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ABSTRACT: This paper is the result of research undertaken by CAT Projects and the Australian Renewable Energy 

Agency (ARENA) in 2013-2014, investigating the impacts of solar radiation variability on the stability of electrical 

grids with medium penetration PV generation. The analysis takes into account the distribution of PV generators 

throughout the grid, with the hypothesis that the impact of weather variability is mitigated by dispersion of PV across 

a greater geographical area. Although there is an assumption that large multi-nodal electricity grids are inherently 

stable (i.e. do not experience large variances in supply), and that the addition of significant PV input and associated 

intermittency potential could cause disruptions that would increase the risk of operational problems, results from this 

project indicate the opposite. Notably, the Alice Springs grid (which is analogous to many other grids in regional and 

remote areas, as well as many sections of larger electricity networks) encounters a significant level of load variance 

as part of normal operation.  In other words, such networks already accommodate a high degree of variability without 

compromising on operational outcomes.        
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1 BACKGROUND 

 

Photovoltaic (PV) technology has in recent years 

become a significant form of power generation on many 

electricity networks.  Electricity utilities who manage 

these networks have raised concerns regarding the impact 

of high penetration by photovoltaics into these 

distribution grids. Concerns generally focus on issues of 

grid management, operation and planning - particularly 

where there is variability in PV system output due to 

cloud cover.  Variability in PV irradiance is an often cited 

as a major impediment to high levels of PV penetration 

into existing electrical networks. 

This report is the result of a research project 

undertaken by CAT Projects and the Northern Territory 

Power and Water Corporation (PWC) supported by 

funding from ARENA during 2013/14.  The project 

investigated the impacts of solar radiation variability on 

PV power output in existing electrical grids, specifically 

on the Alice Springs grid.  The key aim was to develop 

an improved estimate for the maximum penetration of 

grid-connect solar generators achievable without energy 

storage.  The research took into account the solar 

generators’ distribution across the geographical area of 

the grid.  This was based on the hypothesis that the 

impact of weather variation is mitigated by the 

distribution of solar generators across the geographical 

extent of the grid; which is that clouds passing across the 

area will not affect all generators simultaneously. 

A second aim of this study was to understand the 

degree to which high penetration PV can be integrated 

into an electricity network without energy storage. Solar 

irradiance is the key determinant of PV system power 

output, and normally experiences a linear relationship. As 

solar irradiance rises and falls, PV system output 

corresponds.   

Solar irradiance follows a predictable diurnal and 

seasonal pattern but is subject to the natural variability 

and unpredictability of local weather conditions, 

particularly intermittency of cloud cover. Intermittent 

solar radiation results in intermittency in PV generation. 

Where significant capacity of PV generation is installed 

on an electricity network this variability in PV generation 

can have a potentially negative impact on the local 

electricity network. The potential issues can be localized 

(feeder or substation level) or network wide depending 

on the existing network architecture and how the PV 

system integrates into this architecture. 

Network level problems occur where intermittent 

changes in PV generation on a power network are unable 

to be accommodated by the base load generation over the 

time frame of the change. This potential mismatch in 

ramp rates in interconnected generation sources and the 

dynamics of the system load can lead to issues with 

power quality and even network outages.  These changes 

are often cited as a limitation to the amount of PV system 

penetration that can be installed into existing electricity 

grids. 

 

The potential impacts of intermittent generation occur at 

different time scales and the associated considerations 

include: 

 Power quality: Rapid changes in network 

demand or in supporting generation (i.e. PV) 

can cause power quality issues such voltage 

flicker, harmonic distortion. 

Response Time Scale: Seconds 

 Operating reserve: The spinning reserve of 

operating network generation is required to 

have sufficient total capacity and ramping 

capability to meet short term changes in 

network demand or in supporting generation 

(i.e. PV).  Failure to do this will lead to power 

quality and system outage issues. 

Response Time Scale: Minutes 

 Generating Unit-commitment and Scheduling: 

Generation planning requires sufficient 

generation to be available at any time to 

provide the projected network demand and 

sufficient operating reserve. 

