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Waste heat recovery cycle technology for internal combustion engines
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Engines are major source of oil consumption and CO, emissions

LTS R F SRR R A SRR SIS R B AR,

. Internal combustion engine - widely used in distributed power generation and as power machinery for mobile units

0 BEGHNEE : >EiRSEEN60% ;

60% of total oil consumption, in China

0 SIRCOHEMR : BANRPIRHE25%,

25% of CO, emissions all over the world

AP RENTHLIGERTCO, FHFEEARX !

Energy efficiency in engines is of great importance for national energy saving and CO, reduction!
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Internal combustion engines still have a large potential for fuel savings

REERIMERERAMINEFIENEEM s KENTE , (BEFRiTREHNIE25% A LRIT5HiE.

It is expected that internal combustion engines still have a fuel saving potential of over 25%.

ARThE

PRIGAHEIBE =18

Energy balance of engine

Thermal cycle Electrical energy,

Ht o Pneumatic cycle Mechanical
L =, ) ﬁ thermoelectric energy
materials

RINE LR

Waste heat energy, also known as "waste heat*
Includes waste heat, waste pressure



FAGEOIIEIRAMENTREE

Waste heat energy recovery is an effective way to improve efficiency

FHRERSIEE
Maximum gas temperature
for diesel engines

T,=2000°C

SeHNEES KimimE

Diesel exhaust end
temperature

T,=30°C

SR 7 NG

SRBHES

. QiEE
525 Himiuacéﬂﬂ?& D|eseI'exhaust

JHABEIR temperature
Diesel hybrid

heating ideal cycle T5=600°C

Waste heat energy

AL YR AL i o] R g 0 ) 2 SR 2

Thermodynamic principles of WHR from engine

S e oy = .
RGTEIAEE
Carnot cycle efficiency:

I
n, = 1_? =86.4%

SNBSS IFRIEIB RN YR -

Diesel mixed heating ideal cycle efficiency:

1 A,Py —
N T ~64.4%
£ A —1+ kA (py 1)

c

&R, BESIRG , ERREEE :
35-40% (iSiHHN); 42%-45% (G&iHHN)
Limitations, actual efficiency:

35-40% (gasoline engines); 42%

RAGEEERANENERRE !

Waste heat energy recovery is an important
way to improve efficiency!

17, =1-

-45% (diesel engines)
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Waste heat energy recovery is considered a key technology for engines

Exhibit ES-6:

Petroleum Reduction due to FCVT Technologies as a Percentage of Base Consumption O %@ Argonne E "“"'_ ﬁg: m%*n%mﬁg*uma

Characteristic 2005 2010 2015 2020 2025 2020 2035 2040 2045 2050
Auxiliary Load Reduction 0.0% 0.4% 07% 4% 2.3% 33%|  21%|  48%|  27m|  48% R
e e e e BREABHERT; 2013)
nain: iciency/\ 1 2 4 1 145 1 18.0%
Parasitics Reguction 0%|  0.2% 0.2% 0.6% 1.1% 1.5% 1.;& 2.1%]  2.2% 2.3% BBI ’
Vehicle Weight Reducton 0% 0.1% 03% 0.5% 0.0% Ta% 1.6% 0% 2.0% 21% . .
Aerodynamic Load Reductiof 0% 0.2% 0.3% 0.6% 1.1% 15% 1.0% 2.1% 2.2% 23% Al‘gonne Natlonal LabOl‘atOFy: WaSte heat energy use 1in
Fybrid (Med_Trucks) 0% 0.1% 0.2% 0.5% 1.1% 7% 2.4% 3.1% 3.5% 3.7%
ot v m mm e ame s ass aow amw am engines has the greatest potential for energy savings; (2013)
= T Comp§r|§on of (?02 beneflt Vv costs reyeal complex appllgatlon =
§ Reduction specific interactions — Trials are required to prove benefits
iz m Hybrid (Med.
5 lel?cks)( Cost vs. Benefit of Low Carbon Technologies
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Reduction s S Vehicle , . Electric Vehicles @
% B Vehicle Weight ] Electric Bodies Platooning Ael:l?rg%(lg?;mc
B Reduction ¢ i L] 0 ‘ o
o O Ear("asitti.cs = 4 ‘ : . g Fuel Cells
eduction 3 ! £t >
OEngine % SAFED Driver BTL CNG s‘Ts‘la;z:
Efficiency/WHR o Training @ v MO [® | FuelCellAPU |
W Auxiliary Load o' | | Single o Stop/ i Automatic Tyre ;
Reduction % TTV-:I::: fi;al;-:id B} Biogas F’reu’:ae SEEIhi
g ® Aero IR
£ = o A Fairings  Spray reduction " Heat Recovery
% BElArgonne F| K £ K F W A 4-HT T 5 [LolyRotiogll " " wuanaps  Heat Exchange
i; Tyres . @/pcc o) 0
£ ! _ Thermoelectric
§ @ #le%ha%)ical } & Eleoctric Hydrogén Generators
— = | Engine o : urbocompour - Turbocompound & Low Risk
o EERICARDOLE]: AN SHEEHIBREEE :| | fme
N ) © n L2 224\ A 152 = | Exchange ® High Risk
1 E.'Lf«::'f?;ﬁ:;xe fiow oll pLmp Improvement @ Cost/ benefit
Pneumatic Booster Syetem

