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A B S T R A C T   

This paper reviews approaches for facilitating the integration of small-scale distributed energy resources (DER) into 
low- and medium-voltage networks, in the context of the emerging transactive energy (TE) concept. We focus on 
three general categories: (i) uncoordinated approaches that only consider energy management of an individual 
user; (ii) coordinated approaches that orchestrate the response of several users by casting the energy management 
problem as an optimization problem; and (iii) peer-to-peer energy trading that aims to better utilize the DER by 
establishing decentralized energy markets. A second separate, but important, consideration is that DER inte
gration methods can be implemented with diverse levels of network awareness, given their capability to address 
system or consumer interests. This paper systematically classifies the existing literature on DER integration 
approaches according to these categories. In doing so, a review of the methods in each category is presented, and 
differences between the categories are identified and explained through a comparative analysis. In addition, case 
studies examine technical implementation considerations but leave market aspects aside. The analysis contained 
in this paper gives researchers and practitioners in DER integration the information needed to select a tailored 
approach to their specific power network and system integration problems.   

1. Introduction 

Power systems are experiencing a transition in paradigm due to the 
rapid and increasing penetration of “behind-the-meter” distributed energy 
resources (DER) connected at low- and medium-voltage levels, including 
photovoltaic (PV) systems, electric vehicles (EV), battery storage (BS) sys
tems and flexible loads. To give some context, according to the Inter
national Energy Agency (IEA), the installed capacity of rooftop PV 
systems has grown from 8 GW in 2007 to over 400 GW in 2017 [1]. A 
similar trend is observed in the United States, where the installed ca
pacity of residential PV systems has increased from 5 GW in 2015 to 
almost 12 GW in 2018 [2]. Australia is another country with a similar 
trend; for example, the number of households with rooftop solar passed 
two million in 2018, meaning that one in five households now have a 
solar PV system on their roof [3]. The Australian Energy Market Oper
ator (AEMO) projects an increase in the installed capacity of 

behind-the-meter PV-battery systems from approximately 8 GW in 2018 
to nearly 21 GW in 2030 [4]. In this way, technological, computational, 
and communication advances have facilitated the massive and wide
spread integration of DER into power systems. As a result, new oppor
tunities and challenges arise for all stakeholders, including retailers, 
policymakers, industry, commercial, and residential users [5]. 

Given this context, the concept of transactive energy (TE) has emerged 
as a central element to the vision of the future grid [6,7]. TE refers to 
economic and control mechanisms that allow the dynamic balance of 
supply and demand across the entire electrical infrastructure, using 
value as a key operational parameter [8]. A successful transition to this 
emerging concept will therefore require harnessing the inherent flexi
bility of the demand side to enable future energy balance and ancillary 
services from the distribution level. For this reason, one of the most 
important requirements for the emerging TE concept is the efficient 
integration of DER into power systems, both from a technical and eco
nomic perspective. This, in turn, motivates the study of methods and 
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Background and motivation



Rise of the Prosumer Scenario

• By 2050, a tide of consumers take up on-site
generation (46%) and electric vehicles (27%)

• The role of centralised power and liquid fuels
declines considerably

• Customers choose their level of control from
a wide variety of plans

• The network becomes a platform for
transactions

Source: CSIRO Future Grid Forum, 2013.

4/59



Renewables Thrive Scenario

• 100% renewables in centralised power
supply by 2050

• High electric vehicle uptake (37%)

• Strong demand control

• Batteries are used widely in houses, cars and
at large scale at power stations

Source: CSIRO Future Grid Forum, 2013.
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Leaving the Grid Scenario

• Around a third of consumers completely
disconnect from the grid

• PV and battery storage are the key
technologies

• Disconnecting from the grid as a residential
consumer is projected to be economically
viable from around 2030-2040 as battery
costs fall

Source: CSIRO Future Grid Forum, 2013.
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Set and Forget Scenario

• Consumers sign up to voluntary demand
control schemes

• Appliances can be automated to adjust their
power use when certain conditions are met

• Dynamic pricing to incentivise users’ action

• Consumers do not play an active role in
demand control but rely on utilities for the
solutions to integrate and operate the
schemes

• Energy Sources:
• onsite generation and EVs (19%)
• centralised power and liquid fuelled

transport (81%)

Source: CSIRO Future Grid Forum, 2013.
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Technology cost is dropping

Payback period for PV-battery systems (2015)

EMERGING TECHNOLOGIES INFORMATION PAPER 

Figure 8 Payback for each customer type by region 

 
 

As expected, the payback period is much shorter for large consumers, compared to small and medium 
consumers. The differences are attributable to the different demand profiles and tariff structures which 
are less favourable for small consumers wanting to install IPSS (see Figure 4). Small consumers pay a 
larger proportion of their annual electricity bill in fixed charges compared to large consumers, which 
reduces the annual savings that an IPSS could provide. 

Table 9 shows that this significantly shorter payback period for large consumers applies across all NEM 
regions. 

It also shows that South Australia is projected to have the fastest payback of all the NEM regions, due 
to its high solar resource and relatively more expensive electricity prices. When comparing payback 
between regions, it is important to remember that the demand categories represent absolute values of 
consumption, and so are defined differently for each region. 

