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1. Overview

Staff: Dr Jianguo Wang (Research Fellow)

Dr Jacek Woijcik (Project Manager)
Students:

Mr Anand Ganesan, Deferred to Jan 2018

Mr James Lam, joined us in May 2017 (EPSRC CASE)

Mr Songshan Guo, to be involved in some work related to IMAGES
Dr Xing Luo and Dr Mark Dooner have been giving their support to the
project.

Research work

- Further development on CAES-TE simulation toolbox
- Study of integration of CAES with grid

- The role of energy storage in VPP

IMIGES
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2. Publications and Activities

Papers published or accepted

« J Wang, X Luo, M Dooner, C Krupke, “Compressed Air Energy Storage” in
Energy Storage, One book chapter, World Scientific series in current energy
issues, volume 4, to be published, 2017.

« W He, Y Wang, J Wang, Pumped seawater combined with Compressed Air
Energy Storage system: an integrated solution for co storage/production of
electricity and freshwater for offshore islands, OSES, 2017, USA

Papers under revision

« X Luo, J Wang, L Shpanin, M Dooner, “A New Scroll-type Air Motor with
Magnetic Spirals”, IEEE/ASME Transactions on Mechatronics, completed the
first round review, under modification.

« W He, J Wang, Optimal Selection of air expansion machine in Compressed Air
Energy Storage: a review, Renewable and Sustainable Energy Review

IMGES
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2. Publications and Activities

Papers submitted

« W He, X Luo, D Evans, J Busby, S Garvey, D Parkes, J Wang, Exergy storage of
compressed air in cavern and cavern volume estimation of the large-scale Compressed
Air Energy Storage System, submitted to Applied Energy.

« WHe,JWang, YWang, Y Ding, H Chen, Y Wu, S Garvey, Study of cycle-to-cycle
Dynamic characteristics of adiabatic Compressed Air Energy Storage using packed bed
Thermal Energy Storage, submitted to Energy

W He, J Wang, New radial turbine dynamic modelling in a low-temperature adiabatic
Compressed Air Energy Storage system discharging process, submitted to Energy
Conversion and Management for consideration

Papers under preparation:

« J D Wojcik, J Wang: Technical feasibility study of Combined Cycle Gas Turbine (CCGT)
integration with Adiabatic Compressed Air Energy Storage (ACAES) plant.

X Luo, J Wang, W He, M Dooner, YW Li, DC Li, O Kiselychnyk, “A Software Tool for
Dynamic Modelling and Transient Control of Advanced Compressed Air Energy Storage
with Thermal Energy Storage Systems”, draft finish, aiming for Energy or Applied Energy

« X Luo, J Wang, J D Wojcik, . M Draganescu. “Study of Power Network Grid Code

Requirements for Electrical Energy Storage Applications”, under writing, aiming for
Energies

IMGES

- WARWICK



2. Publications and Activities

J Wang, presentation at the EERA meeting for finalising European
Energy Storage Roadmap document, Brussels, 15" March 2017.
Jianguo Wang, performed experiments on grid-connected inverters in
Liverpool, 30t March — 1st April.

X Luo, visited HUST university at April 2017, international
cooperation, dSPACE training & CAES laboratory at HUST.

J Wang, M Dooner, attended Energy Storage Hub meeting, Oxford,
39 May 2017. (given an overview about IMAGES project activities)
J Wang, P Mawby, attended the sandpit workshop in Nanjing for
potential joint grant application (smart grid and energy storage) with
14 partner universities, 261" May 2017.

J Wang, UK-Guangdong joint workshop for potential Innovate UK
Newton Fund project application (was selected to join the mission to
China by KTN), 14" June 2017.

RCGES
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3. Project progress

WPs that Warwick leads

WP1.2 Task 2. Update the overview in CAES and other ES technology develoerﬂom pleted
WP1.4 Task 2. CAES specific opportunities in the UK $//Continue

WP2.2 Task 1. Improving the round trip efficiency of large scale adiabati CAV@Wed
WP2.2 Task 2. Hybrid integration of wind power generation with CAE Completed

WP2.2 Task 3. Software tool development for complete CAES processesW Continue

WP2.2 Task 4. Supporting the whole system techno-economic stuV Continue (to VPP)

WPs that Warwick supports

WP2.3 Integrated ES: Warwick team has developed a number of therm%torage model and
simulation library blocks which can be used by WP2.3.  Continue linked to WP2.2 T3

WPs1.5/2.4 HTTS: Using the unique simulation facility at Warwick, Warwick team has
conducted the feasibility study of HTTS integration into power plant cycle for both

subcritical oil-fired power plant model and supercritical coal-fireq,ower plant model.
Extended
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3. Project progress - CAES-TE simulation tool

Improvement of the website
On-line exergy/storage capacity calculations
Development of new

LSl & hitp://estoolboxhajt.couk/

simulation blocks (power
grid block)

