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ABSTRACT 

 

Collective ramp events describe the sudden increase or decrease in collective PV system 

power output in distributed PV sites. This variability in power output can cause 

fluctuations in demand for electricity, which can significantly destabilise the grid. This 

paper seeks to characterise collective ramp events of distributed PV systems in Brisbane, 

Australia.  

 

A number of different variable and quality control methods have been used to characterise 

the distribution and frequency of collective ramp events. Overall, ramp events over a short 

time-step (<30 minutes) have been identified as the most likely to occur. The period from 

November to January has been identified as the most likely to experience high-impact 

ramp events. The largest recorded collective ramp event had a TPI of -147.71MW and 

occurred on 6 January 2014 reducing the total power output by 98.19% over 90 minutes in 

terms of the clear-sky. This ramp event as well as a unique ramp event on 16 November 

2013 has been subjected to further analysis, exploring its meteorological origins.  

 

The characterisation of collective ramp events developed herein will contribute 

significantly to the understanding of the collective behaviour of solar PV power output 

variability – an increasingly important aspect of energy policy. It also provides a 

foundation for future analysis and enables grid operators in Brisbane to better understand 

the nature and characteristics of collective ramp events. 
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Chapter 1 Introduction 

1.1 CONTEXT 

The installation of solar photovoltaic (PV) systems has increased rapidly over the past 

decade. This global trend is expected to continue, with estimates that solar PV installations 

have the potential to total 403GW by 2020 (Arup, 2015). In the Australian market, solar 

energy currently makes up approximately 2.1 per cent of total electricity generation (CEC, 

2015), and is projected to provide 29 per cent of Australia’s total energy needs by 2050 

(DRET, 2012). The overwhelming majority of this growth is driven by continuous and 

increasing installations of household rooftop PV arrays. By 2034-35, it is expected that 

residential PV arrays will generate 19,504GWh of energy (AEMO, 2015a). However, 

despite the positive aspects of shifting to a renewable energy network, the integration of 

solar PV systems into the current local electricity grid presents complex challenges. 

 

The performance of rooftop solar PV systems is highly dependent on environmental 

conditions – specifically, cloud cover. To estimate the peak potential of power output for a 

PV system, the clear-sky model is used. The ‘clear-sky curve’ describes a predictable 

power output curve assuming a cloudless sky (Engerer, 2014). However, since solar PV 

power generation is largely dependent on cloud movements, the corresponding power 

output can vary significantly. Consequently, solar power output for a given PV system can 

rapidly increase or decrease over various timescales, caused by irregular cloud movements. 

The resulting intermittency of solar power generation complicates the integration of solar 

PV systems, as it greatly affects the quality and quantity of electricity that is generated. 

 

The variable nature of solar power generation is of particular concern to grid operators. 

During periods of collective solar PV power output variability (both a sudden decrease and 

increase in power), electricity grid operators are required to balance the supply and 

demand through other means. In order to do so, a secondary power source that can ramp up 

or down at high frequencies is required (Lave et al., 2012). However, the operation of such 

services are often costly, so it is important to fully understand the characteristics of 

collective power output variability, particularly collective changes in geographically 

distributed PV systems. To date, this variability has not been characterised for Brisbane, 

Australia. The motivation for this research is to address this lack, by analysing and 

interpreting local data. It will examine the categories of ramp events, depending on the 

time-steps and thresholds of events, as well as the meteorological origins of ramp events, 

thereby characterising collective ramp events for the city of Brisbane. 
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1.2 PREVIOUS LITERATURE 

There is an intrinsic relationship between the poewr output of solar PV systems and cloud 

cover. Irregular cloud movements often cause PV system power output to vary across short 

time-steps. ‘Ramp events’ describe these abrupt decreases and increases in PV system 

power output as a result of external conditions. A positive ramp event is characterised by a 

rapid increase in power output. Conversely, a negative ramp event describes a rapid 

decrease in power output (Florita et al., 2013). A collective ramp event describes a scenario 

where the majority of solar PV systems in a given region concurrently experience a 

positive or negative ramp event within a given time-step (Wellby and Engerer, 2015). The 

analysis of these events in distributed PV system power output is a relatively new field of 

research, and a specific analysis of collective ramp events in Brisbane has not been 

conducted before. 

 

When attempting to characterise collective ramp events in a given region, it is important to 

firstly understand PV array output behaviour for distributed PV sites. Several studies have 

investigated aggregate solar power output variability for geographically dispersed systems. 

A paper by Wiemken et al. (2001) analysed 5-minute normalised output from 100 PV array 

sites spread out across Germany. The study focused on the combined output from all 

systems and calculated its standard deviation compared to their mean monthly output. The 

analysis showed that for a 5-minute timescale, short-term fluctuations for the average 

output across all sites were drastically reduced when compared to single site fluctuations. 

Otani et al. (1997) explored the overall behaviour of nine sites located within a 16km2 

region in Japan. The study compared the average output from all nine sites with the 

instantaneous output and hourly average for the nine sites independently. By utilising the 

root mean square of the difference, the authors found that the variability decreased 

significantly when the collective output was compared to each independent site. Further 

analysis by Kawasaki et al. (2006) led to defining this reduction in variability as the 

‘geographic smoothing effect’. An example of geographic smoothing is shown in Figure 

1-1 for 23 January 2013. The results of these studies indicate that the nature of observed 

variability differ significantly between collective PV array outputs, and single site PV 

array outputs. 

 
Figure 1-1: (a) High power output variability observed for a single site in Brisbane compared to (b) the 

‘smoothed’ variability when multiple sites across Brisbane are averaged out. 
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Subsequent studies have further investigated PV power output variability for distributed 

PV systems. Hoff and Perez (2010) introduced the ‘dispersion factor’, which captured the 

relationship between the configuration of distributed PV systems, cloud transit speed and 

the time interval at which the variability is analysed. Their study found that the relative 

output variability equals the inverse of the square root of the number of systems for fully 

dispersed PV systems. Murata et al. (2009), analysed the behaviour of 52 PV sites spread-

out across Japan for 1-minute and 10-minute timescale intervals. It quantified the ratio 

between the worst-case fluctuation and the average fluctuations for a varying number of 

PV systems. The analysis found that the increase of PV sites did not lead to a reduction in 

average output variability. Furthermore, for sites that were located more than 50 km apart, 

it found that the change in power output between these sites were not correlated. Although 

neither of these studies specifically examined ‘collective ramp events’, the results highlight 

the importance of such events. Since geographic smoothing reduces the overall output 

variability for distributed PV sites, independent ramp events at single sites can be 

considered unproblematic for grid stability. In other words, the power output variability at 

one site can be balanced relatively easily due to the effects of geographic smoothing. 

However, when all individual sites in a given region experience the same scale of ramping 

– a collective ramp event- this puts significant pressure on grid operators, as the effects of 

geographic smoothing are eliminated. 

 

It is also important to recognise the importance of clear-sky models when considering 

collective power output variability. Clear-sky models are often used for various purposes 

such as HVAC design, meteorological modelling and solar energy system design. Within 

solar energy, the clear-sky model represents a PV array’s expected power output on a 

cloudless day. This is important for the in-depth analyses of output variability, as shown by 

the use of the clear-sky index when analysing high-frequency irradiance fluctuations (Lave 

et al., 2012), and the analysis of output variability for a fleet of identical PV systems (Hoff 

and Perez, 2010). Many other contemporary analyses of solar variability utilise the clear-

sky estimate as a fundamental basis for analysis (Woyte et al., 2007; Kleissl et. al., 2010). 

It is worth noting that there is a range of methods for generating clear-sky models. A study 

by Engerer and Mills (2015) showed that the Bird (Bird, 1981) and ESRA (Rigollier et al., 

2000) models perform the best when compared to models by Ineichen, Ineichen and Perez, 

Molineaux, and MAC. Through such analysis, Engerer and Mills developed a method for 

estimating the required clear-sky model with reduced margins of error.  

 

For the accurate characterisation of collective ramp events in Brisbane, clear-sky models 

are critical, as they are the foundation for quantifying the scale and impact of solar power 

output variability. The efforts of this study aim to utilise the clear-sky method to accurately 

characterise collective ramp events that occur in Brisbane, despite the effects of geographic 

smoothing, which have been discussed in detail by several previous studies.   
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1.3 MOTIVATIONS 

Collective ramp events are of particular concern to grid operators, as these events have a 

corresponding impact on grid stability, which can dramatically affect operations and 

output. In the past, grid operators have successfully balanced collective power output 

variability, but as PV array installations continue to grow, the ability to seamlessly manage 

these fluctuations is weakening. From the perspective of grid operators, it is desirable to 

gain a deeper understanding of the scale of aggregate ramping behaviour, as well as 

periods where collective ramp events are most likely to occur. 

 

Despite the importance of this research, there have been limited studies to date, which have 

specifically focused on characterising collective ramp events for a given region. Recently, 

Wellby and Engerer (2015) conducted a study on the meteorological origins of critical 

ramp events in collective PV array output. The study investigated critical collective ramp 

events– defined as a 60% change in collective PV power output compared to the clear-sky 

potential within 60 minutes– that occurred in Canberra, Australia. Although the study 

examined collective ramp events for a given region, the study was not an in-depth 

characterisation of critical collective ramp events. Instead, the focus was on the 

meteorological origins of collective ramp events, categorising collective ramp events with 

particular weather patterns. Through its analysis, the study emphasised the importance of 

local climatology and collective ramp events. This further stresses the importance of 

characterising collective ramp events within the specific Brisbane region. Another recent 

study by Engerer (2015) quantified the power fluctuations and impact on the grid during 

collective ramp events utilising a city-wide PV simulation system. The study further 

validated the KPV methodology, but only characterised collective ramp events for 

Canberra. Although these were a significant contribution to the overall research of 

collective ramp events, region-specific characteristics of collective ramp events are yet to 

be fully understood. 

 

As discussed in the literature review, recent research and analysis of distributed PV system 

power output is limited to the assessments of measured performance against expected 

performance. Whilst geographic smoothing is validated through a number of studies, 

collective ramp events have not been investigated in detail (with the exception of Wellby 

and Engerer (2015); Engerer (2015)). The efforts of this research aim to address this lack. 