Response Time Scale: Hours to days 

 

PV generation also impacts networks at the local level of 

feeders and substations. These impacts are complex (and 



not necessarily related to PV generation intermittency) 

and are highly specific to local conditions, such as 

demand profiles, network configurations and existing 

hardware limitations. These localised impacts are 

important and need to be a key consideration when 

determining the detailed architecture of high penetration 

PV integration within grids. However, these impacts are 

beyond the scope of this study, which focused on the 

network or system level of PV integration. 

 

2 EXISTING NETWORK VARIABILITY 

 

Instantaneous network demand is a key factor in 

determining the amount of PV that can be manageably 

integrated into the Alice Springs grid.  The variability of 

this demand should also be understood.  Step changes in 

the overall load are of interest because when they are 

coupled with step changes in PV generation they provide 

a total potential ramp rate that the base load generation is 

required to negotiate without causing power quality 

issues.  

In Figure 1, the frequency of measured step changes 

in total network demand per minute over the day time 

period are shown. What this shows is that over one 

minute intervals, the network demand generally ramps at 

a rate from 0.0 to 1.0MW and may ramp up or down as 

much as 2.0MW, but never exceeds this level.  A similar 

pattern was seen for shorter time intervals (15 seconds) 

with the only difference being that the majority of step 

changes were in the 0.0 to 0.5MW range.  From this data 

it seems safe to assume that allowing for a 2.0MW ramp 

in demand across the daytime period will cover all likely 

circumstances. 

 

 
Figure 1: Frequency Distribution of Step Changes over 1 

minute 

 

The same analysis, when completed for the entire data 

set, provides similar results. Figure 2 shows the 

probability distribution for step changes in network 

demand over the entire assessment period. Clearly, for 

99.99% of the time the network demand changes less 

than 1MW per time interval. Larger step changes do 

occur but are extremely rare and the 2MW maximum 

ramp in demand nominated above remains a reasonably 

conservative value to work with for our overall load 

assessment.  The data does show a handful of very large 

step changes which are in excess of 5MW. These values 

are likely to represent localised load outages at the 

substation or feeder level, particularly as the distribution 

of these extreme values is much larger for the downside. 

 

 
Figure 2: Probability Distribution of Step change in 

demand 

 

3  DATA COLLECTION METHODOLOGY 

 

There were three key methods of data collection in this 

project. 

1. Remote Monitoring Stations: The stand-alone 

stations were purposely designed, constructed 

and installed across the greater Alice Springs 

area to provide solar irradiance and wind data 

for this study 

2. Desert Knowledge Australia Solar Centre 

(DKASC): A long term solar demonstration 

facility located in Alice Springs that is able to 

provide high level solar irradiance and wind 

data. In addition the site provides PV system 

performance data from 40 different PV 

technologies to a total grid connected site 

capacity of 250kWp and a data storage facility 

that has been utilized by this project 

3. Power and Water Corporation (PWC): the local 

utility company and project partner provided 

load data for the whole of Alice Springs. 

 

The network of pyranometers across Alice Springs 

installed for this project provided real time 5 second 

irradiance data from nine separate sites spread across a 

15km radius from the central site at the DKASC. This 

data allows for the assessment of irradiance variability in 

terms of three key parameters, each of which has key 

implications for determining PV penetration into the 

Alice Springs network. 

1. Quantity of locations: The total number of sites 

2. Spatial separation: The distances between sites 

and within sites 

3. Temporal effects: The time scales over which 

data is assessed 

These parameters are integral to understanding the nature 

of irradiance variability and the optimum way of 

managing or containing the impacts of this variability so 

that PV penetration can be maximized.   

 

3 ANALYSIS 

 

3.1 Single Site Analysis 

 

Figures 3 and 4 show two full days of irradiance data 

from the same monitoring location: Site #5. The samples 



are 5 second averaged values taken across the daylight 

hours. One day shows a clear sky and therefore a full 

irradiance profile and the other day with highly variable 

irradiance due to intermittent cloud cover. These two 

days represent the extreme ends of the spectrum in terms 

of irradiance variability and are a useful starting point to 

understand its impact on PV generation. 

