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Abstract: Achieving the renewable energy integration target will require the extensive engagement 

of consumers and the private sector in investment and operation of renewable-based energy 

systems. Virtual power plants are an efficient way to implement this engagement. In this paper, the 

detailed costs and benefits of implementing a realistic virtual power plant (VPP) in Western 

Australia, comprising 67 dwellings, are calculated. The VPP is designed to integrate and coordinate 

rooftop solar photovoltaic panels (PV), vanadium redox flow batteries (VRFB), heat pump hot water 

systems (HWSs), and demand management mechanisms. An 810-kW rooftop solar PV system is 

designed and located using the HelioScope software. The charging and the discharging of a 700-

kWh VRFB are scheduled for everyday use over a year using an optimization algorithm, to 

maximize the benefit of it for the VPP owners and for the residents. The use of heat pump HWSs 

provides a unique opportunity for the residents to save energy and reduce the total cost of electricity 

along with demand management on some appliances. The cost-and-benefit analysis shows that the 

cost of energy will be reduced by 24% per dwelling in the context of the VPP. Moreover, the internal 

rate of return for the VPP owner is at least 11% with a payback period of about 8.5 years, which is a 

promising financial outcome. 

Keywords: photovoltaic generation; virtual power plant; flow battery; distribution network; heat 

pump; demand side management; lifetime economic analysis; cost–benefit analysis 

 

1. Introduction 

The integration of renewable energy resources into energy systems is one of the aims of nations 

to reduce their carbon footprint and improve the sustainability of energy delivery. Therefore, some 

renewable energy targets are defined to enhance the speed of this integration. For example, in 

Australia, the contribution of renewables to electricity generation by 2020 is set as 23.5%, which is 

already achieved [1]. To this aim, the governments try to encourage investors and end-users to invest 

and use renewable resources such as solar and wind as their source of energy. In Australia, there are 

two schemes, which are the Large-Scale Renewable Energy Target (LRET) for high-energy users and 

the Small-Scale Renewable Energy Scheme (SRES) for incentivizing individuals to install more 

renewable-based systems such as photovoltaics (PV) and heat pumps [2]. Considering the variability 



Energies 2020, 13, 2614 2 of 23 

 

of renewable resources, the integration of a high level of green resources into the grids is very 

challenging in order to satisfy the technical and security requirement of the grids. 

Energy aggregators such as virtual power plants (VPPs) can play a fundamental role in 

encouraging consumers to participate in investment and operation of renewable energy systems. 

VPPs are normally defined as a coordinated combination of different kinds of energy sources 

and flexible load demands. These resources include PV, wind, solar thermal/storage, electric vehicles, 

and different types of electricity storage such as batteries, fuel cells, and capacitors, along with some 

demand response capabilities, which are all monitored and controlled by an advanced information 

and communications technology (ICT) platform [3]. VPPs can create a platform that incentivizes the 

use of renewable energies by reducing the cost of energy delivery to them and by facilitating the use 

of controllable appliances to facilitate demand response. In addition, VPPs are able to fill the 

information and technology gap in the electricity market and utilities for better incorporating the 

end-user participants into the wholesale market and addressing technical issues in the network. VPPs 

can contribute to demand shaping and reducing the peak load, security, and frequency control, in 

addition to local power quality improvement [4]. Therefore, a VPP demonstration was established in 

Australia from 2019 via the collaboration of the Australian Energy Market Operator (AEMO), the 

Australian Renewable Energy Agency (ARENA), the Australian Energy Market Commission 

(AEMC), and the Australian Energy Regulator (AER) to investigate the capabilities and effectiveness 

of VPPs in different ways with a forecast of total installed VPP capacity of 700 MW by 2022 [5]. 

VPPs can help to reduce energy consumption by encouraging the use of highly efficient 

appliances as discussed in Reference [6], which showed a saving of 273 GWh per year for a VPP with 

the capacity of 63 MW. Although a proper modeling of energy efficiency for VPPs is provided in this 

reference, demand shifting, battery, and heat pumps are not considered. The Next Kraftwerke is 

another platform for VPP for facilitating the aggregation of customers and coordinating the available 

flexibilities in demand [7]. Every consumer can join this VPP regardless of its location on the network; 

however, there are some limitations on the benefits generated by the whole VPP. However, a detailed 

modeling of how this system can benefit both the owner and the consumers is not presented for this 

platform. The community-based VPP is also discussed and explored in Reference [8] with practical 

cases in Ireland, Belgium, and the Netherlands. This research identified four key components of VPP 

which are the community, the community operation rules, the portfolio of aggregated energy 

resources, and the coordinated roles of community members. This research focuses on the concept of 

a VPP, and no detailed formulation on expenses and benefits for consumers and the VPP is provided. 

Moreover, a commercial VPP was studied in Scotland, and the resource management in relation to 

the market price was scheduled, demonstrating an increase of 12% in VPP profit compared to the 

operation of a renewable plant without the establishment of a VPP [9]. This research only addresses 

a commercial VPP not a residential one, without modeling the use of heat pumps, battery, and 

demand management. In Reference [10], a study was conducted to provide a quantification for the 

economic, environmental, and social benefits of a microgrid using the economic metrics of a society, 

such as gross domestic product (GDP) per capita, unemployment rate, etc. However, a framework to 

evaluate the affordability of a microgrid or VPP business is presented. A model of a VPP based on 

the electro-economical concept was proposed to integrate the dynamics of different players in a VPP 

in the short term [11], but it has a limitation for the long-term cost-and-benefit analysis of the VPP. 

Furthermore, there is some literature focusing on the economics of VPPs using Homer software [12]; 

however, these studies did not consider any connection to the wholesale electricity market as, 

generally, the corresponding VPPs were islanded microgrids. 

Deferrable loads, including air conditioners and heat pumps, can provide some flexibilities in 

VPPs; for example, a commercial building with about 46% of such flexible loads was investigated to 

use this capability in a demand response (DR) event while keeping the comfort level of people within 

the standard levels [13]. This demand response from a VPP can greatly contribute to peak load 

shaving and, therefore, reduce the capital investment in pole and wire distribution networks [14]. 

