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This research explores community energy storage (CES) as a solution for solar curtailment in low-
voltage (LV) networks via storing excess rooftop PV energy. Using battery optimisation algorithms 
and power flow analysis, this work examines solar curtailment in networks with smart PV inverters 
under four inverter control modes: fixed feed-in limit, Volt-VAr, Volt-Watt, and a combination of Volt-
Var and Volt-Watt. Results showed that CES can reduce network voltage levels, resulting in a 16% 
reduction in curtailment. This suggests that CES could be beneficial in communities with high 
curtailment levels and wide use of smart inverters, thus increasing local solar energy utilisation.  

Background 

In low-voltage networks with high PV penetration, reversed power flows from excessive rooftop solar 
generation can significantly increase local network voltage levels [5], leading to overvoltage 
conditions. These elevated voltages may exceed the limits tolerated by existing network equipment, 
potentially causing damage or, in extreme cases, blackouts [2][9]. Dynamic curtailment strategies 
offer a solution to manage excessive PV generation in low-voltage networks. These strategies use 
smart inverters to adjust the power exported from PVs to the grid, keeping voltages within Australian 
standards (AS/NZS 4777:2020). Curtailment can involve complete shutdown or partial generation 
reduction. While technically effective and efficient, this approach leads to solar energy waste and 
revenue loss for PV owners. Such outcomes may weaken the financial justification for PV system 
investments and discourage future adoptions, potentially creating social challenges in the transition 
to renewable energy.  

Community Energy Storage (CES) presents an alternative to curtailment. These mid-scale battery 
systems, typically 0.1–5 MW, are located downstream of distribution transformers, and connected to 
the LV network [11]. CES absorbs excess solar generation during the day, storing it for later use. 
CES can help lower peak demand, reduces grid dependence, and stabilises local network voltages, 
thus decreasing maintenance and equipment costs for network operators and electricity costs for 
consumers [4][8]. Additionally, CES can participate in electricity markets to earn extra revenue, 
allowing further cost reductions for local consumers. Motivated by these benefits, the Australian 
government's Community Batteries for Household Solar Program aims to implement 400 community 
batteries, providing localised energy storage and network support [13]. 

In 2020, Australian standard AS/NZS 4777 regarding the grid connection of energy systems via 
inverters was updated to mandate that both Volt-VAr and Volt-Watt power quality response modes 
(PQRM) are enabled and operating concurrently [1]. Incorporating these advanced grid-support 
functionalities, smart inverters can autonomously contribute to grid stability by dynamically adjusting 
real and reactive power output when voltage deviates it’s from nominal operating range.  

Inverters with Volt-Watt mode enabled limit active power export based on terminal voltage, reducing 
output linearly when voltage exceeds 250 V, and cutting it off entirely above 265 V to prevent grid 
impact. Inverters with Volt-VAr mode enabled adjust reactive power export or import based on 
terminal voltage, injecting reactive power at low voltages, and absorbing it at high voltages, with a 
dead-band at stable medium voltages. Active power may be curtailed to support additional reactive 
power, constrained by the inverter's rated apparent power. Inverters in fixed mode lack the ability to 
dynamically respond to grid voltage levels. They are set with a maximum export limit by the DNSP, 
and any excess energy generated beyond this limit is curtailed to prevent exceeding the threshold. 

This research investigates the extent to which CES can reduce curtailment levels, thereby enhancing 
the knowledge base surrounding CES efficacy and informing best practices for its implementation, 
particularly in communities contending with overvoltage challenges.  
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Methods 

This study simulates a network based on a realistic representation developed by CSIRO for the 
Australian context. The network topology, containing 109 loads, is detailed in the CSIRO report [7]. 
The household load and PV generation data, obtained from the NextGen project in Canberra [6], 
represent real-world measurements. NSW spot prices from 2022 and Evoenergy network tariffs were 
incorporated into the model. Our in-house optimisation software, echo, was employed to calculate 
optimal battery charge/discharge schedules using the formulation defined in [12], without considering 
network constraints, with the objective to minimise export and import to and from the grid and the 
costs for the CES owner. These schedules, along with network topology, household loads, and PV 
data, were then input into OpenDSS for power flow analysis to calculate voltages and power flows 
across the network before and after battery implementation. 

To understand the influence of CES on solar curtailment, four different inverter control modes were 
incorporated into the power flow analysis: fixed feed-in limit, Volt-VAr, Volt-Watt, and a combination 
of Volt-VAr and Volt-Watt. To quantify the impact of CES, the following performance metrics are 
employed: 

𝐶𝑢𝑟𝑡𝑎𝑖𝑙𝑚𝑒𝑛𝑡 = 𝐸𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑 = (𝑃𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑(𝑡) − 𝑃𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑(𝑡)) Δ𝑡                       Eq. (1) 

𝐶𝑢𝑟𝑡𝑎𝑖𝑙𝑚𝑒𝑛𝑡 (%) = 𝑒𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑 =
𝐸𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑

𝐸𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑
× 100                       Eq. (2) 

𝐶𝑢𝑟𝑡𝑎𝑖𝑙𝑚𝑒𝑛𝑡 𝑈𝑛𝑓𝑎𝑖𝑟𝑛𝑒𝑠𝑠 𝐼𝑛𝑑𝑒𝑥 =  √∑(𝑒𝑖
𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑− 𝑒𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅)

2

𝑁−1
                      Eq. (3) 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑂𝑣𝑒𝑟𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 =  
∑ ∑ {𝜏  if 𝑉𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑(𝑡)>𝑉𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 and 𝑉𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑(𝑡−1)≤𝑉𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

𝑡1
𝑡=𝑡0+1∀𝑏𝑢𝑠

𝑁
              Eq. (4) 

Where 𝑒𝑖
𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑 is the percentage of energy curtailed for the 𝑖𝑡ℎ inverter, 𝑒𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑 is the average percentage energy curtailed across all 

inverters in the network, and 𝑁 is the number of inverters in the network. 𝜏 is the time step between consecutive voltage observations and 

𝑉𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 250𝑉 is the threshold for a voltage measurement to be considered an overvoltage event. 

