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1. Overview

WPs that Warwick leads

WP1.2 Task 2. Update the overview in CAES and other ES technology development.
WP1.4 Task 2. CAES specific opportunities in the UK

WP2.2 Task 1. Improving the round trip efficiency of large scale adiabatic CAES systems
WP2.2 Task 2. Hybrid integration of wind power generation with CAES

WP2.2 Task 3. Software tool development for complete CAES processes

WP2.2 Task 4. Supporting the whole system techno-economic study

WPs that Warwick supports

WP2.3 Integrated ES: Warwick team has developed a number of thermal storage model and
simulation library blocks which can be used by WP2.3.

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-fired power plant model.
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1.

Overview

Publications/presentations:

IMGES

Krupke C, Wang J, Clarke J, Luo X. (2016). Modelling and experimental study of a wind turbine system in hybrid connection with
Compressed Air Energy Storage, accepted by IEEE Trans on Energy Conversion.

Luo X., Wang J., Krupke C., Xu H. (2016). “Feasibility study on recovering low pressure exhaust energy from a vehicle engine
system via the modified scroll expander technology”, Energies, 9, no. 4: 231.

He W., Wang J. (2016). Dynamic modelling of discharge behaviour of a low temperature adiabatic compressed air energy storage
system, Offshore Energy and Storage Symposium and Industry Connector Event (OSES), Malta.

J. Wang, S. Garvey, P. Eames, D. Evans, M. Waterson, M. Thomson, J. Busby, M. Giulietti, R. MacKay, A. Milodowski, ] Woijcik, J
Barton, X Luo, L. Flatley, A Pimm, L. Field, P. Romanos, D Parkes, B. Kantharaj, C Krupke, E. Webborn, A.D. Hutchinson, F Liu, M
Dooner, B Chen, (2016) A REPORT ON THE PROJECT OF “INTEGRATED MARKET-FIT AND AFFORDABLE GRID-SCALE ENERGY
STORAGE (IMAGES)”, Offshore Energy and Storage Symposium and Industry Connector Event (OSES), Malta.

He W., Wang J. (2016). Dynamic modelling of adiabatic compressed air energy storage using packed bed thermal energy storage,
UK thermal energy storage (UKTES), London.

Wang J., Luo X., Dooner M., Krupke C. (2016), a book chapter “Compressed Air Energy Storage” accepted by the World Scientific
Series on Current Energy Issues, Volume 4.

Luo X., Wang J., Krupke C. (2016). “Modelling Study, Optimization and Efficiency Analysis of Large-scale Adiabatic Compressed Air
Energy Storage Systems with Low-temperature Temperature Thermal Storage”, Applied Energy, vol. 162, pp. 589-600.

Li Y., Miao S., Luo X., Wang J., “Optimization Model for the Power System Scheduling with Wind Generation and Compressed Air
Energy Storage Combination”, The 22nd IEEE International Conference on Automation and Computing (ICAC’16) Conference, 7-8
September 2016, University of Essex, Colchester, UK.

Li Y., Miao S., Luo X., Wang J., “Optimization Scheduling Model Based on Source-Load-Energy Storage Coordination in Power
Systems”, The 22nd IEEE International Conference on Automation and Computing (ICAC’16) Conference, 7-8 September 2016,
University of Essex, Colchester, UK.

Wojcik J, Wang J, Romanos P, Eames P: Initial Study on Power Plant Operational Flexibility Improvement through High
Temperature Thermal Storage (HTTS) Integration. UKES2015 Conference in Birmingham, 26t November 2015.

Luo X., Wang J.(2015). “Mathematical modelling and efficiency improvement study of adiabatic compressed air energy storage
systems”, UK Energy Storage conference (UKES2015), Birmingham, 26t November 2015.
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2. Report of the project progress

WPs that Warwick leads
WP1.2 Task 2. Update the overview in CAES and other ES technology develognent.

Wang J., Luo X., Dooner M., Krupke C., “Compressed Air Energy Storage”, a chapter
in the World Scientific Series on Current Energy Issues, Volume 4, to be published.

Contributions to White Paper - UK research needs in grid scale energy storage
technologies and EERA-EASE Roadmap Technology Section — CAES.

Venkataramani, G, Parankusam, P, Ramalingam, V, Wang, J, A review on compressed
air energy storage - a pathway for smart grid and polygeneration, Renewable and
Sustainable Energy Reviews, 62, pp. 895-907, 2016.
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2. Report of the proiect Progress
Google

Scholar “ Edit [} Export

Overview of current development in electrical energy storage [t
technologies and the application potential in power system operation

Authors  Xing Luo, Jihong Wang, Mark Dooner, Jonathan Clarke

Publication date  2015/1/1

Jihong Wang
Journal  Applied Energy
Volume 137
Pages 511-536
Publisher  Elsevier
Most Downloaded Articles Description  Abstract Electrical power generation is changing dramatically across the world because of
the need to reduce greenhouse gas emissions and to introduce mixed energy sources. The
The most downloaded articles from Applied Energy in the power network faces great challenges in transmission and distribution to meet demand with
last 90 days. unpredictable daily and seasonal variations. Electrical Energy Storage (EES) is recognized
) ) ] as underpinning technologies to have great potential in meeting these challenges, whereby
Overview of current development in electrical energy is stored in a certain state, according to the technology used, and is converted to ...
energy storage technologies and the Total citations ~ Cited by 215

application potential in power system

operation
Xing Luo | Jihong Wang | ...

2014 2015 2016
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2. Report of the prq
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Exergy storage capacity calculation of cavern-based large-scale CAES system

Large-scale CAES system
e Diabatic CAES
e Adiabatic CAES

T 1 r

TE

; Charging
[ _> Discharging
Compressed
air storage

Compressed
air storage

Diabatic Adiabatic
CAES CAES

IMGES

Generato Motor ompresso  Turbi Generator
- -

Cavern operational scenarios
* Uncompensated isochoric cavern
 Compensated isobaric cavern
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Compensated
isobaric cavern
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isochoric cavern
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2. Report of the project progress

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

@ (=BT
dt’ [% VT, ] .
(e -0 e Cavern volume calculation
Parameters (Z—‘:),‘r =0 Isothermal cavern Isothermal cavern .
—— subject to the CAES system
(air, cavern, rock)
L3 . .
r——— specifications
{air, rock)
Cavern volume
Boundary initialisation
[ P —
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(';': ha= ;(xnr, M= NRT M) W
5 . No Exergy storage
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Exergy storage capacity of compensated isobaric air storage

Responses of the compressed air in the cavern

( (ﬂ)” _ RT{mw moe) PldV/dt),, -0
1 v

Exergy storage capacity of the compressed air in the cavern
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2. Report of the project progress

WPs that Warwick leads

WP1.4 Task 2. CAES specific opportunities in the UK

T
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2. Report of the project progress

WPs that Warwick leads

Completed
WP2.2 Task 1. Improving the round trip efficiency of large scale adiabatic CAES §/stems

WP2.2 Task 2. Hybrid integration of wind power generation with CAE Completed
WP2.2 Task 3. Software tool development for complete CAES processesWOn-schedule
WP2.2 Task 4. Supporting the whole system techno-economic stuv On-going

WPs that Warwick supports
WP2.3 Integrated ES: Warwick team has developed a number of thermm_%gﬁé‘%qigl and
simulation library blocks which can be used by WP2.3.

