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Abstract

The purpose of this dissertation was to undertake a feasibility assessment into the design of a residential
energy management and metering device (REMD) which incorporates various operating modes that
would replace current retail metering devices. The operating modes that are being implemented under
this dissertation are known as sustainability mode, traditional mode and benefit mode. The approach
was to undertake the design of each of the operating modes based on aspects of environmental,
simplicity and cost incentives which would capture majority of users based on their motivations and

ethical stand points on power usage which would hopefully lead to greater market uptake.

After completing the literature review it was discovered that such a device which covered both aspects
of energy source management and metering was not readily available and limited research into this area
had been undertaken. There is however a lot of research into areas of HEMS which deals with the energy
management down stream of electrical switchboard and more broadly MGEMS which looks at energy
management on a microgrid level. The intent behind the REMD is that it will fill the void between
HEMS and MGEMS offering energy source management and metering as another layer to these two
existing technologies. Another aspect of importance from the literature review was the type of controller
to be implemented and the original goal was to implement a fuzzy logic controller, but after undertaking
the methodology it was discovered that this controller type is not the most practicable as the system

parameters are well defined and as such a state-based control approach was implemented.

State transition and flow charts were developed to form the main basis behind each of the three operating
modes, and from here these were then used to develop models of each of the operating modes. The
models were built in Mathworks MATLAB Simulink with the additional stateflow add-on package,
which is specifically developed for the design and implementation of state-based controls. Each
operating mode was built iteratively and tested once complete with 24-hour data that was then compared
against hand calculated values to determine if the code was operating as intended. Once the code was
debugged the controller was given a weeks worth of data with various configurations of PVS and BESS
sizes to determine how the controller responds in the various operating modes with different energy

source configurations.

After simulating the controller it was determined that the REMD is a feasible device and showed
positive signs for each of the operating modes. Varying the PVS and BESS had various effects on how
the controller responded but the main takeaway is that larger BESS and PVS systems in conjunction
with the REMD will offer the users more benefits in their chosen operating modes. This device will
require further development and testing before it can become a viable product but this feasibility

assessment has created the foundation for further research.
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Nomenclature
Abbreviation Definition
B BESS discharge (kWh)
BESSE BESS export (kWh)
Br Total BESS discharge over 24 hours (kWh)
¢/kWh Cents per kilowatt-hour
CaEss BESS export cost ($)
Cq Total daily cost ($)
Cqd ave Average daily cost ($)
Coria Retail grid import cost ($)
CO; Carbon dioxide
Cpop P2P import cost ($)
Cpvs PVS export cost ($)
E Energy (kWh)
Es BESS discharge percentage of total load (%)
EF Emission factor (kg CO,-e/kWh)
Ec Retail grid import percentage of total load (%)
Epop P2P import percentage of total load (%)
Es PVS percentage of total load (%)
G Retail grid import (kWh)
Gt Total retail grid import over 24 hours (kWh)
I Current (A)
kVA Kilovolt-amps (active power)
kVAr Kilovolt-amps (reactive power)
kWh Kilowatt-hour
L Load (kWh)
Lg1 Total energy imported from retail market to charge BESS (kWh)
Lpop 1 Total energy imported from P2P market to charge BESS (kWh)
Lr Total load over 24 hours (kWh)
MW Megawatt
MWh Megawatt-hour
P Power (W)
P2P; P2P import (kWh)
P2Prr Total P2P import over 24 hours (kWh)
PCgEss BESS export profit cost ($)
PCy Daily profit cost ($)
PCq Daily profit cost ($)
PCpvs PVS export profit cost ($)
PCr Total profit cost ($)
PVSe PVS export (kWh)
S PVS load offset (kWh)
St Total PVS load offset over 24 hours (kWh)
texport Export tariff price ($/kWh)
tGrid Retail grid tariff price ($/kWh)
tpop P2P Tariff price ($/kWh)
Vv Volts (V)
Y Emission offset (CO»-¢ kg)
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Abbreviation Definition
AC Alternating current
AEMC Australian Energy Market Commission
AEMO Australian Energy Market Operator
AER Australian Energy Regulator
BESS Battery energy storage system
CSIRO Commonwealth Scientific and Industrial Research Organisation
CT Current transformers
DC Direct current
DLT Distributed Ledger Technology
DNSP Distributed network service provider
DoD Depth of discharge
EG Embedded generation
EMS Energy management system
EV Electric vehicle
FiT Feed in tariff
FLC Fuzzy logic controller
HEMS Home energy management system
IES Imbedded energy system
LV Low voltage
MGEMS Microgrid energy management system
MPPT Maximum power point tracking
MSB Main switchboard
MSB Main switchboard
NECF National Energy Customer Framework
NEM National Electricity Market
NER National electricity rules
NTESMO Northern Territory Electricity System and Market Operator
P2P Peer-to-peer
PID Proportional, integral and differential
PV Photovoltaic
PVS Photovoltaic system
QECM Queensland Electrical Construction Manual
QEMM Queensland Electrical Metering Manual
REBS Renewable Energy Buyback Scheme
REMD Residential energy management device
RMS Root mean square
SM State machine
SMC State machine control
SoC State of charge
ToU Time of use
VPP Virtual power plant
VT Voltage transformers
WEM Wholesale Electricity Market
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Chapter 1 - Introduction

1.1 Introduction

With greater market uptake of residential photovoltaic systems (PVS) and battery energy storage
systems (BESS) in conjunction with new emerging localised peer-to-peer (P2P) energy trading markets
the current metering and energy management devices need to be overhauled. Connecting to the retail
grid requires the user to have a retail meter in accordance with the distribution network service provider
(DNSP) requirements. This retail meter provides the functionally of metering energy consumption and
depending on the type can also meter the generation export. Typically, a user will sign up with one
retailer to buy and sell power and has little to no flexibility with how their energy is managed or sourced.
As previously mentioned there is a new emerging energy market which allows energy trading between
neighbours in a local area. This new market introduces broader opportunities for cheaper import of
energy and increased feed-in-tariffs (FiT) to compete with the retail grid. The P2P energy market can
be accessed through current smart-type 4 retail meters, but the missing piece is how these users can
manage access to both the P2P energy markets and the retail market. To achieve this an energy
management device is required that can strategically choose between the energy markets whilst

operating in the best interest of the users.

This is where the following dissertation has been prepared to provide a conceptual design and feasibility
assessment into the development of a residential energy management device (REMD). The REMD will
aim to present a holistic approach to managing the various energy sources (PVS, BESS, P2P energy
market and retail market) and provide the relevant metering for the external energy markets, thus
replacing current retail metering. A unique feature to be incorporated into this device is for a user to be
able to select an operating profile that manages the energy sources in alignment with their ethical stand
points and motivations for energy usage. These operating profiles will be discussed further in this

dissertation but provide users the ability for a level of control over their energy choices.

1.2 Idea Origin

The idea for this project was originally proposed by Professor Paul Wen as part of potential project
topics for 2023. The basis for the idea came from how domestic solar providers are not optimising solar
systems to suit the customer’s needs and providing them with the largest system possible for the highest
cost. This is good for the provider but not for the customer, as with the current feed-in tariff prices the
solar system will not be financially profitable. After discussions with Prof. Wen as part of ENG4110
and ENG4111 the research project has now shifted objectives with less emphasis being placed on the
optimisation of PVS and BESS configurations but with more focus placed on the management and

strategy control of the energy sources. To encourage users to think more consciously of their energy
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choices, it was proposed that users should have the ability for aligning the controller to their ethical
stand points and motivations for energy usage. This will be achieved through management and strategy
control of the four energy sources (PVS, BESS, localised P2P energy market and retail market) with
one of the three operating modes. The intent is that the operating modes would dictate slightly different
strategy control approaches in line with the users ethical standpoint and motivation towards energy

production/consumption.

1.3 Project Objectives & Specific Limitations

The project objective at a high level is to create a conceptual design for a REMD that incorporates both
metering and energy management aspects of available energy sources. The REMD will provide a two
layered approach to energy management. The first layer is automated energy management via the device
and the second layer is user education via a display. One unique aspect of the REMD to be explored in
this dissertation is the ability to offer the user the option of selecting different operating modes which
are tailored to specific ethical and motivational aspects of energy consumption. Although the operating
modes may have similar outcomes the important factor is encouraging users to be more conscious on
energy consumption. The following is a summary of the three operating modes:

1. Sustainability mode — Targeted towards users that want to place more emphasis on
environmental sustainability. The aim is to reduce grid reliance through optimising internal
renewable energy generation, with less emphasis placed on excess generation being exported
to the grid.

2. Traditional mode — Targeted towards users that are not actively concerned about their energy
choices and want a conventional energy experience. The aim is to give a rounded energy
experience without the P2P market that reduces energy bills and grid reliance.

3. Benefit mode — Targeted towards users that want to offset energy bills or possibly receive
payments for energy production. The aim is to minimise energy import during peak times and

maximise energy export during high FiT times.

The following is a summary of key objectives for this dissertation:
= Design conceptual level strategy controls based on the operating modes.
=  Design a conceptual level display that presents the relevant information based on the operating
modes.
=  Model and simulate the REMD within MathWorks MATLAB Simulink environment.
=  Evaluate model outcomes in line with the operating mode aims to determine feasibility of the

REMD.
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As this dissertation is aimed at conceptual design level only there are limitations to the objectives and

these include the following:

Evaluation of educational benefits and informing users of energy related aspects from the
display cannot be assessed, real-world implementation (not practical at this stage) and human
studies would be required for this (not practical due to ethical clearance requirements). It is
proposed that the display will be evaluated on operational aspects only.

Modeling will be limited to discrete typical data only and will not operate in a
continuous/dynamic modeling environment.

The finer details of the REMD metering aspects will not be a focal point, as evaluation of the

operating modes during modeling is the main objective.

1.4 Justification and Feasibility

The following is a summary of the justification for the dissertation:

Significance: A holistic energy management and metering device that replaces current retail
metering has not been adequately explored with aspects of PVS, BESS, P2P market and retail
markets.

Relevance: This area of research is in line with the degree of electrical/power engineering as
energy management and metering is a key aspect within electrical networks.

Novelty: This research will incorporate the additional aspect of new P2P energy markets along

with the ability for the REMD to provide the user various operating modes.

The following is a summary of key feasibility aspects of the dissertation:

Resources: All required resources, funding, time and data is available for the completion of this
dissertation. Refer chapter 3 for details.

Methodology: The research methods and techniques used in this dissertation are appropriate
and achievable. Refer chapter 3 for details.

Ethical Considerations: As no human/animal subjects are required for this dissertation the

ethical considerations have been minimised. Refer to section 1.6 for details.

1.5 Australian Standards and Compliance

It is important that the relevant standards and manuals are consulted and adhered to when undertaking

any engineering design. Guidance will be taken from the relevant Australian Standards and other

manuals as required during the design and prototyping of the REMD. However, due to the nature of this

dissertation being a conceptual design only the finer details of compliance against the relevant

Australian Standards and manuals are deemed to be outside the scope.
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The following list provides a summary of the relevant Australian Standards for this dissertation (note
that this list is not exhaustive):

=  AS/NZS 3000 — Wiring Rules

= AS/NZS 3008 — Electrical installations - Selection of cables

= AS/NZS 4509 — Stand-Alone Power Systems

=  AS/NZS 5033 — Installation and safety requirements for photovoltaic (PV) arrays

= AS/NZS 5139 — Electrical installations - Safety of battery systems for use with power

conversion equipment
=  AS/NZS 4777 — Grid connection of energy systems via inverters
=  AS 60253 — Electricity metering equipment (AC) - Particular requirements

The other aspect of compliance is tied to the relevant manuals specifically related to the DNSP to which
the REMD resides within. For the purposes of this dissertation Energex (division of Energy Queensland)
is the nominated DNSP. The following list provides a summary of the relevant Energex standards for
this dissertation (note that this list is not exhaustive):

=  Queensland Electrical Metering Manual (QEMM)

=  Queensland Electrical Connection Manual (QECM)

=  STNWI1170 - Standard for Small IES Connections

= STNWI1174 - Standard for Low Voltage Embedded Generating Connections

1.6 Ethics and Consequential Effects

Before commencing research, researchers (including undergraduate and postgraduate students) who
wish to undertake projects involving human participants must obtain approval from the Human
Research Ethics Committee. No research can take place without ethics clearance (USQ 2023). As this
dissertation does not necessitate the use of human subjects it is deemed that ethics clearance is not
required. The data for this dissertation will come from online published sources and any reference to
personal effects of the data origin shall not be disclosed. The Engineers Australia Code of Ethics and
Guidelines on Professional Conduct will be adhered through the process of this dissertation with
attention drawn to the four key areas of demonstrating integrity, practising competently, exercising

leadership and promoting sustainability.

The consequential effects of this dissertation are related to the physical REMD itself with aspects of
software and hardware, as design choices on these elements will have impacts to cost, reliability,
sustainability and overall market uptake. Software choices will need to ensure that the system operates
as intended and is not overly complex, and hardware choices will need to consider the design life and
ensure cost is kept to a minimum, parts are readily available, and the controller is easily serviceable if

parts do fail.
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1.7 Considerations for economic, environmental and social impacts

The economic, environmental and social impacts of any research topic need to be addressed to ensure
that all factors are considered. Although the following items may not specifically be addressed within

this dissertation it is crucial to understand the importance of these aspects for further study on this topic.

Economic considerations

=  Choice of materials and component selections

=  Complexity of software model and design

=  Flexibility/adaptability of the device in various installation configurations
=  Compatibility with target purchasing groups

Environmental considerations

=  Full life cycle analysis of the device
=  Power consumption

Social considerations

=  Privacy and security concerns for smart meter energy data transmission
= Reliability and accuracy of the device
=  Ability for retrofitting to existing electrical installations

= Efficiency of service and maintenance of product (i.e. software updates, compatibility, etc)

Billy Dauth 5 I



ENG4111/ENG4112 Dissertation

Chapter 2 - Literature Review

In order to undertake this dissertation a literature must be completed to gain an appreciation of
previously completed work in this field. The research will ensure that this dissertation is novel and is
building on previous knowledge. The following is a summary of the key areas for this dissertation:

=  Australian energy market

=  Queensland retail energy market

=  P2P energy market

=  Retail metering

=  PVS and BESS configurations

=  Energy management systems

=  Energy control strategies

2.1 Australian Energy Market

The following research section is intended to provide an overview of the current Australian energy
market. The aim is to gain an understating of how the energy market operates, is configured and what

organisations are involved.

The Australian electrical energy market consists of an enormous combination of generators (both
renewable and non-renewable), transformers, transmission networks, distribution networks, retailers
and prosumers/consumers (Figure 1). There is an overarching company called the Australian Energy
Market Operator (AEMO) which is responsible for managing the Australian energy market. The AEMO
currently operates both within the electrical and gas sectors, but for the purpose of this dissertation only

the electrical sector will be analysed.

Figure 1: Australian energy market - transport of electricity (AEMO 2022a)
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The AEMO manages the three wholesale electrical markets within Australia which are the National
Electricity Market (NEM), the Wholesale Electricity Market (WEM) and the Northern Territory
(NTESMO) (AEMO 2022b). The NEM operates in five jurisdictional areas of Queensland, New South
Wales, The Australian Capital Territory and Victoria, whereas the WEM and NTESMO operate within
the one jurisdictional area each of Western Australia and Northern Territory respectively. For the
purpose of this dissertation only the NEM will be explored rendering WEM and NTESMO beyond the

scope.

There are a set of national electricity rules (NER) which govern the operation of NEM and is supervised
by the Australian Energy Market Commission (AEMC). The AEMC is an independent statutory body
working for Australia's future productivity and living standards by contributing to a decarbonising,
affordable and reliable energy system for consumers (AEMC 2023a). The NER are put in place so that
all parties involved understand their rights and responsibilities and to ensure that the cost of purchasing
electricity is fair. The main rules are nominally to govern the following elements:
= Operation of the wholesale electricity market — includes the arrangements for commercial
exchange of electricity from generation to the energy retailers.
=  Economic regulation — tied to the services provided by monopoly transmission and distribution
networks (i.e. in Queensland this would include Powerlink for the transmission network and
Energy QLD for the distribution network)
=  How the AEMO manages power system security (AEMC 2023b)

The way in which the NEM wholesale market operates is via a 5-minute interval spot market that
determines how much electricity is required to be produced in order to meet the demand. The 5-minute
spot price is then put forward by each generator with only the corresponding generators that come online
being paid for their generation amount (usually on a MWh basis). To pay generators the AEMO must
recover costs from customers. As most customers don’t participate directly in the NEM, they purchase
their electricity through a retailer. Customers pay the retailers a commercial tariff, and retailers manage
customers’ energy purchases, including paying AEMO the spot price to avert the risk of system collapse

or physical damage to parts of the power system (AEMO 2021).

Transportation of electricity between generators and distribution networks within Queensland consists
of a vast array of electrical lines, substations and associated equipment that supports the transmission
and distribution. When looking specifically at the transmission (from generator to distribution) There
are currently three transmission network service providers operating in Queensland:

=  Powerlink Queensland (Government owned corporation)

=  ElectraNet Pty Limited

=  AusNet Transmission Group Pty Ltd
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It is worth noting that majority of the high-voltage transmission network is provided and maintained by

Powerlink Queensland (Government 2020).

Moving into the next stage of electricity transportation after transmission is the distribution network,
which provides the direct connection to the low voltage consumers. This network also consists of a
similar arrangement to that of the transmission network with high voltage and low voltage electrical
lines, transformers and associated equipment. Within Queensland the distribution network is provided
and maintained by Energy Queensland which has two separate divisions, Energex and Ergon Energy
(Figure 2). These two divisions used to operate independently of each other but recently there has been
a merge of these two service providers to form Energy Queensland. Energex and Ergon Energy are
separated via geographical areas with Energex being responsible for South East Queensland and Ergon

Energy being responsible for the remainder of Queensland.

Figure 2: Energex and Ergon DNSP jurisdiction areas (Simshauser 2018)

Key findings for dissertation

Considering the REMD is to be located within the main switchboard (MSB) and is providing the
interface to the relevant DNSP region and internal AS/NZS 3000 wiring, the requirements of the
relevant DNSP will need to be adhered to. Noting this dissertation is focusing on the DNSP area of
Queensland, the specifics related to the requirements for metering and connections of retail customers
are covered under the Energy Queensland manuals QEMM and QECM. After reviewing these manuals

the key take aways for this dissertation include
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=  QEMM section 2.1 - General: Customer's ancillary equipment such as surge diverters,
voltmeters, phase failure relays etc. shall be connected on the load side of the revenue metering
equipment.

=  QEMM section 2.4 — Customers energy management systems: A customer requiring an

interface with the metering provider's facilities should contact the metering provider.

Note that as the REMD device is intended to replace current retail metering, section 2.4 in the QEMM

is considered not applicable.

2.2 Queensland Retail Energy Market

The following section provides an overview of the current Queensland energy retail market. The
purpose of this research is to understand how the retail market operates with reference to energy tariff

structures, the role of energy retailers and associated retail energy plans.

Energy retail within Queensland is consistent with the broader NEM jurisdictions in that there are
Energy companies (known as retailers) that on-sell power to consumers. For a company or individual
to on-sell power they first must be registered by the retail energy governing body, the Australian Energy
Regulator (AER), which is responsible for administering retailer authorisations (AER 2023). The
electricity retailers operate under the National Energy Customer Framework (NECF), which is a set of
national laws, rules and regulations governing the sale and supply of energy to consumers (Government

2022a).

Electricity costs that consumers pay to retailers is based on the relevant DNSP network charges and
associated costs of buying the electricity from the generators. Energex network charges that are passed
onto retailers cover the cost of building, maintaining and operating the electricity network to safely
supply power to homes and businesses. These network charges are represented in the form of tariffs and
Energex is responsible for setting these (Energex 2023a). Residential energy consumers were
traditionally charged a flat rate for their energy consumption no matter when the usage of energy occurs.
One thing that a lot of consumers did to save electricity was to install their electric hot water systems
onto economy tariffs such as economy tariff 33 or super economy tariff 31. These particular tariffs
would only allow energy usage to occur during off-peak times (outside of 4-8pm) (Energex 2023b).
This was achieved through DNSP relay control devices, installed within the energy consumers main
switchboard. To help reduce peak demand on the network, DNSPs are implementing cost reflective
tariffs that have higher rates during peak periods and lower rates during off-peak periods known as tome
of use (ToU) tariffs (Energex 2023a). To access this latest tariff arrangement the energy meter must be

a new type 4 smart meter (refer section 2.4 for details) and the energy retailer must have this structure
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on offer. Table 1 below provides a summary of the latest residential network tariff arrangements

provided by Energex.
Tariff type | Network tariff | Fixed daily Consumption charge Demand charge Eligibility
name charge
Primary Residential Flat | $0.516/day | $0.07437/kWh N/A Only for customers with an older
tariff (NTC8400) style meter — not a ‘smart meter’.
Primary Residential $0.516/day | Flat rate charge Monthly charge Must have a smart meter. Where
tariff Transitional $0.03591/kWh $3.418/kW/month | customers are changing from a basic
Demand note 1 meter to a smart meter due to a
(NTC3900) meter failure, they must move to
this tariff after 12 months.
Primary Residential $0.516/day | Flat rate charge Monthly charge Must have a smart meter.
tariff Demand $0.02576/kWh $7.121/kW/
(NTC3700) month "1
Primary Residential $0.516/day | Charges based on when | N/A Must have a smart meter.
tariff Time of Use electricity is used:
(ToU) Energy Evening (peak): 4pm to
(NTC6900) 9pm
$0.14450/kWh
Overnight (shoulder):
9pm to 9am
$0.03670/kWh
Day (off-peak): 9am to
4pm
$0.03031/kWh
Secondary | Economy N/A Flat rate charge N/A Must be used in conjunction with
tariff (NTC9100) $0.04371/kWh one of the above primary tariffs.
Secondary | Super Economy | N/A Flat rate charge N/A Must be used in conjunction with
tariff (TNC9000) $0.03371/kWh one of the above primary tariffs.
Notes

1. based on highest half hourly demand between 4pm to 9pm weekdays and weekends
Table 1: Residential network tariff prices (Energex 2023a)

In 2007 the Queensland Government introduced full retail competition for electricity and since this time
all consumers connected to the electricity grid have had the right to choose their preferred electricity
retailer (Government 2022a). Furthering on from this in July 2016 South East Queensland energy prices
were deregulated which meant that the market competition increased and resulted in an abundant
number of retailers available. Currently in Queensland there are 30 privately licensed energy retailers
(Government 2022a) and to access grid electrical services a consumer must sign up with a single
licensed retailer. Each retailer will offer various electrical plans and promotions to suit consumers

electrical needs and will nominally factor in elements such as, general usage, supply charges, controlled
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loads and solar/battery feed in tariffs. Consumers with solar and/or battery storage systems can export
the energy that is generated or stored in excess back into the DNSP grid and receive a credit from the
retailer for the generated electricity at the going rate. The problem with this arrangement is that the
consumer utilising the solar generated electricity is charged the retail electricity price whilst the
consumer that generated the electricity receives only the FiT price (Brakels 2020). A summary of some
example energy providers and associated energy costs (general usage and not ToU reflective) are listed

in Table 2 below (note that this list is not exhaustive):

Energy Retailer
Ch T AGL Energy Alinta Energy Diamond Energy . .
atge ype (Residential (HomeDeal — Single (Everyday ( G(gr\l;gélr]:a%l]g’glyan)
Basics) Rate +CL1 & CL2) Renewable Saver)
24.81c/kWh 25.04c/kWh
] (up to 340 kWh)
General Usage 25.38c/kWh 24.39¢/kWh 32 67¢/KWh
(after 340kWh)
Daily Supply 123.92c¢/day 109.53c¢/day 119.9c/day 114.79c/day
) 18.21c/kWh &
Controlled Loads 20.61c¢/kWh 18 46¢/KWh 20.59¢/kWh 19.38¢/kWh
Solar feed-in 5.0c/kWh 8.0c/kWh 5.2¢/kWh 5.0c/kWh

Table 2: Nominal retail energy prices

Key findings for dissertation
As the REMD will interface with the retail market there is the requirement that the consumer must be

signed with one licensed retailer. Smart metering is required to access the ToU tariff structure which is
a consideration for the metering component as it is assumed that this tariff and associated energy plans

will provide the most opportunities for successful operation of the REMD.