Furthermore, a techno-economic analysis of a VPP for a university campus was investigated in 

Reference [15], and different avenues of revenue and flexibility were discussed, showing a positive 
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business case for VPPs in urban areas. Although a suitable formulation of revenues for a VPP which 

interacts with the electricity market is presented in that research, no detailed analysis and formulation 

is provided for the residential consumers and how the VPP can benefit them. Moreover, the economic 

evaluation of VPPs in the German energy market shows that the VPP’s revenue can increase by 11% 

to 30% by 2030 when they are engaged in the electricity market [16]. However, the role of 

technologies, such as flow batteries and heat pumps, are not discussed in that paper. It was also 

shown that a high number of renewable-based VPPs can contribute actively to the prices in the 

electricity market; thus, VPPs can play a critical role in future energy delivery systems [17]. Moreover, 

the impact of VPPs was analyzed in Spain with the aim of maximization of self-supply and revenue 

from the market, showing that VPPs can greatly contribute to electricity grid and VPP operation [18]. 

However, in this work also, no detailed cost-and-benefit analysis is provided for the consumers. The 

aggregation of 25 micro combined heat and power devices (mCHP) within a VPP was investigated 

in Reference [19] for Germany, which shows the effectiveness of this technology for cold-weather 

regions, but no assessment of the market-related costs and revenues is provided. 

Although there is some literature on the economics of VPPs, there is a lack of detailed analysis 

of costs and benefits of VPP, which is specific to the situation of a country. This paper provides a 

detailed quantification of a realistic VPP, comprising 67 residential dwellings, under construction in 

Western Australia (WA). To the best of the authors’ knowledge, there is no other work that provides 

such a study, which is very critical for growing VPP businesses. Specifically, the contributions of this 

paper are as follows: 

 Developing an affordable concept design for residential VPPs, which include a rooftop solar 

farm, flow battery, heat pump hot water systems, and demand management. 

 Providing a detailed model for the expenses associated with the deployment of a VPP in WA, 

including the expenses pertaining to the wholesale electricity market and to the capital 

expenditure. 

 Developing a detailed model for the revenues of a VPP in WA, including the revenues obtained 

by selling electricity to the wholesale electricity market and to the residents of the VPP. 

 Developing an effective system for controlling battery, heat pumps, and residential demands in 

order to optimize the benefits for both the VPP owner and the residents. 

 Investigating and modeling the economics of a real-world VPP comprising 67 residential 

dwellings in WA including all of the above-mentioned aspects for a VPP. 

 Providing recommendations for VPP businesses and policy-makers under similar market and 

economic situations. 

The paper is organized as follows: Section 2 provides the architecture of the proposed VPP in 

WA. Section 3 presents the load modeling within the VPP. Section 4 discusses the methodology for 

the detailed formulation of expenses and revenues for the VPP. The battery and demand 

management algorithms are discussed in Section 5. Section 6 presents the required input parameters 

and assumptions for the simulation. The simulation results are provided in Section 7. All of the 

conclusions are summarized in Section 8. 

2. The Proposed Architecture of the VPP 

The proposed VPP comprises 67 residential dwellings in WA, with a rooftop PV farm, smart 

appliances, and heat pump hot water. A centralized vanadium redox flow battery (VRFB) is also 

installed in the VPP in order to store energy during high PV generation and low electricity market 

prices. Smart appliances for each home include a dishwasher, dryer, washing machine, and heat 

pump, which can be controlled and shifted to a planned time. There is no gas in the complex, and all 

appliances are electric. For each home, there is also a monitoring system that measures electrical 

parameters of different circuits within that home. These monitoring systems collect and store data on 

consumptions in the cloud. These data are available to the operator of the VPP, as well as to the 

external regulators through an application programming interface (API), which is a scalable and 

flexible ICT configuration for VPPs [20]. The VPP control system that decides on the load, PV, and 
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battery control is also located on the cloud, which has access to PV forecasting, the AEMO wholesale 

market, and the weather forecast application programming interfaces (APIs). The control system 

manages this complex as a VPP through the proposed cloud-based data system, aggregating different 

energy resources to minimize the cost of electricity for residences. 

Figure 1 shows the architecture of the proposed VPP in WA. As part of the Future Market Design 

within the work stream of the Energy Transformation Strategy, the aggregators can be registered as 

a VPP in WA. The framework and requirement of registration and participation in the wholesale 

electricity market (WEM) are also established [21]. 

 

Figure 1. The proposed architecture of the virtual power plant (VPP) in Western Australia (WA). 

2.1. Rooftop Solar Farm 

In order to be a carbon-negative development, the maximum rooftop solar PV is considered to 

be installed, which is in alignment with the benefit maximization of the VPP. The maximum rooftop 

installation is calculated using the HelioScope software. The simulation shows that approximately 

810-kW capacity of PV can be installed on the rooftop of the dwellings and carports, which is about 

one 12-kW PV system per each premise. In this design, the roof pitching is also considered to 

maximize PV production and minimize the shading loss. The location of PV systems for the whole 

complex from the simulation results by HelioScope is provided in Figure 2. The total PV generation 

during a year within the VPP is 1,190,689 kWh, with the most monthly generation during summer 

and spring months, for example, in November, December, and January, as shown in Figure 3. In order 

to validate the PV generation simulation by HelioScope, the real PV output data measured from the 

two nearest available sites [22] to the VPP in WA were averaged as shown in Figure 3. As can be seen, 

the simulation of PV generation is very close to the real data but a bit less than real data in most 

months. The difference is mainly due to the orientation of dwellings in the VPP, whereby not all of 

PV panels are oriented in the optimal direction to maximize the PV output. 

The PV system of the complex is designed as a fully embedded network, whereby energy 

generated by any of the houses’ PV systems can be used by all dwellings within the development. 
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Furthermore, the VPP operator can decide on charging the battery using excess PV generation or 

exporting energy to the WEM depending on the situation and the electricity price. 

 

Figure 2. The proposed architecture of the VPP in WA. 

 

Figure 3. The photovoltaic (PV) generation during a year within the VPP compared to the real data 

measured in WA. 

2.2. Vanadium Redox Flow Battery (VRFB) 

The use of energy storage will improve the integration of renewable energy as it provides an 

opportunity for storing the energy and exporting when needed [23]. VRFB is an electrochemical 

energy storage which is based on a reversible chemical reaction within a sealed electrolyte, in which 

energy is stored in a liquid vanadium electrolyte, a mixture of distilled water, vanadium salts, and 

sulfuric acid [24]. The liquid that carries energy will be pumped between two tanks through 

electrochemical cells. The larger tanks are able to store more energy, and they are organized in cells 

and cell stacks within the VRFB. The energy is charged or discharged in the electrolyte based on the 

level of applied voltage. 
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The VRFB has favorable specifications such as long lifetime, e.g., 20,000 cycles, at a reasonable 

price and fast charging and discharging capabilities that help contribute to grid security and 

reliability [25,26]. At the end of a VRFB’s nominal lifetime, it is just required to replace the liquid 

instead of replacing the whole battery system, which is another advantage of this battery compared 

to lithium-ion or lead–acid batteries. Moreover, the energy and power of the installed VRFB is 

scalable independently, which is usually not the case for the other types of batteries. Furthermore, 

the electrolyte is not explosive or flammable, and it can be recycled easily at the end of its lifetime. 