WPs1.5/2.4 HTTS: Using the unique simulation facility at Warwick, Wanyigk team has
conducted the feasibility study of HTTS integration into power plant cyc%&FBSﬂVle
subcritical oil-fired power plant model and supercritical coal-fired power plant model.
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IMGES

2.1 CAES-TES dynamic modelling & software

« CAES Iis a complex system with integration of multi-physical
components with different time scales.

« Complicated interactions between system component dynamics

* |Interconnection with grid operations

* Individual component/device optimal design does not lead to system
optimal design

 Variable load patterns and generation output requirement require
dynamic optimal control strategy

« Efficiency depends on the optimal integration and cooperation of
system components.

® WARWICK



2.1 CAES-TES dynamic modelling & software

Overview of
potential
software for
CAES-TES
modelling

None of them

can service the
full purpose

IMIGES

A comparigon of software with EES modelling capabilities

Software & i Energy Power Energy Thermolib Aspen Protrax
omer
toolbox Plus world 2020 Plus
Economnic/ Both Both Both Mainly on Technical Both Teclmical
technical study economics analysis analysis
EES Yes Yes Yes Yes No No No
pertinence
flywheels, Pumped
Types of EES _ . .
battery, Thermal Battery hydro, N/A N/A N/A
technologies )
) hydrogen fuel cell
Round-trip Yes No No Yes N/A N/A N/A

efficiency
Power/energy
scale
Steady/dynamic
state analysis
Multi-physics
analysis
Real-time
simulation
Dynamic
control

User defined

function

Co-simulation

Small-gcale

Steady

No

No

No

No

Small/mid.

scales

Steady

No

No

No

No

Multi-gcale

Both

No

No

Possible

Possible

No

Multi-gcale

Possible

No

No

No

No

Multi-gcale

Steady

No

No

No

Yes

Matlab/

Simulink

Multi-gcale

Both

No

Yes

Yes

Yes

Fortran

Multi-gcale

Possible

No

Yes

Yes

Yes

Fortran
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2.1 CAES-TES dynamic modelling & software

Parameters Initial

conditions

—

settings

q,/i

4

Feedback to upstream models

Structure of standard module

with its connections

State variables for observation & control

[

Input variables of Model 1 Component model 1

P

L

Output variables of Model 1

A
!
l
: Special items
!

!
Some inputs of Model 1 I

from the feedback of the |
Input variables

of Model 2

downstream Model 2 I

I »
I some inputs of Model 2

Ifrom the output of the upstream Model 1

Parameters Initial

settings conditions

i Vata ya

Feedback to upstream models

h 4

State variables for observation & control

Component model 2

-
L

Output variables o__T: Model 2

Fa¥

‘ Special items \
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2.1 CAES-TES dynamic modelling & software

CAES-TES tool library

2" level subdirectory examples:

Module multi-level library

d .
2" level subdirectory examples:

Models for thermodynamic analysis
(steady state):

Turbine/expander (Isentropic)
Turbine/expander (Polytropic), ......

Models for dynamic modelling & control:
Positive displacement machines

d .
3" level subdirectory examples:

4{Scroll-type expander

Turbomachinery

‘piston type reciprocating expander

HRadial-inflow turbine

4‘AC Synchronous machine

AR

Fmwa

examples

Models for thermodynamic analysis
10
st . (steady state):
1" level subdirectory: Compressor (Isentropic)
1 Compressor (Polytropic), ......
Colpl el 11 Models for dynamic modelling & control:
Positive displacement machines 16
Turbomachinery —
2 | Turbines and
Expanders 12 Models for thermodynamic analysis
(steady state): 17
adiabatic/isothermal/isobaric
3 Compressed air compressed air storage reserviors
reserviors 13 Models for dynamic modelling & control:
Time-varying dynamic models
(considering temperature, pressure
4 Heat storage variations with time)
reservoirs _ _
Models for thermodynamic analysis
14 (steady state):
the Number of Transfer Units (NTU) 18
5 method, ......
Heat exchangers
Models for dynamic modelling & control:
15 Time-varying dynamic models
(considering temperature, pressure
i ariations with time)
6 Electrical power 20
systems
\ |
7 | Controllers for 8 Auxiliary
CAES/TES systems components Overall CAES/TES

;AC Asynchronous machine

HDC generator/motor machine
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2.1 CAES-TES dynamic modelling & software

& Simulink Library Browser — L] Pt

& > [= - E e e @

CAES/TES simulation toolbox

Pneumatic Actuators  CAES/TES System Examples

e
Sources ﬁ s |
User-Defined Functions Dﬁ:] g . -’-L |
Additional Math & Discrete =
Auxilliary Components
Compressed Air Reserviors 1 ﬁ ;
Controllers —=
Electric Power Systems H Controllers Electric Power Systems Expanders
Heat Exchangers . R: -
Heat Storatge Reservoirs : ( -
Measurements +
Heat Exchangers Heat Storatge Reservoirs Measurements
Computer Vision System Toolbox
Control System Toolbox - -
Data Acquisition Toolbox %@ |
- |
DSP System Toolbox HDL Support
Embedded Coder
HDL Caoder
Image Acquisition Toolbox

Sinks ~
w (CAES/TES simulation toolbox Auxilliary Components  Compressed Air Reserviors Compressors
Compressors
Expanders
§ oo

Prneumatic Actuators

DSP System Toolbox

Fuzzy Logic Toolbox

Instrument Control Toolbox hd

IMGES
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2.1 CAES-TES dynamic modelling & software

= Examples of dynamic expander and TES sub libraries:

.
'j Simulink Library Browser

)

File Edit View Help

R i | » Enter search term - “ @L
Libraries
SOUMCES

User-Defined Functions
Additional Math & Discrete
= E CAESITES simulation toolbox
Auxilliary Components
CAESITES System Examples
Compressed Air Resenviors
[=-Compressors
~Dynamic Models
[=-Controllers
~Fuzzy controller
~Fuzzy controller with GA optimization us_._
~Fuzzy controller with GA optimization us_._
Electric Power Systems
[=-Expanders
goynamic Models |
Heat Exchangers
Heat Storatge Reservoirs

1

Library: CAES/TES simulation toolbox/Expanders/Dynamic Models

Raes

Axial turbine

One stage of radial inflow
turbine

Search Results: (none) | Most Frequently Used Blocks

Recipracating piston type air

Scroll type air expander
expander

Simplified scroll type air °

+ Radial inflow turbine
Axial turbine

(under development)
Piston expander

» Scroll expander

expander

* NTU Heat exchanger
* Dynamic heat

Showing: CAES/TES simulation toolbox/Expanders/Dynamic Models

exchanger

e Hot/cold water

’i Simulink Library Browser

File Edit View Help
B OO »

Enter search term

M-S

Libraries

FSource:

User-Defined Functions

Additional Math & Discrete

E]-E CAES/TES simulation toolbox

Auxilliary Components

CAESITES System Examples

Compressed Air Resenviors

E-Compressors

Dynamic Models

=-Controllers

Fuzzy controller

Fuzzy controller with GA optimization us...
*Fuzzy controller with GA optimization us...

