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Electrical Energy and Transport Systems
•

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.

•

These evolved throughout the 20th century to provide adequate
electricity supply and transport that civilization now rely on.

•

The challenge is to maintain sustainable, secure and affordable
energy and transport systems.

•

What will the 21st Century brings?

Electromagnetic induction
Michael Faraday

Leiden jar
Pieter van
Musschenbroek
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The Energy Trilemma
Affordability requires low-cost energy generation
and supply that is accessible to the whole population
and has potential for growth

Affordability
Sustainability requires energy
supply from low carbon &
renewable sources and
energy efficiencies
in supply & use

Conflicting Objectives
that have to be
considered
together

Sustainability

Security of supply requires
reliable infrastructure,
sufficient capacity and
adequate management
of variety of sources

Security
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Greenhouse Gas Emissions
Due to energy
consumption

• The Kyoto Protocol
• 80% reduction of greenhouse gas emissions
below 1990 levels by 2050
• The main contributors to greenhouse gas
emissions are the energy (electrical) and
transport sectors. Transportation contributes
~20% of the total gas emissions and ~90% of
this comes from vehicles.

Global energy-related CO2 emissions

Due to
transportation

UK Greenhouse gas emissions by sector (1990-2050)
UK Greenhouse gas emissions
Sources: NAEI (2014) final Emissions estimates; CCC analysis
Low Carbon Transport: A Greener Future A Carbon Reduction Strategy for Transport, Department for Transport, July 2009
IEA, Renewables 2018; Analysis and Forecasts to 2023
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GB Daily Electricity Demand

Nanjing to Wuhan, China

Toronto, Canada
Wuhan, China

Source: National Grid EMR Electricity Capacity Report, June 2014
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Disruptive Technology
• Significant technological advances in manufacturing,
ICT, computing power, AI, data storage, Internet,
mobile phones, etc.
• Not as much ‘yet’ in the power and transport sectors.
Energy industry is very conservative (Fit and Forget
culture).

1956
IBM first hard drive
5MB at $50,000

• Clean energy (PV & Wind), electric transportation
(EV) and storage systems.
1993
40 kWp PV Façade
Northumberland
Building, Newcastle
upon Tyne, UK

https://thedayintech.wordpress.com/page/29/

1973
The world’s first handheld
cellphone
“it was small and light just 10 inches long and
a mere 2.5 pounds”
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EV and PV Market Development
• The accelerated development of the EV market could be compared
to the development of the PV market.
• Renewable energy (PV): ongoing cost reductions continue.
• Need to reduce the EV production costs: ~50% battery; ~30% drive
system; ~20% manufacturing of the body.
• Further means to reduce the Total Cost of Ownership (TCO) of EVs:
⎻ Increase residual value of the EV by reducing battery degradation.
⎻ Redeploy used EV batteries for stationary applications (second life).
⎻ Find additional uses for EVs to support the grid via controlled
charging and V2X (EV for energy services EV4ES).
Cost of 30 kWh EV battery pack

PV market deployment and competitiveness levels
Sources: IEA Publications: Technology Roadmap, Solar photovoltaic energy
elementenergy: Cost and performance of EV batteries, Axeon, Final report for The Committee on Climate Change, 21/03/2012
How to reduce EV production costs? EV Battery Tech USA, cars 21, 7th October 2011 http://www.cars21.com/news/view/670

SNAPSHOT OF GLOBAL PHOTOVOLTAIC MARKETS, Report IEA PVPS T1-33:2018
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e-Mobility and Renewable Energy
• Electric Vehicles need to charge from renewable energy,
otherwise they are not green transport.
• Need to exploit the synergies between renewable energy
generation and charging profiles.
• Charge from local generation, so increase energy
autonomy and reduce grid losses.

CO2 emission due to the operation of ICE and EV in Europe

• Renewable energy installed capacity in the UK
at Q2 (the end of) 2018: Wind (~13 GW onshore
& ~8 GW offshore), ~13 GW Solar PV and ~8
GW others.
• ~35% is residential and commercial rooftop (PV
installed capacity in UK is expected to exceed
20 GW by 2020).
• In Germany: ~90% is residential and commercial
rooftops (PV installed capacity ~42 GW).

Generation mix and total demand
9/11/2018

Energy mix based CO2 emission
09/11/2017

D. Hall and N. Lutsey, ‘Effects of battery manufacturing on electric vehicle life-cycle greenhouse gas emissions’, The International Council on Clean Transportation, February 2018.
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Electric Vehicles
•

First cars were electric and used rechargeable batteries.