VRFB can achieve 100% charge level with negligible self-discharge inside the battery, which is a 

limitation for most Li-ion or lead–acid batteries. Moreover, the life cycle of VRFBs is more 

environmentally friendly than that of Li-ion or lead–acid batteries, as 100% recycling of vanadium 

electrolyte can be achieved while there are severe environmental impacts for the lead and lithium 

technologies [27]. Another advantage of VRFB over other types of battery is very low degradation; 

thus, it is possible to maintain the same capacity as the original capacity. In addition, the VRFB is also 

more affordable for a longer duration of storage than Li-ion or lead–acid batteries [27]. Considering 

all the benefits and specifically the longer lifetime of VRFB, (e.g., 20 years or equivalent cycles, 

compared to other types of lithium- or nickel-based batteries or lead–acid batteries, with normally 10 

to 15 years), the manufacturers can provide a longer-term warranty for VRFBs, which is very 

important for the economic feasibility of the VPP. 

Therefore, VRFB was chosen for electricity storage in this project. The size of VRFB in the VPP, 

considering the available budget, was chosen to be 700 kWh, 350 kW. 

2.3. Heat Pump Hot Water System 

A heat pump hot water system (HWS) can transfer heat from air, water, or underground to the 

water stored in its tank. The heat available in the outdoor air is extracted by a heat 

exchanger/evaporator and transferred to a refrigerant [28]. Then, using a compressor, the 

temperature of the refrigerant is increased for heating up the water in the tank. The compressor does 

not consume a lot of energy; thus, using one unit of consumed electrical energy, it is possible to 

transfer up to five units of environmental energy for heating purposes. Therefore, compared to other 

technologies of hot water such as electric or gas HWS with storage or instant option, a heat pump 

provides better energy efficiency [29]. Additionally, investment on both electricity and thermal 

storage can reduce the total life cycle cost of energy delivery significantly, for example, by 40% [30]. 

The suitable control of the heat pump in conjunction with the PV generation will bring benefits 

to the VPP in terms of energy efficiency, energy cost reduction for consumers, and interaction with 

electricity grids [31,32]. The use of heat pumps for storing energy at the lower electricity price in the 

electricity market also shows another benefit of this technology for the VPP [33]. Considering the 

benefits of heat pump HWS for the VPP operator and for the residence, in this project, a heat pump 

is provided for each dwelling. A size of 220 L was selected for each HWS after considering the average 

usage of hot water in the area [34]. This system can generate an average heating output of 1.6 kW at 

the ambient temperature between −5 and 42 °C, while the electricity consumption of the unit is only 

0.55 kW. 

3. Load Modeling 

This section provides the load modeling of 67 residential homes in the VPP. A detailed modeling 

of different loads including the power consumption and hours of working, considering the situation 

in Australia, is prepared for this VPP [34–37]. Tables 1–4 show the electricity loading of different 

appliances, as well as major loads in different seasons. 

In order to generate the annual load profile for the households in the VPP, load uncertainties of 

non-controllable appliances are considered and modeled using Monte Carlo Simulation (MCS). MCS 

can provide daily load profiles based on the information in Tables 1 to 4 and the level of uncertainties 

set in the simulation. Figure 4 shows the load profile and PV production for a sample week in 

summer, generated by MCS. Furthermore, Figure 5 illustrates the contributions of different 

appliances and their variation in different seasons. 
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Table 1. Daily appliance consumption in weekdays and weekends. PC—personal computer. 

Appliance Weekday Weekend 
Usage 

Time 
Watts 

Coffee maker 
40% from 6–10 a.m.; 

30% from 4–7 p.m. 

40% from 8–10 a.m.; 

30% from 4–7 p.m. 
10 min 

900– 

1400 

Microwave 
40% 7–10:30 a.m.;  

20% 12–2 p.m.; 20% 6–8 p.m. 

40% 7–10:30 a.m.; 

20% 12–2 p.m.; 20% 6–8 p.m. 
5 min 

750– 

1100 

Toaster 
50% 6–10:30 a.m.; 

10% 11.30–1 p.m.; 10% 6–8 p.m. 

50% 8–10:30 a.m.; 

10% 11.30–1 p.m.; 10% 6–8 p.m. 
3 min 

800– 

1400 

Iron  
5% 7–8 a.m.; 

5% 10–11 a.m.; 5% 6–8 p.m. 
5% 10–11 a.m.; 5% 6–8 p.m. 15 min 

1000– 

1800 

Stereo system 
10% 9 a.m.–1 p.m.; 

20% 4–10 p.m. 

20% 9 a.m.–4 p.m.; 

40% 4–10.30 p.m. 

30–90 

min† 

65– 

225 

Hair dryer  
30% 5.30–9:30 a.m.; 

10% 11.30–1 p.m.; 30% 8–10 p.m. 

10% 11.30–1 p.m.; 

40% 7.30–10.30 p.m. 
5 min 

1200– 

2000 

Laptop 50% 10.30 a.m.–2 a.m. 50% 10.30 a.m.–2 a.m. 
90–180 

min † 
50 

PC/monitor 30% 9.30 a.m.–9 p.m. 40% 9.30 a.m.–9 p.m. 
90–180 

min † 
150 

Television 
30% 9.30 a.m.–2 a.m.; 

20% 6–11 p.m. 

30% 9.30 a.m.–2 a.m.; 

50% 6–11 p.m. 

90–180 

min † 

65– 

175 

Refrigerator, 

freezer 

100% All time (thermostatically 

controlled) 

100% All time (thermostatically 

controlled) 
Cont. 100–200 

Vacuum 10% 9 a.m.–5 p.m. 15% 9 a.m.–5 p.m. 30 min 
600– 

1800 

Deep fryer 10% 11–2 p.m.; 15% 5–8 p.m. 10% 11–2 p.m.;15% 5–8 p.m. 18 min 
600– 

1000 

Oven 
20% 10.30 a.m.–12.30 a.m.; 25% 

5.30–8.30 p.m. 

