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Abstract

The following report is an assessment of potential systems for the Upper Hunter Shire region
that will ensure a reliable and renewable energy infrastructure for the next half-century. All
options for energy generation and storage methods were assessed and constrained to pumped
hydro energy storage, photovoltaic solar panels and wind turbines as they were found to be
the most viable for the region. This allowed the optimal system to meet the constraint of
renewables providing 50% of the expected load.

To gather assessable data, HOMER Pro, a micro-grid analysis tool, was utilized to quantify
and simulate the energy generation and storage, a variety of costs, and operational pollutant
outputs. In conjunction with peer-reviewed background research, the overall environmental,
economic, and social impacts of potential systems were collated and assessed. The method for
assessment of the resulting data was a multi-dimensional criteria analysis, which revealed an
optimal system consisting of:

• 100 MW of PV Solar generation

• 37.5 MW of wind generation distributed across 25 wind turbines

• 45 MWh of PHES

• Net present cost of $91 million
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1 Introduction
This report, procured for the Upper Hunter Shire council, is a preliminary study of potential
energy supply systems and their various potential impacts when powering the region over the
next 50 years. The system is constrained to a minimum of 50% renewable energy methods.

The body of this report is preceded by an overview of the current and forecasted landscape
of the energy sector and its related aspects. From this, a trend of rapid growth in renewables
as the levelised cost of energy becomes comparable to other energy methods [1], and in turn,
fundamental changes occur within the economy, society, and politics [2]. Considering this, there
is an expected movement away from fossil-fuel based systems and toward environmentally sus-
tainable, renewable systems and designs.

An outline of data for both system design and assessment of criteria of softer scientific areas
is then given. All of which is gathered from reputable sources within a context relevant to Aus-
tralia and the Upper Hunter Shire region. Design and in-depth analysis of potential systems are
expanded upon through data given by HOMER Pro, a software tool for constructing, optimis-
ing, and evaluating on and off-grid power systems [3], in conjunction with specialised custom
modelling of components and their interactions. This enables evaluation of all empirical-based
aspects and impacts, along with the demonstration of overall system efficiency.

The final determination of the optimal system was achieved by a multi-dimensional analysis
of the potential systems on a basis of weighted criteria pertinent to the Upper Hunter Shire
council. This is concluded with an outline of the optimal system and recommendations.

2 Energy Forecast
The Australian energy market is predicted to undergo a profound transformation in the coming
decades as the economic and political incentives for wholesale energy producers begin to shift.
This is driven initially by the prospect of the installation of renewable power systems becoming
less costly than the renewal of current fossil-fuelled systems with similar replacements as they
reach the end of their life cycle [4]. This results in increased widespread public support [2]
in transitioning to keep energy prices affordable and fair for consumers. As AEMO’s [5] pro-
jected cost of energy, shown in Figure 2.1, demonstrates an increase that will make consumers
unhappy. This will in turn increase political motivation towards reform of currently lacklustre
energy and renewables policy [6].
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Figure 2.1: Residential Price Index

As of 2021, 24% of Australia’s electricity comes from renewable energy [7] with an annual
upward trend. As traditional energy generation is replaced with renewables, the consistently
smooth production that reliably meets load requirements comparatively to the inconsistent
renewables production ability must be accounted for. The root of this issue is renewable’s
reliance on weather conditions that are conducive to energy generation, which can be difficult
to accurately predict.

To mitigate this issue, run-off energy must be stored. Currently, there are multiple projects
within Australia in situ regarding this. For short-term storage, there is Tesla battery in SA
[8] and for long-term storage, there is the Snowy Hydro project in NSW [9]. These scalings of
storage reflect the predicted seasonal inconsistencies of a variety of renewables.

2.1 Upper Hunter Energy Forecast

Within the scope of the Australian local government, there has been a development towards
internal projects for community renewable energy, especially within rural councils [10]. Some
of which the Upper Hunter Shire is already engaged in [11]. The scope of action however has
been limited due to perceived financial and regulatory barriers, making higher-level govern-
ment support essential. Hence, in the current political climate, collaborations and partnerships
with other local governments and stakeholders for bottom-up renewable energy initiatives have
become essential. Neighbouring region’s power usage and natural energy resources can be ac-
counted for, allowing for the development of more efficient and cost-effective renewable systems.

In further studies for this proposed project, consideration of similar action should be taken
along with a projection of regional energy demands. A move for economic diversification
through various industries and expansions in the Hunter is planned, with government sup-
port and funding to enable it [12]. This is an indicator that larger-scale energy systems will be
required in the future to compensate for the myriad of new load demands. With more research
in this area, an accurate prediction of increased energy demand in this specific region should
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be made for the purpose of future-proofing potential energy systems.

3 Renewable Energy In The Upper Hunter
To meet the energy demands of the region while still satisfying the requirement of minimal
impact to the local environment and economy, well-engineered solutions are required. This will
entail a thorough analysis of the geography and natural energy resources of the Upper Hunter
region to determine the optimal placement of assets. This is determined through mapping
interpolation using QGIS [13].

3.1 Humans, Nature, and Geography

Residing over the Hunter-Mooki thrust fault, the region is dominated by the Brokenback range
to the north and the extremes of the Blue Mountains to the south. The majority of residents
live in small towns throughout the valley. Many live and work more rurally, including a large
population of cattle farmers and a number of prominent wineries. A preliminary investigation
was sought to visualise the population density and protected zones surrounding the Upper
Hunter LGA (Figure 3.1). Population density data is from the Australian Bureau of Statistics
(ABS) 2011 census, available as a 1km2 population grid [14], and protected zones are sourced
from the Collaborative Australian Protected Areas Database (CAPAD) [15].

Figure 3.1: Residential Price Index
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3.2 Generation Potential

3.2.1 Solar

The two main forms of solar energy capture are photovoltaic (PV) and thermal. Thermal solar
has been excluded due to its lower efficiency in comparison to PV [16].

Environmental

PV solar has many advantages due to it being a well-established technology. Its production
process has been industrialised, resulting in a relatively low emission, due to production, of
33.67 g CO2

kWh
[17]. The bulk of PV manufacturing occurs in the region of China, with the

transportation of PV panels emitting 8.89 Kg CO2

kWh
.

Economic

The cost of PV solar manufacturing ranges from 22 to 177 $
kW

[18] with depreciation of 5%

p.a. [19]. Long-term operational maintenance cost 25 $
kW

p.a. [20]. The cost of salvaging PV

panels at the end of its 20 year life cycle equates to 240 $
kW

[21].

Social

The bell curve of visual pollution due to PV solar is reaching the crescendo as the number of
installations increases. This will result in the general population becoming familiar with PV
panel due to the emergence of panels on residential and commercial rooftops, hence, a general
acceptance becoming the norm [22] [23].

Political

The Australian government is beginning to recognise the importance of reliable renewable en-
ergy, resulting in the development of a Long-Term Emissions Reduction Plan. One of the
proposed strategies from the federal government is the investment of $35 billion [24] into the
renewable energy sector, in conjunction with the increased support from environment depart-
ments of the NSW government. [25]

Ethical

To maintain PV’s cost competition within the energy generation market the manufacturing of
PVs is mainly international in countries with cheap labour and minimal legislated environmental
impact restrictions. From this, concerns about byproducts of the manufacturing process being
released into the environment should be noted. The main byproducts potentially released into
the environment are hydrochloric acid, which can result in acidification of soil and the emission
of harmful fumes [26].

3.2.2 Wind

The Upper Hunter region has exceptional potential for wind-based power generation. The
mountainous terrain creates natural funnels creating an increased wind velocity that remains
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stable on average, throughout the year. Optimal sites that account for this are shown in Figure
3.2, alongside their recommended set back distance. Average wind velocity data is sourced
from the Australian Bureau of Meteorology climate data sets [27].

