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Foreword 

This project was first envisioned in early 2015.  The work I had completed in my PhD brought 
together high-resolution solar radiation modelling tools, analytics for rooftop solar PV power 
output data and some early operational code to produce real-time estimates of the power output 
of the 15,000+ rooftop solar systems installed across the Australian Capital Territory.  These 
early stage developments, completed with the support of EvoEnergy (then ActewAGL 
Distribution), showed promise for addressing one of the key challenges for low voltage (LV) 
network operators under increasing levels of behind-the-meter solar PV penetrations: the lack of 
visibility of their past, present and future energy generation. 

Through funding from the Australian Renewable Energy Agency (ARENA), a collaborative 
research project between the Australian National University (ANU), solar forecasting company 
Solcast and 11 of Australia’s Distribution Network Service Providers (DNSPs) was created to 
deploy a system that could provide LV network operators with real-time estimates of the PV fleet’s 
performance.  This entailed rapid deployment of operational satellite-based modelling methods 
and acquisition of high-fidelity PV installation information from DNSPs.  Through this 
collaboration, the Project delivered an API framework which grouped real-time PV power outputs 
at the zone substation level to participating network operators by the middle of 2017.  At the 
outset of the project, it was envisioned that this system would be the primary Project Output and 
would not be delivered until mid 2019.  However, through the innovative industry-research 
collaboration model employed, we had achieved this aim well ahead of schedule.  

For the remainder of the project our team, in response to requests from DNSPs and following 
consultation with ARENA, expanded the data offering to include historical and forecast power 
output data and to provide these data via the newly developed Solcast API Toolkit.  DNSPs 
required access to historical data in order to integrate our forecasts into their operations because 
historical data is used for validation and network demand forecasting. This wasn't foreseen at the 
outset of the project. The Solcast API Toolkit provided DNSPs an easier way to share the project 
data across their teams, and, thus, increased their level of engagement with the project data.  

What is presented in this document is the result of this expanded data offering, agreed with 
ARENA.  It is a testament to how, when enabled with access to such data, the hard-working and 
innovative folks in Australia’s distribution networks have been able to solve the integration 
challenges created by increasing levels of solar PV, rather than simply limiting their deployment 
due to the unknown.  It is our sincere hope that this document will enable the engineers, analysts, 
managers and innovators involved in LV network operations around the world to learn from the 
Australian experience and to go on to engage the wide array of challenges that the transition to 
a distributed energy driven future entails.  We also hope that this document will make clear the 
role of solar forecasting and solar data services more broadly, in orchestrating and facilitating 
demand response, energy storage and smart inverter technologies in the future grid.  Moving 
forward, we welcome your feedback, collaboration and, most importantly, your sincere efforts to 
make the solar powered future a reality.  

With Warm Regards, 

 

Dr. Nick Engerer, 

Lecturer and Project Lead CI, Australian National University 
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Executive Summary 

The Australian National University (ANU) received a grant from the Australian Renewable Energy 
Agency (ARENA) with a primary objective of developing and deploying an operational system to 
provide Distribution Network Service Providers (DNSPs) with real-time distributed photovoltaic 
(PV) simulations and forecasts mapped to their distribution network. A Solar Forecasting System 
was developed by the ANU in partnership with Solcast (Solar & Storage Modelling Pty Ltd), 
deployed and tested by most Australian DNSPs, and is being commercialised by Solcast. The 
Solar Forecasting System integrates imagery from third generation weather satellites like 
Himawari 8, information on rooftop PV systems and their locations on the distribution system, 
and real-time output data from selected monitored rooftop PV systems with a PV power model to 
create a 0 to 7-day probabilistic forecast every 10 minutes of PV output at any desired distribution 
system asset. An Application Programming Interface (API) then allows a DNSP to retrieve 
forecasts at specified distribution system assets at 5, 10, 15 or 30 minute resolution.  

The commercial Solar Forecasting System builds on extensive scientific and technological 
developments made both during the course of this research project and prior to its 
commencement. Prominent among the advances made during the project was exhaustive work 
developing and testing the algorithms used in the Solar Forecasting System to simulate ground-
level irradiance from satellite imagery to ensure the algorithms used are the best for all global 
climates. As part of this, an extensive, award-winning quality control and validation effort carefully 
examined the data used for testing the forecasting algorithms and created the largest freely 
available (for non-commercial use), quality-controlled set of PV system power output data. 
Finally, the Project pioneered the integration of near-real-time PV system power output data with 
satellite imagery to reduce error metrics associated with the solar forecasts by up to 90%.  

The Solar Forecasting System significantly increases visibility into PV generation within a 
distribution network at very localised levels and provides insight into the relationships among 
weather, PV system characteristics, PV output, and various operational parameters of the 
distribution network. Important uses for this information include DNSP load forecasting and 
system planning. Data from the Project and the Forecasting System significantly improves the 
accuracy of DNSP modelling of network demands and capacity requirements, taking into account 
the amount of PV output at local levels. EvoEnergy, for example, used data from the Forecasting 
System to defer addition of a zone substation, a considerable cost savings. Another important 
use for information from the Forecasting System is assessing the real-time network response to 
transient cloud cover. The Forecasting System provides probabilistic advance warning of a 
fluctuation in PV generation of a certain magnitude, as well as other challenges like reverse load 
flow. This enables a DNSP to minimise the impact via alternative generation, energy storage, 
smart inverter technology, and/or demand-side management. South Australia Power Networks 
found that incorporation of PV power output profiles from the Forecasting System into their 
network monitoring will likely enable them to avoid direct monitoring of their LV network in many 
cases, Further examples of how Australian DNSPs have used and are continuing to use the 
Forecasting System's data are provided.  
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1. Introduction 

Australia leads the world in the uptake of rooftop solar (PV).  As the proportion of energy from PV 
increases, a point is reached where the natural fluctuation of the output, due to both intermittent 
and sustained cloud cover, can cause problems on the local distribution network that the PV is 
connected to. 

Most PV installations in Australia are connected on the load side of the electricity meter and are 
‘net metered’.  Under net metering only the net amount of energy that flows to or from the grid is 
measured; the total amount of energy produced by the PV system is not measured.  This is also 
commonly referred to as ‘behind the meter’ solar generation. 

The Australian National University (ANU) and global solar data services company Solcast (Solar 
& Storage Modelling Pty Ltd), with support from the Australian Renewable Energy Agency 
(ARENA) and the involvement of most of Australia’s electricity distribution network service 
providers (DNSPs), have developed an operational system for the prediction of power output 
from solar PV that groups total power generation according to low voltage network assets (e.g., 
zone substations) (the Project).  This operational framework combines PV installation data 
(locations, capacities), along with electrical network information (which zone substation or feeder 
line the PV site is connected to) that is provided by the DNSP partners, to make near-term 
predictions of the power output from those PV systems.  

Forecasts are created by an operational solar forecasting system (the Forecasting System), 
which detects, tracks and predicts the future positions of cloud cover through the use of weather 
satellites and numerical weather models and uses this information to forecast PV energy output. 
Cloud cover imagery In the Australian region is provided by the Himawari 8 satellite; data from 
other weather satellites can be utilised for other parts of the world (e.g., GOES-16, GOES-17).  
Forecasts of ground-level solar radiation forecasts are converted to PV power output predictions 
via proprietary PV modelling algorithms. Initial PV power output predictions are compared with 
and tuned to near-real-time reports of PV power output from a selection of monitored PV systems 
to generate refined PV power output predictions. The Forecasting System developed with support 
from this project is being commercialised through Solcast.  

Additionally, wherever historical weather satellite data is available, either being specifically 
captured for this purpose or otherwise, historical PV generation and solar irradiance can also be 
determined. 

This report provides: 

 a description of the challenges that high levels of PV penetration can pose to DNSPs’ 
planning and operations; 

 an overview of the Project; 

 detail of the components and outputs of the Forecasting System; 

 information on how the Forecasting System can assist DNSPs to better understand, address 
and manage issues caused by high levels of PV penetration, including how doing so can 
assist a DNSP to integrate higher levels of PV penetration and export; and 

 examples, or Use Cases, of the use by DNSPs of solar data services. 

It is hoped that this information will be of assistance to distribution and transmission service 
providers, system operators and anyone else who would benefit from increased and more 
accurate knowledge of the output of PV generation, both in Australia and around the world. 
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2. PV and the electricity grid 

2.1. The electricity grid 

The electricity grid consists of two components, the transmission network and the distribution 
network.  The transmission network transports the electrical energy produced in large generating 
plants at high voltage levels to load centres in cities and large rural towns.  The transmission grid 
is heavily interconnected and, in many circumstances, supports power flows in different 
directions. Only a few very large customers (large industrial customers such as smelters) are 
connected to the transmission network. 

The distribution network takes power from the transmission network at terminal stations that are 
located around the major cities and rural centres.  The distribution system reduces the voltage of 
the electricity to levels suitable for use in industrial and commercial facilities, small businesses 
and households.  Almost all customers are supplied through the distribution network at low 
voltage and only a relatively small number of customers, such as large factories, are connected 
to higher voltage levels within the distribution network. 

The Distribution Network has several functions, including to: 

 transport power from the transmission network to customers; 

 reduce the voltage of the power to levels that are suitable for the customer’s use; 

 instantaneously match supply and aggregate demand at a local level; 

 ensure that the voltage in the low voltage portion of the network is maintained within a 
specified range at the customer’s point of supply; 

 ensure that the reliability of supply to customers is maintained at or above specified levels; 

 ensure that the quality of supply (including factors such as transient and short-term voltage 
fluctuation or flicker, harmonics, dips and sags in voltage, etc) are kept within specified 
levels; and 

 ensure that the electricity network is safe and does not pose a danger to the public. 

