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Abstract 
In 2014, the Northern Territory (NT) Solar Energy Transformation Program (SETuP) received over 
$59M in grant funding and government loans from the Australian Renewable Energy Agency 
(ARENA) and the NT Government to deploy renewable energy systems into 25 remote communities 
that previously relied solely on diesel to generate electricity. The deployment of SETuP occurred in 
two separate tranches, with all works completed by Power and Water Corporation (PWC) in 2019. 
The program has successfully deployed a total of 10 MW of solar PV, as well as a 2MWh battery 
energy storage system (BESS) at the Daly River site. The 22 solar/diesel communities analysed in 
this paper (Daly River, Milingimbi, and Ngukurr have not been included in the analysis) have 
achieved a combined renewable energy fraction (REF) of 14.3%. With projects underway to increase 
REFs at several communities, the program is expected to exceed its original target of 15.0%. The 
paper also examines some of the barriers to increased renewable fractions in these communities, 
and as well as the causes – and potential mitigation strategies – for renewable energy spill caused 
by operating constraints. 

1. Introduction
In 2014, the Northern Territory’s (NT) Power and Water Corporation (PWC) set out to change the
way remote communities are powered through the NT Solar Energy Transformation Program
(SETuP). SETuP received over $59M in grant funding and government loans from the Australian
Renewable Energy Agency (ARENA) and the NT Government. Selected communities, that
previously relied solely on diesel to generate electricity, are expected to save up to 94 million litres
of diesel over a 25-year period. The SETuP sites have a total of 10 MW of solar PV, with Daly River
having also integrated a 2 MWh battery energy storage system (BESS) [1].
Each community has either three or four diesel generators installed, with each diesel generator set 
to operate above minimum loading levels ranging from 10% - 60% of nameplate capacity. Diesel 
generators rated to operate below 40% of nameplate capacity are typically referred to as low-load 
diesel generators (LLDs). Sites consisting of solar PV and diesel only technologies were expected 
to reduce diesel fuel consumption by approximately 15%, while the BESS at Daly River was 
expected to enable a 50% reduction. 
PWC used the hybrid energy simulation software, HOMER Pro, as well as an in-house modelling 
tool, ASIM [2], to optimise the array size at each community. This modelling considered the 
community annual load profile, the expected solar resource, the existing diesel generation 
infrastructure, and the delivered cost of diesel. 
The deployment of SETuP occurred in two separate tranches. PWC finished commissioning tranche 
2 sites in 2019 and have now successfully deployed renewable energy standalone power systems 
that service 25 communities. While the authors have published analysis on tranche 1 communities 
in [3], this paper presents new results from analysis conducted on additional operational data for 
both tranche 1 and tranche 2 sites. Tranche 2 sites have benefitted by using control systems that 
are slightly more evolved, as well as there being increased confidence from PWC in operating diesel 



 

Asia Pacific Solar Research Conference, Canberra, December 2019 

generators at lower loading without compromising reliability, ultimately enabling higher REFs and 
increased diesel savings. 

The 25 installations were commissioned progressively throughout 2017, ’18 and ’19, and therefore 
have varying periods of operational time available for analysis, The results presented in this paper 
should therefore be considered in conjunction with the amount of data that was available for each 
community, shown in Table 1. Communities with less than one full year of operational data may have 
skewed results due to seasonality in both the energy demand and PV generation profile. The date 
at which operational data was first recorded for each site is recorded in Table 1. Entire days of 
operational data were removed if any recorded data was observed to be unreliable. 

1.1. The SETuP communities 
Figure 1 shows where the communities are located across the NT. Details of the standalone power 
systems at each of the 25 SETuP communities are provided in Table 1. 