Many projects are already underway that utilize the immense energy generation potential.
The Upper Hunter Energy Park, located just outside Scone, was approved as early as 2010
and consists of 34 turbines situated over nearby grazing land [28]. The Liverpool Range Wind
Farm was approved in 2018 and upon completion will comprise 288 turbines, providing power
for over 500 000 homes [29].

Figure 3.2: Average wind and water flows

Environmental

Expected emissions from the manufacturing of wind turbines is 34 g CO2

kWh
[30] [31]. The pro-

duction of turbines occurs within Australia, centralised in Victoria. Hence, emission of 108
g CO2

tonne
Km

due to transportation is assumed [32].

A environmental drawback of wind turbines is the requirement of considerable land usage
to ensure safe operation. Australian regulations require a set back of at least 3 km [33] from
residential dwellings, although there have been isolated reports attributing adverse health im-
pacts from large turbines at distance up to 5 km [34].

Another issue that turbines present is the danger they impose on local animal populations,
due to the potentially required clearing of forest habitats and deaths due to impacting with
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rotating blades. These concerns are impacting bird’s and bat’s habitats and resulting in reduced
species diversity in the area [35].

Economic

The cost of the average wind turbine is 1.3 million $
MW

[36] depreciating at 2.5% p.a. [37]. The

operational and maintenance cost is between 42 000 $
MW

and 48 000 $
MW

during the first 10
years of use [36]. The salvage cost at the end of a turbine’s 20-year life cycle is $292 500 [36].

Social

Wind turbines are generally installed on raised elevations, such as hills, for power generation
efficiency which can potential affect visual aesthetic. Another drawback of turbines is shadow
flicker from the shadows cast by rotating turbine blades. These flickering shadows can be cast
across considerable distances when the sun is low on the horizon and can create a strobe-like
effect. This effect is a health concern for people with epilepsy, and depending on their proximity,
they could exceed the recommended average exposure of 30 Hr

Y r
of shadow flicker [38].

3.2.3 Hydro

A preliminary study into the hydro energy generation potential Upper Hunter River catchment
is already in place. From this, it was identified that stream power peaks generally occur at
upstream and mid catchment positions [39]. In Figure 3.2 the average water flow and optimal
area for a hydro dam is shown. Hydro energy generation was not considered in potential systems
due to its potentially large impact on indigenous culture.

Environmental

Hydro dams produce enormous amounts of CO2 during construction, mainly due to the sub-
stantial amount of concrete required [40]. Carbon emissions produced by this are dependent on
the height and width of the dam, with the emission being a one-to-one ratio with the weight
of concrete required.

The average emissions from the manufacture of hydro turbines is 11.2 g CO2

kWh
[41]. The life

cycle of a hydro dam is greater than 100 years, hence, at that mark they are automatically
deemed a heritage-listed site [42]. Hence, they may be drained and abandoned, resulting in
negligible disposal emissions. An example of this is the Mt Paris dam in Tasmania [43].

Economic

A 1 MW hydro dam costs, on average, $2.8 million [44] with an estimated cost of 22 000 $
MW

p.a. for operation and maintenance [45]. The depreciation of a dam is 1% p.a. due to the life
expectancy of 100 years [46].

Social

Due to the large amounts of land consumed by the construction, there is potential risk of cul-
turally significant artifacts being lost below the water level of the dam [47]. Another drawback
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is the potential impact of people living upstream of the dam having to relocate[48].

3.2.4 Grid

Utilisation of the preexisting grid infrastructure in a potential system should only be seen as a
short-to-medium term component if included in further studies. This is due to the projected
replacement cycle and cost of coal fired power stations [4] causing instability with assumptions
held over this study’s 50-year period.

Environmental

The grid, consisting of 80% coal [49], 10% solar [50], 10% hydro [51], emitts a total of 0.7275
Kg CO2

kWh
(Table 3.1) during operation alone.

Emissions Coal(g/Kwh) Solar(g/Kwh) Hydro(g/Kwh) Weighting Total
Carbon dioxide 900 50 15 727.5

Particulate matter 76g - - -
Sulfur dioxide 56 - - -
Nitrogen oxide 23.5 - - -

Table 3.1: Emissions in grams per kilowatt hour

While it is not the most environmentally-friendly option, using the grid as a short-term
solution to ensure reliability of the potential system is the least harmful option.

Economic

Cost and sale-able energy price is listed and discussed in further detail in section 4.1.

3.2.5 Fossil-Fuel Generator

Preliminary research into fossil-fueled generators (FFG) was conducted, but shortened to
keynotes for to aid future studies. This reduction was due to FFG’s only necessity in incorpo-
ration being to assist potential systems ability to reliably meet load requirements. Fortunately,
this was achieved through the incorporation of reliable methods of generation, storage and if
necessary, the grid. While the grid isn’t as environmentally friendly as most renewables, it is a
preexisting infrastructure as opposed to FFGs and it allows for the selling back of excess energy
generated.

Environmental

FFG’s environmental impact can potentially be reduced in the future by using biodiesel blends
derived from soy-oil waste [52]. In doing so, FFGs resulted in consistently lower emission con-
centration of harmful compounds, regardless of load, along with an increase in energy efficiency.
This increase in efficiency can potentially offset the costly economic impact of biodiesel blending
depending on when it is utilised [53].
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Economic

The cost of fossil-based fuels is expected to rise in the future [54] as demand decreases with the
emergence of alternative technologies. Biodiesel, comparatively, is expected to decrease in cost,
hence the consideration of only diesel engines as they will be able to run on either pure biodiesel
or a blending with minimal petroleum-based diesel. This would be engine model dependent.
FFG’s have a life cycle of 20 years with an assumed operation time of 50 Hr

Y r
to 100 Hr

Y r
[55].

Social

There are health concerns with the exposure to fossil-fuel based diesel exhaust . This can lead
to serious health conditions like asthma and respiratory illnesses, especially in children and the
elderly [56]. Figure 3.3 demonstrates the concentration of particulate matter released into the
atmosphere by a typical commercial generator [57]. While biodiesel can reduce this, it is not
currently economically viable to use as opposed to fossil-based fuel.

Figure 3.3: particulate matter emissions
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3.3 Storage Potential

3.3.1 Pumped Hydro Energy Storage

Environmental

Pumped hydro energy storage (PHES) shares similar properties to hydro storage with the
exception of lacking the requirement of being built in a mountain valley. CO2 emissions due to
construction are similarly dependent on the height and width of the dam wall. Manufacturing
of pumps and turbines emits 24 g CO2

kWh
[58]. A drawback of PHES is the reduced ability to

recharge a PHES system during drought periods, due to the lack of water in the rivers.

Economic

The cost of PHES [45] is

• 1.48 million $
MW

for 6 hours of storage

• 1.7 million $
MW

for 12 hours

• 2.11 million $
MW

for 24 hours storage

• 2.75 million $
MW

for 48 hours storage

The predicted operational maintenance cost is 45 000 $
MW

p.a. [45]. PHES depreciation
rate is 1% p.a., similarly to hydro [46].

Social

PHES has similar concerns as hydro power, which are addressed in section 3.2.3, but at a
reduced scale for the scope of the Upper Hunter Shire.

3.3.2 Lithium Ion Batteries

Preliminary research into lithium batteries was conducted, but shortened to keynotes to aid
future studies. This reduction was due to PHES covering all requirements of a storage method
with reduced impacts when compared to lithium batteries.

Environmental

Manufacturing lithium battery produces 88 g CO2

Wh
of battery capacity [59]. The bulk of lithium

battery manufacturing occurs in the region of China, with the transportation of batteries emit-
ting 25 Kg CO2

kWh
[32].