At the low voltage level, it is common for there to be no remote monitoring, remote operation or 
automated operation (other than simple fuses).  Remote monitoring and operation of the low 
voltage system has not been necessary because: 

 information on the number and type of customers and the application of standard ‘load 
profiles’ for each customer type has historically been sufficient to estimate the maximum 
demand on the low voltage network; 

 fuses have historically been sufficient and effective as the standard form of protection at the 
voltages within the low voltage network; 

 customers can be relied upon to report any outages that occur; 

 an outage on a low voltage feeder (or even a distribution substation) only affects a relatively 
small number of customers; and 

 repairs can generally be carried out quickly and easily relative to higher voltage parts of the 
network. 

The vast majority of PV (and all the installations that are the subject of this report) are connected 
to the grid at the low voltage level. 
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Generally, the distribution network has been designed as a radial system and operates on the 
basis that power always flows in one direction, and always from a higher voltage to a lower 
voltage at a substation.  This design followed from the fact that electricity generation has 
historically exhibited strong economies of scale, where the most economical and efficient way to 
generate electricity was in large generation plants.  Delivery of the electricity to end users then 
required a network, but because all generation came from large plants, the network only needed 
to accommodate electricity flow in one direction. These factors have shaped the design of the 
networks, including: 

 in general, line capacity is lower and conductor sizes are smaller in the downstream portions 
of high and low voltage feeders than in the upstream portions; and 

 protection on the distribution network generally only operates for faults that are downstream 
of the protection device; at low voltage, protection is generally provided by fuses. 

However, increased deployment of distributed energy resources (DER) – particularly the rapid 
increase in the installation and use of PV on the low voltage part of the grid - has meant that it 
cannot be assumed that the grid will only operate in a unidirectional manner nor that upstream 
controls only will suffice in meeting the grid’s operating and reliability requirements.  

The fact that: 

 the output of a PV system is dependent on the strength of the sunlight available (which 
changes from season to season, from day to day and in some cases within the hour of a 
day); and 

 the amount of PV-generated electricity that is exported to the grid is also dependent on the 
amount of electricity being consumed within the facility at the time (particularly in the 
absence of some form of energy storage), 

makes it difficult for a DNSP to forecast the amount of energy required to be supplied from the 
grid. 

2.2. Effects of high levels of PV penetration on the grid 

PV is typically installed and connected behind the customer’s meter and is connected, via the 
customer’s connection, to the low voltage network.  The energy produced from a PV array is 
initially consumed on site and, at this stage, has minimal effect on the grid.  If the power supplied 
by the PV exceeds what is required on site, the excess is put back into the low voltage network. 
At lower levels of PV penetration in an area, this is normally not a problem because the exported 
power is consumed by neighbouring loads and the power supplied by the grid, although reduced, 
is still sufficient to provide voltage stability. 

However, as the number of PV systems increases, and the power generated from PVs in a 
particular area gets close to, or exceeds, the total load in that area at any point in time, the PV 
generation can cause challenges on the local grid. 

The problems that can be caused by high levels of penetration of PV systems include: 

 reduced understanding of the native load and its interaction with PV because of the lack of 
visibility of PV generation; 

 voltage fluctuations due to short term fluctuation in PV generation; 

 increased wear and tear on transformer tap changers; 

 spurious tripping of protection devices; and 

 voltage rises and changes to the voltage profile of the feeder. 
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The Project sought to address two of these issues at the zone substation level: 

 the lack of visibility of PV generation (Section 2.2.1); and 

 voltage fluctuations due to short-term fluctuations in PV generation (Section 2.2.2). 

2.2.1. Lack of visibility of PV generation 

The net metering that is generally used for PV does not allow the energy produced by the PV to 
be directly measured.  Rather, the net amount exported to or imported from the grid is measured 
– which occurs when the energy consumed on site is more or less than the energy produced by 
the PV.  Consequently, DNSPs do not know: 

 how much electricity was generated by PV systems within their network in the past; 

 how much those systems are currently generating; or 

 how much they are likely to generate – and when they are likely to generate it – in the future. 

This lack of visibility and consequent lack of information complicates and reduces the accuracy 
of the load flow modelling and other considerations that go into the DNSP’s forecasting and 
planning. 

The Project attempted to address this issue by using the solar irradiance and power forecasting 
system to generate estimates of the PV power output every 10 minutes.  These forecasts are 
produced by linking the location and capacity of the PV systems installed to the local cloud cover 
conditions (whether historical, real-time or forecast).  This is then combined with the connectivity 
of the PV to the grid to provide data on PV generation by grid element (eg, LV feeder, zone 
sunstation).  This information can be used as historical data to inform load flow analysis for 
network planning purposes. 

High penetration of PV on a feeder can hide or mask the actual, or ‘native’, load on the feeder.  
With PV operating and supplying much of the load on the feeder, the demand required to be 
supplied by the grid will be lower than the aggregate of the customer load on the feeder.  In this 
situation, it is possible that the DNSP may be unaware of the native load on the feeder, and, 
therefore, not be able to ensure that the capacity of the network is sufficient to meet potential total 
aggregate demand. For example, in situations of extreme and extensive cloud conditions, where 
there is little or no PV generation, all of the load will need to be supplied from the grid.  In these 
circumstances there is a risk that the feeder will be overloaded. 

2.2.2. Short term fluctuation in PV generation 

As clouds shade PV systems, their power generation is reduced.  Where there is a large number 
of small moving clouds (i.e., broken cloud cover), this causes the generation from PV to fluctuate.  
In small geographic areas with high penetration of PV systems, individual clouds may affect a 
large number of PV systems at the same time, thereby amplifying the level of fluctuation in PV 
output and, consequently, the net demand that needs to be met from the grid. 

Rapidly-transitioning cloud cover conditions result in voltage fluctuations into the grid as the 
collective power output of PV ramps up and down.  This has an impact on the network and the 
energy market.  Given the lack of visibility and poor ability to predict aggregated power ramping 
events, DNSPs can only manage these fluctuations in grid voltage reactively.  The Project 
provided short-term forecasts (‘nowcasts’) to DNSPs in order to identify solar induced voltage 
fluctuations and plan strategies for their mitigation. 
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3. Information required by DNSPs to manage high penetration of PV 

The low voltage network of a distribution system is generally passive.  There are much fewer 
remotely controllable components on the LV network than there are in the higher voltage portions 
of the network and even less automation.  Beyond a certain level of PV penetration in a local 
area, the LV network is not able to operate within its required levels of reliability. 

To plan for the development of the network to meet future demands and to analyse the cause of 
identified problems on the network, DNSPs conduct load flow studies.  Prior to the significant 
penetration of PV, studies assumed that energy only flowed in one direction and all the energy 
required to meet customer load was supplied from the grid.  On this basis, the information 
required for load flow studies included only: 

 the capacity and connectivity of the elements of the network; 

 current levels of demand; and 

 forecasts of demand and customer growth. 

The penetration of PV has meant that the assumptions of unidirectional energy flow and the 
supplying of all load from the grid are no longer valid.  In order to accurately model load flow on 
the network in an environment of high PV penetration, the amount and timing of energy provided 
by PVs also needs to be considered. 

When a customer applies to install PV they are required to provide the DNSP with technical 
information about the PV cells, the inverter and where the system is to be located (both 
geographically and in relation to its connection to the grid).  This includes the cumulative rating 
of the PV cells, the output rating of the inverter and other technical information.  While this 
information is necessary for the DNSP to know what is connected to its network, it is not sufficient 
to allow the network to operate satisfactorily where a higher penetration of PV exists than the 
network is inherent capable of supporting on a passive operational level.  Fundamentally, the 
management of the low voltage network and, consequently, the management of the effects of 
PV, is currently reactive and, therefore, subject to operational risk that better information would 
mitigate. 

As noted earlier, historical data on actual PV generation over time is not available (i.e., the lack 
of PV visibility).  As a result, DNSPs are required to make a range of assumptions about PV 
generation and its effect on the network.  The data provided to the DNSPs via the Forecasting 
System will accumulate into a historical database when gathered by the DNSPs.  Further, where 
historical weather satellite information is available, historical PV generation data can be ‘created’.  
This information, over and above the assumptions currently used, should materially improve 
network loadflow studies. 

4. The Solar Forecasting project 

4.1. Background 

The Project formally commenced in mid 2016.  The intent of the project was to develop and 
deploy an operational system that provides DNSPs with real-time distributed PV simulations that 
are mapped to their distribution network, in order to: 

 provide DNSPs with actionable information about when and where PV induced integration 
issues will occur; 
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 deliver distributed PV power production estimates in an input format suitable for use in 
DNSPs’ operating systems, organised at meaningful aggregation level (e.g. LV feeder, 
transformer); 

 contribute to the accurate estimation of changes in real-time net electricity demand by 
entities with behind the meter PV systems; 

 support an increase in allowable solar penetration levels, by providing accurate 
quantification of real-time distributed PV power output so that mitigating technologies such 
as energy storage, demand management and remote grid stabilisation control can be 
invoked in a timely manner; 

 support localised grid management by DNSPs in their future networks, which will have 
mixtures of uncontrolled and remotely controlled local power generation, energy storage and 
demand; and 

 create a commercial entity that provides these services on an ongoing basis to DNSP 
partners, as well as recruiting additional DNSPs around Australia and the world for these 
services. 

The primary funding for the Project was provided by ARENA and the ANU.  Further funding and 
support, in the forms of cash and/or in kind (such as resources, information and personnel) was 
provided by a number of industry participants including: 

 Solcast;  

 the DNSP partners; 

 Fronius and other solar panel and renewable equipment providers and installers; 

 investment advisors specialising in the energy sector; 

 the Australian PV Institute. 