•

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

•

Electric Vehicle (EV)
⎻ >15 kWh battery
⎻ Range is usually around 100 miles, and this is increasing with
development in battery technology.

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

Passenger electric car stock in major regions

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

Source: global EV outlook 2018, IEA, 2018.
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Electric Vehicles: Challenges & Opportunities
• Challenges
⎻ To the EV owner
• High up-front cost and uncertainty about the
residual value.
• Limited battery energy/power capacity and
driving range.
• Availability of charging infrastructure.

⎻ To the grid
• EVs have high energy capacity and mass
deployment.
• As EV range increases, battery size increases
and charging becomes more challenging.
• Impact of EV charging on peak demand,
voltage profiles (violation of statutory limits)
and overload of transformers and feeders.

• Opportunities
– Develop new battery technologies.
– Smart control to reduce degradation and
extend battery life.
– Redeploy used EV batteries for stationary
application (second life).
– Smart charge from available renewable
energy sources and help to deal with their
intermittency and also the environment.
– Find additional uses for the EV by
providing energy storage as part of a smart
energy system or by providing ancillary
services to the grid, e.g. supply-demand
matching, voltage and frequency control.
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Future Power Networks
• Significant renewable
energy generation and
low carbon technologies,
including EVs
• Loss of central control
• Bi-directional power flow
• A new concept that
requires a new approach
and innovation
• Need smart control to
exploit the synergies
between renewable
generation, EV
demand/storage and
grid demand profiles

Medium
loads
Central Very Large
Generation Loads

~
Connection
to another
system at
EHV level

~

HP

~
Wave, Tidal,
CHP

Offshore
Wind farms

11kV/400V

EV

PV

EV
33/11 kV
Small
Loads

Large
Loads

Grid

~

~

~

Medium loads

132/33 kV

µCHP

Wind farm

Typical size of RE source:
>25 MW
< 25 MW

~

CHP

Large PV, Wind
or Biomass

< 5 MW

Indicates loads
Indicates bidirectional power flow

< 50 kW
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Wide-Scale Power Outages (Blackouts)
Not planned, causes at least 1,000,000 person-hours of disruption, affect at least 1,000 people and last at
least one hour.
2019

8

2018
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August 4, Java, Indonesia. 100M affected
August 9, England and Wales. 1M affected. Caused by by a lightning strike.
November 15, Sulawesi, Indonesia. 9M affected.

2017

11

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
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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.

Source:
https://en.wikipedia.org/wiki/List
_of_major_power_outages
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Modelling Tool to Evaluate Impact of EVs on the Electrical
Supply Infrastructure and EV Battery Degradation
A computer model was developed to analyse performance of existing and future
distribution networks (smart grids) with and without EVs, renewable energy and low
carbon technologies.
The model allows evaluation of the impacts of EV charging and analysis of smart grids
solutions, G2V, V2G, smart charging and the impact of battery cycling on the battery
state of health.
The Data Input Page
Results Page

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

The modelling tool was developed as part of ‘Electric Vehicle Infrastructure’ project funded by ‘Charge Your Car North’
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Distribution Network Model and Load Profile
11kV Feeders

400V Feeders

Typical daily load profile for a
domestic load
Based on ADMD referenced to a nominal 100
customers and measured at a distribution
substation on an outgoing feeder
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Transformer loading

•
•
•
•

1

21

24

0

3

6

9
12
15
time of day hrs
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End of feeder voltage

Increase of ~14% loading for every 10% increase in houses with EVs
EVs at 20%: Operation of the OLTC keeps the voltage within the statutory limit.
EVs at 30%: The OLTC reaches its maximum limit and voltage levels at some points drop below the limit.
With 7 kW chargers, the increase in loading is ~30% and the OLTC limit is reached at around 10% EV
penetration level.
Putrus G., Suwanapingkarl P., et al, “Impacts of Electric Vehicles on Power Distribution Networks”, IEEE VPPC, Michigan, 2009, pp 827-831.
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30% EVs with Delayed Charging to avoid
overload and excessive voltage drops (7 kW)

Transformer loading

End of feeder voltage

• ‘Smart’ charging and V2G (using the right policy and incentives for customers), will reduce daily power
demand, allow better use of available asset (match network capacity) and match RE generation.
• Need to consider the impact on battery degradation.
Putrus G., Suwanapingkarl P., et al, “Impacts of Electric Vehicles on Power Distribution Networks”, IEEE VPPC, Michigan, 2009, pp 827-831.
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Smart Thinking
• Increased penetration of EVs and renewables will cause problems to
the grid and make system voltage, frequency and stability difficult to
control.
• RE generation and EV charging profiles may be made 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.