Table 9 2015–16 estimated payback periods for IPSS 

 IPSS Payback (years) Rooftop PV payback (years)  

Small Medium Large 4 kW system 

Queensland  18 14 10 6.9 

New South Wales 24 15 9 8.1 

South Australia 14 11.5 9 6.1 

Victoria 20 15 11 7.0 

Tasmania 29 23 16 10.2 

 

© AEMO 2015  28 

EMERGING TECHNOLOGIES 
INFORMATION PAPER 
NATIONAL ELECTRICITY FORECASTING REPORT 

Published: June 2015 

Australian Energy Market Operator (AEMO), “Emerging Technologies Information Paper,” 2015.
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Cost reduction drivers

 

Rooftop Solar & Batteries: The Story in Six Charts

Exhibit 2: Costs will come down (A$)

Sources: Company presentations, Morgan Stanley Research.

Exhibit 3: Business models will evolve (c/kWh)

Source: Morgan Stanley Research.

Exhibit 4: Rooftop solar installations will continue
('000s)

Source: Australian Clean Energy Regulator (ACER).

Exhibit 5: Household battery installations will
ramp up ('000s)

Source: Morgan Stanley Research.

Exhibit 6: This will drive lower margins and
defense strategies (last 12 months' installation
market shares)

Sources: AlphaWise, Morgan Stanley Research.

Exhibit 7: ...and dampen pool prices (NSW load
duration curve, MW)

Sources: Australian Energy Market Operator (AEMO), Morgan
Stanley Research.
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Morgan Stanley Research, “Australia Utilities Asia Insight: Solar & Batteries” 2016.

9/59



Projected installed capacity of rooftop PV and distributed battery storage in the NEM
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Figure 1: Projected installed capacity of rooftop PV and distributed battery storage in the NEM

Figure 2: Projected installed capacity of rooftop PV and distributed battery storage in the WEM
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Source: AEMO ENA Open Energy Networks, 2018.
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Global rate of electricity market decentralisation

9

Figure 3. 	 Australia is leading the world in moving to a hyper-decentralised future2
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2. 	Why the need for a new  
	 operating approach? 

Australia has the highest ratio of 
rooftop photovoltaic (PV) generation 
to operational consumption in the 
world and this trend is forecast to 
continue into the foreseeable future as 
highlighted in Figure 3. 

According to AEMO’s Quarterly Energy Dynamics 
Report1, the average daily peak generation of 
rooftop PV increased 25 percent from 3110 MW to 
3878 MW between Q4 2017 and Q4 2018, which 
can be attributed to a record amount of installed 
rooftop solar capacity over 2018. As highlighted 
in Figure 4, rooftop solar provided most solar 
generation across the NEM, comprising 74 percent 
of total solar generation in Q4 2018. 

The Clean Energy Regulator estimated that 
installed rooftop PV capacity reached 1GW in 
2018 and continues to grow, driven in part by 
strong growth in the mid-sized (30 - 200kW) 
commercial sector as businesses respond to high 
energy prices. The rate of applications for new 
rooftop PV systems in this market sector tripled 
from 2016 to 2017. While not highlighted here, 
this trend is similar for the WEM. The speed and 
magnitude of solar PV uptake is skyrocketing 
across Australia.

The market for battery storage is accelerating, 
along with the adoption of other new energy 
technologies driven by falling costs and global 
carbon abatement measures. This provides a 
limited window of opportunity to reposition our 
electricity system to deliver efficient outcomes to 
customers.

1	 AEMO. Q1 2018 Quarterly Energy Dynamics. May 2018. Available at www.aemo.com.au/Media-Centre/AEMO-publishes-Quarter-Energy-Dynamics--
-Q1-2018

2	 Bloomberg New Energy Finance. 2017 New Energy Outlook. 2017. Available at https://data.bloomberglp.com/bnef/sites/14/2017/06/NEO-2017_
CSIS_2017-06-20.pdf 

Source: AEMO ENA Open Energy Networks, 2018. (from Bloomberg New Energy Finance. 2017 New Energy Outlook.)
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What does that mean for the electricity network?

500 kV20 kV

Bulk
generation

500 kV 330 kV

Tie-line to
neighbouring

systems

500 kV

330 kV

500 kV

132 kV

330 kV

132 kV

Subtransmission
substation

132 kV

132 kV

11 kV 11 kV, three-wire

Distribution
feeders

Residential

415V, four-wireLow-voltage
feeders

Commercial Small industrial

Distributed
generation

Tie-line to
neighbouring

systems

Tie-line to
neighbouring

systems

Large
industry

Renewable
generation

Sub-transmission

Transmission

To subtransmission
and distribution

Distribution

Transmission
substation

Subtransmission
substation

Distribution
substation

Transmission

MV Distribution

LV Distribution
Consumer

12/59



What does that mean for the electricity network?

