝑐𝑒𝑙𝑙,𝑒𝑓𝑓 − 𝑇𝑠𝑡𝑐 ))
Where;


Ftemp= temperature derating factor

Tstc= Cell temperature at standard test conditions



𝛾 = power temperature coefficient

(25 degrees)



Tcell,eff= effective cell temperature at
average air temp

For the purpose of this calculation, the average cell temperature is assumed to be 25 degrees above the mean
maximum temperature for the month of May (22.3°C). The value for the power temperature is obtained from
the datasheet of the BIPV component which is being calculated, those coefficients being -0.19%/°C for the
Onyx solar glass, and -0.37% for the Tractile solar roof tile.
In regards to the losses due to dirt on the panels, fdirt is assumed to be 0.95 because there will be some rainfall
during the month of May which contributes to cleaning of the panels. For comparison, a value of 0.9 would be
acceptable for summer months. As per the process detailed in AS/NZS4509.2 [26], 0.95 is the chosen value for
f-man, which relates to manufacturing defects in the panels. The efficiency of the inverter is obtained from the
selected inverters datasheet. This process for the inverter design choice will be detailed further in section
4.4.2, however for the purpose of this calculation the chosen inverter; the Sunny Tripower Core 1 has an
efficiency of 98.1%.
Now that these values are known, they can be used to calculate the estimated array size, using the following
formula:
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𝐴𝑟𝑟𝑎𝑦 𝑠𝑖𝑧𝑒 (𝑘𝑊) =

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑎𝑖𝑙𝑦 𝑙𝑜𝑎𝑑 (𝑘𝑊ℎ)
𝑃𝑆𝐻 ∗ 𝑓𝑡𝑒𝑚𝑝 ∗ 𝑓𝑚𝑎𝑛 ∗ 𝑓𝑑𝑖𝑟𝑡 ∗ 𝑛𝑖𝑛𝑣

Once an estimated array size is obtained, the amount of area required to meet the load for the BIPV
technology can then be determined. First, the total number of panels required is calculated by taking the
calculated array size and dividing by the rated panel power. Then, the required area in metres squared is
determined by multiplying specified panel size by the previously calculated number of panels required.
These calculations would be sufficient if the entire building was north facing; however, as mentioned
previously it had been decided that the building would be broken up into three separate, equally sized areas,
those being; north, northeast and northwest facing. Therefore, in order to conduct an accurate assessment of
the solar power generation, this must be taken into account.

Figure 23. Solar radiation data extract from the solar radiation handbook [25]

To adjust the data for the different building orientations, begin by using the Australian Solar Radiation Data
Handbook insolation table for the month of May (seen in appendix 1.4.5). Extracts of the solar radiation data
pertaining to the following explanation can be seen above in Figure 23. Firstly, it is known that the northeast
facing area will have an azimuth of 45º, while the northwest area will be 315º. As the table only provides
values in 10º degree increments, the higher insolation value of the two is chosen. Now, for the solar glass
panes it is known that the zenith value will be 90º, whilst the roof tiles will be at 17º as mentioned previously.
As the table only provides values in 10º increments, the closest zenith to 17º is chosen, that being the 20º
value. Interestingly, this gives identical values for total average daily irradiation for both northeast and
northwest orientations, those being 12.9MJ/m2 for the glass panes, and 13.9MJ/m2 for the roof tiles. Now, in
order to use this to derive a ratio with which to convert the north facing insolation data into useable data for
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the northeast and northwest facing areas of the building, the previously mentioned values are divided by the
corresponding orientations average daily irradiation value at 0º azimuth from the table. For example, for the
roof tiles the values of 13.9/14.9 gives a ratio of 0.933. Now, taking this ratio, and then multiplying it by the
NASA power database average daily peak sun hour/irradiation value for the month of May of 3.74, giving 3.49
PSH for northeast/northwest oriented panels. The same process is repeated for the glass panes, giving a
reduction in PSH from 3.66 to 3.07 for a north east/west orientation.

4.4.2 Building Integrated Photovoltaic Generation and Design Results
Tables 2 and 3 below shows the results for the calculations detailed in section 4.4.1. The average load that the
BIPV technologies are required to supply can be seen in the first row of the table, which is calculated by taking
the total average daily load of 142.4kWh and subtracting the calculated average daily wind power generation
of 10.8kWh for the month of May. This leaves the required average load of 131.6kWh for BIPV technologies to
supply.