Study of new modelling
methods for implementatian
of CAES-TE simulation tool

esToolBox

Turbine
Fluid Compression and Expansion Modelling

tp://estoolbox.hqgjt.co.uk/

Background

In recent years the research in the field

ecearch in Compressed Air Energy
Storage (CAES) and Thermal Energy
Storage (TES).

age <)
during the periods of low electricity
demand (o

~
Home About Software Download Forum
&  Usemame n
& | Password
[JRemember Me
Site Search
search
(e
Thermal energy storage
Thermal (TES) is a technology that
Sto; al energy by heating or
cooling a "age medium so that the
tored e be used at a later low
tirme for heating and cooling
v

applications and power
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3. Project progress - CAES-TE simulation tool

Flowchart of exergy storage calculation:

Exergy storage capacity of uncompensated isochoric air storage

Responses of the compressed air in the cavern Exergy storage capacity of the compressed air in the cavern
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3. Project progress - CAES-TE simulation tool

MATLAB ‘ ‘

R

Software Dovwnload

https://estoolbox.hqjt.co.uk/ Introduction y ‘ !
2

Case Studies
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3. Project progress - CAES-TE simulation tool

Accurate estimation of energy storage capacity of a cavern

mass_flow_in (Eg/fs)

T inlet (K

mass_flor out (Kefs)

cavern air TO (K}

throttle P {Pa)

cavern sur area (I°)

cavern P max (Pa)

cavern HT coeff (W/WPE)

cavern _air PO (Pa)

cavern volume {(m® )

108

Input of mass flow
323

Temprature of input mazsz
0

Chetpirt of mazz £1ow
293

Imitial air temprature in cawvern
4300000

Throttling pressure
20000

Area of cawvern surface area
TOO0000

Cavern Maximim pressure
30

Cavern heat transfer coefficiemnt
4300000

Imitial cavern alr pressure
30000

Cavern volume

Home Introduction

adiabatic_cavern exergy (W)
Energy in adiabatic cavermn

isothermal cavern exergy (MW)'
Energy in izcthermal cavern

CALCULATE

Calculation




3. Project progress - Grid model simulation block

re—

20 MW
SG1 Load - 5G2
22 MW
'Power grid
|

o ~

used to test the interaction between energy

To develop a power grid model which can be |

storage and grid operation.
- YL ks M

— |/ |6
— ﬁ@

L

- 10 - .
T—— Load Power grid
(=) Sk model in
{ Matlab
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3. Project progress - Grid model simulation block

Grid responses to load change

%107 Load power
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3. Project progress - Integration of CAES to Grid

Software simulations

.
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3. Project progress - Integration of CAES to Grid

Simplified grid frequency module

Grid frequency response system

The developed model in the pga,irrg;’:r::::fiin P ontier >
software tool can be used for
simulating the grid frequency Power grid # Rejgggse — [P mertia [reauency L Frequency
response with the electrical system A /diff
power balance variation. Load demand > of
> or [

If there are a group of base generators in a power system, the system inertia constant is,
H,, :ZLIHL.Si/SM H_ is nominal power; S is nominal power.

The power system droop constant describes the power versus frequency characteristics of the generator speed
governor setting, which can be:
Af [AP . . . .
o5 :—7 5 Af is frequency deviation; AP is change of the system active power; f, is normal frequency
0 sys

The relationship between power and frequency deviation can be:

dAf
Foen * Pesaischar — Proas = 2H 7+DAf D is grid damping factor.

IMGES
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3. Project progress - Integration of CAES to Grid

Pre-study of CAES servicing grid primary frequency control:

The simulation study of a MW-scale CAES discharging with grid connection

:
Pre-heat

To cold water tank
-

Synchronous
generator Gears

E-switch
1st stage

arge scale electrical power system

279 stage 31 stage

exchanger

Heat
exchangers

A

—— Air pipeline with direction
—» TES water flow direction
Exhaust s Shafts of compressors/turbines
EE Electricity wire connection

Dynamic process of CAES
discharging black start

Dynamic process of power generation from CAES
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3. Project progress - Integration of CAES to Grid

Hardware systems development

Grid-connected inverter development

* CAES test rig tested;

* Schemes of grid-connected inverter designed;

* Hardware components ordered;
* Hardware (PCBs) and software (Opal-RT)
partially developed and tested.

2 4 A\
AC Rectifier
3 5

pc-De [*

330v
DC

8 M

Rectifier

5

CAB circuit system

- L
A S i J?JG
' Q ) »
o | J ' g [ o e
CAB | < e M T, ﬂﬁ/ — %
| nvert : \vj _'L‘(/
iy N . 1
! : J JK,} T_T_:l_ L Pzriljr
- ____ |
Ny
T &L S
L ve AAALAL m—— ) PTLng
ignal processing <
Power converters & control = A/ e,
de Akt* P R
< Current Controller L
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3. Project progress - Integration of CAES to Grid

Hardware systems development

converters
AC-DC
DC-DC
DC-AC

Semikron power

6 DC-AQ

1DC-DQ

Switching] g
<

>
IGBT drives & O aI-RT
errorsignals N p

error

Pre-charge

»

Grid-connection |

CAB
acoutput
CAB Boostind u.ctor
I~ and capacitor
dcoutput bank board

LCLfilter

>

Relay control GPIO
< Y

DC voltage and current
measurements

f

Hardware
<

protection

>

»

[ utputvoltages and cumrents measurements

Circuit

breaker

Grid voltages and currents measurements

Step-up

tran sformer|

Power grid

Main features

* ACor DCinput suitable for CAB;

* Complete hardware and software protection design;

* Condition monitoring;
* High-order low-pass filter, high power quality;
* Decoupled from CAB, each part independently

controlled.

