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Energy Autonomy
• Distributed energy generation
(usually renewable energy)
• Energy self sufficiency
• Energy self consumption
• Benefits
– Environmentally friendly and sustainable.
– Reduced network (infrastructure) and
central generation capacities.
– Energy efficient; generation is closer to
demand, thus reduced power losses.
– Diversity in terms of energy supply and
location, thus secure and reliable supply.
– Can deliver social, financial and
environmental benefits.

Typical daily load and PV generation
profiles for a domestic load
Based on ADMD referenced to a nominal
100 consumers and measured at a
distribution substation on an outgoing
feeder

• Need energy storage, demand side integration
and dynamic control (smart grid)

Electricity and Transport
•

Over 30% of all primary energy resources world-wide are
used to generate electrical energy.

•

Over 20% of global energy consumption is used for
transport, mainly oil.

•

First electric power systems were direct-current (d.c.).

•

First cars were electric and used rechargeable batteries.

•

At the start of the 20th century: mass production of cars
(petrol/gasoline) and rise of the alternating-current (a.c.)
power transmission, after the invention of the transformer.

•

1930s: The grid operating as a national system with
millions of customers.

•

These evolved throughout the 20th century to provide
adequate electricity supply and transport, so what is the
problem? Why energy autonomy?

Environment
• The main contributors to greenhouse gas emissions
are the energy (electrical) and transport sectors

Due to energy consumption

Due to transportation only

UK Greenhouse Gas Emissions
Low Carbon Transport: A Greener Future A Carbon Reduction Strategy for
Transport, Department for Transport, July 2009

Environment
•

The 20/20/20 energy targets for European countries; By 2020:
– 20% reduced CO2 emission
– 20% lowered energy consumption
– 20% more renewable energy in the system

•

The UK Energy Policy
– 80% reduction of greenhouse gas emissions below 1990 levels by 2050

UK Greenhouse
gas emissions by
sector (1990-2050)

Sources: NAEI (2014) final Emissions estimates; CCC analysis.

Electricity Supply and Transport are Changing
• Increased energy demand
• Energy security (full reliance of
society on electricity and transport)
• Technology

GB daily electricity demand

• Opportunities for market and
wealth creation
• Environment (climate change)
– Power generation from renewable
energy
– Electrifying the transport system
(Not in order of importance)
Source: National Grid EMR Electricity Capacity Report, June 2014
https://thedayintech.wordpress.com/page/29/

1973: the world’s first
handheld cellphone

Keeping the Lights ON
•

•

According to National Grid: “The risk of blackouts this
winter (2015) has increased compared with a year ago”.
“The spare capacity on the system is just 1.2% - the
worst for a decade”.

BBC News
15 July 2015

In Dec 2015, Storm Desmond brought unprecedented
flooding to North Lancashire and Cumbria resulting in
more than 100,000 people to be without electricity.
© Royal Academy of
Engineering, May 2016

•

According to one of Ofgem’s senior executives: “The
future UK electricity system may be one where we
cannot access the power we want, when we want it”.
The Journal
5 OCT 2016
http://www.bbc.co.uk/news/business-33527967
http://www.chroniclelive.co.uk/business/business-news/people-wont-able-use-electricity-11982536

Wide-Scale Power Outages (Blackouts)
•

Not planned, affect at least 1,000 people, last at least one hour and
causes at least 1,000,000 person-hours of disruption.

2017

10

March 1, New York and 5 other states. 10M affected.

2016

4

June 7, Kenya blackout (4 hrs), caused by a rogue monkey. 20M affected

2015

7

January 26, Pakistan blackout due to technical fault. 140M affected

2014

7

November 1, Bangladesh power outage for ~10 hours. 150M affected

2013

9

March 22, Belfast power outage caused by a technical fault during a storm.

2012

6

July 31, India blackout, is the biggest ever in the world, 620M affected

2011

14

Sept 24, north and central Chile. 9M affected.

2010

9

March 14, Chile blackout left 15M people (90% population) without power.

2000s

49

2 Major (2001 India 230M & 2005 Indonesia 100M). 1 EU (2006 15M) & 3 UK

1990s

13

Dec 26 1999, France 3.4M affected. One of greatest by a developed country.

1980s

7

Oct 16 1987 a storm interrupted UK-France d.c. link, causing outages.

1970s
1960s

6
2

July 13 1977, New York 9M and Sept 20, Quebec, Canada 6M affected.
Aug 5 1969, Florida, 2M affected.
https://en.wikipedia.org/wiki/List_of_major_power_outages

Power Systems Control
• Long term forecast, predict future
demand, plan to ensure enough
generation capacity is available and
control power flows.
Daily seasonal demand
profiles

• Short term – voltage and frequency
control
– Current grid control philosophy is based
on controlling generation in order to match
variable demand and ensure power
balance and system stability.