Tractile Roof Tiles
May
Average Load Needed to Supply (kWh)
PSH (hrs)

North
3.74

131.60
Northeast/ West

f-temp
f-dirt
f-man
n-inv
Array Size (kW)
Power Temperature Coefficient
Avg. Max Temp (°C )
Total Roof Area (m^2)
Roof Area with 20cm border
Panel Rated Power (W)
Panel Size (m^2)
No Panels Required
Area Required (m^2)

3.49
0.92
0.94
0.95
0.98
45.87
-0.0037
22.30
600.00
572.16
100.00
0.76
458.69
348.15

Table 2. Array size and area required calculations and results for Tractile Solar roof tiles

Observing Table 2, it can be seen highlighted in green that using the calculations detailed previously, an array
size of 45.87kW is required, taking into account losses to temperature, dirt, manufacturer errors and the
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inverter. This leads to an area required of 348.15m2 for the Tractile solar tiles, which is less than the total roof
area of 600m2. This means that the Tractile solar roof tiles are capable of supplying the entire remaining load.

Solar Windows NE/NW Facing
May
Average Load Needed to Supply (kWh)
131.60
PSH (hrs)
3.66
3.07
f-temp
0.96
f-dirt
0.94
f-man
0.95
n-inv
0.98
Array Size (kW)
44.17
Power Temperature Coefficient
-0.0019
Avg. Max Temp (°C)
22.30
Panel Type
0%
10%
20%
Panel Rated Power (W)
90
63
53
Panel Size (m^2)
1.56337
No Panels Required
490.73
701.05
833.32
Area Required (m^2)
767.20
1095.99
1302.79

30%
44
1003.77
1569.26

Table 3. Array size and area required calculation results for Tractile solar roof tiles

Performing the same calculations for the Onyx solar windows, it can be seen that to supply the entire
remaining load, a smaller array size is required compared with the Tractile solar roof tiles. This can be
attributed to losses due to temperature, where it can be seen that the solar windows have an ftemp coefficient
of 0.958, whereas the roof tiles coefficient is 0.917. This is due to the power temperature coefficient, where it
can be seen that the roof tiles suffers almost double the losses per degree (-0.0037) as compared to the solar
windows (-0.0019). Observing the table, it can also be noted that each available panel transparency has
different values for rated power, with increased transparency corresponding to lower rated power. This then
results in varying calculated required areas of solar glass, which can be seen at the bottom of the table for
each value of panel transparency. Observing these figures, it can be seen that it is not possible for the entire
average remaining load to be supplied solely by photovoltaic glass, as the required area for all transparency
panels is much larger than the previously mentioned available area for glass on the north-facing wall of the
building.
As it is desired that the proposed renewable energy precinct is a showcase for state of the art technologies,
both proposed building integrated photovoltaic types will be included in the design, regardless of the fact that
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the Tractile solar roof tiles are capable of supplying the load by itself. This means that the next step of the
design is to calculate the amount of power which the Onyx solar glass is capable of producing on a typical
March day, and then use the remaining average daily load to size the Tractile solar roof tile array. This is done
by multiplying the total amount of panels (calculated previously to be 45) by the pane’s rated power. Then,
multiplying all losses as previously detailed gives the total daily power generated per day. Calculated values for
the array rated power and total daily power generated for each glass transparency can be seen below in Table
4.

Total windows
Total Area of Window
Window Transparencies (%)
Rated Power of Window Array (kWp)
Power Generated (Glass) (kWh)

0.00
4050.00
11.09

45.00
70.35
10.00
20.00
2835.00
2385.00
7.76
6.53

30.00
1980.00
5.42

Table 4. Onyx Solar glass power generation calculation results

It can be seen that zero-percent transparency glass generates the most power, being more than double the
value of power generated compared with the 30% option. However, as the precinct is desired to be both a
showcase and a teaching facility, it is preferable that the glass is transparent. In addition to this, the only
transparency of glass for which cost information was available was for 20% transparent glass; and as the
calculated amount of daily power generated was similar for all three types of transparent glass – the feasibility
design will only consider the 20% option. Based upon this design choice, it can be seen that the rated power of
the Onyx glass window array will be 2.385kWp, resulting in an average daily power generation for the month
of May of 6.53kWh.
Taking this into account, this means that the power generation from the photovoltaic glass can be subtracted
from the remaining average daily load to give a final remaining load of 125.07kWh to be supplied by
photovoltaic roof tiles. Table 5 below gives the results of the previously mentioned calculation steps.
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Tractile Roof Tiles
May
Average Load Needed to Supply (kWh)
PSH (hrs)
f-temp
f-dirt
f-man
n-inv
Array Size (kW)
Power Temperature Coefficient
Avg. Max Temp (°C )
Total Roof Area (m^2)
Roof Area with 20cm border
Panel Rated Power (W)
Panel Size (m^2)
No Panels Required
Area Required (m^2)