Elsctric { Variabie flow watsr pum Range
Eg C Oz;ﬂ}i FWE ; (2 0 1 3) = — ' Incr;easing Ec'onomic C;)st ' ' : : :

RICARDO, UK: Waste heat from internal combustion engines 2 ERICARDO/A &] 3 FCO,38 He B9 X A T
can significantly reduce CO, emissions; (2013) RICARDO UK's technology forecast on CO, reduction
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Various governments conduct research on waste heat recovery from engines

R EoeiTaitkll 1 |HRE973itkl:

“HeatReCar”

2011) , SERNRH PR RIREERR BT FRE T

TRt

EU Seventh Framework China 973 Program:

( 2009- 2010%F , &%, THEE. (K

R EFRE g - BRI ER

RERSECHEARITENIHR § sh-R2ERXER -
“NOWASTE” (2011- BRREERRSETE I EE
2015) , FEATNRHR (2018-2021) : R¥AREY=2E
ENTEFIAT . WREEZ—,

EU Seventh Framework

EFREFEE- AR

Action Plan: 2010, WHR Basic Action Plan: Supertruck I (2018-2021):
“HeatReCar” (2009- Research. Prof. Gequn “HeatReCar” (2011- waste heat recovery is one
2011) Shu - Chief Scientist 2015) of the research directions.
2009 2010 2011

2016 2018 2021 2024 >

2010£|51H Eﬁﬁﬁuﬁﬁiiﬂt%&
SRR (BR-EETR ) -RREE
EUFIREEAERS.

US Department of Energy:
January 2010: Waste heat energy
recovery is a technology priority.

Bty ' rhat-EZEaLes

Goal: 50% brake thermal efficien

cy

B REEMRSIETRIIE

Engine brake thermal efficiency (%)

TTTTTT

eeeeee

(2022-2024) : |SHEFRE
RAREMLHAT.
FREHIE-ARA

Supertruck II (2022-2024):
waste heat recovery is still
one of the research
directions.

SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS

Aftertreatment M Pumping M Friction M Combustion M Baseline

RIRGEE Eluszmmtz&ms&rssmwzzw_

Waste heat energy recovery is the sure way to reach 55% eff|C|ency in engine!
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Chinese government launches research on waste heat recovery from engines

O HE973itkl: 20106F , /3. PhEe. (KRR RRGERSFIAEILTRFTIANL.

China's 973 Program: In 2010, the basic research on efficient, energy-saving and low-carbon engine waste heat energy utilization

was approved.

L e At al ] | i o
. =TT T ARINRRGE | RINEETRL | | [E4%EERIF
! a ' - = I Engine waste heat energy i Waste heat energy conversion ! : Recovery energy use
10000 ! - e
* i gz | | S | : |
% i . sh Thermal energy flow| | ==——) Bottom cycle EB‘E‘% i_’i =6e. FEE =5l 5
.fé : lzfﬂﬁﬁ,m ! ! R Electrical | : storage, use, control B
| sams Y Thermoelectric | i W BRI 1%
HESENREE Exhaust gas —habiZs | ! —— Hikge ' Thermo-electric hybrid
 Exhaust kinetic .ﬂjﬁbillb | — ‘bﬂ]ﬁﬂ; = pEas ;E
| energy inetic energy flow | ! IPneumatlc cycIeI Mechanlca —> _Gba;inc;frl?yﬂljdj N

