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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.  

1. Overview 
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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 Warwick team has developed a number of thermal storage model and simulation 

library blocks which can be used by WP2.3.  

WP2.4 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.  

2. Report of the project progress 

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 project progress 

   

Our energy storage overview paper, as 

the most download article over one 

year in Applied Energy, cited over 210 
times since it was published in 2015. 
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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 Warwick team has developed a number of thermal storage model and simulation 

library blocks which can be used by WP2.3.  

WP2.4 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.  

2. Report of the project progress 

Working closely with BGS and Nottingham to study the method to give more 
accurate calculation/estimation of energy storage capacity with consideration 
of dynamic process of compression and expansion.  



Exergy storage capacity calculation of cavern-based large-scale CAES system   

Cavern operational scenarios 
• Uncompensated isochoric cavern  
• Compensated isobaric cavern   
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Estimating the exergy storage 
capacity of compensated isobaric 
air storage 

Estimating the exergy storage 
capacity of uncompensated 
isochoric air storage 

2. Report of the project progress 

Cavern volume calculation 
subject to the CAES system 
specifications 
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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 

2. Report of the project progress 
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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.  

2. Report of the project progress 

Completed 

Completed 

On-schedule 

On-going 

On-schedule 

On-schedule 



• CAES is 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.  

 

2.1 CAES-TES dynamic modelling & software 



2.1 CAES-TES dynamic modelling & software 

Overview of 

potential 

software for 

CAES-TES 

modelling 

 

None of them 

can service the 

full purpose 

 

 



Structure of standard module 

with its connections 

2.1 CAES-TES dynamic modelling & software 



Module multi-level library 

Models for thermodynamic analysis
(steady state):
Turbine/expander (Isentropic) 
Turbine/expander (Polytropic), …...

, …...

CAES-TES tool library 
 

Compressors  
 

Compressed air
reserviors

Heat storage 
reservoirs

 

Heat exchangers
 

Electrical power 
systems

 

Auxiliary 
components

 

 Turbines and
Expanders

Models for thermodynamic analysis
(steady state):
Compressor (Isentropic)  
Compressor (Polytropic), …...

Models for dynamic modelling & control:
Positive displacement machines 
Turbomachinery
…...

Models for dynamic modelling & control:
Positive displacement machines 
Turbomachinery

…...

Electrical generators/motors 

…...

Electrical loads

AC Synchronous machine

AC Asynchronous machine

DC generator/motor machine

…...

Overall CAES/TES 
examples

 

Controllers for 
CAES/TES systems

 

2nd level subdirectory examples:

3rd level subdirectory examples:

1st level subdirectory:

1

2

3

4

5

6

7 8 9

Models for dynamic modelling & control:
Time-varying dynamic models 
(considering temperature, pressure 
variations with time)

Models for thermodynamic analysis
(steady state):
adiabatic/isothermal/isobaric  
compressed air storage reserviors

2nd level subdirectory examples:

Scroll-type expander

piston type reciprocating expander

Radial-inflow turbine

…...

Models for thermodynamic analysis
(steady state):
the Number of Transfer Units (NTU) 
method, …...

Models for dynamic modelling & control:
Time-varying dynamic models 
(considering temperature, pressure 
variations with time)

10

12

14

16

18

11

13

15

17

19

20

2.1 CAES-TES dynamic modelling & software 
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 Examples of dynamic expander and TES sub libraries: 

• Radial inflow turbine 

• Axial turbine  

    (under development) 

• Piston expander 

• Scroll expander 

 

• NTU Heat exchanger 

• Dynamic heat 

exchanger 

• Hot/cold water 

storage tank 

• Packed bed thermal 

energy storage 

2.1 CAES-TES dynamic modelling & software 



 An example of electrical power system sub library: 

• AC generators 

• AC motors 

    (synchronous,    

     asynchronous  

     machines) 

 

• DC generators 

• DC motors 

 

• Electrical loads 

 

• Grid model 

    (under development) 

 

• Frequency converter 

2.1 CAES-TES dynamic modelling & software 



 An example: piston compressor 

code and panel 
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Modelling equation implementation 