Electric Power Systems

=-Expanders
Dynamic Models

Heat Exchangers

Heat Storatge Resenvoirs

#-Measurements

=-Pneumatic Actuators

m

Dynamic Models -~

Library: CAES/TES simulation toolbox/Heat Exchangers Searc

h Results: {none) | Most Frequently Used Blocks

storage tank
* Packed bed thermal

Dynamic heat exchanger (di-
fference method; air and w...

Heat Exchanger (Working
mediumes: air or water)

Thermal release Tair out
temperature_no_parameters

Thermal release Tmod
module_no_parameters

(T_gean Toexin
rLncum e n
Toemewr T
reme e Femre
coni danal Coniro sgnat

Masfizera_in_eatariank.

a s eraie_su_smiaran

Faig_aaiaiani

Thermal Storage Tgas out
temperature_no_parameters

Thermal Storage Tmod
module_no_parameters

Water tank

energy storage

Showing: CAES/TES simulation toolbox/Heat Exchangers

IMGES
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2.1 CAES-TES dynamic modelling & software

= An example of electrical power system sub library:

. - — N—— e
#4 Simulink Library Browser - - - ' - w / Fa b@g

File Edit View Help
Fl 3  » Entersearchterm v i &4
Libraries Library: CAES/TES simulation toolbox/Electric Power Systems Search Results: (none) I Most Frequently Used Blocks

* AC motors

=-[’a] Simulink ~
Commonly Used Blocks M
- Continuous
Discontinuities
- Discrete
~-Logic and Bit Operations (SynCh ronOUS,

Lookup Tables 5 .
Asynchronous Machine E-Load Grid freqnency response Ideal electric power supply Non PM Synchronous asynCh ronous

~-Math Operations system Machine
machines)

Model Verification

~-Model-Wide Utilities
| ~Ports & Subsystems

PM synchronous machine Permanent magnet DC Permanent magnet DC Permanent magnet DC Separately Excited DC

Generator 1 Generator 2 motor Generator 1

Electric Power Systems

Signal Attributes
| ~-Signal Routing
L Sinks
o .
-Expanders Grld mOde|
~Heat Exchangers Separately Excited DC Separately Excited DC Series Connected DC Series Connected DC Series Connected DC Motor ( )
Heat Storatge Reservoirs [ Generator 2 Motor Generator 1 Generator 2 under deve'Opment

~-Sources
~User-Defined Functions
-Measurements
Pneumatic Actuators
Communications System Toolbox °
Computer Vision System Toolbox F req u e n Cy Co nve rte r
Control System Toolbox
DSP System Toolbox
Embedded Coder Shunt Connected DC Shunt Connected DC Shunt Connected DC Motor

+-Additional Math & Discrete
=] CAES/TES simulation toolbox
Auxilliary Components
| ~CAES/TES System Examples
Data Acquisition Toolbox
Fuzzy Logic Toolbox Generator 1 Generator 2
mage Acquisition Toolbox
nstrument Control Toolbox
Model Predictive Control Toolbox =

- Compressed Air Resenviors
Showing: CAES/TES simulation toolbox/Electric Power Systems

+-Compressors
= ———

* AC generators

* DC generators
+ DC motors

m

1 =-Controllers

[
I' [#

An
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2.1 CAES-TES dynamic modelling & software

= An example: piston compressor
code and panel

Single Stage of Piston Type Compressor “ TN o s

v Display Diagram Simulation Analysis Code Tools Help
‘ Function Block Parameters: Rotary vane type air compressor - ==

tEe-=2-40Pk v 100 bomal ] @&
SI'I'IQE S-tEqEDf Pist: T]"'PE CDI'I'“EE{I’ tory vane type compressor (mask)

= | untiled > | Single Stage of Piston Type Compressor X ‘ Arota type compressor Is a positive-displacement comprassor that uses the
ving change the cortrolled chambers' volume to deliver gases at high

Module mask panel settings

;a0 of Pigigl — e e mw . — e m e e e e e o . [ — I This module is a single stage vane type compressor and do not includs the electrical
P motor and the compressed air storage tank.

[y Sre——— D] The assurnptions are made for the module:

Er iy (1) The heat transfer between the contralled chambers and the ambient is ignored.

(2) The air leakage of compressors is ignored.

(3) The air is ideal ar.

(4) The temperature variation inside the compressor is not considered,

Motor rpm > each CAdegree:

The inputs: Rotor speed (Unit: rad/s), Input pressure (Unit: Pa), Input temperature
(Unit:K}, and Downstream Pressure (Unit; Pa).

The outputs: Air preseures inside the chambers (Unit: Pa), Alr termperatures inside the
chambers {Unit: K), Compressor required torque (Unit: Nm), Rotor angle position (rad),
the input and the autput mass flow rates (Kg/s).

crerf gl per e jomgresy
Parameters

PEionpestin (m)

’— Piskomebety fmis)
e eogy
i

vane active length in the axial direction {unit: m)

44.5e-3

Radiug of the compressor inner bady (nit; m)
Motor_speed ol 36.55-3

Fresmre_pa e a :,!
Brezsure M Ihdsr

Radlius of the compressor rotor (Lnit: m)

32,583

Angle betwesn the bottom edge of the connecting slot and the horizon unit: rad)
pife

- - s - —— mes (e sy pessue

Compressor viscous friction cosficient

I 0.09

)
i

Equivalent effect on torque from stiction maximurn friction unit: M)

0.5

Cylinder Fressure & Eempersture Nurnber of vanes on the compressor rotor

Temp_ncyincer il

Area of the inlet (unit: m™2)

- B B B S S S S S S . . .. 1.3800e-05

Area of the outlet funit; m~2)

1.2750e-06

h Initial pressure in Yane Charmber A (Unit:Pa)

R . [Xair]vﬁ +Vﬁ[xair]+nmol Cp,air(T)T _minhin +mout out 1.01e5
Uatlon Implementatlon - Vi Initial pressure in Vare Chambar B (unit:Pa)

1.01e5

. P,
—_— - i I Myifice =CdC0'A\ariPu.f F /\l iu ok [Ccancel | [_Feb )
u

RGES
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2.1 CAES-TES dynamic modelling & software

= An example: basic electrical load code and panel:

Modelling equation implementation

iIoad

A
Re % Rs %

cLT
Ele% Load

~
Function Block Parametars @

ctric Load

State | Ce Equation
U,
1 Rz 7=
f
. A
i
U, is
: LR 7 fL/R ot
4 LR, AL "+R1
U, Ls+R]
B LRl /R 1, LRy e+ R R+ 1)
U, 1
6 [ 7 o
U, CRetl
7 RsC T Ré,s
U R
¢ Raffc %, TRedl
U, CRys+1
s Ref/RaC 1, Cllt(RfR;))s+VR,
u, Ls
10 vre 7, T IeT
s
n . U,  RLCS+Is
: I, LS +RC+1
_ Ls
12 LAELE TG (LR, e 41
Ls+R,
= LRi/fC ICF TRt
Rst+RR,)
12 LRy //Rof/C = L1
g RLCS +(RR,.C+Lis+ R +R) )
U, (RRCHRL+LIs+R
15 LR,//RsC e~
e 7, —LCS+C(R+R s+1
16 L//Ro/RsC U RCS te
= 7, ZLCwR R 8 HRRCH L5 R,
N R A RO + RRC+Lis+R
W IO R A RS +(CRR + BB+ BBy v L+ R+ Ry
18 Short U :R]
19 Open U, =81,

Fmwa

— o o o o e S e o S o e

amETlAUR? Gt

r|‘“,. -

case 3=URZ G2 cme 4 =LRT Gotad
I
= w) =
" i “’“’
mebeC Goe e TR c‘”‘ medeRIC Goto? amedeRIAX  Golcd

rooeeny

te

i

™
=

i

. o

4 - ﬂ

B nC[S Nt )

T

came 7 LG Cvm'ﬂ owe 127 URZC omeT3=RIC

GaZ | cwarasLRImZIC GaOT3

PGl Ta i

e te-URTRT casa T S LRURZRIC = nw

, 05—
ek 2

Module mask panel settings

Basic electrical load (m?
& hasic electrical load | is designed to provide an electronic load

with multi configuration options: there are 19 unigue and realizable
configurations, including open and closed circuits. The input is the
current to the electrical load and the output is the resultant voltage
dropped across the load,

Parameters
Load Configuration |R2 -
R1 (Chms) L
1 LRz
R1.L
R2 (Ohms) R1L/R2
[
2 R3.C
R3 (chms) Eéﬁgac
3 L//C
L/R3.C
Lt L/R2{fC
s RLL/C
RLL/R2HC
CF R1L/R3C
LiR2/R3.C
1&6 RLL/R2{RA.C
Open Resistance (O ggne:

1000000

Closed Resistance (Ohms)
o

H Cancel H Help Apply
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2. CAES-TES dynamic modelling = software

Compressors & Expanders

TES (Heat exchanger &
Heat storage)

Electrical machines, load
and grid

Compressed air storage

Pneumatic accessories
System controllers

CAES-TES subsystem /
system relevant examples

Module development
documentations

Vane expanders/compressors,

Radial inflow turbines, piston expanders

Air-water HEX steady and dynamic state models,

Heat/cold storage (water)

Four different types of DC machines (shunt/ series
connected, separately excited, PM), AC machines
(synchronous, asynchronous, PMSM), Electrical
load, controlled electrical power source

Salt cavern, adiabatic tank with documentations

Pressure regulator, non-return flow valve
PID controller, two types of bang-bang controller

Four CAES-TES subsystem/system demos:
CAES whole system, CAES-TES charging, 1.2 MW
CAES-TES discharging, CAES charging with control

This is a new task to the last year: each developed
module added a corresponding documentation.

Axial compressors

Phase Change Materials
(PCM)

Non-PM synchronous
machine, electrical
machine model
simplification

Isothermal storage

Advanced controllers

Packed-bed TES

Update with the
developing modules

IMGES b
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2.1 CAES-TES dynamic modelling & software

= Software module development documentation

Name

B CAES_Tool_Update

B CAES_Tool_UpdatelMarch2016
g CAES_Tool_Update02Nov2016
"' CAES_Tool_Updatel2Feb2016

g CAES_Tool_Updatel9Sept2016
7 Structure . S 4 ;
f@E 130304_PMDC_Generator_Design_Doc : ) = - — et
=) 160105_DC_Motor_Module_Example_Older_Version : ;
@= 160108_Module_template_draft

ﬂ% 160210_Simplified_scroll air expander_software_docu
ﬂ% 160226_Water-Water_Shell_Tube_HEX_Module

ﬂ% 160304_PMDC_Motor_Design_doc

5 160309_HeatExchanger_SteadyState_software_docun
[« 160315_Reciprocating_piston_type_air_compressor_st

ﬂ% 160323 _Scroll air expander_software_documentation,
5 160324_Asynchronous motor_v1.1

ﬂ% 160331 _Vane_type_air_compressor_software_docume
=) 160404_SEDC_Motor_Design_doc

ﬂ% 160404_ShCDC_Motor_Design_doc

ﬂ% 160405_SEDC_Generator_Design_doc

@) 160405_ShCDC_Generator_Design_doc

ﬂ% 160406_SCDC_Generator_Design_doc

ﬂé' 160406_SCDC_Moator_Design_doc

ﬂ% 160408_Asynchronous motor_v1.1_final_version

ﬂ% 160504_Simplified_scroll air expander_software_documentation_final
=) 160511 _ELoad

ﬂ% 270315_Adiabatic_air_tank_software_documentation_V1.1

M5 310215 Salt dome cavern documentation V1.1

IMGES

Background

Standard settings
(inputs, outputs,
parameters, etc.)

Matlab/Simulink
Code explanation

Simulation study
and application
examples
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2.1 CAES-TES dynamic modelling & software

= Dynamic simulation of a whole CAES system (e-to-e)

@és,ynchronous motor Controller H
S ~=

an Gererabor Switich control

el

— ||
an ™
ten

Pouwer e ok electici agpy | Fphae slkh s+ Tnecrena

g

Asprnvencus Mok

Ideal voltage sour&e. _—
(mimic grid) ~ — &=

sz

M.,_....MHD‘

video

piston type compressor

The video is improved with subtitles

|

] ]
Nor:Ereturn valveﬂ * Adiabatic tank

) Py R Tk D
el Towin
J 1950 T ok

b Compre sied S Forme BrkCaRm

PMSG
g generator q

Gereror ec—— |

Further work can be considered :
1.multi-stage heat exchange units
2.connecting with grid simulation
3.More control implementation
4....

BCY

[ Y
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file:///D:/Software demo video 1.ps
file:///D:/Software demo video 1.ps
file:///D:/Software demo video 1.ps

2.1 CAES-TES dynamic modelling & software

dynamic simulation of a whole CAES system (e-to-e)

¢ Tank pressure from 1 bar charge to 35 bar then discharge

Motor speed reach 390 rad/s then reduce to 320 rad/s . L L L L L L L S
= 400 ¢ T T T T T T T T + . ! !
3 a0l | €30 e NN
= 300 |r : i g 2 N . T i "~ .
g 200l | 2 arging + Storage : Distharging
5 100 |- - ot | i \
B I [ r r r r r r 1 r r r
= ol ' ' ' t ' ' ' r ! ) 30 60 9 120 150 180] 210 240 i 270 290
¢ 20 40 60 80 100 120 10 160 1 180 | Tank temperature variation ! !