O PESHE : 2015898 , MR —MESPHEEL FFEENARASIESIL, (2018-2020)

U.S.-China cooperation: a new area of technical cooperation to improve the energy efficiency of medium- to heavy-duty trucks.
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Current status of research
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Basic principles

. IR

Internal combustion engines

b0

Waste heat

( TfiEdh

) I
e)
11532

(top cycl

Nature, 2012,
488:294-303

nature

International journal of science

R RIREECIT AR SR | 5
AIMNER-RE , FiEEEERES

SZoih,
ERIERIREE( T, I
Approaches include use of the ﬁmfﬁﬁ:ﬁﬁﬁ‘
Rankine cycle to convert waste heat BISEEI&EIFERE

to work..

o A

Combined cycle for internal
combustion engines

PIRAHLIRAEER

Engine top cycle

=
FIREIETEIR

WHR bottom cycle
TR

Heat exchange - —"Working fluid

(28]

Expansion

——
—

( [EEAEHA )

%_ (bottom cycle)
E45

A
=4
Cooling

=
l Compression



BRSEARIEEIRD D R EAEIAAR

Developed countries have been conducting research on bottom cycle

InHl Sweden BathFl Austria
; Volvo AVL
tflil ﬁermany [2021 , WHR-ORC , Improve BTE 3%] [2016 , WHR-ORC , Improve BTE 1.3%]
0sC

[2012 , WHR-ORC, Improve BTE 2.25%]

<E USA

Cummins
[2021 , WHR-ORC , Improve BTE 4.3%]

Daimler
[2021 , WHR-ORC , Improve BTE 3.6%]

Eaton
[WHR-ORC , Improve BTE 2.7%]

ERIMN T iZZE IR ZI AR RREULORCHRL !

National vehicle companies invest in internal combustion engine waste heat recovery ORC!
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Companies in various countries conduct research on WHR from engines

OCummins, USA - SuperTruck II

|
I S Low Pressure WHR Loop ﬁ ﬁg 'ﬁﬁ
I © BNgIne via TC oodler ... . Fram 3% kinm Mutn
| ImmT;wgll:il.. T Asr E i 178 Epgiss =- oy tank
| S - . o _;!!i L -: il
1 H= FaR HI W= Canlant | M Todhzgons Eabaninsl N ﬁ b T Conker : '“ “" ! Oll [ - |
. e e e RSt
2 I I N
! o TEGR Cemg | EERES Plate heat
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Tai(ipw Feha
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[ ] BlEL]
1 - B Racup-araw_l i [ol#ka8 . i} E
L n 1-- Recuperator IR EEES Pumps
: »_Condenserfix]|
] W TGR -
|
. ~ I 75 3]
watlnr B Fressure
! W Temperature Expander
| | O Flaw
| [ . e LRSS
| Assembly S pump - E :‘:':::;"
1 [ Indieatas WHR ECM Parerstar Gearbox
|

> WETEA SR , /#5ahI19.3kw , BTERFH4.3%.

Dual pressure cycle bench, 19.3kw net output power, 4.3% BTE improvement.
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Companies in various countries conduct research on WHR from engines

ODamiler, USA- SuperTruck II

BTE (%
*) B Experimentally Demonstrated
56 - [l Demo Planned in Final Testing
[l Simulated n ‘
. Fluid | Water - ethanol
" . . . mix (60%/40%)
= Compression Ratio !
54 1 = Piston Bowl Sha
= Swirl Level . Plasma Sprayed Liner Pressure 50 bar
PCC Cylinder s3 { ® Dual TurboMatch ® DLC Coated Rings &
Head Addressed a = Miller Cam Timing W“S‘ Pin "
AT b P 52 | = Split EGR Cooling = Split Lubrication System g | Temperatur 305°C
adliliy 1), num €r of casling = Inter-stage Cooling ® Downsized Oil Pump -"'"Cvclopenmne
issues that = Active PCJ Nozzles — ""WHR T e
required several sl - = Coated = [ Phase Change
i e Pistons Cooling WHR T
casting S
parameters to be ual - " Clpo-. " LONRC Vapor 159 kW
s e Coupled Cylinder Power
modified 49 - SCR Head
= Two- = Insulated
3 Exhaust
4 Stage
48 e Manifold
47 - Dosing

STI B C & Friction & UpNOx & Heat Loss Cyclopentane PCC WHR
Air Handling Parasitics B dary Reducti WHR
Conditions

> EIRSRAREGRRR , FEINMXAIIZABTES.6% , iAFI55%HIBMR.

