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Renewable energy

New energy automobile

Smart grid/
Energy Internet

Energy storage

Distributed 
energy/ microgrid

Energy storage is supporting technology of energy revolution

Fivepillarsof the third industrial revolution:

Renewableenergy, distributed energy/ microgrid, smart grid/energy Internet,
new energyautomobile,energystorage.

Jeremy Rifkin
Energy
storage



Energy storage is national strategic emerging industry of China

Nationalenergycouncilmeeting:
άConcentrate on the development and utilization of
renewableenergy,especiallyachievingbreak-throughon the
technologyof new energy grid connection,energy storage
andsmartgrid. ComprehensivelyconstructΨLƴǘŜǊƴŜǘҌΩsmart
energy. Seizethe commandingpoint of energy technology
competition.έ-Nov17, 2016

China’s13th five-yearplan for national economicand social
development:

Promotethe innovationand industrializationof emerging
frontiers including high-efficiency energy storage and
distributedenergysystem,smartmaterial...

The 37th of 100 Key tasks: energystorageand distributed
energy.

KeqiangLi



Å Until 2018, global installed energy storage
capacity is about 181 GW, covering 2.9% of
globalinstalledpower generationcapacity.

Å In 2050, the shareis estimatedto be 10%-15%.

Å Until 2018, the installed energy storage
capacityof Chinais about 31.2 GW, covering
1.6% of national installed power generation
capacity.

Å In 2050, the installed energystoragecapacity
of China will increase to 200 GW, covering
10%-15% of national installed power
generationcapacity.

The percentage of energy storage in 
global power generation capacity

2.7%

10%

15%

Present 2050 (prediction)

Energy storage possesses huge market demand

*Source: International Energy Agency

The installed capacity of China’senergy
storagewill increaseby 10 times in 30years.



CAES is one of the main technologies of energy storage

Chen et al.  Compressed Air Energy Storage, Energy Storage, InTechPublisher, ISBN 979-953-307-768-9

ÉHigh power rating(100MW)

É Low cost (800-1000$/kW)

É Long lifetime (30-50years)

ÉUnlimited storage duration
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Chen et al.  Compressed Air Energy Storage, Energy Storage, InTechPublisher, ISBN 979-953-307-768-9

1978, German, Huntorf, 

290MW (315MW, 42%)

2001, Japan, 

Hokkaido,4MW
1991, USA, McIntosh,110MW 
(54%)
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CAES is one of the main technologies of energy storage



CAES in China: Overview
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In China,there is no CAESin commerciallyoperation yet. Most of the R&Dactivities on CAESare in lab or

pilot-scale. However, the R&D of CAESin China have involved various aspectsof CAES. And several

demonstrationprojectshavebeenlaunched.

CAES

System Design and Analysis 

Compressor 

and Expander 

Combustion Chamber

Or TES 

System integration 

and demonstration

Policy for 

Industrialization



System Design and Analysis
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ÅSystem design and thermodynamic analysis

ü10-100kW:             HuazhongUniversity

Shandong University

IET, CAS

BJUT

ü100-1000kW:         Tsinghua University

IET, CAS

IPC, CAS

ü10MW-100MW:    IET, CAS

GezhoubaLt.d

Tsinghua University

ÅTech-Eco analysis and evaluation

Å IET,CAS
Å North China Electric Power

University
Å ZhejiangUniversity
Å ShandongUniversity
Å BeijingUniversityof Technology
Å TsinghuaUniversity
Å Huazhong University of Science

andTechnology
Å Xi'anJiaotongUniversity

Å IET,CAS
Å North China Electric Power

University
Å Xi'anJiaotongUniversity
Å ChongqingUniversity
Å ZhejiangUniversity
Å HuazhongUniversity of Science

andTechnology
Å TsinghuaUniversity



Components
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ÅCompressor

ü Piston: Zhejiang Uni./IET

ü Scroll: Shandong Uni.

ü Radial: IET/TsinghuaUni. 

ÅExpander

üPiston: Zhejiang Uni./IET

ü Scroll: Shandong Uni.

üScrew: BJUT

ü Radial: IET/TsinghuaUni. 