The required mechanical torque for compressing air o 8 t : t t t T T
100§ T T T T T T T : o 500 | T : i
E Charging mode | e , ,

Z < ! T 400 | : i
£ | 3 1 i
5 SoF 1 £ 300 : : i
= =
§ : : 200 r r r r r r : r r : r
s . r r r . . r . : O 30 60 90 120 . 150 180, 210 240 y 270 290
Oq 20 40 60 80 100 120 140 160 ! 180 o X107 Time () 170 260
I Time (s) 1 5 T T T T T T L !
: | B
_ 6>1105The 1st stage compressor compress air up to 5 bar 4 5 Expander pressure regulated | ]
T T T T T T T T T T 3 1l
£ ‘ 2 by pressure regulator [ |
24 - o H !
é ! : ? 0 I r L r I I L r :
g ‘ - 2G|)0 210 220 230 240 250 2k0 270 280 200
o H“ ! E T T T T T :L T T |
ﬁ 0 : [ r [ r r r r r : Z 0 : a
e | PMSG magnetic-electrical torque ! B
x:loeThe 3'd stage compressor compress air up to 35 bar § ! :
< 4 T T T T T T T T ! -10 [ L L L [ I I [ I
e i S0 a0 a0 2w 20 2% 2:60 20 280 2p0
7,1 - okl e— —Starage- ———Disecharging—
5 | ) s h o ~
2 | 5 1001 ! 1
] i r [ r r r r L Q |
? Oo: 20 40 60 80 100 120 140 160 | 180 ;’-). o E)fpand?r'PM$G I’Ot?l’ Spe?d : . . !
0 Time (s) 170 2bo 210 20 230 240 250 260 270 280 200
Time (s) 260 290
Simulation: Charging mode O0to 170s;  Storage mode 170 to 260s; Discharging mode 260s to 290s.
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2.1 CAES-TES dynamic modelling & software

CAES charging with cascade control

Cascade controllers

(-

Ei

=2 =

Cascmse commo s Asyorranous ot

b

T m———— FreqL%pcy convertetr

[mogaad!

[
e

a

L 110

as

Objective:
CAES charging with

hronous motor

-]

oy
|

Fower PEswork ST oty Suoo!

Ideal voltage source
replaced

[T 7]

P Camprenesr w0

Multi-stage pistoRtype comp

Frarna_pzinse

S

S Comoeaes Tage |

[0

T ——

Adiabatic

torage

asynchronous motor speed
control and air tank pressure
control

ank_

Taainaae e

Airaric_on

wp_came Tem

&
Ackm s caT RS B ¥rage ki v

IMGES
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2.1 CAES-TES dynamic modelling & software

CAES charging with cascade control

With the target
tank pressure
increase, the
difference of
motor speed and
the system
efficiency can be
more clearer!

IMGES

T T T T T T T T T 15
300 ﬁ
Q
T 250 . 10
g S
ko] H -
2 200 Motor rotation speed | g
Q
(@)
g 150 g5
g £
° c
5 100f . 8
§ — Motor speed controlled 0
50 — Motor speed without control 1
0 - [ L [ [ L [ L [ [ .
0 20 40 60 80 100 120 140 160 180 200 S
Time (s)
xlO6
2 T T T T T 120
—Tank pressure without control
_ 181 ——Tank pressure with control ] 100
T
Q16r .
e 80
S 14r iy S
2 =
0 12r ] g 60
a . 2
x 1r . 1 S
E Air tank pressures £ 40
o 0.8 i 5
S o6 i 20
2
) |
04 Target storage tank pressure|17 baro
0.2F »
L L L L L L 20
0 20 40 60 80 100 120 140 0
Time (s)

Control signal of 15t controller

I [ [ I [

'

20 40 60 80 100
Time(s)

120

Control signal of 29 controller

{ — Controller signal output [
I I [

L r

20 40 60 80
Time ()

100

120

140
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2.1 CAES-TES dynamic modelling & software

1.2 MW CAES discharging
(multi-stage turbine with HEXs + non PM synchronous generator)

1st HEX 1st radial tu bine

Non PM synchronous generator

g

———

[==1
e —1

—=]

,

1.2 MW impedance

=

eS: NIE o ey |

SH =~ He—— ) ) ) ]
Turbines in series connection

SyStem con fl g u ra't I on: turbine 1 turbine Z/erine 3 turbine 4

Electric Motor/generator

Pre-heat y H X S

exchanger

Heat Heat Heat
exchanger exchanger exchanger

Exhaust

—— Air pipeline with direction
—— TES working medium pipeline with direction

. H EXS | n p ar al I el C O n n e Ct| 0 n s Mechanical main shaft of compressors/turbines

WARWICK



2. CAES-TES dynamic modelling & software

= Software example 4: 1.2MW CAES discharging

Compressed air discharge from 57bar; initial mass flow rate of air 11.2 kg/s

2000

Synchronous generator rotor
Rotation speed maintain ~1560 rpm _
5 Control strategy need 3:7
g 2
2 1000 - 4 @
g 2
=
3 5
l_
0 [ [ [ [ [ [
0 10 20 30 40 50 60 70
1 T T T T T T
o8l i
>
(8]
% 0.6 S
e =
:
:;;’ 04r Isentropic efficiency of one 128
= stage turbine, max approx. 83%,
202 system optimization need s
0 [ [ [ [ [ [

0 10 20 30 40 50

Fmwa

60

Time (S) Time (s
IMAGES Y

70

400

380

360

340

320

3

T

T 3 3 3

Air temperature after one stage turbine (3

Air temperature after heating via a HEX (B90K)

365K)

7

0

0

Overall electrical load p

[

L [ [ L

er ~1.1MW

One stage turbine power 320/kW

0

10

20

30 40 50 60

70
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2.2 Hybrid wind turbine

Cor

L Wind Turbine l > Power grid
Air motor <€— Air tank [€— Compressor
2.
Wind Turbine l y Y >  Power grid
Air tank [€— Compressor
Air motor —> Generator
IMRGES
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2.2 Hybrid wind turbine

Aim: »

To augment a wind turbine with CAES on the turbine level with
a flexible mechanical transmission device

» Control generator power output under fluctuating wind speed and enable CAES provision
» Provide flexibility

Wr
P —

PSD: Power Split Device

»continuously variable transmission

wmﬂr; Wind Turbine
HAWT

Inverter/Converter Unit
i
E".'.!.'Ituhrlrma' AC ﬁ' i DC =
i' Tscrotl====== ¥ DC: Ac E
— |
Scroll Air -
: Mﬂtﬂh{ ------------ mechanical
Compressor | _ _ . — Compressedair | g | |&| |4
F electrical

IMGES
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2.2 Hybrid wind turbine