2.3 P2P Energy Market

A new emerging energy market where excess residential generated energy is sold/purchased by
neighbours to neighbours instead of the wholesale electrical grid is known as the peer-to-peer (P2P)
energy market. This energy market is currently not readily available within the Australian energy market
as it is still in its infancy stages. There has been and currently still is a lot of research and trails being
completed to understand if this new market is viable. The following research will provide an overview

of current trials and techniques used in the P2P energy trading market sector.
To understand how the P2P energy trading would work within the current Australian energy market, a

literature review paper by Soto et al. (2021) provided some key insights. This paper presented an

overview approach to how P2P trading works, along with benefits and considerations. The key takeaway
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from this paper were that conventional energy trading is mainly one-way in that electricity is typically
transmitted from large-scale generators to consumers over long distances, while cash flow is the other
way around. Whereas with P2P energy trading there are multi-directional trading within a local
geographic area (localised energy grid) encouraging localise cash flow. With the proposed P2P market
when prosumers have an electrical energy surplus, there are several options for this energy:

1. Stored in a storage device (such as a battery) for later use; or

2. Exported to the electricity grid at the wholesale retailer purchase price; or

3. Exported and sold to other energy consumers at the P2P contract price. (Soto et al. 2021)

A study undertaken by AGL provided more insight into the inner workings of P2P energy market in that
trading is most likely to either occur directly between two participants (generator and consumer) who
form a short-term contract, or indirectly between two participants who remain anonymous to one
another and trade across a secure, auditable marketplace. The transactions between participants would
require methods for low-cost authentication, validation, and settlement, while protecting consumer data
privacy (AGL 2017). As previously researched in ENG4110 the typical approach for P2P energy market
trading is via the well-known Distributed Ledger Technology (DLT) and this is the same case for the
AGL trial. The most famous branch of this technology is blockchain. Blockchain can be defined as a
distributed and digital transaction technology that allows secure storing of information and execution

of smart contracts in P2P networks (Honarmand et al. 2021).

A recent trial (Dr. Jemma Green 2020), funded in part by the Australian Government, ran between
December 2018 and January 2020 as part of the RENeW Nexus Project involved using Powerledger’s
blockchain technology to track the transactions of rooftop solar energy traded between 48 households
in Fremantle, Western Australia. The trail proved the validity of using P2P trading within the current
energy market and provided many insights to the benefits and future recommendations. During the trial
an additional meter was installed in the homes to facilitate real-time solar trading but one of the findings
was that the only requirement to facilitate P2P was a smart meter with remote communication
capabilities. Although the real-time data was useful the additional costs associated with the meter and
installation would not be warranted in large scale retro fits. It was therefore proposed that the standard
retailer smart meter would suffice. Another part of this trial called Loco 1, looked at the typical payback
time periods for residential batteries (sized between 10kWh and 15kWh) that were coupled with P2P or
virtual power plant (VPP) trading. Although VPP is considered outside the scope of this dissertation it
was noted that using a battery coupled with VPP, would mean that consumers could purchase locally
sourced energy from prosumers with batteries throughout the day, not just when the sun was shining. It
also means that batteries could help the grid in dealing with reverse energy flows and provide system
services to stabilise the grid. It was also noted that the P2P trading rate was set at the Renewable Energy

Buyback Scheme (REBS) feed in tariff (FiT) rate of 7.135 ¢/kWh + 10%. This particular trading rate
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differed from a research paper by Azim et al (2020) which presented the ability for seller and buys to
set their market buy/sell pricees. It is noted that this dynamic market price arrangment does offer
advantages for a more competive P2P market (Azim et al. 2020). That aside, the results from the
RENeW Nexus Project showed that over 75% of participants in the trial made an effort to shift their
energy usage profile to take advantage of daylight time periods when tradeable energy is most available.
This indicates that participation in P2P energy trading did make users more conscious of their energy

use behaviours based on incentivised schemes.

Key findings for dissertation

Although P2P energy markets are still new and not readily available, it is an element that could provide
beneficial gains for participants and this needs to be explored within the development of the REMD.
The REMD will need to consider both the retail market and the P2P energy market in order to achieve
the best outcomes for the users of this device. The surplus energy options provided from Soto’s research
will form the main framework for the controller decision process around how and when to make the

best decision about what to do with the surplus energy.

2.4 Retail Metering

In order to be connected to the retail energy market, users must have a retail meter at the point of
connection to track the energy consumption/generation. There are three main types of retail energy
meters on the market with these being accumulation meters (flat rate meters), interval meters and smart
meters (type 4). There has been a large shift in recent years with the emergence of the new smart
metering technology and from 1 December 2017 all new retail meters need to be digital smart type 4
meters (Energex 2023c). For the purposes of this research dissertation only smart meters will be

investigated due to the other metering types being phased out. Table 3 provides a summary of each of

the metering types.
Meter Type | Energy Metering Display Nominal Dimensions

Accumulation | Record total Analog (cyclometer or | 132mm (W) x 152mm (H) x 51mm (D)
energy usage dial) or Digital (based on AMS (L+G EM500) B1 Meter)

Interval Record energy Digital 130mm (W) x 125mm (H) x 50mm (D)
usage every 30 (based on L&G AMG EM1000 Electronic
mins Meter)

Smart Record energy Digital 134mm (W) x 214mm (H) x 70mm (D)
usage every 30 (based on ECA EDMI Mk7C Elc Meter)
mins

Table 3: Retail metering types summary (Ausgrid 2022)

Modern electricity meters operate by continuously measuring the instantaneous voltage (volts) and

current (amperes) and finding the product of these to give instantaneous electrical power (watts). This
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electrical power is then integrated against time to give energy used (joules, kilowatt-hours etc)
(Technology n.d). This is given by equation 1. Current retail meters record energy consumption on a 30

minute interval and send this information to the retailers.

T2
E = f Pdt
T1
(1)
E Energy (kWh)
P Power (W) =V x I x power factor

The nominal metering configuration in order to achieve the voltage and current measurements is
dependent on the peak RMS values of voltage and current. As the retail meter is located within the
DNSP LV network the maximum single phase nominal RMS voltage will be 240V and the maximum
RMS current cannot exceed the service fuse which is typically limited to 63A in Energex areas. For
these reasons the metering of both voltage and current can be achieved via direct metering and separate
voltage transformers (VT) and current transformers (CT) are not specifically required as shown in

Figure 3.

SOURCE LOAD

WE @)

Input element 1
Figure 3: Example of electrical power measurement within energy meter (Yokogawa 2017)

In the residential energy markets consumers are typically only charged for their kWh usage and the
other aspects of kVAr and peak demand charges (related to commercial and industrial market sectors)
are not applicable. These other charges are not required within the residential energy market due to the
low energy consumption of residential homes when compared to large industrial and commercial
consumers. Commercial and industrial electric firms consume this in massive amounts, so electricity
companies charge them a premium (CoolBlew 2019) in order to reduce negative impacts of grid
network stability. It is therefore why it is deemed to not be economically viable to charge residential

customers for these additional charges.
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Key findings for dissertation

Current metering arrangements and processes will need to be maintained in order to provide retailers
and P2P energy market participants the feature of energy consumption/generation. Metering will be
maintained as energy consumption (kWh) at 30-minute intervals to align with the current smart meter

technologies.

2.5 PVS and BESS configurations

Solar and battery configurations within residential applications vary significantly and are dependent on
factors such as the initial cost, installation location (related to weather and available space), the user’s
objectives and the actual products themselves. The purpose of this research section is to gain an
understanding for typical solar and battery storage configurations. Note that the fundamentals and inner

workings of these systems is considered outside the research scope of this dissertation.

Currently Queensland has one of the highest rates of household rooftop PVS installations with around
1 in 3 homes using solar and this equates to approximately 700,000 homes and small businesses,
producing around 4,300MW of clean energy (Department of Energy and Public Works 2023). Even
with a steady rate of rooftop installations, Queensland continues to see a slow uptake of PVS with BESS
(Figure 4), accounting for only 12% of the total solar-with-battery installations. (Australian Energy
Council 2022b).

Data as at 30 Jun 2022
13,058

9,489

8,563 mWA
I 6,473 mVIC
5,689 ke
4,650 HSA
[

] . NT
1,568 NSW
693
s37 . mACT

2014 2015 2016 2017 2018 2019 2020 2021% 2022%*

* Due to the 12 month creation period, the figures will continue to change (increase)
**Only first quarter of 2022 data are included

Figure 4: Solar and battery installations per state since 2014 (Australian Energy Council 2022b)
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It is important to realise that the financial incentives relating to power bill offsets are a major factor in
the uptake of these systems and this was found to be true for 79% of surveyed individuals through a
CIRSO study relating to the key uptake for PVS (CSIRO 2019). With the recent phasing out of high
profit FiTs to much lower FiTs the economical payback of PVS and BESS systems is much slower than
before. The Queensland Governments latest release of the FiTs for 2022—23, showed that the regional
FiT was on average 9.3 cents per kilowatt hour (Government 2022b). When comparing this against the
Solar Bonus Scheme 44 cent FiT offered prior to 2018 (Government 2018) there has been a reduction
of nearly 79%. One of the main reasons for the FiTs falling so low is due to the reduction in wholesale
electricity prices caused as a direct result of greater PV penetration within the market (Energy Matters

2023).

When specifically looking at the typical system sizing for Queensland homes, Energex treat solar PV
systems, micro-wind turbines, and micro-hydro turbines and batteries as LV embedded generating (EG)
units. These LV EG units are treated the same as they are all either DC or AC coupled and to an inverter
prior to exporting energy to the grid. Most residential EG units connected to the main grid line fall under
a basic connection service with Energex as the rated capacity of the system is less than or equal to
10kVA per phase and with an export limit of up to SkW per phase (Energex n.d). Energex are
investigating a new EG dynamic connection arrangement that will see the ability for customers to export
up to 10kW doubling the previous arrangement. At this stage as products progressively gain
certification, it is anticipated that customers will be able to register for this dynamic connection on the

SEP2 Utility Server in mid-2023 (Energex 2022).

To understand typical PVS and BESS systems the GSES (2022) textbook was used as this provided a
good overview of key requirements and aspects into these systems. It was discovered that the typical
components in a PVS and BESS setups include:

= PV array

=  MPPT (PV converter)

= Inverter

=  Battery bank

=  Battery charger
It is important to note that the inverter types differ for the discrete PVS and BESS systems. For a PVS
a grid connected inverter is required as it is only capable of synching with the grid to export energy.
Whereas for a BESS a multi-mode (or hybrid) inverter is required, which allows for management of
grid synchronisation for energy import and export (note that import of grid energy is only possible
through certain inverters to charge the battery) (GSES 2022). As previously mentioned PVS and BESS
systems are either AC or DC coupled. The components are very much the same between the systems,

but it is the configuration of these components that differ (Figure 5).
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Figure 5: System diagram of AC and DC coupled PVS and BESS (Sandelic et al. 2019)

In regards to AC coupled systems, these are much easier to install especially with retrofits into existing
electrical installations but do require the use of more equipment (i.e. two inverters, one for the PVS and
the other one for the BESS) with reductions in efficiencies caused by multiple energy conversions
(GSES 2022). As previously mentioned, the limiting export factor is determined by the DNSP which is
set at SkW per phase and means that if both the solar and battery systems were exporting the inverters
would be limited to 2.5kW each. The other component to consider is when the batteries are AC coupled
they can only charge from the AC side of the solar inverter and as such if the solar is producing more
than SkW the inverter limits it to the maximum permissible by the DNSP. This therefore means that the

extra generated solar energy is not utilised and is not achieving the maximum yield of the system.

Now looking at a DC coupled system, these are more energy efficient than AC coupled systems due to
there being less components and conversions of AC-DC and DC-AC. This arrangement can be more
complicated to install and retrofitting into existing electrical installations can become challenging
(Marsh 2019). A research paper undertaken by (Sandelic et al. 2019) also provided insight into the
reliability of AC and DC coupled systems and found that probability of failure for DC-coupled
configurations occurs 7 years later than that for AC-coupled configurations. When comparing against
the same case sutdy for the AC coupled system, when excess solar is generated above the inverter output

capacity the DC coupled system can absorb this excess energy maximing the yeild.

Finally looking typical system sizing for Australia, data from the Australian Energy Council showed
that the typical PVS size was between 6.5kW and 9.5kW (Australian Energy Council 2022a) and data
from the Clean Energy Council also showed that typical residential battery storage systems range from

3 to 12 kWh in size (Australian Energy Council 2022a).
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Key findings for dissertation

There are various installation configurations and overall system component sizes and such it will be
important to ensure that the REMD is designed to operate with various system configurations. For the
purposes of modelling a typical PVS and BESS will need to be determined (refer chapter 3), but the

size and configuration are not the critical factors here.

2.6 Energy Management Systems

Energy management encompasses energy efficiency and productivity, but also considers the broader
elements of energy including procurement, generation, systems and most importantly, strategy (Roberts
2018). Without an EMS, optimisation and strategy control of all available inputs and outputs would not
be possible. There are two key areas to an effective EMS with the first being the physical device

performing automated management and the second being the educational aspect provided to the user.

2.6.1 EMS Devices

When looking specifically at the EMS devices there has been a lot of research undertaken into this area.
The main research and applications noted range from smaller EMS to much larger and broader EMS.
The following research has been broken down into the relevant sections of PVS and BESS managers,

home energy management systems (HEMS) and microgrid energy management systems (MGEMS).

2.6.1.1 PVS and BESS Energy Management Systems

Energy management systems are only required to be installed when a BESS system is connected. PVS
do have controller devices (MPPT) to maximise conversion from solar energy to electrical energy, but
they don’t specifically require a management system. This is because the PVS only operates when the
sun is shining and therefore outside of this time is un-manageable. Only once a BESS is connected can
the excess generated energy from the PVS be stored in the batteries (Sage Automation 2018). This is
where the EMS is required as it is responsible for determining when the BESS is to be

charged/discharged.

There are various third-party devices which can be installed to provide the features of an EMS and
range from a simple time scheduled system to much more complex system with aspects of day ahead
scheduling, processes for maximum profit gain, etc. An example of a simple energy management system
was touched on in section 2.5 with the use of a multi-mode inverter, but this does tend to be very limited
with management capabilities. Another example of a more comprehensive PVS and BESS EMS is the
Tesla Powerwall which has an internal EMS. The Powerwall allows for the user to select various
operating modes for how the battery energy is charged/discharged. The following is a summary of the

key operating modes:
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=  Back-up reserve — provides energy during power outages. The BESS will operate normally to
offset loads etc until the back-up reserve limit is reached and will not go below this amount.
Only once the grid is lost will the BESS go below the pre-defined level.

= Self-powered — stores excess energy from solar production to be used at night. If batteries are
charged excess energy is exported to the grid.

= Time-based control — helps to maximise savings through smart charging and discharging of

BESS for users on ToU electrical plans. (Tesla 2023)

2.6.1.2 Home Energy Management Systems

HEMS is a technology platform comprised of both hardware and software that allows the user to
monitor energy usage and production and to manually control and/or automate the use of energy within
a household (Kitisarn & Martin 2021). HEMS can nominally monitor and management aspects of

= Electricity import/export

= Internal sub-circuit/device control

= PV system

=  Battery storage system
HEMS fall under two main categories with grid connected and non-grid connected. Grid connected
systems typically do not monitor the grid energy consumption, with the intent being to reduce the grid
reliance. Whereas the non-grid connected systems are purely focused on ensuring continuity of supply
in the absence of grid connected back-up. For the purposes of this dissertation only grid connected

controllers will be explored.

A research paper by Badar & Anvari-Moghaddam (2022) provided a good overview of the details on
HEMS within residential settings. HEMS framework shall normally be based on the following process:
data collection and monitoring, data processing and analysing, forecasting/estimation (if needed),
optimisation and execution. It was noted that majority of HEMS devices reviewed in this paper focus
on the load energy control with various scheduling and optimisation strategies to reduce peak demand
and consumption. This is typically achieved via separating the loads into controllable and uncontrollable
loads. For example, controllable loads consist of air conditioners, washing machines, dishwashers, etc,
whereas uncontrollable loads consist of lighting, fridges, ovens, etc. The ability to control these loads
creates an element of load shedding that can be applied during times such as high ToU charge periods
or when energy sources are not able to cope with the load. Another key component noted in an effective
HEMS is the ability to load forecast which can be done for PV systems, loads, energy purchasing,
energy selling, energy storage, etc. This element of forecasting allows HEMS the ability to make
decisions based on upcoming events resulting in smarter more optimised decisions being made (Badar

& Anvari-Moghaddam 2022).
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A research paper by A. Derrouazin, M. Aillerie, N. Mekkakia-Maaza and J.-P. Charles provided insight
to an application of a HEMS device. This paper looked into the development of a multi input-output
fuzzy logic smart controller for grid connected residential applications. This smart controller integrated
solar, wind, battery storage and also incorporated an electrolysis system to produce hydrogen suitable
for household utilities with the overflow of renewable energy production. The fuzzy logic controller
was intended to build on previous logic controllers and avoid the simplistic switching of relays to allow
simultaneous routing of energy. The controller operated with a discrete set of rules and was simulated
in MATLAB Simulink with the data sets gathered by the researchers. The main outcomes of the
simulations proved that energy savings of up to 78% are obtainable with the use of the smart controller
(Derrouazin et al. 2017). This research further reinforced the findings in Badar & Anvari-Moghaddam
(2022) with regards to the ability for energy saving.

Gaining an appreciation of the current target markets uptake or future uptake for HEMS devices is
important to ensure that there is a demand for this product. A Queensland household energy survey was
undertaken in 2022 in conjunction with Energy Queensland and Powerlink Queensland. The aim of this
survey was to provide an insight into customers reviews and behaviours regarding energy. Some of the
key outcomes of this survey specifically related to HEMS showed the following:
= 349% of survey respondents are interested in purchasing a HEMS in the next 3 years.
= Interest in HEMS is higher among those with solar PV (36%) than those without (32%).
=  Among the smaller sub-sample of those with solar PV who claimed to have battery storage,
64% declared that they were very or somewhat likely to purchase a battery storage system.
= Respondents with battery storage and/or an EV typically showed higher interest the value of
HEMS. (Essential Media 2022)

2.6.1.3 Microgrid Energy Management Systems

When looking at the broader grid EMS level, a research paper by Galvan et al. (2019) provided valuable
insight to a proposed MGEMS. This particular system was based on a hybrid control algorithm that
combined transactive control and model predictive control for efficient management in a prosumer-
centric microgrid. Each home within the MGEMS was provisioned with a HEMS that was responsible
for a charge schedule of an electric vehicle and a discharge schedule for PVS and BESS. The overall
system was implemented in IEEE 33 bus test system and the overall system was evaluated under
different electric vehicle and solar/battery storage scenarios. After simulating the results were as
follows:

=  Peak load reduction of between 21-30% by shifting surplus PV power from off-peak hours

using battery storage.
=  Joad ramp rates reduced between 39—58%

=  Power losses reduced between 6.3—6.8%
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=  Bus voltage improvements between 25—75% for busses that present under voltages.

= Total cost reductions between 29-57% and savings between 52—144%
Inferred from the results that the incentives provided by the pricing mechanisms can encourage
customers to not only reduce peak demand but also to install more demand-side energy resources
(Galvan et al. 2019). This research paper demonstrated the effectiveness of successful energy control

systems especially with regards to the peak load reduction and associated cost savings.

Key findings for dissertation

It was noted that majority of HEMS research has not considered the P2P energy market and this is
because the P2P energy market is a relatively new concept. The installation of current HEMS is on the
load side of the meter, which offers very little opportunities for the ability to interface directly with both
the retail and P2P markets easily. The following areas of EMS have been noted for elements to be
incorporated but not specially explored under this dissertation:
= Load scheduling will not be a component explored as a large amount of research has been
undertaken in this area. The cost for homes to retrofit smart devices, adjust circuiting and the
like is additional costs which may turn people away from such management systems. As such
the REMD won’t require such drastic changes to electrical installations.
= Load forecasting is a critical feature for an effective EMS but has had a large amount of research
undertaken in this area.

= Interfacing of the REMD with broader MGEMS.

2.6.2 EMS Education
The second layer to effective EMS is the prosumer education. It is an important aspect in increasing
positive changes to reducing energy consumption and adjusting energy demand profiles, as modest

behaviour adjustments can, over time, yield substantial energy savings on their own (Cornago 2021).

Delving further into the article by Cornago (2021) about the behavioural interventions for optimising
energy usage showed that habits (relating to subconscious preference for the status quo), personal
preferences and social norms shape energy usage routines and behaviours. These behaviours can be
hard to break, but through successful use of the following key behavioural levers positive energy
improvements can be made:

=  Simplification and framing of information to the user — i.e. simplified display or billing data.

= Feedback mechanisms — such as real time data through in-home displays, mobile applications

or web portals that are fed with data from smart metering systems.
=  Social norms and comparisons - illustrating energy consumption in comparison to that of

comparable households in the same area.
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=  Goal setting, commitment devices and reward schemes. (Cornago 2021)

Looking at an Australian example of educational/behavioural based energy intervention, in 2009 the
Queensland Government initiated the ClimateSmart Home Service. This program was designed to
secure long-term behaviour change of energy and water usage by focusing on strong customer relations
and access to relevant and customised information. After 300,000 homes had been retrofitted with
energy monitoring devices with visual displays the results showed that the service had reduced
electricity use by an estimated 3.96 kWh/day or 1,445 kWh/year, with total savings estimated at $600
million (Kassirer 2012). This initiative shows that people play an important role in energy consumption

as the ClimateSmart Home Service device consisted of nothing more than a visual display aid.

To provide insight to people’s motivations a survey undertaken by Petkov et al. (2011) showed that
motivation for saving energy came down to two key areas of money and pro-environmental. People
motivated by money were obviously interested in how much money they have saved/made, whereas the
people interested in with pro-environmental varied between how many kWh or CO, was
consumed/saved. An influential characteristic for the measurement units was the experience of the user
in saving energy. The experienced users were comfortable with kWh whereas those lacking experience
sticked mostly to the financial representation and only partly to COx. It was also noted that the efficiency
scale valuable in providing them a justification for the users performance (Petkov et al. 2011). This
research provides valuable insight into the importance of education to prosumers and providing the

relevant energy display information in line with their interests.

Key findings for dissertation

The REMD will need to have a display for the relevant information to the user as educational component
of EMS is very important. The aspect of keeping the display information simple and relevant especially

with reference to differing motives will be a focal point of the display.

2.7 Energy Control Strategies

As discussed in section 2.6 there have been various papers presenting different approaches for EMS,
but further research is required into the most appropriate EMS control strategies for the REMD. This is
to ensure that the most suitable and efficient energy controller is being implemented. For the purposes
of this section the controller types have been narrowed down to fuzzy logic controller (FLC) and state

machine control (SMC).

The use of fuzzy logic refers to the decision-based scale with assessing truths of the given information

rather than that of the traditional binary logic. To put more simply a two-valued logic (binary) often
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considers 0 to be false and 1 to be true. Whereas, fuzzy logic deals with truth values between 0 and 1,
and these values are considered as intensity (degrees) of truth (Rouse 2022). FLC controllers work by
taking a crisp input and using fuzzification techniques to produce a fuzzy variable which is input to the
inference section. A set of rules is then used to determine what the corresponding output fuzzy variable
will be from the inference section. Form here the output fuzzy variable is input to the defuzzification

section which is the inverse of the fuzzification techniques and a crisp output is produced (Figure 6).