125.07
North
Northeast/ West
3.74
0.92
0.94
0.95
0.98
43.59
-0.0037
22.30
600.00
572.16
100.00
0.76
435.93
330.87

3.49

Table 5. Results for Tractile roof tile calculations after consideration of Onyx Solar glass power generation

Observing the table, it can be seen that the array size has reduced from 45.87kWp to 43.59kWp, resulting in a
reduction in required area of tiles from 348.15m2 to the current value of 330.87m2. Once again, these values
are achievable as confirmed by comparison with the 572.16m2 of available roof area taking into account the
20cm safe zone. A breakdown of the average daily power generated for the month of May for each renewable
energy technology can be seen below in Figure 24.
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Power Generated by Technology
7%
5%
Power Generated (Wind)
(kWh)
Power Generated (Glass)
(kWh)
125.07, 88%

Power Generated (Tiles)
(kWh)

Figure 24. Breakdown of power generation by technology

Further to this, as the system has been designed to be able to power the load in the worst-case scenario, i.e.
during the period of lowest solar resource, this means that the system should generate a large excess of power
during the summer months when there is a much better solar resource. Figures 25 and 26 below shows the
average monthly and daily solar power generation broken down by photovoltaic technology:

Solar Power Generation by Month

10000.00

Power Generation (kWh)
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8000.00
7000.00

Solar Tile
Generation

6000.00
5000.00

Solar Glass
Generation

4000.00
3000.00
2000.00
1000.00
0.00
Jan

Feb Mar Apr May Jun
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Figure 25. Monthly solar power generation
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Daily Solar Power Generation
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Figure 26. Average daily solar power generation

As can be seen, the majority of the solar photovoltaic power generation comes from the roof tiles, regardless
of month. June and July are the months with the highest percentage of total power generation from the
photovoltaic glass, with those being 5.35% and 5.1% respectively. In December and January, photovoltaic tiles
are only responsible for 2.1% and 2.2% of total solar power generation for the month. This is due to the
increased ratio of solar insolation in the summer months as can be seen in Figure 22. Observing the two
Figures 25 and 26, it can be seen that the solar power generation is in excess of the average daily load during
all other months of the year, with the system being capable of producing 285.64kW of electrical power during
January due to the system being designed for the worst case scenario. This allows energy to be exported back
to the rest of the university, and guaranteeing that the building will be net positive with regards to energy, and
therefore achieving the initial goal of the thesis project.
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5.0 Economic Analysis
5.1 Method
In order to make a decision on whether a renewable energy system’s design is feasible, perhaps the most
important consideration after its performance is its economic performance. Important aspects of this are its
initial cost, and its payback period. A system might perform extremely well, but because of this have no return
on investment for 20 years, and as such may not be worth installing. In order to analyse these factors,
information must be obtained from suppliers in the area such as the cost of parts and installation. In addition
to this, suppliers can be compared to find the cheapest total cost. Other aspects that must be considered are
the tariff rates for power supply, and if there are any available government incentives that can be utilized.
Another good metric for analysis of the system’s feasibility is its cost comparison with non-BIPV renewable
energy methods. This will be analysed in section 5.3 of this report, in which the economic analysis of using
crystalline silicon photovoltaic panels and standard roof tiles and glass panes instead of building integrated
photovoltaic technologies will be explored. In regards to this however, as it is known that the University only
pays a substantially lower energy rate than a typical household; the cost analysis for this system is less
important in this case than proof of the systems capability of meeting its requirements. A detailed cost analysis
is still presented however in sections 5.2 and 5.3, in order to provide a full breakdown of the system. It is also
important to mention that because the small wind turbines used in analysis are already owned by the
University, they are not needed to be included in the cost analysis and can be considered free besides the cost
of installation.