Economic

The current price of lithium batteries is between 175 and 350 $
kWh

[60] with a predicted price of

installing batteries in 2030 is estimated to be 222 to 305 $
kWh

. The replacement cost is predicted
to fall as much as 25% to 39% from 2030 to 2050 [61].
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Social

Visual pollution from commercial battery storage has a potential social impact due to require-
ments of close proximity to residential areas for improved efficiency of power delivery. To assess
this impact, analysis of the area for determination of the best site would be required to minimise
the visual impact of commercial battery storage [62]. The materials that lithium batteries are
composed of i.e. lithium, Cadmium and Cobalt are mainly located in developing countries.
Ethically, issues arise around lack of labour policies in these countries, where child labour is
commonly utilised for mineral extraction [63].

4 Energy Modelling
The HOMER Pro model was designed to supplement the analysis from earlier sections, with
a particular focus on economic aspects of the system. The preliminary study determined that
a combination of PV solar panels, 1.5 MW wind turbines, and PHES will provide an optimal
system. Hence, the primary function of this section is to determine the optimal ratio of these
components. The simulation runs over 50 years with a 30 minute time step.

4.1 Load And Grid Price

The grid connection is an essential aspect of the potential system, and is used to supply unmet
load. The Upper Hunter Shire consumes 44 GWh

Y r
of energy, distributed between residential,

industrial, non-critical commercial, and critical commercial loads at a 40:30:20:10 ratio. The
daily and yearly distribution of the loads are based on the default HOMER Pro configurations,
with peak usage centered around January. These component loads are scaled and combined
into a single resultant load.

We model the purchase price using AEMO 2019 NSW half-hourly purchase price data [64].
The highest resolution data available for wholesale sell-back price is a daily average. This is
insufficient to properly model a complex system, particularly one which includes PHES. To
mitigate this, a basic variable pricing model (Figure 4.1) is used. It fits the average daily
average (2010-2020) to a cyclic function, such that power usage is at a maximum at 15:00 each
day and a minimum each at 03:00 each night. To match the purchase price data, the model is
half-hourly, with random variations of ±5 at each time step.
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Figure 4.1: Wholesale sell-back price model optimisation

4.2 Dispatch And Pumped Hydro

The HOMER Pro simulation package does not include built-in dispatch methods optimised for
PHES. To properly compare systems including this component, a custom algorithm was devel-
oped in MATLAB (Appendix 8.1) and integrated with HOMER Pro. The custom dispatch is
integrated using the MATLAB Link (ML) module, and acts in place of a custom component,
managing the charge/discharge logic of PHES with a 6 hour discharge period. The dispatch
improves the net present cost by approximately 30% when compared to systems which use the
built-in dispatch charge cycling (CC). All systems in the MCDA were modelled using ML.

The dispatch follows a basic structure: first, dispatch all available power i.e., currently gen-
erated solar and wind, to supply the requested load. If there is excess renewable supply, it is
used to charge the PHES. If the supply cannot meet the full requested load, the additional
unmet load is supplied using a mix of stored energy and the grid connection. This ratio is
based on the following rules:

If battery charge is over 80%, supply full excess requested load with the battery. Otherwise,
supply a fraction of the load with the battery:

fb = sin(
c

100
× π

2
); {c : 0 ≤ c ≤ 100} (4.1)

where c is the state of charge of the battery in percent, and fb is the fraction of the unmet
load supplied by the battery. Thus, the fraction supplied by the grid, fg, is simply:

fg = 1− fb (4.2)
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This rule ensures the system discharges more quickly as it approaches storage capacity,
increasing the overall flow of energy through the system. Optimising for greater utilization of
PHES assets maximises their return, and maximises the overall magnitude of renewable energy
supplied to the Upper Hunter region. Implementing this logic based on a sinusoidal function
doubled performance of the ML algorithm when compared to a simple linear factor.

ML is also optimised to purchase electricity for storage when it is cheap. The PHES will
purchase excess power as to meet the maximum charge rate when two conditions are met: (1)
the battery is already charging at a rate ≥ 500 kW, and (2) the purchased power could be in
the future sold at 0.05 $

kWh
and make a profit, after 20% efficiency losses.

5 MCDA
Following initial exploration and analysis covered throughout this report, the search space was
limited to three dimensions: PV Solar, 1.5 MW wind turbines, and PHES capacity. HOMER
Pro Optimiser [65] was initially used to determine an approximate optimal system, and of this
approximation nine options were chosen to undergo a more thorough analysis of system perfor-
mance and other related aspects. These systems were chosen as approximately representative
of this search space.

System Number Photvoltaic Solar (kW) Wind Turbines (kW) PHES (MWh)
1 (control) 0 0 0
2 50 000 0 0
3 100 000 0 0
4 0 15 000 45
5 50 000 15 000 45
6 100 000 15 000 45
7 0 37 500 225
8 50 000 37 500 225
9 100 000 37 500 225

5.1 Sensitivity Analysis

Four systems assumptions are tested through sensitivity analysis. For each parameter, the
orange value is the default and to be assumed unless otherwise stated: for example, the project
lifetime is assumed to be 50 years in all simulations except the 75 year (green) and 25 year (blue)
columns of Figure 5.1. A multivariate sensitivity analysis would cause unwieldy complexity for
this preliminary study, therefore it is recommended as a point of investigation for later study.
This section includes a brief outline of how changes along each sensitivity axis affected the
MCDA score of each potential system.
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5.1.1 Project Lifetime

Most systems behave predictably, and see an increase in net present cost (NPC) and a decrease
in cost of energy (COE) as the project ages. Notably, the NPC of system (6) decreases as its
operating lifespan increases. This highlights profitability of the system, although the benefit is
small relative to the large uncertainty of predictions past the 50 year point. Note that systems
in the energy sold and renewable fraction graphs remain static, as they represent the yearly
averages of the system, which does not change with lifespan.

Figure 5.1: Sensitivity analysis: Project Lifetime
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5.1.2 Expected Inflation Rate

Most systems see an increase in NPC as the expected inflation rate (EIR) increases, however
systems (6) and (9) see a decrease. System (6) returns a negative NPC when the EIR is at
6%, with a COE at almost 0 $

kWh
. The energy sold and renewable fraction graphs once again

remain static as EIR changes (as it is purely an economic indicator). The effect of EIR on COE
is higher in systems with a large amount of pumped hydro, and is almost negligible when none
is present, as seen in systems (1) to (3).

Figure 5.2: Sensitivity analysis: Expected Inflation Rate
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5.1.3 Nominal Discount Rate

The nominal discount rate (NDR) affects the system in the opposite manner to EIR: as NDR
increases, the NPC decreases in all systems except (6) and (9), which see an increase. Once
again, only systems with PHES are significantly affected by changes in the NDR.

Figure 5.3: Sensitivity analysis: Nominal Discount Rate
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5.1.4 Scaled Average Daily Load

The effect of change to the average daily load is predictable. Larger loads are more expensive
to meet, and result in less renewable energy sold back to the grid. Systems (8) and (9) achieve
100% renewable utilization under all conditions. System (6) could achieve 100% should the
average daily load fall from the current 120 000 kWh

Day
to 90 000 kWh

Day
. A decrease of this kind may

be possible if current trends in residential solar uptake continue, however industrial demand is
likely to increase and offset or eclipse the decrease from residential solar.

Figure 5.4: Sensitivity analysis: Scaled Average Daily Load
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5.2 System Scoring

Systems are scored along 4 axes: economic, environmental, political, and social. Political and
social scores are based primarily off (whatever sections research this). Environmental scores
account for considerations from earlier sections, and results from the HOMER Pro simulation
and sensitivity analysis. Economic scores are based entirely on the HOMER Pro simulation.