Figure 6: FLC block diagram (Panduru et al. 2014)

Fuzzy logic controllers (FLC) in principle responds in a very similar manner to PID controllers. When
developing a controller, a FLC is usually cheaper and easier than PID controller and FLCs are more
robust in that they cover a wider operation range (Gouda et al. 2000). Between advanced control
strategies, fuzzy logic control is often found in applications where conventional closed loop control
does not assure satisfactory results because of non-linearity, asymmetric dynamics, or uncertainties in

the controlled processes (Vasickaninova et al. 2022).

A state machine (SM) also known as a finite state machine is a type of controller which has a finite
number of conditions which are known as states. This form of controller reduces the controller to just
four components; inputs, outputs, states and state transition rules (UBC 1998). To further extend on this
the SM uses the input information to determine the applicable state (associated outputs) based on the
transition rules. It is also important to note that the SM can only be in one state at a time and will only
change states once a transition rule becomes true. Although this controller type has been around for
quite a while it is still very effective and simple at providing decision logic for complex systems. Figure

7 below illustrates the aspects of SM notations and simple state diagram.
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Figure 7: State machine notations and diagram (Visual Paradigm n.d)

Key findings for dissertation

As the model for this dissertation is well understood and defined the implementation of a FLC approach
is not practical. It will add additional complexities for a simple model which will have implications for
the economic and social considerations described in section 1.7. By implementing a SM it will allow
for the REMD to be tested in a more straightforward and logical way which is important at the

conceptual design phase to understand the feasibility of this EMS before complex code is written.
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Chapter 3 — Methodology

The following is a breakdown of the methodology for this dissertation:

Conduct background research into the following residential energy components:

- Australian energy market

- Queensland retail energy market

- P2P energy market

- Retail metering

- PVS and BESS configurations

- Energy management systems

- Energy Control strategies

Perform visual inspections of residential electrical installations to gain an understating of
typical arrangements. This will consist of investigating switchboards, metering, circuits, PV
systems and battery storages systems.

Acquire typical interval load data for the following residential components:

- PV system export

- Battery storage system import/export

- Grid connected power import/export (extending to sub-circuit breakdown)

- Localised energy grid import/export

Design a conceptual strategy control for the REMD based on the operating modes.

Design a conceptual display unit for illustration of relevant information based on the operating
modes.

Model the REMD in MathWorks MATLAB Simulink environment and perform simulations
with the gathered data.

Evaluate and discuss the results from modelling.

As time is of the essence it is intended that there will be specific limitations to allow for completion of

this dissertation within the given timeframe. The following is a summary of specific limitations:

Designing, modelling, simulating and testing the REMD in the all operating profiles may not
be possible.

Simulation of the REMD within a localised energy grid network consisting of other houses has
not been explored.

Simulation of the controller with real-time or detailed load data has not been explored.

As no human studies are intended as part of this dissertation the educational benefits of the

display cannot be assessed.

Billy Dauth 25 I



ENG4111/ENG4112

Dissertation

3.1 Resource Requirements

Without access to the available resources this dissertation would not be possible and Table 4 provides a

summary of the required resources to undertake the dissertation.

Resource Requirement Availability
Computer *  Modelling and simulation Yes — Both home and work
*  Documenting the dissertation
Internet = Access to online resources Yes — Both home and work
=  Complete literature review
Mathworks *  Design, modelling and simulation | Access provided through USQ
MATLAB Simulink of REMD student license
and Stateflow
Microsoft Office =  Modelling of data Yes — Both home and work
suite *  Documenting the dissertation
Standards, manuals =  Design of device Yes — Access provided through
and specifications *  Documenting the dissertation USQ and work subscriptions

Table 4: Summary of required resources and availability

3.2 Data Gathering

Without access to reliable and accurate data the modelling, simulation and testing of the REMD would

not be possible. Table 5 provides a summary of the required data resources with subsections 3.2.1 to

3.2.6 providing a detailed breakdown of the specific data types and how this data was accessed.

Data Type Data Requirement
Typical Residential electrical =  Site photographs
systems =  Metering type
=  Circuit arrangements
=  Typical PVS and BESS configuration
Solar = System size
=  Max continuous export
= Typical interval export data for sunny, overcast
and rainy-day
Battery =  System size

=  Max continuous export
=  DoD

Residential load

=  Typical interval data load profiles

Residential peer to peer
energy trading

= Residential peer to peer energy trading data
model showing when adjacent houses would be
buying or selling power

Residential retail energy plan

=  Simulation of retail energy market plan in model

Table 5: Summary of required data resources
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3.2.1 Typical Residential Electrical Systems

To gain an understanding of typical residential electrical systems site visits were conducted at three
locations. This component was required to verify and ensure online data sources used for modelling are
reflective of current electrical installations. The site visits consisted of visual inspections only and the
main areas of interest were the switchboard, metering arrangement, electrical circuit configurations,
PVS and BESS. Due to limited access to suitable site locations only one of the sites contained a PV
system and none of sites contained a BESS. The following sub-sections provide a summary of each site

Visit.

3.2.1.1 Sitel
Site location one is an older home (1991 build) in Mooloolah Valley, Sunshine Coast which is a small
three-bedroom home. Both a PV system and BESS were not installed at this home.

Figure 8: Site 1 photos: MSB (left) and sub-circuits (right)

Metering Type | Circuits PVS BESS Comments

Accumulation | Hot water unit | No No Two meters were present along with a ripple
Stove control relay. It was determined that the
Power (x2) secondary meter is for the hot water unit which
Lights is on a separate tariff (tariff 33).
Air conditioner

Table 6: Summary of site 1 electrical system
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Site location two is a newer home (2014 build) in Mountain Creek, Sunshine Coast which is a small

Dissertation

three-bedroom home. Both a PV system and BESS were not installed this home.

Figure 9: Site 2 photos: MSB (left) and sub-circuits (right)

Metering Type [ Circuits PVS BESS Comments
Smart (type 4) | Oven No No Instantaneous gas hot water system and gas
Power (x2) stovetops were installed at this house in lieu of
Lights electric
Air conditioner
Table 7: Summary of site 2 electrical system
3.2.1.3 Site3

Site location two is an older home (2005 build) located in Mountain Creek, Sunshine Coast which is a

larger four-bedroom home. A PV system was installed but no BESS was present.
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Figure 10: Site 3 photos: MSB (left) and sub-circuits (right)

Metering Type [ Circuits PVS BESS Comments

Smart (type 4) | Hot water unit | Yes No Supply is three-phase

Pool Submains connection to distribution board
Solar

Stove

Power (x3)
Lights (x2)

Air conditioner

Table 8: Summary of site 3 electrical system

3.2.2 PVS Data

The PVS interval data has been extracted from website called PV Output (PV Output 2023) where users
can record and upload their PV system data. The nominal data for this dissertation has been provided
from a location in Brisbane, Queensland as this corresponds to the relevant DNSP jurisdiction area of
interest. The exact location and other specifics of the installation have not been included due to ethical
considerations. Details pertaining to the system such as PV panels size, type and orientation were not
provided but the system size was noted as 6.93kW. For the purposes of conceptual design only
modelling of a typical summer sunny, overcast and rainy days will be utilised. This will allow for a
more simplified approach to determining how the controller responds and operates under these typical

conditions.
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6.93kW Solar System Power Output - Typical Sunny Day
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Figure 11: 6.93kW solar system typical sunny day power output

6.93kW Solar System Power Output - Typical Overcast Day
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Figure 12: 6.93kW solar system typical overcast day power output
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6.93kW Solar System Power Output - Typical Rainy Day
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Figure 13: 6.93kW solar system typical rainy day power output

As previously discovered through the literature review the maximum export limit for an inverter within
the Energex DNSP region is SkW per phase. The Sungrow SH5.0RS hybrid single phase inverter has
been selected as the reference inverter for modelling. Key parameters of this inverter which will need
to be incorporated into the model are shown in table below. Refer to appendix C for detailed datasheet
showing all specifications. Note that this reference inverter is a multi-mode inverter allowing for the

BESS to charge from the grid if required.

Parameter Value
Max. continuous output 5 kW
Max. charge power to BESS 6.6 kW
Efficiency 97.7%

Table 9: Reference inverter parameters

3.2.3 BESS Data

The Sungrow SBRO0128 lithium iron phosphate battery has been selected as the reference BESS for
modelling. This battery has been chosen as it has a high efficiency, very low DoD and a large continuous
output. Although the DoD can be as low as 100% it is recommended that the battery not be continuously
discharged to this level and as such a nominal figure of 90% has been chosen. It is also worth noting
that the limiting export factor is the hybrid inverter (refer section 3.3.2).Key parameters of this battery
which will need to be incorporated into the model are shown in table 10. Refer to appendix D for

detailed datasheet showing all specifications.
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Parameter Value
Nominal capacity 12.8 kWh
Energy (useable) 11.52 kWh
Max. continuous charge/discharge 6.87 kW notel
Depth of Discharge (DoD) 90%
Efficiency 90%

Note 1: Maximum continuous charge rate is achievable in the DC coupled configuration. AC coupled configurations would be
limited to inverter maximum output of 5kW and BESS charging from the grid will be limited to the multi-mode inverter.

Table 10: Reference battery parameters

3.2.4 Residential Load Data

The residential load data has been extracted from a study undertaken by the CSIRO in 2012/2013 which
was undertaken to provide an understanding of typical house energy use (CSIRO n.d). This study
consisted of data logging 209 residential households to determine typical loads for air conditioning,
ovens, lights and general power. Although the data is 10 years old it is still considered relevant as the
homes included within the study were constructed between 2000 and 2010 and would still be a relevant
reflection of a typical home today. The data of interest from this study is specifically related to
Queensland homes (total of 43 in the study) with an energy star rating of less than 4.5 stars. After
completing the site visits in section 3.2.1 it was noted that the typical circuits assessed under this study
coincided closely with that witnessed on the three site visits which reinforces the data reliability. For
the purposes of a conceptual modelling, simulation and testing, typical seasonal load profiles will
provide a good representation in lieu of retail metering interval load data. The following graphs show
the relevant Queensland seasonal load profiles for each of the circuits and also the combined total energy

load profile.
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Figure 14: Typical load profile in Autumn
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Figure 15: Typical load profile in Winter
Spring
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Figure 16: Typical load profile in Spring
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Figure 17: Typical load profile in Summer

3.2.5 P2P Energy Market Data

P2P energy market data is currently not available as this technology is currently not readily accessible

to residential energy customers. This data is a critical component to modelling the validity of the REMD

so in lieu of having actual data for this component it is proposed that nominal data will have to be

created. It is proposed that a simplified P2P energy market model will be simulated via the use of a

square wave form. This square waveform will provide the relevant logic (refer below table) to determine

if there are prosumers or consumers available in the local P2P energy grid. Noting the price points for

P2P markets could be either fixed or dynamic it is nominated that in order to ease simulation, sell and

purchase prices of energy on the P2P network will be a nominal flat rate of 15¢/kWh.

Billy Dauth

Square Waveform Amplitude
Export/Import | Nil export/import
P2P energy market logic 1 0

Table 11: P2P energy market logic

34



ENG4111/ENG4112

P2P Energy Market Logic Waveform

1.2

Figure 18: Example P2P energy market logic waveform

3.2.6 Residential Retail Energy Plan Data

Dissertation

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (h)

Based on the previous research undertaken in chapter 2 with tariff structures and retail metering plans,

for the purposes of modelling a typical retail energy plan will be used. Assessing retailer plans and

selecting the most suitable plan is considered outside of the scope of this dissertation but the typical

plan chosen is reflective of current market conditions for ToU and FiT. Note that controlled loads are

considered outside the assessment of this dissertation.

Charge Type Charge Amount
Peak
(4pm — 7:59pm) 35.51c/kWh
Shoulder
General Usage | (7am — 3:59pm)
(weekdays) & 23.86¢/kWh
(8pm — 9:59pm)
Off-peak
(10pm — 6:59am) 22.17c/kWh
Shoulder
General Usage | (7am — 9:59pm) 23.86¢/kWh
(weekends) Off-peak
(10pm — 6:59am) 22.17¢/kWh
Daily Supply 109.53c/day
Solar feed-in 8.0c/kWh

Table 12: Reference energy plan with reflective tariffs
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Weekday Retail Energy Price per kWh
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Figure 19: Visual representation of weekday retail energy price per kWh over 24hr period
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Figure 20: Visual representation of weekend retail energy price per kWh over 24hr period

3.3 REMD Design

The REMD as part of this dissertation is to be designed to conceptual level only as part of a feasibility
study. Considerations for system hardware components, sizing, etc have been considered outside the
scope of this dissertation. The nominal system for modelling will be achieved via a strategy control
state machine as researched in chapter 2 section 2.7 and the approach for designing this system requires

an understanding of the inputs, outputs, states and state transition rules (UBC 1998).
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3.3.1 Inputs & Outputs

Dissertation

The following table provides a summary of the relevant inputs and outputs of the system with figure 21

providing a schematic representation of the system.

Inputs

Comment

Retail energy network

P2P energy grid

PVS

BESS

DC coupled with PVS

Inverter

Operating profile selection

The operating profile buttons will allow the user to select the appropratie
operation mode and will be a simple 3 button switch plate

Metering CT’s Used to monitor energy consumption/export

Outputs Comment

Display Provides the educational purposes and visual tool for the user to gauge
system performance and expected outcomes. Will contain aspects related
to the operating profile and individual circuits.

Communication network Provides the communication to and from the relevant input and outputs

of the REMD.

Wireless transmitter

Required for retail and P2P markets for energy data transmission for
billing. This specific element of the REMD been considered outside the

scope of this dissertation

Table

13: Summary of inputs and outputs of REMD

=
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COMMUNICATIONS CABLE
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~

LOAD
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Figure 21: Schematic representation of REMD in a nominal electrical system
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3.3.2 States

Each of the operating modes needs to be defined with clear objectives and aims as this will inform the

strategy control in the state-based system. Although each operating mode will have a similar energy

usage hierarchy there are slight differences with how the excess energy production is handled. The state

variables and associated state based flow charts are detailed below.

Operating Mode 1 - Sustainability Mode

Target group: Users that want to place more emphasis on environmental sustainability.

Aim: Reduce grid reliance through optimising internal renewable energy generation, with less emphasis

placed on excess generation being exported to the grid.

Energy Strategy:

PVS = BESS - P2P market = Retail market

Excess generation from PVS — charge batteries

BESS — discharge if PVS is not available or not enough for load

Import of energy — P2P market as preference and if not available import from retail market
Export of energy to grid — N/A

Import of energy from grid to charge BESS — N/A

Operating flowchart:

Supply load with
PVS and don't

export excess
PVS generation

Supply load with
PVS output >= load BESS SoC = 100% PVS and charge
BESS with PVS

BESS SoC >= 20% & BESS

Ye Supply load with
capacity >= Load-PVS outpu BESS

MNo

. Supply load with
P
P2P available? ari

Supply load with
P2P

Figure 22: Flowchart for REMD sustainability operation mode
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Operating Mode 2 - Traditional Mode

Target group: users that are not actively concerned about their energy choices and want a conventional

energy experience.

Aim: The aim is to give a rounded energy experience without the P2P market that reduces energy bills

and grid reliance.

Energy Strategy:

PVS - BESS - Retail market (P2P market not available in this mode)
Excess generation from PVS — charge BESS first and then export to retail market
BESS — discharge BESS to offset load with following strategy
= Peak— export up to the full BESS capacity
= Off-peak / shoulder — export up to half of BESS capacity
Import of energy — retail market
Export of energy to grid — retail market
Import of energy from grid to charge BESS — retail market during off-peak tariff only

Operating flowchart:

Supply load with

. PV and export
excess PYS

genevalion o grid

PVS owtput >= lpad BESS 50C = 1004 T

Supply load with
e up fo full BESS
capacity

BESS capacily »=

Load-FyS output Tt % Feiak

No Supgly foad with
up to half of BESS
capacihy

Tariff = Offpeak i

Figure 23: Flowchart for REMD traditional operation mode
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Operating Mode 3 - Benefit Mode

Target group: prosumers that want to offset energy bills or possibly receive payments for energy

production.

Aim: The aim is to minimise energy import during peak times and maximise energy export during high

FiT times.

Energy Strategy:

PVS - BESS - P2P market > Retail market
Excess generation from PVS — to occur in the following order
= BESS SoC = Full — export full excess PVS to retail market or P2P market
= BESS SoC = high - charge BESS with half of excess PVS and export half of
excess PVS to retail market or P2P market
= BESS SoC < high - charge BESS with full excess PVS
BESS — discharge BESS to offset load with following strategy
= Peak / shoulder tariff — export up to the full BESS capacity
= Off-peak - export up to half of BESS capacity and export a certain proportion
of BESS to the retail market or P2P market
Import of energy — P2P market as preference and if not available import from retail market
Export of energy to grid — P2P market as preference and if not available export to retail market

Import of energy from grid to charge BESS - P2P market

Operating flowchart:
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PS5 output == load

BESS SoC = 100%:

¥as

P2P available?

P2P availabla?

Figure 24: Flowchart for REMD traditional operation mode
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3.3.3 Display Design

The other aspect of the REMD is the display which will present the relevant information giving the user
a live version of energy consumption, production, etc whilst also providing the ability to switch
operating modes. Each display area will have a separate function which are defined in the below table
with the overall aim being to provide the educational component and inform user of the relevant

information in-line with the operating mode.

4 N

DISPLAY AREA 1 DISPLAY AREA 2

(" ") mopE 1

(" ) mope2

DISPLAY AREA 3 DISPLAY AREA 4

() moDE3

. /

Figure 25: Nominal layout of display unit with demarcation of display areas

Display Area 1 Display Area 2

Demand Daily cost

Total daily demand Average daily cost

BESS SoC Sustainability mode — CO; offset

PVS output Traditional mode — N/A
Benefit mode — Daily profit and total profit

Display Area 3 Display Area 4

Plot of circuits and total energy demand Breakdown of energy usage across available
sources

3.4 Modelling

3.4.1 Software

In order to perform the model design and simulation, Mathworks MATLAB Simulink is the nominated
software environment. Simulink is a block diagram environment used to design systems with
multidomain models, simulate before moving to hardware, and deploy without writing code
(Mathworks n.d). Within the Simulink environment the specific add-on feature stateflow is also being
used as it provides a graphical language that includes state transition diagrams, flow charts, state

transition tables, and truth tables that are required for the state-based strategy control of the REMD.

Mathworks MATLAB version: R2021a Update 4 (9.10.0.1710957) 64-bit (win64) July 1, 2021
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The REMD in general has been modelled utilising the Simulink environment in conjunction with the
specific add-on feature stateflow. Each operating mode was configured with a very similar layout within
Simulink that consisted of the data components (inputs/outputs), the main stateflow block which is
considered as the physical REMD, and finally the REMD display. The following sub-sections delve

further into each of the main areas of the model.

3.4.2 Modelling Data Components

34.2.1 Input- Clock

Timing was achieved via the Simulink library browser sources “counter limited” block. This block
allows a for a counter to count to predefined number at the defined interval and then reset back to zero.
For the purposes of this model there were two counters used as follows:

1. 24 hour clock — used to synchronise the model to an hourly interval over a 24 hour day. This
was used to determine when each tariff price was applicable and when to import/export energy
based on the corresponding tariff pricing and was known as input “count” in the model.

2. Day of the week clock — used to synchronise the model to the corresponding day of the week
interval over 7 days. This was used to determine when the weekday and weekend tariff pricing

structures were applicable and was known as input “day” in the model.

s
L=l
< text by~

simulink/Sources

Figure 26: Simulink “counter limited” block

3.4.2.2 Input - Excel Data

Modelling of tabulated data input data components will be achieved via the Simulink library browser
sources “from spreadsheet” block (refer figure 27 below). This block reads data from an excel
spreadsheet and outputs the data as a signal (i.e. waveform). The following is a list of the excel data

components (refer to appendix E for relevant excel data used for the modelling):
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=  Load interval data
=  PVS interval data

= P2P energy market data — logic waveform

Lookup Tables
Math Operations
Messages & Events
Model Verification
Model-Wide Utilities

In Bus Element in1

Figure 27: Simulink “from spreadsheet” block

Note that the PVS interval data was also fed through a gain block which allows for the PVS output to
be scaled up/down as required to simulate different PVS sizes. Operating with a gain of one will result

with the PVS being equivalent to a 6.93kW.

3.4.2.3 Input - Constants

System constants were achieved via the Simulink library browser sources “constant” block. This block
allows a for a constant within the model and the following is a list of the constant data components:

= PVSsize

= Peak, shoulder and off-peak grid import tariffs price

=  QGrid export tariff price

= P2P import/export tariff price
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3424 Outputs

only Used Blocks
Dashboard
Discontinuities

[

Logic and Bit Operations
Lookup Tables
Math Operations
Messages & Events

String
User-Defined Functions
A Math & Discrete

Quick Insert

HDL Coder

imscape

]

Clock Constant

Counter

From File From Spreadsheet

-
From Ground

o

In Bus Element in1

Generator

Figure 28: Simulink “constant” block

Dissertation

System outputs were terminated into Simulink library browser sinks “display” blocks. This block

simply displays the output value of the connected port and was used to terminate the output signals to

which can be connected to the REMD display.

Discrete

Sgral Rovting
Sinks.

User-Defined Functions

er HOL Suppart

M
st Buss Bl
> ] g
outt Recoent Seope

) 2 —

Stop Simulition  Temninator To Filke
3 simout
To Workspace X¥ Gragh

Figure 29: Simulink “display” block

3.4.3 Modelling the REMD

The ideal model for the REMD would be to have an all-in-one design which encompasses the three

operating modes in a single stateflow as this would be the intent for the actual design of the product.

However, for the purposes of this dissertation each operating mode has been modelled separately as it

Billy Dauth
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allows for ease of design, testing/debugging and finally simulation. Each operating mode of the REMD
was modelled in an identical framework that consisted of the following sections:

e Tariff state — consistent for all three operating modes

e Battery state — consistent for all three operating modes

e REMD state — specific to the operating mode

e Display state - specific to the operating mode

< Display

Figure 30: Overall REMD stateflow

Each of the individual stateflows listed above are configured in a parallel arrangement which allows

them each to be evaluated at the same time increasing the speed and overall efficiency of the code.
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3.4.3.1 Tariff Stateflow

The tariff stateflow (Figure 31) was used to determine which retail tariff pricing was applicable based
on the time of day. This allowed for varying tariff pricing to be entered into the constant blocks without
the need to change the stateflow code. This stateflow consisted of three operating states which reflected
the weekday and weekend tariff structures as shown in section 3.2.6. The state would change dependent
on the “count” variable (which functioned as the 24-hour clock) and the “day” variable (which
functioned as the day of the week). The return from this stateflow was the corresponding tariff price
which was then used in the cost calculations for the import of energy and also for determining when to

import/export energy from the grid for the traditional and benefit operating modes.
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Figure 31: Tariff state stateflow

3.4.3.2 Battery Stateflow

The battery state (Figure 32) was used to determine the battery state of charge (SoC). This particular
stateflow allowed for the battery SoC to be known which could be used to determine if there was enough
energy capacity to supply the load if operating in battery mode. The SoC was broken down into five
levels according to the depth of discharge (DoD) limit for the battery and represented the five possible
states for this stateflow. The chosen nominal reference battery in section 3.2.3 has a maximum safe DoD
of 90% so the increments between the DoD and 100% were just divided into equal segments. To
determine the SoC the charge level of the battery in kWh was compared against the predefined

percentage relevant to the SoC state levels.
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Figure 32: Battery state stateflow

3.4.3.3 REMD Stateflow

The REMD state was used to determine which energy source/s were being used by the home and was
configured to suit the each of the specific operating modes of the REMD. Appendices F1-F3 provides
a snippet of each of the relevant operating modes configured in the stateflow environment. Each of the
operating modes were configured to operate in the manner described in section 3.3.2. The following
provides a summary of the relevant key aspects of each operating mode from section 3.3.2 that need

further explanation in order to achieve the desired operating profile.