500 kV20 kV

Bulk
generation

500 kV 330 kV

Tie-line to
neighbouring

systems

500 kV

330 kV

500 kV

132 kV

330 kV

132 kV

Subtransmission
substation

132 kV

132 kV

11 kV 11 kV, three-wire

Distribution
feeders

Residential

415V, four-wireLow-voltage
feeders

Commercial Small industrial

Distributed
generation

Tie-line to
neighbouring

systems

Tie-line to
neighbouring

systems

Large
industry

Renewable
generation

Sub-transmission

Transmission

To subtransmission
and distribution

Distribution

Transmission
substation

Subtransmission
substation

Distribution
substation

Transmission

MV Distribution

LV Distribution
Consumer
Prosumer

12/59



Increasing penetration of rooftop solar PV creates network problems
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Digitalisation of the energy landscape

• Ubiquitous connectivity (Internet of Things)

• Artificial intelligence (‘smart’ devices)

• Blockchain (distributed energy marketplace)

Global investments in digital electricity infrastructure and software

 

26 Digitalization: A new era in energy? 

Figure 1.4 Investments in digital electricity infrastructure and software 

 
Key message: Investment in digital electricity infrastructure and software grew over 20% annually 
between 2014 and 2016, overtaking global investment in gas-fired power generation. 

Notes: Global gas power generation and India power sector are 2016 investments; EV = electric vehicle. 

Sources: Calculations for investment in digital infrastructure and software based on MarketsandMarkets (2016), Internet of 
Things in Utility Market; BNEF (2016), Digital Energy Market Outlook.  

Purpose and structure of report 

This report describes the status of digitalization in energy, how it is affecting energy 
systems, what might happen in the future and what all this means for policy makers, 
companies and consumers. Digitalization and energy is a complex and constantly 
evolving topic. As such, this report is not intended to be a definitive, exhaustive 
analysis. Rather, it seeks to shed light on how the energy and digital worlds interact 
and to serve as a springboard for further analysis by the International Energy Agency 
(IEA). 

The rest of this report is structured as follows: 

• Chapter 2 analyses the current and potential impact of digitalization on energy 
use in the three main demand sectors – transport, buildings and industry. 

• Chapter 3 looks at the impact of digital technologies on energy supply, focusing 
on oil and gas, coal and electricity. 

• Chapter 4 explores the more transformational potential of digitalization to break 
down individual energy silos, to blur the boundaries between energy demand 
and supply, and to help create a highly interconnected electricity system. 

• Chapter 5 assesses the direct use of energy by digital technologies themselves, 
including data centres, data networks and connected devices.  

• Chapter 6 considers the main cross-cutting risks of digitalization – 
cybersecurity, privacy and economic disruption. 
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Management and coordination of
distributed energy resources:
overview



DER coordination and management approaches

• System oriented: maximise social welfare

• Customer oriented: minimise electricity bill

• Network awareness: network impact

• Home energy management (HEM)

• Home energy management with operating
envelopes (HEM-OE)

• Peer-to-peer energy trading (P2P)

• Virtual power plants (VPP)

• Network-aware virtual power plants (OPF)
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[1] J. Guerrero, D. Gebbran, S. Mhanna, A. C. Chapman, and G. Verbič, “Towards a transactive energy system for integration of distributed energy resources: home energy
management, distributed optimal power flow, and peer-to-peer energy trading,” Renewable and Sustainable Energy Reviews, vol. 132, p. 110000, October 2020. 17/59
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Home energy management



Home energy management (HEM)

Distributed energy resources (DER):

• Rooftop solar PV

• Battery storage

• Electric vehicle

• Fuel cells

• Flexible loads (thermal and shiftable)

Active DER management:

• Reduce electricity bill

• Increase PV self-consumption

• Improve comfort

that considers the financial costs for the residents as well as

the availability of the electric car and can be calculated locally

or online, e.g. by a computer cloud. Afterwards it is applied to

the smart home for the time span considered by the algorithm,

commonly referred to as the horizon, or until a new EMS is

computed. This enables the EMS to adapt to the parameters

of the household and to exterior influences, such as a change

in the weather forecast. An illustration of possible information

flows and the operating principle of the EMS is given in Fig. 1.

Cloud / Home 

Computer

Compute EMS

Learn system 

parameters

Apply EMS

Electricity tariff / 

Weather forecasts

Demand data, user inputs, 

other sensors (car, batteries,...)

Smart

Meter

Information

exchange

Collect data

Fig. 1. Illustration of information flows

The remainder of this paper is organized as follows: Sec-

tion II describes the model of the smart home. The cost

function to be minimized and remarks on the optimal EMS are

presented in Section III and we describe a way to reduce the

computation time for the EMS by approximating the influence

of all random variables in Section IV. In Section V we provide

a numerical validation of the performance of the proposed

EMS and discuss these results and the benefits and drawbacks

of dynamic programming in Section VI. Section VII presents

our conclusions.

II. MODEL OF THE SMART HOME

The smart home is modeled in discrete time. Hence, all

electrical quantities are modeled as energy blocks. A fuel cell

operating at its maximum output power of 2kW for example

is modeled with a maximum output of 0.5kWh if one time

step represents 15 minutes. Our notation follows the one used

in [15]. However, for compactness of notation we introduce

several variables that are not required for the formulation of

the problem. These variables are distinguished by a superscript

tilde, the variable denoting the inverter input during time step

k for example is denoted by ũI
k.

A. PV System

The electrical energy generated by the PV system during

time step k is described by the random variable ωPV
k . All

ωPV
k are independent from each other and all other variables

and their probability distribution functions depend on k and

are assumed to be known.