Can we do this?
Power balance
18

PRO-SUMER is at the Centre of the Smart Grid
European Technology Platform for the Electricity Networks of the Future –
SmartGrids
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.
Smart
metering
Centralised
generation
Transmission
network
Micro
grids

Electrical
appliances

Smart
Pro-sumer

Energy
storage

Consumer
behaviour

Electric
vehicle

Distributed
generation
Distribution
network
Energy
storage

Micro
generation

Source: “Vision and Strategy for Europe’s Electricity Networks of the Future”, European Smart Grids Technology Platform, EUR22040, 2006
http://ec.europa.eu/research/energy/pdf/smartgrids_en.pdf
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RES and EV Part of a Smart Grid
Power Flow
Communication Signals
Control Signals
Measurements

• Grid Needs to be
Dynamic and Active.
• EV charging may be
made complementary
to RE generation
profiles and therefore
provide opportunities
for both the grid and
the EV user as well
as help the
environment.
OLTC: On Load Tap Changer
MV: Medium voltage
HV: High Voltage
BMS: Battery Management System

Transmission
system

Active Tap
Controller
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RES

66 kV

11 kV

Feeder

Feeder

Meteorological office
weather (renewable
generation) prediction

400 V
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Off Load
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Transmission
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Control

Demand Side
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Putrus G., Bentley E., Binns R., Jiang T. and Johnston D.: Smart grids: energising the future, International Journal of Environmental
Studies, Vol. 70, No. 5, October 2013, pp 691-701

Smart
Meter

Smart
charge/V2G
controller

Low
Voltage
Loads
(House)

EV user
requirements
BMS
Battery
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Enabling Technologies
• Information and Communications Technologies (ICT)
• Advanced sensing and measurement.
• Advanced control and automation
• Power electronics controllers
• Battery energy storage (centralised and small local,
including EVs)
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Demand-Side Integration (DSI)
DSI is an incentive-based or electricity price-based measure to use
local flexible load, distributed generation and storage to support
network operation and improve quality of supply. It includes:
• Demand-Side Management (DSM)
⎻ Utility activities designed to influence customer use of electricity (e.g.
dynamic pricing, economy-7 tariff).

Uncontrolled charging of EVs

• Demand Response (DR)
⎻ Mechanisms to manage the demand in response to supply conditions
(e.g. frequency response).

• Demand-Side Participation (DSP)
⎻ Strategies used in a competitive electricity market by customers to
contribute to economic, system security and environmental benefits
(e.g. voltage and frequency control).

Charging of EVs with DSI

Example of winter load curves
without and with DSI
22

Demand-Side Integration
Power
calculator
Load
controller

V and I
measurement

66 kV

~
11 kV

Grid
connection

Load
controller

400 V

~
~

~

~
23

Energy Storage
• Energy storage provides the missing link between
renewable energy and grid control by providing SupplyDemand balance.
• Applications of Energy Storage for grid support includes:
⎻

Improve quality of supply (reliability and power quality).

⎻

Facilitate integration of (intermittent) renewable energy generation

⎻

Electrical energy time shifting

⎻

End user energy management (time-of-use tariff).

⎻

Provide ancillary service (e.g. frequency control, spinning reserve,
voltage support)

• Challenge: Need low cost, high-energy, high-power,
reliable and long lifetime storage.
24

Energy Storage Technologies
• Conventional, e.g. Pumped storage, compressed air
• Batteries, e.g. Sodium Sulfur (NaS); Li ion; Lead acid; Nickel
metal hydrides (NiMH)
• Flow battery
• Fuel cell
• Superconducting magnetic energy storage
• Flywheels
• Super-capacitors
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Battery Energy Storage for Grid Support
• Large centralised (grid-scale) storage
• Distributed energy storage (electric vehicles and
second life EV battery)
•