Sustainability Mode

= Solar state: the BESS will charge from the PVS and will take as much charge as possible, up
to the BESS charge limit of 6.87kWh (as per section 3.2.3), from the excess generated solar.

=  SolarBattery state: the BESS discharge is set to offset the load minus any available solar, up
to the battery discharge limit of 6.87kWh.

= P2P state and Grid state: configured as import only and no export of PVS or BESS can occur
and the BESS cannot charge from either of these energy sources.

Traditional Mode

=  Solar state: the BESS is configured to charge from the excess generated solar as per the
sustainability mode, however once the BESS is fully charged the excess generated solar is

exported to the grid.
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Solar_Battery state: configured into two separate states with one operating during peak tariff
times and the second operating during shoulder and off-peak tariff times. The shoulder and off-
peak tariff Solar Battery state is also configured to only discharge the BESS down to the SoC
of medium (approx. 50%) as this ensures that during the peak period when the load is the
greatest there will be some BESS capacity to offset the load.

Grid state: configured so that the BESS can charge from the grid if required. In order to achieve
this at a stable rate of charge without heavily drawing from the grid a limit of 10 percent of the
battery size of charge is allowed per hour only during off-peak tariffs. This will ensure that the
cost for charging from the grid is kept to a minimum. The BESS will not charge from the grid
if the tariff is outside of the off-peak hours or if the BESS SoC is full.

Benefit Mode

Solar state: configured to allow multiple scenarios for the PVS and is dependent on the BESS
SoC and whether the P2P energy market is available or not. If the BESS SoC is full then the
BESS is not charged and the excess generated solar is fully exported to either the P2P energy
market or to the retail grid and is determined on the availability of the P2P energy market. If
the BESS SoC is high then half of the total excess generated solar is used to charge the BESS
with the other half being exported to either the P2P energy market or to the retail grid and is
determined on the availability of the P2P energy market. Finally if the BESS SoC is not full or
high then the excess energy is not exported and is used to charge the BESS. Note that the charge
rate for the BESS is also limited to the maximum charge rate of 6.87kWh (as per section 3.2.3).
Solar_Battery State: configured in much the same way as the traditional operating mode with
the two separate states but with one for off-peak tariff and the other for shoulder and peak tariff.
During shoulder and peak tariff the BESS is designed to not export any extra BESS energy to
the grid and is purely to offset the load and reduce the costs associated with importing energy
during these times. During the off-peak tariff the battery will offset the load and also export ten
percent of the available energy in the battery to either the P2P energy market or to the retail
grid and is determined on the availability of the P2P energy market. The preference is to export
to the P2P energy market as this allows for an increased export tariff and increased profit.

P2P state: configured so that the BESS can charge from the P2P energy market if required. In
order to achieve this at a stable rate of charge without heavily drawing from the P2P market a
limit of 10 percent of the battery size of charge is allowed per hour. The BESS will not charge
from the P2P market if the BESS SoC is full.

Grid state: configured as import only as the costs to purchase energy from this retail market is

much greater than the P2P market and as such reduces profitability.
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3.4.3.4 Display Stateflow

The reference display state (Figure 33) was used to provide the relevant calculations and associated
outputs for the display. Each of the displays for the relevant operating modes were configured to align
in the manner described in section 3.3.3. The left-hand side (CALC state) was used to complete the
relevant calculations required and was completed every hour, whereas the right-hand side (DISPLAY

state) was used to complete the final calculations which would then correspond to the relevant display

{Display_Stale
L ]
€ALT (DISPLAY
antry: antry:
> portCale = £ ot GrdimpontDisplay * GRaimpotCalcLoadCale® 1000
P2PIMpotCalc * PZRPIMponCalc+PIRImpon; PZPmponDispay = PZRIMponCaicLoadCaic
SolarOutpulCale = SolarOutputCale+ SolarCutpat; L Count == 23] | SolarOupuIDIsChsy ® SolarOulpulCak/LoadTak” 1 0;
LoadCalks = LoadCaic+Load;, LoadDvsplay = LoadCak.
GridCostCalc = GrioCostCalc+Gridimport Tar MOMPoak; GHGDIsplay = (BatteryCuschargeOs
P2PCostCale = PIPCostCales P2PImpont ' P 2P Tarlfl, CriaCostDisplay = GrioCoasCale;
OailyCastCals = DnilyCossCales P2PGostCales GrioCostCale; [Count == 0} P2PCoatDisplny = PIPCoarCale;
GaridCoatCale =; = - CityCostDisplay = DnityCostCae:
P2PCoatCale = 0 AwgDaityCost = AvgDallyCosts DalyCoaiDisplay.

- il

ot BatteryDischargeCalc = 0.
wort, GridimportCalc =
2 1 P2PImpartCale = 0.
LoadiCak = LoadCaics Loag, SelarGutpulSals = o,

PEPCosICAIC = PEPCOsCHCPIPIMpo 2P Tar, P2PCostCalc = 1
DallyCostCak = DallyCostCar-PEPCosCacsGnoCosiCalc;
GridCostCalc =0
P2PCoatCalc = 0;

DaityCostak: = 0

Figure 33: Example Display state stateflow (sustainability operating mode)

The following provides a summary of the relevant calculations required in each of the operating modes

to achieve the desired display calculations.

Sustainability Mode

=  BESS discharge calculation — used to summate and record the amount of energy discharged

from the BESS over the 24 hour period (calculated every hour) and is given by the following
24
Br = Z B
i=1

B BESS discharge (kWh)
Br Total BESS discharge over 24 hours (kWh)

(2)

= After a 24 hour period equation ( 2 ) can be substituted into the following equation to determine
the total percentage of energy supplied from the BESS in relation to the total energy demand
for that day
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Br
Eg = —x 100
Ly
(3)
Es BESS discharge percentage of total load (%)
Lt Total load over 24 hours (kWh)

Br Total BESS discharge over 24 hours (kWh)

= PVS calculation — used to summate and record the amount of energy supplied from the PVS
over the 24 hour period (calculated every hour) and is given by the following (note that this
calculation is relevant to the solar used to offset the load and not inclusive of the energy used

to charge the BESS)
24
Sr = ZS
i=1

S PVS load offset (kWh)
St Total PVS load offset over 24 hours (kWh)

(4)

= After a 24 hour period equation ( 4 ) can be substituted into the following equation to determine

the total percentage of energy supplied from the BESS in relation to the total energy demand

for that day
St
Es = —x 100
(5)
Es PVS percentage of total load (%)
Lt Total load over 24 hours (kWh)
St Total PVS load offset over 24 hours (kWh)

= P2P calculation — used to summate and record the amount of energy supplied from the P2P

market over the 24 hour period (calculated every hour) and is given by the following
24
pP2p, = z p2p,
i=1

(6)

P2P; | P2P import (kWh)
P2Pyr | Total P2P import over 24 hours (kWh)

= After a 24 hour period equation ( 6 ) can be substituted into the following equation to determine
the total percentage of energy supplied from the BESS in relation to the total energy demand
for that day

2P
IT %100

Epyp =

(7)
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Epop P2P import percentage of total load (%)
Lt Total load over 24 hours (kWh)

P2Pir | Total P2P import over 24 hours (kWh)

=  Qrid calculation — used to summate and record the amount of energy supplied from the retail

grid over the 24 hour period (calculated every hour) and is given by the following
24
Gr = z G
i=1

G Retail grid import (kWh)
Gr Total retail grid import over 24 hours (kWh)

(8)

= After a 24 hour period equation ( 8 ) can be substituted into the following equation to determine

the total percentage of energy supplied from the BESS in relation to the total energy demand

for that day
Gr
E; = —x100
(9)
Eg Retail grid import percentage of total load (%)
Lt Total load over 24 hours (kWh)
Gr Total retail grid import over 24 hours (kWh)

= Load calculation — used to summate and record the amount of energy used by the home over

the 24 hour period (calculated every hour) and is given by the following
24
Ly = z L
i=1

L Load (kWh)
Lr Total load over 24 hours (kWh)

(10)

=  P2P import cost calculation — used to calculate the cost of the P2P energy import based on the
tariff price (calculated every hour) and is given by the following
Cpap = P2P X tpyp
(11)

Cpp | P2P import cost ($)
P2P; | P2P import (kWh)
teop P2P Tariff price ($/kWh)

= Grid import cost calculation — used to calculate the cost of the retail grid energy import based
on the tariff price (calculated every hour) and is given by the following

Cgrid = G X teria
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(12)

Ceia | Retail grid import cost ($)
G Retail grid import (kWh)
tGrid Retail grid tariff price ($/kWh)

=  Daily cost calculation — used to summate and record the total cost of the energy import based
on equation ( 11 ) and ( 12 ) over the 24 hour period (calculated every hour) and is given by the

following

24
Cq = Z Cyria + Cp2p
=1

(13)

Cq Total daily cost ($)
Ceia | Retail grid import cost ($)
Cpop | P2P import cost ($)

=  Average daily cost calculation — used to record the running average daily cost of the energy

import based on equation ( 13 ) and is given by the following

X

_ Cd_avg + Cd
Cd_avg - 7
i=1

(14)

Cd ave | Average daily cost ($)
Cq Total daily cost ($)

X Total number of days

= Green house gas (GHG) / CO; offset calculation — used to calculate the total daily amount (kg)
of CO; that has been offset by the use of the BESS and PVS instead of the retail grid. In order
to calculate this the indirect emission factor for Queensland (0.8 kg CO,-e/kWh) is required
and is a specific value related to the purchased electricity emissions. This figure represents the
estimated emissions of CO,, Cy4 and N,O expressed together as carbon dioxide equivalent
(CO;-e) (Department of Industry 2021). The following equation from (Department of Industry
2021) has been used and modified to calculate the CO; offset by using the total energy used
from internal sources in equations ( 2 ) and ( 4 ) as this relates to the total energy not imported
from the grid and isn’t contributing to the electricity emissions

Y =(Br+Sy) XEF
(15)

Y Emission offset (CO»-¢ kg)
Br Total BESS discharge over 24 hours (kWh)

St Total PVS load offset over 24 hours (kWh)
EF Emission factor (kg CO»-e/kWh)
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Traditional Mode

= BESS calculation — as per equation ( 2 ) and ( 3 )

= PVS calculation — as per equation (4 )and ( 5)

= @rid calculation — as per equation ( 8 ) and (9)

= Load calculation — used to summate and record the amount of energy used by the home
(including BESS charge imported from the grid) over the 24 hour period (calculated every hour)

and is given by the following

24
LT - Z L + LG_I
i=1

(16)

L Load (kWh)
Lg Total energy imported from retail market to charge BESS (kWh)

Lt Total load over 24 hours (kWh)

=  Grid import cost calculation — as per equation ( 12 )
= PVS export cost calculation — used to calculate the cost of the excess exported PVS energy to
the retail grid energy based on the tariff price (calculated every hour) and is given by the
following
Cpvs = PVSg X texport

(17)

Crevs | PVS export cost ($)
PVSe | PVS export (kWh)
texport | Export tariff price ($/kWh)

=  Daily cost calculation — used to summate and record the total cost of the energy import based
on equation ( 13 ) and ( 17 ) over the 24 hour period (calculated every hour) and is given by the

following

24
Cq = z Cyria — Cpys
=1

Cq Daily cost ($)
Cgia | Retail grid import cost (§)
Cevs | PVS export cost ($)

(18)

=  Average daily cost calculation — as per equation ( 14 ). Note that if the average daily cost
calculation value is less than zero the display will show that the cost is zero as export profit is
greater than the import cost meaning that no cost is applicable by the retailer for that period of

energy usage.
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Benefit Mode

BESS calculation — as per equation (2 ) and ( 3)

PVS calculation — as per equation (4 )and ( 5)

P2P calculation — as per equation ( 6 ) and ( 7 )

Grid calculation — as per equation ( 8 )and (9)

Load calculation — used to summate and record the amount of energy used by the home
(including BESS charge imported from the P2P energy market) over the 24 hour period

(calculated every hour) and is given by the following

24
Ly = Z L+ Lpyp
i=1

(19)

L Load (kWh)

Lpop 1 | Total energy imported from P2P market to
charge BESS (kWh)

Lr Total load over 24 hours (kWh)

Grid import cost calculation — as per equation ( 12 )

PVS export cost calculation P2P or Grid — as per equation ( 17 ) but with the export tariff being
relative to the exported energy market tariff price (ie. Retail market export tariff price or P2P
market export tariff price).

BESS export cost calculation — used to calculate the cost of the exported BESS energy to the
retail grid or P2P market based on the tariff price (calculated every hour) and is given by the
following

Cpgss = Eggss X Lexport
(20)

Caess | BESS export cost ($)
BESSE | BESS export (kWh)
texport | Export tariff price ($/kWh)

Daily cost calculation — as per equation ( 13 )

Average daily cost calculation — as per equation ( 14)

Daily profit calculation - used to summate and record the total profit cost of the energy exported
based on equation ( 17 ) and ( 20 ) over the 24 hour period (calculated every hour) and is given

by the following
24
PCy = ZPCPVS + PCpgss
i=1

(21)

PCq Daily profit cost ($)
PCpvs | PVS export profit cost ($)

PCgess | BESS export profit cost ($)
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Daily cost display — used to show if the system was profitable or not over the period. If the
daily profit calculation is greater than the daily cost calculation, the display will show the result
of the following equation
PC; = PCy;—Cy
(22)

PCq4 Daily profit cost ($)
Cy Daily cost ($)

Whereas if the daily profit calculation is less than the daily cost calculation, the display will
show the result of the following equation
Cq= Cq—PCy
(23)

Cq Daily cost ($)
PCyq Daily profit cost ($)

Total profit — used to record the summation of the total profit of the energy import based on

equations ( 22 ) and ( 23 ) and is given by the following

PCT= ZPCd—Cd

i=1
(24)

PCr Total profit cost ($)
Cq Daily cost ($)
PCq Daily profit cost ($)

3.4.4 Modelling the REMD Display
The REMD display was modelled using standard Simulink dashboard blocks with a combination of

display blocks, linear gauge and scope. The blocks were configured to align with the display design

requirements detailed in section 3.3.3. Each of the operating modes contained similar dashboards blocks

with the following providing the summary

Sustainability Mode

Display area 1

Demand — display block (configured to display the data hourly)

Daily demand — display block (configured to display the data daily)

BESS SoC - linear gauge (configured to display the data hourly for the BESS SoC as a
percentage of the total BESS capacity)

PVS output - display block (configured to display the data hourly)

Display area 2
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=  Daily cost — display block (configured to display the data daily)
= Average daily cost — display block (configured to display the data daily)
= CO; offset — display block (configured to display the data daily)

Display area 3
= Scope block (configured to display the load, BESS and PVS plots hourly)

Display area 4
=  Grid usage — display block (configured to display the data daily)
=  P2Pusage — display block (configured to display the data daily)
=  PVS usage — display block (configured to display the data daily)
=  BESS usage — display block (configured to display the data daily)

Display Area 1 Display Area 2
Demand - KWh
Daily Cost - s
Daily Demand - KWh
Avg. Daily Cost e g

BESSSoC ¢ 20 40 60 80 100 %

CO:Offset - kg
PVE Qutpul - KWh
Display Area 3 Display Area 4
Grid -- %
p2p - %
FVS - %
BESS - 5

Figure 34: Sustainability mode display modelled in Simulink

Traditional Mode

Display area 1

= As per sustainability mode
Display area 2

= Daily cost — display block (configured to display the data daily)

=  Average daily cost — display block (configured to display the data daily)
Display area 3

=  As per sustainability mode

Display area 4
=  Grid usage — display block (configured to display the data daily)

=  PVS usage — display block (configured to display the data daily)
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=  BESS usage — display block (configured to display the data daily)

Dissertation

Display Area 1 DJ'spIay Area 2
Demand - kWh
Daily Demand -- kWh Dy st o $
BESS SoC ? 20 40 60 80 100 % Avg. Daily Cost oo $
PVS Qutput - kWh
Display Area 3 Display Area 4
3.0
25
Grid - %
20
15
i PVS . %
10
0s BESS = %
[+]
(1] 3 6 2 2 15 a 21 24
Tirre

Figure 35: Traditional mode display modelled in Simulink

Benefit Mode
Display area 1

= As per sustainability mode

Display area 2
= Daily cost — display block (configured to display the data daily)
=  Daily profit — display block (configured to display the data daily)

= Average daily cost — display block (configured to display the data daily)

= Total profit — display block (configured to display the data daily)
Display area 3

= As per sustainability mode

Display area 4

=  As per sustainability mode
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3.4.5 Complete Model Overview

Demand

Daily Demand

BESS SoC

PVS Qutput

Display Area 1

kWh

kWh

P—rTT T
? 20 40 60 80 100 %

kWh

Display Area 2

Daily Cost

Daily Profit

Avg. Daily Cost

Total Profit

Display Area 3

Display Area 4

Grid

pap

PVS

BESS

Figure 36: Benefit mode display modelled in Simulink

Dissertation

Figure 37 provides a complete model overview of the sustainability mode for the REMD in the Simulink

environment. This figure shows the display area at the top of the model and the REMD stateflow below

with the relevant inputs on the left-hand side and the relevant outputs on the right-hand side. Note that

each operating mode has slightly different Simulink environments (refer appendices G1-G3) with

differing inputs/outputs. Each operating mode was modelled in separate files to simplify the testing,

debugging and simulation.
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Figure 37: Simulink model overview

3.5 Simulation Methodology

With each of the operating modes of the REMD now modelled in Simulink simulations can now be
undertaken to determine how well the REMD operates under various conditions. The simulation
approach is to undertake simplified simulations during early testing to verify the code is operating as
intended and then increase the data whilst changing variables to gain a better understanding of the
REMD response. Each of the operating modes will be simulated separately with the discussion
providing the contrasts between them. The following is the modelling approach used and which will be

reflected in section 4.
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The simulation approach is to be approached in the following manner:

1. Initial testing — used to verify operation of code. Simulation will occur with each of the REMD
operating modes over the 24 hour test data. Verification calculations and state logic checks will
be undertaken to ensure code is working as intended.

2. Final testing — used to understand how variations in variables (PVS output (ie sunny day,
overcast day and rainy day), PVS size and BESS size) affect each of the operating modes.
Simulation will occur with each of the REMD operating modes over a weeks worth of finite
data and the following variances will be introduced into the models
- Large PVS and small BESS
- Large PVS and large BESS
- Small PVS and large BESS
- Small PVS and small BESS

3.5.1 Simulation Limitations
Whilst undertaking simulations there have been specific limitations placed on the model which are
outlined below
=  All input/export data and associated calculations have been limited to hourly data. This data
would usually be in fifteen-minute intervals which would align with current industry practice
for metering of energy. This limitation has been put in place to reduce the number of
calculations thus helping with simulation and proof of concept for the REMD.
= The data used during simulations is finite in nature as no live data was available. All data
simulated has been gathered from the relevant sources as described in section 3.2.
=  Variations in system parameters related to aspects of PVS size, BESS size, tariff prices, loads,
etc have been reduced to what is nominated under section 3.5 in order to reduce the dissertation
into a manageable size and testing timeframe.
=  Efficiencies of energy conversions from one energy source to another have not been considered

in the calculations.
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Chapter 4 — Results

4.1 Initial Testing

Initial testing as described in section 3.5 is used to determine that each of the operating modes operate
correctly to ensure that the outputs and state logic is in accordance with the design parameters. Any
anomalies picked up during initial testing will be rectified and updated in the model which will ensure
that the following testing in section 4.2 are accurate. The following table provides a summary of the
relevant data used for the initial testing on each of the operating modes with Figure 38 providing the

relevant input data for the initial testing.

Data Value

Load profile Refer Figure 38
PVS output profile Refer Figure 38
P2P energy market profile Refer Figure 38
PVS size 6.93 kWh
BESS size 5 kWh

Grid import tariff price Peak — $ 0.2217

Shoulder - $ 0.2386
Offpeak - $ 0.3551

P2P import price $0.15
Grid export tariff price $0.08
P2P export price $0.15

Table 14: Initial testing data parameters

= PP Manat

B n [ E3 [} B L] % v W 5 E) # F a B

Figure 38: Initial testing data - Load, solar and P2P market

Billy Dauth 62 —



ENG4111/ENG4112

4.1.1

State Sequence Flows
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The state sequence flows as shown in appendices H1 to H3 illustrate the relevant states that the REMD

was operating in at that given hour during the simulation based on the operating mode. The following

tables under each operating mode provide a summary of the state sequence flow with associated

commentary for some key aspects for determining what state the REMD would be in.

4.1.1.1 Sustainability Mode
Time | REMD Energy | Correct Comment
State Energy State

0 Grid Yes Initial state when REMD is activated

1 SolarBattery Yes PVS is not greater than the load and the BESS SoC is enough

2 SolarBattery Yes to support the load. The PVS output does start to increase

3 SolarBattery Yes around hour 5 but isn’t enough to warrant a change in

4 SolarBattery | Yes operating state.

5 SolarBattery Yes

6 Solar Yes PVS output is greater than load and can fully support the load

7 Solar Yes with excess power being used to charge battery. With reference

8 Solar Yes to Figure 39 the battery was fully charged over two hours from

9 Solar Yes the PVS.

10 Solar Yes

11 Solar Yes

12 Solar Yes

13 Solar Yes

14 Solar Yes

15 Solar Yes

16 SolarBattery Yes PVS output has reduced and the BESS SoC is enough to

17 SolarBattery Yes support the load

18 SolarBattery Yes

19 SolarBattery Yes

20 P2P Yes P2P energy market is available and is to be used before the
retail market

21 SolarBattery Yes Was expecting P2P energy market to still be used here, but as
the load has decreased and the BESS SoC is not in empty the
load can be offset by the BESS

22 P2P Yes The battery charge is not enough to offset the load and is as per
hour 20

23 Grid Yes P2P energy market is not available and the fallback for energy
supply if no other sources are available is the retail market

Table 15: Sustainability mode state sequence flow summary
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Figure 39: Sustainability mode BESS charging from PVS
4.1.1.2 Traditional Mode

Time | REMD  Energy | Correct Comment

State Energy
State

0 Grid Yes Initial state when REMD is activated

1 SolarBattery (off- | Yes PVS is not greater than the load and the BESS SoC is enough

peak/shoulder) to support the load.

2 SolarBattery (off- | Yes

peak/shoulder)

3 SolarBattery (off- | Yes

peak/shoulder)

4 Grid Yes It was expected that this would remain in the
SolarBattery Offpeak Shoulder state but upon further
investigation this change to grid was correct as the BESS SoC
dropped into or below the medium state which the
SolarBattery (off-peak/shoulder) is only allowed to utilise the
high or full SoC states to save BESS energy for the peak tariff
time.

5 SolarBattery (off- | Yes It was expected that that the state would remain in Grid, but

peak/shoulder) upon further investigation the BESS was charged enough by
the grid that the SoC was greater than medium and thus
allowed the SolarBattery (off-peak/shoulder) state to be active.

6 Solar Yes PVS output is greater than load and can fully support the load

7 Solar Yes with excess power being used to charge battery. With reference

8 Solar Yes to Figure 40 the battery was fully charged over two hours from

9 Solar Yes the PVS.

10 Solar Yes

11 Solar Yes

12 Solar Yes

13 Solar Yes

14 Solar Yes

15 Solar Yes

16 SolarBattery (off- | Yes PVS output has reduced and the BESS SoC is enough to

peak/shoulder) support the load

17 SolarBattery Yes As the tariff has changed to peak the SolarBattery Peak state

(peak) has activated as expected
18 SolarBattery Yes
(peak)
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19 SolarBattery Yes

(peak)

20 Grid Yes It was expected that the state would change to the
SolarBattery Offpeak Shoulder) state but upon further
investigation this change to grid was correct as the BESS SoC
was in or below the medium state Figure 41.