ü Axial: IET

ÅCombustion Chamber

üXi’an JiaotongUniversity

ÅTES: IET/CAS BJUT and IPE

ÅCavern/Tank

Å Institute of Rock and Soil

Mechanics,CAS

Å ChongqingUniversity

Å Harbin Institute of

Technology

Å Hebei Institute of

Technology

Å Taiyuan University of

Technology

Å IET,CAS

Å North ChinaElectricPower

University

Å ZhejiangUniversity

Å Beijing University of

Technology

Å Xi'anJiaotongUniversity

Å Beijing University of

Aeronautics and

Astronautics

Å Institute of Process

Engineering,CAS



System integration and Demonstration
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10kW    100kW   1MW     10MW    100MW

Theoretica
l and 

System 
Analysis

Component
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Bottlenecks of Conventional CAES

Low 
efficiency

Bulk cavern

Fossil 
fuels

15



Overall Strategy for Advanced CAES

Low 
efficiency

Bulk cavern

3. Recycling of compression 
heat to avoid fossil fuel

1. High efficiency compression and
expansion,heat transfer and storage
at supercritical state to improve
systemefficiency

2. Liquid/high-pressure storage 
to avoid bulk storage cavern

Fossil 
fuels

Advanced compressed air energy storage: Academic ideas
16

Bottleneck:
¸ Relyingon bulk cavern

¸ Relyingon fossil fuels

¸ Lowefficiency

Solution:
¸ Recycle compression heat
¸ High-pressure/liquid storage 
¸ Improve efficiency



IIIɻFundamental Study
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Scientific Issue 2

Internal flow fields of compressor and expander
Scientific Issue 3

Flow, heat transfer&storagein confined space

Scientific Issue 1

Process coupling and energy loss 

mechanism of CAES System

Fundamental Study
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Technical Support 

Coupling and integration 
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Technical Support 



1. Cycleis not closed/ different from heat engine cycle

2. Nonlinear couplingof multi-processes

3. Unstable operation with frequent change of input 

and outputC
h

a
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Conventional Heat Engine Cycle

Cycle of Advanced CAES

Issue 1: Process coupling and energy loss mechanism of System

Work

Heat



Progress 1ЕCorresponding-point methodology (CPM) for CAES 

A new method, CPM,for analyzingand optimizing systemis createdon the basisof the correspondenceof the system
flow; a diagramof thermal exergyand mechanicalexergy(Eth-Emechdiagram),which reflectsenergylosscharacteristics,is
proposedin a complexplane

Eth-Emech diagram of  CAES

Parameters of the method 
shown in corresponding process
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Guoand Chen et al. Applied Energy, 2016



Progress 2ЕMechanism of Energy Conversion, Transmission and Loss
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and expander efficiency

Cold storage 

efficiency

Effect of 
pressure on 

heat recovery

Exergy loss varies with energy storage pressure Matching relation between charge pressure and discharge pressure

Therelation of energyconversionand transmissionis established; energy losscharacteristicsand the matching
characteristicsof the keyparametersarerevealed

Guoand Chen et al. Applied Energy, 2017



Corresponding efficiency

Eth-Emechdiagram of case 1 Eth-Emechdiagram of case 3

Progress 3ЕTo reveal dynamic characteristics of CAES at full working condition

Exergy flow diagram

Guoand Chen et al. Energy, 2017



Issue 2: Internal flow fields and loss of compressor and expander

1. High pressure: Multi -stage, high-load & leakage

2. Unstable operation: Unsteady & control

3. Coupling: flow and heat transfer
C

h
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Passage 

Vortex

Tail Vortex

Vortex 

Structure

Tan and Chen et al. AIAA J.(2003, 2004) ProcIMechEA: J Power Energy(2009,2012, 2015, 2016, 2018, 2019) 

Vorticity

Streamlines

Progress1: Internal flow fields

Back leakage flow

Tip leakage flow

Disk leakage flow



Flow fields and Entropy

Small 

flowrate

Rated 

flowrate
Large 

flowrate
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Streamline at SS

Streamline at 

Hub
Streamline at PS

Off-design performance and Unsteady flow

Progress 2: Off-design performance and Unsteady flow

P. He and H.Chen* (2013), ASME Journal of Turbomachinery, 135(4), 021002-1



Pt,in, Pt,out, Ttot,in Ttot, out

m

Mean line design method
Including real gas model

Results analysis and 
optimization:

ÅExperimental data
ÅLoss model

Meet the 
requiremen

t ?