B. Fuel Cell MCHP System

The electrical energy generated by the fuel cell during time

step k is described by uFC,el
k ∈ [uFC,el,min, uFC,el,max].

Each uFC,el
k causes certain costs pFC(uFC,el

k ) and implicates

~
=

+

+

+

Grid

Fuel Cell

PV 

System

Charge 

Controller

Battery

+

Demand

Electrical Energy

Thermal Energy

Thermal  

Storage

Water 

Heater

Fig. 2. Illustration of energy flows in the smart home

a thermal energy output described by ũFC,th
k (uFC,el

k ). The

change rate of the fuel cell output is constrained by

∆ǔFC,el
k (uFC,el

k ) ≤ uFC,el
k+1 − uFC,el

k ≤ ∆ûFC,el
k (uFC,el

k ).
(1)

The output signal ũFC,th
k represents hot water and we

describe it as energy blocks in kWh. A state variable is

required for the description of the fuel cell MCHP system

as the set of admissible values for uFC,el
k depends on the fuel

cell output during the previous time step:

xFC
k+1 = uFC,el

k . (2)

C. Thermal Energy Storage

The thermal energy generated by the fuel cell can be stored.

The thermal energy storage (TES) unit can be pictured as a

water tank that can contain different quantities of water and

releases hot water on demand. The energy stored in the TES

unit is described by the state variable xT
k ∈ [xT,min, xT,max]

and, if inside these boundaries, evolves according to

xT
k+1 =

(
1− lT (xT

k )
) (

xT
k + µT,C(ũFC,th

k )− µT,D−1
(ũT

k )
)
,

(3)

where xT
k describes the thermal energy stored in the TES unit

and ũT
k describes the energy discharged from it during time

step k. The functions µT,C(ũFC,th
k ) and µT,D(ũT

k ) describe

the processes of charging and discharging the tank and lT (xT
k )

describes the thermal energy lost to the environment. If xT
k+1

in (3) is greater than xT,max, it takes the value of xT,max

instead, i.e. all thermal energy that exceeds the capacity of the

TES unit is lost. The thermal energy discharged from the tank

ũT
k follows the demand of thermal energy in the household:

ũT
k = min

(
ωD,th
k , µT,D

(
xT
k

))
, (4)

where ωD,th
k is the thermal demand during time step k and

is described in Subsection II-F. If the thermal demand ωD,th
k

cannot be satisfied with the energy stored in the TES unit, an

additional gas- or electricity-powered on demand water heater

provides the remaining thermal energy. The costs caused by

this device are described by the function pWH(ũWH
k , pGrid

k ),
where ũWH

k = ωD,th
k − ũT

k . The electricity tariff pGrid
k only

influences the costs if an electric heater is used.

[2] H. Tischer, G. Verbič, “Towards a smart home energy management system - A dynamic programming approach,” in 2011 IEEE Innovative Smart Grid Technologies - Asia.

[3] D. Azuatalam, K. Paridari, Y. Ma, M. Förstl, A. C. Chapman, and G. Verbič, “Energy management of small-scale PV-battery systems: A systematic review considering practical
implementation, computational requirements, quality of input data and battery degradation,” Renewable and Sustainable Energy Reviews, vol. 112, pp. 555–570, September 2019.
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Home energy management: Generic formulation

• Scheduling energy use over a horizon

• Typically cast as a sequential decision making problem under uncertainty:

F π?
= minimise

π
E

{
K

∑
k=0

Ck (sk ,π(sk ),ω(k))

}

• Where C: cost, s: state, π: policy, ω: random disturbances, k : time step

• Many devices with possibly complex couplings→ large state and action spaces

• Can be solved using either dynamic programming ot mathematical programming (typically
mixed-integer linear programming)

• Can be computationally challenging

[4] C. Keerthisinghe, G. Verbič, and A. C. Chapman, “A Fast Technique for Smart Home Management: ADP with Temporal Difference Learning,” IEEE Transactions on Smart Grid,
vol. 9, no. 4, pp. 3291–3303, July 2018.
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Home energy management: Linear programming (LP) formulation

• User demand split into appliances (e.g. pool pump, HVAC, water heater) requires MILP

• Users predict their demand and generation for time-slot t ∈ T

• Net electric energy required by agent a 6= 0: xnet
a =

[
xnet

a,t , . . . ,x
net
a,t+T−∆t

]

• Users can feed power into the grid: xnet
a,t = x+

a,t − x−a,t , such that Pa∆t ≤ xnet
a,t ≤ Pa∆t

PV Array

xpv
a,t ∼

=

Inverter

Battery
xbatt

a,t

x load
a,t

User agent a

xnet
a,t

Meter Grid

[1] J. Guerrero, D. Gebbran, S. Mhanna, A. C. Chapman, and G. Verbič, “Towards a transactive energy system for integration of distributed energy resources: home energy
management, distributed optimal power flow, and peer-to-peer energy trading,” Renewable and Sustainable Energy Reviews, vol. 132, p. 110000, October 2020.
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HEM: LP formulation