> Flexibility in operation: 3 operating modes identified

Mode A: HAWT drives

0 tingMod
peratingModes » Compressor

» PMSG
Mode A Mode B Mode C » Compressor & PMSG
1 2 1 2 1 2
Mode B: PMSG driven by
HAWT HAWT | [Expande] | HAWT | | PMsm » Expander
: . » HAWT
either/or gither/or
¥ ECLLZEIE D« > Expander & HAWT
PSD PSD PSD
o sither/or V v Mode C:. Compressor drive by
Compressor PMSG PMSG Compressor > PMSM
A4 W v > HAWT
» PMSM& HAWT
Storage Electricity Electricity Storage
IMACES
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2.2 Hybrid wind turbine

Torque Comparison

Torque [Nm]

18 T ‘
AB [ linitaip .4,-.1;.-=.H“!‘I-l,.!h' R
14 it P MSG.___._.. A AP _
3 Model validation for Mode A:
12'! """"""""""""""""""""" T | T Smaton - HAWT drives compressor
| s P | and PMSG
) s S %,.............D(:.Ms?_t_g_r_s _______
4| Jtsmpmrsrmarnon iz ol A
2 . - - “ Sarreertortntr e D ey B e
ol . | Compressor
0 50 100 150 ]
time [s] 12 Torqu‘e Compalnson
. . Simulation | A
Model validation for Mode B: = 8 Experment
PMSG driven by HAWT and .
Scroll expander ‘ g
0 busssodl ool i i i i i
0 10 20 30 40 50 60

time [s]

[ Y
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2.2 Hybrid wind turbine

Direct Compression from HAWT to Compressed Air

/ /
Transmission/friction losses
Nmech\
~95%| Heat losses, air leakage
Neomp V. during compression, friction
[ ~ 0,
2 85% Heat rejection
& o Mu Y
T z 2 ~65% Pipe network losses
= o r Mpipe X
fz g 5 ~ 99%
o o 5 ~52%
E < g_ cEL . P Ntotalcomyp
£ £ S S o =
£ o o| -t g
= [} 0 ° = ]
~ = T < )
v/ v v 2V v/

Turnaround efficiency:
Ratio of electrical energy to turbine
mechanical energy after all energy has
passed through storage

~37%

IMG

Conversion from Compressed Air Storage to Electric Power

Available Power from Store

/

\

Mpipe N

valve losses

P

~ 98%/]

Cold compressed air

<

<
~

A

A\ Pipe network losses,

Heat losses, air leakage, friction
Nexp W losses during expansion

~80%/\

Expander mech. Power

<
S

Nmech \4

/N

Transmission/friction losses

~95%

Net mech. Power

N\

<
S

Net

~9507%

_ Electric

PMSG electromagnetic
losses, friction

ntotalexp ~71%

Power

WARWICK



2.2 Hybrid wind turbine

Windspeed
11
A )
g ° M A TR » Generator power can be controlled
- 8 = i
E T N > Scroll expander compensates for lack of
= 6 power
N
40 50 100 150
time [s]
1500~ N
1000
500 |
2
5 0
; m
> D et
Q500
——— \
-1000 Expander mech.Pow er
PMSG el.Pow er
1500~ HAWT mech.pow er
----- Demand Pow er i I I
0 50 100 150

IMGES
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2.2 Hybrid wind turbine

Extension to 1MW wind turbine;:

HAWT PMSG Expander | Compressor

(at 12.5m/s)
Rated Power 1.3MW 1MW 240kW 490kW
Rated Speed 23rpm 100rpm 1500rpm 1500rpm
Rated Torque 550kNm 96kNm 1513Nm 3130Nm
Vessel size 500m?
Storage Capacity 3MWh
Time Charging = 11hrs (at 1500rpm, 626 I/s FAD)
Time Discharge = 5hrs (at 1500rom, 626 I/s FAD per expander)

1MW hybrid wind turbine
specifications

-

2 SCrew compressors in series
(to increase air pressure in air

receiver) /

Mechanical Transmission: thor
0.83kg/s 7.5bar
— 323K
550kNm PSD Drive shaft - 0.83kg/s Screw Compressor 2 ) .
23rpm ring n=50Hz ~ Air Receiver
C N S
w R; 96kNm
t carrier L— V
loﬂrpm A 4 v
—_— Screw Compressor 1
wgen 7.5bar 56.25bar 56.25bar
T - 553 HEX1 619K HEX2 323K
a ? == \_1 0.83kg/s 0.83kg/s /f\ 0.83kg/s
= R P W W
wexp,comp Qou=62kW Q,u=89kW
1513Nm,3130Nm
1500rpm,1500rpm
IMACGES
Fawa
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2.3 Further investigation on HTTS integration

Progress — HTTS concept

=i Valves

r Reheater 4 - Y W -
R = ; e )

—— Boler ;}x

F 1
) Intermediate & .'} System
High Pressure Low Pressure yipe '5\.\ <
Steam Turbine ; ) b 1
_ Steam Turbine Synchronous @ *] ik
q H/ Generator
F T, - |

Hi B W Main Control
Condenser -

C
Yy
]

Economizer,

) +

Low Pressure

. Feedwater

) < 3
ng: I:jessu re | Feedwater =9
eedwater L A
Freheater e ) Ceasrator Freheater B 4
- -~

IMGES

& WARWICK



3. Work Plan

- Continue development of CAES-TES simulation tool

- Complete the joint work between Warwick, BGS and
Nottingham on energy capacity calculation

- With the TE material parameters from Loughborough
University, HTTS integration with thermal power plant can be
simulated and optimised

- Increase impact activities

IMGES
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3. Work Plan

-Study of energy storage integration with micro grid or grid

WARWICK

IMGES



3. Work Plan

-Study of energy storage role in VPP

oK



2.3 Further investigation on HTTS integration

Progress — HTTS concept

=i Valves

r Reheater 4 - Y W -
R = ; e )

—— Boler ;}x

F 1
) Intermediate & .'} System
High Pressure Low Pressure yipe '5\.\ <
Steam Turbine ; ) b 1
_ Steam Turbine Synchronous @ *] ik
q H/ Generator
F T, - |

Hi B W Main Control
Condenser -

C
Yy
]

Economizer,

) +

Low Pressure

. Feedwater

) < 3
ng: I:jessu re | Feedwater =9
eedwater L A
Freheater e ) Ceasrator Freheater B 4
- -~
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Progress — modelling
1. Modelling work in ProTRAX

TES discharging
process

TES charging
process

TOA
TOB

% Superheated D 4
steam

|
|
|
|
|
I
I
I T3
|
|
|
|
|
I
I

A
J

Feedwater
»

T5

A

LP Preheater bypass
or

HP Preheater bypass
Y

D quedwater

|
|
|
1
|
|
|
T4 |
|
|
|
|
|
|

r
«

TES tank

ProTRAX °

LP Turbine

FROM REHEATER

TO REHEATER CRF

TO DRUM
TO ATTEMPERATOR T i
s
BC
"BCNDT

TO DRUM

TO ATTEMPERATOR

Balance of Plant

LFDV

1

I Y
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Progress — modelling

Charging process
1. Modelling work in ProTRAX ging p

TES charging

HTTS Charging process process
» 7 steam extraction points (TOA-T5)

* 2 return points (C & D)

uEerheatedDG
j ~ steam
c) Fixed Pressure/Sliding Pressure

control system mode.