30% 10.30 a.m.–12.30 a.m.; 

25% 5.30–8.30 p.m. 
44 min 

1000– 

1800 

Kettle 
30% 7:30–10.30 a.m.; 

40% 1.30–4.30 p.m.;10% 6–8 p.m. 

30% 7:30–10.30 a.m.; 

40% 1.30–4.30 p.m.;10% 6–8 p.m. 
3 min 

2000– 

2500 

Stove 

20% 7–9 a.m.; 

20% 10.30 a.m.–1.30 p.m.; 

20% 5.30–8.30 p.m. 

10% 7–9 a.m.; 

20% 10.30 a.m.–1.30 p.m.; 

20% 5.30–8.30 p.m. 

30 min 
1000– 

2000 

Dishwasher * 40% 10.30 a.m.–3.30 p.m. 60% 10.30 a.m.–3.30 p.m. 
20–60 

min † 

1200– 

2400 

Washing 

machine * 
10% All time except 15–21 20% All time except 15–21 

20–60 

min † 

500– 

1300 

* The timing is different depending on whether demand management is applied to the appliances or 

not. † The time is randomly chosen between the minimum and maximum values in each day. 

Table 2. Major load variations in spring/autumn. HWS—hot water system. 

Appliance Weekday Weekend Watts 

Lighting 
70% 6 p.m.–11 p.m.–10% 5–7.30 a.m. 

10% 8 p.m.–3 a.m. 

70% 6 p.m.–11 p.m. 

25% 8 p.m.–1 a.m. 
10–100 

Heat pump HWS 75% 9.30 a.m.–4 p.m. 75% 9.30 a.m.–4 p.m. 550 

Air conditioner 60% 6 a.m.–10 a.m.; 65% 5 p.m.–10 p.m.; 50% other 

60% 6 a.m.–10 a.m.; 

65% 5 p.m.–10 p.m.; 55% 

other 

1000– 

3000 

Table 3. Major load variations in summer. 
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Appliance Weekday Weekend Watts 

Lighting 
70% 7 p.m.–11 p.m.–10% 5–7.30 a.m. 

10% 8 p.m.–3 a.m. 

70% 7 p.m.–11 p.m.– 

25% 8 p.m.–3 a.m. 
10–100 

Heat pump HWS 70% 9.30 a.m.–4 p.m. 70% 9.30 a.m.–4 p.m. 550 

Air conditioner 
 60% 11 a.m.–4.30 p.m. 

80% 4.30 p.m.–10 p.m.; 50% other 

70% 11 a.m.–4.30 p.m. 85% 

4.30 p.m.–10 p.m., 55% other 
1000–3000 

Table 4. Major load variations in winter. 

Appliance Weekday Weekend Watts 

Lighting 
70% 5 p.m.–11 p.m.–10% 5–7.30 a.m. 

10% 8 p.m.–1 a.m. 

70% 5 p.m.–11 p.m.– 

20% 8 p.m.–1 a.m. 
10–100 

Heat pump HWS 80% 9.30 a.m.–4 p.m. 
80% 9.30 a.m.– 

4 p.m. 
550 

Air conditioner 60% 6 a.m.–5 p.m.; 70% 5–12 p.m.; 55% other 

70% 6–5 a.m.; 80% 

5–12 p.m.; 

60% other 

1000–3000 

 

Figure 4. The load profile and PV production for a sample week in summer; excess PV generation is 

equal to PV generation minus the total load. 

Air Conditioning Load 

The heating and cooling load for a building is determined based on the ambient temperature, 

solar radiation, building thermal mass, internal heat gain, thermal load disturbance, and the comfort 

level of residences. Indoor temperature is regulated by using thermostats. The state of the on/off relay 

can be determined by the hysteresis control rule in cooling mode as follows [38]: 

�(�) = �
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1, �� �(� − ��) = 0, ��� > ���,���

�(� − ��), ��ℎ������

, (1) 

where Tin is the indoor temperature which is a function of outdoor temperature, solar radiation, 

internal heat gain, and building thermal mass. Tin,max and Tin,min are the upper and lower boundaries 

of the temperature set-point. U is the discrete state of the relay which switches the heat distributor 

on and off, according to the hysteresis control rule. Buildings are modeled by the heat dynamic state 

space model as follows [30,32]: 
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where ���, ��, ���, and ��� are thermal parameters of the building, and �� is the heat transfer rate 

of the air conditioner. The daily thermal demand is calculated based on the building model, as 

presented in Equation (2). In each time step, the updated indoor temperature (���̇) and building 

lumped thermal mass temperature (��̇ ) are calculated based on the present temperatures, solar 

radiation (��), outdoor temperature (��), and the heat gain (��). 

In this VPP complex, the comfort temperatures for occupants are considered as 24–26 °C for 

summer and 20–22 °C for winter. For each of the 67 homes in this VPP, a split air conditioner of 2.7 

kW with a coefficient of performance (COP) of 3 is considered. Then, the annual load profile is 

generated for the air conditioning load, as shown in Figure 6. Note that the number of active air 

conditioners is determined based on Tables 2–4. 

 

Figure 5. The simulated load profiles and the variations in different seasons. 
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Figure 6. The simulated air conditioner load profile. 
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4.1. The Expenses of the VPP 

This section provides a detailed list and formulation of expenses for the VPP. The total net 

present value (NPV) of expenses over the period of planning (horizon year) is formulated as follows: 
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+ ����,���
�,���

+ ���
�,���

+ ���
�,���

+ ����
�,���

+ ���
�,���

+ ���
�,���

+ ���
�,���

��

���
. 

(4) 

������ = ���
��� + �����

��� + ���
��� + ������

��� + �������
��� + �������

��� . (5) 

The definitions of the WEM-related expenses and costs are provided below [39]. 

