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Location

* |n Coventry, very central
— at the “heart of
England”

e |n the centre of the
manufacturing region

e 60 minutes from London
by train

R
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Moderador
Notas de la presentación
Aerial shot of campus looking NW

City to right – about 3 miles

Warwickshire countryside to left – walks in fields and woodland within minutes.

Point out Westwood – accommodation and running track

Point out path through nature reserve to East Site – home of Bio Sci and Medicine


History of the University
Established in 1965

First student

Intake: 450

—




The University — fact

Consistently ranked in the top 10 of UK universities:

5th - The Times Good University Guide, June 2012
8th - The Times Good University Guide, June 2013

The results of the 2008 Research Assessment Exercise (RAE)
reiterate Warwick’s position as one of the UK’s leading
research universities, with Warwick ranked at 7th overall in
the UK. 65% of Warwick's research is 'world-leading' or
'Internationally excellent' (Quality level of either 3* or 4*)

The best modern university in the UK!
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Overview of EPSRC Energy Storage Research in the UK

Two Grand Challenge Programme Projects:

1) Energy storage for low carbon grid (led by Imperial
College London)
2) Integrated market-fit and affordable grid scale energy

storage (IMAGES, led by Warwick)

/ ' Grand Challengg~ "

Energy Storage .
for Grid 2013 Energy

Storage Hub

New

WARWICK DACSRA




Integrated Market-fit and Affordable Grid-scale Energy Storage
IMACGES

Th e CO NSO rt| U M (Total Funding (FEC)3.7m from EPSRC UK)

CHE URINERLTT S J Wang, M Waterson, R MacKay, M Giullietti
WARWICK P Mawby, R Critoph
r The Uni.versity of
&' | Nottingham S Garvey

B Loughborough

University P Eames, M Thomson

E% British _ : :

2 GeologlcaISurvey D Evans, J Busby, A Milodowski
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The Consortium
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IMACES

The Team

Team

J Bushy
B Critoph
P Eames
D Evans
S Garvey
M Giulietti
R MacKay
P Mawby
A Milodowski
J Wang

Members

Expertise/Skills

Power network operation

Energy economics/market

Underground Storage

Storage structure

CAES -compression/storage/integration
CAES - energy conversion

Power generation and electrical machines
HTTS

Thermal dynamics/efficiency

Power system control

Complex system modelling and analysis
Power electronics and conversion

M Waterson

M Thomson

WARWICK PACSR



Industrial Partners

IMAGES
ALSTOM cie  nationalgrid e-on

Gaelectric D SRS
INECS Enterprises

% Saipem sa.

=Pnu Power

" HIGHVIEW POWER STORAGE

|
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Integrated, Market-fit and Affordable Grid-scale Energy Storage

IMAGES Project Brief

Vision

e to expound the ec
storage

e to achieve a step
required technical
storage for technc

e to pioneer technic
affordable grid-sci
will be realised be

ICK

THE UNIVERSITY OF M Loughborough nl‘_Es piversity o British
WARWICK | Lo IMRG " Nottingham oLt A
-

Interactions

Threafeps I tha sreation of a st stsrage savern
Creating bulk storage environments

* Geological storage offers greatest
volumes

* Salt caverns are created underground
to form high pressure storage
vessels for compressed air
* Geological assessment
is essential — lowa;
$4.8 m spent before
geology found to
be unsuitable

* To induce necessary
investment (esp. in large-scale
projects) we must first understand
what competing methods address
the reconciliation of electricity
supply & demand.

Partners

on for this Grand Chy, * How should the electricity
Integrated energy market operate o cause
-\\’ ® \__ stable behaviours which
- best exploit available

energy siorage ?