Power balance

Renewable Energy: Opportunities & Challenges
• Opportunities
– Abundant and no greenhouse emissions.
– Reduced central generation capacity.
– Generation is closer to loads, thus reduced power losses.
– Diversity in terms of energy supply and location, thus better
security of supply.

• Challenges
– Cost
– Reliability and safety
– Public acceptance
– Technical problems and impact on the grid performance due to
variability of power generated from renewables and loss of
central control.

Electrifying the Transport System

• Plug-in Hybrid Electric Vehicle (PHEV)
– 5-15 kWh battery
– Electric range is limited, but enough for most
city journeys (10-40 miles).

Toyota Prius PHEV
8.8 kWh Lithium-Ion battery
25 miles electric range

• Electric Vehicle (EV)
– >15 kWh battery
– Range is usually around 100 miles, and this
will increase with development in battery
technology.

Nissan Leaf EV
24 kWh Lithium-Ion battery
100 miles range

Electric Vehicles Present Challenges
• Challenges for the EV owner (and manufacturer)
– High up front cost and uncertainty about the residual value
(~50% of EV production cost is the battery*).
– Limited battery energy/power capacity and driving range.
– Charging infrastructure.

• Challenges for the Grid
– EVs have high energy capacity and mass deployment
– Potential increase in peak demand
– Charging demand to be met at home, office and public
stations (car parks)
– EVs are ‘mobile’ active loads.
– As range increases, battery size increases and charging
becomes more challenging
*

Source: How to reduce EV production costs? EV Battery Tech USA, cars 21,
7th October 2011 http://www.cars21.com/news/view/670.

and Opportunities
• Find other uses for the EV and reduce the total cost
of EV ownership.
• Provide support the grid (Vehicle for energy services).
– Plug in to the grid and recharge the battery when it is best for
the grid (smart charging).
– Provide energy ‘storage’ for supply-demand matching and
ancillary services for grid support, e.g. voltage & frequency
control.

• Charge from available renewable energy sources and
help to deal with their intermittency and also the
environment.
• Second life EV batteries for stationary application.
• Need to consider battery degradation

Existing Power Systems
•

Generation
– Central large power plants, usually fired by fossil fuels, e.g. coal, gas, oils,

•

Transmission
– Centrally controlled and highly automated

•

Distribution
– Limited automation, and control is largely central

•

Loads
– Vary with respect to size and time but fairly predictable

 Power flows from generating plants to loads via transmission and
distribution networks, i.e. directional power flow.
 Networks were designed to an average house demand of less than
1.5 kW and no distributed generation.

Future Power Networks
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Can Existing Power Systems Support Renewable
Energy and Electric Vehicles?
•

•

A computer model was developed to analyse performance of
existing and future (smart grids) distribution networks with and
without EVs and renewable energy sources.
Understanding the impacts and opportunities of using low
carbon technologies will dictate the way future power networks
will be designed and operated.

The modelling tool was developed as part of a project funded by
Charge Your Car North (EV Infrastructure)

Battery
Degradation
1.9%
Degradation after one
year
10.77
years until capacity is
80% of new

Meeting EV Charging Energy Requirement
Domestic charging of EVs in winter at 10 A for six hours

EVs uncontrolled charging
Increase of ~18% in demand for every
10% increase in houses with EVs

EVs scheduled for off-peak charging
No impact on grid capacity even with
30% EVs

Smart Thinking
• Increased penetration of EVs and renewables will
cause problems to the grid and make system voltage,
frequency and stability difficult to control.
• From the grid side: RE generation and EV driving
profiles may be complementary and therefore provide
opportunities for both the grid, EV and the user.
• Power systems need to become dynamic and grid
control philosophy will have to rely on controlling the
demand and storage as generation from renewables
varies.

Power balance

RE and EV Part of a Smart Grid
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Smart Grid: Definition and Vision
A SmartGrid is an electricity network that can intelligently integrate the actions of all
users connected to it - generators, consumers and those that do both - in order to
efficiently deliver sustainable, economic and secure electricity supplies.
Cross border connections
Super-grid
Transmission
Network

Centralised
Generation

Distribution
Network

Consumer
behaviour
Electrical
appliances

Smart
Pro-sumer

Micro
generation

Energy
Storage

Distributed
Generation

Transactions
Energy
Efficiency

Micro Grids

Smart
Metering

Electric
Vehicles

Source: “Vision and Strategy for Europe’s Electricity Networks of the Future”, European Smart Grids Technology Platform, 2006

Sustainable Clean Energy Autonomy
and Transport
Electricity grid + Renewable energy + Electric vehicle + New
technologies + Smart ‘pro-sumer’ + Appropriate policy
= Green electricity + Green transport
= Healthy environment at affordable cost
•

SEEV4-City is an EU project funded by the Interreg
North Sea Region programme with main objective
to demonstrate smart energy and electric mobility
solutions.