5.4 Battery Cost Analysis
The battery storage system is another cost which needs to be analysed, but will be needed in both of the
evaluated systems and therefore its analysis has been separated from the previous two. Using the calculation
detailed in section 2.4 of this report, the total bank capacity and cost of five top-performing battery storage
options was evaluated [20]:
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Battery

Cost($)

Round –
Trip
Efficiency

Individual
Capacity
(kWh)

8750

90%

13.5

Calculated
Bank
Capacity
(kWh)
76.32

2300
14100
6600

95%
97%
96%

2.7
11.52
4.8

15550

90%

9.6

Tesla Powerwall 2
Ampetus "Super"
Lithium
SolaX Box
Delta Hybrid E5
Fronius Solar
Battery

Batteries
Needed

Rounded
Capacity
(kWh)

Total
Cost of
Bank ($)

6

81

52500

72.30
70.81
71.55

27
7
15

72.9
80.64
72

62100
98700
99000

76.32

8

76.8

124400

Table 6. Cost comparison of some top performing batteries [20]

Observing Table 6 above, the results of the battery storage system analysis can be seen. Ranked in order from
cheapest to most expensive, it is found that the Tesla Powerwall 2 lithium-ion battery is the best choice for
storage for the proposed system, at a total bank cost of $52,500. Using the previously mentioned calculation
for battery bank size detailed in section 2.4, a calculated bank capacity for the Tesla Powerwall 2 was found to
be 76.32kWh. However, as the battery is only available in sizes of 13.5kWh capacity, the figure must be
rounded up in order to meet the calculated capacity, and therefore a rounded total of six batteries gives a
bank capacity of 81kWh. It is interesting to note that of the evaluated batteries, the Tesla Powerwall 2 is the
least efficient, having a round – trip efficiency of 90%. Despite this however, the Powerwall 2 outperforms the
next best choice in terms of cost, the Ampetus “Super” Lithium by 16.75%, and is a whole 81.29% cheaper than
the Fronius Solar Battery.

5.2 Building Integrated Photovoltaic System Cost Analysis
To begin, both Onyx Solar and Tractile were contacted for indicative pricing data. After explaining the research
proposal, both companies provided approximate pricing figures concerning the cost per square meter for each
technology. Seen below in Figure 7 is the pricing information provided from Onyx Solar’s Australian distributor,
ETS projects:

Example
University #1 (20% a-Si)
University #2 (20% a-Si)
University #3 (0% C-Si)

Area (m2)
Cost
Cost/Sqm
28.44
27000
949.37
110
60000
545.45
173.4
146000
841.98

Table 7. Provided cost per square meter information
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It was informed that discounts were available for larger orders, and therefore in order to calculate an estimate
cost per square meter figure, a linear relationship for the amorphous silicon pricing information was derived,
this equation being:
𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑚2 = −4.952 ∗ 𝑎𝑟𝑒𝑎 + 1090.2

Substituting the required photovoltaic glass area mentioned previously of 70.35m 2 into the derived linear cost
equation, an estimate price of 741.81$/m2 was calculated. Based upon this, the total cost of materials and
install for the Onyx Solar photovoltaic glass panes including inverter comes to $52,187.31.
In addition to this, approximate figures for cost per square metres for the Tractile solar roof tiles were also
obtained. As mentioned in section 4.1, the Tractile product is made up of multiple components, the important
ones being the solar and non-solar roof tile in this case. It was informed that generally, for solar roof tiles the
cost per square meter is $550, with around $120 returned per square meter due to incentives. In addition to
this, the non-solar roof tiles cost around $120 per square meter. Knowing this, the approximate cost for the
Tractile roof tile system was calculated, with the solar roof tile component coming to $142,274.93, and the
non-solar roof tile component being $32,295.37, resulting in a total cost for materials and install of $174,570$.

Table 8. Costs for each component
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Cost Breakdown

Tractile Solar

$52,500.00
, 19%

$52,187.31, 19%

Tractile non-Solar
$142,274.93, 51%

Onyx Solar Windows
Tesla Powerwall 2
Battery

$32,295.37, 11%

Figure 27. Cost breakdown for each component

Now, knowing the associated costs for each photovoltaic technology, the cost of the entire system can be
calculated, that being 279,257.61. Seen above in Table 8 and Figure 27 is a breakdown of the total cost of the
building integrated photovoltaic system. It is immediately obvious that the bulk of the cost for the BIPV
renewable energy system comes from the Tractile roof tiles, with 51% of the costs related to Tractile solar tiles
and 11% from Tractile non-solar tiles, totalling to 62% of the entire system cost. This is understandable, as it
was derived previously that most of the generation comes from the solar roof tiles, with only 2.385kWp rated
power of solar glass panes being installed compared with the rated 43.59kWp solar tile array.