Steam or
Water

d) Steam/Water from HTTS HX in HTTS
chargingmode.  L__________ l=—m— T

ProTRAX °

LP Turbine

FROM REHEATER

TO REHEATER CRF

TO DRUM
TO ATTEMPERATOR

TO DRUM

TO ATTEMPERATOR

Balance of Plant

[ Y
IMACES WARWICK



Progress — modelling

Discharging process
1. Modelling work in ProTRAX ging p

TES discharging . .
process HTTS Discharging process

* LP feedwater preheater bypass
[ * HP feedwater preheater bypass

Feedwater
»

LP Preheater bypass

2]
9]
©
Q
>
°o
=
1o}
©
Q
=
[
2
a
o
I

D quedwater

FROM REHEATER

TO REHEATER CRF

TO DRUM
TO ATTEMPERATOR

TO DRUM

TO ATTEMPERATOR

Balance of Plant

[ Y
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Progress — modelling
1. Modelling work in ProTRAX

TES discharging . .
process HTTS Discharging process

* LP feedwater preheater bypass
Feedwater _ [ * HP feedwater preheater bypass

TES charging
process

uperheated D 4
steam

HTTS Charging process
» 7 steam extraction points (TOA-T5)
* 2 return points (C & D)

c) Fixed Pressure/Sliding Pressure
control system mode.

Steam or
Water

LP Preheater bypass

2]
9]
©
Q
>
°o
=
1o}
©
Q
=
[
2
a
o
I

d) Steam/Water from HTTS HX in HTTS N_Feedwatef
chargingmode. - _______ l— !

FROM REHEATER

TO REHEATER

TO DRUM
TO ATTEMPERATOR

TO DRUM

TO ATTEMPERATOR

Balance of Plant
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Progress — Results

The main control system modes: Fixed Pressure vs Sliding Pressure mode

540
180 904 ittt R A LLE L LLLL
_ s 530
§ 1001
= 80
~ 520
(]
g 140 g
% —~ o 4
9 120 S 707 5 s
o = ©
15 5 g 5004
g 100 604 g
n (]
-
4 490 -
£ 8 —— MST-FP
= =) 501 —— MST-SP
60 1 4807 ---- RHT-FP
SP RHT-SP
40 40 470
T T T T T T 1 T T T T T T 1 T T T T T T 1
100 150 200 250 300 350 400 100 150 200 250 300 350 400 100 150 200 250 300 350 400
Load level (MW) Load level (MW) Load level (MW)

FP — Fixed Pressure mode
SP - Sliding Pressure mode

41 4
92 4
40 4
014 39 4
g QQ, 384
w90 a7
[T
i ] 4
& E
5 > 364
D g9 =l
35
34 4
88
33 4
87 T T T T T T 1 32 T T T T T T 1
100 150 200 250 300 350 400 100 150 200 250 300 350 400
Load level (MW) Load level (MW)
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Progress — HTTS Charging

PHrTS =W*(hin-hout)

Bench=PHrtts - dP [MW/]

HTTS charging results
Condensation ion
250 - 250 -
200 200 -
)] — —
5 2 150- — TOA 2 150 —TO0A
2 = —— ToB = ——ToB
P X —T1 X —T1
P I 100 —_— T2 = 100 —_— T2
a 5 — T3 E —1T3
© @ — T4 @ —T4
g Q504 5 o 50 5
=
0 0 eEE———
— — —
_50 T T T T T T 1 -50 T T T T T T 1
100 150 200 250 300 350 400 100 150 200 250 300 350 400
Load Level (MW) Load Level (MW)
250 - 250 -
200 200 -
()]
S
= 2 150 —— TOA 2 150 —T0A
A = —— TOB = —— TOB
8 % —T1 % —T1
o g 1001 — T2 g 1001 — T2
00 E — T3 E — T3
£ S s T4 S s T4
—T5 —T5
g —————
0 0
\
T —
-50 T T T T T T 1 -50 T T T T T T 1
100 150 200 250 300 350 400 100 150 200 250 300 350 400

RGES

[
-
1
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Progress — HTTS Charging
Thrrsin [°C]

HTTS charging results
Condensation Non-Condensation
550 - 550
500 500
) 450 — 450 —
; . —— TOA _ - —— TOA
"0 Q400 TOB Q400 TOB
7 = —T1 = —T1
v =z Z
a @ 350 T2 2 350 T2
£ - — T3 = — T3
g 300 L — T4 300 S T4
X —T5 —T5
[ 250 ] 250
200 200
100 150 200 250 300 350 400 100 150 200 250 300 350 400
Load Level (MW) Load Level (MW)
550 550 -
500 e ———— 500 —
[ — T —
bt 450 450
a . — TOA . — TOA ®
o g a0 Tos 3 400 T ey 18
0 k= /E\\ 1 e — 1
a % 350 ~. —T12 % 350 - /T2
00 £ — T3 £ — T3
= ) 300 = 4 a 300 I— T4
= ~ —— —T5 T |—T5
) 250 250
200 200
1
100 150 200 250 300 350 400 100 150 200 250 300 350 400

[
-
1

AN
nGES WARWICK



Progress — HTTS di

COMNOIMizer,

Condensate Cooling

Pump Water
Pump
Feedwater
Pump
-_|_1- Low Pressure
High Pressure W Feedwater
Feedwater
Freheater WL ) Deaerator Freheater

High Pressure

Preheater Deaerator

T 27.8

TO DRUM ¥ 192.7

T 286.9
T T SPRA LFwv Ting
" w 5085 T EWH W 328.9 VALVE W 328.9 EBFP ’
TOATTEMPERATOR  p 1334 P 1321  Fwv P 200 = w 328.9
H 1285 H El4l5 H E13.5 P 12.29
T 286.3 T 1836 T 183 H 789.3 W 37.35 VALVE
T 186.3 P 3.4521
EHPOV P P

300 140
280 180 120
260
o _. 160 _ 100
g 240 1 %
~ o o
Q. ~ <80 |
2 140 =y
E 220 £ g
2 ) - - o 60
200 + [ =" 2
o 120 + - 40 -
180 | === ST I e
- 100k~ 20 F=-~—~- "
160F _ - -~
: : : : T : : T T : 0 : : : : :
100 150 200 250 300 350 100 150 200 250 300 350 100 150 200 250 300 350
\ Load Level (MW) y, Load Level (MW Load Level (MW
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Progress — HTTS discharging
HTTS discharging results

60 48 -
— standard
—LP 46| ——LP /\—-—-
50 | m=—HP —_— HP
LP+HP 7 LP+HP e
U X
40 <
g & 2] /
c
s o _ UMPY
=~ 30 g 0 ,////)’
o E
© p 38 1 / BCF
20 5
2 36
—
10 A 34 -
TG 321 —E
0 T T T T T T T T
100 150 200 250 300 350 100 150 200 250 300 350
Load Level (MW) Load Level (MW) BG%