 The project also sought to move the information and capabilities that were developed from 
academia to the industry as quickly as possible.  This intellectual property generated within the 
project is being commercialised by Solcast. 

4.2. Scientific and technological advances supporting development and adoption of 
the Solar Forecasting System 

Satellite-derived irradiance forecasting methodologies have existed for many years. The latest 
generation of satellite imagery, such as that from Himawari 8 which entered operational service 
in July 2015, brought sufficient temporal and spatial resolution to push beyond previous satellite-
based solar forecasting techniques. With the introduction of these higher quality satellite data, 
three research (and operational forecasting) issues came to the fore: validating forecasting 
methodologies, quality control of ground-truth data, and integrating satellite and ground 
measurements into a forecasting system. The Project's ground-breaking work in these areas built 
on the lead CI's PhD research which brought together high-resolution solar radiation modelling 
tools, analytics for rooftop solar PV power output data and some early operational code to 
produce real-time estimates of the power output of the 15,000+ rooftop solar systems installed 
across the Australian Capital Territory.  
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Validating forecasting methodologies requires comparing forecast and measured ground-level 
irradiance and/or PV power output. Certain streams of research had developed an unfortunate 
practice of using data from only a few locations around the world to test methodologies. Through 
multiple publications (Appendix B), the Project Team demonstrated how considering data from a 
relatively small geographic sample of meteorological stations can result in poor methodological 
performance and unexpected behaviour when viewed across all global climates. In response, the 
Project Team tested (a) the accuracy of gridded datasets that provide historical records of 
atmospheric pollutants, (b) the performance of nearly every clear-sky irradiance model in all 
global climates, (c) all methods of identifying cloudless periods in measured ground data in all 
global climates, (d) the biases introduced into solar forecasts by satellite-specific performance 
differences, (e) the accuracy of algorithms for separating measured global irradiance into its 
components (direct and diffuse), and (f) the biases introduced by training a forecasting 
methodology on meteorological data that is not sufficiently representative of all global climates. 
This research ensured the methodologies developed for and used by the Forecasting System 
represent the best available and are suitable for all global climates.  

The number of global meteorological stations measuring surface irradiance is relatively small; 
the number of customers automatically reporting solar PV power output data (e.g., to installers 
and inverter manufacturers) is much larger, and the PV power output data are reported from the 
locations for which forecast power output are desired by DNSPs (as opposed to remote 
meteorological stations). These automatically reported solar PV power output data are an 
incredible resource from which to glean insightful and rich information both about generation in 
the distribution grid and atmospheric conditions. There are inherent problems with the quality of 
the reported data, however, due to equipment faults, PV panel shading, PV system derating due 
to dust, etc, so the PV power output data need to be quality controlled. To facilitate use of 
automatically reported solar PV power output data in the Forecasting System, the Project 
developed a quality control algorithm (QCPV) that earned the 2016 best paper award in the solar 
resources/meteorology section of the journal Solar Energy.  

https://www.journals.elsevier.com/solar-energy/news/announcing-the-winners-of-the-
solar-energy-best-paper-2016-2v 

QCPV has been used to create a research grade PV dataset for more than 1200 PV systems 
across the ACT, WA, and SA. This is the world's largest, and possibly only, quality-controlled 
large-scale rooftop solar PV power output dataset. Data were recorded at 10-min intervals 
between September 2016 and March 2017. It has been accessed by over 100 researchers and 
students worldwide and is freely available for non-commercial use through Zenodo, the Solcast 
webpage and the ANU data repository. Further details are available in a forthcoming article in 
Renewable and Sustainable Energy.  

https://doi.org/10.25911/5ca6a0640869a 

The next step in technological improvement that went into the Forecasting System was 
integrating and using in near-real-time both satellite and ground measurements. Near-real-time 
reports of solar PV power output data from Project partner Fronius and PVoutput.org from 
thousands of systems across a city were quality controlled with QCPV, plotted spatially, and 
compared with the corresponding real-time estimates from the satellite imagery. This weighted 
blend of ground-truth from the PV systems and estimates of cloud thickness and location from 
the satellite imagery gave an improved understanding of the nature of the clouds for solar 
forecasts. The Project Team presented its work on this topic in a special invite-only issue of the 
journal Solar Energy. That paper demonstrated reductions of up to 90% in error metrics when 
integrating live PV power output data into satellite-based forecasting.  

https://www.sciencedirect.com/journal/solar-energy/vol/168/suppl/C 
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In addition to the methodological improvements noted above, provision to DNSPs of PV Actual 
data from Fronius and PVoutput.org proved highly valuable for assessments by the DNSPs of 
the performance of the Project's Forecasting System. This was critical for the DNSPs building 
confidence in the accuracy of the Project outputs before applying them in their network planning, 
demand forecasting, network visibility, and other network operation applications.  

4.3. Overview of the Solar Forecasting components and capabilities 

The Forecasting System is comprised of the following components. 

 Solar Irradiance Forecasting services that utilise advanced satellite weather mapping at 1km 
resolution updated every 10 minutes and provide a 0 to 7-day probabilistic forecast of 
radiation at 5, 10, 15 or 30 minute resolution. 

 Raw data on the capacity of rooftop PV systems connected at the distribution system asset 
level as provided by DNSPs. 

 A PV Power Model that combines the information from the two components above into a 
probabilistic forecast of PV output at the distribution system asset level. 

 An Application Programming Interface (API) that allows the DNSP to call for and receive 
those forecasts at the distribution system asset level.  

 Raw near-real-time data on actual output from selected monitored rooftop PV systems for 
comparison with forecasts from the PV Power Model.  

Figure 1 below shows the organisation and interaction of the components that provide these 
capabilities. 
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Figure 1: Project forecasting and modelling components and outputs in the commercial version of the 

Forecasting System 

 

 

Solcast-contributed components outlined in orange, ANU-contributed components outlined in blue. Some 

components of the Forecasting System were developed in parallel with differing capabilities by Solcast and 

ANU then merged as part of the commercialisation agreement between ANU and Solcast.  

Source: ANU. 

4.4. The forecasting and modelling components 

4.4.1. Solar Forecasting 

The Solar Forecasting Engine utilises the Himawari 8 Satellite which provides advanced satellite 
weather mapping at 1km resolution updated every 10 minutes.  This data is then fed into a Solar 
Forecasting module which provides a 0 to 7-day probabilistic forecast of radiation in 5,10, 15 and 
30 minute resolution.  On the 0 to 4 hour forecasting horizon, satellite based ‘nowcasting’ is 
utilised, including probabilistic forecasting technologies that leverage an ensemble of 18 different 
forecasting models.  Beyond 4 hours ahead, an ensemble of global weather forecasting models 
are used, with day-ahead forecasting bias corrected by satellite imagery. 

4.4.2. Data on rooftop PV systems 

As part of the connection process for new PV, DNSPs capture data on PV installations.  This 
includes the type and capacity of the PV to be installed, the geographic location of the installation 
and where the installation is connected to the DNSP’s network.  This information is provided by 
the DNSP to the Forecasting System. 

This information allows PV to be ‘grouped’ in numerous ways so that forecasts of PV output can 
be provided by these ‘groups’.  The groups may include the following. 

 Geographic (eg by suburb, postcode or pre-defined geographic areas). 

 Low voltage feeder. 

 Zone Substation. 
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 Distributed Energy Resources assets (eg. virtual power stations) 

These groups form the basis of the aggregated forecasts that the DNSPs can access though the 
API. 

Additionally, groups can be formed consisting of any PV installations that are defined as a group 
within in the system.  While groups of installations that are not based on geography nor network 
connectivity are unlikely to be of any benefit to DNSPs, this may be relevant for proponents of 
virtual power stations, demand response aggregators or for ‘peer to peer’ trading. 

4.4.3. The PV power model 

The PV Power Model combines the forecasts of solar irradiation from the Solar Forecasting 
Engine with the geographic and capacity information on PV installations provided by the DNSPs 
to produce the forecast energy output of each PV installation.  The model that is employed is 
proprietary technology to Solcast. 

4.4.4. The API 

The API is maintained and operated by Solcast and serves as the interface for the DNSPs to 
request and receive PV energy output forecasts.  DNSPs lodge their requests for forecasts (both 
manually and automatically via software scripts), time frame of output and time intervals to which 
forecasts are averaged (eg 5 minute, 10 minute, 15 minute or 30 minute etc).  The API responds 
to requests in a number of different common data formats, include JSON, CSV and XML. 

The API can also be integrated with the DNSPs’ existing systems, such as Load Forecasting and 
DMS systems, to allow machine to machine operation.  The System Configuration of the API is 
shown in Figure 2. 

Figure 2: System Configuration of the API. 

Source: Solcast. 
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The API is hosted on the Amazon Web Services (AWS) platform.  After a satellite image is 
downloaded, processed and the associated forecasts are generated and placed into the Forecast 
Repository, a scheduled AWS Lambda function triggers an ingestion of the forecasts from the 
repository into the Database and Redis.  A request for a forecast is served by one of the multiple 
API servers, which pulls the forecasts from Redis or the Database.  Multiple API servers are used 
to handle large volumes of web traffic, with the load balancer evenly distributing traffic across the 
API servers. 

4.4.5. The API toolkit 

The primary purpose of the API Toolkit (owned and operated by Solcast) is to provide users with 
a window into the forecasts stored in the API.  The API Toolkit, as a web client of the API, uses 
the API to allow users to authenticate, access and view their forecasts of PV energy outputs in a 
graphical representation in a web browser.  This tool simplifies the use of API based services by 
showing examples of the API requests required to obtain the data of interest as well as displaying 
live updating demonstration charts that visualise the live and forecast data. 