 

 
Figure 3: Clear Sky Irradiance – 5 sec intervals 

 

The clear sky day provides a very stable irradiance 

profile with the peak irradiance in the middle of this 

sunny day reaching around 1050 W/m2 and very minor 

step changes to irradiance across the daytime period. The 

changes in irradiance for the clear sky day range from 0-

30 W/m2 which represents less than a 5% step change in 

net irradiance between any given time interval. The same 

examination of the highly variable day shows a large 

degree of intermittency in the irradiance data with step 

changes as measured by the pyranometer of upward of 

500 W/m2 per time interval.  

 

 
Figure 4: Highly Variable Irradiance 

 

Even for this highly variable day though, the vast bulk 

(over 90%) of the step changes in irradiance over the day 

still fall within the 0-30 W/m2 range and when translated 

into changes in PV generation will have little impact on 

the network. The remaining 10% however are of more 

consequence to this discussion and it is evident from the 

data that the variability in irradiance in this portion of 

data can be significantly high, with some step changes, 

though rare, being in excess of 500 W/m2. Such changes 

constitute a rise or fall of more than 50% of the total 

irradiance at that time interval. If this is applied to the 

notional output of utility scale PV system (up to 10MW) 

at this – single – location, it could cause significant issues 

with other sources of generation on the network ramping 

up or down to meet these changes. 

 

3.2 Multi Site Analysis 

 

Each site when examined on its own has the same issues 

for PV generation as noted previousl. However if each 

site is seen as a separate PV system, all of equal size and 

all on the same network then their net irradiance will 

provide a good indication of the net variability of PV 

generation across the grid. This is demonstrated in Figure 

5 below: 

 

 
Figure 5: Total irradiance over 9 sites – 5 sec intervals 

 

As can be seen, while each site is still quite variable, in 

agregate many of the extremes in rises and falls of 

irradiance witnessed for individual sites are largely 

negated by the irradiance at other sites, and over the sum 

of the nine sites we get a more stable irradiance and 

therefore more stable PV generation picture. 

 

3.3 Statistical analysis of data 

 

Following the agregate analysis, a statistical assessment 

of the individual and agregate steps changes was 

conducted. Figure 6 plots the probability distribution for 

positive and negative step changes in irradiance across 

the entire data set for both a single site and from the net 

normalized values for all sites. 

 

 
Figure 6: Probability distribution of step changes 

 

Again it is clear that a single site (noted in the figure as 

“site3”) has a large variability relative to the net 

normalized value, yet is also clear that even for this 

single site the likelihood that a step change will exceed 

250 W/m2 at any point is less than 1%. The probability 

that the step changes will exceed 500 W/m2 is a fraction 



of this again. This corresponds closely with data 

examined earlier for the three individual “worst” days in 

the data set. 

 

Similarly the probability distribution for the combined 

sites (noted in figure as “fixed sum”) also correlates well 

to data from the individual days. The magnitudes of step 

changes in irradiance are greatly reduced – for over 

99.7% of the samples (three standard deviations) the step 

change is 50 W/m2 or less and the effective probability 

of the irradiance ramping by more than 200 W/m2 is less 

than 0.01% for any given time interval (5 second 

averaged).  

 

It should also be noted again that to avoid weighting this 

result in favour of irradiance stability, the data assessed 

only includes the irradiance values for the daylight hours 

when PV generation occurs. 

 

4 QUANTITY VERSUS DISTANCE 

From the available irradiance data, it is clear that by 

increasing the number of sites there is a substantive 

decrease in the effective irradiance variability and that 

this has direct implications for reducing the variability of 

PV generation and therefore PV penetration levels on the 

Alice Springs network. This impact is very clear. What is 

less clear though are the benefits of dispersing the sites 

primarily due to the quantity of the sites or the spatial 

separation. In Figure 7 below, the probability distribution 

for four separate levels of dispersion for the irradiance 

monitoring are shown. These four scenarios are as 

follows 

1. Single site: Site # 9. Centre site in the network 

of nine sites 

2. All Nine Sites: Dispersed unevenly across 0-15 

km radius from central location 

3. Inner Five Sites: Within 5km radius of each 

other 

4. Outer Five Sites: Outer ring. All sites sit at the 

edge of a radius 12-15 km from central location 

 