2

* Integration

of power network
and energy storage:
grid code, operation,
technical
characteristics

* Integration of
thermal energy
storage with thermal
power plant potentially
avoids the losses and

* A ball-park present
day cost calibration for

capex costs of TWO for energy storage
power conversions suggests ~E50M/GWh
electricity — storable- . for pumped hydro-electric
form — electricity . : s storage & ~E500M/GWh
A Graphic 10715} (G o for electro-chemical
Our vision is to expound the economic viability of energy storage.
siorage and fo achieve a step change in technical * \We can already show o
advances such that affordable grid-scale energy At mﬁ@m Spemﬁc
storage will be realised before Tor £5MIGWh (capacity) and Advances

2050. >80% effective turnaround

efficiency with very long life using
CAES and/or HTTS.

* Grid-system
economic modelling wil
show approximate cost-

performance-quantity-time

surface for the first time — and

indicate effects of interconnectors,
DSM and EVs.

* The key fo low p.u. cost is large-scale projects
combined with geolegy.

* A Geographic Information System (GIS}
combining availability of storage potential. grid
lines. major loads, and major generation will be
formulated. published and maintained.

oo
! l \\ * New salt-cavern formation and inspection methods.

\\ { : Halite Coresfrom the Irish Sea (Courtesy
of Gateway Gas Storage Lt )

* Viability of massive underground pressurised high-grade

R ‘i’_ > (Y Machacical Theemal thermal energy stores explored.
F I 3 i il | * Large-scale heat-exchanger designs enabling ambient
i Storage ctes ocanion]| | <50, 507K pressure thermal storage to deploy effectively with CAES.
£ NSRS AW s REE]| [Festtrons * Thermal power station configurations integrating HTTES
T i / ’:mwm (Amblentesti) outlined & proven in simulation. Scaled elements tested.
seion | [ )
* The potential for integrating A-CAES with specific loads
ddiab i energ) Two-Tark 2 Wiy 4-CAE. bemexpersive and with solar thermal top-up explored in depth.

SN idastopeo  Ze=PnuPower  |INECQS Enterprises  Gatewdy
e

-g07 |

E =5 .
& Saipemsa  Gaelectric

Rla/



IMACGES
Fawa

What we aim to achieve :

Economic analysis : Support .
- to reveal the multi-dimensional true values of ES Policy makers
i : i ” | Investors
- to identify the way for maximising the value of ES

Network analysis:
- to clarify the role of ES from demand and supply balance | Regulations
- to exam network operation rule for ES integration ’| Operators
Support

Tec_hno-ecpnomlc-ngtwork analysis: Support Guidance for
to derive a matrix of performance/cost of ES ———1 technology
- to exam technical characteristics for network integration | development

To provide essential information to government policy
makers and regulation bodies
To support UK industry for technology development

WARWICK DACSRA



. . IMACES
What we aim to achieve : -

- to gain a clear picture of national storage Support | Energy system
resources (CO2, Compressed Air, Gas, H2, =~ | Planning and
Thermal etc) and its map to the renewable policy
power generation
locations i |

1 Active windfarms.shp
.

« Onshore windfarms shp
.
« Salt basins.shp

1 Power line. shp

The information E .
will be available

« Hydrocarbon_fields_ng.shp

[ |
from GIS ot .

« Tce_wave_tidal_ng.shp

« Power cable.shp

« Gas_pipe_feedershp

1 Rez_scottish_border_line_ng. shg
N

«1 Fields_on_ng_mar_2012.shp
—

«| Gas sites.shp

GEOGRAPHICAL g

2 R 1 12.5h
INFORMATION /ﬂ 4 o Licences_on_ng_mar_2012.shp
SYSTEMS (_‘w\", e b ¥ SIeZIa_aress_o shp

A ‘. ' « Zechstein_saltbasin_ng shp

NG |

| B25k_v5_bedrock_geology_polyc '
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IMACES

What we aim to achieve :

Technology breakthrough — Technology for potential
deployment

Compressed Air Energy Storage
- to avoid involvement of fossil fuel
- to iImprove the round trip efficiency

- to gain a clear picture of national storage resources

- to study the methodology of engineering storage

- to map the storage with the renewable power
generation locations

To maximise
——> | renewable
energy
penetration

WARWICK

PACSR*



. . IMACES
What we aim to achieve : -

Technology innovation — Technology for potential
deployment

High Temperature Thermal Storage:
- to research innovative HTTS technology
- to find the cheap materials for HTTS
- to improve energy efficiency by direct conversion
- to develop innovative technology for combination
of CAES and HTTS