Recovery of exhaust gas waste heat and EGR waste heat, 3.6% BTE improvement, Reaching the 55% target.
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Companies in various countries conduct research on WHR from engines

OEaton, USA

/'wm..’ . ‘! & .
wr Expander 3 JEZBIKHIL3 - o ¥
Workups {RSHenes = RIBARIN
WF Expander 2 Hﬂ’ "‘2 BEZRkHNL Flue gas heat Expander
¥ s Worker, exchanger
R S @ o b
lWVW\) EGR Based EGR Based !:;hnust Based
Evaporator (\/ AV Re-Heater 5 ?;ov-mulu
(EREGRIGMEE  amha Sl -
fEilRER TRR
0 tank and pump
A, 0 5\ 13.5LR ARSI RAE =
s ~r 3D view of the organic Rankine cycle for
(e the 13.5L engine
Figure 10: Architecture 4 — Rankine Cycle with Three Stage Expander
[EliAaa R FSiEiE QR
Regenerator and Condenser

bypass valve

> EIESFIEGRR , RAMHR-SRIEKRS , FLIRN X HRHZEIHBTEL2.7%,

Recovery of flue gas waste heat and EGR waste heat, reheat - multi-stage expansion system, 2.7% BTE improvement
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Companies in various countries conduct research on WHR from engines

OBosch, Germany

Waste heat

{} ASRREE

Temp. sensor

] Steam up to 300°C, 50 bar

i

Evaporator
-> Exhaust gas

Distributor valve EGR}&?*"EE

Flow control valve

Bypass valve

f sensor

Fluid pump oy
A i
<= = Condel}
s Condensate
i pump @

Expansion machine

HZBHN

Piston or Turbine

machine

= Mechan./electr.
energy

t
S
p

Control unit

Condensation

Cooling system at less then 100°C

> WSHEGRFAIIAIRE , EHOSSERAEZEINEAN ;

Recovery of exhaust gas and EGR heat, piston expander.

> ATV ASEEEINERA12 kW ,

A100 B25 B50 B75 B100
Engine Operating Point

@ Isentropic Power BThermal Power R Expander Power Output

Fig. 5: Calculated power output of the piston machine with water as working fluid

M=o U IRHBTEL2.25%,

an effective output of 12 kW and can boost BTE by up to approximately 2.25%.
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Companies in various countries conduct research on WHR from engines

OVolvo, Sweden

. | Exhaust WHR
4
P iy
- *? 4 BTE [%]
N 56% —
== B = | 1%l 55%
e |/ )
[ 7a o ‘El ‘E}ﬂw | & = \\ 54% - Validated on ST2 Powertrain
1 ) 53% @ Validated on test bench - /A I L
. 7] simulated - validation pending 7 2 2 -
52% % . 0.1% %// Powertrain optimized
0.9% | .2 Z for thermal efficiency

51% 1.0% - Engine Dyno Demo

50% — ——
49% 09% | 01% 0.1% %ﬁ

= V777774
48% 47.5%

47% . / y . v. d
0% 14 b s

46% -460 4 \/: -

45% > Powertrain optimized

2 o . 3 " Heat for freight efficiency
11LBL | 13LBL | Combustion | Friction & Parasitic Air Handling | L5se | WHR Truck Demo
< US23 -+ US2413LTC « CR23:1Wave -+ CElectrical EGR pump + Optimized turbo + TBC bowl + Tailpipe WHR
11LVGT « Low frictionrings « PCP 250 bar « Electrical coolant pumps + EGRpumping <+ TBCcyl head » Coolant WHR
» Improved bearings. Miller Cam « Low friction liners « DST + TBC exh. Port
« Variable oil pump + Remote CRS « Reduced piston cool. « EGR cooler « High therm piston
+ Reshaped HR * Low viscosity oil « New EATS [

> RAWEEERAOUIORCRS , RABIURFEISCIMBTEIRFA3% , BIFIEMS55%.