Balance of pPlant
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EBSILON®Professional

Plant engineering and design

Progress — Modelling

Pset 375.00 MW 329.079 329079 _
Pgen 375.00 MW 175800  _167.000 — ==
dP -0.00 MW 535402 531.834
ef 43.24% 3381,078 3381.076
Piuel 839.70 MW @ .\< I - ~Zus
Ptot 363.05 MW N =
MSP 175.80 bar 3536.756
RHP 34.74 bar
MST 535.40 oC
RHT 537.490C o 375.000 MW
Dea 8.29 kgls 100p00 %
Xout 91.009 %
839697 W
N G
7 N
_ /43=.594 = —
= F] 3447 i 'm
L 127
- 2964.646
0.000 WW | 555 747 |2 f—\/ {
325,308 : [
246.858 ——
73931 _ 73931 % 20680 | 946 858
70.830 11.380 133.326 33.050 I
286.629 185.581 561.161 140.356
1271.696& 1271 696 | Iﬂ_
=
« o |
329.079 O P [
194.100 11380 msrl
180.402 185.581 . -
3442 i
313,693 J87.905 T e
581.798
ETA=43.235 % 383053
1
| B
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IMACES WARWICK



Progress — Modelling
1. HTTS Charging (T3 — DEAE)

EBSILON®Professional

Plant engineering and design

Pset  375.00 MW 329.079 329.079 _ R Mass flow
Pgen 375.00 MWV 175 800 167.000 = - = 375.000  Mw
dP -0.00 MW ! ;

of 43.24% 3381.078

Pfuel 839.70 MW
Ptot  363.05 MW

MSP 175.80 bar
RHP 34.74 bar
MST 535.400C
RHT 537.490C

TES
TIW 0.00 kals
PTES 0.00 MW

S— 839.697 MW
Pt3  34.74 bar

Pin— 4472 bar D,

Pout 1138 bar Vv
dP 0.34 bar

Tt3 537.490C
Tin  527.330C
Tout 185.58 oC
dT 341.75 oC

H3  3536.76 kilkg
Hin  3536.76 kl/kg
Hout 787.90 kilkg
dH 2748.85 klikg

Dea 829 kg/s
Xout 91.009 %

ETA=43.235% 363 04N

1
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Progress — Modelling

2. HTTS Charging (T3 — COND)

EBSILON®Professional

Plant engineering and design
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3. HTTS Discharging

EBSILON®Professional

Plant engineering and design

AR

Fmwa

1

329.079 320,079
Pset 375.00 MW TiEEI0T  TTeroo0. o= ==
Pgen 375.00 MW 535,402 531.834
dP -0.00 MW 3381078 3381,078
eff 4338% 255148
Pfuel 839.70 MW 34.740
Ptot 36422 MW - 537489
3536.756
MSP 17580 bar I . .
RHP 34.74 bar = -
MST 53540 0C — Bl T | T
RHT 537.490C “'—-—! ! !,J
Dea 8.29 kg/s
Yout 91.009 %
p—s ,
L
T ———
i
320,079 L|:| - 8.290 17 1
192.700 ~ 1720
281625 [] 73931 383015
1328629 —Jagan 3225309
193.400 | 403778 8000
281629 | 3167.609 11.380
1230.629 ] 382,741
3225300
—Joaa i
! 11.380
fgg-%g_ 286,629 133.326
189402 1271{95 561.161
813.693 g C {1
£ |
L»*"’F

WARWICK

ETA=43.375%

I 1

| S

WARWICK



Progress — Modelling EBSILON®Professional
. . Plant engineering and design
3. HTTS Discharging
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Progress — Modelling Pro EBSILON®Professional
Plant engineering and design
350 - 540 -
180 A —
300 170 4 530
. 250
(2
z /
=,
S 200 - 447
)
=
42 4
150
—— Ebsi —— Ebsilion-FP
160 —— Ebsi = 40 —— Ebsilion-SP
7 — Pro = —— ProTrax-FP
— Pro ? 28 4 —— ProTrax-SP
U T T T T T T T T T T I g o T T T T T
100 150 200 250 300 3 £ o DO 150 200 250 300 350 4
5 i
Load level (MW) Load level (MW)
—— Ebsilion-FP
341 -~ Ebsilion-SP
—— ProTrax-FP
32 — ProTrax-SP
T T T T T T T T T T 1
100 150 200 250 300 350 400
Load level (MW)
= L BUU =
@ 204 @ ]
490
- ilion- 1 —— Ebsilion-FP
154 Ebsilion-FP 480 - h
—— Ebsilion-SP —— Ebsilion-SP
—— ProTrax-FP| 7 | —— ProTrax-FP
10 - — ProTrax-SP ] —— ProTrax-SP
1 1 1 N 1 N 1 N 1 N 1 460 1 1 N 1 N 1 N 1 N 1 N
100 150 200 250 300 350 400 100 150 200 250 300 350 4

1

IMGES

Load level (MW)

Load level (MW)

WARWICK



Progress — Mode iy TRRAX

20

Vs

an

EBSILON®Professional

Plant engineering and design

SO

oU

Load Level (MW)

—— LPFP ~
25 HPFP 2 pd
— Al e
20 20 // _~
g g / /
a 15 15 ~
B ;// ~ 10 ////
/ / —
5 é'/ — 5 /// —
/ /
I
—
100 150 200 250 300 350 100 150 200 250 300 350
Load Level (MW) Load level (MW)
[N ‘. - - —
cledl IJ
—LPFP —
——HPFP —
504 |— All 50 ‘///
| —
S 4 ///_ 3 s / /.,-————"""‘ —
Q " K]
Q / — £ 1 /
s ] £ —
40 e // L — 01— — —clear
7/// ——LPFP
/ — —— HPFP
354 — 35 — Al
[ ol S e
100 150 200 250 300 350 100 150 200 250 300 350

Load level (MW)

WARWICK



Conclusions & Future plans

Conclusions:

*It is feasible to integrate HTTS into power plant steam cycle with no request of changing the steam cycle.

*The steam taken to HTTS charging process should be quickly returned back to the process loop.

*There is a limit for how much heat can be extracted from the steam cycle and depends on the extraction point.
*Power plant control system mode has influence on HTF parameters to HTTS system

*Steam condensation in HTTS heat exchangers highly increase efficiency in HTTS charging process

*The main restrictions in operating range are the results of:
=  MST and RHT temperature variations
=  Negative steam flow from deaerator to turbine
=  Maximum flow through HTTS valve (max valve conductivity)

*The size and scale requirements for thermal energy storage systems have been initially assessed
*Simulations are being developed for the different storage approaches.

Future plans:

HTTS integration article submission

HTTS tank model implementation (ProTRAX / Ebsilon / MATLAB software)
Entire power plant cycle efficiency with HTTS

Dynamic HTTS simulations

HTTS feasibility study for existing power plants

Comparison between subcritical and supercritical power plant with HTTS
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