 ����
�,���

 is the NPV of the WEM-related expenses at y-th year; 

 �� is the horizon year and � is the index for the year; 

 ��,��
�,���

is the NPV cost of purchasing energy from the WEM balancing market at the y-th year, 

which is formulated as follows: 

��,��
�,���

=
1

(1 + �)�
� ���

�,�
�

�,�
����

���
, (5) 

where ���
�,�

 is the purchased energy from WEM and �
�,�

 is the WEM electricity price at the h-th 

hour of the y-th year, and � is the interest year. The coefficient 
�

(���)� is applied here to convert the 

cost at year � to the net present value. 
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 ����,��
�,���

 is the NPV cost of the retailer margin expense associated with the purchase from the 

WEM. This cost is calculated as a percentage, namely, �
�

 in this paper, of the cost of purchasing 

energy from the WEM, which is formulated as follows: 

����,��
�,���

= �
�

��,��
�,���

. (6) 

 ����,���
�,���

 is the NPV cost of the retailer margin expense associated with the export from the VPP 

to the WEM. This cost is also calculated as a percentage (�
�

) of the NPV of the revenue from selling 

energy to the WEM, namely, ����
�,���

 here, which is formulated as follows: 

����,���
�,���

= �
�

��,���
�,���

. (7) 

 ���
�,���

 is the NPV of the energy tariff charge, which is calculated based on the tariff that is 

applied to the VPP. In this case, the applied tariff is RT16 [40], which is for the business customers 

with the time of use (TOU) bi-directional service, and it is formulated as shown below. �
�,�

 is the 

energy tariff price at the hour h of year y. 

���
�,���

=
1

(1 + �)�
� ���

�,�
�

�,�
����

���
 . (8) 

 ���
�,���

 is the NPV cost of the loss factor, which is calculated as a constant coefficient (�
�

 equal 

to 0.0603 for 2019–2020) times the NPV of the network charge in each year, which is 

���
�,���

= �
�

���
�,���

. (9) 

 ����
�,���

 is the Clean Energy Regulator fee, which is applied to the big customers, proportional to 

the energy imported from the grid. The fee is �
�

 AUD (Australian dollars) per kWh purchased from 

the grid in each year, namely, ���
�

, which is formulated as shown below. �
�

 is 0.02256 AUD per kWh 

for 2019–2020. 

����
�,���

=
1

(1 + �)�
�

�
���

�
. (10) 

 ���
�,���

 is the ancillary service fee, which is a constant percentage of the energy imported from 

the grid. The fee is �
�

 AUD per kWh purchased from the grid in each year, which is formulated as 

shown below. �
�

 is 0.00372 AUD per kWh for 2019–2020. 

���
�,���

=
1

(1 + �)�
�

�
���

�
. (11) 

 ���
�,���

 is the market fee, which is a constant percentage of the energy imported from the grid. 

The fee is �
�

= 0.001029 AUD per kWh for 2019–2020. 

���
�,���

=
1

(1 + �)�
�

�
���

�
. (12) 

 ���
�,���

 is the daily supply charge, which is a constant daily charge as per the tariff of RT16. This 

charge is �
�

= 2.9958 AUD per day for 2019–2020, which is applied for all 365 days of a year. 

���
�,���

=
1

(1 + �)�
�

�
× 365 (13) 

The formulation of CAPEX-related costs is also presented here. 

 ���
��� is the cost associated with the PV system during the project, including the cost of PV panels 

(���,�����
��� ), inverter (���,��������

��� ), installation and commissioning (���,����
��� ), and PV panel maintenance 

(���,��
��� ), such as annual washing and cleaning. ���,���

���  is the small-scale technology certificate (STC) 

rebate calculated based on Reference [41], which is granted as an incentive to those who install solar 

systems. Although this is revenue for the VPP, it is located here with other costs of PV for the sake of 
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clarification. If the horizon year is no longer than the lifetime of the PV panels, the NPV cost of PV 

panels and the associated installation cost are equal to the investment cost at the beginning of the 

project. As the lifetime of inverters, e.g., 12 years, is shorter than the lifetime of PV panels, e.g., 20 

years, it is required to replace the inverters during the life of the project. In this case, we need to 

consider the cost of the inverter in year 12, for example, and calculate the corresponding NPV cost. 

���,��
�

 is the maintenance cost of PV panels per dwelling in year y. 

���
��� = ���,�����

��� + ���,��������
��� + ���,����

��� + ���,��
��� − ���,���

��� , 

���,��
��� = �

1

(1 + �)�
× 67 × ���,��

�
��

���
. 

(14) 

 �����
���  is the cost associated with the VRFB system, including the cost of the battery (�����,����

��� ), 

the cost of maintenance (�����,��
��� ), and the cost of installation (�����,����

��� ), such as designing and 

constructing a slab and foundations for the battery. The 20-year warranty is included in the price of 

the VRBF. �����,��
�

 is the maintenance cost of the VRFB in year y. 

�����
��� = �����,����

��� + �����,����
��� + �����,��

��� , 

�����,��
��� = �

1

(1 + �)�
× �����,��

�
��

���
. 

(15) 

 ���
��� is the cost of heat pump HWS for 67 dwellings. The government provides a rebate for the 

use of heat pumps as well [42]; thus, the cost is adjusted based on this incentive. Moreover, the 

difference between the cost of heat pump and instantaneous electric HWS is considered in the NPV 

calculations; 

 ������
���  is the cost of the power transformer and associated cabling and protection system that 

connects the VPP to the grid; 

 �������
���  is the cost of the smart meters for 67 dwellings including the cloud storage for 

monitoring, auditing, and control purposes; 

 �������
���  is the cost of design of the embedded network, communication, and electrical design. 

4.2. The Revenues of the VPP 

The revenue of the VPP come from selling energy to the WEM, ����, as well as to the residents, 

����, which is formulated as follows: 

���� = ���� + ����. (16) 

���� = � ����
�,���

��

���
= � ����,��

�,���
+ ��,���

�,���
,

��

���
 

��,���
�,���

=
1

(1 + �)�
� ����

�,�
�

�,�
����

���
, 

����,��
�,���

=
1

(1 + �)�
����

�
����

�
, 

(18) 

where ����
�,���

 is the NPV of the revenue from selling energy to the WEM, and ����
�,�

 is the the energy 

exported to the WEM at hour ℎ of year �. ����,��
�

 is the reserve capacity revenue calculated based 

on the reserve capacity credit (RCC), namely, ����
�

, assigned to the VPP and the price ( ����
�

) 

AUD/MW/year associated with it. For 2019–2020, the price of RCC is 146,994.24 AUD/MW/year [43]. 

����  is the NPV of the revenues from selling energy to the 67 dwellings, which comprises two 

revenues: resident supply charge and energy consumption charge. This revenue is formulated as 

follows: 

���� = � ����
�,���

��

���
= �

1

(1 + �)�
× 365 × (67 × ����,��

�
+ � ����

�,�
����,�

�,�
��

���

��

���
), (17) 
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where ����,��
�

 is the resident supply charge in AUD/day at the y-th year, ����
�,�

 is the total energy 

consumption by 67 dwellings, and ����,�
�,�

 is the price of electricity sold to the residents at the h-th 

hour of the y-th year. The price of electricity to the residents is considered at the lower price compared 

to the other electricity providers in the region. 