5.3 Comparison with Standard Materials & Photovoltaic Panels
Although the feasibility study is more concerned with the potential use of the building integrated photovoltaic
technologies meeting the load of the proposed precinct, it is still important to analyse and compare its cost
with alternative options. In order to achieve this, the cost of building the precinct with standard materials can
be determined, such as slate roof tiles, low-emissivity glass panes and using roof-mounted crystalline silicon
photovoltaic panels for power generation. In order to keep the comparison consistent with the BIPV system,
only the north, northeast and northwest facing wall’s windows, and not the windows on the other walls of the
building will be included in the cost analysis.
To begin, a standard cost per square meter for each building material was obtained. For roof tiles, generally
per square meter the cost is between 80$ and 120$ in Australia, with slate and terracotta tiles costing more
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[21]. As the roof tiles are for a university showcase building, it can be assumed that these will be of good
quality, and therefore an assumption of $120 per square meter will be chosen. For the glass windows, the cost
ranges from $38 to $220 per square meter [22], as can be seen in the cost breakdown Table 9. The Onyx solar
glass panes used in the solar analysis are low-emissivity, and therefore the best comparison for cost analysis
purposes is to use these. Therefore, the assumed cost per square meter of standard low-emissivity glass will be
$220 per square meter. Additionally, the cost for a standard solar photovoltaic panel system must be taken
into account to supply the load of the proposed precinct. A Good basis for estimation of the cost of the system
is the information presented in section 1.1.2 of this report; in which the average cost per watt of solar
photovoltaic systems in Perth is stated to be $1.59. Multiplying this by the calculated total photovoltaic array
size of 45.975kWp, and multiplying by a further 5 percent for installation costs, a total cost of $76,760.5 is
derived.

Table 9. Costs for each component

Cost Breakdown

Roof Tiles
$52,500.00, 24%

Solar Panels
$72,000.00, 33%
Glass

$15,477.36
, 7%

Tesla Powerwall 2
Battery
$76,760.50, 36%

Figure 28. Cost breakdown for each component
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The sum of all the individual costs can be seen in Table 9, where a total calculated cost for the entire system is
shown to be $216,737.86 - a difference of $62,519.74 compared with the building-integrated showcase
system. Breaking down the individual costs of the standard material system and observing Figure 28, it can be
seen that as expected, the solar photovoltaic system makes up the bulk of the expenditure, being 35.42% of
the total cost, with the roof tiles coming close at 33.22%. The glass panes are cheap by comparison, with their
expense only making up 7.14% of the total system cost.
Comparing with the building-integrated photovoltaic system, it can be seen that the standard C-Si module and
building material system is the cheaper option, with a difference of $62,519.7. The difference is quite
significant, with the standard building material system being 25.21% cheaper.

6.0 Conclusions
In concluding the analysis of the proposed renewable energy precinct, a judgement can be made on the
feasibility of the designed system. The main aim of the proposed renewable energy precincts was to be able to
design a system, which employs the latest state of the art technologies to meet its average electrical load.
Figure 29 below shows a visualization of the renewable energy systems expected average daily power
generation versus its average daily load for the entire year.

Average Daily Power Generation vs Average
Daily Load - Year
Power Generation (kWh)

350.00
300.00
250.00
Power
Generated
(kWh)
Average
Daily Load

200.00
150.00
100.00
50.00
0.00
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
Figure 29. Yearly average daily power generation vs. average daily load
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As can be seen, the system meets the average daily load for the month of May exactly, as it was designed for
that month. For all other months of the year, the expected daily power generation far exceeds its average daily
load. This means that its total energy consumption is negative, meaning that for all other months of the year,
its extra energy generation can be exported to other buildings on the campus. Knowing this, the initial goal of
the thesis project has been met, in that the state of the art renewable energy technologies used to power the
precinct are more than capable of supplying its load.
As far as cost is concerned, the entire proposed system is more expensive than its alternative standard –
materials system. However, the difference is only 25%, and therefore as a showcase for the university the
construction of the building using building integrated photovoltaics is a good idea.