The present study focuses on characterising collective ramp events and developing an 

automated detection algorithm for collective ramp events. By doing so, it is hoped that 

collective ramp events are accurately characterised for Brisbane, and the assessment goes 

beyond comparing measured performance against expected performance. Further, through 

the development of an automated algorithm that will detect ramp events for a given 

threshold and timescale, it is hoped that the process can be replicated, and utilised for 

analysing the local characteristics of other cities becoming increasingly dependent on grid 

integrated solar PV systems. This study is pertinent to the future of solar PV system 

integration and the mitigation of collective ramp event impacts on grid stability. It is 
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particularly timely, as the impacts of collective ramp events are only likely to intensify as 

solar PV system installations increase in Australia, and across the globe. 

 

1.4 PROJECT SCOPE 

The research in this thesis will specifically focus on characterising collective ramp events 

of distributed PV system power output in Brisbane, Australia. It will analyse the dataset for 

the study period, and seek to characterise ramp events in terms of a number of variables. 

Following on from the characterisation, it will explore the meteorological origins of 

several high-impact ramp events, with the aim to understand the nature of such ramp 

events in Brisbane. The implementation and usage of the findings from this research in 

areas such as energy market operation and policy development will be beyond the scope of 

this project. It is, however, hoped that this study will provide a foundation for the 

subsequent research in these areas. It should be noted that the research and data analysis 

process will have an element of collaboration with two other engineering honours students 

(James Bills and Esa Janara), also supervised by Nicholas Engerer, who are analysing the 

characteristics of ramp events in Sydney and Melbourne respectively.  

 

1.5 THESIS STRUCTURE 

This thesis is divided into seven key chapters. The first chapter provides an introduction to 

the topic with background research, drawing on previous literature and research. Chapter 2 

details the data used for analysis and the quality control that was required to successfully 

and accurately execute the project. Next, Chapter 3 describes the methodology used to 

characterise collective ramp events in Brisbane. The methods aim to address two 

overarching goals. The first is to characterise collective ramp events using a variety of 

variables. The second goal is to utilise the characteristics developed in the first component 

to gain a deeper understanding of high-impact collective ramp events in Brisbane. The 

meteorological origins of particularly large ramp events will be explored in detail. Chapter 

4, Analysis of Brisbane PV Dataset, details the analysis of collective ramping behaviour in 

Brisbane, defining and developing the characteristics of ramp events in Brisbane. As this 

study is the first of its kind in Brisbane, a thorough analysis of the dataset is necessary. 

Chapter 5 investigates the largest ramp events for each time-step that occurred in the study 

period. The total power and energy impacts of the ramp events will be clearly outlined, as 

well as the meteorological characteristics of each ramp event identified as a ‘high-impact 

ramp event’. Chapter 6 discusses key questions generated from this study. The relationship 

between ramp events and the energy market will be briefly examined, as well as potential 

methods for grid operators’ response, through pumped hydro electricity storage (PHES). 

Finally, Chapter 7 summarises and concludes the research proposing future work and 

research, generated by this study.  
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Chapter 2 Data 

 

The scope of this research is limited to rooftop solar PV array installations in Brisbane, the 

state capital of Queensland, Australia (QLD). It is estimated that 26.1% of dwellings in 

Brisbane have solar PV installations, with an installed capacity of 269.92MW. The 

following section details the PV dataset used for analysis, as well as the methods used for 

data quality control. 

 

2.1 BRISBANE PV DATASET 

The core data for analysis has been obtained from www.pvoutput.org, a web service that 

enables free sharing, comparing and monitoring of solar PV data. The power outputs of a 

system registered on PVOutput.org can be compared in a variety of time intervals. These 

include live readings (5 to 15 minutes) as well as daily, weekly, monthly and yearly data. 

In addition to power output readings, registered users are encouraged to upload PV array 

data specific to their site such as the brand, model and rating of the arrays, as well as the 

tilt, orientation and shading of the inverters. Recent scraping of metadata shows that 

PVOutput.org included over 3800 sites in the QLD region, and 519 sites for the city of 

Brisbane (Al-Kurdi 2015). Figure 2-1, shows all PV sites registered on pvoutput.org for 

the city of Brisbane available for analysis as of 31 May 2014. However, it is important to 

recognise the lack of consistency for optimum quality of metadata. Of the 519 sites (blue 

points) available for analysis, only 27 sites (red points) have been identified as being 

suitable for analysis.  

 

There are a number of reasons for eliminating certain PV sites for analysis. Although 519 

sites are registered on PVOutput.org, not all sites consistently upload data. Figure 2-2 

illustrates a histogram of the number of sites recording data since 2011, when pvoutput.org 

first began recording Brisbane data. The histogram shows that the number of sites actually 

uploading data peaks at approximately 230 sites. Table 2-1 shows the annual breakdown of 

the median number of sites reporting data. These figures indicate that the existing raw 

metadata is not a truly controlled dataset for analysis if the biases from an increasing 

number of sites are not removed. Consequently, it is important to limit the number of sites 

that are available for each annual cycle with various additional factors in consideration.  

 

Firstly, the accuracy of the Brisbane PV dataset is of critical importance. Due to the nature 

of PVOutput.org, uploaded data is entirely user-driven. As a result, important variables 

such as the tilt and orientation of the PV array, which are utilised for calculating the 

theoretical clear-sky power output, lack consistent accuracy. It is important to ensure that 

the chosen dataset is well characterised by users, with a reliable power output reporting 

history. All 27 sites have been ensured for accuracy for 2012, 2013 and 2014, utilising the 

method of data quality control detailed in the following section. It must be noted however 

that upon further data quality control, the dataset from 2011 did not provide enough 

http://www.pvoutput.org/


 

   7 

accurate and reliable output readings. Consequently the dataset from 2011 has been 

removed from analysis entirely, and the characterisation will rely on the PV dataset 

between 1 January 2012 and 19 July 2014. Secondly, the geographic spread of the PV sites 

is important to consider. Since the scope of this project is focused on the collective ramp 

events of Brisbane, the ramp events must truly reflect collective solar PV behaviour. 

Figure 2-1 shows the suitable spread of chosen PV sites for analysis, representative of 

metropolitan Brisbane. Further, the spread is within the limits of 50km, defined as the limit 

of dependence by Murata et al. (2009). Finally, it is important to ensure that these sites fit 

into the same utility grid, as the secondary focus of this study is to analyse the practical 

impacts on grid operators. Further analysis has confirmed that each chosen site fits into 

Energex’s south-east QLD electricity grid. 

 

 
Figure 2-1: Brisbane PV Dataset used for analysis (PVOutput.org 2015; CartoDB, 2015) 

 



 

   8 

 
Figure 2-2: Histogram of PV sites actually consistently uploading data on PVOutput.org 

 

Table 2-1: Median and average number of sites reporting data in Brisbane 

Year Median sites reporting data Average sites reporting data 

2011 22 28.71 

2012 136.5 137.07 

2013 274 262.83 

2014 293 290.52 

 

2.2 DATA QUALITY CONTROL 

Following the initial scraping of data from pvoutput.org, it is of paramount importance to 

review and sanity-check the power output data, ensuring the accurate analysis of collective 

ramp events in Brisbane. Due to the user-driven nature of pvoutput.org, the quality of its 

data varies across each recorded site and its accuracy is highly dependent on the various 

user inputs – particularly the tilt and orientation of the arrays. Furthermore, the time 

interval at which each site has been recording power output varies significantly, which is 

problematic for consistent ramp rate calculations. Both of these inconsistencies have been 

addressed to ensure the accurate estimation of power outputs across all sites in Brisbane. 

2.2.1 Time interval inconsistencies 

In order to accurately model collective ramp events, the time intervals used for analysis 

must remain consistent across all sites. While the majority of sites have reported 5-minute 

power output recordings everyday, others have only recorded 10-minute time intervals. As 

a result, there is a need for 5-minute power outputs to be estimated for sites that have only 

reported at 10-minute time intervals. 

 

To achieve this, KPV estimations have been made using the method outlined by Engerer 

and Mills (2014), for the 10-minute power output and 10-minute clear-sky estimations. 
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The KPV clear-sky index is used in this case, as it provides an accurate method for 

estimating the power output of PV systems in a given area. Next, these KPV values are 

interpolated to generate mean estimations for the missing timescales. This results in a 

complete dataset with 5-minute time interval data. Finally, the estimated 5-minute data is 

normalised to the clear-sky index and inserted back into the missing timescales. A visual 

representation of the normalisation process is shown below in Figure 2-3. In effect, this 

‘smooths’ out the power output and clear-sky curves significantly, which can be seen in 

Figure 2-4. 

 

 
Figure 2-3: Example of the method used for estimating 5-minute time interval power outputs for 

missing data 

 
Figure 2-4: This figure shows the (a) timescale inconsistencies shown by the jagged edges before 

interpolation and (b) timescale inconsistency smoothed out through interpolation (right) 
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As shown in Figure 2-4 (a), the observed power output is not a smooth curve, due to the 

inconsistent timescales in the recorded data. This can be problematic for accurate ramp rate 

analysis, as it may falsely detect high variability ramp events that occur over short 

timescales. To amend this, the 10-minute data has been interpolated to generate a smoother 

curve as shown in Figure 2-4 (b). As a result, the observed output is smoother, 

significantly reducing the risk of falsely detecting ramp events. This interpolation process 

is applied to the entire PV dataset to ensure consistency across all data analysis. 

2.2.2 Clear-sky inaccuracies 

Collective ramp rate analysis is fundamentally dependent on clear-sky estimations, which 

must be generated accurately. The generation of clear-sky models are dependent on a 

number of variables including the irradiance, optical air mass, tilt of the surface and angle 

of incidence (Engerer and Mills 2015). However, as PVOutput.org is a user-driven 

database, much of the input data is incorrectly estimated. As a result, the collective clear-

sky model can be over or underestimated depending on user-input data of these variables. 

An example of correcting an underestimated clear-sky curve is shown in Figure 2-5. 