Module mask panel settings 

2.1 CAES-TES dynamic modelling & software 



 An example: basic electrical load code and panel: 

Modelling equation implementation 

Module mask panel settings 

2.1 CAES-TES dynamic modelling & software 



2. CAES-TES dynamic modelling  software 

Groups Refining the modules developed last year New modules 

Compressors & Expanders 
 

Vane expanders/compressors,  
Radial inflow turbines, piston expanders  

Axial compressors 

TES (Heat exchanger & 
Heat storage) 

Air-water HEX steady and dynamic state models, 
Heat/cold storage (water)  

Phase Change Materials 
(PCM) 

Electrical machines, load 
and grid 

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

Non-PM synchronous 
machine, electrical 
machine model 
simplification 

Compressed air storage Salt cavern, adiabatic tank with documentations Isothermal storage 

Pneumatic accessories Pressure regulator, non-return flow valve 

System controllers PID controller, two types of bang-bang controller Advanced controllers 

CAES-TES subsystem / 
system relevant examples 

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

Packed-bed TES 

Module development 
documentations 

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

Update with the 
developing modules 



 Software module development documentation  

Background 

 

 

Modelling equations 

 

 

Standard settings 

(inputs, outputs,  

parameters, etc.) 

 

Matlab/Simulink 

Code explanation 

 

Simulation study 

and application  

examples 

2.1 CAES-TES dynamic modelling & software 



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

Multi-stage piston type compressor 

Non-return valve           Adiabatic tank 

Pressure regulator       Scroll type expander 

Ideal voltage source 

(mimic grid) 

Asynchronous motor 

PMSG 

generator 

Controller 

Further work can be considered : 

1.multi-stage heat exchange units 

2.connecting with grid simulation 

3.More control implementation 

4.… 

Click here to run the demo video 

The video is improved with subtitles 

2.1 CAES-TES dynamic modelling & software 

file:///D:/Software demo video 1.ps
file:///D:/Software demo video 1.ps
file:///D:/Software demo video 1.ps
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Motor speed reach 390 rad/s then reduce to 320 rad/s 

The required mechanical torque for compressing air 

 The 1st stage compressor compress air up to 5 bar 

 The 3rd stage compressor compress air up to 35 bar 

Simulation: Charging mode 0 to 170s;      Storage mode 170 to 260s;         Discharging mode 260s to 290s. 

Tank temperature variation 

Expander pressure regulated  

by pressure regulator 

 

PMSG magnetic-electrical torque 

Expander-PMSG rotor speed 

260 170 

170 

Tank pressure from 1 bar charge to 35 bar then discharge 

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

260 

Charging mode  

0 

Charging Storage Discharging 

Storage Discharging 

0 

290 

2.1 CAES-TES dynamic modelling & software 



CAES charging with cascade control 

Ideal voltage source 

replaced  

Frequency converter 

Cascade controllers 

Asynchronous motor 

Multi-stage piston type compressor 

Adiabatic storage tank 

Objective:  

CAES charging with 

asynchronous motor speed 

control and air tank pressure 

control 

2.1 CAES-TES dynamic modelling & software 



0 20 40 60 80 100 120 140 160 180 200
0

50

100

150

200

250

300

Time (s)

M
o

to
r 

ro
ta

ti
o

n
 s

p
e

e
d

 (
ra

d
/s

)

 

 

Motor speed controlled

Motor speed without control
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Tank pressure without control

Tank pressure with control
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Controller signal output

Target storage tank pressure 17 bar 

Air tank pressures 

Control signal of 2nd controller 

Motor rotation speed 

Air tank temperature 
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       With the target 

tank pressure 

increase, the 

difference of 

motor speed and 

the system 

efficiency can be 

more clearer! 