• Then, the optimization problem of a local HEMS for each user is given by:

minimise
xa∈Xa

∑
t∈T

σ
ft/tou
t x+

a,t −σ
fitx−a,t

subject to power balance constraints

DER operational constraints

∀t ∈ T

• Power balance constraints:

x+
a,t = x load

a,t −η
inv
a

(
xbatt,dem

a,t − xbatt,ch
a,t + xpv

a,t

)

x−a,t = η
inv
a

(
xbatt,grid

a,t + xpv
a,t

)

xbatt,dis
a,t = xbatt,dem

a,t + xbatt,grid
a,t
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Home energy management: Linear programming (LP) formulation

• Since the feed-in tariff is assumed to be always less than the retail tariff, each term in the
summation is convex

• Reformulating a piece-wise affine objective function can only be applied to the minimisation of a
convex function

0 x (kWh)

$

Grid supply charge

Feed-in payment
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HEM: LP formulation

• Battery model:

xbatt
a,t = xbatt,dis

a,t − xbatt,ch
a,t

γ
batt,ch
a

∆t ≤ xbatt,ch
a,t ≤ γ

batt,ch
a ∆t

γ
batt,dis
a

∆t ≤ xbatt,dis
a,t ≤ γ

batt,dis
a ∆t

ebatt
a,t = ebatt

a,t−∆t + η
ch
a xbatt,ch

a,t −
xbatt,dis

a,t

ηdis
a

ebatt
a ≤ ebatt

a,t ≤ ebatt
a

ebatt,τbatt,start
a −∆t

a = ebatt,ini
a

ebatt,τbatt,end
a

a ≥ ebatt,final
a
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Home energy management with
operating envelopes



Home energy management with operating envelopes

• Operating envelopes determine the amount of power a prosumer can inject to the grid

• They can be obtained from the power flow Jacobian matrix:

J =

[
∂P

∂|V |
∂P
∂θ

∂Q
∂|V |

∂Q
∂θ

]

• Impact of prosumer power injection on voltage at the connection point i :

∆Vi =

(
∂Vi

∂Pi

)
∆Pi +

(
∂Vi

∂Qi

)
∆Qi

• Requires state estimation, currently not done in distribution networks

• Operating envelopes are location dependent, which raises the question of fairness
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Virtual power plants



Prosumer aggregation

A
pp

A
pp

A
pp

HEMS

A
pp

A
pp

A
pp

HEMS

A
pp

A
pp

A
pp

HEMS

A
pp

A
pp

A
pp

HEMS

Distributor (DSO)

Aggregator 1 Aggregator 2 Aggregator nRetailer 1 Retailer 2 Retailer n

Wholesale market (ISO)

information flow

power flow
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Market structure: Passive vs. active demand side

Deregulated

Consumers

DSO Retailer

ISOMarket operatorTSO

Generators

electricity
flow

financial
flow
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Canonical DER coordination problem

• We assume a distribution system operator (DSO) responsible for reliable and secure operation

• The DER coordination problem can be written in general form:

minimise F(x), x ∈ X

• Objective F(x) depends on the framework (typically cost minimisation)

• Feasible set X includes aggregator, agent and network decision variables (X = X0∪Xa∪Xn)

DSO

Aggregator

User agent
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State of the art: Retailer VPP (VPP 0.0)

• Direct load control by a retailer (no optimisation)

• Batteries used to mitigate price exposure

• Batteries located in different MV networks

• Users have no control over when VPP uses their batteries

• Battery controller (heuristic):
• Self-consumption maximisation

• Price arbitrage

• Consumer demand profiles not considered

• Suboptimal!

• Example: AGL Tesla VPP

• Demand response mechanism rule change (24 October
2021)

VPP
controller
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System-focused VPP (VPP 1.0)

• The objective of the aggregator is to minimise cost (maximise social welfare):

minimise
xa∈Xa,x0∈X0

f (x0)

subject to ∑
a∈A\0

xnet
a,t = x0,t , ∀t ∈ T

• Aggregator cost function f (x0) = ∑t∈T C(x0,t) can represent cost of electricity in wholesale
market (energy and ancillary services), system losses, or cost of auxiliary supply, e.g. diesel

• Quadratic function captures generation cost of a wide range of technologies:

C(x0,t) = c2(x0,t)
2 + c1x0,t + c0

• Consumer DER are controlled by the aggregator

• Multiperiod to account for inter-temporal couplings

• Rolling-horizon approach to reduce computational burden and forecast error (akin to MPC)
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Consumer-focused VPP (VPP 2.0)

• The objective of the aggregator is to minimise system and customer cost:

minimise
xa∈Xa,x0∈X0

f (x0) + γ ∑
a∈A\0

ga(xa)

subject to ∑
a∈A\0

xnet
a,t = x0,t , ∀t ∈ T

• Term ga(xa) = ∑t∈T σft/tou
t x+

a,t −σfitx−a,t represents users’ electricity cost

• Note the optimisation problem of user agents (home energy management problem):

minimise
xa∈Xa

∑
t∈T

σ
ft/tou
t x+

a,t −σ
fitx−a,t

• Consumer preferences now also considered
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Consumer-focused VPP (VPP 2.0): Solution approach

• Large-scale optimisation problem solved in a distributed fashion using dual decomposition
• Power balance constraint is ‘relaxed’ and put in the objective, which gives (partial) Lagrangian:

LVPP(x,λλλ) := f (x0) + γ ∑
a∈A\0

ga(xa) + ∑
t∈T

λt

(
∑

a∈A\0
xnet

a,t − x0,t

)

• Lagrange dual function: D (λλλ) := minimise
xa∈Xa,x0∈X0

LVPP(x,λλλ)

• Lagrange dual function is separable so it can be solved in parallel:

D (λλλ) := minimise
xa∈Xa,x0∈X0

(
D0(λλλ) + ∑

a∈A\0
Da(λλλ)

)

• Distributed optimisation using price coordination
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Consumer-focused VPP (VPP 2.0): Solution approach

• User agents solve:

Da(λλλ) := minimise
xa∈Xa

ga(xa) + ∑t∈T λk xnet
a,t

• Aggregator solves:

D0(λλλ) := minimise
x0∈X0

f (x0)−∑t∈T λk x0,t

• Lagrangian multiplier update:

λλλ
k+1 = λλλ

k + αk
(
∑a∈A\0 xnet

a −x0
)

• Not so straightforward if the problem
contains integer variables

Aggregator

a

a

a

a

a

xnet
a

x
ne

t
a

x
net
a

x neta

x net
aλλλ

λλλ

λ λλ

λλλ

λλλ

[5] S. Mhanna, A. C. Chapman, and G. Verbič, A fast distributed algorithm for large-scale demand response aggregation,” IEEE Transactions on Smart Grid, vol. 7, no. 4, pp.
2094–2107, July 2016.

32/59



Consumer-focused VPP (VPP 2.0): Solution approach

• User agents solve:

Da(λλλ) := minimise
xa∈Xa

ga(xa) + ∑t∈T λk xnet
a,t

• Aggregator solves:

D0(λλλ) := minimise
x0∈X0

f (x0)−∑t∈T λk x0,t

• Lagrangian multiplier update:

λλλ
k+1 = λλλ

k + αk
(
∑a∈A\0 xnet

a −x0
)

• Not so straightforward if the problem
contains integer variables

Aggregator

a

a

a

a

a

xnet
a

x
ne

t
a

x
net
a

x neta

x net
aλλλ

λλλ

λ λλ

λλλ

λλλ
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Network-aware coordination:
distributed optimal power flow



OPF: Problem formulation (VPP 3.0)

• OPF DER aggregation problem is formulated as (X = Xa∪Xn, x0 ∈ Xn):

minimise
xn∈Xn,xa∈Xa

f (x0) + γ ∑
a∈A\0

ga(xa)

• Feasible set Xn of network variables xn ∈ Xn, ∀t ∈ T is defined by:

• Power balance constraints ∀i ∈N , pg,i = qg,i = 0 ∀i ∈N \0:

pg
i,t –pd

i,t = vi,t ∑
j ∈N

vj,t (gij cosθij,t + bij sinθij,t )

qg
i,t –qd

i,t = vi,t ∑
j ∈N

vj,t (gij sinθij,t −bij cosθij,t )

• Voltage and power constraints: v ≤ vi,t ≤ v , p ≤ pt ≤ p, q ≤ qt ≤ q

• Problem is not decomposable because pd
i,t = pnet

a,t appears both in Xn and Xa
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OPF: Decomposition approach

• To decompose the problem, we create two copies of powers injected, pi , at each bus i where
agent a is located, and introduce the following coupling constraints:

p̂i,t = pi,t ,
{
∀a ∈ A \0|A ⊆N

}
, ∀t ∈ T

S01

V0 V1 Vi Vi+1 Vi+2

p̂i
I01

Z01

p̂i+1

pi pi+1p̂i = pi
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OPF: Decomposition approach

• OPF problem in a general form:

minimise
xn∈Xn,xa∈Xa

f (x0) + γ ∑
a∈A\0

ga(xa)

subject to pa = p̂a, ∀a ∈ A
• Augmented Lagrangian:

L(xn,xa,λλλa) := f (xn) + ∑
a∈A\0

ga(xa) + ∑
t∈T

(
λa,t(pa,t − p̂a,t) +

ρ

2
(pa,t − p̂a,t)

2
)

• Solution using Alternating Direction of Multipliers Method (ADMM):

xk+1
n := arg min

xn∈Xn

L(xn,xk
a ,λλλ

k
a)

xk+1
a := arg min

xa∈Xa

L(xk+1
n ,xa,λλλ

k
a) ∀a ∈ A \0

λλλ
k+1
a := λλλ

k
a + ρ(pk+1

a − p̂k+1
a ) ∀a ∈ A \0
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CONSORT

• $4.2M project ($2.9M ARENA)

• 2016-2019, 5 partners

• 32 PV-battery systems to solve a network
congestion problem

• Network-aware coordination

• Reward structures (non-linear pricing)

• Social science research (customer acceptance)

Bruny Island trial 
- 35-40 PV/battery systems
- reduced use of diesel

CONSORT solution

Use PV/batteries to provide:
- Support to the network
- Revenue to their owners

Use the network as a trading 
platform, working in an automated 
way.