 

Figure 1. Map of the NT SETuP communities. 
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Table 1: Details of SETuP community power stations. 
Community Code Funding 

Tranche 
Start of 

Analysis 
Data  

Date of 
PV Install 

Installed 
PV 

[kWAC] 

Rated power of generators [kW] 

Unit 1 Unit 2 Unit 3 Unit 4 

Amunturangu (Mt Liebig)  MLIE 1 Aug ‘18 July ‘17 50 138 280 260 - 

Apatula (Finke)  APAT 2 Aug ‘18 July ‘18 100 270 200 240 - 

Areyonga  AREY 1 July ‘18 June ‘17 100 400 260 360 - 

Arlparra ARLP 1  June ‘17 450 1000 1000 550 - 

Atitjere (Hart’s Range) ATIT 2 Oct ‘18 Oct ‘18 225 200 310 270 - 

Bulman BULM 2 Feb ‘19 Feb ‘19 100 145 308 220 - 

Galiwinku (Elcho Island) GALI 2 Dec ‘18 Nov ‘18 750 775 1280 1600 1600 

Gapuwiyak (Lake Evella) GAPW 2 Feb ‘19 Feb ‘19 425 600 400 1000 - 

Gunbalanya (Oenpelli) GUNB 2 June ‘19 March ‘19 675 802 1199 1500 402 

Kaltukatjara (Docker River) KALT 1 July ‘18 May ‘17 100 220 360 400 - 

Kintore WALU 1 July ‘18 May ‘17 225 600 400 260 - 

Lajamanu LAJA 1 - April ‘17 400 650 420 800 - 

Maningrida1 MANI 1  July ‘18 Feb ’17 800 1500 920 800 1500 

2 March ‘19 375 

Milingimbi MILI 2 - Oct ‘18 425 450 600 800 - 

Milyakburra MILY 2 Nov ‘18 Aug ‘18 100 320 270 180 - 

Minjilang (Croker Island) MING 2 Nov ‘18 Nov ‘18 100 320 360 230 - 

Minyerri (Hodgson Downs) MINY 2 Oct ‘18 Sept ‘18 275 350 600 760 - 

Nauiyu (Daly River)2 NAUI 1 - Oct ‘17 1000 460 560 800 - 

Ngukurr NGUR 2 - Jan ‘19 400 800 550 1000 - 

Nyirripi NYIR 1 - Jul ‘17 200 270 248 130 - 

Ramingining RAMI 1 July ‘18 Feb ‘17 500 440 600 1000 - 

Titjikala (Maryvale) TITJ 2 Oct ‘18 Oct ‘18 400 270 320 160 - 

Warruwi (Goulburn Island) WARR 2 Jan ‘19 Jan ‘19 175 370 450 270 - 

Wurrumiyanga (Bathurst Island) NGUI 2 Feb ‘19 Feb ‘19 1075 800 920 1400 1500 

Yuendumu YUDM 1 July ‘18 March ‘17 500 800 800 1000 1600 

 
1 Maningrida was initially included in tranche 1 but received an additional installation of 375 kWAC as part of tranche 2. 
2 Nauiyu (Daly River) power station includes an 800 kW /1986 kWh BESS. Results presented in this paper focus on just 
the PV/diesel communities. 
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2. Operational constraints 

2.1. Existing infrastructure 
A central challenge for the SETuP program has been the difficulty of achieving a target REF while 
making minimal changes to the existing power system infrastructure. This challenge is particularly 
pronounced in communities where the existing generation fleet was already running at close to 
minimum loading during daylight hours. PWC have employed a range of strategies to make the best 
use of existing infrastructure and the best prioritisation of future investments, including 

• running engines that already exist in the community at lower minimum loads and sometimes 
modifying the cooling systems of these engines; 

• fast-tracking diesel generator replacements if significantly higher REFs can be achieved; 
• negotiating with diesel generator vendors to allow lower minimum loads; and 
• prioritising low-load capability in purchasing of new diesel generators. 

Nonetheless, the particularly wide range of renewable energy fractions achieved across the 25 
communities is due in large part to the varying suitability of the existing assets. 