A risk unaware (linear) utility function is used. While the financial risks of large wind
and hydro projects are non-negligible, these projects would inherently require financial support
from commercial and government sources, that would normalise risk for the Upper Hunter Shire
council. This assumption may be investigated further in later studies.

System Number Economic Environmental Political Social Score (/36)
1 (control) 1 1 5 6 13
2 6 5 7 8 27
3 7 6 7 8 28
4 4 4 3 6 18
5 8 8 5 6 27
6 9 8 7 6 30
7 5 5 1 4 16
8 4 9 2 4 19
9 5 9 4 4 22

Under all conditions, system (6) is the most affordable system, providing the lowest cost
electricity, and supplying more than 95% renewable-based power. Environmentally, systems
(8) and (9) are ranked marginally higher. While large hydro infrastructure presents a risk to
the local environment, this is outweighed by the potential benefits of high capacity storage as
a whole such as supporting the transition of more than 1 million homes to renewables.

In section 2.1 it is noted that generating social and political support for systems which
are not economically competitive is not feasible. System (6) is economically competitive while
also providing an exceptional renewable fraction. Systems (2) and (3) are composed of only
PV solar arrays, with no wind turbines or PHES, which in turn reduces the political risk of
these systems. PHES and large wind turbines encourage greater controversy and NIMBYism,
therefore PV solar arrays are politically simpler than more complex systems. For the same
reasons, these systems rank highly in their social score, and more complex systems receive
lower scores.

5.2.1 Optimal System

System (6) is the highest scoring system on the whole. It out competes all other systems in
economic score, and provides close to optimal environmental performance at a much greater
efficiency. These results are the most desirable, and in turn, influence the system’s political
and social scores positively. System (2), (3), and (5) follow closely in score, and would each
be attractive projects for further study. System (9), while exceptional in some areas, under
performs in others.
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The scale of systems (7) - (9) hinder their ability to be considered by a single LGA. These
systems could be a point of further investigation in conjunction with the proposed unification
of community renewable energy of multiple LGA’s, as noted in section 2.1, as a major PHES
system

Potential Optimisations

The Brokenback range significantly affects the global horizontal irradiance (GHI) of the Upper
Hunter region. To the north of the range, GHI values are 15% higher, resulting in an increase
of yearly generation potential to 170 GWh from the 145 GWh produced in the Upper Hunter
Valley. This increase in efficiency is visualised in (Figure 5.5), with data sourced from the
Global Solar Atlas[66]. It would be highly recommended to consult with the Liverpool Plains
Shire council regarding the construction of solar facilities in their region.

Figure 5.5: Wholesale sell-back price model optimisation

Further research is recommended into a more optimised dispatch methods for PHES. The
included dispatch, while effective, has large headroom for optimizations, particularly for ap-
plications involving grid stabilization and load smoothing, which are beyond the scope of the
HOMER Pro simulation and this report.
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6 Conclusion
Following our review of Australian energy policy, trends, and simulations, we recommend that
the Upper Hunter Shire council invest in a medium scale renewable energy project, consisting
of:

• 100 MW Solar PV generation

• 37.5 MW wind generation over 25 wind turbines

• 45 MWh of PHES

• Net present cost of $91 million

From in-depth analysis this system was found to have the highest economic rating, optimal
environmental performance at a much greater efficiency comparatively to other systems. This
then results in high political and social scores.

There is a high likelihood that this system remains optimal, even with the decoherence of
our initial assumptions. It is recommended that the council remain aware of state and federal
energy policy and commercial investments, and to prepare for the possibility of larger joint
projects with these entities.
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8 Appendices

8.1 MATLAB Code

8.1.1 Start Simulation (MatlabStartSimulation.m)

function [ myErr , ma t l ab s imu l a t i on va r i ab l e s ] =
MatlabStartS imulat ion ( s imu la t i on paramete r s )

myErr . e r r o r d e s c r i p t i o n = ’ ’ ;
myErr . s e v e r i t y c od e = ’ ’ ;

%I n i t i a l i z e user−de f ined s imu la t i on v a r i a b l e s . We can use t h e s e
throughout the s imu la t i on

%fo r d i s pa t ch d e c i s i on s or to genera te e r ro r s at the end o f the
s imu la t i on .

%ma t l a b s imu l a t i o n v a r i a b l e s . t o t a l e n e r g y t e s t = 0 ;
%ma t l a b s imu l a t i o n v a r i a b l e s . gen1 CO = 0;
%ma t l a b s imu l a t i o n v a r i a b l e s . SoC PH old = 50 . 0 ;
%ma t l a b s imu l a t i o n v a r i a b l e s . SoC PH new = 50 . 0 ;
%ma t l a b s imu l a t i o n v a r i a b l e s . array = zeros (1 ,35136) ;
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mat l ab s imu l a t i on va r i ab l e s . array = zeros (1 ,35136) ;

end

8.1.2 Dispatch (MatlabDispatch.m)

function [ s imu l a t i on s t a t e , ma t l ab s imu l a t i on va r i ab l e s ] =
MatlabDispatch ( s imulat ion parameter s , s imu l a t i on s t a t e ,
ma t l ab s imu l a t i on va r i ab l e s )
% Dispatch r e qu i r e s PV, conver ter , and a b a t t e r y bank
i f ( s imu la t i on paramete r s . has pv | | s imu la t i on paramete r s .

has wind turb ine ) && ( s imu la t i on paramete r s . ha s conve r t e r &&
s imu la t i on paramete r s . ha s ba t t e ry )
% Some h e l p f u l v a r i a b l e s f o r c a l c u l a t i o n s / reduced t yp ing
ba t t e r y capac i t y = s imu la t i on paramete r s . b a t t e r i e s .

battery bank maximum absolute soc ;
d i s cha rge t ime = 6 ;
MAXHYDROCHARGE = bat t e r y capac i t y / d i s cha rge t ime ;
MAXHYDRODISCHARGE = bat t e r y capac i t y / d i s cha rge t ime ;

% Sum of a l l renewab le power genera ted t h i s t i c k
generated power = 0 ;

% Add PV to sum of a l l renewab le power
i f s imu la t i on paramete r s . has pv

s imu l a t i o n s t a t e . pvs (1 ) . power se tpo in t =
s imu l a t i o n s t a t e . pvs (1 ) . power ava i l ab l e ;

generated power = generated power + s imu l a t i o n s t a t e . pvs
(1 ) . power se tpo in t ;

end

% Add tu r b i n e s to sum of a l l renewab le power
i f s imu la t i on paramete r s . has wind turb ine

s imu l a t i o n s t a t e . w ind turb ines (1 ) . power se tpo in t =
s imu l a t i o n s t a t e . w ind turb ines (1 ) . power ava i l ab l e ;

generated power = generated power + s imu l a t i o n s t a t e .
w ind turb ines (1 ) . power se tpo in t ;

end

% I f t h e r e i s e xce s s renewab le energy genera ted t h i s t i c k
i f ( generated power > s imu l a t i o n s t a t e . ac bus . l o ad r eque s t ed

)
exce s s r enewab l e = generated power − s imu l a t i o n s t a t e .

ac bus . l o ad r eque s t ed ;
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% Ava i l a b l e space in b a t t e r y
ba t t e r y add i t i o n a l c a p a c i t y = s imu la t i on paramete r s .

b a t t e r i e s . battery bank maximum absolute soc −
s imu l a t i o n s t a t e . b a t t e r i e s (1 ) . s t a t e o f cha rg e kwh ;

% Reduce charge ra t e i f b a t t e r y i s near capac i t y
i f s imu l a t i o n s t a t e . b a t t e r i e s (1 ) . s t a t e o f c h a r g e p e r c e n t

> 70
n soc = s imu l a t i o n s t a t e . b a t t e r i e s (1 ) .