 

 

 
Figure 2-5: These two images show the (a) underestimated clear-sky curve obtained from incorrect 

data and (b) the corrected clear-sky curves following filtering of sites 

 

Figure 2-5 shows the observed power output for 12 September 2013 in Brisbane. The 

smooth curve is indicative of a ‘clear-sky’ where there was no significant cloud cover 

disrupting the power output for PV array sites around the region. However, as shown by 

the clear-sky curve in black, it has underestimated the power output significantly. If the 

user-input variables were accurately input by each user, the two curves would follow a 
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similar trend. This mismatch is extremely problematic for further analysis as the detection 

of ramp events is reliant on an accurate clear-sky curve. Consequently, the quality of the 

data must be revised, which resulted in limiting the dataset to 27 sites, and the amended 

results are shown in Figure 2-5 (b) with the corrected clear-sky curve.  
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Chapter 3 Methods 

 

In order to identify and characterise collective ramp events in Brisbane, raw data has been 

scraped from pvoutput.org, and processed as outlined in Chapter 2. During this stage, the 

power outputs and clear-sky estimations for selected sites have been averaged to obtain an 

output that is representative of geographically dispersed sites, and have consequently been 

geographically ‘smoothed’. 

 

This study comprises two fundamental components. The first is to analyse collective ramp 

event behaviour using four key variables – time-step, collective ramp event threshold, 

collective ramp rate, and the solar zenith angle (SZA). More specifically, the analysis will 

explore how the frequency of critical ramp events varies according to these four variables. 

Since the characteristics of collective ramp events over Brisbane are yet to be defined, this 

will form a central part of the analysis. A second component of this study is to detect the 

largest ramp events recorded in the given dataset and investigate their origins. As 

mentioned in Chapter 1, the meteorological origins of collective ramp events in Canberra 

have been characterised recently (Wellby and Engerer 2014). It is hoped that the analysis 

of the origins of the most extreme collective ramp events in Brisbane will add to this 

research and contribute to the broader characterisation of collective ramp events across 

cities in Australia. This research will be of particular value to grid operators, as it is the 

most high-impact collective ramp events that significantly destabilise the existing grid. It is 

anticipated that the findings from the analysis will have flow-on effects for contributing to 

the broader research of solar power output forecasting, and policy development. The 

following chapter details the methods used to analyse data throughout the two components 

of this research.  

 

3.1 COLLECTIVE RAMP EVENT CHARACTERISATION 

The detection and characterisation of collective ramp events depend on four fundamental 

variables. The time-step for a ramp event is analysed in detail as it determines the overall 

intensity of a ramp event. The percentage change threshold is used, as it provides a suitable 

framework for categorising ramp events. Critical events, which demonstrate a 1 per cent 

change of ramp rate per minute with respect to the clear-sky curve will be analysed 

separately to general collective ramp event behaviour. It is important to recognise the clear 

distinction between critical ramp events and general collective ramp events. Critical ramp 

events result are categorised according to a 1 per cent change over 1 minute and result in 

ramp events of significant magnitude. In contrast, such thresholds do not apply for general 

collective ramp events and they may not necessarily have a high-impact (e.g. a 10 per cent 

change over 90 minutes). During analysis, it is also important to consider the ramp rate 

(RR) behaviour, as it quantifies the specific rate of change over a time-step. Finally, a 

deeper analysis of the solar zenith angles (SZA) at which critical collective ramp events 

occur are important, as the SZA provides a reference point for understanding ramping 
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behaviour in terms of the location of the sun. Through the use of algorithms authored in 

coding R, the frequency of events depending on the variable will be used to characterise 

ramp events. The following section details each component of analysis, as well as the 

method for counting the frequency of events.  

3.1.1 Collective ramp rates 

A ramp rate (RR) is defined as the change in measured power output compared to the 

clear-sky estimation over a given timescale. Equation 1 shows the formula used for RR 

calculation (Lave and Kleissl 2010). 

 

𝑅𝑅 =  
(𝑃𝑉𝑚𝑒𝑎𝑠𝑡

− 𝑃𝑉𝑐𝑙𝑟𝑡
) − (𝑃𝑉𝑚𝑒𝑎𝑠∆𝑡

− 𝑃𝑉𝑐𝑙𝑟∆𝑡
)

∆𝑡
 

Equation 1 

 

where PVmeas is the measured output in kW, PVclr is the clear-sky estimation in kWp and Δt 

is the timescale used for analysis. The clear-sky estimation is calculated using the KPV 

methodology as outlined by Engerer and Mills (2014) during the data processing. Figure 

3-1 shows a negative ramp event that was observed in Brisbane on 13 May 2013. It 

provides a graphical representation of the variables used for calculating a ramp rate for Δt 

= 60min.  

 
Figure 3-1: A graphical representation of the method used for calculating ramp rates 

PVclr(t) 

PVclr(Δt) 

PVmeas(t) 

PVmeas(Δt) 
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The results of RR calculations will be used for analysing a specific RR range that 

corresponds to a collective ramp event, thereby characterising collective ramp events in 

Brisbane in terms of RRs. 

3.1.2 Collective ramp events  

Collective ramp events (hereafter referred to simply as ‘ramp events’) occur when the 

majority of PV sites experience the same RR concurrently over the same time-step. As the 

sun follows its path, it is possible for geographically dispersed PV sites to experience both 

positive ramp events (PRE) and negative ramp events (NRE). The PRE and NRE are 

defined using Equation 2 and Equation 3 respectively.  

 

𝑃𝑅𝐸 =  
(𝑃𝑉𝑚𝑒𝑎𝑠𝑡

− 𝑃𝑉𝑚𝑒𝑎𝑠∆𝑡
)

(𝑃𝑉𝑐𝑙𝑟𝑡
+ 𝑃𝑉𝑐𝑙𝑟∆𝑡

) 2⁄
> 𝑇𝐷 

Equation 2 

 

𝑁𝐶𝐸 =  
(𝑃𝑉𝑚𝑒𝑎𝑠𝑡

− 𝑃𝑉𝑚𝑒𝑎𝑠∆𝑡
)

(𝑃𝑉𝑐𝑙𝑟𝑡
+ 𝑃𝑉𝑐𝑙𝑟∆𝑡

) 2⁄
< −𝑇𝐷 

Equation 3 

 

where TD is a threshold value as a percentage. It provides a suitable categorisation method 

for measuring the size and impact of a ramp event. To gain a broad understanding of 

overall collective ramp event behaviour, absolute ramp events (ARE) are also detected 

during analysis as outlined in Equation 4. 

 

𝐴𝑅𝐸 =  |
(𝑃𝑉𝑚𝑒𝑎𝑠𝑡

− 𝑃𝑉𝑚𝑒𝑎𝑠∆𝑡
)

(𝑃𝑉𝑐𝑙𝑟𝑡
+ 𝑃𝑉𝑐𝑙𝑟∆𝑡

) 2⁄
| > 𝑇𝐷 

Equation 4 

A NRE, PRE and ARE are counted as an occurrence when it satisfies the above equations 

for the relevant threshold and time-step. A wide range of threshold and time-step 

combinations are analysed in detail. As part of the analysis, those that exceed a threshold 

of 1 per cent change per minute with respect to the clear-sky estimation will be treated as a 

separate category, and subjected to further analysis.  

3.1.2.1 Critical collective ramp events 

Collective ramp events, which exceed a critical threshold of 60% of the clear-sky potential 

within 60 minutes, have previously been categorised as critical collective ramp events 

(Wellby and Engerer 2015). For the purpose of analysis, this principle will be extended to 

a range of time-steps such that TD represents a threshold equivalent to a 1 per cent change 

per minute. That is, for a 20-minute time-step, a 20% change will constitute a critical 

collective ramp event (hereafter referred to simply as critical ramp events). A critical ramp 

event is counted as an occurrence when it satisfies a 1 per cent change per minute for the 

relevant time-step. By treating critical ramp events separately to collective ramp events, it 

will be possible to observe the effects of time-step variation on the frequency of ramp 

events with a higher impact in Brisbane. 
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3.1.3 Time-step analysis 

The calculation of ramp events and ramp rates are both dependent on the time-step Δt over 

which they are calculated. Time-steps are a fundamentally important part of this study, as 

they quantify the intensity of a ramp event. By observing the effects on ramp event 

frequencies through variation the of time-steps, it will be possible to gain a holistic 

understanding of its relationship, and categorise events according to their duration. Similar 

categorisations by time-step have not been conducted before. As a result, this will be a key 

part of the characterisation. A wide range of time-steps have been chosen for analysis, and 

two separate analyses will take place. 

 

Firstly, critical ramp events will be specifically analysed for a time-step between 20 and 90 

minutes, every 10 minutes. This will identify those that exceed the critical threshold of 1 

per cent change per minute with respect to the clear-sky, for each time-step. The second 

analyses will not be limited to critical collective ramp events. Collective ramp events will 

be analysed in terms of threshold and time-step variability every 5-minutes (the smallest 

possible interval since PVOutput.org data is available in 5-minute intervals)). This will 

provide insight into collective ramping behaviour at different time-step and threshold 

combinations, thereby extending the analysis beyond critical ramp events. For example, 

the frequency of events that occur over a 35-minute time-step that exceed a 25% threshold 

will be analysed. Through the analysis of both aspects, ramp events will be characterised 

thoroughly.  

3.1.3.1 Time-step analysis quality assurance 

The integration of time-step analysis quality assurance is critically important to the 

frequency characterisation and should be mentioned. Without enforcing constraints on 

frequency counting, a ramp event could potentially be counted multiple times during the 

same time-step. Figure 3-2 shows a visual representation of false counting of ramp events. 

The pink vertical lines highlight a negative ramp event for Δt = 50min. The blue lines in 

between highlight the 5-minute intervals of recorded data used for calculating ramp events. 

Since the code uses matrix algorithms and the PV dataset is given in 5-minute intervals, 

the algorithm calculates a 50-minute ramp event every 5-minutes (blue lines). In this case, 

without enforcing constraints, 10 ramp events will be detected within the same time-step, 

when in fact only 1 ramp event occurred for a 50-minute time-step.  
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Figure 3-2: Visual representation of false frequency counting during time-step analysis 

 

As a result, the false detection of ramp events through double counting can occur, having a 

significant impact on the overall characterisation through frequency distribution of ramp 

events. To remove such bias, the algorithm has been scripted to only detect one event 

within a given time-step. When a scenario such as the ramp event seen in Figure 3-2 is 

encountered, it will eliminate the subsequent ramps events (blue lines) that fall in the time-

step (bounded by pink lines) when it detects the first one. The removal of multiple 

counting of the same ramp event has formed a central part of the overall methodology.  