To turn inflexible CCS
Support ~ —> | and nuclear plants to
| ] | flexible plants

WARWICK DACSRA



IMAGES Project Brief IMRGES

» Kick-off: Oct. 2012
* Four reports are drafted for comments within the team members:
- An overview of electricity network operation (Dr Lisa Flatley)
- Overview of electrical energy storage technologies
(Dr Xing Luo, J Wang and J Clarke)
- Revenues from storage in a competitive electricity market
(M Giulietti, L Grossi, M Waterson)
- EERA report: Overview of current development of compressed air
energy storage (X Luo and J Wang)
* Project progress:
- three patents filed
- the first version of simulation tool for CAES is developed to be
completed soon
- etc
* Project website

WARWICK PACSR



A0 e dina £ Projec 0 dL1D 0 d = dineg

A = are Review Meeting on the 20/05/13

Review Meeting on the 30/05/13

Research — Flle

Maps to First floor Seminar Romm in Energy Technologies Building (ETB), Nottingham University

Res F nott e
= -| Nottingham University Jubilee Campus Map
Ne =ima

Advertisll % Eneray Technologies Building 1st floor map

A
" IMA
Detail i i i
ep Addre 0 a a enereo orage
Wo, WorkPa ¥l Actuator Dvnamics - 5 G Garvey
-

) Date: ™ BGS Progress Report - D Evans, ] Busby, & Milodowski, L Field and D Parke

venu Detail ﬁ The economic value of energy storage - L Flatley

Progr "',:I "',,_EI University of Warwick Progress Report - X Luo
= Worl

Cont: Tj

Wor

IMAGES Projs {old infomation)

School of Engineering Maps to C25 in the Coates Building, Nottingham University

=
University of Wanwick 7 wor ™ Mottinaham University Campus Map
Cowventry Tj
CVa 7AL, Uk - Wor ﬁ Coates building 3rd floor map with C25

amail: L.H.A.Clz rke@',-i

Personal Summary

Details or tne Keview MEeTing on tne su/ua/135



http://www2.warwick.ac.uk/energystorage
http://www2.warwick.ac.uk/energystorage
http://www2.warwick.ac.uk/energystorage
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* Overview of Compressed Air Energy Storage
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Compressed Air Energy Storage — Grid Scale

Compressors - 50 MW Expanders - 110MW
Ambient Air

Fl rSt Motor/Generator

generation o G G H

CAES system  afer

cooler

Intercoolers

Courtesy to Conven Energy Storage & Power LLC p: WWw.enstpo.com/

WARWICK PACSRX



Compressed Air Energy Storage — Grid Scale

Second
gen eration Air Injection
CAES system

Compressor
Air
q
A l r =
Motor

Gas Turbine (CT)

Compressed Air

Courtesy to Conven Energy Storage & Power | L, http://www.enstpo.com/
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Compressed Air Energy Storage — Grid Scale

Compression

Third Ar
generation =
CAES system -
.
«

>

=

Power Production

xhaust

<

Y

Air Flow to Storage

CAES - Adiabatic

Stored Air Outlet Flow

Courtesy to Conven Energy Storage & Power LLC, http://www.enstpo.com/

WARWICK
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Compressed Air Energy Storage — Grid Scale

Today world-wide two plants exist:

1. Huntorf, Germany built in 1978, charging power 60
MWe (8 hrs), discharge power 321 MWe (2 hrs)

2. Mclntosh, USA built in 1991, charging power 60
MWe (45 hrs), discharge power 110 MWe (26 hrs)

WARWICK ACSR



Compressed Air Energy Storage — Grid Scale

ADELE — Adiabatic compressed-air energy storage (CAES)
for electricity supply (RWE) in development

ADELE - Adiabatic compressed-air energy storage (CAES) for electricity
supply

q

Storing electricity safely, efficiently and in large amounts — that is one of the greatest challenges for the power supply of the