The homepage of the API Toolkit is shown in Figure 3 

Figure 3– The API Toolkit. 

 



Real-time Operational Distributed PV Simulations for Distribution Network Service Providers 

26 April 2019 
Draft - Public Dissemination Report 

 
 

 

 17 

 

4.4.6. Actual PV energy measurement 

In order to calibrate and tune the forecasts, the system also captures data on actual PV energy 
production from a number of sites across Australia where this is available through Fronius (5000+ 
sites) and PVoutput.org (2000+ sites).  This information is submitted to the Solcast API service 
where, after quality control, it is used to improve the forecasts for individual sites, via machine 
learning, through the Solcast PV Tuning algorithms.  These PV sites appear in the Solcast API 
Toolkit as “Rooftop Sites” and allow DNSPs to validate the performance of the live and forecast 
data in the areas of interest. 

4.4.7. Examples of results from the Forecasting System 

Shown below are a series of actual and forecast data from using the API Toolkit for the following 
types of PV installations. 

 Grid Aggregation – a collection of PVs grouped by network connectivity as defined by the 
DNSP. 

 Individual rooftop PV site – generally with capacity less than 1MW. 

 Solar Radiation sites – sites where the solar radiation is measured/calculated but where solar 
PV may or may not be present. 

 Utility Scale Sites – sites with PV Capacity of 1MW and greater. 

Grid aggregations 

Grid Aggregations provide forecast, historical and real time estimates of total distributed solar 
power output for behind the meter PV.  Installed PV system capacity and location are used to 
group (aggregate) total PV power output for a given area of interest, whether by market, network 
or distributed energy resource asset region. 

The following figures show examples of API outputs for various grid aggregations. 
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Figure 4 - a combination of 7 day live and forecast data at 30 minute intervals for a Grid Aggregation for the suburb of Parklea (Sydney, Australia), which lies in the Endeavour 

Energy distribution service area. 
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Figure 5 - a combination of 2 day live and forecast data at 5 minute intervals for the Endeavour Energy Parklea aggregation. 
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Figure 6 - a combination of 7 day live (orange) and historical forecast (grey) data for the same aggregation. 
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Figure 7 – the total 7 day live and forecast data at 30 minute intervals across the Grid Aggregations within each state and territories in Australia. 
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Figure 8 - 2 days of live and forecast data at 5 minute intervals across the Grid Aggregations within each of the states and territories of Australia 
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Figure 9 - live and historical forecasts at 30 minute intervals across the Grid Aggregations within each of the states and territories of Australia 
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Rooftop sites 

Solar Forecasting can also provide forecast, historical and real time estimates of total distributed 
solar power output for individual behind the meter PV installations (rooftop sites).   

The following figures show examples of API outputs for a particular rooftop site in Williamstown, 
South Australia. 
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Figure 10 - a combination of 3 day live and forecast data at 30 minute intervals for a rooftop site in Williamstown, South Australia. 
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Figure 11 - a combination of live (orange), historical forecast (grey) and actual measurements for the rooftop site at Williamstown, South Australia. 



Real-time Operational Distributed PV Simulations for Distribution Network Service Providers 

26 April 2019 
Draft - Public Dissemination Report 

 
 

 

 27 

 

Solar radiation sites 

DNSPs were provided access to solar radiation data at a number of sites within their operating 
regions for live, forecast and historical data.  Figure 12 shows a combination of 7 day live and 
forecast Global Horizonal Irradiation (GHI) at 30 minute intervals for the Hobart (Tasmania, 
Australia) solar radiation site.  Direct Normal Irradiance and Diffuse Horizontal Irradiance outputs 
are also available.
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Figure 12 - a combination of 7 day live and forecast Global Horizonal Irradiation (GHI) at 30 minute intervals for the Hobart (Tasmania, Australia) solar radiation site. 
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Utility scale sites 

The Solar Forecasting System can also provide forecast, historical and real time estimates of 
total distributed solar power output for larger sites greater than 1Mw capacity (Utility Scale sites).  
This would include Solar Power Stations. 

The following figures show examples of API outputs for a Solar Power Station in Nyngan (NSW, 
Australia).
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Figure 13 - a combination of both 7 day actual and forecast power output at 30 min intervals for the Nyngan (NSW, Australia) utility scale site. 
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Figure 14 - 2 day live and forecast data at 5 minute intervals for the Nyngan utility scale site. 
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Figure 15 - 7 day of historic forecast; live or actual measurements; and actual measurement data for the Nyngan Utility scale site. 
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5. How DNSPs are using the project data to solve network challenges 

The system provides significant improvement in the visibility of PV generation within the 
distribution network at very localised levels.  It also reveals, the relationship between weather 
variables (irradiance, cloud cover and opacity), PV capacity and other installation characteristics, 
PV output and various operational parameters of the distribution network.  

This information can be useful to DNSPs in two ways. 

 Improved visibility of PV output for use in the DNSPs’ load forecasting and system planning. 

 Better information about the real time response of the network to transient cloud cover. 

Examples of how DNSPs have utilised the data during the Project are discussed below and in 
the Use Cases in Appendix A. 

Further, there are opportunities for the system operator, to benefit from this information as it can 
be useful in supporting medium term forecasts of power availability from large-scale solar 
generators. This also discussed below. 

5.1. Improved visibility for DNSP load flow modelling and system planning 

DNSPs conduct load flow studies to understand the demands on all the elements within their 
networks.  This allows them to determine where there is potential for overload to occur under 
various conditions including seasons of the year, time of day and outage conditions.  These 
analyses use forecasts of demand based on historical actual demand and known or expected 
growth. 

However, as discussed earlier, there is a lack of visibility of past, current and future PV power 
generation in the LV network, which affect the accuracy of DNSPs’ load flow modelling and 
forecasting.  The data from the Project and the Forecasting System significantly improves 
DNSPs’ ability to accurately model the demands on their networks and to determine capacity 
requirements, taking into account the amount of PV present and its output at the local level. 

A primary example here is that proposed by EvoEnergy, where access to the data provided by 
the Forecasting System is making it possible EvoEnergy to defer the costs of an additional zone 
substation. 

5.2. Improved visibility to provide better information about and response to transient 
cloud cover 

Responding to transient fluctuations in load and demand requires two key elements: knowledge 
that the event is likely to occur prior to its occurrence; and the ability to take action to respond.  
Data from the Project and the Forecasting System provide the first element by giving DNSPs the 
knowledge that a fluctuation in PV generation of a certain magnitude is likely to occur at a future 
point in time.  

In real time, as transient cloud cover is identified and the effect on PV generation is predicted, 
the DNSP will be able to respond to reduce the effects of the variation in PV output on grid 
voltage.  
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Integration of solar forecasting technologies with the operation of the LV grids would enable the 
offsetting of ramping events and other challenges such as reverse load flow or network wear and 
tear through the orchestration of demand-side management, energy storage and smart inverter 
technologies.  While this potentially could require a significant amount of data being available 
and processed in a short period of time, not all parts of a given DNSP’s network will be subject 
to these types of issues at the same time. The distributor will be able to pre-define the areas of 
the network for which they require this information.  

South Australia Power Networks, through evaluation of the Project IP, have incorporated the 
availability of Project data into their strategic planning for network monitoring.  Through the use 
of solar PV power output profiles, they are confident they can avoid direct LV network monitoring 
in many cases. (See Appendix A.1) 

5.3. Short-term forecasting for the system operator 

At the transmission level, where the system operator must ensure that there is sufficient capacity 
dispatched to match aggregate demand, accurate and reliable forecasts of PV generation would 
be of significant benefit.  Regular and accurate forecasts from the Forecasting System, rolled up 
to terminal station level, would provide the system operator with robust information on how much 
load will be met by PV generation in the distribution network and, therefore, how much load needs 
to be met by centrally dispatched generation. 

5.4. Large-scale solar generators 

The Forecasting System technologies are also capable of forecasting energy output from large-
scale solar generators.  In fact, it would be expected that the forecasts of output from a large-
scale solar generator would be more accurate than for distributed PV.  Many of the factors that 
are uncontrollable or unknown in distributed PV, such as tilt and azimuth of the solar panels, the 
amount of dust and dirt on the panels, shading from trees and other structures, etc, are known 
and controlled in the more actively managed environment of a large-scale solar farm. 

Solcast is already working with a number of large Australian solar farms for forecasts from as 
little as five-minutes ahead to several hours ahead.  Through the Project, DNSPs were provided 
access to live and forecast data for utility scale sites operating within their LV network.  However, 
no Use Cases have been developed to date for the use of this data. 

6. Recognition of the Project 

The Project has had substantial success in publishing findings in peer reviewed academic 
journals while developing solar forecasting capabilities.  Articles have been published across four 
different journals representing the most impactful and esteemed locations for the topic of solar 
resource assessment and solar forecasting 

The Project’s outputs have been recognised by the International Solar Energy Society, who 
awarded the quality controlling of photovoltaic power data algorithm the best paper award 2017 
in the category of solar resource assessment and meteorology.  The editorial board of the Journal 
of Solar Energy contacted our research group to contribute to the prestigious invitation-only issue 
titled ‘Advances in Solar Resource Assessment and Forecasting’.  With its submission, the 
Project demonstrated for the first time the significant potential of integrating real-time reporting 
PV power measurements at ground level into the satellite-derived solar forecasting engine; 
believing this to be the next industrial breakthrough in the solar forecasting space. 
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A full list of the papers published and presentations made by the Project are listed in Appendix 
B.  
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Appendix A  - Example use cases 

This Appendix contains a series of examples of how Australian DNSPs have used and are 
continuing to use the Forecasting System’s data. 