3.1.4 Solar zenith angle analysis 

The SZA describes the angle from the z-axis of the earth to the sun’s geometric centre. The 

SZA θs is calculated using Equation 5.  

 

cos 𝜃𝑠 = sin 𝜑 sin 𝛿 + cos 𝜑 cos 𝛿 cos ℎ 

Equation 5 

 

The characterisation of collective ramp events in terms of SZA is a necessary part of 

analysis since the SZA is location specific. By analysing the frequency of collective ramp 

events that occur at a particular SZA range, it will be possible to estimate periods of the 

day where collective ramp events are most likely to occur during a given day in Brisbane, 

A study by Lave and Kleissl (2010) showed that variability is naturally occurring in the 

morning due to shading from high surrounding terrain. Although Brisbane is not 

surrounded by high terrain like Colorado, tall buildings surround the city, which makes 

variability naturally occurring in the morning and afternoon in a similar fashion. To 

observe the effects of the SZA on collective ramp events, the SZA at which ramp events 

and ramp rates occur will be taken into consideration. To gain a broad overview, ramp 

events detected according to section 3.1.2 will be modelled against the calculated RR and 

recorded SZA. This will provide an insight into the distribution of ramp events in terms of 

these variables. In addition, the frequency of collective ramp events for a SZA ranges 
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every 10 degrees between 0-90 degrees will also be examined. This analysis will further 

characterise collective ramp events by determining SZA ranges and consequently periods 

of the day where a collective ramp event is likely to occur.  

 

3.2 ANALYSIS OF HIGH-IMPACT RAMP EVENTS 

As mentioned earlier in the chapter, a second component of this study is to identify the 

largest collective ramp events for each time-step. This will be achieved by identifying the 

largest calculated RR for each time-step in the study period. The absolute maximum RR 

will be utilised instead of the maximum collective ramp event, as the RR is a 

comparatively more accurate measure of the rate of change in collective power output with 

respect to the clear-sky estimation. Once the largest RR for each time-step is identified, the 

power output will be plotted against the clear-sky estimation for a visual inspection to 

ensure a critical ramp event has actually occurred. Ramp events, which exceed the critical 

threshold and are the largest in magnitude for the given time-step will be categorised as 

‘high-impact ramp events’ and subjected to further analysis. This will include the 

estimation of the total power impact (TPI) and total energy impact (TEI) according to the 

measured change. Several key assumptions have been made based on Brisbane’s current 

PV installation capacity to estimate the city-wide impact of such high-impact ramp events. 

 

1. Total PV installations: 89255 (approximately 26.1% of dwellings) (APVI, 2015) 

2. Total installed capacity: 269.92MW (APVI, 2015) 

3.2.1 Total Power Impact (TPI) 

To estimate the TPI for the city of Brisbane during a high-impact ramp event, the change 

between the measured power outputs for each time-step is used and the total installed 

capacity for the city will be used. The total power impact (TPI) is calculated according to 

Equation 6. 

 

𝑇𝑃𝐼 = (𝑃𝑉𝑚𝑒𝑎𝑠𝑡
× 269.92𝑀𝑊) −  (𝑃𝑉𝑚𝑒𝑎𝑠∆𝑡

× 269.92𝑀𝑊) 

Equation 6 

3.2.2 Total Energy Impact (TEI) 

To estimate the TEI for the city of Brisbane for a high-impact ramp event, rectangular 

integration for each time-step is used. The number of rectangles n = Δt/5, since the PV 

dataset is provided in 5-minute intervals. To estimate the TEI for a given time-step, the 

integrated value will be multiplied by the current number of PV installations in Brisbane, 

which is 89255 systems.   

3.2.3 Meteorological origins ramp events 

The overall meteorological origins of high-impact ramp events for each time-step are 

briefly analysed. To achieve this, archived weather data available from the Bureau of 

Meteorology available online will be used. The two most unique and extreme high-impact 

ramp events are treated as case studies and examined at a deeper level, observing satellite 
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radar and MSLP images to investigate the meteorological events which caused the ramp 

event. The benefits of such an analysis will be twofold. Firstly, it will provide context for 

high-impact ramp events by linking them to the weather events that may have caused them. 

Secondly, it will provide a framework for future research into categorising ramp events. 

However, a detailed meteorological categorisation for all ramp events will be out of the 

scope of research. The analysis of the remaining identified high-impact ramp events will 

not go beyond the basic categorisation of the events according to the associated unique 

weather characteristics.  
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Chapter 4 Analysis of Brisbane PV Dataset 

4.1 PRELIMINARY ANALYSIS  

In order to ensure the accurate characterisation of ramp events, it is first necessary to 

analyse and understand the relationship between ramp events, ramp rates, time-steps and 

the solar zenith angle. As a benchmark, the analysis herein will examine the characteristics 

of critical ramp event for a 60-minute time-step. That is, those that exceed a 60% change in 

power output in 60 minutes. The analysis will encompass the entire study period from 1 

January 2012 to 19 July 2014.  

 

A total of 1198 critical ramp events are initially detected following the processing of the 

dataset. In Figure 4-1, these critical ramp events are plotted against the SZA and RRs at 

which they occur. However, it is important to recognise that such a large frequency of 

critical ramp events does not make physical sense. Critical ramp events are rare 

occurrences. A recent study on ramp events in Canberra that focused on a similar study 

period (2 January 2012 to 17 July 2014) can be used as a reference point (Wellby and 

Engerer 2015). The study identified 28 critical ramp events during the study period- 16 

positive and 12 negative for the Canberra region. For a similar study period, this is a 

significantly smaller frequency. Although local climatology plays a key role in the 

frequency of ramp events in a region, one would not expect a 4179% increase in critical 

ramp events when comparing Brisbane to Canberra. Of course, Brisbane and Canberra 

have distinct climates independent of each other. However, if we were to consider 1198 

critical ramp events over the study period, this averages out to more than 1 critical ramp 

event a day, which is unusually high in comparison, regardless of local climatology. The 

results from the preliminary analysis suggests that there is potential detection of false ramp 

events. 

 

 
Figure 4-1: The distribution of 60-minute critical ramp events against the SZA and RR 
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Figure 4-1 also shows that there is a high concentration of critical ramp events at a RR 

between -0.002 and 0.002, and SZAs greater than 50 degrees. This implies the occurrences 

of critical ramp events in the early morning and late afternoon, but with relatively small 

ramp rate magnitudes. However, it is important to recognise the counterintuitive nature of 

this result. Critical ramp events are representative of a 1 per cent change of ramp rate per 

minute with respect to the clear-sky curve. Due to the nature of the curves, one would 

expect such large changes to only be observed once the sun is at a relatively high angle and 

with larger magnitudes than |0.002|. This is likely due to the imperfect nature of clear-sky 

estimations, which will always find a mismatch between the measured and estimated 

curve. Depending on the mismatch, this may trigger a ramp event according to Equation 2, 

3 and 4, even though the RR is of a relatively small magnitude smaller than 0.001. This is 

more likely to occur at large zenith angles, where the mismatch is more frequent, providing 

an explanation for the high concentration of false ramp events in the early mornings and 

late afternoons. The preliminary analysis of the relationship between critical ramp events, 

ramp rates and the SZA suggest the necessity of implementing a suitable SZA. 

 

4.2 DEVELOPMENT OF A RAMP RATE THRESHOLD 

To eliminate the false detection of collective ramp events, it is necessary to develop a 

minimum RR threshold. This will be used as an absolute minimum value that corresponds 

to both positive and negative ramp events. To establish a suitable threshold, the collective 

ramping behaviour has been analysed from the perspective of a clear-sky day.  

4.2.1 Ramp rate characteristics on a clear-sky day 

A clear-sky day provides a suitable reference point for developing a RR boundary. In an 

ideal world, on a clear-sky day the curve of a collective power output will perfectly align 

on top of the estimated clear-sky curve, resulting in a RR of zero. However, this is unlikely 

to happen for two reasons. Firstly, due to the nature of a user-generated dataset, several 

variables fundamental to estimating clear-sky curves are incorrectly uploaded, resulting in 

incorrect estimations. This was shown in Chapter 2, which resulted in the removal of 

approximately 87% of sites from the clear-sky estimation processing. Secondly, the 

mismatch between the clear-sky and observed output is particularly likely to occur at large 

zenith angles. As shown by a recent paper, clear-sky models are error-prone (Engerer and 

Mills, 2015) and PV systems are subject to shading due to the surrounding environment. 

As a result of these limitations, the algorithm will always calculate a difference between 

the clear-sky estimation and observed collective power output, resulting in a calculated 

RR, even though no actual collective ramp event occurs.  

 

A notable example is shown in Figure 4-2. The clear-sky estimation as well as the 

observed output is plotted for a clear-sky day on 13 November 2012. A visual inspection 

of the plot shows that it is indeed a clear-sky day with no significant ramp events. Yet, 

despite this, due to the difference between measured output and clear-sky estimation, a RR 

of -0.001 and a positive ramp event of 78.47% has been detected at 7:15AM AEST. 

Similar results of false collective ramp event detections were observed for a number of 
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clear-sky days across all four seasons with RRs fluctuating from -0.001 to 0.001. Due to 

the imperfect nature of clear-sky estimation models and uncontrollable factors such as the 

user-generated dataset, it is of critical importance to establish a suitable RR threshold that 

will eliminate these false detections. By observing RR characteristics on a clear-sky day, a  

-0.001 to 0.001 boundary is defined as a reasonable preliminary basis for filtering false 

ramp events.  

 

 
Figure 4-2: Clear-sky day on 12 September 2012 showing the estimated clear-sky curve with the actual 

observed power output. The green boundaries indicate a falsely identified positive ramp event of 

78.47% over 60 minutes and a RR of -0.001 

4.2.2 Visual inspection of ramp rate threshold 

The proposed threshold must be subjected to further investigation to ensure that it is 

accurate and effective in removing false ramp event detections. To ensure the validity and 

effective removal of false ramp events based on RRs, the detected collective ramp events 

are first filtered for a |RR| greater than 0.001. For a 60 minutes time-step, the |RR| > 0.001 

filter effectively removed 986 false collective ramp event instances. However, of the 212 

collective ramp events that exceeded a 60% threshold and initial RR threshold, only 21 

were true collective ramp events, based on visual inspection. This result led to the 

implementation of a higher RR threshold. A further inspection of the RR magnitude 

revealed that the falsely detected ramp events had absolute RRs greater than 0.002. To 

mitigate the further detection of false ramp events, a |RR| > 0.002 threshold is enforced to 

filter falsely detected ramp events.  