Using the revenue of ����, the average electricity cost per dwelling can also be calculated as follows: 

����
��� =

����

67
. (18) 

4.3. The Profit of the VPP 

After calculating the total NPV of expenses and revenues of the VPP, the net NPV profit of the 

VPP operator is expressed as 

���� = ���� − ����. (19) 

5. Battery and Demand Management 

5.1. Demand Management 

As the major appliances of the dwellings in this VPP are smart and can be controlled, some of 

those presented in Table 5 are considered for demand management (DM). These appliances can be 

programmed in order to manage at which hours they are available for normal working. The residents 

have the right to override the rules that the appliances are already programmed for. 

Table 5. Manageable/shiftable loads. 

Appliance Working Time 

Dishwasher Between 10 and 16 h 

Dryer and washing machine Any time except 15–21 h 

Heat pump HWS Between 9 and 17 h 

5.2. Battery Management 

In order to maximize the benefit achievable from the battery for the VPP and the residents, an 

efficient charging and discharging of the VRFB is important. To achieve this aim, it is critical to 

identify whether charging from excess PV is beneficial or not and whether discharging at which hour 

is more effective. 

Firstly, two parameters are defined here. 

(a) The revenue per kWh of selling excess PV to WEM at the h-th hour of the y-th year, which is 

equal to the opportunity cost of not selling excess PV to WEM, which is defined as follows: 

���/��ℎ
�,�

=
����

�,�
�

�,�
− ����,���

�,�

����
�,�

=
����

�,�
�

�,�
− ����

�,�
�

�,�
�

�

����
�,�

= �
�,�

�1 − �
�

�. (20) 

(b) The cost of purchasing 1 kWh energy at the h-th hour of the y-th year for charging the battery 

at non-PV hours, which is equal to the avoided cost of not purchasing energy from the grid at RT16, 

which is calculated as follows: 

����/��ℎ
�,�

=
��,��

�,�
+ ����,��

�,�
+ ���

�,�
+ ���

�,�
+ ����

�,�
+ ���

�,�
+ ���

�,�

���
�,�  

=
���

�,�
�

�,�
+ �

�
���

�,�
�

�,�
+ ���

�,�
�

�,�
+ �

�
���

�,�
�

�,�
+ �

�
���

�,�
+ �

�
���

�,�
+ �

�
���

�,�

���
�,�

 

= �
�,�

�1 + �
�

� + �
�,�

�1 + �
�

� + �
�

+ �
�

+ �
�

. 

(21) 

It is assumed that the daily forecast of electricity price is available through the corresponding 

API from the AEMO [44]. Furthermore, it is considered that state of charge (SOC) of the battery is 

zero at the beginning and the end of each day. This means that one full charge and one full discharge 
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are scheduled every day. For example, if the opportunity cost of not selling excess PV to the WEM 

(���/��ℎ
�,�

) is less than the cost of purchasing energy for charging the battery at hours without PV 

generation, namely, non-PV hours, (����/��ℎ
�,�

), then the VRFB is charged from excess PV. In the 

case of multiple hours with excess PV, which satisfies this condition, this is sorted based on their 

���/��ℎ
�,�

, and the VRFB is scheduled for charging at the lowest ���/��ℎ
�,�

. Figure 7 shows the 

opportunity costs during PV generation and the cost of charging during non-PV hours. Moreover, it 

shows the priority of hours for charging from 1–10. As seen, the cheapest hours for charging are 7:00 

a.m., 8:00 a.m., and 12:00 p.m., in which the battery is charged using excess PV. If there is not enough 

PV excess in the priority hours, then the battery can be charged in non-PV hours. It is important to 

note that not all PV hours are suitable for charging as, for example, the cost of hours 1:00 p.m. to 3:00 

p.m. during PV generation is higher than the cost of charging at 1:00 a.m. to 3:00 a.m. The VRFB is 

also discharged when the total revenue is maximized, which is formulated as the revenue gained 

from the avoided cost of not purchasing �� units of energy from grid at RT16 to supply the load in 

addition to selling �� units to the WEM, which is equal to ������/��ℎ
�,�

+ �����/��ℎ
�,�

. 

 

Figure 7. The charging hour priority for the vanadium redox flow batteries (VRFB) for a sample 

day. 

In order to maximize the benefit of VRFB charging and discharging, the charging/discharging 

scheduling needs to be optimized for each day. The optimization problem is formulated as shown 

below, in which the total cost of daily charging/discharging is minimized. In this formulation, �
�,�

 

is the VRFB power at the h-th hour and the y-th year for which the positive and negative signs 

represent charging and discharging, respectively. 

�������� �� ���������
�,�

��

���
� , ∀� 

���������
�,�

= �

�
�,�

���/��ℎ
�,�

�
�,�

> 0 ������ �� ℎ����

�
�,�

����/��ℎ
�,�

�
�,�

> 0 ������ ��� − �� ℎ����

������/��ℎ
�,�

+ �����/��ℎ
�,�

�
�,�

< 0

 

�� = min��������
�,�

, ��
�,�

�� , �� = ��
�,�

� − ��. 

Constraints: 

� �
�,�

��

���
= 0  ,   ∀�, 

� �
�,�

����

���
≥ 0  , ∀ ℎ��� = 1 … 24 , ∀�, 

(22) 
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� ��
�,�

�
��

���
≤ 2�����

���   , ∀�, 

−�����
��� ≤ �

�,�
≤ �����

���   , ∀�, 

 

where �����
���  and �����

���  are the maximum allowable stored energy and charging/discharging power 

for the VRFB. and �������
�,�

 is the dwelling load that is not supplied by PV. The charging/discharging 

problem is optimized by the fmincon function in Matlab, whose parameters are provided in Table 6. 

Table 6. The parameters of the fmincon function in Matlab. 

Parameter Value 

Algorithm SQP 

Constraint tolerance 1 × 10−20 

Optimality tolerance 1 × 10−20 

Step tolerance 1 × 10−20 

Max iterations 1000 

Max function evaluations 50,000 

6. Input Parameters and Assumptions 

The WEM electricity price for one year is obtained from the AEMO website. In the simulation, 

the noise of price forecast is considered to be 10%. The costs of major equipment are provided in 

Table 7. Furthermore, the costs of the RT16 tariff are presented in Table 8 [40]. The tariff of the VPP 

for the residents is based on the TOU tariff of the local electricity retailer. However, there is an 

incentive within the VPP, which is that the cost of electricity between 10:00 a.m. and 2:00 p.m. is zero, 

as indicated in Table 9. The major loads, including washing machines, dryers, dishwashers, and heat 

pumps, can run during this time. 