A.1 SA Networks 

SA Power Networks operates and maintains the distribution network in South Australia.  Covering 
an area of 178,000 km2, it supplies 860,000 homes and businesses.  South Australia leads the 
nation in solar PV penetration, having just exceeded 1GW in installed capacity – a figure which is 
comparable to the State’s minimum demand.  Approximately a quarter of South Australian 
households now have rooftop solar panels installed, providing nearly a tenth of the State’s total 
energy generation in 2018. 

SA Power Networks are at the forefront of distributed energy resources (DER) integration due to 
the very high penetration of solar PV within their network.  Recent work has focused on the future 
visibility and operability of their low voltage network given the challenges and opportunities these 
high penetrations present.  A further challenge is the scarcity of asset and monitoring data on the 
low voltage network and parts of the medium voltage network.  For example, only one in five 
customers in South Australia have a smart meter installed. 

Using solar forecasting data, SA Power Networks are hoping to improve their modelling of the 
low voltage network in order to cost-effectively understand, quantify and manage distribution 
network technical constraints in real time.  These capabilities are an essential enabler to the: 

 ability to proactively address quality of supply issues experienced by customers and respond 
effectively to customer enquiries; 

 ability to provide timely advice to customers seeking to connect generators to the network; 

 effective implementation of non-network and network solutions to these technical 
constraints, and; 

 active management of DER, including the market models contemplated in the AEMO/ENA 
Open Energy Networks consultation process1. 

In addition, these capabilities improve the effectiveness of traditional network management 
functions dependent on an understanding of the current and future state of the network, such as 
capacity planning, outage planning and switching. 

In order to model a low voltage network with incomplete data, the following quantities may be 
required to be estimated: 

 distribution transformer impedance; 

 distribution transformer tap position; 

 LV mains impedance to the PV installation; 

 solar PV output; 

 the site load; and 

 the characteristics of other DER that may be at the site. 

 

1 AEMO and Energy Networks Australia 2018, ‘Open Energy Networks, consultation Paper’ 
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Forecast and historical information can be used to determine the Solar PV output. 

The following screenshot, showing solar measurements for a winter’s day, illustrates the potential 
advantages provided by solar forecasting data.  Measurements are shown in grey, with estimated 
actuals in blue and a model typically used in existing business processes in yellow. 

Figure 16 shows the forecasting accuracy (1-hour ahead) versus the Estimated Actuals for the 
Salisbury Virtual Power Plant, operated by SAPN.  Figure 17 presents a validation of the 
Estimated Actuals against a selection of power output data from several Rooftop Sites (Fronius) 

Figure 16 

 

 

Figure 17 

 

 

From this, solar forecasting data provides the following benefits compared to more generic 
models. 

 Improved understanding of “peaks and troughs” in solar output, which might otherwise 
require resource intensive field monitoring. 

 The ability to forecast future conditions. 
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These could lead to the following benefits to customers. 

 Reduced cost of field monitoring required to manage the future low voltage network. 

 Improved ability to address customer queries about quality of supply issues. 

 Improved advice to customers about their local network’s ability to support additional rooftop 
solar. 

 Increased options to mitigate network constraints, in particular non-network solutions that 
may require forecasting and a limited timeframe when they are called upon. 

 Increased export capacity made available to customers at times when the network is not 
constrained, under future models of active DER management. 

These benefits are expected to be quantified in 2019 and 2020 through field trials exploring 
modelling and monitoring options and requirements for the future low voltage network. 

 

Contact Information 

Cathryn McDonald, Future Networks Engineer 

cathryn.mcdonald@sapowernetworks.com.au 
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A.2 Essential Energy 

Essential Energy’s core business is the distribution of electricity to customers in a specified 
geographical boundary of New South Wales (NSW) and parts of southern Queensland; covering 
approximately 737,000 square kilometres and 95 per cent of NSW.  It is one of the world’s largest 
and most geographically distributed electricity networks and is unique in terms of the geographic 
area it covers, the terrain it traverses, the vegetation that grows within it and the diversity of 
weather that impacts upon it. 

The network services around 850,000 customers; from large single customers, including mines, 
shopping complexes, feedlots and abattoirs to urban commercial and residential centres, rural 
farms, villages and remote Single Wire Earth Return (SWER) connected customers.  The 
installed capacity of small-scale solar PV installations is more than 575MW, which is 
approximately 25 per cent of the network wide peak demand of 2.3GW2. 

Essential Energy, like many other Distribution Network Service Providers (DNSPs), is 
experiencing high penetrations of solar PV and other distributed energy resources (DER) within 
the low voltage portions of their networks.  Although this produces challenges, there are also 
opportunities.  Essential Energy has created a tool to calculate the expected demand profile for 
zone substations days in advance using 30-minute estimated actual and forecast PV generation 
data obtained from the Forecasting System.  

The tool uses historical daily maximum temperature and measured load data, along with 
estimated actual PV generation data from the Forecasting System, to determine the relationship 
between connected load and temperature at 30-minute intervals.  Applying estimated actual PV 
generation data to measured load removes variability seen at zone substations, caused by cloud 
cover, allowing a more accurate trend to be produced.  This trend is used with local weather 
forecasts to determine an expected total load profile from which forecast PV generation is 
subtracted, creating the final expected zone substation profile. 

 

Figure. A.2.1. Examples of typical measured load profiles (Left) and the combination of measured load and 

estimated actuals (Right) 

 

 
2 Essential Energy – Distribution Annual Planning Report 2018 

https://www.essentialenergy.com.au//media/Project/EssentialEnergy/Website/Files/Our-Network/DAPR-2018.pdf 
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Forecast PV generation is accessed at 7:00am every day.  It is then compared with actual 
measurements, enabling evaluation of PV forecast accuracy over the full day.  These forecasts 
are recorded, which means they can be evaluated for every day the tool has been in operation.  
More frequent access to PV forecasts would improve the short-term load forecasting accuracy 
and could be added to the tool in a future implementation, while still recording the full day forecast 
separately for evaluation.  

The profiles generated have assisted network operations and planning on multiple occasions.  
Recently this included a decision that was made to go ahead with a planned outage on an area 
supplied by the Tweed Heads South zone substation. The outage required switching load 
between feeders during the day, requiring analysis of voltage levels on the changed sections of 
network.  

Modelling the network with minimal PV generation resulted in a higher load and lower voltages 
than acceptable.  A day of forecast heavy showers at Tweed Heads South demonstrates a load 
profile that is typical of this area when minimal PV generation occurs (Figure A.2.2).  The 
measured load trends high in the early parts of the day and remains high during daylight hours. 

Figure A.2.2 demonstrates the validity of the concerns raised of expected loads leading up to the 
switching work when modelling with minimal PV generation.  Using the forecast PV generation 
allowed calculation of a lower net load leading to improved modelled voltages for the affected 
area (Figure. A.2.3). This information was used to optimise the switching locations and indicated 
the works could go ahead.  The profile differences demonstrate the value of including the forecast 
PV generation data in the modelling and works planning. 

Figure. A.2.2. Tweed Heads South profile with minimal PV generation 

 

Figure A.2.3. Tweed Heads South on the day of the planned work 
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Another application of this tool included identifying a day where the combined forecast weather 
and PV generation was expected to push Harrington zone substation load towards zero (Figure 
A.2.4). The forecast load showed very close to zero so the measured load was monitored through 
the day.  It went below zero for an hour.  This zone substation had never been in reverse power 
flow and the only generation connected was from residential PV.  Identifying the day it was to go 
close to zero allowed the local planner to review device settings on that portion of the network 
and monitor the zone substation and measurement devices on the feeders while the event 
occurred.  There are no voltage regulators on the feeders of this zone substation so there are no 
line drop compensation (LDC) issues during reverse power flow events. 

Figure A.2.4. Harrington zone substation recorded in reverse power flow from residential PV generation 

 

 

 

The tool also calculates the expected load without considering the PV generation data and plots 
the results with the label “Forecast Before Solar Data”.  This data does not consider the variation 
in solar irradiance that is inherent in the PV generation data provided by the project.  The historical 
and forecast PV generation available through this project has shown good correlation with the 
highly variable loads seen at zone substations during daylight hours and has enhanced the 
accuracy of short-term load forecasting.  The tool will continue to be refined before evaluation as 
a signal for a trial virtual power plant3 and influencing controlled load settings. 

 

Contact Information 

Scott Condie, Engineer – Network Analytics and Forecasting 

scott.condie@essentialenergy.com.au 

  

 
3 Networks Renewed Collombatti Area Battery Storage Trial, https://www.essentialenergy.com.au/our-network/network-

projects/collombatti-battery-trial 
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A.3 CitiPower/Powercor 

CitiPower/Powercor (Powercor) is a Distribution Network Service Provider (DNSP) that operates 
and supplies electricity to customers in central and western Victoria, as well as Melbourne’s outer 
western suburbs.  It covers an area of 145,651 km2 and supplies around 800,000 homes and 
businesses.  Powercor’s customer base is comprised of large industrial and commercial 
customers through to small domestic and rural consumers.  There are also a number of high 
voltage customer supplies and interconnection points for embedded generation such as wind 
farms and solar farms. 

Distributed Energy Resources (particularly solar PV) have a material impact on the Powercor 
network by creating voltage variations and reverse power flows.  This is expected to significantly 
increase, in part due to penetration levels reaching a tipping point and a new Victorian 
Government policy subsidising solar PV for up to 650,000 households over the next 10 years.  