 

   22 

4.2.3 Ramp rate threshold error 

It is important to recognise the error-prone nature of the chosen RR threshold. Further 

analysis has shown that the accuracy of the RR threshold decreases for smaller time-steps. 

However, through the analysis of clear-sky days across all four seasons and the visual 

inspection of filtered ramp events, the proposed RR threshold is deemed suitable for the 

purpose of this study. The further reduction of errors at smaller time-steps would require 

advanced statistical modelling as well as a significantly more consistent dataset. Since this 

study is concerned with the braod-scale characteristics of collective ramp events, rather 

than the development of a specific error-free RR threshold for all possible time-steps, 

development of the RR threshold will not be investigated further. 

 

4.3 DEVELOPMENT OF A SOLAR ZENITH ANGLE THRESHOLD 

The SZA is a key variable that must be considered when analysing collective ramp event 

behaviour. To visualise the behaviour of ramping behaviour in terms of the SZA, the 

frequency of critical ramp events are categorised according to the SZA range at which they 

occur (Figure 4-3). As shown in Figure 4-3, the number of critical ramp event instances 

remains reasonably steady until the SZA range exceeds 60 degrees.  

 

 
Figure 4-3: Frequency of critical collective ramp events for each zenith angle range between 0-90 

degrees, every 10 degrees 

 

The sudden increase observed at a SZA greater than 60 degrees is problematic, as it does 

not represent true ramping behaviour. For a time-step of 60 minutes, one would expect to 

see a similar frequency of ramp events flow over to the next SZA range. This can be seen 

for each increase in SZA range from 0-60 degrees. However, the sharp increase in 

frequency at 60 degrees is inconsistent. The SZA at which this sharp increase occurs in 

Figure 4-3 is consistent with the distribution of critical ramp events as shown in Figure 

4-1, as well as the falsely detected ramp event in Figure 4-2, at a SZA of 61 degrees. These 
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results suggests that at particularly large zenith angles, the clear-sky estimates are 

increasingly error-prone, leading to the false calculation and consequently detection of 

critical ramp events at an SZA greater than 60 degrees.  

 

To ensure the consistency of analysis across all time-steps, a similar analysis has been 

conducted for critical ramp events over the time-step range used for this study. As shown 

in Figure 4-4, the SZA at which the frequency of events drastically increases holds true for 

a range of time-steps as well, further supporting SZA<60 degrees as a suitable threshold. It 

is worth mentioning that the smaller time-steps experienced a greater number of critical 

ramp events as the zenith angle increased. The 20-minute time-step in particular recorded 

over 2000 critical ramp events at an SZA range of 70-80 degrees. For the purpose of 

analysis, SZAs greater than 60 degrees are removed from the overall investigation. 

 

 
Figure 4-4: Frequency of critical colletive ramp events per zenith angle range for each time-step used 

in the study 

 

4.4 RESULTS AND ANALYSIS OF RAMP EVENT FREQUENCIES 

Following the development of suitable RR and SZA thresholds, ramp events in Brisbane 

are characterised by examining the frequency of occurrences based on the time-steps and 

thresholds. During the analysis, other important variables such as the RR and SZA will be 

recorded to gain a deeper insight into ramping behaviour in Brisbane.  

4.4.1 Critical ramp events 

The total frequency of critical collective ramp events for the study period has been 

recorded for a time-step range between 20 to 90 minutes in 10-minute intervals. Following 

the implementation of a SZA and ramp rate threshold, the frequency for each time-step has 

been reduced to a more reasonable count. For example, 21 critical collective ramp events 
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have been recorded for a 60-minute time-step, in contrast to the previously observed 1198 

before the implementation of SZA and ramp rate thresholds. These critical ramp events 

have been plotted against their corresponding SZA and ramp rates in Figure 4-5. (For 

comparative purposes the distribution plots for the other time-steps are available in 

Appendix A). The distribution of events according to the SZA indicates that critical ramp 

events for a 60-minute time-step are more likely to occur at a SZA between 40 and 50.  

 

 
Figure 4-5: Critical collective ramp event occurrences for a 60 minute time-step plotted against SZA 

and ramp rate following the implementation of SZA and ramp rate thresholds 

 

Table 4-1:Frequency of absolute critical ramp events and the associated ramp rates 

Time-step 

(min) 

Absolute mean 

RR 

Median RR Min RR Max RR Frequency 

20 0.0054 0.0023 -0.0133 0.0155 271 

30 0.0048 0.0025 -0.011 0.012 146 

40 0.0045 0.0022 -0.0089 0.0095 74 

50 0.0044 0.0027 -0.0085 0.0084 41 

60 0.0043 0.0029 -0.0081 0.0038 23 

70 0.0041 0.0037 -0.0071 0.0025 15 

80 0.0036 0.0037 -0.0062 0.0042 8 

90 0.0035 0.0035 -0.0056 0.004 3 

 

In Table 4-1, a summary of critical ramp events is shown. The absolute mean RR, as well 

as the median RR, minimum RR and maximum RR have also been recorded to observe the 

relationship between collective RRs and time-steps. It can be seen that as the time-step 

increases, the absolute average RR decreases. In contrast, the median RR is not as 

consistent. Overall however, there is a general trend of the median RR increasing as the 

time-step increases. This suggests that the magnitude and frequency of negative RRs 

decreases as the time-step increases, which is shown to be true by the minimum RR. The 

general increasing trend suggests that less positive ramp events are observed as the time-

step increases. It is also worth noting that the frequency of critical collective ramp events 
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increases as the time-step decreases, implying that critical collective ramp events over a 

20-minute time-step are significantly more common than a 90-minute time-step.  

4.4.2 Positive critical ramp events 

The critical ramp events outlined in Table 4-1 are categorised into their positive ramp 

event frequencies in Table 4-2. The corresponding average SZA for each time-step is also 

shown. It appears that there is no consistent trend for the average SZA in relation to the 

time-steps. However, the overall range of 39-45 degrees is of interest here, as it indicates a 

SZA range where positive ramp events are likely to occur across each time-step. It should 

also be noted that no positive critical ramp events for a time-step of 90 minutes were 

observed, indicating a possible upper time-step boundary for positive critical ramp events 

in Brisbane. 

 

Table 4-2: Positive critical ramp events and the corresponding average SZA 

Time-step (min) Frequency Mean SZA 

20 140 42.25 

30 74 41.93 

40 40 42.32 

50 25 43.67 

60 14 42.98 

70 8 39.13 

80 2 45.13 

90 0 NA 

4.4.3 Negative critical ramp events 

The negative critical ramp events are outlined in Table 4-3 along with the corresponding 

mean SZA for each time-step. The frequency trends are consistent with positive critical 

collective ramp events. In contrast to the positive ramp events however, a general 

increasing trend for the SZA can be seen as the time-step increases. Moreover the average 

SZA range over which a negative critical ramp event occurs is larger at approximately 42-

51 degrees. A further comparison with positive critical ramp events shows that positive 

ramp events are more common for time-steps up to 70 minutes. However, at time-steps 

greater than 80 degrees, this is reversed, with negative ramp events more common than 

positive ramp events.  

 

Table 4-3: Negative critical ramp events and their corresponding average SZA 

Time-step (min) Frequency Mean SZA  

20 131 42.1 

30 72 43.36 

40 34 41.19 

50 16 42.09 

60 9 42.92 

70 7 45.82 

80 6 47.53 

90 3 50.87 
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4.4.4 Time-step and threshold variation 

Figure 4-6 and Figure 4-7 show the frequency of positive and negative events for various 

combinations of thresholds and time-steps. It is important to recognise that the plot does 

not strictly represent critical collective ramp events, but rather overall collective ramping 

behaviour, for all combination of ramp events for a 20-90 minute time-step and 20-90% 

threshold. For example, the frequency of a 25% change over 30 minutes is also counted 

and plotted as a collective ramp event when the majority of PV sites experienced this same 

ramp.  

 

 
Figure 4-6: A plot illustrating the relationship between time-step, threshold and frequency of events 

for positive collective ramp events over the study period. 

 

It can be seen that for positive ramp events, the frequency of events peaks at a 25-minute 

time-step for a 20% change. This result represents a relatively small rate of change over a 

short time-step. In contrast, a 20% change per 20 minute is less likely, as this represents a 

more intense ramp rate. The smallest frequency and consequently the least likely time-step 

and percentage threshold combination is a 90% change over 20 minutes. Zero instances of 

such a ramp event were observed during analysis.  
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Figure 4-7: A plot illustrating the relationship between time-step, threshold and frequency of events 

for positive collective ramp events over the study period 

 

For negative ramp events, the frequency of events peaks at a 30-minute time-step and 20% 

change in power output. This result represents a relatively small rate of change over a short 

time-step. Again, the smallest observed frequency and consequently the least likely time-

step and percentage threshold combination is a 90% change over 20 minutes. There were 

also no instances of such a ramp event occurring during the study period.  

 

This study recognises that that there are inconsistencies in the exact frequency of collective 

ramp events across the plots shown in Figure 4-6 and Figure 4-7, and the results observed 

in Table 4-2 and Table 4-3. This is unexpected as both algorithms utilised the same 

methods outlined in Chapter 3. This margin of error appears to increase for smaller time-

steps. The inconsistencies across the critical ramp event analysis and time-step and 

threshold variation analysis suggests the necessity for a more accurate RR and SZA 

threshold at smaller time-steps especially below 40 minutes. The further investigation of a 

precise, error-free RR and SZA thresholds require deeper mathematical modelling and 

consequently fall outside the scope of this thesis. Nevertheless, Figure 4-6 and Figure 4-7 

are included in this study as the observed general trend is still consistent across analysis 

and satisfy the purpose of this study, which is focused on the overall characteristics of 

collective ramp events in Brisbane.  
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4.5 SEASONAL CHARACTERISTICS OF RAMP EVENTS IN BRISBANE 

In order to understand the seasonal behaviour of collective ramp events, the total frequency 

of critical collective ramp events are categorised into their monthly occurrences. The 

results are shown in Figure 4-8. It is important to recognise that the study period only 

encompasses 1 June 2012 to 31 June 2014 for this section. This is to remove any bias in 

the data analysis and ensure that there is consistent data for each month. Whilst the data for 

2014 is only available until 19 July, it is also evident from Figure 2-2 that there is a lack of 

data during March 2012. By removing the first half of 2012 and the second half of 2014, it 

is still possible to get a representative analysis for 24 months, investigating seasonal 

critical ramp event behaviour for a 2-year period. 