Dual loop ORC-WHR system, 3% BTE improvement, Engine BTE up to 55%
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Companies in various countries conduct research on WHR from engines

OAVL, Austria

iR TR

z With WR
._d,ﬂ‘/”‘\“— GRS 1?'-4»1‘-#-* w/‘\ “',«Tw
7
3 e
3

Cooling Air

Charge Air Cooler

Radiator

\
Piston Expander with bypass (1) ! ! / r '
Condenser (2) Ok Lo
Reservoir and pump (3) ; : N T 2 Lk
Judenburg ’ Burgenland 5 [ e S ‘V/"'\,_,/“/\'/ | :: 2

Exhaust Evaporator with bypass (4)
Expander mechanically connected to Power Take-off (PTO)

~~~~~~~~~~~~~~

§%
£2 b

kWolfsberg

> ZRFNOUDES R, MRXEGERTR « RROWIRALIMBTERALI1.3%.

Test results show that the waste heat recovery system achieves a BTE improvement of approximately 1.3%.
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Research Progress
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Research Progress

FEHEL REZLZBEHBIESTER ( Relay evaporation single stage ORC)

PSmg., MEMESSRRHER  REREFZREBIBSEARR

FEHR2 | MESHDHRENEBSTEREA ( Two-stage multi-flow ORC)

PZRRESIENAEN , RhigRREERNEE . EWNRZS I HORCRE

FEHE3S | AECAREIGRCO,45i%MEIA ( Trans-critical CO, split-flow power cycle )

MEamie. hEHESSERCH BIrEEREIRSR CO, 3B s /&

FEHEI SHETEREIGRCO NS MIEA ( Trans-critical CO, dual-split power cycle )

Mit—SiRaS RRERISGEERABIR , BEREIRRCO,ZIRSHREMDTER
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Progress 1 - Relay evaporation single stage ORC technology

SaRRERAFMIR

Compound heat source adaptation system and working fluid

( O{EEERWRESEMFEE TR

\

construction

The heat absorption curve of R245fa under low pressure evaporation is closer to the ideal working fluid
350
000000 R ———
woes HES ( Exhaust gas )
EGR g HX I B8 TR (ideal working fluid) 354
6.4% i 2 A hk s 8 it mﬁi&ﬂf.ﬂlﬁ
. A y 3 s 2001 Closest to Ideall
18.8% 46.8% iy 150
o (4.0 MPa)
L FZRRAL 4 [
100f
= (1.5 MPa)
HLEK [
25.2% _ s
>0 {RIZIRRARM 25°CFHIRIRR
mt 1 [ Assume that all start to absorb heat at 25°C
< \ l / 5 0 1 M 1 M 1 M 1 M 1 M 1 M 1 M J
1 % B 0 20 40 60 80 100 120 140
ME (kW)
RCHINERATIRERS RRPREBEPSTETRRREE AR LIRS
Energy flow distribution of a engine Simple single-stage ORC system Heat absorption curves for different

working fluids

)
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Progress 1 - Relay evaporation single stage ORC technology

RFHEM

Optimize system configuration

-

( OEeEH

SIRARGREE

Regenerator further improves the thermal efficiency of the system

HS
4 L=
mnE 2 EwRE | g 3
2
TRk AL 4
st
S TG >
Yoy Recuperatqgr A A\
v e\ SN vy
| e 1 % e
R PRBHASTER R RSN WA AR RE S ERR R
Simple single-stage ORC system Single-stage ORC system construction

construction

with recuperator

850 |- RGBT A
800
—~ 750
<
[a W}
iy
= 700
N
25|
X 650
1KE
600
- 153
550 | pug EATTEA
500

8I0 . I(IJO . 1;0 . 1:10 . 1;0 . 180
REZAK AL R (°C)
FINFHEAEIR I RRARERAZ T =

Synergistic optimisation of W,,.;and A
to determine system design point
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Progress 1 - Relay evaporation single stage ORC technology

KSR