With the continued rapid uptake of solar across Victoria there is a need for distribution businesses 
to better understand how this affects gross customer consumption.  This is essential for both 
forecasting future volumes as well as providing insights for monthly tariff revenue reporting 
activities.  Challenges to the task include: 

 determining how much energy consumption has been offset by solar.  This is currently a 
complex challenge; 

 networks receive only solar export data (‘B-channel’) and can only infer self-consumption; 
and 

 estimating solar generation is particularly challenging given the size and climatic variation 
across the Powercor network. 

As a proof of concept the ANU was able to manually extract historical PV generation data 
spanning August 2018 – February 2019 for Powercor.  The backcast data was modelled based 
on known installed PV capacity for each zone substation across the two networks.  With locational 
data the operator was able to more accurately capture solar generation across the geographically 
sparse Powercor network.  

The Forecasting System’s historical data provided an accurate view on what the expected 
generation would be.  Self-consumption was assessed as being the difference between 
generation and solar exports.  Exports for the 140,000 solar customers over the 7 month period 
were extracted from a SAP HANA database via SQL queries.  The results were then lined up 
against the ANU backcast data. 

Across the study period, peak self-consumption occurred in January 2019 (see Figure A.3.1). 

 Monthly self-consumption for Powercor customers peaked at 43.2 GWh. This offset 
approximately 4% of total consumption. 

 Monthly self-consumption for CitiPower customers peaked at 5.0 GWh. This offset 
approximately 1% of total consumption. 

This analysis was largely exploratory but Powercor are looking to build it in to their regular 
reporting.  Each month consumption for the networks is reported to shareholders and it is 
anticipated that how much of the consumption is being displaced by solar will be included in the 
future. 
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Figure A.3.1 

 

 

In future CitiPower, Powercor would look to build automation into the process to extract the 
monthly historical generation and to upload installed PV capacity at the zone substation level – 
particularly with the projected increase in solar penetration in Victoria 

As expected PV generation peaked in January and was at its lowest in August (see Figures A.3.2 
and A.3.3) 
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Figure A.3.2 

 

 

Figure A.3.3 

 

 



Real-time Operational Distributed PV Simulations for Distribution Network Service Providers 

26 April 2019 
Draft - Public Dissemination Report 

 
 

 

 45 

 

Further analysis was carried out to examine the amout of PV generation that is consumed on site 
compared to the amount of PV generation that is exported to the grid.  (see Figures A.3.5 and 
A.3.6) 

Figure A.3.5 
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Figure A.3.6 

 

 

As a proportion of ‘available’ solar generation; monthly self-consumption for both networks 
peaked in both winter and summer months.  This is a result of the coincidence of solar (which 
peaks in summer) with residential consumption (which peaks in summer and winter). 

 

Contact information 

Jay Stein, Pricing Manager 

jastein@powercor.com.au 
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A.4 Ergon Energy 

Ergon Energy serves 753,000 customers on a network covering some 1.7 million square 
kilometres in Queensland, Australia.  Queensland has the highest overall penetration of behind-
the-meter solar PV in the world.  Over the past 12 months, the number of connections of rooftop 
solar increased by 13%, and the capacity increased by about 24% compared with the previous 
12-month period.  Because of this rapid uptake, API aggregation metadata at the zone substation 
quickly becomes outdated.  At the time of the project end, automatic updates to metadata were 
not yet ready.  However, there is the need to estimate behind the meter PV generation for both 
short term load forecasting and backcasting. 

To overcome this issue, Ergon Energy has been using 7 day ahead estimated actual and 
historical data to produce an estimate of solar production.  Data was processed using Python and 
downloads from the API.  Ergon first created a PV Estimation point in the API toolkit, which is set 
up as a generic 1kW PV rooftop system.  The idea is that the forecasts from this site can be 
scaled by the known installed PV capacity supplied by a Zone Substation to get a forecast of the 
total PV generation in that supply area.  This process leads to a number of positive outcomes. 

 By adding the effective generation back in, forecasts are much more realistic, which 
minimises bias in the modelling of PV generation. 

 By taking PV out of the load, comparing Global Horizontal Irradiation (GHI) and Solar 
Forecasts to create histories going back further than the available Forcast data. 

 Avoiding having to continually update metadata. 

This allows for a reasonably accurate model of PV generation for dynamic forecasts, without the 
need to specify all PV systems in the area ahead of time. 

The same tool can be used for specific sites to enable the forecasting of single customers with 
large systems or individual large systems connected to the distribution network. 

Figure A.4.1 shows a forecast from one of the sites in Rockhampton, using the API, and the 
Rockhampton Area site that was set up.  The forecast PV generation in the area follows the same 
shape as what’s predicted by the Forecasting System. 
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Figure A.4.1 

 

The Forecasting data was then used to calibrate a model relating GHI to generation.  This model 
was used for estimating historical PV generation.  This is needed to ‘back out’ historical PV 
generation from historical load data in order estimate historical energy consumption for the 
purposes of future short-term forecasting.  For recent history (e.g. previous week) the Forecasting 
System generation estimates could be used directly to calculate the load with PV generation 
removed. 

The results are shown in Figure A.4.2. 
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Figure A.4.2 

 

 

Contact Details 

Ben Croker, Network Forecasting Team Leader – Distribution 

ben.croker@energyq.com.au 
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A.5 Western Power 

Western Power’s network covers roughly 255,000 square kilometres and delivered 17,896 GWh 
of electricity to 1.1 million customers in 2017-18.  Solar penetration within the Western Power 
Network is very high.  In 2016, this led to the night time demand being greater than demand 
during the day.  

Network augmentation needs to be cost efficient.  This is particularly pertinent given the very 
large investments that were needed recently to deal with peak loads driven mainly by air 
conditioning use.  Western Power has suggested that with better analytics, these investments 
could have been much better targeted.  A similar situation has arisen due to the challenges that 
high penetrations of PV could cause.  Western Power wanted to be ahead of the curve this time. 
However, inadequate metering data and the complexities of SCADA mean this is no easy task.  
One of these challenges has nonetheless been overcome using Forecasting System data.  Using 
over 10 years of historical PV power output estimates, Western Power, in partnership with 
Perfekt, were able to forecast reverse power flows ahead of time.  Perfekt used a number of data 
sets, including data provided by the Forecasting System in order to model the possibility of 
reverse power flows and decreasing power factor. These included: 

 Waikiki Zone Substation MW Load 2008 – 2018 (5 min samples); 

 Forecasting System PV Estimates 2008 – 2018 (30 min samples) (Figure A.5.1); 

 LV Transformer Voltage 2008 – 2018 (5 min avg, min, max samples); and 

 Mandurah Climate Data – 2008 – 2018 (30 min samples). 

 

Figure A.5.1. Waikiki Zone Substation aggregation in API Toolkit - accuracy graph 1 hour ahead forecast 
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These data were provided to third-party analytics provider, Perfekt, who ingested them via the 
Pentaho data integration suite.  Using machine learning techniques on Spark, through a Hadoop 
data cluster, the solar data were combined with the network observational data to build predictive 
models that produced estimates of network load, including reverse power flow potential.  The 
analysis, completed in the autumn and winter period of 2018, was able to correctly forecast 
reverse power flows at the Waikiki zone substation that occurred in spring of 2018 (Figure A.5.2). 
Additionally, they have predicted similar conditions at a second zone substation (Henleybrook), 
likely to occur in low demand periods of 2019.  The success of these predictions is important as 
they enable Western Power to effectively monitor the likelihood of reverse power flows on the 
network without deploying widespread and expensive network metering infrastructure, leading to 
significant capital savings.  Widespread adoption of the solar data for these purposes is now 
being planned, with early work underway for developing methods of forecasting minimum 
demand at zone substations with high penetrations of solar PV (Figure A.5.3).   

 

Figure A.5.2 – Waikiki zone substation analysis as performed by Perfekt, with power factor values (yellow) 

predicted to reach 0, indicative of reverse power flows, from two days in October 2017.  The blue line shows 

the Grid Aggregations estimated actuals from Solar Forecasting, with the substation load data (light blue) 

and local temperature (orange).   
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Figure A.5.3 – An example of a rolling load forecast (yellow) at the Waikiki zone substation for October 2017, 

which incorporates historical solar generation data (training), recent observed load data (blue) and the real-

time solar generation forecast (black line).   
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A.6 Ausnet Services 

AusNet Services operates and manages an electricity distribution network serving the fringe of 
the northern and eastern Melbourne metropolitan area and the eastern half of rural Victoria 
delivering electricity to more than 729,000 consumers.  Increasing penetrations of solar PV with 
the network area has led to challenges related to maintaining voltage within regulated limits.  A 
recent trial using solar data services from this Project has aimed to overcome some of these 
challenges. 

The town of Yackandandah in rural Victoria has recently set a target of 100% renewable supply 
of electricity by 2022.  This goal is supported by the community group ‘Totally Renewable 
Yackandandah’ (TRY) whose “yak” emblem is widely displayed around the town, highlighting the 
strong engagement of this community with the clean energy transition.  Part of the town is situated 
on a Single Wire Earth Return (SWER) line with no gas reticulation that is experiencing both high 
and low voltages caused by solar PV and coincident electric hot water heating.  Using an in-house 
system developed by Mondo that communicates with 14 solar and battery systems in 
Yackandandah, AusNet Services, in partnership with the University of Technology Sydney, have 
explored the voltage control capabilities of the solar and battery inverters, as part of a wider 
demonstration supported by ARENA through the Networks Renewed project.  Estimated Actuals 
for Rooftop PV sites were provided by the ANU Solar Forecasting System at 30-minute resolution, 
and were used to better inform decision making on the charging of the batteries in the trial.  
Validations of this data performed by AusNet can be seen in Figure A.6.1. 