21 Grid Yes As the battery SoC remained in the medium state the Grid state

22 Grid Yes remained active Figure 41.

23 Grid Yes

Table 16: Traditional mode state sequence flow summary

 BatteryDischasge m Load  Sciar

= Baten Charge B Load

Figure 40: Traditional mode BESS charging from PVS and Grid

m Bamery_State EMPTYisActve ® Rattery_State LOW InActive m Bazery_State MED isActive m Charge

Figure 41: Traditional mode BESS charge SoC medium or below
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4.1.1.3 Benefit Mode
Time | REMD  Energy | Correct Comment
State Energy
State

0 Grid Yes Initial state when REMD is activated

1 SolarBattery (off- | Yes PVS is not greater than the load and the BESS SoC is enough

peak) to support the load.

2 SolarBattery (off- | Yes

peak/shoulder)

3 SolarBattery (off- | Yes

peak)

4 SolarBattery (off- | Yes

peak)

5 SolarBattery (off- | Yes

peak)

6 Solar Yes PVS output is greater than load and can fully support the load

7 Solar Yes with excess power being used to charge battery. With reference

8 Solar Yes to figure 42 the battery was fully charged over three hours from

9 Solar Yes the PVS.

10 Solar Yes

11 Solar Yes Also once the battery is fully charged the excess energy is

12 Solar Yes exported to the grid or P2P as expected.

13 Solar Yes

14 Solar Yes

15 Solar Yes

16 SolarBattery Yes PVS output has reduced and the BESS SoC is enough to

(peak/shoulder) support the load
17 SolarBattery Yes
(peak/shoulder)

18 SolarBattery Yes
(peak/shoulder)

19 SolarBattery Yes
(peak/shoulder)

20 P2P Yes BESS SoC to low (figure 43) and P2P market available. Note
that the battery charged a small amount from the P2P market
as expected (figure 42).

21 SolarBattery Yes

(peak/shoulder)

22 P2P Yes BESS SoC too low for SolarBattery Offpeak state to be active
and therefore the P2P market is used as it is available. Note
that the battery charged a small amount from the P2P market
as expected (Figure 44).

23 Grid Yes P2P energy market was not available and the fallback is the
erid.

Table 17: Benefit mode state sequence flow summary
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Figure 42: Benefit mode BESS charging from PVS and P2P
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Figure 43: Benefit mode BESS charge SoC medium or below

4.1.2 Energy Usage Breakdown
The energy usage breakdown testing relates to how much each energy source was being used in the
given operating modes. The output of this section is used to verify against the display values of display

area 4 as described in section 3.4.4.

4.1.2.1 Sustainability Mode

After simulating the code with the initial test data the load was supplied from the available energy

sources as shown in Figure 44 and Table 18.
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Billy Dauth

Figure 44: Sustainability mode energy source usage breakdown
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Time Load | Grid Import | P2P Import | PVS Offset | BESS Offset
(hr) (kWh) (kWh) (kWh) (kWh) (kWh)
0 0.5809 0.5809 0.0000 0.0000 0.0000
1 0.5474 0.0000 0.0000 0.0000 0.5474
2 0.527 0.0000 0.0000 0.0000 0.5270
3 0.5246 0.0000 0.0000 0.0000 0.5246
1 0.541 0.0000 0.0000 0.0000 0.5410
5 0.5955 0.0000 0.0000 0.2958 0.2997
6 0.6895 0.0000 0.0000 0.6895 0.0000
7 0.7892 0.0000 0.0000 0.7892 0.0000
8 0.8101 0.0000 0.0000 0.8101 0.0000
9 0.773 0.0000 0.0000 0.7730 0.0000
10 0.7843 0.0000 0.0000 0.7843 0.0000
11 0.8092 0.0000 0.0000 0.8092 0.0000
12 0.8383 0.0000 0.0000 0.8383 0.0000
13 0.8572 0.0000 0.0000 0.8572 0.0000
14 0.8622 0.0000 0.0000 0.8622 0.0000
15 0.9237 0.0000 0.0000 0.9237 0.0000
16 1.066 0.0000 0.0000 0.7928 0.2733
17 1.2611 0.0000 0.0000 0.4050 0.8561
18 1.2707 0.0000 0.0000 0.0305 1.2402
19 1.1269 0.0000 0.0000 0.0000 1.1269
20 1.0265 0.0000 1.0265 0.0000 0.0000
21 0.911 0.0000 0.0000 0.0000 0.9110
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22 0.7986 0.0000 0.7986 0.0000 0.0000

23 0.6622 0.6622 0.0000 0.0000 0.0000
Energy

Total 19.58 1.2431 1.8251 9.6608 6.8471
(kWh)

Table 18: Sustainability mode energy breakdown

Utilising the equations (3 ), (5),(7),(9) and ( 10) the load breakdown as a percentage of the total

load was calculated in excel with the results reflected in Table 19.

Grid Import P2P Import PVS Offset | BESS Offset

Energy
6.35% 9.32% 49.35% 34.98%
source usage

Table 19: Sustainability mode energy breakdown as percentage of load

4.1.2.2 Traditional Mode

After simulating the code with the initial test data the load was supplied from the available energy

sources as shown in Figure 45 and Table 20.

u Gridimgort @ Load

3 i i : 7 ¥ ) 1) i I n T i * i 3 W o * = a B
SolarOuiput  » BaltenDischarge W Load

Figure 45: Traditional mode energy source usage breakdown

Time Load BESS Grid PVS BESS
(hr) (kWh) Charge from | Import Offset Offset
Grid (kWh) (kWh) (kWh) (kWh)

0 0.5809 0.0000 0.5809 0.0000 0.0000

1 0.5474 0.0000 0.0000 0.0000 0.5474

2 0.527 0.0000 0.0000 0.0000 0.5270
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3 0.5246 0.0000 0.0000 0.0000 0.5246
4 0.541 0.5000 1.0410 0.0000 0.0000
5 0.5955 0.0000 0.0000 0.2958 0.2997
6 0.6895 0.0000 0.0000 0.6895 0.0000
7 0.7892 0.0000 0.0000 0.7892 0.0000
8 0.8101 0.0000 0.0000 0.8101 0.0000
9 0.773 0.0000 0.0000 0.7730 0.0000
10 0.7843 0.0000 0.0000 0.7843 0.0000
11 0.8092 0.0000 0.0000 0.8092 0.0000
12 0.8383 0.0000 0.0000 0.8383 0.0000
13 0.8572 0.0000 0.0000 0.8572 0.0000
14 0.8622 0.0000 0.0000 0.8622 0.0000
15 0.9237 0.0000 0.0000 0.9237 0.0000
16 1.066 0.0000 0.0000 0.7928 0.2733
17 1.2611 0.0000 0.0000 0.4050 0.8561
18 1.2707 0.0000 0.0000 0.0305 1.2402
19 1.1269 0.0000 0.0000 0.0000 1.1269
20 1.0265 0.0000 1.0265 0.0000 0.0000
21 0.911 0.0000 0.9110 0.0000 0.0000
22 0.7986 0.0000 0.7986 0.0000 0.0000
23 0.6622 0.5000 1.1622 0.0000 0.0000
Energy
Total 19.58 1.00 5.5202 9.6608 5.3951
(kWh)

Table 20: Traditional mode energy breakdown

Dissertation

Utilising the equations ( 3 ), (5). (9 ) and ( 16 ) the load breakdown as a percentage of the total load

was calculated by in excel with the results reflected in Table 21.

Grid Import | py;g offcer | BESS Offset
Total
E_nergy 26.83% 46.95% 26.22%
source usage

Billy Dauth
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4.1.2.3 Benefit Mode
After simulating the code with the initial test data the load was supplied from the available energy

sources as shown in Figure 46 and Table 22.

mP2PImEon W Grdimpet W Load

H i H ] ¥ i ] [ v L] ] T s ] [ ] " £ ] 2 a N

SolrOupet B BanenDischane B Load

Figure 46: Benefit mode energy source usage breakdown

BESS
Time Load Grid Charge P2P PVS BESS
(hr) (KWh) Import from Import Offset Offset
(kWh) P2P (&Wh) | (kWh) | (kWh)

(kWh)
0 0.5809 0.5809 0.0000 0.0000 0.0000 0.0000
1 0.5474 0.0000 0.0000 0.0000 0.0000 0.5474
2 0.5270 0.0000 0.0000 0.0000 0.0000 0.5270
3 0.5246 0.0000 0.0000 0.0000 0.0000 0.5246
4 0.5410 0.0000 0.0000 0.0000 0.0000 0.5410
5 0.5955 0.0000 0.0000 0.0000 0.2958 0.2997
6 0.6895 0.0000 0.0000 0.0000 0.6895 0.0000
7 0.7892 0.0000 0.0000 0.0000 0.7892 0.0000
8 0.8101 0.0000 0.0000 0.0000 0.8101 0.0000
9 0.7730 0.0000 0.0000 0.0000 0.7730 0.0000
10 0.7843 0.0000 0.0000 0.0000 0.7843 0.0000
11 0.8092 0.0000 0.0000 0.0000 0.8092 0.0000
12 0.8383 0.0000 0.0000 0.0000 0.8383 0.0000
13 0.8572 0.0000 0.0000 0.0000 0.8572 0.0000
14 0.8622 0.0000 0.0000 0.0000 0.8622 0.0000
15 0.9237 0.0000 0.0000 0.0000 0.9237 0.0000
16 1.0660 0.0000 0.0000 0.0000 0.7928 0.2733
17 1.2611 0.0000 0.0000 0.0000 0.4050 0.8561
18 1.2707 0.0000 0.0000 0.0000 0.0305 1.2402
19 1.1269 0.0000 0.0000 0.0000 0.0000 1.1269
20 1.0265 0.0000 0.5000 1.5265 0.0000 0.0000
21 09110 0.0000 0.0000 0.0000 0.0000 09110
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22 0.7986 0.0000 0.5000 1.2986 0.0000 0.0000

23 0.6622 0.6622 0.0000 0.0000 0.0000 0.0000
Energy

Total 19.58 1.2431 1.0000 2.8251 9.6608 6.8471
(kWh)

Table 22: Benefit mode energy breakdown

Utilising the equations (3 ), (5),(7),(9) and ( 19 ) the load breakdown as a percentage of the total

load was calculated in excel with the results reflected in Table 23.

Grid Import | P2P Import
Cherey 6.04% 13.73% 46.95% 33.28%
source usage

Table 23: Benefit mode energy breakdown as percentage of load

4.1.3 Energy Cost

The energy cost testing relates to how much cost was incurred from importing energy from the retail

market or P2P market. The output of this section is used to verify against the display values of display

area 3. Note that the daily average cost will reflect the same value as the daily cost price as the REMD

is only running for one day during the initial testing.

4131

Sustainability Mode

The below table is a tabulated form of Figure 44 with equations ( 11 ) and ( 12 ) being used to calculate

the relevant import costs.

Time | Grid Import i i ) P2P Import i
Grid Tariff | Grid Cost P2P Tariff | P2P Cost
(hr) (kWh) (kWh)
0 0.5809 $ 022 1% 013 0.0000 $ 015 §$ -
1 0.0000 $ 022 |$ - 0.0000 $ 015 $ -
2 0.0000 $ 022 | § - 0.0000 $ 0151 $ -
3 0.0000 $ 022 | § - 0.0000 $ 0151 $ -
4 0.0000 $ 022 | § - 0.0000 $ 015 § -
5 0.0000 $ 022 |$ - 0.0000 $ 015 $ -
6 0.0000 $ 022 | $ - 0.0000 $ 015 $ -
7 0.0000 $ 024 | § - 0.0000 $ 0151 $ -
8 0.0000 $ 024 | § - 0.0000 $ 015 § -
9 0.0000 $ 024 | $ - 0.0000 $ 015 $ -
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10 0.0000 $ 024 | § - 0.0000 $ 015 § -
11 0.0000 $ 024 | $ - 0.0000 $ 015 $ -
12 0.0000 $ 024 | $ - 0.0000 $ 015 $ -
13 0.0000 $ 024 | $ - 0.0000 $ 0151 $ -
14 0.0000 $ 024 | § - 0.0000 $ 015 § -
15 0.0000 $ 024 | $ - 0.0000 $ 015§ -
16 0.0000 $ 036 | $ - 0.0000 $ 015 $ -
17 0.0000 $ 036 | $ - 0.0000 $ 0151 $ -
18 0.0000 $ 036 | § - 0.0000 $ 015 $ -
19 0.0000 $ 036 | $ - 0.0000 $ 015§ -
20 0.0000 $ 024 | $ - 1.0265 $ 015 $ 015
21 0.0000 $ 024 | $ - 0.0000 $ 0151 $ -
22 0.0000 $ 022 | § - 0.7986 $ 015 $ 0.12
23 0.6622 $ 022 [ $ 0.15 0.0000 $ 015§ -

Grid total import cost $§ 028 P2P total import cost $ 027

4.1.3.2 Traditional Mode

Table 24: Sustainability mode energy import cost

The below table is a tabulated form of Figure 45 with equations ( 12 ) and ( 17 ) being used to calculate

the relevant import/export costs.

Time Grid Import . . . PVS Grid PVS
(hr) (Load & BESS | Grid Tariff | Grid Cost | Export Exp_ort Export
charge) (kWh) (kWh) Tariff Cost
0 0.5809 $ 022 [ $ 0.13 ]| 0.0000 [$ 008 (| $ -
1 0.0000 $ 022 | $ -1 00000 [$ 0.08( $ -
2 0.0000 $ 022 | $ - 0.0000 | $ 0081 $ -
3 0.0000 $ 022 | % - | 00000 [$ 008]| $ -
4 1.0410 $ 022 |$ 023 0.0000 | $ 0081 $ -
5 0.0000 $ 022 | $ - | 00000 [$ 008]| $ -
6 0.0000 $ 022 | % - | 00000 [$ 0.08]| $ -
7 0.0000 $ 024 | $ - | 00000 [$ 008]| $ -
8 0.0000 $ 024 | $ - | 23701 |[$ 008|$ 0.19
9 0.0000 $ 024 | $ - 1.5670 | $ 008 % 0.13
10 0.0000 $ 024 | $ -1 26703 |[$ 008|$ 021
11 0.0000 $ 024 | $ - 1.2238 | $ 008 |8$ 0.10
12 0.0000 $ 024 | $ - | 13424 |$ 008 |S$ 0.11
13 0.0000 $ 024 | $ - 21133 [$ 008 |% 0.17
14 0.0000 $ 024 | $ - 0.0855 [ $ 008 % 0.01
15 0.0000 $ 024 | $ -1 00340 [$ 008|$ 0.00
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16 0.0000 $ 036 | $ - | 00000 |$ 008§ -
17 0.0000 $ 036 | $ - | 0.0000 |$ 008 | $ -
18 0.0000 $ 036 [ $ - | 0.0000 |$ 008§ -
19 0.0000 $ 036 | $ - | 00000 |$ 008 $ -
20 1.0265 $ 024 | $ 024 | 0.0000 |$ 008 | § =
21 0.9110 $ 024 |'$ 022 0.0000 |$ 008 | $ -
22 0.7986 $ 022 |$ 0.18 [ 0.0000 | $ 008 | § -
23 1.1622 $ 022 [$ 026 | 00000 |$ 008 | $ -

Grid total import cost $ 126 | PVStotal exportcost | $§ 0091

4.1.3.3 Benefit Mode
The below tables are a tabulated form of Figure 46 with equations (11 ), (12), (17 ) and ( 20 ) being

Table 25: Traditional mode energy import and export cost

used to calculate the relevant import/export costs.

T(mml)e G“(‘lidlvl‘il‘;"“ Grid Tariff | Grid Cost (LI();I(; Is?lg%r;s P2P Tariff | P2P Cost
charge) (kWh)
0 0.58 $ 022 ($ 0.13 0.00 $§ 0159 -
1 0.00 $ 0221 $ - 0.00 $ 015 $ -
2 0.00 $ 022 $ - 0.00 $§ 0159 -
3 0.00 $ 0221 $ - 0.00 $ 015 $ -
4 0.00 $ 022 [ $ - 0.00 $§ 015 % -
5 0.00 $ 022 | $ - 0.00 $§ 015 5% -
6 0.00 $ 022 [ $ - 0.00 $§ 015 $ -
7 0.00 $ 024 [ $ - 0.00 $§ 0159 -
8 0.00 $ 024 |1 $ - 0.00 $ 015 $ -
9 0.00 $ 024 [ § - 0.00 $§ 01518 -
10 0.00 $ 024 [ $ - 0.00 $§ 01519 -
11 0.00 $ 024 [ $ - 0.00 $§ 015 % -
12 0.00 $ 024 [ $ - 0.00 $§ 0159 -
13 0.00 $ 0241 $ - 0.00 $ 015 $ -
14 0.00 $ 024 [ $ - 0.00 $§ 0159 -
15 0.00 $ 024 1 $ - 0.00 $ 015 $ -
16 0.00 $ 036 [ $ - 0.00 $§ 01519 -
17 0.00 $ 036 | $ - 0.00 $§ 015 5% -
18 0.00 $ 036 [ $ - 0.00 $§ 015 $ -
19 0.00 $ 036 | $ - 0.00 $§ 0159 -
20 0.00 $ 024 |1 $ - 1.53 $ 0.15]18% 023
21 0.00 $ 024 [ § - 0.00 $§ 01518 -
22 0.00 $ 022 [ $ - 1.30 $§ 015]% 0.19
23 0.66 $ 022 [ § 0.15 0.00 $§ 0151 S -
Grid total import cost $ 028 P2P total import cost $ 042
Table 26: Benefit mode energy import cost
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Time EI))(;,S It Grid PVS PVS P2P PVS
@ || foicrd Expprt Export. Export to Expprt Export
Tariff | Cost Grid | P2P (kWh) | Tariff | Cost P2P

(kWh)
0 0.00 $ 008 ]S - 0.00 $015] $ -
1 0.00 $ 008 S - 0.00 $015] $ -
2 0.00 $ 0088 - 0.00 $015] $ -
3 0.00 $ 008 ]S - 0.00 $015] $ -
4 0.00 $ 008 S - 0.00 $015] $ -
5 0.00 $ 008 S - 0.00 $015] $ -
6 0.00 $ 008 S - 0.00 $015] $ -
7 0.00 $ 0088 - 0.00 $015] $ -
8 0.00 $ 008 ]S - 0.00 $015] $ -
9 0.00 $ 0088 - 1.57 $015]1 8 024
10 0.00 $ 008 ]S - 2.67 $015] 8 040
11 1.22 $008|8% 0.10 0.00 $015] $ -
12 1.34 $008]|8% 0.11 0.00 $015] $ -
13 2.11 $008|8% 017 0.00 $015] $ -
14 0.09 $008]8% 001 0.00 $015] $ -
15 0.00 $ 008 ]S - 0.03 $015] § 0.01
16 0.00 $ 008 S - 0.00 $015] $ -
17 0.00 $ 008 S - 0.00 $015] $ -
18 0.00 $ 008 S - 0.00 $015] $ -
19 0.00 $ 0088 - 0.00 $015] $ -
20 0.00 $ 008 ]S - 0.00 $015] $ -
21 0.00 $ 0088 - 0.00 $015] $ -
22 0.00 $ 008 ]S - 0.00 $015] $ -
23 0.00 $ 008 S - 0.00 $015] $ -
PVS total export PVS total export cost
cost Gridp $ 038 P2Pp $ 064
Table 27: Benefit mode PVS energy export
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BESS
Time | EXPort Grid BESS EByi)ift P2p gﬁ)ii
@r) | o [ Export | Export | nop | Export | ooy
Grid Tariff | Cost Grid (kWh) Tariff PP
(kWh)
0 0.00 $ 008 | § - | 000 | $015 | $ -
1 0.50 $008 | § 004 000 [ $015|$ -
2 0.40 $008 | § 003 000 [ $015|$ -
3 0.30 $008 | $§ 002 000 [ $015 ]S -
4 0.22 $008 | § 002 000 [ $015|$ -
5 0.14 $008 | $§ 00l | 000 [ $0.15 ]S -
6 0.00 $008 [ - 000 | $015|$ -
7 0.00 $008 [ $ - 000 | $015|$ -
8 0.00 $008 [ $ - 000 | $015|$ -
9 0.00 $ 008 | § - | 000 | $015 | $ -
10 0.00 $ 008 | § - | 000 | $015|$ -
11 0.00 $ 008 | § - | 000 | $015|$ -
12 0.00 $ 008 | § - | 000 | $015 | $ -
13 0.00 $008 [ - 000 | $015|$ -
14 0.00 $008 [ $ - 000 | $015|$ -
15 0.00 $008 [ $ - 000 | $015|$ -
16 0.00 $008 [ § - 000 | $015|$ -
17 0.00 $008 |$ - 000 | $015|$ -
18 0.00 $008 [ § - 000 | $015|$ -
19 0.00 $ 008 | § - | 000 | $015 | $ -
20 0.00 $ 008 | § -] 000 | $015 | 8% -
21 0.00 $ 008 | § - | 000 | $015 | $ -
22 0.00 $008 [ $ - 000 | $015|$ -
23 0.00 $008 [ § - 000 | $015|$ -
BESS total export [ ¢ 43 BESS total $
cost Grid export cost P2P

4.1.4 Display

Table 28: Benefit mode BESS energy export

Dissertation

The display testing is the final piece of the initial testing and is verifying that the hand calculations from

the previous sections align with the simulation calculated values and that the display operated as

intended. The following sections provide the relevant display designs for the operating modes.

Billy Dauth
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4.1.4.1 Sustainability Mode
Display Area 1 Display Area 2
Demand 0.55 kWh
Daily Cost 0.55 $
Daily Demand 19.58 kWh
Avg. Daily Cost 0.55 $
pe—— TR
BESSSoC o |20 40 60 80 100 %
CO: Offset 74 .92 kg
PVS Output 0 kWh
mlond mEEss  Pus Display Area 3 Display Area 4
Grid 6.35 %
P2P 9.32 %
' PVS 49.35 %
o BESS 34.98 %
o 5 10 15 20
Figure 47: Sustainability mode display — initial testing
4.1.4.2 Traditional Mode
Display Area 1 Display Area 2
Demand 055 kWh
Daily Demand 20.58 Ll Daily Cost 0.34 3
BESSSoC 0 20 40 60 80 100 % Avg. Daily Cost 0.34 s
PVS Output 0 kWh
|, mise Pvo weess Display Area 3 Display Area 4
. Grid 26.83 %
= PVS 46.95 %
Dl e - BESS 26_22 o,

Figure 48: Traditional mode display — initial testing
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4.1.4.3 Benefit Mode

Display Area 1 Display Area 2
BESSSoC 0 20 'J)n 60 80 100 % Avg. Daily Cost _ 3
mload  PVS mBESS Display Area 3 Display Area 4
ao T .
R o [ -
20 1 i i
EEEEE -~ [
N [
1.0 | T ‘ T i“.’i il
Ml—l"!| i |_\ 1]
| | ] —| |||
o 3 L} 9 12 15 18 21 24
Tirna

Figure 49: Benefit mode display — initial testing
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4.2 Final Testing

Final testing as described in section 3.5 is used to determine how the REMD operating modes respond
to variances in system parameters. Figure 50 illustrates the relevant load and P2P market profile used

for all final testing. Note that the BESS size and PVS size will be adjusted and defined for each of the

W Load
"

(X3

(X}

following tests.

Data Value

Load profile Refer Figure 50

PVS output profile (scale 1) - Refer Figure 50

P2P energy market profile Refer Figure 50

Grid import tariff price Peak — $ 0.2217
Shoulder - $ 0.2386
Off-peak - § 0.3551

P2P import price $0.15

Grid export tariff price $0.08

P2P export price $0.15

Table 29: Initial testing data parameters

o8

[X]

02

W Solar
°

,\‘

0 15 20 = £ 35 @ a5 £ % & & B s 80 a5 @ e ) 105 1o 15 120 125 130 135 140 145 150 125

Figure 50: Final testing data — Load, P2P market and PV'S output

A couple of things to note about Figure 50 include:
= The load in this data set reflects various load profiles relevant to the typical summer, winter,

autumn and spring days as reflected in section 3.2.4.
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*  The load on the fourth day reflects base load only (ie. no one is home to use energy and just the
typical appliances are running like fridge. hot water unit, etc).
=  P2P energy market availability is just arbitrary
= The P2P energy market on the third day reflects a full day with no P2P market available.
= PVS output data is based on a typical system as described in section 3.2.2 and 3.4.2 with the
following weather days
- Day 1: Overcast
- Day 2: Sunny
- Day 3: Sunny
- Day 4: Sunny
- Day 5: Raining
- Day 1: Overcast
- Day 7: Raining

4.2.1 Small PVS & Small BESS
The following results are from the simulation of a small PVS and small BESS as described in Table 30.