6.1 Recommendations
Based upon the analysis described previously in the report, some recommendations can be made concerning
the proposed system. A suggestion that could be employed to reduce costs related to the BIPV system is that
instead of the building being a curved design as detailed in section 4.2, the building could be rectangular and
north facing. This would ensure that the BIPV roof tiles and glass panes receive the optimal solar insolation,
and as a result reduce the amount of modules needed. As the solar glass windows only generate a small
amount of power and the 70.35m2 of available glass windows does not change regardless of building shape
and orientation; a comparison of the cost, area required, average load needed to supply, and array size
required for the BIPV roof tiles at the proposed and recommended building shape can be seen below in table
10:

Parameters
Average Load Needed to Supply
Area Required (m^2)
Array Size (kW)
Total Cost

Recommended Shape
124.28
313.79
41.34
$134,929.73

Proposed Shape
125.07
330.87
43.59
$142,274.93

Table 10. Comparison of costs for proposed and recommended building shape and orientation

As can be seen, the recommended north facing, rectangular shape results in increased power generation from
the Onyx solar glass panes. This causes the required average daily load for the BIPV roof tiles to supply to
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reduce from 125.07kWh to 124.28kWh, and representing a reduction in array size from 43.59kW to 41.34kW.
This then results in a reduction in cost for the Tractile solar roof tile system from $142,274.93 to $134,929.73,
or a saving of 5.3%.
Additionally, another recommendation that could possibly result in improved performance and cost savings is
to explore the use of the Tesla Solar Roof tiles as an alternative to the proposed Tractile solar roof tiles. At the
time of publication of this report, information for the Tesla Solar Roof is not publicly available as the system
was only recently announced, and therefore was unable to be assessed. This however, could be an option for
further analysis when the information becomes available.

6.2 Recommendations for further Research
In addition to the BIPV explored in this report, other possibilities exist for the use of emerging renewable
power generation technologies in showcase buildings such as this. Some such examples of these are solar
awnings, curtains and facades. The use of solar awnings for example, could be beneficial to the precinct in that
they could be used to create a shaded outdoor area for students to sit and socialize between classes. The
awnings could be made from low/zero transparency glass as detailed in this report, or just from standard
photovoltaic panels. [29]
In addition to this, the integration of more wind power generation could be explored. Comparing the cost of
using extra wind turbines and less BIPV could be investigated, rather than just using the existing wind turbines
on the Murdoch campus.
One final thought with regards to further areas for research is the possibility of the use of solar thermal air
conditioning. What this entails is the use of a solar thermal collector, in which the thermal energy heats lowpressure refrigerant – raising its temperature before entering the compressor. This results in a reduced
workload for the compressor, which in turn extends the time cycle for which the condenser is off [30]. One
such company producing this technology is Solargreen, which could be contacted for further information with
regards to exploring this possibility.
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Appendix
A1.1 Load Profile Data
Half-hourly consumption data for each room relative to the precinct.
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A1.2 Wind Data
A1.2.1 Long Term Average Reference Wind Data

A1.2.2 Yearly Average Reference Wind Data

A1.2.3 Yearly Average Adjusted Wind Data
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A1.2.4 Reference Wind Data Calculation Results
Calculation results table from Excel showing the results of the wind analysis for the long term reference data.

A1.2.4 Adjusted Wind Data Calculation Results
Calculation results table from Excel showing the results of the wind analysis for the long term adjusted data.
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A1.2.5 Long Term Wind Rose Bin Data
Wind direction rose for long term raw data.
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A.1.2.6 Wind Data Calculation Results – Month of May
Calculation results table from Excel showing the results of the wind analysis for the long term May data.
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A1.2.7 Wind Rose Bin Data – Month of May
Wind direction rose for long term May data.
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A1.3 Solar Calculations
A1.3.1 Tractile Roof Tiles Calculation Results

A1.3.2 Onyx Solar Glass Calculation Results
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A1.3.3 Window and Total Generation Calculation Results

A1.3.4 Monthly Generation Calculation Results
Results for average monthly generation calculations.
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A1.4 Solar Resource Data – Solar Handbook
Extracts for each month of the Australian Solar radiation handbook which adjustment calculations were made
for northeast and northwest orientations

A1.4.1 Solar Data – January
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A1.4.2 Solar Data – February
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A1.4.3 Solar Data – March
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A1.4.4 Solar Data –April
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A1.4.5 Solar Data – May
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A1.4.6 Solar Data - June
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A1.4.7 Solar Data – July
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A1.4.8 Solar Data – August
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A1.4.9 Solar Data – September
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A1.4.10 Solar Data – October
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A1.4.11 Solar Data – November
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A1.4.12 Solar Data – December
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A1.5 Cost Calculations
A1.5.1 Cost Calculation Results – Slope Calculation for Cost per Square meter
Quote from Onyx solar used to calculate the linear approximation for cost per square meter.

A1.5.2 Cost Calculation Results – BIPV System
Results of cost calculations for the BIPV system.

A1.5.3 Cost Calculation Results – Standard System
Results of cost calculations for the standard comparison system.
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