s t a t e o f c h a r g e p e r c e n t − 70 ;
mu l t i p l i e r = −1 ∗ sin ( ( ( 3 ∗ pi ) /2) + ( ( n soc ∗ pi ) /

60) ) ;
b a t t e r y add i t i o n a l c a p a c i t y =

ba t t e r y add i t i o n a l c a p a c i t y ∗ mu l t i p l i e r ;
end

% Max p o s s i b l e charge ra t e . Cannot charge more than
the r e i s

% empty space in the b a t t e r y .
ba t t e r y po s s i b l e cha r g e powe r = min(

b a t t e r y add i t i o n a l c apa c i t y , MAXHYDROCHARGE) ;

% I f a l l e x ce s s renewab le can be used to charge the
ba t t e ry , do

% so
i f ba t t e r y po s s i b l e cha r g e powe r >= exce s s r enewab l e

s imu l a t i o n s t a t e . b a t t e r i e s (1 ) . power se tpo in t =
exce s s r enewab l e ;

% Otherwise , charge b a t t e r y as much as p o s s i b l e and s e l l
t he

% r e s t
e l s e i f ba t t e r y po s s i b l e cha r g e powe r < exce s s r enewab l e

s imu l a t i o n s t a t e . b a t t e r i e s (1 ) . power se tpo in t =
ba t t e r y po s s i b l e cha r g e powe r ;

e x c e s s e x c e s s = exce s s r enewab l e −
ba t t e r y po s s i b l e cha r g e powe r ;

s imu l a t i o n s t a t e . g r i d s (1 ) . g r i d s a l e s =
s imu l a t i o n s t a t e . g r i d s (1 ) . g r i d s a l e s +
ex c e s s e x c e s s ;

end

% I f the genera ted renewab le power i s i n s u f f i c i e n t to supp ly
the load

e l s e i f ( generated power < s imu l a t i o n s t a t e . ac bus .
l o ad r eque s t ed )
e n e r g y d e f i c t = s imu l a t i o n s t a t e . ac bus . l o ad r eque s t ed −

generated power ;
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% I f b a t t e r y charge i s very high , d i s charge q u i c k l y
i f s imu l a t i o n s t a t e . b a t t e r i e s (1 ) . s t a t e o f c h a r g e p e r c e n t

> 80
renew f rac = 1 ;

% Otherwise , d i s charge speed i s a s i n u s o i d a l f unc t i on o f
charge percent

else
r enew f rac = sin ( ( s imu l a t i o n s t a t e . b a t t e r i e s (1 ) .

s t a t e o f c h a r g e p e r c e n t / 100) ∗ (pi /2) ) ;
end

% Fract ion o f energy d e f i c i t renew/ g r i d
part renew = en e r g y d e f i c t ∗ r enew f rac ;
p a r t g r i d = en e r g y d e f i c t ∗ (1− r enew f rac ) ;

% Ensure b a t t e r i e s have capac i t y to supp ly load and
l o s s e s

i f part renew < s imu l a t i o n s t a t e . b a t t e r i e s (1 ) .
s t a t e o f cha rg e kwh ∗ 0 .8
s imu l a t i o n s t a t e . b a t t e r i e s (1 ) . power se tpo in t = −1 ∗

part renew ;
s imu l a t i o n s t a t e . g r i d s (1 ) . g r i d pu r cha s e s = pa r t g r i d

;
else

s imu l a t i o n s t a t e . g r i d s (1 ) . g r i d pu r cha s e s =
en e r g y d e f i c t ;

end

% I f renewab le power genera ted and load in p e r f e c t ba lance
else

s imu l a t i o n s t a t e . b a t t e r i e s (1 ) . power se tpo in t = 0 ;
s imu l a t i o n s t a t e . g r i d s (1 ) . g r i d pu r cha s e s = 0 ;
s imu l a t i o n s t a t e . g r i d s (1 ) . g r i d s a l e s = 0 ;

end

i f s imu l a t i o n s t a t e . b a t t e r i e s (1 ) . power se tpo in t > 500 &&
s imu l a t i o n s t a t e . g r i d s (1 ) . power pr i ce ∗ 0 .8 < 0 .05
b a t t e r y add i t i o n a l c a p a c i t y = ba t t e r y capac i t y −

s imu l a t i o n s t a t e . b a t t e r i e s (1 ) . s t a t e o f cha rg e kwh ;
ba t t e r y po s s i b l e cha r g e powe r = min(

b a t t e r y add i t i o n a l c apa c i t y , MAXHYDROCHARGE) ;

add i t i ona l power = ba t t e r y po s s i b l e cha r g e powe r ;

s imu l a t i o n s t a t e . b a t t e r i e s (1 ) . power se tpo in t =
s imu l a t i o n s t a t e . b a t t e r i e s (1 ) . power se tpo in t +
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add i t i ona l power ;
s imu l a t i o n s t a t e . g r i d s (1 ) . g r i d pu r cha s e s =

s imu l a t i o n s t a t e . g r i d s (1 ) . g r i d pu r cha s e s +
add i t i ona l power ;

end

% serve the load
s imu l a t i o n s t a t e . ac bus . l o ad s e rv ed = s imu l a t i o n s t a t e .

ac bus . l o ad r eque s t ed ;
s imu l a t i o n s t a t e . pr imary loads (1 ) . l o ad s e rv ed =

s imu l a t i o n s t a t e . ac bus . l o ad r eque s t ed ;

% serve opera t ing capac i t y
s imu l a t i o n s t a t e . ac bus . op e r a t i n g c apa c i t y s e r v ed =

s imu l a t i o n s t a t e . ac bus . l o ad s e rv ed ;
s imu l a t i o n s t a t e . dc bus . op e r a t i n g c apa c i t y s e r v ed = 0 ;

% se t capac i t y shor tage
s imu l a t i o n s t a t e . ac bus . c apa c i t y sho r t ag e=s imu l a t i o n s t a t e .

ac bus . op e r a t i n g c apa c i t y r e qu e s t ed − s imu l a t i o n s t a t e .
ac bus . op e r a t i n g c apa c i t y s e r v ed ;

s imu l a t i o n s t a t e . dc bus . c apac i t y sho r t ag e =0;

% se t the unmet load
s imu l a t i o n s t a t e . dc bus . unmet load = 0 ;
s imu l a t i o n s t a t e . ac bus . unmet load = 0 ;

% se t exce s s e l e c t r i c i t y
s imu l a t i o n s t a t e . ac bus . e x c e s s e l e c t r i c i t y =

s imu l a t i o n s t a t e . ac bus . l o ad s e rv ed − s imu l a t i o n s t a t e .
ac bus . l o ad r eque s t ed ;

s imu l a t i o n s t a t e . dc bus . e x c e s s e l e c t r i c i t y = 0 ;
end

8.1.3 End Simulation (MatlabEndSimulation.m)

function myErrs = MatlabEndSimulation ( s imulat ion parameter s ,
ma t l ab s imu l a t i on va r i ab l e s )

myErrs . s imu l a t i o n e r r o r s = {} ;
myErrs . s imu la t i on warn ings = { ’ This i s a MATLAB t e s t warning . ’ } ;

% i f ma t l a b s imu l a t i o n v a r i a b l e s . t o t a l e n e r g y t e s t < 1e4
% myErrs . s imu la t i on warn ings = [ myErrs . s imu la t i on warn ings { ’Not

very much energy . ’ } ] ;
% end

% i f s imu la t ion parameter s . emiss ions . use max emissions CO &&
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ma t l a b s imu l a t i o n v a r i a b l e s . gen1 CO > s imu la t ion parameter s .
emiss ions . max emissions CO

% myErrs . s imu l a t i on e r r o r s = [ myErrs . s imu l a t i on e r r o r s { ’Too
much carbon monoxide from genera tor 1 . ’ } ] ;