Profile of blade, hub and 
shroud:

ÅBlade-to-blade program
Meet the 

design 
index ?

Aerodynamic̆ Strength, 
and Vibration Validation:

ÅCFD analysis
ÅFEA

End

Yes

No

Yes

No

Geometry parameters for expanders

Stage 1 Stage 2 Stage 3 Stage 4

ü The Designmethod for high efficiency
multi-stageexpanderin CAESis provided;
ü The geometry parameters of the
optimizedexpandersareobtained

Progress 3: Coupling mechanism of flow and heat transfer



1. High pressure and supercritical condition

2. Coupling with flow of expander and compressor

3. Unstable  operation condition
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Issue 3: Flow, heat transfer and storage in confined space

Property around supercritical point



High Pressure

Forced 
convection

Mixed
convection

High density

2Gr ReRi =Richardson number

Ri=0       Ri=2        Ri=4      Ri=8
Aiding flow

Re=100ЇRi=6Ї =˒30º
Crossflow

Re=100ЇRi=2Opposing flow
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 Forcedconvectionε8Mpaζ

 Mixedconvectionε8Mpaζ

 Forcedconvectionε4Mpaζ

 Mixedconvectionε4Mpaζ

 Forcedconvectionε2Mpaζ

 Mixedconvectionε2Mpaζ

HT Nu vs temperature difference 
under different pressures

Å The gas-solid HT Nu of mixed convection increase with the pressure, 

Re and particle sizes.

Å Pressure is the most significant factor.

Progress 1: Flow and/or heat transfer characteristics of HT fluids and heat storage materials
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Nusselt number vs. Reynolds 
number at 6.55MPa.

ÅThe higher pressure would decrease the entrance 

effects on the heat transfer coefficients.

ÅThe modified Yang’s’ correlation predicts the heat 

transfer coefficients well under supercritical 

pressures.

Average Nusselt number vs. Reynolds 
number at 0.22MPa and 6.55MPa
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Progress 2: Interaction between heat transfer fluids and  heat storage materials



Heat Storage

Cold Storage

Progress 3: Unsteady behavior and mechanism of flow, heat transfer and storage

Yang and Chen et al. InternationalJournal of Heat & Mass Transfer, 2017
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PrototypeExperimentalDesign Software

Technical Development



× SystemDesignandAnalysis

× TestRig

× Concepttest

1 1kW CAESSystem

Integration and Demonstration



15kW CAESExperimentalSystem
× FundamentalStudies

× Validationfor modifications

Integration and Demonstration



TheChina’sFirst1.5MW CAES:
× In operationsinceApril 2013
× Over10000hoursoperation in total
× Efficiencyis 52.1%
× Over400hourscontinuousoperation test

Integration and Demonstration



TheWorld’sFirst10MW AdvancedCAES

É Locatedin GuizhouProvince,China

É In operation sinceDecember,2016

É Efficiencyis 60.2%

É Over4000hourstest operation

Integration and Demonstration
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PerformanceandCostAchieved(1.5MW):

¸ Power: 1.5MW
¸ Efficiency: 50-55%
¸ Cost: 10k/kW (RMB)-2500RMB/kWh
¸ Area: 500m2

¸ Life: 30Years

PerformanceandCostAchieved(10MW):

¸ Power: 10MW
¸ Efficiency: 60-65%
¸ Cost: 6-8k/kW (RMB)-2000RMB/kWh
¸ Area: 2000m2

¸ Life: 40Years

PerformanceandCostAchievable(100MW):

¸ Power: 100MW
¸ Efficiency: 65-70%
¸ Cost: 4-6k/kW (RMB)-1500RMB/kWh
¸ Area: 5000m2

¸ Life: 50Years

Achieved

Prospect

Discussion



Thanks for your attention!

chen_hs@iet.cn 0086-10-82543148

To go fast, you may go alone.

To go further, let us go together!