 
Figure 7: Probability distribution of step changes for 4 

scenarios 

 

Both the inner and outer five-site dispersions show 

similar variability profiles, both with significant 

reductions in irradiance variability from the single site 

data. The nine-site dispersion however has notably 

reduced variability over a wider range of step changes – 

i.e. fewer larger step changes than the two sets of five-

site data. 

 

For the two five-site dispersions it can also be seen that 

the variability profiles are very similar. The inner circle 

of five monitoring sites which is dispersed over a 5km 

radius is only slightly more variable than the outer ring 

which is dispersed over 10-15km radius and therefore an 

area which is effectively nine times larger. So despite the 

much larger area, the benefits of this spatial dispersion on 

reducing irradiance variability is only moderate. 

Similar results can be seen when the data is refocused 

down from the whole data set to the days of very high 

irradiance variability. Figure 23 shows the frequency 

distribution of step changes between four sites at a 5 km 

radius and four sites at a 10-15km radius. This data (also 

taken, as previous examples, from 11th September 2013), 

shows again that whilst a small reduction in irradiance 

variability is achieved by spreading the sites out over a 

larger area, these benefits are relatively modest. 

 

However from this initial analysis a number of 

preliminary conclusions can be drawn: 

1. The quantity of sites is a decisive factor in 

reducing irradiance variability. 

2. The greater the number of sites, the greater the 

reduction in variability. This relationship is not 

however linear with significant improvements 

in variability being achieved with very small 

quantities of sites. 

3. Spatial dispersion of the sites reduces 

variability; however the benefits of spatial 

dispersion are not as strongly evident as the 

benefit of increasing the quantity of sites. 

 

5  MODELLING IRRADIANCE, NETWORK 

DEMAND AND PV PENETRATION 

 

5.1 Basis of model 

 

In this report, large area PV array outputs have been 

modelled by scaling the magnitude of point-source 

radiation data. A certain degree of spatial dispersion 

inherent in a large area PV array is therefore not captured 

in the modelling. In reality the variability of a large area 

PV array is likely to be slightly lower than that found in 

our results. 

 

To demonstrate the effects of spatial dispersion on the net 

variability of PV on the grid, measured load data from the 

network utility, PWC, was taken at 15 sec intervals and 

then overlaid with scaled point source data to simulate 

PV plant outputs of various sizes and locations using 

actual solar radiation data resampled to 15 second 

intervals for the days being analysed. 

 

In general there are up to 300 days per year in Alice 

Springs that are largely cloud free. Clear sky days have 

very low irradiance variability and these days have been 

explicitly excluded from the analysis. Over the remaining 

days, a large number were analysed with broadly similar 

results. From this high variability subset, two days in 

particular have been selected because they both have 

similar levels of solar intermittency and individually they 

each represent either the peak (28th January 2014) or the 

trough (29th September 2013) of electricity demand on 

the Alice Springs network.   

 

To understand the potential impacts of solar intermittency 

on the overall network during these high and low demand 



days three simulations were completed. These 

simulations model the impact of the installation of an 

additional 10MW of PV on to the Alice Springs network 

in concentrated, moderately dispersed and highly 

dispersed configurations as follows: 

1. One 10MWp plant centrally located 

2. Three 3.3MWp plants located 5km radially 

from the solar centre 

3. Nine 1.1MWp plants located at the locations of 

the pyranometers as shown previously. 

The results of these simulations are provided below. 

 

5.2 Model Outputs 

 

Two days were selected for the analysis: 

1. January 28th, 2014, Tuesday 

2. September 29th, 2014, Sunday 

 

These days were chosen as they are both highly variable 

and coincided with the two outer boundaries for network 

loading. For succinctness, the outcomes for September 

29th only are shown below, however, the results are very 

similar for both scenarios. This date was selected for the 

simulation because it represented the low load period for 

the network (a weekend day in spring is when the 

average network load is typically at its lowest) - the 

daytime network demand on this day is in the range 15-

25MW. 