% end
end
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8.2 Python Code

8.2.1 Graph Generation Tools (main.py)

import datet ime
import pandas as pd
import numpy as np
import matp lo t l i b . pyplot as p l t
import matp lo t l i b . dates as mdates
import os
from matp lo t l i b import t i c k e r

def g en e r a t e p r i c e l o ad da t a ( s e l l o v e r r i d e=’ a ’ ) :
data = [ ]

for month f i l e in os . l i s t d i r ( ’ data/ ’ ) :
data . append (pd . r ead c sv ( ’ data /{} ’ . format ( month f i l e ) ) )

data = pd . concat ( data )

data [ ’ time ’ ] = pd . to date t ime ( data [ ’SETTLEMENTDATE’ ] )
data [ data [ ’RRP’ ] > 500 ] = data [ ’RRP’ ] . mean ( )
data = data [ : 1 7 5 2 0 ]

data [ ’ buy pr i c e ’ ] = data [ ’RRP’ ]
s e l l p r i c e = [ ]

for time in data [ ’ time ’ ] :
i f type ( time ) == type ( data [ ’ time ’ ] . i l o c [ 0 ] ) :

i f 15 <= time . hour <= 21 :
s e l l p r i c e . append ( 0 . 1 0 )

else :
s e l l p r i c e . append ( 0 . 0 3 )

else :
s e l l p r i c e . append ( 0 . 0 3 )

data [ ’ s e l l p r i c e ’ ] = s e l l p r i c e

x = data [ ’ buy pr i c e ’ ] / 100
y = data [ ’ s e l l p r i c e ’ ]

i f s e l l p r i c e != ’ a ’ :
y = s e l l o v e r r i d e

with open( ’ g r i d p r i c e . txt ’ , ’w ’ ) as f :
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for buy pr ice , s e l l p r i c e in zip (x , y ) :
f . wr i t e ( ’ {} ,{}\n ’ . format (round( buy pr ice , 2) , round(

s e l l p r i c e , 4) ) )

# Load d e f a u l t v a l u e s

with open( ’ i n du s t r i a l −none .dmd ’ , ’ r ’ ) as f :
i n d u s t r i a l = np . array ( [ f loat ( x [ : −1 ] ) for x in f . r e a d l i n e s ( )

] )

with open( ’ commercial−none .dmd ’ , ’ r ’ ) as f :
commercial = np . array ( [ f loat ( x [ : −1 ] ) for x in f . r e a d l i n e s ( )

] )

with open( ’ r e s i d e n t i a l −jan .dmd ’ , ’ r ’ ) as f :
r e s i d e n t i a l = np . array ( [ f loat ( x [ : −1 ] ) for x in f . r e a d l i n e s ( )

] )

# Normalise to 1 kWh / day

i n d u s t r i a l = i n d u s t r i a l / (sum( i n d u s t r i a l ) / 365)
commercial = commercial / (sum( commercial ) / 365)
r e s i d e n t i a l = r e s i d e n t i a l / (sum( r e s i d e n t i a l ) / 365)

# Sca le to co r r e c t va l u e s

t o t a l = 44000000000 / 365

i n d u s t r i a l = i n d u s t r i a l ∗ t o t a l ∗ 0 .3
commercial = commercial ∗ t o t a l ∗ 0 .3
r e s i d e n t i a l = r e s i d e n t i a l ∗ t o t a l ∗ 0 .4

load = i n d u s t r i a l + commercial + r e s i d e n t i a l

# conver t W to KwH
load = load / 1000

with open( ’ f i n a l l o a d . txt ’ , ’w ’ ) as f :
for hour in load :

f . wr i t e ( ’ {}\n ’ . format ( hour ) )

return

def get month pr i c e data ( year , month , r e g i on i d=’ a l l ’ ) :
# Month number must have a l e ad in g zero i f s i n g l e d i g i t . Eg 4
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−−> 04
i f len ( str (month) ) == 1 :

month = ’ 0 ’ + str (month)

month data ur l = f ’ https : // v i s u a l i s a t i o n s . aemo . com . au/aemo/data/
nem/ ave r ag ep r i c e s /WEB AVERAGE PRICE DAY {year }{month } . csv ’

month data = pd . r ead c sv ( month data ur l )

#Remove unwanted reg i ons
i f r e g i on i d != ’ a l l ’ :

month data = month data [ month data [ ’REGIONID ’ ] == reg i on i d ]

#Convert $/MWh to $/KWh
month data [ ’AVGRRP’ ] /= 1000
month data [ ’PEAKRRP’ ] /= 1000

#Convert to to date t ime o b j e c t
month data [ ’ day ’ ] = pd . to date t ime (month data [ ’SETTLEMENTDATE’ ] )

return month data

def g e t y e a r p r i c e d a t a ( year , r e g i on i d=’ a l l ’ ) :
year data = [ ]
for month n in range (1 , 13) :

try :
year data . append ( ge t month pr i c e data ( year , month n ,

r e g i on i d=r eg i on i d ) )
except :

break

combined data = pd . concat ( year data )

avg avgrrp = np . average ( combined data [ ’AVGRRP’ ] )
new combined = np . array ( combined data [ ’AVGRRP’ ] )

new combined [ new combined > 0 . 1 5 ] = avg avgrrp
combined data [ ’AVGRRP’ ] = new combined

return combined data [ : 3 6 5 ]

def g e t h i s t o r i c a l d a t a ( years , r e g i on i d=’NSW1’ ) :
return {year : g e t y e a r p r i c e d a t a ( year , r e g i on i d=r eg i on i d ) for

year in years }
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def c a l c u l a t e a v e r a g e r r p ( h i s t o r i c a l d a t a , years ) :
ave rage r rp = np . z e r o s (365)
peak rrp = np . z e r o s (365)

for year in year s :
i f year != 2021 :

ave rage r rp = ave rage r rp + np . array ( h i s t o r i c a l d a t a [
year ] [ ’AVGRRP’ ] [ : 3 6 5 ] . va lue s )

peak rrp = peak rrp + np . array ( h i s t o r i c a l d a t a [ year ] [ ’
PEAKRRP’ ] [ : 3 6 5 ] . va lue s )

ave rage r rp /= len ( year s )
peak rrp /= len ( year s )

return ave rage r rp

def s i n i f y d a i l y d a t a ( da i l y data , i n t e r v a l s i n d a y =48,
r andom var i ab i l i t y =0.075) :
global graph data

i n t e r v a l s = np . l i n s p a c e (0 , 2 ∗ np . pi , i n t e r v a l s i n d a y )
e n e r g y u s e s c a l i n g = (np . s i n ( i n t e r v a l s − ( (3 ∗ np . p i ) / 4) )+ 2)

/ 2

s c a l e d d a i l y d a t a = [ ]
for day in da i l y da t a :

day = np . repeat ( day , i n t e r v a l s i n d a y )
s ca l ed day = en e r g y u s e s c a l i n g ∗ day

i f r andom var i ab i l i t y > 0 :
v a r i ab l e r ang e = day ∗ r andom var i ab i l i t y
v a r i a b l e s c a l e s = np . random . randn ( i n t e r v a l s i n d a y )

s ca l ed day = sca l ed day + ( v a r i a b l e s c a l e s ∗
va r i ab l e r ang e )

s c a l e d d a i l y d a t a . append ( s ca l ed day )

return np . concatenate ( s c a l e d d a i l y d a t a )

def g e n e r a t e s e l l b a c k p r i c e p l o t ( ) :
year s = [2018 , 2019 , 2020 ]
#years = [2010 , 2011 , 2012 , 2013 , 2014 , 2015 , 2016 , 2017 , 2018 ,