ARENA R&D project
- 3 years (April 2016-2019)
- $2.9M ARENA funding 

3
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Peer-to-peer energy trading



P2P vs pool market

Pool
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P2P energy market

• Prosumer form a local energy market

• Excess energy is shared with neighbours

• Limited to a single LV network

• Trades can be facilitated by a third party
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P2P energy trading: Multi-bilateral economic dispatch

• Problem formulation:

maximise
ps,pb

∑
a∈S

ws
a + ∑

a∈B
wb

a

subject to pij ≥ 0 ∀i ∈ S , j ∈ B
pij ≤ 0 ∀i ∈ B, j ∈ S
ps

a
≤ ps

a ≤ ps
a ∀a ∈ S

pb
a
≤ pb

a ≤ pb
a ∀a ∈ B

pij = pji ∀(i, j) ∈ (S ,B), ∀(j, i) ∈ (B,S)

• Welfare of seller i ∈ S : ws
i = ∑j∈B πijpij − cs

i (ps
i )

• Welfare of buyer j ∈ B : wb
j = ub

j (pb
j )−∑i∈S πjipji

[6] E. Sorin, L. Bobo, and P. Pinson, “Consensus-Based Approach to Peer-to-Peer Electricity Markets with Product Differentiation,” IEEE Transactions on Power Systems, vol. 34,
no. 2, Mar. 2019.
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P2P energy trading: Multi-bilateral economic dispatch

• Sellers’ production cost: c(ps) = 1
2 αs (ps)2 + βsps + γs

• Buyers’ utility
(

du
dp ≥ 0, d2u

dp2 ≤ 0, u(0) = 0
)

:

u(pb) =

{
βp− α

2 (pb)2 if 0≤ pb ≤ β

δ
β2

2δ
if β

δ
≤ pb

• The reciprocity constraint pij = pji implies: ∑i∈S ∑j∈B πijpij = ∑j∈B ∑i∈S πjipji

• The objective becomes:

maximise
ps,pb

∑
a∈B

ub
a

(
pb

a

)
−∑

a∈S
cs

a (ps
a)+ ∑

i∈S
∑
j∈B

cijpij

• Product differentiation can be imposed by adding transaction cost ∑i∈S ∑j∈B cijpij
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Auction-based P2P energy trading: Preliminary concepts

• Many-to-many market (cf. one-to-one and one-to-many)

• Set of agents A = Ab∪As:
• Buyers Ab, b = 1,2, . . . ,Nb

• Sellers As, s = 1,2, . . . ,Ns

• Trade ω ∈ Ω: 〈b,s,αω,πω〉, where αω is transaction price
and πω is amount of traded energy

• Buyers’ utility:

ub(db) ,

{
vb(db)−∑ω∈Ωb

αωπω if Ωb /∈∅
0 otherwise

• Sellers’ utility:

us(gs) ,

{
∑ω∈Ωs

αωπω− vs(gs) if Ωs /∈∅
0 otherwise

1

2

3

1

2

3

Sellers As Buyers Ab
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Auction-based P2P energy trading: Continuous double auction (CDA)

• CDA is a many-to-many auction, with multiple buyers and sellers (e.g. eBay)

• Buyers and sellers can make offers at any time during the trading period

• Requires an auctioneer, which can be an automated software agent

• Seller’ bids and buyers’ asks can be stored in a distributed ledger (e.g. Blockchain), resulting in
a fully decentralized marketplace

• Bid ob = 〈b,αb,πb, t〉: offer from buyer b to purchase quantity πb at a maximum unit price αb

• Ask os = 〈s,αs,πs, t〉: offer from seller s to sell quantity πs at a minimum unit price αs

• Thin market: finding an ’optimal’ bidding strategy impossible

• Automated zero intelligence plus (ZIP) traders use an adaptive mechanism, which can give
performance very similar to that of human traders in stock markets

• Limit prices forbid the trader to buy or sell at a loss (ToU for buyers, FiT for sellers)
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Auction-based P2P energy trading: Continuous double auction (CDA)

• Bids and asks are queued and published in an order book

• The current best (uncleared) bid/ask called the outstanding bid/ask o?b/o?s
• Matching between new bid/ask and outstanding ask/bid results in a trade ω = 〈b,s,αω,πω〉
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Auction-based P2P energy trading: Matching theory

• Decentralised matching mechanism based on stable matching theory

• Agents bid in the market and choose bids/asks that maximise their utility

• Let Ω? :=
⋃

ω∈Ω (Ω?
b ∩Ω?

s) be the set of all optimal matches

• The set of trades Ω?
b ⊆ Ω that maximises the utility of buyers is given by

Ω?
b = arg max

Ωb

{
vb(db)− ∑

ω∈Ωb

α
b
ωπω

}
, ∀b ∈ Ab

• The set of trades Ω?
s ⊆ Ω that maximises the utility of sellers is given by

Ω?
s = arg max

Ωs

{
∑

ω∈Ωs

α
s
ωπω− vs(gs)

}
, ∀s ∈ As
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Matching theory-based P2P energy trading: Price adjustment