•

SEEV4-City is piloting six demonstration projects
focusing on different aspects of the integration of grid
supply, electric vehicles and renewable energy
sources, Main KPIs:
– Reduction of CO2 emission
– Increased energy autonomy
– Optimized grid performance

Energy Autonomy

R. Luthander, J. Widén, D. Nilsson, J. Palm, “Photovoltaic self-consumption in buildings: A
review”, Applied Energy, Vol. 142, January 2015, pp. 80–94.

Energy Autonomy
PV generation consumed
locally and difference
exchanged with the grid

PV-G
PVH
PVES

ESH

GH

Enabling Technologies for the Smart Grid
• Information & Communications Technologies (ICT)
– Data processing, communication, optimisation and
decision support systems.

• Advanced sensors, control and automation
– Real-time monitoring, active network control, demandside management, protection and self-healing.

• Power Electronics controllers
– They revolutionised consumer equipment and drive
systems.
– Their use in power networks is continuously increasing
– High power, efficient and intelligent modules (Si, SiC &
GaN).

• Energy storage

Energy Storage for Grid Support
• Energy storage provides the missing link
between renewable (intermittent) energy and
grid control by providing Supply-Demand
balance.
• Challenge: Need low cost, high-energy and
high-power storage (batteries).
• Grid-scale storage (Li ion battery storage)
• EVs as distributed energy storage
 EVs have high energy capacity and mass deployment
 With smart control, EVs provide opportunities to
support the grid and charge from available renewable
energy with minimum degradation to the battery.

Second Life EV Battery
• Electric Vehicle batteries have sufficient energy
capacity to supply energy for a typical house for
up to 24 hours.
• Electric vehicle battery is replaced when its energy
capacity drops to 80% of capacity when new.
• After EV use, batteries may be given a “second
life” for large centralised bulk grid storage, as size
and weight are immaterial.
• Use of second life EV batteries will reduce total
cost of EV ownership.
• Bloomberg: “Second-life” EV battery storage will
total 26 GWh by 2025.
Charles Morris, “Charged Electric Vehicle Magazine”, 04/09/2016.

Stationary
storage using
BMW i3 battery
(22 or 33 kWh)

Potential Storage Capacity of EVs
• At the end of 2012, there were 34.5
million vehicles licensed for use on the
roads in the UK.
• Assume 10% of existing vehicles
become electric and that average
battery capacity is 25 kWh. This gives
a potential total battery energy capacity
of 86.25 GWh.
• Assuming that 50% EVs are available
for grid support and that only 40%
battery capacity is used (to reduce
battery degradation), there will be up to
17.25 GWh storage capacity available
to support the grid.

Surges in demand of
electricity during EnglandGermany World Cup semifinal
4th July 1990

Great Britain. Department for Transport; Vehicle Licensing Statistics; Statistical Release 11 April 2013

Energy Autonomy: Case Study

Variable

http://solarenergy-usa.com/solar-info/solar-and-electric-vehicles/

Value

EV size

24

PV size

4

Charging/V2G unit converter
size

3

Static battery size

2

Static battery converter size

400

Electricity tariff price

15.1

PV generation tariff

13.74

PV export tariff

4.5

EV and static battery efficiency

100

EV departure SoC requirement

50

• Home charging is the only charging method

Unit
kWh
kWp
kW
kWh
W
p/kWh
(fixed)
p/kWh
p/kWh
%
%

Baseline comparison – 5-day winter period
9th(Thu) – 14th(Tue) Nov 2017

•Case study setting
o Base load: household base
demand
o PV generation
o EV availability: 1 is parking
at home and 0 otherwise

•Scheduled data for
EA maximization
o EV profile
o Battery profile: static battery

•Baseline comparison
o No EV and energy storage
o EV dumb charging

24h period
for grid
impact
analysis

Grid Impact Analysis

From 15:00 of the 11/11/2017 to 14:55 of the 12/11/2017
6 households per node
• Case 1: No EVs, there is only baseload
• Case 2: Dump charging, there are EVs per each node, with a market
penetration of 30% [1], therefore, 2 EVs per node, performing dump
charging
• Case 3: EA maximization, there are EVs, PV, electricity storage, with
the same market penetration, performing Smart Charging

[1] Future Energy Scenarios, National Grid, July 2017

Voltage Profiles

Min Voltage
No EVs
0.955 (0%)
Dump charging
0.942 (-1.36%)
EA maximization 0.961 (0.63%)

Feeders Loading Profiles

Max Current
No EVs
0.972 (0%)
Dump charging
1.195 (22.94%)
EA maximization 0.861 (-11.42%)