The STC rebates for the PV and heat pump are calculated to be about 414,000 AUD and 70,000 

AUD, respectively. The horizon year is 20 years. 

Table 7. The costs of the equipment. AUD—Australian dollars. 

Equipment AUD 

PV, 810 kW 530,000 (lifetime = 25 years) 

Inverters for 810-kW PV 124,000 (replacement at year 11) 

PV installation 500,000 

VRFB, 350 kW, 700 kWh 600,000, payable in 4 instalments over 4 years (lifetime = 25 years) 

Battery installation 30,000 

67 × heat pump HWS, 220 L 165,000 

Table 8. The costs of the RT16 tariff. 

Fixed Cost 

(Cents/Day) 

Peak (Cents/kWh): 

8:00 a.m. to 10:00 p.m., Monday to 

Friday 

Off-Peak (cents/kWh): 

10:00 p.m. to 8:00 a.m., Monday to Friday 

and 

All Times on Saturday and Sunday 

299.580 15.954 3.646 

Table 9. The tariff of the VPP for the residents. 

Fixed Cost 

(Cents/Day) 

Peak 

(Cents/kWh): 

4:00 p.m. to 10:00 

p.m. 

Shoulder 

(Cents/kWh): 

8:00 a.m. to 4:00 

p.m. 

Off-Peak 

(Cents/kWh): 

10:00 p.m. to 8:00 

a.m. 

Free Electricity: 

10:00 a.m. to 2:00 

p.m. 

103.3263 54.81 28.71 15.10 0.00 
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7. Simulation Results 

In this section, the simulation of the proposed VPP in WA is described, and the expenses and 

the revenues of the VPP in four different cases are discussed. The case studies are defined as follows: 

Case I: the VPP with heat pump and DM; 

Case II: the VPP with heat pump without DM; 

Case III: the VPP without heat pump (instead, instant electric HWS is used) with DM for 

dishwasher, dryer, and washing machine; 

Case IV: the VPP without heat pump and without DM. 

7.1. Comparison of Different Cases 

Figure 8 shows the average annual energy cost per dwelling with and without VPP in AUD. As 

seen, the cost of electricity with VPP in Case I is lower than all other cases as energy-efficient heat 

pumps and demand management are implemented in this case. For example, the annual cost to 

residents in Case I is less than that in Cases II, III, and IV by 2%, 16%, and 18%, respectively, with 

VPP. Moreover, in Case I, the cost of electricity without VPP is about 24% higher than the cost within 

the context of a VPP, which shows a competitive energy advantage for customers in VPPs. Within 

VPP, the customers can have guaranteed free electricity between determined hours, and there is no 

need to pay for the maintenance of PV, battery, and the control system. 

 

Figure 8. The average annual energy cost per dwelling with and without VPP (AUD). 

The cash flow for 20 years is illustrated in Figure 9. As seen, the payback period on investment 

for all different cases is about 8.5 years. The internal rate of return (IRR) is also 11.2%, 11.4%, 12.1%, 

and 12.5% for Cases I to IV, respectively. Case IV has a higher IRR compared to other cases as there 

are more high-consumption appliances such as an instant HWS installed. Although the IRR for Case 

IV is higher than that for Case I (by 1.3%), which makes Case IV more attractive for the VPP owner, 

the cost of electricity per dwelling in Case IV is 18% higher than that in Case I. Therefore, to move 

toward affordable and sustainable housing and to make the energy option attractive for the residents, 

Case I is prioritized for the VPP. 
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Figure 9. The average annual energy cost per dwelling with and without VPP (AUD). 

Figure 10 also shows the breakdown of the NPV revenue in AUD streams over 20 years for the 

VPP in four cases. As seen, about one-third of the revenue comes from selling energy from the PV 

and battery to the WEM. Moreover, between 40% and 45% of the revenue is obtained by selling 

energy to the residents. Furthermore, no more than 14% of the revenue is received from the supply 

charge for the dwelling. Additionally, the revenue associated with the reserve capacity credit forms 

only 13 to 15% of the total revenue over 20 years. As shown in the Case I, the revenue from selling to 

residents is less than that in other cases but the revenue from the interaction with the WEM is higher 

than that in other cases. 

The breakdown of the NPV operational cost of the VPP over 20 years is illustrated in Figure 11. 

In this figure, the investment costs are not shown in order to have a better view of the operational 

costs. As seen, the costs of maintenance for PV and VRFB make up about 50% of the total expenses. 

Therefore, it is critical for a VPP owner to keep the maintenance costs as low as possible. One of the 

approaches is to purchase the components from a provider that can provide long-term warranty on 

the equipment. Moreover, purchasing from the WEM and the retailer involves marginal expenses of 

about 12% each. The optimization algorithm in this paper provides an algorithm for optimizing this 

purchasing amount. Other fees such as the Clean Energy Regulator, ancillary service, and market fees 

are about 9% of the total expenses. Additionally, the costs associated with the RT16 tariff, including 

the supply charge would be about 13%. 
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Figure 10. The breakdown of net present value (NPV) revenue (AUD) over 20 years for the VPP in 

the cases I to IV, defined at the beginning of this section. 

 

Figure 11. The breakdown of NPV revenue (AUD) over 20 years for the VPP in Case I. 

Figure 12 shows the scheduling of charging and discharging of the VRFB obtained from the 

optimization algorithm for a sample day for Case I. Additionally, in this figure, the charging cost and 

the discharging revenues in AUD for the corresponding hours are presented. As the cost of charging 

is low during PV generation, in this case, the battery is charged based on the priority given during 

optimization. In this case, the charging hour priority is 7:00 a.m., 8:00 a.m., 12:00 p.m., and 10:00 a.m. 

The charging power at 7:00 a.m. and 8:00 a.m. is limited to the excess PV, and that at 12:00 p.m. is 

limited to the maximum power of the VRFB, which is 350 kW. The discharging is also scheduled 

based on the output of the optimization. In this case, the discharging occurs to supply the load during 

the evening, when the RT16 tariff value is high. The algorithm through the optimization looks for the 

higher WEM prices to discharge the battery during these hours. As shown, the discharge power will 

supply the load during the hours of 20 to 22, when there is no PV generation. Furthermore, the VRFB 

is scheduled to discharge at hours of 18 and 19 as the WEM price is high, although there is an excess 

PV during this time. 
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Figure 12. The charging and discharging of VRFB during a sample day in Case I. 

