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 Demand flexibility is a key tool for managing voltage regulation issues arisen by excess distributed 
generation  in distribution networks with high PV penetration. Demand flexibility can help integrate 
higher levels of  renewable and distributed generation. Coordinated operation of electric water 
heating systems (EWHSs) that are on a controlled load circuit has been utilized for  soaking up 
excess solar generation in South Australia (SA) [1]. Here, the impact of EWHSs’ controlled operation 
on the low-voltage (LV) network is studied through analysis of the one-year market and power quality 
data of around 13700 customers of AGL, a main retailer in SA. Quantifying the expected voltage 
drop due to the operation of different EWHS types, this study provides insights for future network 
planning. In addition, distribution-transformer-level voltage study shows the potential of using the 
EWHSs’ operation as a voltage control mechanism, and assists with identification of the LV-network 
bottlenecks, which are often unknown to the network operator due to the lack of an accurate network 
model. 

Individual customer voltage analysis 

Operation of EWHSs causes a voltage drop at each site, and the amount  mainly depends on the 
network voltage-to-power sensitivity at each location. As an example, Figure 1 shows one day 
operation of a 3kW EWHS which causes around 5V voltage drop during operation.  

 
Figure 1 Voltage drop due to an EWHS operation 

It is noted that the voltage profile is also affected by the operation of loads on the general supply 
circuit of a household as well as neighbouring sites. Nevertheless, in this study, for each ON-OFF 
operation of all EWHSs, a voltage drop is calculated as 𝐷𝑉 =	𝑉!"" − 𝑉!#. Where, 𝑉!"" is the average 
voltage over 15-minute before and after EWHS ON operation and 𝑉!# is the average voltage during 
the ON operation. Further, due to the 5-minute sampling resolution of data, only operation samples 
with a heating duration of at least 15 minutes are considered. 

Figure 2-a shows the voltage drop distribution for 13768 smart meters with a median of 2.6V and a 
95th percentile value of 6.4V. Here, 1732 sites are identified as critical meters as they experience 
voltages greater than 253V . Figure 2-b depicts the voltage drop distribution for critical meters with 
the median and 95th percentile value of 3.4V and 8.2V, respectively. Here, the higher voltage drop 
values indicate the higher voltage-to-power sensitivity of network for the critical meters. 
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Figure 2 Voltage drop distribution due to EWHS operation 

EWHS loads are generally proportional to the square of the voltage. Accordingly, the rated power of 
EWHSs can be calculated by normalizing the actual EWHS power consumption with respect to their 
voltages. Figure 3 shows the classification of different systems rated power  among 13769 customers 
according to the common EWHS types in Australia [2], where the majority of EWHSs have  3.6kW 
resistive heating element. Further, it shows the distribution of voltage drops according to EWHSs 
rated power. According to Figure 3, EWHSs with higher rated power generally lead to higher voltage 
drops, while heat-pumps with the rated power of 0.8-1.2kW have the minimal voltage drops. As seen 
from Figure 3, commercial EWHSs with a rated power of greater than 6kW do not follow this pattern, 
potentially, implying that these customers are located in a stronger LV-network.  

 
Figure 3 Classification of EWHS rated power vs voltage drop distribution 

Operation of the whole fleet 

Using the new platform developed by the metering provider Plus ES, AGL has been able to control 
the controlled load circuit of their customers’ smart meters. Accordingly, different control strategies 
have been tested. Figure 4 shows the daily average profile of the EWHS load as well as the net 
export, defined as the summation of EWHS load and general supply load minus solar generation, of 
the whole fleet along with the 95th percentile value of the average voltage. As seen from Figure 4, 
the main strategy in Feb. 2024 in the daytime period has been like the traditional Control Load 2 
scheme, where all controlled loads are energized at once within a random period of one hour. This 
strategy creates a peak power that for around one hour has a significant effect on the voltage profile.  

Figure 5 shows the average power and voltage profiles in Aug 2023, where the EWHSs are divided 
into six main groups that are energized sequentially with a 30-minute delay from each other, while 
the randomisation period within each group is reduced to 10-15 minutes. As seen from Figure 5, this 
strategy leads to a more smoothed power profile that can impact the 95%-voltage profile for a longer 
period of 2-2.5 hours.  
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Observing the net export profile in both Figures, it can be noticed that while total EWHSs load cannot 
soak up the whole excess solar generation, an intelligent operation of EWHSs might prove effective 
in the regulation of voltage profiles. 

 
Figure 4 Profile of the average power and 95th percentile average voltage in Feb 2024 

 
Figure 5 Profile of the average power and 95th percentile average voltage in Aug 2023 

LV-Transformer-Level Study 

EWHSs load can be used as a voltage control mechanism if not only can a EWHS lower voltage at 
its own site, but also at the neighbouring sites within the same LV-transformer. This phenomenon 
can be assessed by analysing the correlation of the voltage profiles of  households within the same 
LV-transformer. Figure 6 shows an example of four households with highly correlated voltage profiles 
being fed by the same LV-transformer. As seen from Figure 6, the voltage profiles of different 
households change similarly. At 10:00-11:00, a voltage control service can be observed, where 
EWHS load of household 3 has been able to lower the voltage profiles of the neighbouring sites.  

For a specific day, correlation of the voltage profile of each pair of households on the same 
transformer are calculated. Figure 7 shows the results of this analysis for 10 transformers with at 
least 10 customers. According to this analysis, some transformers like T2 and T6 show high 
correlation that indicates a strong network at these distribution substations, while correlation values 
could be quite diverse for other transformers.  

Calculating an average correlation for each transformer on each day, the distribution of average 
daily correlations for each transformer is illustrated by Figure 8. According to Figure 8, while the 
average daily correlation value remains high for T2 and T6 transformers, it can significantly vary for 
the rest of transformers over time, where the customer behaviours is the main cause of voltage 
profile similarity rather than the network strength.  

 Here, it is noted that the customers participating in this trial are spread across more than 11000 
LV-transformers, from which only 10 transformers are identified with at least 10 customers. Thus, 
from the performed analysis, one cannot draw strong conclusions about network strength of the 
whole South Australian LV-network. 
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Figure 6 One day operation of highly correlated households on the same transformer 

 
Figure 7 Distribution of correlation of voltage profiles  

 
Figure 8 Distribution of average daily correlation from Jul 2023-Jun 2024 
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