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

Y. Wang, R. Das, G. Putrus, R. Kotter, Economic Evaluation of Photovoltaic and Energy Storage Technologies for Future Domestic Energy Systems – A Case Study of the UK, Accepted for publication in
Elsevier
Journal Energy, May 2020
IRENA (2017), ‘Electricity Storage and Renewables: Costs and Markets to 2030’, International Renewable Energy Agency, Abu Dhabi.
IRENA
(2017), ‘Electricity Storage and Renewables: Costs and Markets to 2030’, International Renewable Energy Agency. http://www.photonicuniverse.com/en/catalog/list/page/4/category/inverters
http://www.photonicuniverse.com/en/catalog/list/page/4/category/inverters
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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 England-Germany
World Cup semi-final
4th July 1990

Source: Great Britain Department for Transport; Vehicle Licensing Statistics; Statistical Release 11 April 2013
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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)
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Type of Rechargeable Batteries
• Maximum range of EVs is limited by the energy density of
the batteries.
• Current lithium ion batteries have only about 1-2% the
specific energy of gasoline/petrol (~12 kWh/kg).
• Lithium-ion-polymer (not listed) uses a polymer electrolyte
(gel) and has a slightly higher specific energy. These are
used when weight is critical, such as mobile devices and
radio controlled aircraft.
• Anode is usually carbon (graphite), which must be flexible
to allow for intercalation of lithium ions which are larger
than the gaps between the layers. Other types of anode
are Silicon and silicon oxide, which have better specific
energy, but mechanically brittle so short life.
• Lithium-air has exciting potential, but still in R&D stage. It
has much higher specific energy and power (practical limit
is ~1000 Wh/kg).
• High energy density is unlikely to be met without new
battery technology.
https://batteryuniversity.com/learn/article/secondary_batteries
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Reactions in Lithium Cell
Heating Effects
• Lithium-ion batteries perform better
at high temperature, because it
improves chemical reaction and
reduce battery internal resistance.
• However, charging/discharging at
high temperature affect battery
state health.
Charging

Discharging

• The applied potential allows the lithium to take
part in the reaction
• The lithium decalates from the cathode and
becomes lithium ions
• It migrates to the anode where it gains electrons
and becomes lithium carbon compound.

• At the anode, electrons are separated from
the lithium and travel into the external circuit.
• The lithium ions are dissolved in the
electrolyte and travel towards the cathode.
• The lithium ions intercalate into the cathode
to collect electrons

https://physicsandsocietybc.files.wordpress.com/2013/04/meriampic.gif
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Types of Lithium ion cell for EVs - Cathode
Lithium Nickel Cobalt Aluminium
(NCA) – high capacity for laptops,
cameras, etc – and Tesla

Lithium manganese Oxide (LMO)
- Used in power tools
Flexible uses,
short lifespan
and fast charging
ability

High capacity,
less safe and
short lifespan

Lithium Iron phosphate LFP
Safe, long lifespan
and moderate
capacity

Boston Consulting Group https://www.bcg.com/documents/file36615.pdf
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The Value Chain of EV Battery

Battery current (A)
during driving
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x 10

Boston Consulting Group https://www.bcg.com/documents/file36615.pdf
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Battery costs
• Costs of active materials is very small
proportion of the total.
• Cells using lithium cobalt (e.g. NCA – Lithium
Nickel Cobalt Aluminium Oxide - LiNiCoAlO2
and LCO – Lithium Cobalt Oxide - LiCoO2) are
up to 50% more expensive than those using
LFP material (Lithium Iron Phosphate –
LiFePO4/C, but energy density of lithium cobalt
cells is 30% higher and also higher voltage.
• 70% of cell costs and 75% of battery pack costs
are volume dependent
• According to BloombergNEF (Dec 3, 2019),
battery pack average prices were above 1,100
$/kWh in 2010, and have fallen by 87% in real
terms to 156 $/kWh in 2019. The forecast is
~100 $/kWh by 2024 and ~$61/kWh by 2030.

Forecast by Boston Consulting Group (2010)
https://www.bcg.com/documents/file36615.pdf
https://about.bnef.com/blog/battery-pack-prices-fall-as-market-rampsup-with-market-average-at-156-kwh-in-2019/
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Battery Management System (BMS)
• The need for high-energy high-power batteries requires
several cells to be connected in series/parallel.
• BMS is usually used to:
–
–
–
–

Monitor the state of health of individual cells.
Ensure that cells voltages and loading are balanced.
Protect the battery from operating outside its safe operating area.
Communicate with external environment.