Figure A.6.1. Solar PV generation estimates provided by the Forecasting System compared with actual 

output from an individual system in the AusNet network. 
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The Networks Renewed project measured technical performance and the impacts on customers 
of the DNSP taking control of the inverters at opportune times.  This relates to the need for using 
reactive power from solar and storage systems when excess generation on the SWER could lead 
to over voltages.  In certain circumstances the use of reactive power from solar inverters leads to 
some curtailment of solar active power production.  Similarly, the use of reactive power from 
battery inverters causes a modest reduction in the states of charge of the batteries.  In both cases, 
to achieve a useful level of voltage correction, the impact on active power production or battery 
state of charge was much less than would have been the case using an active power voltage 
management strategy.  Understanding the curtailment costs to customers has allowed AusNet 
Services to compensate customers for any lost solar generation as well as create knowledge that 
will create customer trust in similar efforts in the future.  

In the Networks Renewed project, customers received a $200 gift certificate per year.  This pricing 
level was chosen in order to ensure that customers would always receive enough compensation 
for any lost solar production, which was informed by the ANU Project’s Rooftop PV Estimated 
Actuals data (i.e. how much energy would customers have generated, in a passive scenario).  In 
future, a more dynamic approach to the pricing of services could be used that responds and 
fluctuates according to a real or simulated market value for that service.   

For DER-based network support to be a viable alternative to traditional solutions, it will need to 
be responsive to a multitude of different command instructions or operating regimes.  Thus, the 
DNSP must be able to set volt-watt and volt-VAr responses as a standard.  Customers were 
happy with their experience in the trial and are keen to more proactively manage their energy in 
the future.  However, customer engagement, particularly when communicating and installing new 
energy technologies, could be improved.  Comprehensive findings from the Networks Renewed 
project are reported in the public dissemination material available from ARENA. 
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Figure A.6.2: A snapshot of the business model used for the trial in Yackandandah4.  

 

 

Contact Details 

 

 

 

  

 
4 Dwyer S., Wyndham J., Nagrath K., James G., McIntosh, L. 2018, Networks Renewed: The Business Case for Behind the Meter 

Inverter Control for Regulating Voltage. Prepared by the Institute for Sustainable Futures, University of Technology 

Sydney. 
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A.7 Endeavour Energy 

In 2017/18, Endeavour Energy’s network supplied 16,639 GWh of electricity to 993,503 network 
connected customers.  Endeavour Energy’s distribution area covers an area of 24,800 square 
kilometres and includes some of the most densely populated and fastest growing areas of New 
South Wales.  Endeavour’s network has a high penetration of solar PV and an increasing number 
of behind-the-meter batteries. 

Given these very high penetrations and increasing numbers of batteries, Endeavour Energy 
needed to understand the extent of the demand reduction produced by the currently installed PVs 
in these locations.  They also wanted to estimate the future potential for battery storage demand 
response possible depending on future rollouts and uptake of battery storage.  To do so, the MVA 
demand profile, the modelled PV levels based on solar modelling and our PV penetration 
numbers were combined to produce a “De-solarised Peak Summer Day profile” for the Parklea 
Zone Substation on the 31st January 2019.  Endeavour were also interested in differences in the 
time of day peak demands for the current peaks and de-solarised peaks, to see the difference in 
time at which the peak occurred and the magnitude of difference between the inherent peak and 
the peak demand on the grid.  Figure A.7.1 shows that the PV is causing a reduction in the peak 
demand but the time of peak demand is roughly unchanged.  The analysis has also allowed 
Endeavour to determine the potential for battery storage in the area.  This would involve storing 
the PV generation from early in the day when the demand is below the peak and discharging the 
battery (fleet or single grid scale battery) to decrease the peak demand on the network assets 
and improve our network utilisation. 

 

Figure A.7.1 - Load profile of peak day Summer 2018/19 with PV generation and battery charging 

optimisation overlayed 

 

 

Contact Details 
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A.8 United Energy 

United Energy delivers electricity to approximately 675,000 homes and businesses in a 1,472 
square kilometre area, or around 450 customers per square kilometre.  United Energy’s customer 
base is 90 per cent residential (by number) across its urban and semi-rural service area. 

United Energy presently has 10% penetration of household solar PV, which is leading to 
challenges related to demand forecasting and power quality.  One of these challenges in the 
South Eastern suburbs of Melbourne relates to the generation from distributed solar and how this 
affects demand on the network.  To address this challenge, United Energy has used 5-minute 
aggregation forecasts and actuals data to calculate the gross demand from the net demand data 
available in SCADA.  This has enabled the DNSP to identify the unadjusted demand at various 
network levels so that the variability of PV on the network utilisation and underlying growth can 
be better understood.  

These calculations (Figure A.8.1) have allowed better visibility of the demand behaviour in 
relation to the available solar generation.  The correction of demand profiles can then be 
automated through the existing analytic engines. 

 

Figure A.8.1 - Gross demand profile with separated net demand and PV generation calculated with data 

from the Forecasting System. 

 

 

Contact Details 

Sujeewa Vithana, Principal Engineer Network Planning 

sujeewa.vithana@ue.com.au 
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A.9 Other examples of the use of the Forecast System 

 

Network Operator Solar Integration 

Challenge 

Solar Data Services Application Expected Outcome What has the solar data enabled you to 

do (better) that you wouldn’t have done 

without it? 

Citipower, Powercor Determining DER 
Hosting Capacity  

Rooftop PV, 30 
minutes, Estimated 
Actuals 

Reviewing historical 
profiles and current 
connections to approve 
new connections 

Increasing overall 
hosting capacity and 
improved network 
security 

Currently assuming generation per KW 
installed. This will enable more accurate 
results to be used in planning. 

CitiPower, Powercor, 
United Energy 

Solar self-
consumption has 
unseen impacts on 
pricing models 

Grid Aggregations, 30 
minutes, Estimated 
Actuals 

Setting volumes for 
Pricing Proposal that 
include self-
consumption 

More accurate volume 
forecasting for the 
following year 

More accurately quantify impact of solar on 
consumption for each network tariff 

Endeavour Energy Integrating time 
series solar actuals 
with load flow model 

Grid Aggregations, 30 
minutes, Estimated 
Actuals 

Modeling network state 
with solar generation 

Improved real-time 
network modelling 

Considering future load flow and ADMS 
modelling requirements 

Ergon Energy Behind the meter 
solar makes real-
time estimation of the 
low voltage network 
difficult 

Grid Aggregations, 5 
minutes, Setup at 
network nodes, 
Estimated Actuals and 
Forecasts 

Advising long-term 
network operating 
strategy; potential 
usefulness for future  
operations in a 
Distribution System 
Operator role. 

Integrating PV 
estimates into real-time 
models of voltage 
constraints to determine 
spare generation 
capacity, and better 
estimate short-term 
demand forecasts 

Explore and support new operating models 
for DNSPs 

Essential Energy Solar generation 
impacts distribution 
feeder loads; causes 
network constraints 

Grid Aggregations, 30 
minutes, Estimated 
Actuals 

Modelling distribution 
feeder loads in SINCAL 
to identify network 
constraints 

Improvements in 
network modelling 
accuracy under higher 
penetrations of solar PV 

Estimated actuals provided visibility  of 
power flows and changing network voltages 
during the day. 
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Network Operator Solar Integration 

Challenge 

Solar Data Services Application Expected Outcome What has the solar data enabled you to 

do (better) that you wouldn’t have done 

without it? 

Essential Energy Identifying the 
reason for increases 
in tap change 
operations 

Rooftop PV, 30 
minutes, Estimated 
Actuals, 

Estimating changes to 
number of tap changes 
at zone substations due 
to solar variability 

Adjustments to voltage 
ranges to minimise tap 
changer operation 
between maintenance 
cycles 

If solar is increasing tap change operations, 
voltage ranges may be adjusted to reduce 
maintenance 

Powercor Electric Vehicle 
charging may or may 
not be partially offset 
by solar PV 

Grid Aggregations, 30 
minutes, Forecast. 
Setup for total solar 
generation across 
network 

EV Charge Prediction 
models which are based 
on solar availability 

Improved 
understanding on how 
EV charging will change 
network voltages and 
overall demand 

Currently no information on EV charging 
effects on the network. Understanding gross 
generation will allow better prediction of EV 
charging demand on the newtork. 

Powercor Understanding 
residental battery 
State-of-Charge 

Grid Aggregations, 30 
minutes, Forecast; 
Setup for total solar 
generation across 
network 

Residential Battery 
State of Charge 
Estimation 

Enables development of 
simplified models that 
estimate battery state of 
charge, with solar 
generation as an input 
parameter 

Make early estimates on how residential 
batteries are impacting network load and 
voltages 

Network Operator Solar Integration 
Challenge 

Solar Data Services Application Expected Outcome What has the solar data enabled you to do 
(better) that you wouldn’t have done without 
it? 

Western Power Reverse power flows 
and very low 
minimum demand 

Grid Aggregations, 5 
minutes, Forecasts and 
Estimated Actuals 

Estimating the true 
power flows that occur 
through the distribution 
network.  