2.2. PV coverage and minimum load settings 
The unpredictable nature of cloud formation, disappearance, and movement causes short-term 
variability of irradiance, resulting in intermittent photovoltaic (PV) power generation. This PV 
generation intermittency results in the sudden ramping up and down of the load as seen by the 
generators. On remote and isolated hybrid power systems, which lack the diversity of generation 
found in large interconnected grids, PV generation intermittency is commonly managed by 
curtailment of PV generators, as well as support from enabling technologies. Due to the absence of 
such enabling technologies at the 24 PV/diesel SETuP communities, high degrees of curtailment 
were anticipated from the outset of the project. 
The cluster controller for each PV system has a dedicated high-speed communications link to the 
community power station’s control system which issues a maximum allowable PV output set-point. 
The PV output is curtailed as required to ensure a minimum load is maintained on the diesel 
generator operating at any point in time. Further, in order to meet guidelines for low-load operation, 
each diesel generator must typically operate for at least one hour at 60% of nameplate capacity each 
day. 
The SETuP sites operate with a PV coverage requirement of near 100%, meaning that for every unit 
of instantaneous PV generation, a unit of thermal spinning reserve must be available. The resulting 
engine selection required to satisfy this constraint, coupled with minimum load settings on diesel 
generators, can result in significant levels of renewable energy being curtailed. These constraints 
are captured below by two inequalities. Constraint 1 is secured by the selection of diesel generators 
with rated power sufficient to meet the PV coverage ratio requirement, while constraint 2 is secured 
by curtailing the PV so that the currently selected generators do not operate below their minimum 
loading requirement. Definitions for terms used in each constraint are provided in Table 2. 
Not all PV spill is a result of ensuring PV coverage ratios and generator minimum load settings are 
met. PV spill also occurs when the PV Available power exceeds that of the load. 
 

 𝑃𝑃𝑃𝑃𝑃𝑃 ≤
𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐶𝐶𝐶𝐶
 1 

 𝑃𝑃𝑃𝑃𝑃𝑃 ≤ 𝑃𝑃𝑑𝑑𝑙𝑙𝑚𝑚𝑑𝑑 − 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑚𝑚𝑑𝑑𝑚𝑚 2 
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Table 2. Definitions of terms used in constraints 1 and 2. 
Term Definition Units 

𝑃𝑃𝑃𝑃𝑃𝑃  Power generated by the PV array. kW 

𝑃𝑃𝑑𝑑𝑙𝑙𝑚𝑚𝑑𝑑  Total community load. kW 

𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 Total power generated by all diesel generators. kW 

𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑚𝑚𝑑𝑑𝑚𝑚 Minimum loading of the currently running diesel generators. kW 

𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑚𝑚𝑚𝑚𝑚𝑚 Maximum power capability of the currently running diesel 
generators. 

kW 

𝐶𝐶𝐶𝐶 The PV coverage ratio; the portion of 𝑃𝑃𝑃𝑃𝑃𝑃  that must be protected by 
spinning reserve power from diesel generators. 

% 

3. Analysis of operational data 
All results presented below are based on analysis of hourly-averaged operational data, at 22 of the 
communities (Daly River, Milingimbi, and Ngukurr not included). 19 of these communities have 
installed reference cells that allow for the calculation of available PV power and spill. Figure 2 shows 
four days of operation of the power stations at Lajamanu, Nyirripi, Titjikala, and Yuendumu, where 
‘PV Available’ data was not available at Lajamanu and Nyirripi. 

 
Figure 2. Generation technologies serving the load at Lajamanu, Nyirripi, Titjikala, and 
Yuendumu. 
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3.1. Renewable energy fractions 

The primary aim of the SETuP program was to lower the overall cost of electricity by reducing diesel 
fuel consumption. In the present study we have used the total renewable energy fraction (REF) as a 
proxy for diesel fuel savings. The REF is a measure of the renewable energy serving the load as a 
percentage of the total load over a given time frame [4]. Note that the precise amount of diesel 
savings depends not only on the REF, but also on the efficiency curves specific to the generators in 
use. 

Figure 3 shows the REFs being achieved across the SETuP communities, with the top subplot 
showing the distribution of daily REFs across the individual communities, and the bottom subplot 
showing the overall distribution of total REF across the entire program. 