Refer to appendix I for the relevant plot outputs for each of the operating modes.

Data Value
BESS size 5 kWh
PVS output scale 1(6.93 kW)

Table 30: Final testing - small PVS and small BESS data parameters

42.1.1 Sustainability Mode

Small PVS (6.93kW) & Small BESS (5kWh) - Energy Source Usage
Day Battery Usage (%) Grid Usage (%) P2P Usage (%) Solar Usage (%)
1 34.98 6.35 9.32 49.35
2 21.12 16.39 10.92 51.56
3 25.88 24.94 0.00 49.18
4 25.92 12.48 10.62 50.98
5 2.70 25.99 44.79 26.52
6 23.18 18.13 10.29 48.40
7 0.00 45.75 27.73 26.52
Week 19.11 21.43 16.24 43.22
Average

Table 31: Final testing small PVS and small BESS — Sustainability mode energy source usage
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Small PVS (6.93kW) & Small BESS (5kWh) - Costs
Day Cost ($) Average cost ($)

1 0.55 0.55

2 1.00 0.78

3 1.08 0.88

4 0.63 0.82

5 3.22 1.30

6 1.09 1.26

7 3.75 1.62

Week Total 11.32

Table 32: Final testing small PVS and small BESS — Sustainability mode costs

42.1.2 Traditional Mode

Small PVS (6.93kW) & Small BESS (5kWh) - Energy Source Usage
Day Battery Usage (%) Grid Usage (%) Solar Usage (%)
1 26.22 26.83 46.95
2 22.45 32.12 4543
3 22.16 35.36 42.48
4 13.00 44 81 42.19
5 14.55 61.31 24.14
6 14.25 4297 42.78
7 8.41 67.87 23.72
Week Average 17.29 44.47 38.24

Table 33: Final testing small PVS and small BESS — Traditional mode energy source usage

Small PVS (6.93kW) & Small BESS (5kWh) - PVS & BESS Export/Import

BESS Import Grid (kWh)

Solar Export Grid (kWh)

Week Total

17.50

125.54

Table 34: Final testing small PVS and small BESS — Traditional mode PVS & BESS Export/Import

Small PVS (6.93kW) & Small BESS (5kWh) - Costs
Dy | Cost® | pofis) | con s

1 1.26 0.91 1.26

2 1.51 2.66 1.38

3 1.74 2.69 1.50

4 1.74 2.81 1.56

5 4.45 0.00 2.14

6 1.20 0.96 1.98

7 3.97 0.00 2.27

Week Total 15.86 10.04

Table 35: Final testing small PVS and small BESS — Traditional mode costs
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42.1.3 Benefit Mode

Small PVS (6.93kW) & Small BESS (5kWh) - Energy Source Usage
Day Battery Usage (%) | Grid Usage (%) P2P Usage (%) Solar Usage (%)
1 33.28 6.04 13.73 46.95
2 28.48 15.96 5.35 50.21
3 22.97 27.86 0.00 49.18
4 19.10 10.96 25.18 44.76
5 18.23 17.22 41.64 22.91
6 19.85 12.26 25.11 42.78
7 11.19 37.93 27.17 23.72
Week 21.87 18.32 19.74 40.07
Average

Table 36: Final testing small PVS and small BESS — Benefit mode energy source usage

Small PVS (6.93kW) & Small BESS (5kWh) - PVS & BESS Export/Import

BESS Import | Solar Export | Solar Export | BESS Export | BESS Export
P2P (kWh) Grid (kWh) P2P (kWh) Grid (kWh) P2P (kWh)

Week Total 13.00 47.99 61.63 221 0.42

Table 37: Final testing small PVS and small BESS — Benefit mode PVS & BESS Export/Import

Small PVS (6.93kW) & Small BESS (5kWh) - Costs
Day | Cost®) | progr(s) | cont & | Profit ()
1 0.70 1.15 0.70 0.45
2 0.84 4.06 0.77 3.67
3 1.19 2.38 091 4.86
4 1.02 5.02 0.94 8.86
5 2.99 0.04 1.35 5.90
6 1.41 0.67 1.36 5.15
7 3.64 0.02 1.68 1.53
Weekly Total | 11.79 13.32

Table 38: Final testing small PVS and small BESS — Benefit mode costs

4.2.2 Large PVS & Small BESS

The following results are from the simulation of a large PVS and small BESS as described in Table 39.

Refer to appendix J for the relevant plot outputs for each of the operating modes.

Data Value
BESS size 5 kWh
PVS output scale 2 (13.86 kW)

Table 39: Final testing - large PVS and small BESS data parameters
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42.2.1 Sustainability Mode
Large PVS (13.86kW) & Small BESS (5kWh) - Energy Source Usage
Day Battery Usage (%) | Grid Usage (%) P2P Usage (%) Solar Usage (%)
1 33.82 297 8.73 54.48
2 23.13 10.40 10.91 55.57
3 20.80 26.13 0.00 53.07
4 28.70 8.33 8.74 54.23
5 14.00 16.63 27.02 42.35
6 20.88 12.47 13.69 52.97
7 12.62 36.72 8.31 42.35
Week 21.99 16.23 11.06 50.72
Average
Table 40: Final testing large PVS and small BESS — Sustainability mode energy source usage
Large PVS (13.86kW) & Small BESS (SKWh) -
Costs
Day Cost ($) Average cost ($)
1 0.39 0.39
2 0.74 0.56
3 1.13 0.75
4 0.45 0.68
5 1.98 0.94
6 0.93 0.94
7 247 1.16
Week Total 8.09
Table 41: Final testing large PVS and small BESS — Sustainability mode costs
4222 Traditional Mode
Large PVS (13.86kW) & Small BESS (5kWh) - Energy Source Usage
Day Battery Usage (%) Grid Usage (%) Solar Usage (%)
1 26.33 21.84 51.83
2 18.37 33.81 47.82
3 20.68 3241 46.91
4 13.40 41.71 44.88
5 19.60 41.85 38.55
6 10.21 4297 46.82
7 14.33 47.11 38.55
Week Average 17.56 37.39 45.05
Table 42: Final testing large PVS and small BESS — Traditional mode energy source usage
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Large PVS (13.86kW) & Small BESS (5kWh) - PVS & BESS Export/Import
BESS Import Grid (kWh) | Solar Export Grid (kWh)
Week Total 17.00 212.05

Table 43: Final testing large PVS and small BESS — Traditional mode PVS & BESS Export/Import

Large PVS (13.86kW) & Small BESS (5kWh) - Costs
by | conw | o | A
1 1.01 2.65 1.01
2 1.63 3.79 1.32
3 1.56 3.79 1.40
4 1.62 3.84 1.45
5 3.01 0.11 1.77
6 2.11 2.69 1.82
7 3.02 0.11 1.99
13.96 16.98
Week Total

Table 44: Final testing large PVS and small BESS — Traditional mode costs

4223 Benefit Mode

Large PVS (13.86kW) & Small BESS (5kWh) - Energy Source Usage
Day Battery Usage (%) | Grid Usage (%) P2P Usage (%) Solar Usage (%)
1 32.84 2.82 12.51 51.83
2 27.31 9.65 10.33 52.72
3 20.51 26.42 0.00 53.07
4 33.54 0.00 17.35 49.12
5 18.37 14.87 28.89 37.87
6 25.18 499 21.89 4793
7 13.48 38.28 7.49 40.75
Week 24.46 13.86 14.06 47.61
Average

Table 45: Final testing large PVS and small BESS — Benefit mode energy source usage

Large PVS (13.86kW) & Small BESS (5kWh) - PVS & BESS Export/Import

BESS Import | Solar Export | Solar Export | BESS Export | BESS Export
P2P (kWh) | Grid (kWh) | P2P(kWh) | Grid (kWh) | P2P(kWh)

Week Total 9.50 91.38 94.23 2.61 0.74

Table 46: Final testing large PVS and small BESS — Benefit mode PVS & BESS Export/Import
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Large PVS (13.86kW) & Small BESS (5kWh) - Costs
Dy | concy | et [ v | ot
1 0.51 3.46 0.51 2.95
2 0.72 5.55 0.62 7.78
3 1.13 3.39 0.79 10.04
4 041 5.95 0.69 15.58
5 2.16 0.04 0.99 13.46
6 0.92 3.28 0.98 15.82
7 2.62 0.08 1.21 13.27
8.49 21.76
Weekly Total

Table 47: Final testing large PVS and small BESS — Benefit mode costs

4.2.3 Small PVS & Large BESS
The following results are from the simulation of a small PVS and large BESS as described in Table 30.

Refer to appendix K for the relevant plot outputs for each of the operating modes.

Data Value
BESS size 12.8 kWh
PVS output scale 1(6.93 kW)

Table 48: Final testing - small PVS and large BESS data parameters

4.2.3.1 Sustainability Mode
Small PVS (6.93kW) & Large BESS (12.8kWh) - Energy Source Usage
Day Battery Usage (%) Grid Usage (%) P2P Usage (%) Solar Usage (%)
1 47.68 2.97 0.00 49.35
2 48.44 0.00 0.00 51.56
3 50.82 0.00 0.00 49.18
4 49.02 0.00 0.00 50.98
5 28.01 9.99 35.47 26.52
6 39.41 5.29 6.89 48.40
7 17.49 33.03 22.96 26.52
Week 40.13 7.33 9.33 43.22
Average
Table 49: Final testing small PVS and large BESS — Sustainability mode energy source usage
Billy Dauth 85 I



ENG4111/ENG4112 Dissertation

Small PVS (6.93kW) & Large BESS (12.8kWh) -
Costs
Day Cost ($) Average cost ($)

1 0.13 0.13

2 0.00 0.06

3 0.00 0.04

4 0.00 0.03

5 1.94 041

6 0.42 0.42

7 2.85 0.76
Week Total 5.34

Table 50: Final testing small PVS and large BESS — Sustainability mode costs

4232 Traditional Mode

Small PVS (6.93kW) & Large BESS (12.8kWh) - Energy Source Usage
Day Battery Usage (%) Grid Usage (%) Solar Usage (%)
1 33.38 20.29 46.32
2 26.75 30.55 42.70
3 31.37 25.28 43.35
4 36.14 20.57 43.28
5 31.61 46.32 22.07
6 21.06 42.72 36.22
7 15.44 62.49 22.07
Week Average 27.97 35.46 36.57

Table 51: Final testing small PVS and large BESS — Traditional mode energy source usage

Small PVS (6.93kW) & Large BESS (12.8kWh) - PVS & BESS Export/Import
BESS Import Grid (kWh) Solar Export Grid (kWh)
Week Total 26.88 119.78

Table 52: Final testing small PVS and large BESS — Traditional mode PVS & BESS Export/Import

Small PVS (6.93kW) & Large BESS (12.8kWh) - Costs
Day | Cost®) | poi(s) | con(s)

1 0.95 0.91 0.95

2 1.53 2.66 1.24

3 1.23 2.42 1.24

4 0.77 2.81 1.12

5 3.40 0.00 1.58

6 242 0.78 1.72

7 443 0.00 2.11
Week Total 14.74 9.58

Table 53: Final testing small PVS and large BESS — Traditional mode costs
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42.3.3 Benefit Mode

Small PVS (6.93kW) & Large BESS (12.8kWh) - Energy Source Usage
Day Battery Usage (%) | Grid Usage (%) P2P Usage (%) Solar Usage (%)
1 47.68 297 0.00 49.35
2 46.74 1.69 0.00 51.56
3 50.82 0.00 0.00 49.18
4 42.92 0.00 10.26 46.82
5 29.04 7.18 43.42 20.36
6 31.10 4.59 24.03 40.27
7 22.85 26.21 28.88 22.07
Week 38.74 6.09 15.23 39.94
Average

Table 54: Final testing small PVS and large BESS — Benefit mode energy source usage

Small PVS (6.93kW) & Large BESS (12.8kWh) - PVS & BESS Export/Import

BESS Import | Solar Export | Solar Export | BESS Export | BESS Export
P2P (kWh) Grid (kWh) P2P (kWh) Grid (kWh) P2P (kWh)

Week Total 17.92 35.90 38.88 14.45 4.38

Table 55: Final testing small PVS and large BESS — Benefit mode PVS & BESS Export/Import

Small PVS (6.93kW) & Large BESS (12.8kWh) - Costs
Day | Cost®) | progr(s) | cont & | Profit ()
1 0.13 0.95 0.13 0.82
2 0.07 2.91 0.10 3.66
3 0.00 1.92 0.07 5.58
4 0.24 3.75 0.11 9.08
5 2.72 0.27 0.63 6.63
6 1.06 0.57 0.70 6.15
7 3.16 0.15 1.05 3.15
7.37 10.52
Weekly Total

Table 56: Final testing small PVS and large BESS — Benefit mode costs

424 Large PVS & Large BESS
The following results are from the simulation of a large PVS and large BESS as described in Table 57.

Refer to appendix L for the relevant plot outputs for each of the operating modes.

Data Value
BESS size 12.8 kWh
PVS output scale 2 (13.86 kW)

Table 57: Final testing - large PVS and large BESS data parameters
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Large PVS (13.86kW) & Large BESS (12.8kWh) - Energy Source Usage
Day Battery Usage (%) | Grid Usage (%) P2P Usage (%) Solar Usage (%)
1 42.55 297 0.00 54.48
2 44.43 0.00 0.00 55.57
3 46.93 0.00 0.00 53.07
4 45.77 0.00 0.00 54.23
5 41.81 6.63 9.21 42.35
6 33.51 8.21 5.31 52.97
7 30.36 27.28 0.00 4235
Week 40.77 6.44 2.07 50.72
Average

Table 58: Final testing large PVS and large BESS — Sustainability mode energy source usage

Large PVS (13.86kW) & Large BESS (12.8kWh) -
Costs
Day Cost ($) Average cost ($)

1 0.13 0.13

2 0.00 0.06

3 0.00 0.04

4 0.00 0.03

5 0.74 0.17

6 0.50 0.23

7 1.64 0.43
Week Total 3.00

Table 59: Final testing large PVS and large BESS — Sustainability mode costs

4242 Traditional Mode

Large PVS (13.86kW) & Large BESS (12.8kWh) - Energy Source Usage
Day Battery Usage (%) Grid Usage (%) Solar Usage (%)
1 32.94 15.93 51.14
2 28.32 25.66 46.02
3 27.94 25.28 46.78
4 38.20 11.99 49.81
5 36.22 26.99 36.78
6 17.57 42.79 39.64
7 22.18 41.03 36.78
Week Average 29.05 27.10 43.85
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Large PVS (13.86kW) & Large BESS (12.8kWh) - PVS & BESS Export/Import
BESS Import Grid (kWh) Solar Export Grid (kWh)
Week Total 23.04 184.76
Table 61: Final testing large PVS and large BESS — Traditional mode PVS & BESS Export/Import
Large PVS (13.86kW) & Large BESS (12.8kWh) - Costs
Export Average cost
Day Cost (%) Profit ($) )
1 0.74 2.26 0.74
2 1.27 3.39 1.00
3 1.23 3.39 1.08
4 0.42 3.44 0.91
5 1.77 0.00 1.08
6 243 2.31 1.31
7 2.75 0.00 1.51
10.59 14.79
Week Total
Table 62: Final testing large PVS and large BESS — Traditional mode costs
4243 Benefit Mode
Large PVS (13.86kW) & Large BESS (12.8kWh) - Energy Source Usage
Day Battery Usage (%) | Grid Usage (%) P2P Usage (%) Solar Usage (%)
1 42.55 297 0.00 54.48
2 44.43 0.00 0.00 55.57
3 46.93 0.00 0.00 53.07
4 41.66 0.00 8.53 49.81
5 33.81 5.76 23.64 36.78
6 27.86 6.83 21.23 44.08
7 26.32 22.55 12.66 38.47
Week 37.65 5.44 9.44 47.46
Average
Table 63: Final testing large PVS and large BESS — Benefit mode energy source usage
Large PVS (13.86kW) & Large BESS (12.8kWh) - PVS & BESS Export/Import
BESS Import | Solar Export | Solar Export | BESS Export | BESS Export
P2P (kWh) Grid (kWh) P2P (kWh) Grid (kWh) P2P (kWh)
Week Total 11.52 79.05 76.99 14.89 4.35
Table 64: Final testing large PVS and large BESS — Benefit mode PVS & BESS Export/Import
Billy Dauth 89 .




ENG4111/ENG4112

Billy Dauth

Large PVS (13.86kW) & Large BESS (12.8kWh) - Costs

ooy [coucs[ e [ e Tl
1 0.13 3.15 0.13 3.02
2 0.00 5.06 0.06 8.08
3 0.00 3.23 0.04 11.31
4 0.20 6.10 0.08 17.21
5 1.41 0.28 0.35 16.08
6 1.07 1.80 0.47 16.80
7 1.99 0.10 0.69 14.91
4.81 19.72
Weekly Total

Table 65: Final testing large PVS and large BESS — Benefit mode costs
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Chapter 5 — Discussion

5.1 REMD Design

As previously described in detail the REMD consists of three operating modes that are aimed at specific
target audiences. The intent was that each of the operating modes would operate with a different set of
rules and energy sources to best align with the ethics and motivational aspects for the individual related

to energy usage.

Sustainability mode placed a lot more emphasis on using internal energy sources (PVS and BESS) as
priority. The BESS didn’t have any time scheduled or load offset limits and the excess energy from PVS
generation or excess BESS capacity could not be exported to the either the retail market or the P2P
market. This was configured this way as the main premise behind this operating mode was to ensure
the home was using all of the available internal energy sources. It was hoped that these two features
would create a load shift or greater consciousness with regards to how much of the BESS was being
used outside of PVS hours, but no live installation trials or human trials are proposed under this
dissertation so this aspect could not be confirmed. This operating mode also had access to all four energy
sources (PVS, BESS, retail market and P2P market) but with the P2P market being preference over the
retail market. This was configured this way as the P2P market would most likely consist of renewable
energy source exports from neighbouring houses which would align with the operating modes objects

of aligning with sustainable energy sources.

Originally the intent for traditional mode was to operate in a way that the total import/export ratio was
as close to one as possible. The intent behind this was to essentially create a net zero impact to the grid
by not being a large energy importer or exporter. The problem discovered before modelling was it is not
a feasible energy management strategy as it would mean that the PVS and BESS would be in a constant
cycle of discharging and charging in order to try and maintain the net zero arrangement. This would
create a non-optimised operating profile for the BESS and there are better benefits to trying to offset
the load (import from the grid) during peak hours with the use of the BESS and then charging the battery
during non-peak hours if the battery gets below a certain percentage. Now the traditional operating
mode was configured to provide an energy experience very similar to what the current users would be
experiencing, but with additional layers for more optimised energy import and export. This operating
mode would be more targeted at the users that don’t want the confusion or hassle of complex energy
control and metering systems (i.e. older people or people not concerned about their energy usage), and
is why the P2P market was not being accessed in this operating mode. The BESS under this operating
mode had a timed scheduled and load offset limit which were tied to the tariffs of peak and off-
peak/shoulder. During the peak tariff the BESS would export up to the full capacity and during the oft-
peak/shoulder tariffs the BESS would export up to half of the total capacity. This tariff time scheduled
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approach has a good effect of reducing the load during peak hours and increases the load during non-
peak hours. This has a similar desired effect to evening out the import/export times more evenly across
a 24hr period which is much the same as the intended nil import/export approach that was originally

proposed.

Benefit mode was intended to provide users with an energy management system that aimed to reduce
the total import but maximise the export of energy to increase system profits. The REMD would
prioritise energy export to the P2P market over the retail market as the export tariff on the P2P market
is much better than the retail market. One aspect that was explored early during the design for this
operating mode was a BESS charging profile from the P2P market or the retail market that would only
allow import and export of energy during low energy demand. The problem with this approach was that
the REMD would have to know what is considered a low energy demand for the house and then also
make decisions on whether to import or export the BESS energy. As the peak demand usually occurs
during the evening when the PVS has minimal to no export the BESS would be offsetting majority of
the load and would be depleted quite quickly. Not long after this evening demand peak (which also
occurs during the peak tariff time) the tariff structure would transition into shoulder and the off-peak
which would than allow the BESS to import or export, but as previously mentioned the battery would
be somewhat depleted after the evening peak demand and would always want to import energy. The
problem here is that the BESS would charge all night (increasing import energy costs) and the excess
generated PVS energy during the next day would not go to charging the battery but exporting to the
grid. To combat this issue and improve the import/export to the grid a system similar to the traditional
operating mode was implemented with time schedule and load offset limits for the BESS. This meant
that during peak/shoulder tariffs the BESS could load offset up to the full capacity and during the off-
peak tariff the load offset and export limit was set to half of the total BESS capacity. The BESS could
also only charge from the P2P market if the BESS was fully depleted and was set at a constant charge
rate of 10% of the BESS total capacity. It was envisaged that with the PVS and BESS export
configurations and the BESS import configuration that the system would provide an increased profit

over the other operating modes.

Overall each of the operating modes were configured with what was believed to be the most suitable
energy management strategies based on the objectives of the operating modes. Each of these modes
appeared to work as intended but as no other energy management strategies were actually modelled it
is hard to determine if the chosen strategies are the most optimal. Further investigation and comparison

of other energy management strategies would have provided clarity if any tweaks are required.
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5.2 MATLAB Simulink Stateflow Model

The original intent for this dissertation was to build the REMD device as a fuzzy logic controller as this
type of energy management system at the time was believed to provide a workable solution. Upon
further research into fuzzy logic controllers as part of the literature review under section 2.7 and
discussions with the project supervisor it was discovered that this approach was not suitable. Fuzzy
logic controllers are suited to systems where the system is unknown or not well defined, but for this
REMD the system is very well defined and hence why the state-based control approach is preferred in

these situations.

To undertake the modelling and simulation MATLAB Simulink with the additional add-on feature of
stateflow was utilised. This stateflow add-on allowed for the REMD to be configured with a state-based
control approach that allowed for the knowledge gained through the USQ course ELE2303 (embedded
systems and design) to be implemented into the stateflow model. It was discovered through the
designing of the model that the original plan for separate states for each of the energy source
combinations/configurations would be impractical and very complicated to implement and would
detract from the benefits of using state-based control. The limitation of a state-based controller is that
the controller can only operate in one state at a time and means that some of the flexibility of the model
is limited and various scenarios do need to be captured very accurately. The implemented strategy for
the models was to have each major operating mode (PVS, BESS, retail market and P2P market) as a
state with sub-states dependent on system variables such as PVS output, tariffs, BESS SoC, etc. This
approach worked well and did provide a much simpler modelling experience but did add some

complexities to the state transition criteria.

During the initial construction of the models the approach was to build discrete states in isolation and
then join them together once the previous state was working correctly. This approach allowed for a
streamlined approach to debugging as only one state needed to be focused on at a time. For each of the
operating modes the build process was very similar with the following order

o Code tariff states

e Code BESS SoC states

e Code REMD main controller states

e Code Display states

e Build display

Throughout the modelling process there were lots of debugging and tweaks required to ensure the

correct operation and this was undertaken by comparing the REMD state choices and associated outputs

with predefined state expectations and hand calculations for the associated outputs (refer section 41 for
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a detailed breakdown of the initial testing procedures/results). Although the initial testing was
computing correctly with the initial 24 hour data provided, it was discovered that there were still
underlying errors once the simulation was provided with a weeks worth of data. These errors came from
simple and very minor code errors which the initial data didn’t capture and that is because the variance

of load, energy import/export, BESS size and PVS size were only included in the final testing.