• Tesla 85 kWh battery pack contains 16 modules (in series);
each contains 6 groups (in series) of 74 Li-ion 18650 type cells
(in parallel), with a total of 7,104 cells.
• Nissan Leaf 24/30 kWh battery pack contains 48/24 modules;
each contains 4/8 Li-ion NCM 622 laminate type cells with a
total of 192 cells
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Current EV Charging Options
Existing chargers
provide limited
controllability regarding
charging specifications
and flexibility to the
user regarding charging
time and length of next
journey.
New chargers are
getting better but they
are not smart enough
or their advanced
features are not used.

Home
charging

3-7
kW

Public
(street)
charging

23
kW

Fast
(public)
charging

Over
50
kW

Sources: https://thedriven.io/2018/08/28/faq9-ev-charging-speeds-explained/
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Charging Stations

Table courtesy of dSPACE
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Standard Charging Profile
• Constant Current - Constant
Voltage (CC-CV) charging is
currently considered to be fast
and good way of charging
Lithium ion batteries.
• This method only consider
current and voltage limitations
(as well as thermal and other
safety limits).
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EV Battery Degrades with Time and Use
•

Lithium ion batteries, as other type of batteries, do lose capacity and their performance
deteriorate with time and cycling.

•

Battery degradation is a dynamic process that is difficult to quantify.

•

Battery performance and lifetime are very sensitive to internal factors (e.g. chemistry,
structure) and operating conditions, (e.g. cells balancing, temperature,
charging/discharging regimes).

•

Current estimates of cost of degradation varies between €0.03 to €0.3 per kWh
exchanged, depending on assumptions and operating conditions.

•

Battery is the most expensive part in the EV, so it is important to reduce degradation and
extend battery life, especially if the battery is to be used to provide ancillary services.

•

Minimizing degradation extends EV life, provides economical grid support and reduces
the total cost of ownership of EVs.
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Battery Performance and Lifetime
• Battery performance and lifetime depend not only on its chemistry but
also on the way the cells are managed and the battery is used.
• A Battery Management System (BMS) monitors cells balancing and
performance and ensures that battery is protected.
• Battery performance and lifetime depend on cell chemistry, structure,
thermal management of the battery pack and conditions of use,
such as energy throughput, charging/discharge rate, ave. SOC, temp,
cell balancing.
• It is important to clearly understand battery aging mechanism and
factors that affect battery degradation in order to define favourable
charging-discharging profiles and the requirements to keep the
battery in good state of health, which may be achieved by using BMS
and smart control.

https://event.on24.com/eventRegistration/EventLobbyServlet?target=lobby20.jsp&eventid=2302911&sessionid=1&partnerref=COMSOL&key=5429AF59CE13C4
52351836B61923E091&eventuserid=293242090

Poor thermal
management and/or
uncontrolled fast
charging can lead to
hot spots
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EV Battery (Li ion) Capacity Loss
Loss of
capacity

Reversible
loss

Irreversible
loss

Calendar
loss

Average
SOC

Temperature

Self
discharge

Temperature

Cycle loss

Charge rate

DOD or
change in
SOC
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Battery Testing
•

Battery testing is needed to get better understanding of the
battery ageing mechanism and minimize degradation in
order to provide smart charging and economical grid
support.

•

Dedicated equipment to analyse the state of health (SOH) of
rechargeable batteries. Up to 16 cells can be simultaneously
cycled (charge/discharge) in a controlled way
(independently) and controlled environment (temperature
and humidity).

•

Analyse battery degradation and define factors affecting the
ageing process

•

Model battery degradation and develop a battery aging
model.

16 channels battery tester
and environmental chamber

Source: teslamotorsclub.com
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Battery Calendar-Loss
•

Permanent capacity loss increases with temperature and SOC.

•

Not all Li ion batteries behave in the same way.
Temp.

40%
charge

100%
charge

0 °C

98%

94%

25°C

96%

80%

40°C

85%

65%

60°C

75%

60%
(after 3
months)

The remaining capacity in batteries stored for one year
at different temperatures and SOC
https://batteryuniversity.com/learn/article/how_to_prolong_lithium_based_batteries
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Battery Cycle-Life Degradation Factors
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Effect of Charge Rate on Battery SOH

•

Tests on 6.8 Ah cells (1 C = 6.8 A)

•

Cells are not designed to run at 1C so result for
23 kW is not unusual.

•

Cells have different C capability but all show
increased ageing with rapid charging (high C
rate).