Ability to enhance the 
demand forecasting 
process 

Increase confidence in 'virtual sensor' 
technologies (rather than hardware based 
solutions);  further advancement of network 
estimation methods  

 

 

 

 

 



Real-time Operational Distributed PV Simulations for Distribution Network Service Providers 

26 April 2019 
Draft - Public Dissemination Report 

 
 

 

 60 

 

Appendix B Published reports, promotional material, media publicity, pamphlets or other documentation relevant to the 
Project 

Date Medium Description Persons 

3 May 2016 Workshop Energy Conversations: Integrating Renewables and Storage into the Grid – ANU Energy Change Institute, Canberra ACT, 3 
May 2016 – ‘Distributed Solar Simulations for Distribution Networks’ 

Dr N. Engerer 

Spring 2016 Publication – 
‘Solar and 
Storage’ 

The Project was featured in the Solar and Storage Spring 2016 edition, available online at: 

http://www.solar.org.au/wp-content/uploads/2016/09/solar_iss%203_Sep%202016_ALL_WEB_1.pdf 

Dr N. Engerer 

Early 2017 Research 
Paper 

‘QCPV: A Quality Control Algorithm for distributed Photovoltaic Array Power Output’ Solar Energy - looks to address Quality 
Control in Data Modelling for Distributed PV Outputs. 

Sven Killinger - Fraunhofer 
Institute for Solar Energy 
Systems, Germany 

Supported by Dr N 
Engerer 

February 2017 Article ‘Managing High PV Penetrations’, Utility Magazine Dr N. Engerer 

7 February 2017 Panel 
Member 

SERREE Regional Renewable Energy Business Forum Dr N Engerer 

8 February 2017 Conference Ohio University, Alumni Invitation to present on Solar Forecasting and Modelling in Australia. ‘Solar Forecasting and its 
Relationships to Meteorology’ 

Dr N Engerer 

10 February 
2017 

Presentation Australian Meteorological and Oceanographic Society Annual Meeting 2017, Presentation, ‘Distributed PV Nowcasting with the 
Himawari 8 Satellite: Examples from the ACT Region’ 

Dr N Engerer 

21 February 
2017 

On-line 
media article 

‘How tight demand/supply situations can make solar forecasting important’ – WattClarity 

http://www.wattclarity.com.au/2017/02/how-tight-demandsupply-situations-can-make-solar-forecasting-important/ 

Dr N. Engerer 
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13 April 2017 Seminar Seminar conducted by Dr. Engerer at UNSW ‘Teaming up for the solar powered future’.  Available at: 
http://www2.pv.unsw.edu.au/videos/Nick-Engerer-13April2017/seminar.php 

Dr N Engerer 

May 2017 Conference Australian Solar Council, Solar Storage 2017 ‘Solar forecasting support for Australian energy networks and markets’ Dr N Engerer 

10 May 2017 Conference Energy Networks Australia, Grid Edge Event Presentation. ‘Intermittency as Opportunity’ Dr N Engerer 

16 June 2017 Workshop A National Data Platform for Australia's Energy System Consultation Workshop run by Data 61 and CSIRO – Presentation 
‘Integration of distributed solar forecasting with distribution network operations in Australia’. 

Dr N Engerer 

16 June 2017 Workshop A National Data Platform for Australia's Energy System Consultation Workshop run by Data 61 and CSIRO – Presentation 
‘Towards a Tuning Method of PV Power Measurements to Balance Systematic Influences’ 

Dr N Engerer 

28 June 2017 Conference PV Specialists Conference Presentation, Washington DC. ‘Himawari 8 enabled real-time distributed PV simulations for 
distribution networks’ 

Dr N Engerer 

June 25-30th 
2017 

Paper ‘Himawari-8 enable real-time distributed PV simulations for distribution networks’, PVSC44 Conference, Washington, USA. NA Engerer, JM Bright, S 
Killinger. 2017 

4 July 2017 Article Western Power Article on the Project and its involvement – ‘Rooftops and satellites: Predicting the solar future’ Western Power 

Dr N Engerer 

October 29th - 
November 02nd 
2017. 

Conference ‘Towards a Tuning Method of PV Power Measurements to Balance Systematic Influences.’ ISES Solar World Congress 2017, 
Abu Dhabi, United Arab Emirates. 

S Killinger, JM Bright, D 
Lingfors, NA Engerer 

October 29th - 
November 02nd 
2017. 

Conference ‘Integration of distributed solar forecasting with distribution network operations in Australia’ ISES Solar World Congress 2017, 
Abu Dhabi, United Arab Emirates. 

JM Bright, S Killinger, D 
Lingfors, NA Engerer 

2017 Paper ‘A tuning routine to correct systematic influences in references to PV systems power outputs’ Solar Energy 157, 1082-1094. S Killinger, JM Bright, D 
Lingfors, NA Engerer 
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2017 Paper ‘Comparing the capability of low and high resolution LiDAR data with application to solar resource assessment, roof type 
classification and shading analysis’, Applied Energy 205, 1216-1230 

D Lingfors, JM Bright, NA 
Engerer, J Ahlberg, S 
Killinger, J Widén 

2017 Paper ‘Improved satellite-derived PV power now casting using real-time power data from reference PV systems’. Solar Energy, 168, 
118-139 

JM Bright, S Killinger, D 
Lingfors, NA Engerer 

19 March 2018 Blog Post Hello Grid ‘Whether the weather be hot... How our grid weathers the weather’, http://www.hellogrid.com.au/energy-
exchange/1117/#! 

Dr N Engerer 

Autumn 2018 Article Australian Solar Council ‘Solar & Storage Magazine R&D pp.50-51, ‘Enabling Networks for Australia’s Solar Powered Future.’ 
Solar & Storage. 

Dr N Engerer 

June 2018 Conference 
Paper 

‘Sensitivity analysis of PV power simulations for different temporal resolutions and spatial aggregation levels.’ IEEE 45th 
Photovoltaic Specialists Conference (PVSC) - Part of WCPEC-7, Waikoloa, HI USA. 

S Killinger, D Lassahn, P 
Guthke, JM Bright, B Wille-
Haussmann 

16 August 2018 Conference Cigre presentation at the CIDER17 conference, as reported in the blog post ‘Launching our grid-based solar forecasting API at 
CIDER17’: http://www.nickengerer.org/research-blog/2017/8/16/launching-our-grid-based-solar-forecasting-api-at-cider17 

Dr N Engerer 

September 2018 Panel 
Member 

Australian National University College of Engineering and Computer Science Industry Engagement Panel. Dr N Engerer 

September 10-
13 2018 

Conference 
Paper 

‘Validation of MODIS Aqua and TERRA Precipitable Water at AERONET sites.’ 12th International Conference on Solar Energy 
for Buildings and Industry. EuroSun 2018. Rapperswil-Jona, Switzerland.. 

JM Bright, X Sun, P Wang, 
NA Engerer, CA 
Gueymard, S Killinger 

16-17th October 
2018 

Conference 
Paper 

‘Modelling city scale spatio-temporal solar energy generation and electric vehicle charging load.’ 8th Solar Integration 
Workshop, International Workshop on Integration of Solar Power into Power Systems, Stockholm, Sweden. 

D Lingfors, M Shepero, C 
Good, J Bright, J Widén, T 
Boström, J Munkhammar 

December 4-6th 
2018 

Conference 
Paper 

‘Evaluating Fog Detection Using Himawari-8 Satellite Imagery and Bispectral Image Processing.’ Asia-Pacific Solar Research 
Conference 2018. Sydney, Australia. 

H Andrews, JM Bright 
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2018 Article ‘Identification of PV system shading using a LiDAR-based solar resource assessment model: an evaluation and cross-
validation.’ Solar Energy 159, 157-172. 

D Lingfors, S Killinger, NA 
Engerer, J Widén, JM 
Bright. 

2018 Article ‘On the search for representative characteristics of PV systems: Data collection and analysis of PV system azimuth, tilt, 
capacity, yield and shading.’ Solar Energy, 173, 1087-1106. 

S Killinger, D Lingfors, Y-M 
Saint-Drenan, P Moriatis, 
W van Sark, J Taylor, NA 
Engerer, JM Bright 

16th-21th June 
2019 

Conference 
Paper 

‘Comparing satellite-derived receding-horizon and day-ahead solar forecasts: cost optimization of residential PV and battery 
storage.’ 46th IEEE Photovoltaic Specialist Conference, PVSC46, Chicago, Illinois, USA. 

JM Bright, CP 
Mediwaththe, P Scott, NA 
Engerer 

16th-21th June 
2019 

Conference 
Paper 

‘Solar forecasting for low voltage network operations: Selected case studies in Australia.’ 46th IEEE Photovoltaic Specialist 
Conference, PVSC46, Chicago, Illinois, USA. 

NA Engerer, C Tidemann, 
JM Bright. 

2019 Article ‘The impact of globally diverse GHI training data: evaluation through application of a simple Markov chain downscaling 
methodology.’ Journal of Renewable and Sustainable Energy, 11(1). 

JM Bright 

2019 Article ‘Worldwide performance assessment of 75 global clear-sky irradiance models using Principal Component Analysis.’ Accepted 
by Journal of Renewable & Sustainable Energy Reviews. 

X Sun, JM Bright, CA 
Gueymard, P Wang, B 
Acord, NA Engerer 

2019 Article ‘A posteriori clear-sky identification methods in solar irradiance time series: Review and preliminary validation using sky 
imagers.’ Accepted by Journal of Renewable and Sustainable Energy Reviews. 

CA Gueymard, JM Bright, 
D Lingfors, A Habte, M 
Sengupta 

2019 Article ‘Climatic and global validation of MODIS Aqua and Terra aerosol optical depth at 452 AERONET stations.’ Accepted by Solar 
Energy. 

JM Bright, GA Gueymard 

2019 Data Article ‘Distributed PV power data for three cities in Australia.’ In review at Journal of Renewable and Sustainable Energy. JM Bright, S Killinger, NA 
Engerer. 

 