5.3 Results - Initial Testing

The initial testing was completed for each of the operating modes and associated models to test the
functionality and also to debug the system. The initial testing in general was successful and found some
minor errors that required rectification, but overall the initial testing was positive. The following

provides a summary of the results for each of the operating modes.

5.3.1 Sustainability Mode

The state sequence flow for this operating mode worked as intended. One anomaly that was noted with
the code was when the controller state was compared against predefined expectations as at the 21 hour
mark the REMD state went from the P2P market to the BESS. This ended up being correct as it was
thought originally that the state would have remained in the P2P market as the BESS could not support
the load. Upon further investigation it was discovered that the load had dropped enough at the 21 hour
mark to allow the BESS to fully offset the load before being fully depleted.

With reference to figure 39 the BESS charged fully over two hours from the excess PVS generation
which is good, but the excess generated energy is purely wasted as the load is much less than the PVS
generated energy. This means that the user would see benefits with a larger battery that could absorb
the excess generated PVS energy or shifting some of the peak load during the evening to hours when

the PVS is generating the most.

When looking specifically at the energy source usage breakdown the traditional mode can be used as a
baseline to understand if the sustainability mode offers improvements for greater PVS and BESS usage
and reduced retail market and P2P market import. From table 66 it is clear that the sustainability mode
does increase internal energy source usage by approximately 2.4% greater PVS usage and 8.76% greater

BESS usage, whilst also decreasing the total energy import by approximately 11.16%.
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Energy Source Usage — Sustainability & Traditional Comparison

Grid or P2P Import | PVS Offset | BESS Offset

Sustainability Mode 15.67% 49.35% 34.98%
Traditional Mode 26.83% 46.95% 26.22%

Table 66: Energy source usage — sustainability and traditional mode operating comparison

The cost calculation comparison showed an interesting result that was not apparent on face value until
further investigation was completed. Even though sustainability mode had less energy import when
compared to the traditional mode the cost calculations showed otherwise with sustainability mode total
import costs being $0.55 and traditional mode total import costs being $0.35. The reason for the
traditional mode import costs being less than sustainability mode is due to the fact that the traditional
mode can export the excess generated PVS energy to the retail market and receive a feedback cost. As
shown in table 67 this feedback cost for the day was $0.91 which when deducted from the energy import
cost of $1.26 results in the daily total import of $0.35.

Cost Calculation — Sustainability & Traditional Comparison

Energy Import Cost | Energy Export Cost
Sustainability Mode $0.55 N/A
Traditional Mode $1.26 $0091

Table 67: Cost calculation — sustainability and traditional operating mode comparison

The REMD display also worked as intended and all values/plots shown were correct against all of the

calculated values and no adjustments were required.

5.3.2 Traditional Mode

The state sequence flow for this operating mode worked as intended but there were some anomalies
that were noted with some states that weren’t expected initially, but the commentary under section
4.1.1.2 provides a summary of the anomalies and the associated investigation to prove the state was

actually correct.

With reference to figure 40 the BESS charged from both the retail market and the excess PVS
generation. Similar to the sustainability operating mode the PVS was able to fully charge the BESS over
a 2 hour period, but there was also two instances where the BESS was charged from the retail market
at hour 4 and 22 respectively. The BESS charging from the retail market aligned with the off-peak tariff

timeframes which was intended to reduce total retail import energy costs.
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When the BESS charged from the retail market at hour 4 mark it was able to charge enough that the
SoC was no longer less than medium and was able to export a little bit of the BESS energy to offset the
load. Running some cost calculations on this 4-5 hour timeframe it actually worked out more expensive
to charge the battery and discharge to offset some of the load then it was to just simply import the
required energy from the retail market (refer table 68). Further refinement could be made here to ensure
that energy import costs are not inherently higher for the user in cases like this. Another aspect that
could be implemented to combat this issue is day ahead forecasting as if the weather is sunny and the
BESS will receive a full charge then the import of energy in the morning should be avoided, whereas if

the weather is overcast then the BESS should charge during the non-peak tariff hours.

Energy Import Cost
BESS charge $0.252
No BESS charge $0.296

Table 68: Energy import cost comparison for morning BESS charge from grid versus no charge from grid

It was also noted that the traditional mode was unable to utilise the last bit of the BESS at the 21 hour
mark as shown in figure 41 and this was due to the timeframe discharge limit for the BESS during off-
peak/shoulder tariff times and as the BESS was less than medium SoC the BESS was not allowed to

export to offset the load.

The associated cost calculations and the REMD display also worked as intended and all values/plots

shown were correct against all of the calculated values and no adjustments were required.

5.3.3 Benefit Mode

The state sequence flow for this operating mode did not work as intended through the initial testing as
there was a state transition issue where the SolarBattery Peak Shoulder would not end once the peak
and shoulder tariffs were not active. This state would only break once the BESS was fully depleted and
would then transition to the retail or P2P market. It was discovered that there was a transition condition
missing between the SolarBattery Peak Shoulder and SolarBattery Offpeak states relating to the off-
peak tariff times. This was subsequently rectified and the state sequence flow worked as intended. There
were some anomalies that were noted with the states that weren’t expected initially but the commentary
under section 4.1.1.3 provides a summary of the anomalies and the associated investigation to prove

the state was actually correct.
With reference to figure 42 the BESS charged fully over three hours from the excess PVS generation

which is one hour longer than the sustainability and traditional modes. This was due to the export

parameters defined for the PVS in conjunction with the SoC of the BESS. As the SoC of the BESS
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increases into the high range the half of the excess PVS is exported to the retail or P2P market and the
other half is used to charge the BESS which has resulted in an additional one hour required to charge
the BESS. The use of the P2P market to charge the BESS at hour 20 was advantageous as this allowed

for the next hour of load to be offset.

When looking specifically at the energy source usage breakdown the traditional mode can be used as a
baseline to understand if the benefit mode offers improvements for greater export of internal energy
sources and reduced retail market and P2P market import. From table 69 benefit mode does increase
internal BESS energy source usage by approximately 7.06%, has the same PVS usage, whilst also
decreasing the total energy import by approximately 7.06%.

Energy Source Usage — Benefit & Traditional Comparison

Grid or P2P Import | PVS Offset | BESS Offset
Benefit Mode 19.77% 46.95% 33.28%

Traditional Mode 26.83% 46.95% 26.22%

Table 69: Energy source usage — benefit and traditional operating mode comparison

The cost calculation comparison showed (table 70) that the benefit mode does operate more profitable
than the traditional mode. Traditional mode had a net cost of $0.35 and net profit of $0, whereas benefit
mode had a net cost of $0 and net profit of $0.45. This increased profit is due to the benefit mode being
able to export to the P2P market and receive better FiT rates and also the export of the BESS and excess

PVS is optimised to maximise the export amount.

Cost Calculation —Benefit & Traditional Comparison

Energy Import Cost | Energy Export Cost
Benefit Mode $0.7 $1.15
Traditional Mode $1.26 $0.91

Table 70: Cost calculation — benefit and traditional operating mode comparison

The REMD display also worked as intended and all values/plots shown were correct against all of the

calculated values and no adjustments were required.

5.4 Results - Final Testing

After completing the initial testing the final testing was used to simulate the operating modes over a
larger time period of seven days. This is used to determine how the REMD operating modes respond
with variations in system size components. Across the seven days variances of load, solar irradiance

and P2P market availability were all introduced and considered as constants as this input data was the
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same for all operating modes under all of the final testing simulations. The main variables changed in
the final testing was the scaling factor for the PVS (used to simulate small and large systems) and also

the size of the BESS (used to simulate small and large systems).

During the preliminary testing and associated outputs it was noted that the breakdown of energy source
usage was not fully adding up to 100% across all of the available energy sources (dependant on the
operating mode). It was discovered that in each of the operating modes there were minor errors within
the code that impacted the final breakdown results. These particular errors were not apparent in the
initial testing as that data was only for 24 hours and as such when the controlled variances of load, solar
irradiance and P2P market availability were adjusted the calculations undertaken by the controller were
slightly wrong. These issues were rectified after meticulously going through and debugging the
associated code and the following is a summary of the identified issues:
=  Sustainability mode — the display state was missing the battery discharge calc for the entry and
exit conditions for the calculations state and was leading to on certain days not adding to 100%.
This was only occurring on certain days and was dependant if the battery was discharging
during the first and last display calculations.
=  Traditional mode — the solar output value during the grid state and during off-peak tariff was
not included and the associated display calculations were not adding to 100%. This was only
occurring on certain days and was dependant if the battery was discharging during the first and
last display calculations.
=  Benefit Mode — the calculations would sometimes equal 100% and not other times, but upon
further investigation it was discovered that one of the lines of codes in the entry condition to

the display state calc state was wrong.

5.4.1 Impacts of different PVS and BESS Sizes on Energy Source Usage
The below tables provide a summary of the difference between the weekly averages for the energy
source usage across differing PVS and BESS configurations. Comparing against the weekly averages
for the energy source usage across the operating modes will provide an insight to how the operating
modes best responds to an increase in the PVS, BESS or a combination of both. The following can be
noted from the results

= Increasing the PVS size has marginal improvements to the system performance

= Increasing the BESS size has significant improvements to the system performance

= Increasing both the PVS and BESS is only marginally better than the BESS size increase alone

The reason why the PVS size increase didn’t have as large of an impact as the BESS size increase is

due to the PVS export being limited to SkW total by the inverter. The BESS is also critical at reducing
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the load during peak demand times which usually occurs outside of the available PVS export and thus

has the greater reduction for energy import from the retail or P2P market.

Energy Source Usage — Sustainability Mode — Differing PVS & BESS Sizes

Battery Usage (%) | Grid Usage (%) | P2P Usage (%) | Solar Usage (%)
Small PVS & Small BESS - - - -
Large PVS & Small BESS 2.88% -52% -5.18 % 7.5 %
Small PVS & Large BESS 21.0% -14.1% -6.91 % 0%
Large PVS & Large BESS 21.7% -15.0% -6.80 % 7.5 %

Table 71: Differing PVS and BESS sizes on energy source usage — sustainability mode — compared against small PVS &
BESS configuration

Energy Source Usage — Traditional Mode — Differing PVS & BESS Sizes
Battery Usage (%) | Grid Usage (%) | Solar Usage (%)
Small PVS & Small BESS - - -
Large PVS & Small BESS 0.27% -7.1% 6.81%
Small PVS & Large BESS 10.7% -9% -1.67%
Large PVS & Large BESS 11.8% -17.37 -5.61%

Table 72: Differing PVS and BESS sizes on energy source usage — traditional mode — compared against small PVS & BESS

configuration

Energy Source Usage — Benefit Mode — Differing PVS & BESS Sizes

Battery Usage (%) | Grid Usage (%) [ P2P Usage (%) | Solar Usage (%)
Small PVS & Small BESS - - - -
Large PVS & Small BESS 2.59% -4.46% -5.68% 7.54%
Small PVS & Large BESS 16.9% -12.2% -4.51% -0.1%
Large PVS & Large BESS 15.8% -8.88% -10.3% 7.39%

Table 73: Differing PVS and BESS sizes on energy source usage — benefit mode — compared against both small PVS &
BESS configuration

542

Impacts of different PVS and BESS Sizes on Energy Import/Export

The below tables provide a summary of the difference between the weekly totals for PVS and BESS

import/export across differing PVS and BESS configurations. Comparing against the weekly totals for

PVS and BESS import/export across the operating modes will provide an insight into how the operating

modes respond to the amount of imported/exported energy. Note that the sustainability mode cannot

import energy to charge the BESS or export energy to the retail market or P2P market. The following

can be noted from the results

* Increasing the PVS size increases PVS output, reduces BESS import and the BESS export

remains similar

= Increasing the BESS size decreases PVS output, increases BESS import and the BESS export

increases
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» Increasing both the PVS and BESS increases the PVS output, reduces the BESS import and

increase BESS export

PVS & BESS Export/Import - Traditional Mode — Differing PVS & BESS Sizes
BESS Import Grid Solar Export Grid
(kWh) (kWh)
Small PVS & Small BESS 17.00 212.05
Large PVS & Small BESS -0.5 kWh 86.52 kWh
Small PVS & Large BESS 9.38 kWh -5.75 kWh
Large PVS & Large BESS 5.4KkWh 59.22 kWh

Table 74: Differing PVS and BESS sizes on export/import — traditional mode — compared against small PVS & BESS

configuration

PVS & BESS Export/Import - Benefit Mode — Differing PVS & BESS Sizes
BESS Import Solar Export Solar Export BESS Export BESS Export

P2P (kWh) Grid (kWh) P2P (kWh) Grid (kWh) P2P (kWh)
Small PVS & Small BESS - - - - -
Large PVS & Small BESS -3.5kWh 43.4kWh 32.6 kWh 0.39 kWh 0.32 kWh
Small PVS & Large BESS 4.92 kWh -12.1 kWh -22.8 kWh 12.2 kWh 3.95 kWh
Large PVS & Large BESS -1.48 kWh 31.1kWh 15.4 kWh 12.7kWh 3.93 kWh

Table 75: Differing PVS and BESS sizes on export/import — benefit mode — compared against small PVS & BESS
configuration

5.4.3 Impacts of different PVS and BESS Sizes on Energy Costs
The below tables provide a summary of the difference between the weekly totals for energy costs across
differing PVS and BESS configurations. Comparing against the weekly total costs across the operating
modes will provide an insight into how each of the operating modes import and export energy resulting
in differing energy costs. The following can be noted from the results
= Increasing the PVS or BESS size in sustainability mode results in reduced import costs
» Increasing the PVS or BESS size in traditional mode results in reduced import costs and
increased export profits
= Increasing the PVS or PVS and BESS size in benefit mode results in reduced import costs and
increased export profits. Only increasing the BESS size results in reduced import costs and
reduced export costs, however overall the system would still be in profit but just not as much
as other PVS and BESS size configurations. This reduction in exports costs is a result of the

excess PVS energy being used to charge the BESS.
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Energy Costs - Sustainability Mode — Differing PVS &
BESS Sizes

Import Costs

Small PVS & Small BESS

Large PVS & Small BESS $-2.94
Small PVS & Large BESS $-5.69
Large PVS & Large BESS $-8.03

Dissertation

Table 76: Differing PVS and BESS sizes on energy costs — sustainability mode — compared against small PVS & BESS

configuration

Energy Costs - Traditional Mode — Differing PVS & BESS Sizes

Import Costs Export Profit
Small PVS & Small BESS - -
Large PVS & Small BESS $-1.90 $3.92
Small PVS & Large BESS $-1.12 $ 0.46
Large PVS & Large BESS $-5.27 $4.75

Table 77: Differing PVS and BESS sizes on energy costs — traditional mode — compared against small PVS & BESS

configuration

Energy Costs — Benefit Mode — Differing PVS & BESS Sizes

Import Costs Export Profit
Small PVS & Small BESS - -
Large PVS & Small BESS $-33 $8.44
Small PVS & Large BESS $-4.42 $-2.8
Large PVS & Large BESS $-6.98 $ 6.40

Table 78: Differing PVS and BESS sizes on energy costs — benefit mode — compared against small PVS & BESS

Billy Dauth
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Chapter 6 — Conclusions

6.1 Conclusion

The original intent for this dissertation was to undertake a feasibility study into the development of a
central metering and energy management device. After working through the literature reviews and
identifying the market gap it was discovered that a device of this nature is currently lacking and further
research and development is required. As such the REMD was designed to also have the additional
operating modes to encourage market uptake by allowing the end users to align their energy
management in line with their respective standpoints on ethical and motivational aspects of energy
usage. The operating modes allowed for the two layered approach of energy control related to automated
(controller based) and educational (consumer based) aspects which both play important roles in energy

management.

The REMD operating modes were refined and associated preliminary state control strategies were
developed. These control strategies were then implemented and modelled in MATLAB Simulink
Stateflow to allow the controller to be simulated within a controlled virtual environment. Nominal load,
BESS, PVS, tariffs, etc were configured in the model which represented typical installations within the
current residential market sector. The design and modelling of the matching display for the REMD was
also simulated within the same model which would present the relevant system data parameters to the

end user based on the controllers operating mode.

Early results from the model simulation showed that the controller operated in line with the predefined
operating modes and showed signs of better energy management matching to the requirements outlined
in section 3.3. The 24 hour data simulation demonstrated the codes functionality and the associated
bugs identified were rectified and allowed for the next phase of testing to occur which was weekly data.
This weekly data allowed for variances in the PVS and BESS sizes to be modelled and provided insight
to how the controller would respond to various system sizes/configurations. The results from this
weekly data tests showed that the controller is able to manage systems with non-optimised
configurations or sizes, but for the end user to receive the most benefit they need to ensure that there

system is suited to the intended operating mode and energy usage profile.
Overall the conceptual design of the REMD showed that this is a feasible device that could potentially

replace current metering in residential installations and incorporate various energy sources that would

be managed in various operating modes. Further research and development into this device is required
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before it can become commercially available but the outcomes of this dissertation demonstrate its ability

to effectively manage the available energy sources.

6.2 Evaluation of Aims and Objectives

When specifically evaluating the aims and objectives of this dissertation it is important to note that the
purpose of this dissertation has been to provide a conceptual design and feasibility assessment into the

development of a residential energy management device (REMD). The feasibility assessment has been

completed and the following evaluations can be made:

based on the operating modes

Criteria Comment Evaluation

Aim The REMD aim is to present a holistic | All energy sources nominated were
approach to managing the various energy | incorporated along with functionality
sources (PVS, BESS, P2P energy market and | of both metering and energy source
retail market) whilst providing the relevant | management/control into one device.
metering for the external energy markets, thus
replacing current retail metering.

Objectives | Design conceptual level strategy controls | Control strategies and associated flow

charts were developed and aligned
with the original intent.

Design a conceptual level display that
presents the relevant information based on the
operating modes.

A display meeting all of the relevant
criteria was developed.

Model and simulate the REMD within
MathWorks MATLAB Simulink
environment.

Each operating mode was modelled
and simulated in the Simulink
Stateflow add-on.

Evaluate model outcomes in line with the
operating mode aims to determine feasibility

After simulations were completed the
REMD was assessed and discussed

of the REMD within the results and discussion
section and demonstrated that this

device is feasible.

6.3 Future Work

The project objectives and specific limits were described in section 1.3 and over the course of this
dissertation it was noted that there are a multitude of future work areas which could be explored further
as part of other research. Some possible future scope items that would build on this dissertation include

the following:

= Adding other energy sources for the REMD to manage such as EV batteries, small wind
turbines, generators, etc. This inclusion would allow for broader uptake with users with
different energy sources. The intent would be that the REMD can manage any combination of
the energy sources available.

= Incorporation of day ahead weather predictions which would allow the REMD to determine

how much solar energy would be available. This element can provide the REMD with the
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availability to charge the BESS from the grid at night if there is low solar energy the next day
and the BESS doesn’t have enough capacity for the load.

=  Developing and simulating other state flows based on the operating modes to determine the
best performing state flows and system configurations for each operating mode. The state flows
in this dissertation were designed with what is believed to be the best configuration for the
operating mode, however until other state flows are tested this cannot be confirmed.

= Increasing variations into system parameters to determine the REMD response. Variations in
system parameters related to aspects of PVS size, BESS size, tariff prices, loads, etc have been
reduced to what is nominated under section 3.5 in order to reduce the dissertation into a
manageable size and testing timeframe.

=  Testing the operation of the REMD with different electrical configurations in the model. This
dissertation focused on a DC coupled BESS and it would be interesting to see the implications
for an AC coupled BESS.

= Development of the wireless transmitter to transmit the relevant information to the retail market
or P2P market. This element would allow for the automatic energy bill generation without the
need for meter readers and the intent would be that this wireless transmitter is very similar to
that of the current smart meters.

=  Evaluation of educational benefits to users of energy related aspects could be assessed through
real-world implementation with human studies undertaken.

=  Development of a prototype REMD device for incorporation into a trial electrical system. This

would provide greater insight into the operation, practicality and benefits of such a device.

6.4 Reflection

After completing the journey of this dissertation from the original concept idea by Paul Wen to where
the dissertation currently ends after refinements in the aims and objects has been an overall good
experience. The information gathered, researched and applied has helped to gain further understanding
in the area of energy control and metering whilst also learning how to develop much more complex
MATLAB Simulink models than previously undertaken. At the start of this dissertation there was little
experience in Simulink, let alone the stateflow add-on and by the end of the modelling and results the
competence in both aspects of the program was exponential. Time management was also another
important aspect which could have been better implemented as there were times when the dissertation
would stall due to lack of motivation and then very rapidly ramp up as certain submissions were due.
The whole experience has been worthwhile and allowed a much deeper understanding into a focal area
of interest. This device although only currently being in its feasibility and concept phase is something

that may become a product in the near future and will be interesting to see how it is implemented.
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Appendices

Appendix A: Project Specification
ENG4111/4112 Research Project

Project Specification

For: Billy Dauth
Title: Home based solar power generation, storage, and localised energy grids
Major: Power Engineering

Supervisors:  Paul Wen
Enrollment: ENG4111 - EXT S1, 2023

ENG4112 — EXT S2, 2023
Project Aim:  To research and develop a conceptual design for a centralised energy controller aimed
at residential homes incorporating solar power generation, storage, and localised energy grids. The
controller will have 3 operating profiles allowing the user to make choices related to their ethical and
financial stand points on power usage. The benefits for each user will be different, but the overall
outcome is the same as it requires that there is a decrease in energy consumption and hopefully a change

in the home energy usage profile.

Programme: Version 1, 8" March 2023

1. Conduct initial background research on the current status of solar power generation, battery
storage and localised energy grids and also research current energy controllers.

2. Review existing residential installations to gauge typical configurations of electrical
installations relating to components of switchboards, circuits, solar systems, battery storages
systems.

3. Undertake data acquisition of typical exports/imports of energy relating to solar systems,
battery storage systems, grid connected power and localised energy grids. This will consist of
utility interval data and other online data sources.

4. Conceptualise a suitable flowchart diagram for one operating profile of the controller. This will
form part of the main code and algorithm design.

5. Assess hardware requirements for necessary capability and concept costs.

6. Select hardware and a suitable software development environment.

7. Model the controller and associated inputs/outputs in proposed simulation software.

8. Simulate controller.

9. Refine flowcharts and algorithms based on the simulation.

10. Simulate the final controller version in operation.

11. Process and evaluate experimental data.
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If time and resource permit:
12. Complete steps 4-10 for the other operating profiles.
13. Simulate the controller in operation within a localised energy grid format. The above simulation
will be for just one home in isolation and not intended to be connected into a grid with other

homes, creating the complete localised energy grid format.
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Project Plan

Dissertation

Phase

Timeline (2023 weeks)

Semester 1

9] 10

1

12

13

14

15

16

17

Semester
Break

Semester 2

10

1

12

13

14

15

Phase 1 - Project Initiation & Preparation

1A - Project endorsement

1B - Project planning & specification

Phase 2 - Research Phase

2A - Literature review

2B - Controller interface requirements

2C - Controller algonthms

2D - Residential house visual inspections

Phase 3 - Data Acquisition

3A - Interval load data

3B - Solar & battery systems

3C - Residential power circuit breakdown

Phase 4 - System Design

4A - Component flow chart design

4B - Overall system flow chart design

4C - Hardware & interface design

Phase 5 - System Modelling & Analysis

5A - Model each component

5B - Simulate system

5C - Refine flowcharts and system

5D - Simulate final system

Phase 6 - Dissertation

6A - Prepare draft

6B - Present project duning ENG4903

6C - Finalise & submit
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Appendix B: Risk Assessment

Billy Dauth

Consequence _
One or more deaths.