• Ascending auction: prices in the bidding can only increase

• Steps in each iteration: price adjustment, proposals, acceptance/rejection

• At each iteration k , let kαααb = [αb
1,α

b
2, . . . ,α

b
|Ω|] denotes the |Ω|×1 vector of bid prices from

each buyer b ∈ Ab for each a trade ω ∈ Ω

• For each seller, s ∈ As, let kαααs = [αs
1,α

s
2, . . . ,α

s
|Ω|] be the |Ω|×1 vector of its ask prices for

each trade ω ∈ Ω

0αb = 0, ∀b ∈ Ab

0αs = 0, ∀s ∈ As

Ω∗b = arg max
Ωb

{
vb(db)−

∑
ω∈Ωb

αb
ωπω

}
,∀b ∈ Ab,

Ω∗s = arg max
Ωs

{∑
ω∈Ωs

αs
ωπω − vs(gs)

}
,∀s ∈ As

if ω ∈ Ω∗b and ω ∈ Ωs \ Ω∗s then
if αb

ω > αs
ω then

αs
ω ← αs

ω + δk+1

else
αb
ω ← αb

ω + δk+1

end if
end if

Stable
Matching?

Initialization Price adjustment process

End

Buyers

Sellers

αb

αs

Ω∗ Ω∗

Nokαb, kαs

Yes

46/59



Auction-based P2P energy trading: Network permission structure

• Network impact of bilateral transactions estimated through sensitivity coefficients

• Voltage sensitivity coefficients (VSC)

∆ |Vi |=
∆Pn

|Vi |
Re

(
V ∗i

∂Vi

∂Pn

)

• Power transfer distribution factors (PTDF)

Φij
nl = Ψi

nl −Ψj
nl =

∆P i
nl

∆Pi
−∆P j

nl

∆Pj

• Loss sensitivity factors (LSF)

∂Ploss

∂Pn
= 2Re

[
V∗
>

G
∂V
∂Pn

]

Received
continually

asks
& bids

Matched?

Estimate
voltage and
power flow
variations

Update
network state

estimation.
Block high
risk agent.

Agents

Buyers

Sellers

Open

Yes

os, ob

ι1, ι2, . . . , ιNa

No

[7] J. Guerrero, A. C. Chapman, and G. Verbič, “Decentralized P2P energy trading under network constraints in a low-voltage network,” IEEE Transactions on Smart Grid, vol. 10,
no. 5, Sep. 2019.
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Comparative analysis



LV distribution test system

• 30 consumers (black)

• 20 prosumers with only 5 kW PV (yellow)

• 50 prosumers with 5 kW PV and 5 kW/9.8 kWh battery
(green)

• Distribution transformer (red)

• Ausgrid Solar Home Electricity Data demand profiles

• Flat, ToU and FiT tariffs

03:00 06:00 09:00 12:00 15:00 18:00 21:00

Time

0

15

30

45

60

P
ri
c
e

 [
¢

/k
W

h
]

ToU

Flat

FiT

48/59



Voltage variation without mitigation

• Voltage at each connection point as a function of net power injection

• Serves as an input to HEMS-OE
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Network congestion (transformer capacity): Flat vs. ToU tariff

Flat tariff
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Network voltages: Flat vs. ToU tariff

Flat tariff
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Exported energy and cash flows: Flat vs. ToU tariff

Flat tariff
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Cash flow comparison

Flat tariff
HEMS HEMS-OE VPP OPF P2P P2P-NPS

Income [$] 104.29 91.85 104.24 103.77 52.71 127.38
Expenses [$] -217.83 -164.02 -150.59 -151.66 -107.31 -107.95
Net balance [$] -113.54 -72.17 -46.35 -47.89 -54.6 19.43

ToU tariff
HEMS HEMS-OE VPP OPF P2P P2P-NPS

Income [$] 104.29 91.85 104.35 104.3 45.9 136.13
Expenses [$] -165.63 -139.61 -151.1 -134.23 -119.12 -121.39
Net balance [$] -61.34 -47.76 -46.75 -29.93 -73.22 14.74
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P2P transaction prices: Flat vs. ToU tariff

Flat tariff
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Critical difference analysis

Energy exported
Flat tariff
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Conclusions

• DER coordination can take many shapes and forms

• Active network management is required to avoid network problems (DSO)

• Optimisation-based approaches:
• Communication between agents: massive random access, scheduling interval > 5min

• How to reward prosumers? Dual variables of the power balance equation?

• P2P approaches:
• Easily incorporated into existing market framework

• Require DSO to ensure network constraints are not violated

• PV curtailment depends on electrical distance (can be unfair)
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Fair DER Coordination with Volt-Var Control and PV Curtailment
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[8] D. Gebbran, S. Mhanna, Y. Ma, A. C. Chapman, and G. Verbič, “Fair coordination of distributed energy resources with Volt-Var control and PV curtailment,” Applied Energy,
vol. 286, p. 116546, Mar. 2021.
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Hierarchical distributed power supply

Future digital grid

• New technologies: DER, power electronics

• New structures: microgrids, VPPs

• New Markets

• Big data
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Hierarchical distributed power supply

Future digital grid

• New technologies: DER, power electronics

• New structures: microgrids, VPPs

• New Markets

• Big data

Underpinning science

• Communication

• Computation

• Artificial intelligence

• Data science

• Optimisation and control

• Cyber security
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Questions?
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