7.2. Recommendations 

Based on the study conducted in this paper, the following recommendations are made to provide 

some insights for VPP businesses and policy-makers: 

 Long-term planning of VPPs: 

The successful and sustainable rollout of VPPs requires reliable long-term planning including 

investment and operational analysis for 20 years, for example. This assessment gives both the VPP 

owners and policy-makers a better understanding of affordability of such a structure in the long-term 

and the required logistic and regulatory supports. Through this planning exercise, the costs and 

benefits of the VPP are determined and possible future revenues are investigated. 

 Wholesale electricity market interaction: 

The involvement of VPPs in WEM requires extensive development of the regulations and 

procedures related to this interaction. The preparation of such guidelines is initiated in some 

countries such as Australia. It is critical that the costs and benefits for VPP owners are considered in 

these rules and guidelines in order to minimize the costs of VPP implementation for the business. 

Moreover, the regulations should facilitate multiple revenue streams for VPPs to make the business 

sustainable in the long term. For example, in addition to the energy market, VPPs can participate in 

a demand response market or a frequency control market, which needs an appropriate set-up and 

regulation. Participating in multi-markets will reduce the payback period of investment for VPP 

owners and encourage more investors to enter this business. 

 Incentivizing VPP projects: 

The governments and policy-makers need to incentivize different configurations of VPPs and 

different locations to evaluate the cost/benefits and barriers to VPP implementation in the real-world. 

Using this approach, they can collect required technical and financial data from a realistic VPP to use 

in regulation and procedure development. Moreover, these incentives will encourage more investors 

to invest in VPPs; thus, the government can achieve the goal of renewable integration and customer 

engagement in a shorter period of time. 

 Batteries and PVs: 

The cost of batteries is still high for investors. Additionally, the cost of VRFBs and PV 

maintenance is high. Therefore, the regulators should plan for and incentivize the research and 

development of low-cost VRFBs and PVs, including investment and maintenance costs. In addition, 

the VPP owners can evaluate other options, such as leasing batteries for a period of time, which may 

be more profitable for them. 
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 Data availability: 

Although there are very good resource data on the WEM, environment, and generation, the 

evaluation and implementation of a VPP requires a wider range of data including the costs associated 

with environmental factors, customer behavior, the load profile of different categories of consumers, 

and economic factors. Therefore, policy-makers should facilitate the creation and development of the 

required data for VPP implementations. Incentivizing VPP development is one way to speed up the 

preparation of such data. 

 Forecasting tools: 

The performance of a VPP in controlling PV, battery, and demand is mainly dependent on the 

reliable forecasting of WEM, weather, PV output, and electricity load. VPP owners should pay 

significant attention to the selection of the most accurate forecasting tools, which in many cases result 

in higher investment costs for the VPP owner. Therefore, the policy-maker can facilitate the use and 

development of such forecasting tools by encouraging and incentivizing the research in that domain 

and developing the right specifications for those tools. 

 ICT, data storage, and security 

One of the important prerequisites of long-term profitability of a VPP is a stable, scalable, and 

cost-effective ICT connectivity amongst different components within the VPP including PV, battery, 

demand, control system, and forecast tools. For controlling and forecasting purposes, an efficient and 

secured, cloud-based storage platform for data should be established. Furthermore, the ICT system 

should be secure enough for communication and control signals and for different types of data 

including consumers’ data. All these aspects require the right knowledge for the VPP owners to 

choose the correct and cost-effective ICT, storage, and security systems. Obviously, such 

arrangements will increase the cost of investment for VPP owners, and the policy-makers need to 

facilitate the consultation service to VPPs about this matter. Incentivizing a VPP project will again 

help reduce the associated costs of ICT, storage, and security. 

 Enhancing the community knowledge and involvement: 

A VPP needs to have a very good market for its services. In other words, a VPP owner should 

have enough customers to use the energy delivered by the VPP. Therefore, it is very critical that the 

community’s knowledge is increased about the advantages of a VPP, to encourage them to be 

involved in a VPP. The enhancement of community awareness is a collaborative task between the 

governments and the VPP investors. The government and policy-makers should promote the use of 

services provided by VPPs. On the other hand, VPP owners should provide attractive packages for 

the customers to encourage them to become involved in the VPP. If the VPP owner is successful in 

engaging customers in the investment and operation of the VPP, this collaboration will unlock many 

more benefits to the customers and the VPP owner. 

 Local utility interaction: 

An establishment of a VPP requires some local utility approvals for the connection of the facility 

to the local grid. These approvals are usually time- and money-consuming, which adversely affects 

the affordability of a VPP by deferring its operation. Policy-makers can develop some guidelines and 

procedures to facilitate such approvals for VPPs. Additionally, the VPPs can contribute to the local 

voltage control in the grid, for which VPP owners can receive a signal from the local utility about 

how to react in order to satisfy the voltage grid standard. To achieve this aim, a contractual 

framework is necessary, and the policy-makers should play a very active role in developing it. 

 Energy trading amongst VPPs: 

Another revenue stream for the VPPs would be energy trading amongst neighborhood VPPs in 

the future. A VPP can decide to purchase energy from the wholesale market or from another VPP 

nearby that provides more cost-effective energy. This arrangement enables purchasing local energy 

from another VPP without going through the electricity market arrangement and paying extra fees 
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associated with the operation of the market. However, a network charge will be applied by the local 

utility for the use of the network. Policy-makers need to provide the required regulations and 

procedures for such local trading. 

8. Conclusions 

This paper investigates the detailed financial analysis of implementing a virtual power plant in 

Western Australia, which includes 67 residential dwellings. This VPP uses a cloud-based platform 

for analyzing the data and controlling the VPP, which includes rooftop solar photovoltaic (PV), 

vanadium redox flow battery (VRFB), heat pump hot water systems (HWSs), and management of 

some appliances such as washing machines, dishwashers, and dryers. The size of the rooftop solar 

farm is calculated and designed at 810 kW using the HelioScope software. Furthermore, the optimum 

charging and discharging of the 700-kWh, 350-kW VRFB is demonstrated using the proposed 

optimization algorithm. The study shows that the cost of energy is reduced for consumers by up to 

24%, where they are engaged within the VPP. Moreover, the implementation of the VPP provides at 

least an 11% rate of return for the owner with less than nine years for the payback period. 
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