F\r;t Aid required. Small Medical treatment Meqmql attention and Toxic substanqe‘
Safety No injuries. Minor delays spill gas release easily |required. Large/spill gas | hospitalisation required, | genetically modified

contained within work

release contained on

permanent severe health|organism escapes or

——» Likelihood ——»

area campus effects biosafety critical
incidents
@ O
Insignificant Minor Moderate Major Catastrophic
Ll Almost Certain
1in100 O Medium Medium
Likely
11,000 O Medium Medium
Possible
1in 10,000 = edium Medium Medium
Unlikely
1in 1,000,000 O Medium
Rare
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on the musculoskeletal system

Control: Following ergonomic
principles and guidelines,
ensuring work station and
equipment is fit for purpose

Control: Taking regular breaks
and stretching

Visual Strain - Eye strain
related to glare from both
artificial and natural sources,
improper computer screen
settings

Control: Ensuring proper
lighting is provided over the
work space and all glare
sources are minimised
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RISK DESCRIPTION TREND CURRENT RESIDUAL
2 08 9 ENG4111/ENG4112 - Home based solar power generation, storage, and localised energy grids — Billy Medium
Dauth
RISK OWNER RISK IDENTIFIED ON LAST REVIEWED ON NEXT SCHEDULED REVIEW
Billy Dauth 06/03/2023
THIS IS A RESTRICTED RISK ASSESSMENT
This risk assessment is for my dissertation and only applicable to myself and anyone involved
RISK FACTOR(S) EXISTING CONTROL(S) CURRENT PROPOSED CONTROL(S) TREATMENT OWNER DUE DATE RESIDUAL
Physical ergonomics - Strains No Control:

Taking regular breaks from screen
based activities
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Dissertation

Electrical safety related to
visual inspections of typical
domestic installations Electrical
shock, electrocution or ark
flash from switchboards or
exposed cabling when
performing visual inspections

Control: Visual assessment will
not be invasive in nature and
the electrical escutcheons will
remain in place. If escutcheons
need to be removed then this

z;;er?:d a::'it:‘ntal health Control: Takin_g regular br'eaks R Ensure that the work is planned and 15/03/2023
and personal time to unwind evenly spread throughout the year.
from the task at hand Don't leave tasks to the last minute

Slips, trips and falls - inju Medium .

(s;.?fains,‘)fa ctures or brdisre}ls) Control: Ensure that the work :I'ape down any electrical cords on the

related to falling over an object | environment is clear of oor

during site visits obstructions, is left in a tidy
manner and objects are not left
on the floor

Electrical safety related to the

computer ar:;y - Electrical Control: Australian rated power No Control:

shock or electrocution from equipment to be used that is in

power sources within the work | good working condition,

area reducing the number of power
boards, ensuring that all
electrical equipment plugged
into an outlet that is protected
via an RCD

Medium

PPE will be worn at all times during the
inspection including, gloves, glasses
and hard hat. Ensuring that the
inspection area is free from
obstructions or trip hazards

will be undertaken by a
licensed electrician.

Vehicle incident - travel to and
from site

Control: Ensure current and

No Control:

valid Australian license is held.
Avoid driving fatigued and
follow all road roads.

Billy Dauth
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SH3.0/3.6/4.0/5.0/6.0RS

Residential Hybrid Single Phase Inverter

FLEXIBLE APPLICATION

- 80~460 V wide battery voltage range
- Ideal for both retrofitting and new installations
« Built-in smart PID recovery function

USER FRIENDLY SETUP

+ Plug and play installation

+ iSolarCloud monitoring available on App and Web

- Lightweight and compact, optimized for heat-
dissipation

CIRCUIT DIAGRAM

e

SUNGROW

ENERGY INDEPENDENCE

+ Seamless transition to backup mode, for
protection against power outages

+ Fast Charging or discharging, enabling
higher self-consumption results

+ Built-in EMS with advanced
customization

SMART MANAGEMENT

+ Real time data (10 seconds refresh sample)

+ 24/7 live monitoring both online and with
integrated display

+ Online IV curve scan and diagnosis

EFFICIENCY CURVE

——
oa - s |
oCEml J— B B AC R AC T X
Woe | Flter oa
vt o2 T | ] H B
il | | fema | ||
©C Switch | CChu  Werter Grait
£ =
foo—Tg— — - L — —]——.
aar ron oc/oc — aa
-—==t B B | | R |
Peley & Fuse

@ © 2021 Sungrow Power Supply Co, Ltd. All rights reserved. Subject to change without notice. Version 123
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Type designation SH3.0RS
Cmput(pc)

Recommended max. PV input power
Max. PV input voltage

Min. operating PV voltage / Start-up input voltage

Rated PV input voltage

MPP voltage range

No. of independent MPP inputs
Default No. of PV strings per MPPT
Max. PV input current

Max. DC short-circuit current

Max. AC input power from grid
Rated AC output power

Max. AC output power

Rated AC output current (at 230 V)
Max. AC output current

Rated AC voltage

AC voltage range

Rated grid frequency /

Grid frequency range

Harmonic (THD)

Power factor at rated power /
Adjustable power factor

Feed-in phases / connection phases

SUNGROWW

Clean power for all

SH3.6RS SH4.0RS SH5.0RS SH6.0RS
10000 Wp 10700 Wp 11000 Wp 12000 Wp 13000 Wp
600V
40V/50V
360V
40V -560 V
2
1
32 A (16 A/16 A)
40 A (20 A/20 A)
|
10000 VA 10700 VA 11000 VA 12000 VA 13000 VA
3000 W 3680 W 4000 W 5000 W* 6000 W
3000 VA 3680 VA 4000 VA 5000 VA* 6000 VA
131A 16A 17.4 A 21.8 A= 261A
137A 16A 182A 2.8 A= 273 A
220/230/240V
154V -276 V

50 Hz/ 45-55Hz
60 Hz /5565 Hz
<3 % (of rated power)
>0.99 at default value at rated power
(adj. 0.8 overexcited/leading to 0.8 underexcited/lagging)
1/1

Max. efficiency / European efficiency

Grid monitoring

DC reverse polarity protection

AC short circuit protection

Leakage current protection

Surge Protection

DC switch(solar)

DC fuse(battery)

PID recovery function

Battery input reverse polarity protection

Battery type

Battery voltage

Max charge / discharge current
Max charge / discharge power

Dimensions (W *H *D)

Weight

Mounting method

Topology (Solar / Battery)

Degree of protection

Operating ambient temperature range
Allowable relative humidity range
Cooling method

Max. operating altitude

Display

Communication

DI/ DO

DC connection type

AC connection type

Grid compliance

Rated output power for backup load
Rated output current for backup load

Rated voltage

Frequency range

Total output THDv for linear load
Switch time to emergency mode
Rated output power

Peak output power

97.4%/97.0 % 975% /971 % 97.6%/972% 97.7% /973 % 97.7% /973 %
|
Yes
Yes
Yes
Yes
DC Type Il /JAC Type Il
Yes
Yes
Yes
Yes
N
Li-ion battery
80V-460V
30A/30A
6600 W
|
490 * 340 *170 mm
18.5 kg
Wall-mounting bracket
Transformerless / Transformerless
P65
-25°C to 60 °C
0% -100 %
Natural convection
4000 m
LED digital display & LED indicator
RS485 / Ethernet / WLAN / CAN
DI*4 /DO*1/DRM
MC4 (PV) / Sunclix (Battery)
Plug and Play
IEC/EN 62109-1, IEC/EN 62109-2, IEC/EN 61000-3-11, IEC/EN 61000-3-12,
EN 62477-1, AS/NZS 4777.2, EN 50549-1, CEl 0-21, G98 / G99

6000 W
273A

220V /230V/240V (2 %)
50 Hz / 60 Hz (+0.2 %)
<2%
<10 ms
3000 W /3000 VA 3680 W /3680 VA 4000 W /4000 VA 5000 W /5000 VA 6000 W /6000 VA
8400 VA, 10s

* AS4777.2 4999W, 4999VA  ** AS 47772 :Rated and Max. AC current is 21.7A

DOGOOO

© 2021 Sungrow Power Supply Co, Ltd. All rights reserved. Subject to change without notice. Version 12.3 @
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SBR096/128/160/192/
224/256

High Voltage LFP Battery @

\:"_:,T;l Naseutt Il T

HIGH-PERFORMANCE - SAFETY
» Up to 30A continuous charging and - Lithium iron phosphate Battery

discharging current with high efficiency + Multi-stages protection design and
+ Up to 100% usable energy extensive safety certification
FLEXIBILITY 0:) EASY INSTALLATION
+ Extendable during lifetime « Compact and light, single person installation
+ Support 3-8 modules per unit, max. 4 units - Plug and play, no cables needed between

in parallel, 9-100 kWh capacity range battery modules

@ © 2021 Sungrow Power Supply Co, Ltd. All rights reserved. Subject to change without notice. Version 121



SUNGROWW

Clean power for all

Type designation SBR096 SBR128 SBR160 SBR192 SBR224 SBR256
— == =
T A H——]  — - —
Technical properties Eg — i p—  — i — o —
3 modules 4 modules 5 modules 6 modules 7 modules 8 modules

Battery Type LiFePO4 Prismatic Cell

Battery Module 3.2 kWh, 33 kg

Nominal Capacity 9.6 kWh 12.8 kWh 16 kWh 19.2 kWh 22.4 kWh 25.6 kWh
Energy (usable)! 9.6 kWh 12.8 kWh 16 kWh 19.2 kWh 22.4 kKWh 25.6 kWh
Nominal voltage 192V 256V 320V 384V 448V 512V
Operating voltage 150-219V 200-292V 250-365V 300-438V 350-51V 400-584V
Rated DC power 5.76 kW 768 kW 9.6 kW .52 kW 13.44 kW 15.36 kW
Max. charge / discharge power 6.57 kW 8.76 kW 10.95 kW 13.14 kW 15.33 kW 17.52 kW
Max. charging / discharging current: 30A

continuous

Max. charging / discharging current: 42 A

Depth of Discharge Max.100 % DOD (settable)

Short circuit current 3500 A

Display SOC indicator, status indicator

Communication interface CAN

Over / under voltage protection Yes
Over current protection Yes
Over / under temperature protection Yes
DC breaker Yes

Dimensions (W*H*D)

625545330 mm 625%675*330 mm 625*805*330 mm 625*935*330 mm 625%1065*330 mm 625*1195*330 mm

Weight N4 kg 147 kg 180 kg 213 kg 246 kg 279 kg
Installation Location Indoor / Outdoor
Mounting method Floor stand

Operating ambient Charge: 0 to 50 °C
temperature range Discharge: -30 to 50 °C
Degree of protection IP55

Allowable relative humidity range
Max. operating altitude

0%to95%

Max.

no condensing
2000 m

Cooling method
Certificates
Warranty 2

Natural convection
CE, CEC, IEC 62619, IEC 62040, UN38.3, VDE 2510-50
10 Years

1: Test conditions: 25 °C, 100 % depth of discharge (DOD), 0.2C charge&discharge
2: Refer to battery warranty letter for conditional application

©2021 Sungrow Power Supply Co, Ltd. All rights reserved. Subject to change without notice. Version 121 @
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i Load (kWh) | Solar (kWh) zﬁfﬂ‘:{ﬁg
0 0.5809 0 0
1 0.5474 0 0
2 0.527 0 0
3 0.5246 0 0
2 0.541 0 0
5 0.5955 0.295833333 0
6 0.6895 1.077 0
7 0.7892 2.8335 1
8 0.8101 3180166667 1
9 0.773 2.34 1
10 0.7843 3454583333 1
1 0.8092 2.033 0
12 0.8383 2.180666667 0
13 0.8572 2.9705 0
14 0.8622 0.94775 0
15 0.9237 0.957666667 1
16 1.066 0.79275 1
17 1.2611 0.405 0
13 12707 0.0305 0
19 1.1269 0 0
20 1.0265 0 1
21 0911 0 1
22 0.7986 0 1
2 0.6622 0 0
24 0.5459 0 0
25 05162 0 1
26 0.4986 0 1
27 04942 0 1
23 0515 0.002333333 1
29 0.5844 0270916667 0
30 0.686 143 0
31 0.7617 3.116083333 0
32 0.7588 2345083333 1
33 0.7184 5.196666667 1
34 0.7289 534075 1
35 0.7688 5324833333 1
36 0.8188 5.715916667 1
37 0.8383 5440916667 1
38 0.8482 4.501666667 0
39 0.9019 3125833333 0
20 0.9735 1.649583333 0
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41 1.1453 0.436 1
42 1.2017 0.0315 1
43 1.0691 0 0
44 0.9603 0 0
45 0.8388 0 0
46 0.7262 0 0
47 0.6099 0 0
48 0.555 0 0
49 0.5166 0 0
50 0.4948 0 0
51 0.494 0 0
52 0.513 0.002333333 0
53 0.5974 0.270916667 0
54 0.7716 1.43 0
55 0.8888 3.116083333 0
56 0.8861 4.345083333 0
57 0.7632 5.196666667 0
58 0.7191 5.34075 0
59 0.7172 5.324833333 0
60 0.7234 5.715916667 0
61 0.7133 5.440916667 0
62 0.7126 4.501666667 0
63 0.7925 3.125833333 0
64 0.9313 1.649583333 0
65 1.2473 0.436 0
66 1.3232 0.0315 0
67 1.1909 0 0
68 1.0775 0 0
69 0.9474 0 0
70 0.8104 0 0
71 0.6469 0 0
72 0.6 0 1
73 0.6 0 1
74 0.6 0 0
75 0.6 0 0
76 0.6 0.002333333 0
77 0.6 0.270916667 1
78 0.6 1.43 1
79 0.6 3.116083333 1
80 0.6 4.345083333 1
81 0.6 5.196666667 1
82 0.6 5.34075 1
83 0.6 5.324833333 1
84 0.6 5.715916667 1
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85 0.6 5.440916667 1
86 0.6 4.501666667 1
87 0.6 3.125833333 0
88 0.6 1.649583333 0
89 0.6 0.436 0
90 0.6 0.0315 0
91 0.6 0 1
92 0.6 0 1
93 0.6 0 1
94 0.6 0 1
95 0.6 0 1
96 0.6846 0 0
97 0.6487 0 0
98 0.6291 0 0
99 0.6164 0 0
100 0.6412 0 0
101 0.7036 0.054666667 1
102 0.8022 0.233833333 1
103 0.8954 0.302166667 1
104 0.942 0.642 1
105 0.9956 0.742416667 1
106 1.0768 0.81975 0
107 1.1797 0.8265 0
108 1.2946 0.898083333 0
109 1.3749 0.859666667 0
110 1.4245 0.572583333 0
111 1.4626 0.447 1
112 1.518 0.285083333 1
113 1.5567 0.044833333 1
114 1.5101 0 1
115 1.3931 0 1
116 1.2643 0 1
117 1.0713 0 1
118 0.9094 0 0
119 0.7735 0 0
120 0.555 0 0
121 0.5166 0 1
122 0.4948 0 0
123 0.494 0 1
124 0.513 0 0
125 0.5974 0.295833333 1
126 0.7716 1.077 0
127 0.8888 2.8335 1
128 0.8861 3.180166667 0
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129 0.7632 2.34 1
130 0.7191 3.454583333 0
131 0.7172 2.033 1
132 0.7234 2.180666667 0
133 0.7133 2.9705 1
134 0.7126 0.94775 0
135 0.7925 0.957666667 1
136 0.9313 0.79275 0
137 1.2473 0.405 1
138 1.3232 0.0305 0
139 1.1909 0 1
140 1.0775 0 0
141 0.9474 0 1
142 0.8104 0 0
143 0.6469 0 1
144 0.6846 0 0
145 0.6487 0 0
146 0.6291 0 0
147 0.6164 0 0
148 0.6412 0 1
149 0.7036 0.054666667 0
150 0.8022 0.233833333 1
151 0.8954 0.302166667 0
152 0.942 0.642 1
153 0.9956 0.742416667 0
154 1.0768 0.81975 0
155 1.1797 0.8265 0
156 1.2946 0.898083333 1
157 1.3749 0.859666667 1
158 1.4245 0.572583333 1
159 1.4626 0.447 1
160 1.518 0.285083333 1
161 1.5567 0.044833333 1
162 1.5101 0 0
163 1.3931 0 0
164 1.2643 0 0
165 1.0713 0 0
166 0.9094 0 0
167 0.7735 0 0
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/REMD_State
{Charge = BatterySize;}

l

(Grid N
entry:

Gridimport = Load-Solar;
SolarOutput = Solar;
exit:

[Solar < Load && P2P == 0]

(Solar

Gridimport = 0;
SolarOutput = 0;

[Solar >= Load && Solar ~= 0]

entry:

if in(Battery_State.FULL)
SolarOutput = Load;
BatteryCharge= 0;

end

{Gridimport = Load-Solar; B
SolarOutput = Solar;}
O

[P2P == 0 &&....
in(Battery_State. EMPTY) ||...

[P2P ==1]

[P2P ==0]

Charge <= (Load-Solar+BatterySize*0.1)]

[Solar < Load &&...
~in(Battery_State. EMPTY) &&...
Charge >= (Load-Solar+BatterySize*0.1)] 2

if ~in(Battery_State.FULL)

SolarOutput = Load;

BatteryCharge=Solar-Load;

if (BatteryCharge > 6.87)
BatteryCharge = 6.87;

end

if (BatterySize-Charge)<BatteryCharge
BatteryCharge=BatterySize-Charge;

end

Charge = Charge + BatteryCharge;
end
exit:
SolarOutput = 0;

BatteryCharge = 0; [in(Battery_State.FULL)]
{SolarOutput = Load;
BatteryCharge = 0;}

1.
L

()
=
E

O

{SolarOutput = Load;
BatteryCharge = Solar-Load;}

Q

[BatteryCharge > 6.87]
{BatteryCharge = 6.87;}

[(BatterySize-Charge) < BatteryCharge]
{BatteryCharge = BatterySize-Charge;}

{Charge = Charge + BatteryCharge;}

N

[Solar < Load &&...

~in(Battery_State.EMPTY) &&....

Charge >= (Load-Solar+BatterySize*0.1)] [Solar >= Load]
(SolarBauery
entry:
BatteryDischarge= Load-Solar;
if (BatteryDischarge > 6.87)
BatteryDischarge = 6.87;
end
SolarOutput = Solar;
3{ Charge = Charge - BatteryDischarge;
exit:
SolarOutput = 0;
BatteryDischarge = 0;
{BatteryDischarge = Load-Solar;}
[BatteryDischarge > 6.87]
{BatteryDischarge = 6.87;}
{SolarOutput = Solar;
Charge = Charge - BatteryDischarge;}
. O

[Solar < Load &&...
~in(Battery_State. EMPTY) &&...
Charge >= (Load-Solar+BatterySize*0.1)]

fin(Battery_State.EMPTY) ||...
P2P ==1]

(P2P )
entry:

P2PImport = Load-Solar;
SolarOutput = Solar;
exit:

P2PImport = 0;
SolarOutput = 0;

w

{P2PImport = Load-Solar;
SolarOutput = Solar;}

Charge < (Load-Solar+BatterySize*0.1) &&...

[Solar >= Load]

[Solar < Load &&...
P2P == 1]
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end
| If ~in(Battery_State FULL)
SolarOutput = Load;
BatteryChargeCalc = Solar-Load;
if (BatteryChargeCaic > g.:;)
BatteryChargeCalc = 6.87;

end
If (BatterySize-Charge)<BatteryChargeCaic
mm = BatterySize-Charge;
If (BatterySize-Charge)>BatteryChargeCaic
mm = BatteryChargeCalc
m&w = Charge + BatteryCharge;
exit
[in(Battery_State.FULL)]
in(Battery_State FULL)
}SohrOt;tyﬁ.uuSolav; 2 ; {SolarOutput = Load;

= . . BatteryCharge=0; [SolarExportGridCalc > 5]
Foivuli el el iiamaaalih SolarExportGridCalc = Solar-Load;) (SolarExportGrid = 5)

GridimportBattery = 0} _O 1 _n 4 _/?

{SolarOutput = Load;
BatteryChargeCaic = Solar-Load;} {SolarExportGrid = SolarExportGridCalc}

{Gridimport = Load-Solar;
SolarOutput = Solar;

BatteryCharge = 0;
[in(Tariff_State. OffPeak)] STl Sy {Charge = Charge + BatteryCharge;
{SolarOutput = Solar; Gridimport = Load+BatteryCharge-Solar,
BatteryChargeCalc = BatterySize*0{ 1} GridimportBattery = BatteryCharge;}

{Charge = Charge + BatteryCharge;}

[BatteryChargeCalc > 6.87]
{BatteryChargeCaic = 6.87;}

[(BatterySize-Charge) < BatteryChargeCaic)
{BatteryCharge = BamTvySIm-Chamo:)

[(BatterySize-Charge) < BatteryChargeCaic]
{BatteryCharge = BalterySize-Charge;}

{BatteryCharge = BatteryChargeCalc;}

{BatteryCharge = BatteryChargeCaic;}

[Solar < Load &&....
in(Tariff_State Peak) &....
~in(Battery_State EMPTY) &4...

Charge >= (Load-Solar+BatterySize*0.1)]
Peak

entry: N
[Solar < Load &&... BatteryDischarge= Load-Solar;
:(nT(:rM Sm;::&ﬁ“ If (BatteryDischarge > 6.57)
Charge >= (Load-Solar+BatierySize®0.1)] | end LA

G S Caatge STt Stat Poak) 84
= = a A
:::ue Charge - BatteryDischarge; Doy, Bt ENPTV] 8.
SolarOutput = 0; ~in{Battery_State.LOW) &&...
tteryDischarge = 0; ~in{Battery_State. MED) &&...
B o Charge >= (Load-Solar+BatterySize*0.1)]

{BatteryDischarge = Load-Solar;}

[in(Battery_State. EMPTY) ...
Charge <= (Load-Solar+BatterySize*0.1) ||...

~in(Tariff_State Peak) ] [BatteryDischarge > 6.87)

{BatteryDischarge = 6.87;}

{SolarOutput = Solar;
Charge = Charge - BatteryDischarge;}

- J

< Load &&...
~in(Tariff_State.Peak) &&...
~in(Battery_State EMPTY) &&... [In(Tariff_State.Peak) &4...
~in(Battery_State.LOW) &8.... ~in(Battery_State. EMPTY) 8&...
~in(Battery_State MED) &4.... Charge >= (Load-Solar+BatterySize*0.1)]
Charge >= (Load-Solar+BatterySize*0.1)]

(SolarBattery_Offpeak_Shoulder N
entry:

BatteryDischarge= Load-Solar;

ﬁ%ﬁ«“&’«f‘m, 8&... if (BatteryDischarge > 6.87)
rge = 6.87;

e i

~in(Battery_State.MED) &&... SolarOutput = Solar;

cm::! {Load-Solar+BatterySize*0.1)] E':U‘ = Charge - BatteryDischarge;

SolarOutput = 0;

BatteryDischarge = 0;
[in(Battery_State EMPTY) |...

in(Battery_State.LOW) ||... BatteryDischarge = Load-Solar;
m(amz_smm.men) |||I : b )

Charge <= (Load-Solar+BatterySize*0.1)]

[BatteryDischarge > 6.87]
{BatteryDischarge = 6.87;}

{SolarOutput = Solar;
Charge = Charge - BatteryDischarge;}
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[Soar<lLoad &&P2P (]

[Soar> Load8&Soar~ 0]

[Soar <Load 85...
n(Tar ff_State OffPeak) &&...
~n(Batiery_State EMPTY)

L ) &,
Charge > (Load-So ar+BatteryS ze*0.1+Charge*0.1)]

[n(Battery_State EMPTY) &&...
gv:p:]w-sommys 26°0.1)8%...
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Appendix J: Large PVS & Small BESS Model Outputs

Billy Dauth 132 I



Sustainability Mode

A

| n
LA

Ul n
L~




Traditional Mode

L

”]""1._.4

4

| n

L




Benefit Mode




ENG4111/ENG4112 Dissertation

Appendix K: Small PVS & Large BESS Model Outputs
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Appendix L: Large PVS & Large BESS Model Outputs
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