 

Figure 38 shows the variability of the existing Alice 

Springs network as it currently exists. Step changes in 

demand are typically 0.2-0.5 MW per unit time (15 

second intervals) but may be as large as 1.0MW and this 

variability in demand only increases a small amount over 

the day and in proportion to the increase in network 

demand.  Once again there is no discernible impact on the 

variability of the demand curve due to the existing 4MW 

of PV generation. 

 

 
Figure 8: Sept 29th, Sunday, Grid variability no 

additional PV. 

 

This data set was overlaid with the simulated data from 

the three scenarios previously noted. The outcome of this 

is shown in Figures 9, 10 and 11. 

 

 
Figure 9 Step changes in the Alice Springs grid with an 

additional 10MW PV plant added (15 second intervals 

over 24 hours 

 

 
Figure 10 Step changes in the Alice Springs grid with an 

additional three 3.3MW PV plants added (15 second 

intervals over 24 hours). 

 

 
Figure 11: Step changes in the Alice Springs grid with 

an additional nine 1.1MW PV plants added (15 second 

intervals over 24 hours). 

 

As can be seen, the aggregate variability on the network 

for the 9 x 1.1MWp plants is, although greater than the 

baseline, within the limits of what the network already 

accommodates. Another way of viewing this data is by 

figure 12, where the three scenarios are plotted in 

absolute terms: 

 

 
Figure 12: Net load on the Alice Springs grid with 



various PV plant configurations added (15 second 

intervals over 24 hours) 

 

5.3 Measures of Variance 

 

An alternative method of visualising the effect of the 

geographical dispersion of PV on the power system is to 

consider the net statistical variance of the power system 

under the various scenarios considered. Variance, as a 

statistical measure, is the measure of the spread of a 

range of measurements. In this context, the variance is a 

measure of the range of variability that is experienced by 

the power system over the course of a day under the 

respective scenarios. 

 

 
Figure 13: Highest level of solar variability and 

corresponding aggregate load – lowest load day 29 

September 2013 

 

 
Figure 14: Highest level of solar variability and 

corresponding aggregate load – highest load day January 

28 2014 

 

The graphs in figures 13 and 14 plot the measured 

variance for each of the four scenarios: 

• Existing load; 

• Existing load + 10MW single PV array; 

• Existing load + 3*3.3MW PV arrays; 

• Existing load + 9*1.1MW PV arrays; 

Further, to ensure that the data is not skewed by the time 

base of the measurement, the variance has been 

calculated for the entire 24 hours period (Green columns) 

and just for the daylight hours of 6:00AM to 6:00pm 

(Blue Columns). As variance is a measure of the spread 

of values being analysed (in this case the spread of step 

changes) a smaller value indicates that the magnitude of 

the step changes is smaller, while a larger number 

indicate that the range of different step changes is larger.  

Figures 13 and 14 show the dramatic difference in 

variance between the respective scenarios, with the 

variance in the modelled power system for a single 

10MWp array being approximately 4 times that of a 

power system with nine 1.1MWp arrays. Further, it is 

noted that the variance in the power system for nine 

1.1MWp is not substantially higher than that experienced 

by the grid without additional PV arrays. 

 

As can be seen, the base variance in the power system on 

September 29th was around 0.11, and the variance of the 

modelled power system for nine 1.1MWp arrays on the 

28th of January was only 0.12. That is, the level of 

variance that the power system would be required to 

accommodate with nine 1.1MWp arrays is no worse than 

what the power system already accommodates. 

 

It could be argued that this is due to the level of variance 

in the power system due to the existing 4MWp of PV 

spread throughout the Alice Springs network, however, 

as noted the variance has been plotted for both the 

daylight hours (Blue), and the entire 24 hours period 

(Green). Peculiarly, the variance in the power system in 

January is actually higher during night time hours than it 

is during the day – it is unclear what the precise cause of 

this is. 