WARWICK PACSRX



Compressed Air Energy Storage — Grid Scale

LTA - Low Temperature Adiabatic CAES

NG NG ™~ _ '
1 MW unit in IET, Chlna v

ho twaterta .

cold water ta
Figure 3:
energy ste

WARW ICK DACSRA




Compressed Air Energy Storage — Grid Scale/Small Scale

Isothermal compressed air energy storage (ICAES) — SustainX

Technology Roadmap

1kW - 5kWh

Alpha System

ICA=S 20

40kW Pilot 2nd Generation Platform

l ICA=SS 1.0 l l
S?I'ar::\e:s:::at 18t Generation Platform ( ‘ AES

1 MW Demonstration

PACSR*



Compressed Air Energy Storage — Grid Scale/Small Scale

Technology of LightSail Energy

PISTOMN  WATER SPRAY

http://www.lightsail.com/

WARWICK

y

__YVV

WARM WATER SPRAY
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Compressed Air Energy Storage — Battery

Electricity

Storage

— @

WARWICK
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— Pnu Power
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Compressed Air Energy Storage - UPS

Project: 2005-2007 (with Energetix Group)
| S r 1

A & }__f: |
JIgigie:

| | I | - _-..-.E i

M’
e |
. 1
e -
L - = ol I = i = =

Courtesy to Pnu-Power
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Compressed Air Energy Storage - UPS

00/200kW | T QLW

b backup )

PACSR*


http://www.pnu-power.com/
http://www.pnu-power.com/
http://www.pnu-power.com/
http://www.pnu-power.com/

nationalgrid

e National Grid UK — Capenhurst, Cheshire - June 2009
e Utility Switching 400 / 235kV Substation
e 8kW peaking unit for 6 hours backup

e Noissues, no maintenance in 4 years

WARWICK


Moderador
Notas de la presentación
National Grid UK are planning to replace their battery systems with PnuPower systems with 48Vdc and 120 Vdc outputs to feed their protection equipment.


Military - Epergy Recycling - Application

ATK Thiokol — Utah, USA — October 2009

Grid Connect Peak Shaving — Energy Recycling

from waste (?) compressed air

40kW Parallel System

Performance Standby Products.


Moderador
Notas de la presentación
ATK have a rocket plant where they are load leveling the plant by storing and reusing compressed air


The co-operative
financial services

Sroadea b oA With air

e CFS - Kings Valley Pyramid, Stockport, UK — April 2012
e 300kW unit —ride through to generator start

e Data Centre application

WARWICK


Moderador
Notas de la presentación
Abertis telecom are using our system in remote locations to support their radio transmission equipment.


Compressed Air Energy Storage

Key Component: Scroll Expander

WARWICK PACSRX



Compressed Air Energy Storage
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Mathematical model of the scroll air motor

Basic geometry of a scroll

the scroll
the centre of the curvature

A
_ C:
;§ e: unit vector that is tangent to the curve
€ f: unit vector that is perpendicular to the curve
S:
Q:

curvature

length of the arc between A, and A

tangential angle
o . radius of curvature

] X
PACSR*
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Mathematical model of the scroll air motor

A, Equations for scroll geometry

& k Q A, =ds(cosg,sinp)and ds = p(¢)de

A= iznl:Ai = _[j p(p)cosu,sinu)du

7s)

p p=potke
A, - p’:k

WARWICK ACSR



Mathematical model of the scroll air motor
Volume calculation of a sealed chamber

40

20

According to Green’s Theorem ’

=20

The area of yellow region - 0
400 220 0 20 40 400 -

a+rw a0 40

Area = [ =y, (0)d (%, (9)) + %, (0)d (1 (0)

20

R

a

1 a
#= | ¥4 (% () + % ()d (35 (7)) -
e
A0 20 ] | ---- the orbit

X, Y. horizental, vertical coordinates
A,B: subscription of the moving, fixed scroll
o orbit angle

40

40

20

a

@. tangential angle of the moving scroll - 20
y. tangential angle of the fixed scroll 4 4
-0 -0 0 20 40 -0 20 a 20 40