2019 , 2020 , 2021]

h i s t o r i c a l d a t a = g e t h i s t o r i c a l d a t a ( year s )
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ave rage r rp = ca l c u l a t e a v e r a g e r r p ( h i s t o r i c a l d a t a )

graph data = [ ]

v = s i n i f y d a i l y d a t a ( ave rage r rp )
nv = s i n i f y d a i l y d a t a ( average r rp , r andom var i ab i l i t y=0)

days = 7
i n t e r v a l s = days ∗ 48

x = h i s t o r i c a l d a t a [ 2 0 1 9 ] [ ’ day ’ ] . va lue s [ : days ]

r e a l x = np . concatenate ( [ [ midnight ] + [ np . nan for x in range (47)
] for midnight in x ] )

r e a l x = pd . DataFrame ( r e a l x ) . i n t e r p o l a t e (method=’ f f i l l ’ )
t imedelta mask = [ datet ime . t imede l ta ( minutes=30∗n) for n in

range (48) ]

r e a l x = [ r e a l x . i l o c [ v ] + timedelta mask [ v%48] for v in range (
i n t e r v a l s ) ]

f i g , ax = p l t . subp lo t s ( f i g s i z e =(7 ,5) )

for n , day in enumerate ( ave rage r rp [ : days ] ) :
p l t . h l i n e s ( day , r e a l x [ n ∗48 ] , r e a l x [ ( ( n+1)∗48) −1] , c o l o r=’

red ’ , l a b e l=’ Dai ly Average ’ )

p l t . p l o t ( r ea l x , v [ : i n t e r v a l s ] , l a b e l=’ Fi t + Var ia t i on ’ )
p l t . p l o t ( r ea l x , nv [ : i n t e r v a l s ] , l i n e s t y l e=’ dashed ’ , l a b e l=’

S i nu so i da l F i t ’ , l i n ew id th=2)

handles , l a b e l s = p l t . gca ( ) . g e t l e g e nd h and l e s l a b e l s ( )
by l ab e l = dict ( zip ( l a b e l s [ : : − 1 ] , handles [ : : − 1 ] ) )
p l t . l egend ( by l ab e l . va lue s ( ) , b y l ab e l . keys ( ) )

fmt day = mdates . DayLocator ( )
ax . xax i s . s e t ma j o r l o c a t o r ( fmt day )

#fmt month = mdates . MonthLocator ( )
#ax . x a x i s . s e t m ino r l o c a t o r ( fmt month )

# Text in the x a x i s w i l l be d i s p l a y ed in ’YYYY−mm’ format .
ax . xax i s . s e t ma jo r f o rmat t e r (mdates . DateFormatter ( ’%b %−d ’ ) )

p l t . t i t l e ( ’ Wholesale Se l l back Pr i ce Model ’ , f o n t s i z e =18)
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p l t . x l ab e l ( ’Day ’ , f o n t s i z e =12)
p l t . y l ab e l ( ’ S e l l ba ck Pr i ce ( $/kWh) ’ , f o n t s i z e =12)

p l t . show ( )

s y s t em de f i n i t i o n s = {
1 :

{
’ Ar ch i t e c tu r e /PV (kW) ’ : 0 ,
’ Arch i t e c tu r e /G1500 ’ : 0 ,
’ Arch i t e c tu r e /PHES ’ : 0} ,

2 :
{
’ Arch i t e c tu r e /PV (kW) ’ : 50000 ,
’ Arch i t e c tu r e /G1500 ’ : 0 ,
’ Arch i t e c tu r e /PHES ’ : 0} ,

3 :
{
’ Arch i t e c tu r e /PV (kW) ’ : 100000 ,
’ Arch i t e c tu r e /G1500 ’ : 0 ,
’ Arch i t e c tu r e /PHES ’ : 0} ,

4 :
{
’ Arch i t e c tu r e /PV (kW) ’ : 0 ,
’ Arch i t e c tu r e /G1500 ’ : 10 ,
’ Arch i t e c tu r e /PHES ’ : 200} ,

5 :
{
’ Arch i t e c tu r e /PV (kW) ’ : 50000 ,
’ Arch i t e c tu r e /G1500 ’ : 10 ,
’ Arch i t e c tu r e /PHES ’ : 200} ,

6 :
{
’ Arch i t e c tu r e /PV (kW) ’ : 100000 ,
’ Arch i t e c tu r e /G1500 ’ : 25 ,
’ Arch i t e c tu r e /PHES ’ : 200} ,

7 :
{
’ Arch i t e c tu r e /PV (kW) ’ : 0 ,
’ Arch i t e c tu r e /G1500 ’ : 25 ,
’ Arch i t e c tu r e /PHES ’ : 1000} ,

8 :
{
’ Arch i t e c tu r e /PV (kW) ’ : 50000 ,
’ Arch i t e c tu r e /G1500 ’ : 25 ,
’ Arch i t e c tu r e /PHES ’ : 1000} ,
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9 :
{
’ Arch i t e c tu r e /PV (kW) ’ : 100000 ,
’ Arch i t e c tu r e /G1500 ’ : 25 ,
’ Arch i t e c tu r e /PHES ’ : 1000}

}

def determine system number ( data , s y s t em de f i n i t i o n s ) :
systems = {n : [ ] for n in s y s t em de f i n i t i o n s . keys ( ) }

for system n in s y s t em de f i n i t i o n s . keys ( ) :
sub systems = data . copy ( )
for comp in s y s t em de f i n i t i o n s [ system n ] . keys ( ) :

i f s y s t em de f i n i t i o n s [ system n ] [ comp ] == 0 :
sub systems = sub systems [ np . i snan ( sub systems [ comp

] ) ]
else :

sub systems = sub systems [ sub systems [ comp ] ==
sy s t em de f i n i t i o n s [ system n ] [ comp ] ]

sub systems [ ’ System Number ’ ] = system n

#replacement = sub sys tems [ ’ S e n s i t i v i t y / E l e c t r i c Load #1
Sca led Average (kWh/d) ’ ] . copy ()

#replacement = 120000
#sub sys tems [ ’ S e n s i t i v i t y / E l e c t r i c Load #1 Sca led Average (

kWh/d) ’ ] = rep lacement

systems [ system n ] = sub systems
print ( len ( sub systems ) )

a l l s y s t ems = [ systems [ k ] for k in systems . keys ( ) ]
a l l s y s t ems = pd . concat ( a l l s y s t ems )

return a l l s y s t ems

def genera te norma l i s ed sys tem per fo rmance graph ( ) :
system data . s o r t v a l u e s ( by=’ System Number ’ , i np l a c e=True )
system data . r e s e t i n d e x ( i np l a c e=True , drop=True )

normal systems = system data . s e l e c t d t y p e s ( [ np . number ] )
normal systems = ( normal systems−normal systems .min( ) ) /(

normal systems .max( )−normal systems .min( ) )
normal systems [ ’ System Number ’ ] = np . array ( normal systems . index )