While various battery sizes and PV penetration levels were tested, this paper focuses on presenting 
results for a CES with a capacity of 200 kWh located in the middle of the feeder with 100% PV 
penetration, where the average system has an installed PV capacity of approximately 6 KW.  

Results  

Figure 1 shows the impact of CES on the frequency and duration of overvoltage events in a single 
day. CES decreases the average total duration of overvoltage for all control modes by at least 12.6 
minutes, and for fixed and combination modes, up to 19.2 minutes. This reduction in overvoltage is 
accomplished by storing excess PV energy in the battery during overvoltage events, rather than 
exporting it to the grid, and reduces the necessity for power quality response modes aimed at voltage 
regulation.  

Curtailment levels caused by inverters with fixed export limits remain unchanged with the addition of 
CES, as fixed inverter behaviour is independent of voltage. Fixed inverter control causes only 1.13% 
of the total generation in this network to be curtailed. Volt-VAr control causes significantly less 
curtailment compared to other modes, with CES reducing total network curtailment by 16.7%. 
However, only one PV system was affected, equating to only a 5.1 kWh reduction, which is negligible 
compared to CES’s ability to decrease 221 kWh of curtailment across the network when Volt-Watt 
mode is in operation, translating to 14.9% of the network’s total curtailment. 
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Figure 1  Overvoltage duration was reduced by a combination of community energy storage 

together with Volt-Var or Volt-Watt inverter control across all sites in the network. 

 

 

Volt-VAr control provides similar voltage regulation to Volt-Watt mode while imposing only 1.3% of 
the total curtailment that Volt-Watt does. This is because Volt-VAr can regulate voltage via reactive 
power without necessitating active power curtailment. Oversizing the inverter’s apparent power 
rating could underestimate active power curtailment in Volt-VAr mode. Although CES can reduce 
network curtailment by over 14% in networks with smart inverter power quality response modes 
enabled, its inability to reduce fixed export curtailment limits its applicability in current real-world 
scenarios, where the majority of Australia’s 14 GW of rooftop PV capacity still utilises fixed export 
limits. Consequently, the impact of CES may be significantly less pronounced compared to the 
simulated networks where 100% of inverters have PQRM enabled. 

Table 1 shows how CES impacts curtailment from a network-wide lens and Figure 2 shows the 
percentage reduction in curtailment that occurs from the addition of CES into the network.  

Table 1 Impact of CES on network curtailment levels with different inverter control 
modes employed. 

Parameter 

Without CES  With CES 

Fixed  
Volt-
Watt 

Volt-
Var 

Combin
ation 

Fixed 
Volt-
Watt 

Volt-
Var 

Combi 
nation 

Total Network Curtailment (kWh) 392 1553 21 1586  392 1332 16 1359 

Total Network Curtailment (%) 1.13 4.49 0.06 4.59 1.13 3.82 0.05 3.93 

Average Site Curtailment (%/PV 
system) 

0.85 4.14 0.06 4.23 
 

0.85 3.55 0.05 3.63 

Table 2 presents the results of applying the Curtailment Unfairness Index (CUI) to each inverter 
control mode and CES scenario. The CUI results reveal similar trends between inverter mode and 
CES impact as those observed in the curtailment results. Volt-VAr has a very low CUI indicating 
minimal variation in curtailment levels among PV systems in the network. This is primarily because 
only one system experienced curtailment due to Volt-VAr. As expected, CES has no impact on fixed-
mode simulations because CES provides voltage regulation, which does not affect the behaviour of 
fixed mode. Fixed mode proves to be the next fairest, with a CUI of 1.57 indicating that curtailment 
is distributed relatively evenly, with only two PV systems experiencing curtailment levels greater than 
10%. These curtailment levels are unavoidable unless system users shift their load to coincide with 
peak generation, thereby increasing self-consumption and preventing the active power export limit 
from being reached. Volt-Watt and combination mode exhibit a higher variance in curtailment levels, 
with network unfairness over 3.5 times more severe than fixed mode. From a network perspective, 
CES results in a 17% reduction in unfairness due to Volt-Watt curtailment and a 15% reduction in 
unfairness due to combination mode curtailment.  
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Figure 2 Impact of CES of curtailment levels, expressed as percentage decrease. 

 

Table 2 Impact of CES on CUI 

Parameter 

Without CES  With CES 

Fixed  
Volt-
Watt 

Volt-
Var 

Combi- 
nation 

Fixed 
Volt-
Watt 

Volt-
Var 

Combi- 
nation 

Total Network 
Curtailment (kWh) 

1.57 5.69 0.13 5.74 
 

1.57 4.74 0.11 4.88 

This work demonstrates that implementing CES in LV networks with high smart inverter penetration 
can effectively reduce curtailment levels and improve the fairness of curtailment distribution. While 
Figure 2 shows CES having the greatest impact in Volt-VAr-controlled networks, upon closer 
inspection it is evident that CES saves 45 times more electricity in networks with Volt-Watt inverter 
control. Additionally, CES implementation can reduce network unfairness by 17%. This is particularly 
relevant and important, with AEMO’s Project Symphony exploring efficient integration of distributed 
energy resources, and the roll out of 400 CES devices, whose implementation should be guided by 
a robust, evidence-based approach.  
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