Figure 3. Renewable energy fractions across 22 of the SETuP communities. The top subplot 
shows the distribution of daily REF, with the red dot indicating the total REF. The bottom 

subplot shows the distribution of total REFs for the 22 communities analysed. 
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Figure 4 below shows the number of hours that each site operated at different hourly REFs. The 
highlighted communities demonstrate some of the influential factors that lead to different total REFs. 
Titjikala and Yuendumu do not operate low-load diesel generators (LLDs), and therefore rarely 
exceed hourly REFs of greater than 50% (shown on subplots 3 and 4 of Figure 2). Lajamanu and 
Nyirripi, however, employ low-load diesel generators that enable hourly REFs of greater than 80% 
(shown on subplots 1 and 2 of Figure 2). While Nyirripi and Titjikala both have relatively large PV 
arrays compared to the load profile, Nyirripi’s total REF far exceeds that of any other community due 
to the integration of low-load diesel generators. 

 

Figure 4. The cumulative portion of hours that each community operated at hourly REFs 

3.2. Curtailing PV 

Most of the SETuP PV installations make use of reference PV modules to enable estimation of the 
available PV power, and consequently, the amount of curtailed PV energy, also known as PV spill. 
PV spill may be caused by either a shortfall of demand (example shown on subplot 3 of Figure 2), 
or by curtailment of the PV array determined by constraint 2, defined in section 2.2 (example shown 
on subplot 4 of Figure 2). Curtailment of PV power can also occur when inverters and/or other 
hardware failures limit the PV power to be below the PV available power. Figure 5 ranks communities 
in order of daily average PV spill, and provides a breakdown by attributed cause. This breakdown is 
defined in equations 3, 4, and 5, which show how ‘PV Spill from Diesel Generators’ and ‘PV Spill 
from Load’ are calculated. Definitions of the terms in equations 3, 4 and 5 are provided in Table 3. 
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 𝑃𝑃𝑃𝑃𝑃𝑃,𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑃𝑃𝑃𝑃𝑃𝑃,𝑚𝑚𝑎𝑎𝑚𝑚𝑑𝑑𝑑𝑑𝑚𝑚𝑎𝑎𝑑𝑑𝑑𝑑 − 𝑃𝑃𝑃𝑃𝑃𝑃 3 

 𝑃𝑃𝑃𝑃𝑃𝑃,𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑,𝑑𝑑𝑙𝑙𝑚𝑚𝑑𝑑 = 𝑚𝑚𝑚𝑚𝑚𝑚(𝑃𝑃𝑃𝑃𝑃𝑃,𝑚𝑚𝑎𝑎𝑚𝑚𝑑𝑑𝑑𝑑𝑚𝑚𝑎𝑎𝑑𝑑𝑑𝑑 − 𝑃𝑃𝑑𝑑𝑙𝑙𝑚𝑚𝑑𝑑 , 0) 4 

 𝑃𝑃𝑃𝑃𝑃𝑃,𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑,𝑔𝑔𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑔𝑔,𝑑𝑑 =
𝑃𝑃𝑔𝑔𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑔𝑔,𝑑𝑑

∑ 𝑃𝑃𝑔𝑔𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑔𝑔,𝑑𝑑𝑑𝑑
× (𝑃𝑃𝑃𝑃𝑃𝑃,𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑃𝑃𝑃𝑃𝑃𝑃,𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑,𝑑𝑑𝑙𝑙𝑚𝑚𝑑𝑑) 5 

 
Table 3. Definitions of terms used in equations 3,4, and 5. 

Term Definition Units 

𝑃𝑃𝑃𝑃𝑃𝑃  Total power generated by the PV array. kW 

𝑃𝑃𝑑𝑑𝑙𝑙𝑚𝑚𝑑𝑑  Total community load. kW 

𝑃𝑃𝑔𝑔𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑔𝑔,𝑑𝑑 Total power generated by the ith diesel generator. kW 

𝑃𝑃𝑃𝑃𝑃𝑃,𝑚𝑚𝑎𝑎𝑚𝑚𝑑𝑑𝑑𝑑𝑚𝑚𝑎𝑎𝑑𝑑𝑑𝑑 Estimated available (uncurtailed) PV power. kW 

𝑃𝑃𝑃𝑃𝑃𝑃,𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑 Total curtailed PV power. kW 