WARE S ACSR



Mathematical model of the scroll air motor

. = Dynamic process
1
(2) &:j(f_foz)
3 \K& 1
(3) VA +V—Rycocdckﬁpsxxmaxf(ps/x3)
(4) & = 2Ky X, X, /(1 +2p, + 2k + 2kx, )
(5) g - ~2Ky XX, | (1 +2py + 2kz + 2k (%, +27))  a<[0,7]
} Patm = (72-’272-)
Zr[(Z,oo +2k0¢+k7z)(x3 _x4) . "
+(2,00 + 2k0!+5k7z')(x4 — x5) X1 orbi angle
a €[07] X,: angular speed

+(2p, + 2kar + K7 (X5 — Py )]

— Tatm

. pressure in the central chamber

w

2r[(2,0, + 2kt + K )X — X, )

. pressure in the first side chamber
+(2p, + 2ka +5k7z )X, — Py, )]

. pressure in the second side chamber

ae(m2x)

X X X
g

o1

WARWICK DACSRA



Mathematical model of the scroll air motor

Considering the thermal process, the model is modified

8 1= (B0

(myh, V)~ (VAV)([X . The) ~[X arThe+ PIX a1/[X, ]
B [X,.]C,.(T.)-P.IT,

T

air p,air

WARWICK DACSR



Simulation

;X1 o*
o= AT 1
‘E’ S i i J /
E 0.5 ‘,"/ L S JI I 5

0
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%2
3
-

Side Chamber
Temperature (K)

Exhaust Chamber
Temperature (K)

ation

Center Chamber
Temperature (K)
w
o
o

0.1 0.2 0.3 0.4 0.5

ki b \ \ ) '|, i
RN ART
0

II. | b)) “ L]
a ¢¢“+H;
0.1 2 04 O

0.3

[y By I T S e e

0.1 02 0.3 04 0.5
Time (s)

WARWICK

:

Scroll rotor speed (rev/min)

8

P supply presswé 6e5 Pa ‘

,-_4———"'%‘“-"'“—”’””_ -

| supply presswé 5e5 Pa l

N smplypressuc;a%Pa ‘
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Mathematical model of the scroll air motor

WARWICK PACSRX



Ap

[ L\ ']

New type of scroll air expenders -

1

B[T]

.2271e+000

0680e+000
.9089e+000
.7498e+000
.52082+000
.4317e+000
2726e+000
.1135e+000
.5446e-001
.95382-001
.3631e-001
7723e-001
.1815e-001
.5308e-001 :
.55412-008 P
5(1)
B :.ee5ec000
B 1.7325e+000
/ 1.5993e+000
/ 1466024000
{ 1.33272+000
| 1.19952+000
\ 1.06622+00D
.32812-001
B 7.9563e-001
£.6636-001
5.3308e-001
3.9902e-001
2.6654e-001
- 1.3327e-001
00.0000e+000
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®
Hybrid Connection with Wind Turbines

PACSR”


Moderador
Notas de la presentación
WP1.2 Task1: reviewing the current grid code in UK and other countries and assessing the code ES needs to follow
WP1.2 Task2: Based on the deliverables in WPs1.0 and 2.0, to examine the current ES technologies complaince with Grid Code.


The grid code specifiies the requirement for frequency and voltage response performance that must be achieved by power generation units. 
For ES integrations or grid connections, it is unclear whether the technical responses of ES can satisfy the Grid Code specifications or not.
The required speed for primpary, secondary and ternary responses need to be examined to identify the gap between the technical performances of different ES technologies and the Grid Code requirements. From this study, the technical characteristic and performance guideline will be derived for ES technology development.


Challenging Research Questions:

- Optimizing design of system devices

- New types of air turbines/expanders

- Energy efficiency — heat and cold
recovering

- Grnid scale or distributed small scale

- Cost reduction

- Geological location for large scale storage

WARWICK



Thank youl!

Email: jihong.wang@warwick.ac.uk

WARWICK
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