• Tests at different charge rate show some variation but the trend is clear.
• Battery SOH is best at low charging/discharging current.
• Smart charging can prolong battery life by charging at the lowest convenient current
rate and avoid fast charging/discharging, especially when ambient temp is high.
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Keeping the Battery in Good State of Health
Battery degradation is minimized by using smart charging.
Whenever possible:
• Keep battery temp around 20°C
ü Ensure BMS keeps cells temperature within range
ü Avoid fast charging/discharging, especially when ambient temp is high

• Keep average SOC low
ü Charge before next use; Charge only the necessary amount of energy required for the next journey.
ü V2G can minimise average SOC!

• Keep DOD low
ü Allow low charge/discharge several times rather than full charge/discharge

• Keep charging rate low
ü Charge at the lowest convenient current rate
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Modelling State of Health
• Analytical Models
• Modelling from real driving data
• Statistical methods
• Equivalent circuit model (ECM)
• Electrochemical Impedance Spectroscopy
• Empirical model using experimental Tests

Gillian Lacey, “Evaluation of Lithium Ion Battery Degradation and the Implications
for the Use of EV Batteries in Providing Support to a Smart Grid”, PhD thesis,
University of Northumbria at Newcastle, March 2015
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Modelling State of Health for EV4ES
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is battery degradation cost related to a charging/discharging event at time t
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𝐶 C being the investment cost of the battery in £/kWh
𝐸3E prospective lifetime energy throughput under certain charging condition 𝑃3678 , 𝑃3679
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𝑛6HE is number of full cycles before the battery reaches the End of automotive life
𝐸67 is the maximum energy of the EV battery
𝛼 L is the cycling capacity degradation coefficient, which is influenced by several stress factors

Where
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is battery temperature

𝐸67 is EV battery capacity
𝑆𝑂𝐶 is average SOC
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is charging/discharging rate

𝛽>→\ are fitting parameters
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Battery Cycle-Loss
Permanent loss in Capacity (kWh) or
performance (kW)
• Due to a change in chemical and physical
construction of the battery, which results in the
loss of active material and an increase of the
internal resistance in the battery which can be
measured as a hysteresis.

New
battery

• The chemical changes affect the ohmic, charge
transfer and diffusion impedance. This value can
be inferred from the open circuit voltage at rest.
• The physical changes affect how much ion
transfer, and thus capacity is possible before the
battery reaches its maximum SOC.

Battery cells are tested to establish factors
that affect ageing
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Battery SOC Varies with Cycling Regime
1.00

Assumptions:

State of Charge

0.80

0.60

SOC(1)
SOC(2)
SOC(3)

0.40

0.20

0.00

An average journey time of 45 miles is
equivalent to a charge of 45% if the EV
can run for 100 miles on one charge.
Batteries charged to 75% SOC
SOC between driving is 45%
SOC at end of driving is 30%
Uncontrolled: EV is charged
immediately after driving.

time in hours

• The average SOC over 24 hours is highest for
Uncontrolled charging and lowest when V2G is
used before charging.

Delayed: EV is charged immediately
before driving
V2G: after driving, EV is used to
support the grid and then charged.
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capacity loss (% / Cycle)

Smart Charging Extends Battery Life
•

Lab tests on 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.

•

Smart charging can lower average SOC by charging before next journey and only the necessary
amount of energy required for the next journey.

0.03

Early: EV is charged
immediately after driving.
Late: EV is charged
immediately before driving
V2G: after driving, EV is
used to support the grid
and then charged.

0.03

0.02
0.02
0.01
0.01

0.00

late

V2G
charging schedule

early

Capacity Loss versus Charging Regime
50

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.
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Energy Capacity Loss for Different Charging
Profiles
• Results obtained show a reduction
in battery degradation of about
2.5%.
• Considering that EV manufacturers
recommend that EV battery is
replaced when the capacity drops
to 80%, this represent around
12.5% of the useful capacity of the
battery.
Normalized Battery capacity for different charging profiles measured
at the start of the discharge period.
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Internal Resistance (Power) Profile