𝑃𝑃𝑃𝑃𝑃𝑃,𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑,𝑑𝑑𝑙𝑙𝑚𝑚𝑑𝑑  Curtailed PV power due to demand shortfall. kW 

𝑃𝑃𝑃𝑃𝑃𝑃,𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑,𝑔𝑔𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑔𝑔,𝑑𝑑 Curtailed PV power due to operational constraints of the ith genset. kW 

 
There is opportunity at some sites to further increase REFs at a relatively low marginal cost by 
understanding where excessive spill of PV is occurring and why. Communities that are currently 
undergoing large amounts of PV spill in order to satisfy operational constraints are likely to benefit 
from having diesel generators replaced or upgraded, or minimum load-settings being revised. On 
the other hand, communities spilling large amounts of PV power as a result of load mismatch present 
an opportunity to install load shifting storage in order to enable higher REFs and reduce diesel 
consumption even further. 
The excessive ‘PV Spill from Load’ at Titjikala – demonstrated in Figure 5 – results from the PV array 
being significantly oversized (see ‘PV Available’ in subplot 3, Figure 2) with respect to the load. This 
design decision was made with the view that a BESS would later be installed. The Titjikala BESS 
system has been approved for installation in 2020 and is expected to result in significant additional 
diesel savings. The otherwise minimal ‘PV Spill from Load’ elsewhere, with the exception of Atitjere 
and Gunbalanya, indicates that the PV power is rarely generating above the load, however some 
communities are yet to operate for one-full year and therefore have not experienced the full effects 
of seasonal variation. 
Subplot 2 in Figure 5 reveals that significant spill as a proportion of load is occurring at Gunbalanya, 
Atitjere and Minyerri. Gunbalanya’s PV array was operating at a fifth of its capacity for several months 
due to a switchboard hardware limitation. Atitjere and Minyerri’s PV spill is likely due to operational 
constraints of individual diesel generators and projects are currently underway to employ alternative 
modes of diesel generator operation in order to reduce this spill. The specific generators causing the 
spill within the fleet are seen on the bottom subplot in Figure 5. 
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Figure 5. Aggregate and breakdown of PV spill. 

4. Summary 
The 22 solar/diesel communities analysed in this paper have achieved a combined REF of 14.3%. 
There is a wide variety of REFs being achieved across communities due to differences in the existing 
generator fleets, PV sizing, and generator minimum loading requirements. The minimal ‘PV spill from 
Load’, except where intended at Titjikala, indicates that PV arrays have generally been sized 
appropriately. Analysis on the cause for PV curtailment can help inform the prioritisation of future 
investment to enable higher REFs. With the current projects underway, including the installation of 
a BESS at Titjikala in 2020, and changes to generator settings across several communities, the 
program is on track to exceed the original target REF of 15.0%. 
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5. Future work 
Additional work is required to determine the levelised cost of electricity (LCOE) of each system. 
Further, understanding how low-load diesel generators impact a system’s LCOE will help quantify 
the lifecycle value in using this technology. 
Studies are currently underway to better understand and quantify the benefits of using cloud 
prediction technology (CPT) systems. CPT systems work by monitoring cloud-cover and assessing 
the likelihood of how the PV power generation will be affected into the near-future (e.g. 2-5 minutes). 
If the CPT predicts no cloud cover into the near-future, reducing the required spinning reserve 
requirement may be appropriate given the likelihood of no irradiance fluctuations and smooth PV 
power generation. Alternatively, should the CPT predict cloud cover to cause irradiance fluctuations 
into the near-future, increasing the spinning reserve by selecting a larger thermal generator can 
result in foregoing PV curtailment, ultimately reducing diesel consumption and enabling higher 
renewable energy fractions. The operational decisions that follow from CPT predictions and the 
amount of renewable energy lost depends on the local climate, the capability of the power system 
technologies installed, and the constraints imposed on the power system. CPT may potentially 
reduce the size required to be installed for alternative generators, including a BESS. 
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