Optimised design of key components

(ORGSR —— B TR TS RN T

Design and process the key component turbine

000009
- w S

Single-stage ORC system
construction

Establishing three-dimensional design
method for ORC turbine

mHhE 3 vy Y
2
BT
<
p >
AR

. X7 W

1 = BiR
BREINBSREARRREN U7 ORCERABBREFRIRIN =421 15X ORCHIWEFH , EEWEES |, £935kg

Production of a 10kW ORC turbine, 35kg
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Progress 1 - Relay evaporation single stage ORC technology

=27k

AR

Test bench construction and testing

REFLPERNBASEFEFENUHES
Low pressure evaporation single stage ORC
\ system bench

0.90

0.75 -

0.60

0.45

0.30 |

0.15 F

0.00

O RpESEEE12.7kW | ISR EHBTES. 7%,

System power generation of 12.7kW, which improves engine BTE by 3.7%.

Z (kW)

KLY

14

2 F

0F

12 1.2
10 4 1.0

114

40.8

4 0.6

40.4

402

0.0

4000

e JIZ MR HL
TJRIEFEH WAl : 12.77 kKW
e
4500 5000 5500 6000 6500 7000 7500
ifTE) Cs)
MEMRER

Preliminary test results
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Research Progress

FEHEL REZLZBEHBIESTER ( Relay evaporation single stage ORC)

MEEig. MEMESERCAER | REREFLPERINBSERRS

FEHR2 | MESHDHRENEBSTEREA ( Two-stage multi-flow ORC)

MZRRESIENAERE , RhiRRRERNEE , EWNEZFHORCRE

FEHE3S | AECAREIGRCO,45i%MEIA ( Trans-critical CO, split-flow power cycle )

MEamie. hEHESSERCH BIrEEREIRSR CO, 3B s /&

FEHEI SHETEREIGRCO NS MIEA ( Trans-critical CO, dual-split power cycle )

Mit—SiRaS RRERISGEERABIR , BEREIRRCO,ZIRSHREMDTER
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Progress 2 - Two-stage multi-flow ORC

BRI ERAWRZ 53 ORCEITIFEIR

First proposal to use two-stage multi-flow ORC power cycle

(O PN RIIE RS RGIHEIR , TUUEREFALL.

The cycle is designed according to the quality of the waste heat to achieve energy use according to quality.

to ambient
100% 6%
i 1 7 FIFE
H Full use
3-5% 23%, 18 % 6% 1%
() (Foee) (o) (=)
improvement
recovery systems
o
R RIRIR
Waste heat source
HiE:e . =HE e .
EIE7J<:“\IEIME 70~90°C HF_\H“\IEIME 200~500°C
Coolant temperature Exhaust gas temperature
BEZSIE . EGRIZX o
Charge air temperature 180~200°C EGR temperature 300~500°C

o4 =
i AT Bm

EIRES
b
B2

TR3R2

[ 1

OO0

&8
fIE
KR

| &
PIERIEAES @

Fohag

HhkN1

(RiRE SRR

)

TRRR1 $5ER

BEFS
HRiREE

[Eli#zs

\




FRHE2-WHKZS T HORCEA

Progress 2 - Two-stage multi-flow ORC

KSR

Optimised design of key components

B ———————

Optimised design of the system's key component, the turbine

EFEEATHIER :

Requirements to be met by the turbine:

v R
high efficiency

KELL

large pressure ratio

=iakE

high enthalpy drop

o —4—1
INRE
small flow rates

IMBSTRESE

High operating parameters

sure
ntour 1
8.089e+05
7.442e+05
6.796e+05
6.149e+05
5.502e+05
4.856e+05
4.209e+05
3.563e+05
2.916e+05
I 2.269e+05
1.623e+05

[Pa]

. T
w

A N N

RSHORCERABEEFIFIINERIEZTHE

ORC run-off high speed turbine expander full flow design approach

o
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Progress 2 - Two-stage multi-flow ORC

Bz - 2RSSR ENSH i

Parameter optimization based on a machine learning-genetic coupled optimization algorithm