 

It is clear from Figure 4-8 that January, November and December consistently have the 

most frequent collective ramp event instances for each time-step. In addition, it can be seen 

that the frequency of events is greatly reduced between February and August with each 

time-step increase. As expected, the 20-minute time-step resulted in the highest frequency 

of critical events throughout the study period. Interestingly, the frequency of events in 

October is low compared to September and November.  

 

 
Figure 4-8: Frequency of critical collective ramp events for a 2-year study period 

 

Figure 4-9 and Figure 4-10 show the mean number of days of rain, as well as the mean 

number of cloudy days. It is worth comparing the monthly distribution of critical collective 

ramp events over the two-year period with Brisbane’s climate characteristics. From 

previous literature we know that cloud cover is the key driver of ramp events. 

Consequently, we expect to see a similar distribution of critical ramp events with the 

distribution of cloudy and rainy days. The analysed dataset is consistent with local climate 

characteristics for November, December and January. However, there are inconsistencies 

worth mentioning. February recorded the lowest frequency of critical ramp events for the 

study period despite a comparatively high mean number of rainy and cloudy days. 

October’s frequency of events also shows similarly interesting divergence from the mean 
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number of clear and rainy days for Brisbane. Otherwise, the frequency of events follows a 

reasonably similar trend to that observed by the BoM histograms.  

 

 

 
Figure 4-9: Brisbane mean number of days of rain >=1mm  (BoM, 2015a) 

 

 
Figure 4-10: Brisbane mean number of cloudy days  (BoM, 2015b) 
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Chapter 5 Understanding High-Impact Ramp Events 

in Brisbane 

 

Following the characterisation of ramp events in terms of time-steps, thresholds and SZAs, 

the collective ramp events of the greatest magnitude for the study period have been identified 

for each time-step. The following section outlines the key findings from the identification of 

these events, as well as the observed trends and meteorological origins. 

5.1 HIGH-IMPACT RAMP EVENTS IN BRISBANE 

Critical ramp events of the greatest magnitude for each time-step during the study period have 

been categorised as ‘high-impact ramp events’. This categorisation provides a suitable point 

of reference for worst-case ramp events that could be experienced for each time-step. By 

doing so, grid operators, energy market operators and policy developers will be able to 

understand the impacts of the biggest possible ramp event that could occur for a given time-

step. For analysis, high-impact ramp events have been divided into positive and negative 

ramp events.  

5.1.1 High-impact positive ramp events 

Positive ramp events of the greatest magnitude for each time-step are shown in Figure 5-1. 

The specific details of each ramp event including the corresponding TPI and TEI are outlined 

in Table 5-1. Over the entire study period five independent ramp events were detected, with 

some time-steps sharing the same collective ramp event, as shown in Figure 5-1 (a) and (c). 

Overall, the main key variables are consistent with the trends seen in Chapter 4 for each time-

step. This is particularly true for the decrease in magnitude of the RR as the time-step 

increases. Several other variables have been introduced for analysis such as the ramp event 

percentage, change in power output, TPI and TEI.  

 

The results of the collective ramp event percentages are particularly interesting. The scale of 

the collective ramp event appears to have peaked at the 80-minute time-step. The results are 

consistent with previous analysis such that the percentage change decreased for the 90-minute 

time-step resulting in no detection of critical ramp events. Since the 90-minute time-step did 

not exceed the critical threshold, it does not constitute a high-impact ramp event. This result 

also suggests a possible upper limit for critical positive ramp events in Brisbane. However, it 

is worth mentioning that the TPI and TEI are still quite significant. Although it did not exceed 

the critical threshold, the TPI was still relatively high generation at 92.7MW over 90 minutes.  

 

The ramp event with the largest impact in terms of both power and energy was observed on 

31 August 2012. This ramp event saw a TPI of 115.53MW in 70 minutes and a TEI of 

40.36MWh in the same time-step. This is significant considering Brisbane’s ‘moderate’ 

demand is approximately 2000MW (energex, 2015), making the TPI account for 

approximately 5% of the grid’s electricity network demand. This figure is only likely to grow, 

as PV installations continue to grow, with larger peak capacities.  
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The dates and times at which the high-impact ramp events occurred must also be mentioned. 

With the exception of the two ramp events for the 70 and 80-minute time-steps, the high-

impact positive ramp events all occurred during November and December. This is an 

expected result since November and December are some of the cloudiest months in Brisbane. 

In comparison, the results for the 70 and 80-minute time-steps are unexpected. August is the 

least rainy month in Brisbane and the second least cloudy month (Figure 4-9 and Figure 

4-10). Given the relationship between cloud cover and ramp events, the observed positive 

ramp events in August should be treated as particularly unique events. At the same time, the 

time of day of the ramp event is more consistent with the characterisation of Canberra, which 

saw a bias for positive critical ramp events to occur in the morning. Interestingly, the other 

high-impact positive ramp events occurred in the early afternoon after 14:00 AEST.  
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Figure 5-1: Largest positive ramp events for (a) 20 and 30 mins, (b) 50 mins, (c) 40, 60, and 90 mins (d) 80 mins, and (e) 70 mins 

Table 5-1: Largest positive ramp events for each given time-step as well as the associated TPI and TEI 

Time-step (min) Date and time (AEST) Ramp event (%) RR kW/kWp  change TPI (MW) TEI (MWh) SZA 

20 11/12/2013 (14:15) 36.18 -0.0133 0.244 65.86 14.81 27.09 

30 11/12/2013 (14:10) 44.01 -0.011 0.297 80.17 22.05 27.09 

40 18/11/2012 (14:45) 46.92 -0.0089 0.283 76.39 14.64 39.89 

50 16/11/2013 (14:10) 54.09 -0.0085 0.377 95.47 21.24 34.75 

60 18/11/2012 (14:35) 63.03 -0.0081 0.378 102.08 23.38 42.09 

70 31/8/2012 (09:10) 75.82 -0.0043 0.428 115.53 40.36 52.42 

80 24/8/2012 (08:20) 82.62 -0.0021 0.368 99.33 34.67 49.64 

90 18/11/2012 (14:15) 57.08 -0.0056 0.343 92.7 33.56 44.31 

 

d e 
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5.1.2 High-impact negative ramp events 

Negative ramp events of the greatest magnitude are shown in Figure 5-2 and the specific 

details of each ramp event are outlined in Table 5-2. Similarly to the positive ramp events, 

five independent negative ramp events have been identified as high-impact ramp events 

across each given time-step. It is worth mentioning that the three shortest time-steps (20 to 40 

minutes) experienced the same overall ramp event as seen in Figure 5-2 (a). At the same time, 

the two largest time-steps (80 and 90 minutes) experienced the same overall ramp event on 6 

January 2014.  

 

The scale and impact of the negative ramp events are significantly bigger in comparison to 

high-impact positive ramp events. Every detected ramp event exceeded the critical threshold 

of 1 per cent change per minute in terms of the clear-sky curve. This is particularly important, 

as there is no upper boundary for a time-step within the study range where the critical 

threshold is not exceeded. It can be seen that TPIs greater than 100MW occurred at time-steps 

smaller than 60 minutes, as well as at time-steps greater than 80 minutes. Moreover, the TPI 

and TEI of large time-steps appear to have had the highest impact. 

 

The negative ramp event with the highest impact occurred on 6 January 2014, with a TPI of 

147.71MW and TEI of 33.56 MWh. This is a significant loss of power over a relatively short 

period of time. Again, if we use Brisbane’s electricity grid’s ‘moderate’ rating, the loss of 

power as a result of the ramp event accounts for approximately 7% of the grid’s demand. This 

will need to be managed effectively to ensure stability. In future, the impact of a similar event 

is only likely to intensify. It is also worth mentioning the TPI and TEI of high-impact ramp 

events, which occurred over a shorter time-step. For example, the negative ramp event on 27 

December 2013 saw a TPI of 108.75MW and TEI of 22.05MWh over a 30-minute time-step. 

The fast rate of such a loss of power is important to consider.  

 

Generally, the trends seen in the RR and SZA are consistent with analysis in Chapter 4 and 

the trend is more gradual than the positive ramp events, which fluctuate less predictably 

across some time-steps. The dates of occurrences are also consistent with Brisbane’s wet-

season. All high-impact ramp events for each time-step occurred during November, December 

or January, and in the mid to late afternoon. Finally, ramp event percentages increased 

reasonably consistently and maintained a 1 per cent change per minute across all time-steps. 

This is consistent with analysis in Chapter 4, which detected 3 critical ramp events for the 90-

minute period.  
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Figure 5-2: Largest negative collective ramp events for (a) 20, 30 and 40 mins, (b) 50 mins, (c) 70 mins, (d) 60 mins and (e) 80 and 90 mins 

Table 5-2: Largest negative ramp events for each given time-step as well as the associated TPI and TEI 

Time-step (min) Date and time (AEST) Ramp event (%) RR kW/kWp change TPI (MW) TEI (MWh) SZA 

20 27/12/2013 (14:40) -51.52 0.0155 0.337 90.96 14.81 27.09 

30 27/12/2013 (14:40) -62.36 0.012 0.403 108.75 22.05 27.09 

40 27/12/2013 (14:25) -65.27 0.0095 0.43 116.07 14.64 39.89 

50 16/11/2013 (13:20) -64.7 0.0084 0.459 123.96 21.24 34.75 

60 06/01/2012 (16:10) -79.08 0.0038 0.348 94.01 23.38 42.09 

70 11/11/2013 (15:30) -76.12 0.0025 0.354 95.53 24.19 42.09 

80 06/01/2014 (15:10) -92.21 0.0042 0.507 136.8 26.69 42.09 

90 06/01/2014 (15:00) -98.19 0.004 0.547 147.71 33.56 44.31 
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5.2 THE ORIGINS OF RAMP EVENTS IN BRISBANE 

A key component of this study is to investigate the origins of ramp events with a specific 

focus on high-impact ramp events. This is an important aspect of ramp event characterisation 

as it enables grid operators to understand meteorological factors that trigger ramp events in 

order to accurately forecast when ramp events are likely to occur. Due to the scope of the 

study, the in-depth investigation of the meteorological origins is limited to two case studies. 