• Further work is required
in order to understand
the correlation between
the electrical
characteristics and the
chemical reaction during
charging / discharging of
the battery. Accordingly,
design optimum charging
profiles that reduces
battery degradation to
minimum.
Normalized internal resistance (power or performance loss) for different
charging profiles measured at the end of the charging period.
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Smart Charging
• EV user requirements are defined in terms of the next journey length
and the time the user is willing to wait for charging to complete.
• Charging only the necessary amount of energy required for the next
journey: allow for user behaviour & driving conditions, help the grid
and extend battery life.
• With smart control, EVs may be charged/discharged with minimum
degradation to the battery, thus increase the residual value.
• Provide support to the grid in order to reduce the total cost of EV
ownership.
• Charge from available renewable energy sources and help to deal
with their intermittency and also the environment.
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Smart EV Charger
•
•
•
•

Meet driver requirements (e.g. charging time & length of next trip).
Reduce battery degradation.
Support the grid, by charging during off-peak times
Charge from renewable energy (when possible)
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The Smart Charge Controller
• The smart controller
determines the optimal
charging current by considering
user requirements (journey
length and charging waiting
time), network condition and
battery SOH (based on
information from BMS).
• The priority of each input can
be weighted depending on the
design requirements.
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Experimental Results
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A Smart controller for Dynamic Energy
Management in the Built Environment (V2H)
Grid
Control Signal
Electrical
Thermal

Smart Meter

Smart Controller

Desired Temperature
Wind Speed
Wind Direction
Solar Radiation
Humidity
External Temperature

DHW
Tank

Micro-CHP

Renewable
Energy
Sources
WT/PV

Space
Heating

Electrical
Vehicle

Desired Temperature

Electrical
Load

Solar Radiation
Wind Speed

User Requirements
Grid Requirements
Battery State Of Charge (SOC)
Battery State Of Health (SOH)
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Smart Charging Control in a Smart Grid
Power Flow
Communication Signals
Control Signals
Measurements

• Centralised control

Transmission
system

• Distributed control
• Hybrid control

Active Tap
Controller

DG

DG

Transmission
System
Operator

66 kV

11 kV

Feeder

Feeder

Meteorological office
weather (renewable
generation) prediction

400 V
Feeder
V, I, P
Monito
r

V, I, P
Monito
r

Aggregator
(HV)

DG

Off Load
Tap
changer

OLTC

V, I, P
Monitor

OLTC: On Load Tap Changer
MV: Medium voltage
HV: High Voltage
BMS: Battery Management System

Active Voltage
Control

Aggregator
(MV)

Aggregator
(MV)

Demand Side
Management

Low
Voltage
Loads

Smart
Meter

Smart
charge/V2G
controller

EV user
requirements
BMS
Battery
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Electric Vehicle for Energy Services (EV4ES)
•

Uncontrolled (dump) charging increases peak
demand on the grid and may cause power flow and
voltage control problems.

•

Smart Charging can help the EV user and the
environment as well as provide opportunities for the
grid (e.g. Firm Frequency Response or Frequency
Containment Reserve).

•

V2H, V2B, V2G (V2X) uses the EV as a mobile
storage to further improve the benefits to the grid
and provide energy savings or revenues to the
PV/EV owner.

•

EV4ES (SC + V2X) is about the integration of
electric transport, electricity grid and renewable
energy generation, leading to sustainable transport
and energy systems. EV4ES may be complemented
with stationary energy storage.

•

Electric
transport
Sustainable
energy and
transport
system
Electricity
Renewable
grid
energy

Uncontrolled (dump) charging)

Smart charging)

EV4ES helps to achieve the above by exploiting the
synergies in profiles in order to deliver technical,
economical and environmental benefits.
V2G
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Smart, clean Energy and Electric Vehicles
For the City (SEEV4-City)
•

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”.

•

2016 to 2020 (total grant over Є5M)

•

KPIs: Reduction of CO2 emission; Increased energy autonomy; Optimized grid
performance.

•

10 partners working on 6 operational demonstration pilots of varying sizes, boundaries,
complexity and services.

•

https://www.seev4-city.eu

The OPs provide valuable data for evaluation of real life scenarios “living labs”.

Loughborough ‘Living Lab’
Loughborough
‘Living
Lab’
Burton
on Trent V2G
trial
UK
UK

V2H
and V2G

Leicester City Hall
UK

Vehicle to Building
V2B

Vulkan Real Estate
Building
Oslo, Norway

City depot of Kortrijk
BE

Amsterdam ArenA
NL

Smart charging
and Peak ‘shaving’

Solar charging
and E-bike

Frequency regulation

Amsterdam City
NL

Smart charging
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Smart Charging versus V2G
• Existing smart EV chargers are used with limited controllability, e.g. time-ofuse tariff or charging power.
• Smart chargers need to:
⎻

Meet user requirements, e.g. wait time for charging, length of next trip.