+ 1
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f i g , ax = p l t . subp lo t s (2 , 2 , sharex=’ a l l ’ , sharey=’ row ’ , f i g s i z e
=(8 , 5) )

normal systems [ ’N NPC ’ ] = 1 − normal systems [ ’ Cost/NPC ( $ ) ’ ]
normal systems [ ’N CAP ’ ] = 1 − normal systems [ ’ Cost/ I n i t i a l

c a p i t a l ( $ ) ’ ]

normal systems . p l o t . bar ( ’ System Number ’ , ’N NPC ’ , ax=ax [ 0 ] [ 0 ] ,
c o l o r=’ red ’ )

normal systems . p l o t . bar ( ’ System Number ’ , ’N CAP ’ , ax=ax [ 0 ] [ 1 ] ,
c o l o r=’ purp le ’ )

normal systems . p l o t . bar ( ’ System Number ’ , ’ Grid/Energy Sold (kWh)
’ , ax=ax [ 1 ] [ 0 ] )

normal systems . p l o t . bar ( ’ System Number ’ , ’ System/Ren Frac (%) ’ ,
ax=ax [ 1 ] [ 1 ] , c o l o r=’ green ’ )

f i g . supx labe l ( ’ System Number ’ , f o n t s i z e =12)
f i g . supy labe l ( ’ Normalised Performance ’ , f o n t s i z e =12)
f i g . s u p t i t l e ( ’ Normalised System Performance ( h igher i s b e t t e r ) ’ ,

f o n t s i z e =18)

ax [ 1 ] [ 0 ] . t i t l e . s e t t e x t ( ’ Energy Sold ’ )
ax [ 1 ] [ 1 ] . t i t l e . s e t t e x t ( ’ Renewable Fract ion ’ )
ax [ 0 ] [ 1 ] . t i t l e . s e t t e x t ( ’ I n i t i a l Cap i ta l ’ )
ax [ 0 ] [ 0 ] . t i t l e . s e t t e x t ( ’NPC’ )

ax [ 1 ] [ 0 ] . s e t x l a b e l ( ’ ’ )
ax [ 1 ] [ 1 ] . s e t x l a b e l ( ’ ’ )

#ax [ 1 ] [ 0 ] . s e t y t i c k s ( [ ] ) #[0 , 1 ] )
#ax [ 0 ] [ 0 ] . s e t y t i c k s ( [ ] ) #[0 , 1 ] )

ax [ 1 ] [ 1 ] . s e t x t i c k l a b e l s ( l a b e l s =[x for x in range (1 , 10) ] ,
r o t a t i on=0)

ax [ 1 ] [ 0 ] . s e t x t i c k l a b e l s ( l a b e l s =[x for x in range (1 , 10) ] ,
r o t a t i on=0)

ax [ 1 ] [ 0 ] . g e t l e g end ( ) . remove ( )
ax [ 0 ] [ 1 ] . g e t l e g end ( ) . remove ( )
ax [ 1 ] [ 1 ] . g e t l e g end ( ) . remove ( )
ax [ 0 ] [ 0 ] . g e t l e g end ( ) . remove ( )

ax [ 0 ] [ 0 ] . t i ck params (
ax i s=’ y ’ , # changes app ly to the x−ax i s
which=’ both ’ , # both major and minor t i c k s are a f f e c t e d
bottom=False , # t i c k s a long the bottom edge are o f f
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top=False , # t i c k s a long the top edge are o f f
labe lbottom=False )

p l t . t i g h t l a y ou t ( )
p l t . show ( )

def c ompa r e s en s i t i v i t y ( data , s e n s i t i v i t y v a r i a b l e ,
pe r fo rmance var iab l e , ax ) :
system numbers = data [ ’ System Number ’ ] . unique ( )
s e n s i t i v i t y v a l u e s = sorted ( data [ s e n s i t i v i t y v a r i a b l e ] . unique ( ) )
c a t e go ry va lu e s = [ ]

for system n in system numbers :
cat = [ ]
for n , sen n in enumerate ( s e n s i t i v i t y v a l u e s ) :

r e l evan t rows = data [ data [ ’ System Number ’ ] == system n ]
s e n v a r i a b l e s = [ ’ S e n s i t i v i t y /NominalDiscountRate (%) ’ ,

’ S e n s i t i v i t y / E l e c t r i c Load #1 Sca led Average (kWh/d) ’
, ’ S e n s i t i v i t y / ExpectedIn f l a t i onRate (%) ’ , ’
S e n s i t i v i t y / Pro j e c t L i f e t ime ( year s ) ’ ]

s e n d e f a u l t s = [ 4 , 120000 , 2 , 50 ]

for s , d in zip ( s en va r i ab l e s , s e n d e f a u l t s ) :
i f s != s e n s i t i v i t y v a r i a b l e :

r e l evan t rows = re l evan t rows [ r e l evan t rows [ s ]
== d ]

va lue = re l evan t rows . i l o c [ n ] [ p e r f o rmance va r i ab l e ]
cat . append ( va lue )

t rue ca t = [ cat [ 2 ] , cat [ 0 ] , cat [ 1 ] ]
c a t e go ry va lu e s . append ( t rueca t )

c a t e go ry va lu e s = l i s t (np . array ( ca t e go ry va lu e s ) .T)

x = np . arange ( len ( system numbers ) )
de f au l t w id th = 0 .7
n c o l s = len ( c a t ego ry va lu e s )
width = de f au l t w id th / n c o l s

for n , data in enumerate ( c a t ego ry va lu e s ) :
i f s e n s i t i v i t y v a l u e s [ n ] == 120547 .944 :

s e n s i t i v i t y v a l u e s [ n ] = 120000
ax . bar (x−(width ∗( n co l s−n) ) , data , width , l a b e l=int (

s e n s i t i v i t y v a l u e s [ n ] ) )

t i c k s = [ ( de f au l t w id th ∗ n) − ( width ∗ ( n co l s −(n+1) ) ) +
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0 .0575∗n for n in range ( len ( system numbers ) ) ]
ax . s e t x t i c k s ( t i c k s )
ax . s e t x t i c k l a b e l s ( system numbers )

i f pe r f o rmance va r i ab l e == ’Grid/Energy Sold (kWh) ’ :
ax . t i t l e . s e t t e x t ( ’ Energy Sold (kWh / year ) ’ )

e l i f pe r f o rmance va r i ab l e == ’ Cost/COE ( $ ) ’ :
ax . t i t l e . s e t t e x t ( ’COE ( $ / kWh) ’ )

else :
ax . t i t l e . s e t t e x t ( pe r f o rmance va r i ab l e . s p l i t ( ’ / ’ ) [ −1])

system data = pd . r ead c sv ( ’ e x p o r t a l l . csv ’ )

x = determine system number ( system data , s y s t em de f i n i t i o n s )

#a = x [ x [ ’ System Number ’ ] . i s i n ( [ 4 , 5 , 6 , 8 , 9 ] ) ]
a = x

f i g , ax = p l t . subp lo t s (2 , 2 , f i g s i z e =(8 , 5) , sharex=’ a l l ’ )

s = ’ S e n s i t i v i t y / E l e c t r i c Load #1 Sca led Average (kWh/d) ’

c ompa r e s en s i t i v i t y ( a , s , ’ Cost/NPC ( $ ) ’ , ax=ax [ 0 ] [ 0 ] )

c ompa r e s en s i t i v i t y ( a , s , ’ Cost/COE ( $ ) ’ , ax=ax [ 0 ] [ 1 ] )

c ompa r e s en s i t i v i t y ( a , s , ’ Grid/Energy Sold (kWh) ’ , ax=ax [ 1 ] [ 0 ] )

c ompa r e s en s i t i v i t y ( a , s , ’ System/Ren Frac (%) ’ , ax=ax [ 1 ] [ 1 ] )

l i n e s l a b e l s = [ ax . g e t l e g e nd h and l e s l a b e l s ( ) for ax in f i g . axes ]
l i n e s , l a b e l s = [sum( l o l , [ ] ) for l o l in zip (∗ l i n e s l a b e l s ) ]
f i g . l egend ( l i n e s [ : 3 ] , l a b e l s [ : 3 ] , t i t l e=’Load (kWh/day ) ’ )

p l t . s u p t i t l e ( ’ S e n s i t i v i t y Ana lys i s : Average Load (kWh / day ) ’ ,
f o n t s i z e =18)

f i g . supx labe l ( str ( ’ ’ ∗ 12) + ’ System Number ’ ) #add space to cen te r
p rope r l y due to y l a b e l width

f i g . supy labe l ( ’ Performance ’ )

p l t . t i g h t l a y ou t ( )

p l t . show ( )
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