These have been chosen for their scale of impact and unique nature. The meteorological 

origins of the remaining high-impact ramp events have been characterised in terms of the 

unique weather characteristics, which likely contributed to the ramp event (Table 5-3).  

 

Table 5-3: Meteorological origins of the largest ramp events 

Date Unique weather characteristics Ramp Event Type 

24/8/2012 

8:20 

 Strong winds greater than 25km/h 

 High variation above normal minimum temperatures 

(+8.3°C) 

Positive 

31/8/2012 

9:10 

 2.3 hours of sunshine 

 Strong winds greater than 25km/h 

Positive 

6/1/2012 

16:10 

 8.3 hours of sunshine 

 High pressure system moving south 

 Light rain 

Negative  

18/11/2012 

14:15 

 Heavy rainfall and severe thunderstorm with 60-124mm 

across Brisbane region 

 2.9 hours of sunshine  

 Storm force gusts greater than 89km/h 

Positive 

11/11/2013 

15:30 

 Wind gusts 75km/h 

 Thunderstorm 

Negative 

16/11/2013 

13:20 (N) 

14:10 (P) 

 Easterly trough 

 Storm force gusts greater than 89km/h 

 Heavy rain and severe thunderstorm 

Negative followed by 

positive 

11/12/2013 

14:10 

 3.6 hours of sunshine 

 Strong winds greater than 25km/h 

 Severe thunderstorm reported 

Positive 

27/12/2013 

14:25 

 Low pressure trough 

 Hail storm reported in the region 

Negative 

6/1/2014 

15:00 

 Low pressure system 

 Severe thunderstorm including hail 

Negative 

 

There are commonalities across positive ramp events that should be mentioned. Firstly, the 

two positive ramp events occurred on days with very small hours of sunshine. This is true for 

the case of the positive ramp event observed on 31 August 2014 as well. Moreover, three 

positive ramp event days had unusually high wind speeds. As shown in Figure 4-10, 

November is one of the cloudiest months in Brisbane, which is causing the lack of sunshine 

during these days. The positive ramp events observed in August occurred on cloudy days, 

confirming the relationship between cloud cover and ramp events. There were three negative 

ramp events that were most likely a result of the development of a low-pressure trough 

driving thunderstorms and rain. Finally, the majority of ramp events (both positive and 
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negative) were associated with rainy days. The relationship between rainy weather, cloud 

cover and solar output variability is consistent with previous studies and the concentration of 

high-impact ramp events during November, December and January is likely to be related to 

Brisbane’s wet season. 

5.2.1 Meteorological case study A: 16 November 2013 

The ramp events observed on 16 November 2013 are of particular interest as they illustrate 

the occurrence of a critical positive event of 54% period and critical negative ramp event of -

64.7% in the space of approximately 90 minutes. Due to the unique nature of this event, the 

meteorological origins of this sequence of ramp events will be analysed in detail.  

 

Archived data indicates that there was a particularly violent hailstorm that swept through 

southeast Queensland, dumping hail as large as tennis balls on the day. Figure 5-3 show the 

surface charts and satellite images for hours leading up to and after the ramp events. It can be 

seen that at approximately 10:00 AEST, a low-pressure system is developing to the south of 

Brisbane and the easterly trough can be seen to the west of Brisbane. These troughs drive 

cloud cover over Brisbane throughout the day and by 16:00 AEST, it is clear that Brisbane is 

covered by patchy clouds. It is likely that these weather events were a key reason for the 

sequence of negative and positive ramp events.  

 

The rain rate chart provides a view of the rainfall behaviour during the entire 90-minute 

timespan, where the negative and positive ramp events occurred (Figure 5-4). As expected 

from the satellite images, at the beginning of the negative ramp event at approximately 13:20 

AEST, moderate to heavy rain is developing over Brisbane. Over the next hour, this continues 

moving east, leading to Brisbane’s average PV system power output dropping approximately 

0.46kW/kWp over a 50-minute time-step. As the cloud cover continues to drift away from 

Brisbane and towards the east coast, the power output ramps back up to 0.38kW/kWp over the 

next 45 minutes, resulting in a critical positive ramp event. 

 

An analysis of the archived data shows that the critical negative ramp event followed by a 

positive ramp event on 16 November 2013 is caused by the passage of a hailstorm. This was 

likely a result of the easterly trough, which is seen during summer when there are high 

maximum daytime temperatures. Afternoon showers and thunderstorms are often triggered as 

a result of the easterly trough moving eastward (Adams 1986). The sequence of ramp events 

observed in Brisbane shows similar characteristics to the sequence of ramp events observed 

on 10 February 2012 in Canberra (Wellby and Engerer 2013). Similarly, the ramp events seen 

in Canberra ramped down and up in the space of approximately 90 minutes. The ramp events 

seen in Brisbane further provides support for sequential collective occurring as a consequence 

of the behaviour of the easterly trough along the east coast of Australia.  
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Figure 5-3: The MSLP charts showing conditions on 16 November 2013 at (a) 00:00 UTC and (b) 06:00 

UTC, and the corresponding satellite images showing the conditions at (c) 23:30 UTC on 15 November 

2013 and (d) 16 November 2013 at 15:30 UTC. (Williams, 2015a) 
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Figure 5-4: The rain rate charts for Brisbane (a) at the start of the negative ramp event at 13:20 AEST, (b) 50 minutes later at 14:10 AEST, and (c) an additional 40 minutes later at 

14:50 AEST. (The Weather Chaser, 2015) 
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5.2.2 Meteorological case study B: 6 January 2014 

The negative collective ramp event of -98.19% over 90 minutes seen on 6 January 2014 

(15:00 AEST) will be investigated in detail due to its scale and impact. It was the most 

intense ramp event for the longest duration, as it exceeded a negative 1 per cent change per 

minute over a 90-minute period. During the study period, only three critical ramp events 

exceeded a threshold of 90% change over 90 minutes (Table 4-1). For the unique nature of 

this negative ramp event, the meteorological origins of this ramp event will be investigated 

as the second case study.  

 

Again, archived weather data has been used to explore the environmental conditions at the 

time of the ramp event. Similar to the previous case study, the negative ramp event on 6 

January 2014 occurred as a storm hit Brisbane. More than 17,800 lightning strikes were 

recorded in the southeast Queensland region between 14:00-16:00 AEST (ABC 2014). 

Reports indicate that there was significant property damage and flash flooding as the storm 

swept through the region. The fast moving storm was certainly the cause of the high-

impact ramp event observed on 6 January 2014.  

 

The MSLP charts show that a low-pressure system was developing over the southeast 

Queensland region before the negative ramp event at 15:00 (Figure 5-5). Weather records 

show that Brisbane experienced an unusual 5.7°C variation above the normal minimum, 

suggesting that this was the likely cause that led to convection and consequently a severe 

thunderstorm in the area. The satellite images before and after the event also show the 

development of thick clouds lining the east coast of QLD. The rain charts shown in Figure 

5-6 confirm the heavy rainfall, which covered Brisbane for the duration of the negative 

ramp event, as it moved from the west of Brisbane towards the east coast.  

 

At 15:00 AEST, the simulated PV power output is extremely close to the clear-sky 

potential at approximately 0.6kW/kWp. However, due to the fast moving clouds eastward, 

by 16:30 AEST, the power output dropped to 0.05kW/kWp – a 98.19% loss of power in a 

90 minute period. The scale and impact of such an event is quite significant, and should 

not be understated. Due to the heavy rainfall, the power output for 6 January 2014 did not 

recover for the remainder of the day, resulting in a need for a fast response from the grid 

operators.  
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Figure 5-5: The MSLP charts showing conditions on 6 January 2014 at (a) 06:00 UTC and (b) 12:00 

UTC, and the corresponding satellite images showing the conditions at (c) 05:32 UTC on 6 January 

2014 and (d) 11:30 UTC., (Williams, 2015b) 

 

 
Figure 5-6: The rain rate charts for Brisbane (a) at the start of the negative ramp event at 15:00 AEST 

and (b) 90 minutes later at 16:30AEST, (The Weather Chaser, 2015) 
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Chapter 6 Discussion 

 

In an effort to characterise collective ramp events in distributed PV sites in Brisbane, this 

study has analysed the Brisbane PV dataset in terms of a number of variables. It has also 

investigated the meteorological origins of ramp events categorised as high-impact ramp 

events. A natural extension of this study is an analysis of the implications that ramp events 

have on the electricity grid and Australia’s energy market. Although it is beyond the scope 

of this study to examine the relationship between critical ramp events and the energy 

market in detail, its importance cannot be denied, and some basic analysis provides some 

important insights.  

 

As Brisbane becomes increasingly dependent on renewable energy, it is likely that solar 

PV variability will have a significant flow on effect on the energy market. The largest 

high-impact ramp event had a substantial TPI of -147.71MW, which only accounted for 

26.1% of dwellings in Brisbane. In future, as more dwellings continue to install solar PV 

systems, the TPI of high-impact ramp events are only likely to intensify. A brief analysis 

of archived energy price and demand data available from AEMO for the 2 case study dates 

suggest a potential relationship between ramp events and the sharp rise of energy prices. 

To illustrate the potential impact of ramp events on the energy market, the trend line for 

the AEMO energy price for the QLD1 region is plotted on top of the ramp event curves in  

Figure 6-1 for 6 January 2014 and Figure 6-2 for 16 November 2013.  

 

 
Figure 6-1: AEMO energy RRP trend line (green) overlayed on the high-impact negative ramp event 

observed on 6 January 2014. (AEMO, 2015b) 
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Figure 6-2: AEMO energy RRP trend line (green) overlayed on the high-impact ramp events observed 

on 16 November 2013, (AEMO, 2015b). 