- + : = y ) e
-

Current and voltage
transducers and 1/0
conditioning

I Trig'd 1 Hay 2617 82:81:54

WARWICK



3. Project progress - HTTS integration

ontroller Heat Recovery Steam Generator

CCGT-ACAES plant
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Figure 1. CCGT power plant process cycle.
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3. Project progress - HTTS integration  acaes | ccer
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3. Project progress - HTTS integration

CCGT-ACAES plant

(g) comp. P (bar)

- 1608

Figure 5. CCGT air extraction experiment results.
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Figure 6. Comparison results for ACAES and CCGT air extraction experiment: a) compressor pressure range; b) compressor temperature range.
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3. Project progress - HTTS integration

CCGT-ACAES(a) CCGTmax
plant

(b) CCGTmax

CCGTmin

CCGT-CAES-charg(gh)
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CCGT-CAE S-disch-max (2h)

T T T T T ) —— 7 ———t : —
50 100 150 200 250 300 350 400  45C 0 20 40 80 80 100 120 140 160
Output Power (MW) Total Generation (%)

Figure 7. CCGT-ACAES vs CCGT power output for all considering operating modes.
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Figure 8. CCGT-ACAES plant model total power generation and efficiency comparison.

J D Wojcik, ] Wang: Technical feasibility study of Combined Cycle Gas Turbine (CCGT) integration with Adiabatic Compressed Air Energy Storage
(ACAES) plant.

IMIGES ™

WARWICK



3. Project progress - ES integration

James Lam — PhD candidate

Physics Master’s from University of Oxford
» Particular interest in the energy sector
« Master’s research in Perovskite PV development

Started PhD in the School of Engineering in May

PhD research aims

« To investigate and optimise the integration of the 50kW battery into the
university campus’ micro grid system

« To assess the potential benefits of increased interaction with the grid as a
VPP

IMGES
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3. Project progress - ES integration

Objectives

« Investigate the interaction between the battery and existing campus assets
under varying control scenarios

« Optimise the use of the battery with respect to financial savings and COz2
emission reduction

* Investigate the potential to use the campus energy system as a VPP,
providing grid services and export functionality to the grid

Work

« Use historical metering data to build a model of the campus energy usage

« Compare a range of optimisation algorithms

« Work to implement a control algorithm in the battery unit and investigate the
realised changes

« Investigate the potential for combined control of all energy assets with the
aim of providing services to the grid as a VPP

* Investigate the expansion of BES on the university campus

IMGES
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3. Project progress - ES integration

50kW/35kWh Storage System (Li-on battery)

DC Circuit DC AC AC Cirouit
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solation transforme |
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Protection Degree P21
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Touch screen
Dispatch communication RS485, Etherne
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ommunication protocol Modbus / IEC104
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3. Project progress - ES integration
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3. Project progress - ES integration

Cooperation Company
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3. Project progress - ES integration

University CHP system:

l I Communication |
| | | | P! I |
X X X X X X X
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3. Project progress - ES integration
New lab for Power and Control Systems Research Laboratory

We will move to a new location in July. The new lab is in the process of
refurbishment. The picture is shown below. The new lab has a large open space.

Communication system structure

== DATA AGGREGATION |
. AND ANALYTICS
- 1 ThingSpeak™

MATLAB

\ )
Screen Display\in the lab = ‘ol . -
é_] EEEEEEEEEEEEEEEEEEEEE
i/ Ty
/ W O\ —

dSPACE Control system

_I __ \\MW/_
T 11 N

)

Battery - TG Two PhD students:
Storage gu =} | James Lam — started officially
system = Songshan Guo — to start soon
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4. Future Work

- To continue working on development of CAES-TES simulation tool
— Web (will integrate this task with JUICE project).

- To continue WP1.4 Task 2. CAES specific opportunities in the UK
(to support BGS’ work?).

- To complete the grid tied inverter to CAES test rig to study its
dynamic characteristics when it is connected to grid.

- To extend and improve the grid model simulation block and to
study dynamic performance of CAES connecting to grid.

- To extend the project work to study of University CHP integration
with energy storage to operate as a Virtual Power Plant in the
broad context of grid operation (PhD students, will be continued to
JUICE project).

- To conduct feasibility study on integration of CAES to thermal
power plant operation process (Jacek).

IMIGES
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