CAES charging with cascade control 

2.1 CAES-TES dynamic modelling & software 



1.2 MW CAES discharging  

   (multi-stage turbine with HEXs + non PM synchronous generator)  

1st HEX 

2nd HEX 

3rd HEX 

4th HEX 

System configuration: 

HEXs in parallel connection 

HEXs 

1.2 MW impedance 

Turbines in series connection 

Non PM synchronous generator 

1st radial turbine 

2nd radial turbine 

3rd radial turbine 

4th radial turbine 

2.1 CAES-TES dynamic modelling & software 



 Software example 4: 1.2MW CAES discharging  

    

2. CAES-TES dynamic modelling & software 

Compressed air discharge from 57bar; initial mass flow rate of air 11.2 kg/s 
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Air temperature after heating via a HEX (390K) 

Air temperature after one stage turbine (365K) 

0 10 20 30 40 50 60 70
0

1000

2000

Time (s)

 

 

R
P

M
 (

re
v
 p

e
r 

m
in

)

0 10 20 30 40 50 60 70
0

0.2

0.4

0.6

0.8

1

Time (s)

Is
e

n
tr

o
p
ic

 e
ff

ic
ie

n
c
y
 (

%
)

 

 

       Isentropic efficiency of one 

stage turbine, max approx. 83%, 

system optimization need 
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Synchronous generator rotor 

Rotation speed maintain ~1560 rpm 

Control strategy need 

Overall electrical load power ~1.1MW 

One stage turbine power 320 kW 
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Controller 2.2 Hybrid wind turbine 

Wind Turbine 

Air motor 

Power grid 

Compressor   Air tank 

Generator 

2. 

Wind Turbine 

Air motor 

Power grid 

Compressor   Air tank 

1. 
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 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  

 

Aim: 

PSD: Power Split Device  
continuously variable transmission 

2.2 Hybrid wind turbine 
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 Flexibility in operation: 3 operating modes identified 

Mode B: PMSG driven by 

 Expander 

 HAWT 

 Expander & HAWT 

Mode A: HAWT drives  

 Compressor 

 PMSG 

 Compressor & PMSG 

Mode C: Compressor drive by 

 PMSM 

 HAWT 

 PMSM& HAWT 

2.2 Hybrid wind turbine 
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Model validation for Mode A: 

HAWT drives compressor  

and PMSG  

Model validation for Mode B: 

PMSG driven by HAWT and  

Scroll expander 

2.2 Hybrid wind turbine 
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Turnaround efficiency: 

Ratio of electrical energy to turbine 

mechanical energy after all energy has  

passed through storage 

  ~37% 

 

    

2.2 Hybrid wind turbine 
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Example Mode B: 

 Generator power can be controlled  

 Scroll expander compensates for lack of  

      power    

2.2 Hybrid wind turbine 
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 Extension to 1MW wind turbine:  

 1MW hybrid wind turbine 

specifications   

2 screw compressors in series  

(to increase air pressure in air 

 receiver)   

Mechanical Transmission: 

 

2.2 Hybrid wind turbine 



Progress – HTTS concept 

T1 

T2 

T3 

T4 

Intermediate & 

Low Pressure  

Steam Turbine 

High Pressure  

Steam Turbine 

T0B 

T0A 

HTTS 

R 
D1 

D2 

R 

2.3 Further investigation on HTTS integration 



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 
  



3. Work Plan 
 

-Study of energy storage integration with micro grid or grid 



3. Work Plan 
 

-Study of energy storage role in VPP 
              (50 kW/ 35 kWh) 



Progress – HTTS concept 
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2.3 Further investigation on HTTS integration 



1. Modelling work in ProTRAX 
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D 

TES tank 

Steam or 

Water 

Feedwater 

HTTS Charging process 
• 7 steam extraction points (T0A-T5) 
• 2 return points (C & D) 

c) Fixed Pressure/Sliding Pressure 
control system mode. 

d) Steam/Water from HTTS HX in HTTS 
charging mode. 

Charging process 
Progress – modelling 
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HTTS Discharging process 
• LP feedwater preheater bypass 
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Progress – modelling 
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HTTS charging results 
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1. HTTS Charging (T3 – DEAE) 

Progress – Modelling 



2. HTTS Charging (T3 – COND) 

Progress – Modelling 



3. HTTS Discharging 



3. HTTS Discharging 

Progress – Modelling 
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Conclusions & Future plans 

EDF Hinckley Nuclear Power Plant 

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 