 

The potential relationship between energy prices and critical ramp events is immediately 

apparent. Energy prices fluctuate depending on demand, and when there is a negative ramp 

event as shown by the two case studies, the market price appears to increase. Of course, it 

is important to recognise that there are a myriad of contributing factors to fluctuating 

energy prices. For example, as outlined in the meteorological case studies, the ramp events 

for both dates were caused by severe thunderstorms. During thunderstorms, blackouts are 

common, often leading to higher energy market prices. Other factors such as peak demand 

can also have a significant impact on the energy market. However, based on simple 

analysis and the relationship seen in Figure 6-1 and Figure 6-2, the likelihood for ramp 

events as a contributing factor cannot be denied. The further examination of this 

relationship is critical to quantify the economic impacts of ramp events. As solar PV 

installations continue to grow in Brisbane and more broadly across Australia, it is 

important to truly understand the economic implications of ramp events characterised in 

this study. Perhaps the fluctuations in prices are dependent on the time-step over which a 

ramp event occurs. Perhaps critical ramp events over short time-steps are the most costly, 

which would make 20-minute critical ramp events the least desirable given its high 

frequency of occurrences. There is significant scope for further analysis into the economic 

implications of ramp events on the energy market, and by extension, future energy policy.  

 

Another important aspect to consider is the required response from grid operators. 

Currently, Energex maintains and operates the grid for Brisbane and the wider southeast 

QLD region. As this study has shown, critical ramp events can have large power and 

energy impacts on the grid, particularly over large time-steps. The sudden loss or increase 

in power can be significantly destabilising to the grid. To maintain grid stability, it is of 

critical importance to develop suitable infrastructure that can manage the supply and 

demand of electricity that is a consequence of collective ramp events. In order to reduce 

the instability caused by such events, large-scale energy storage infrastructure such as 

pumped hydro electricity storage (PHES) could be considered.  
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In terms of large-scale energy storage utilised globally, pumped hydroelectricity energy 

storage (PHES) is undeniably the most significant. Currently, PHES makes up 99% of all 

large-scale energy storage globally (NHA 2012). The integration of PHES is becoming 

increasingly common as renewable energy technologies with variable power outputs 

continue to grow. At present, there are more than 10GW of PHES planned for construction 

in Europe (IHA 2013), as well as 10GW in China (IHA 2013). Given the impact of ramp 

events, Brisbane should investigate the feasibility of the further development of PHES.  

 

PHES is particularly attractive for large-scale energy storage as it does not necessarily 

need a continuous supply of water and can be either man-made or integrated into the 

natural environment. Moreover, it is useful for ramping behaviour as it can be used for 

both electricity storage (during positive ramp events) and electricity generation (during 

negative ramp events). Currently, the Wivenhoe Power Station is the only PHES in 

Queensland, and is situated between the Splityard Creek Dam and Lake Wivenhoe, about 

90 kilometres northwest of Brisbane. It has a total capacity of 500MW and is designed to 

meet the peak electricity demands during morning and evening periods. In future, as solar 

PV installations continue to grow, the scale and impact of ramp events will continue to 

grow. For analysis, if we assume a scenario of 50 per cent PV installations in Brisbane, and 

we simply double the current peak solar PV capacity, a similar ramp event observed on 6 

January 2014 will have a TPI of approximately -300MW. This will undoubtedly destabilise 

the grid, as it equates to approximately 10 per cent of Brisbane’s peak demand during the 

early afternoon (energex, 2015). This will need to be managed by grid operators and PHES 

could be a potential solution. Given the future growth of PV installations, the expansion of 

PHES in Brisbane or the development of alternative infrastructure is necessary.  

 

Finally, the overall characteristics of collective ramp events in Brisbane should be 

discussed in detail. The study found that critical ramp events over short time-steps were the 

most frequent. As illustrated by Table 5-1 and Table 5-2 the TPI and TEI of these ramp 

events can still be quite significant. However, the median RR for small time-steps outlined 

in Table 4-1 suggest that short time-steps have a large spread of ramp rate intensities. For 

example, the RR for both positive and negative high-impact ramp events over 20 minutes 

exceeded |0.01| and were the highest of all time-steps. However, the frequency of such RR 

with high intensity is likely to be low as shown by the median RR that is the smallest of all 

time-steps suggesting a large spread of RRs ranging from high intensity to low intensity. 

This is evident from the average RR as well. In any case, critical ramp events over 20 

minutes demonstrated to have a significant impact and should be investigated further. At 

the opposite end of the time-step range, although fewer critical ramp events were detected 

over a 90-minute time-step, every critical ramp event had a significantly large impact on 

the grid in terms of TPI and TEI. In terms of time-step variation, it is important to consider 

the TPI and TEI before determining the response for supply and demand.  

 

The trends observed in SZA should also be discussed. When comparing high-impact 

critical ramp events, the increasing trend of the SZA as the time-step increases is very clear 

for both positive and negative ramp events. However, the overall average SZA for all 
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positive critical ramp events do not show the same consistent trend. Instead, the average 

SZA suggests a range that can be used for future forecasting. On the other hand, the overall 

average SZA for negative critical ramp events shows a more consistent trend. As the time-

step increases, the SZA also increases. A comparison of the characteristics of positive 

critical ramp events with negative critical ramp events suggests that negative critical ramp 

events could be forecast more accurately. This is based on the combination of a consistent 

SZA trends and bias towards occurrences in the afternoon, as well as high frequencies in 

November, December and January. Again, forecasting of collective ramp events are out of 

the scope of this study, but the synthesis of the characterisation forms valuable insights 

into future forecasting.  
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Chapter 7 Conclusions and Future Work 

7.1 CONCLUSIONS 

This study has successfully achieved two overarching goals. Firstly, it has effectively 

characterised the collective ramp events of distributed PV systems in Brisbane, in terms of 

key variables that define ramp events. Secondly, it has investigated the meteorological 

origins of collective ramp events identified as particularly high-impact for the study period, 

linking the majority of ramp events to thunderstorms that occurred during Brisbane’s wet 

season.  

 

The analysis of Brisbane’s PV dataset shows that the metadata is inconsistent and thus 

error-prone without the implementation of various boundaries and thresholds. This study 

has proposed various methods for data control, as well as RR and SZA thresholds for the 

purpose of analysis in Brisbane. Following the implementation of these filters, it has 

shown that ramp events are more likely for smaller time-steps (<30 minutes) than large 

time-steps (>60 minutes). It has also defined SZA ranges most likely to result in positive 

and negative ramp events. Furthermore, the season that is most likely to experience 

collective ramp events has been determined. These fundamental characteristics are 

particularly useful for further research of collective ramp events, as it provides a reference 

point and foundation for further investigation. From the perspective of grid operators, this 

fundamental characterisation will be valuable for future forecasting abilities.  

 

In addition, the in-depth analysis of high-impact ramp events is useful for future 

forecasting abilities. By quantifying the TPI and TEI of each high-impact ramp event for 

each time-step, as well as the weather events that likely caused the ramp events this study 

has contributed significantly to the overall understanding of high-impact ramp events.  

 

Despite the challenges associated with inconsistent data and false ramp event detections, 

this study has made a significant contribution to collective ramp event characterisation. 

The findings of this research have significant potential to be applied by Brisbane’s grid 

operators and for future research and policy development.  

 

7.2 FUTURE WORK 

The characterisation of ramp events in this study has provided an appropriate foundation 

for future research in two primary areas. Firstly, there is significant scope for research in 

understanding the relationship between ramp events and the operation of the grid and 

energy market. This type of research is fundamentally important to an increasingly 

renewable energy driven future and will flow on to domestic energy policy, as well as the 

more efficient management of maintaining grid stability and price variability. Secondly, 

the meteorological origins of high-impact ramp events can be researched at a deeper level. 

Whilst this study has conducted two case studies and provided the fundamental weather 
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characteristics likely to have triggered the events, it has not gone beyond such basic 

characterisation. Grid operators can certainly benefit from a more refined and in-depth 

categorisation for future forecasting when preparing for collective ramp events.  

 

Through this study, an automated algorithm has also been developed which can detect the 

frequency of ramp events and identify the most high-impact ramp events for a set of user-

input variables. Within the scope of this project itself, a future goal is to develop the 

automated algorithm further. As mentioned throughout the thesis, the algorithm in its 

current stages is still subject to errors, particularly at small time-steps (<30 minutes). 

Although it has been suitable for the purpose of this project, it can benefit from the 

optimisation of its accuracy and mitigation of errors. Finally, the characterisation of ramp 

events in Brisbane has reemphasised the importance of local climatology on the types of 

ramp events observed. A secondary goal in terms of the automated algorithm is to develop 

its usability further such that others can replicate a similar study in different cities across 

Australia, and across the globe.   
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Appendix A – Distribution of Critical Ramp Events 

 

 
Figure A-1: The distribution of 20-minute critical ramp events against the SZA and RR 

 

 

Figure A-2: The distribution of 30-minute critical ramp events against the SZA and RR 
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Figure A-3: The distribution of 40-minute critical ramp events against the SZA and RR 

 

 Figure A-4: The distribution of 50-minute critical ramp events against the SZA and RR 

 

Figure A-5: The distribution of 70-minute critical ramp events against the SZA and RR 
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Figure A-6: The distribution of 80-minute critical ramp events against the SZA and RR 

 

 

Figure A-7: The distribution of 90-minute critical ramp events against the SZA and RR 
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Appendix B – Charts for High-Impact Ramp Events 

 

 
Figure B-1: MSLP Charts for positive ramp event observed on 24 August 2012. Satellite images 

unavailable 

 

 

Figure B-2: MSLP charts for positive ramp event observed on 31 August 2012. Satellite images 

unavailable 

 

 

Figure B-3: MSLP charts for positive ramp event observed on 6 January 2012. Satellite images 

unavailable. 

 

 

 

 

 

 

 

 



 

  53 

 

 

Figure B-4: MSLP charts and satellite images for negative ramp event observed on 11 November 2013 

 

 

 

Figure B-5: MSLP charts and satellite images for positive ramp event observed on 11 December 2013 
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Figure B-6: MSLP charts and satellite images for positive ramp event observed on 27 December 2013 

 

 