⎻

Charge only the necessary amount of energy required for the next journey, allowing for user
behaviour & driving conditions (and grid support, if V2G).

⎻

Charge from available renewable energy, preferably from local generation to increase energy
autonomy of house/building.

⎻

Use EV battery as a distributed dynamic load (smart charging) and energy storage (V2G) to
support the grid and deal with intermittent nature of generation from renewables.

⎻

Do all the above with minimum degradation to the battery (extend battery life).

• V2G requires bi-directional chargers, with associated complex control, ICT
and interoperability issues.
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Multi-Objective-Techno-Economic-Environmental
Optimisation for EV4ES (MOTEEO)
• EV4ES involves a range of stake holders with
complex interactions and conflicting interests
• The decision making process may be tailored to
suit key stakeholders
–
–
–
–

End electricity user
EV owner
Electricity system operator (TSO and DSO)
Environment (CO2 emissions)
MOTEEO

Policy
maker

DSO

TSO

P-M

Bus 6

Bus 7

Bus 2
H-1

3 houses

5 houses 1 house 2 houses

H-MG 15

P-M

EV-U 15

MOTEEO 15

bri

Physical connection link
Communication link
MOTEEO scheduling

H-MG 2

EV-U 2

MOTEEO 2

H 15

bri

H-MG 3

EV-U 3

MOTEEO 3

H-MG 19

EV-U 19

MOTEEO 19

bri
bri

Bat. deg

CO2

EV-U

Bus 3 Bus 4 Bus 5

DSO

Energy cost

Grid exch.

H-MG

TSO

MOTEEO framework for a distribution network
EV travel
requirement

A-S

bri

Physical connection link
Communication link
Business relationship
MOTEEO scheduling

MOO
MCDM

MOO: multi-objective optimization
MCDM: multi-criteria decision-making

MOTEEO framework for single H-MG
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Multi-Objective-Techno-Economic-Environmental
Optimisation for EV4ES (MOTEEO)
•

The results from three case studies showed that, as compared to uncontrolled EV charging, smart
charging and V2G (with MOTEEO) provide benefits to all stakeholders, with varying levels depending
on the objectives set by policy makers.

•

To stimulate participation in EV4ES, the system operator needs to compensate the end electricity user
and EV owner for their incurred benefit loss. For example, MOTEEO showed that in order to achieve a
42% improvement in grid utilisation, the system operator needs to compensate the end electricity user
and EV owner for their loss of 27% and 10%, respectively.

•

EV4ES needs a dynamic model for battery state-of-health that can be used in real-time.
Attributes, with reference to
uncontrolled charging

Smart charging

V2G (FFR)

Energy cost saving for end user (max)

37%

88%

Benefit for EV owner (max)

67%

52%

Grid improvement using FFR (max)

91%

91%

Environment, CO2 reduction, (max)

34%

32%
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Summary
• EVs have high energy capacity and their mass deployment can have negative impacts
on the grid and the environment OR can provide valuable support if EV4ES is used.
• EV4ES may be designed to meet driver requirements (allowing for driving behaviour,
traffic and weather conditions), charge from green energy, provide grid support and do all
these with minimum battery degradation.
• The success of EV4ES depends on several factors, including battery cost and being able
to accurately quantifying the impact of EV4ES on battery life.
• Accurately determining battery ageing mechanisms (degradation factors) and SOH will
enable optimum charging/discharging control strategies to prolong battery life and permit
economical EV4ES. This will also reduce the total cost of ownership of EVs.
• EVs can provide ancillary services to the grid, such as supply/demand matching and
voltage/frequency control. Pro-sumers will play an active role in supporting the smart grid
through smart meters, local controllers and two-way communication links.
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Summary
• EV4ES involves complex interactions between several stake holders with conflicting
interests, which need to be carefully considered and optimized.
• A successful EV4ES needs commercially viable business models that can be tailored so
that all stakeholders involved see benefits (win-win scenarios).

Electric vehicle + Electricity grid + Renewable energy + New technologies
+ Smart ‘pro-sumer’ + Appropriate policy (Business models)
= Sustainable electricity + transport
= Healthy environment at an affordable cost
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Thank you
Ghanim Putrus
E-mail: ghanim.putrus@northumbria.ac.uk