 

6 CONCLUSIONS 

 

This project yielded some important and interesting 

findings.  Firstly, variability in irradiance (and therefore 

PV generation) can be strongly mitigated against by 

dispersing PV generation geographically across the 

electricity network.  The most effective way to disperse 

PV generation is by increasing the quantity of PV sites 

that are connected into the network. Sites must be 

spatially dispersed to achieve this effect but as long as 

there is reasonable spatial dispersion then by far the most 

important determinant in reducing the variability of PV 

generation is to increase the total number of sites. 

 

The impact of the variability of the solar resource on the 

network can be dramatically reduced through geographic 

dispersion.  In this project, the highest levels of solar 

variability and corresponding aggregate load in the Alice 

Springs network were selected to demonstrate this point.   

Namely, a weekday in January after school had returned 

(highest load) and a weekend in September (lowest load). 

In both cases the level of intermittency when a distributed 

array is put in place comes close to the level of variability 

extant within the load profile in the first place. This can 

be further quantified by measuring the variance of the 

step changes in the load over the course of the day and 

then comparing that to the variance when the different 

models are overlaid. 

 

With respect to the impact of dispersed PV, it can be 

clearly seen that the level of variance for a single 

10MWp plant is over four times that for nine 1.1MWp 

plants separated as per the locations of the pyrometers. 

The ratios are very similar for both January and 



September. 

 

Furthermore, the variance that would be seen by the 

system generators is higher with the larger presence of 

PV in the network than if it was not there at all, however, 

it is no greater than the most significant variance that the 

generation units within the system currently 

accommodate. The extant variance in the network in 

sunlight hours for September is 0.11, with the variance in 

January including nine 1.1MW PV plants is 0.12, thus 

demonstrating that the existing spinning reserve 

strategies could accommodate further PV integration 

without substantive change. 

Key conclusions include: 

1. Pyranometers, by themselves, should not be 

considered as a useful real time predictive tool 

in PV output.  Given the vagaries of wind 

effects and the impact of spatial distribution, 

they are unable to forecast the extent of the 

variability that exists in a given electricity grid.     

2. There is an assumption that large multinodal 

electricity grids are inherently stable (i.e. they 

do not experience large short term variances in 

demand) and that the addition of significant PV 

input and associated intermittency potential 

could cause disruptions that would increase the 

risk of operational problems.  Results from this 

project indicate that the Alice Springs grid 

(which is analogous to many other grids in 

regional and remote areas as well as too many 

sections of the National Energy Market) 

encounters a significant level of load variance 

as part of normal operation.  In other words, the 

network already accommodates a high degree 

of variability without compromising on 

operational outcomes.        

3. Furthermore, results show that for the Alice 

Springs grid, the variance created by the 

installation of a further 10MW of dispersed PV 

can end up being very similar to the step-

change ‘noise’ variance which currently occurs 

in the network.  The results demonstrate 

empirically that it is possible to install large 

amounts of PV, potentially exceeding 60% of 

demand, into existing networks without 

disrupting the underlying variance that 

normally exists in grids, as long as there is 

adequate spatial distribution of the PV input.       

 

It is important to note that the conclusions reached above 

are in the context of the entire network, and there may be 

local areas of networks where such installations are not 

appropriate due to other gird constraints, voltage rise and 

frequency instability etc. 

While undertaking this project, future research directions 

became apparent, including:  

1. This type of study should be replicated in other 

grids (for example in a coastal location) in 

order to establish the degree of spatial diversity 

of PV input that is optimal given differing 

prevailing weather conditions, i.e. average 

wind speeds; 

2. Further research and economic modelling is 

required to compare the cost imposition of 

different options for PV input.  That is, for 

example, the cost of installing nine 1.1MW 

systems, versus three 3.3MW systems, versus 

one 10MW system; and 

3. Analysis of the size, number and spatial 

diversity to optimise PV input (and limit the 

effects of variance) into the grid should be 

undertaken with a view to determining the 

marginal benefit of additional diversity and/or 

the extent to which the benefits of diversity 

diminish if the separation of systems gets too 

great. 
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