Transformer Loading

Max Transformer
load
No EVs
0.714 (0%)
Dump charging
1.245 (74.37%)
EA maximization 0.883 (16.67%)

Cost Evaluation for 5-day period – comparison
between EA maximization and Baseline case
• Costs:
o Electricity cost
o Battery degradation
cost

Baseline Energy autonomy
maximization (EV
charging only)
Energy autonomy (%) 0
21.06
Energy cost (£)
17.68
10.52

• Profits:
o FiT generation tariff
o FiT export tariff
• Saving in energy cost due to energy
autonomy using PV & ESS in 5 day period is:
£17.68 – £10.52 = £7.16
• Projection into a year: £7.16/5*365 = £522.68

CO2 Emission Saving due to ICE Substitution
– Evaluation for the 5-day Period
ICE
Km driven (km)
Life cycle CO2 (kg)
Vehicle use CO2 (kg)
Total saving in CO2 (kg)

3.71
22.6

EV
Saving
EA max Best Worst EA max Best Worst
107.58
7.02
-3.31
4.1
2.24
7.69
18.5
20.36 14.91
15.19 17.05 11.6

• EA max: EV charging is scheduled as in the energy autonomy maximization case
• Best: the remaining EV charging requirement, which is in addition to that has
been self-supplied by local PV generation, is scheduled to the lowest value in the
CO2 curve
• Worst: all the EV charging requirement is scheduled to the highest value in the
CO2 curve
• It is worth pointing out that even in the worst case scenario there is still
significant CO2 emission saving due to ICE replacement, the annual figure of
which is 11.6/5*365=846.75kg

CO2 Emission Saving due to Smart Energy
Management – Evaluation for the 5-day Period

CO2 generation (kg)

EA maximization Dumb charging*
28.3
34.09

Saving
5.79

* Dumb charging here is for the baseline case where there is no PV
and energy storage

Overall CO2 emission savings
5-day evaluation
CO2 saving due to ICE replacement
CO2 saving due to smart energy
management
Overall CO2 saving (kg)

Annual projection

15.19
5.79

1108.87
422.67

20.98

1531.54

Battery Degradation
• Battery degradation (ageing) is a
permanent loss in Capacity (kWh) or
performance (kW). This is due to a change
in chemical and physical construction
which results in the loss of active material
and an increased internal resistance.
• Need to understand battery ageing
mechanism and define degradation factors
in order to provide economical grid support.
• Up to 16 cells can be simultaneously
cycled (charge-discharge) in a controlled
way (independently) and controlled
environment (temperature and humidity).

Battery (Li ion) Capacity Loss

loss of
capacity

reversible
loss

irreversible
loss

self
discharge
calendar loss

average SOC

temperature

cycle loss

charge rate

DOD or
change in
SOC

temperature

Battery Calendar-Loss
The remaining capacity in batteries stored at different
temperatures and SOC

Battery is best stored at low temperature and low SOC

Battery Cycle-Loss Degradation Factors
capacity loss (%/cycle)

0.035
y = ‐2E‐06x3 + 0.0002x2 ‐ 0.0064x + 0.0545

0.03
0.025
0.02
0.015
0.01
0.005
0
0

10

20

30

40

50

temperature deg C

% capacity loss for a cell cycled at 0.5C at different
temperatures

% capacity loss for cells cycled at different
average SOC

% capacity loss with varying charge rate

% capacity loss for cells cycled to different
depth of discharge

Smart Charging Extends Battery Life
Lab tests for cells cycled over 15 months show the effect of cycling
schedules on battery degradation.

•

Assuming constant temperature, battery degradation is determined
by the battery average SOC and charge transfer during cycling.

•

Controlled (Late) charging and V2G result in lower average SOC and
this reduces capacity loss.
capacity loss (% / Cycle)

•

0.03
0.03
0.02
0.02
0.01
0.01
0.00

late

V2G
charging schedule

early

Standard and Modified Charging Profiles

Standard Constant Current Constant Voltage (CC-CV) profile
Currently considered to be fast and
better way of charging Lithium ion
batteries.

Modified charging profiles
By introducing rest and/or
negative pulse periods
throughout the charging period.

Conclusions
• The 19th century saw the birth of electric vehicles, the
end of the “War of Currents” and the commercialization
of distributed electricity generation.
• The 20th century saw the birth of high-voltage national
girds and mass production of vehicles.
• What will the 21st century bring?
– Will we go back (forward) to electric vehicles and distributed
generation (energy autonomy)?
– Can we keep the reliable transport and electricity supply we
inherited?
– We can’t prevent natural disasters, but can we live with that?
– Can we turn the challenges to opportunities?

Business as Usual is not an Option
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