4 )
O ZRmKEHI34.5kW , BTEIRH5.82%., Maximum output power 34.5kW, 5.82% BTE improvement

TR . 2SR ES .
WbaikFhEs Isentropic efficiency of 60% Isentropic efficiency of 70%
Initializing the populati ﬂ[‘,ﬂjﬁti working medium pump expander
o e — - ,Q‘thI}]gﬁ :ﬁ\wmag o,
Optimisation results Total output power 34.5KwW OveraIIL;hermaI efficiency 14.97%
L » BTEIEF 552
. BTE lift

= Single point crossover operation

BRPNERIZHE

Basic unit variation

Whether to stop

\_ IEfEHEREE Genetic algorithm flow chart Y,
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Progress 2 - Two-stage multi-flow ORC

IS eEE

Test bench construction

4 .
OEEWRZ 2 iRORCIEISHEH Build the two-stage multi-flow ORC test bench.
j s ERES
IRIREE

O w-s:

Q| emm

O _ PaBREAEE @ -

&1

O | ERIESRAE -
88 =S & IEEREREENN
?5&?%? TS A Engine being lifted
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Research Progress

FEHEL REZLZBEHBIESTER ( Relay evaporation single stage ORC)

MEEig. MEMESERCAER | REREFLPERINBSERRS

FEHR2 | MESHDHRENEBSTEREA ( Two-stage multi-flow ORC)

PZRRESIENAEN , RhigRREERNEE . EWNRZS I HORCRE

FEHE3S | AECAREIGRCO,45i%MEIA ( Trans-critical CO, split-flow power cycle )

MEmie. MEHESSERCH BIrEEREIRSR CO, 3B s /fEf

FEHEI SHETEREIGRCO NS MIEA ( Trans-critical CO, dual-split power cycle )

Mit—SiRaS RRERISGEERABIR , BEREIRRCO,ZIRSHREMDTER




FEHRE3-PFLE IR CO, 52 miath

Progress 3 - Trans-critical CO, split-flow power cycle

REERRFEREX TSR E

Propose solutions to address heat source temperature zone

interference

(DIEEHREICO,MHEHMIE | BEEEREMNE R B,

ETEK

S KRR,

Proposed trans-critical CO, split-flow power cycle , matching large temperature span heat sources.

coolant

— | Ic

, Co,
| co. iRz : TATsELIE

Y| T (pm) 200
—_ { Ideal heat capacity curve Bt F R A
— 0.6

i
< SR : IELEE2iE

8, -
° HEs

Exhaust

: & YT T=31| P=73MPa _~.7"
e -';.57‘@,‘4;';;;1.!.*5;//// fe TN T Y
Sl : P ,
b R BN M{ﬁ ’ urve TA

40 80 120 160 200 240 280 320 360 400 |

ng % (oc) Pz(fﬂ*ﬂiﬁﬁk_t)
COAPTEPCEEHIRIRIE

CO, physical property matching

*.

OO

Jacket water Exhaust gas
2!I | ” 313 L 4 5

> - h & o al

A :
<
1 = nd 5
( Pump . U: <
7 6 Expander 6

[

1 7
Heat sink
CO,EBlnF i AR

\ heat source principle

Trans-critical CO, split-flow
power cycle configuration

)
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Progress 3 - Trans-critical CO, split-flow power cycle

RS REMRR SRS TN L

Design and processing of flue gas heat exchanger

-

= Vel —N=—k—3
ORLTRINGHEMNSESE. SVIRRIREREAFIEENRIRIVESRAES (PCHE) .
New printed circuit heat exchanger (PCHE) developed.
I - S Sl
E ;LE&?E??E%?&?%%@%I\%M@ l @
g Oty Y Exhaust outlet th? ok
|8 PCHERS SIS BEITIRIT : , ,
it KE(Q). BE0)SEHEDRRE © coputir
PCHESA SNSRI B R
glﬂmwmﬁﬁfﬁmﬁ?ﬁﬂl ——————— PCHE m ( 0 90°C) =imPCHEMRS%#EE ( 100-400°C)
LB fm e ° = im °
| f; H (s mﬁmmmmﬂ . Medlum temperature PCHE (50-90°C) High temperature PCHE (100-400°C)
| g §| §¥Eﬁ&1§ﬁ¥.ﬂi&hiﬁﬁ!&ﬁﬂﬂﬁﬁ§ﬁ |
& [ wrememan smsmaen | KRSEERZE Ak
BETZSEBRIOPCHEDHBERISE Key parameters reach international advanced level
= =
PCHERITIRE PCHE(SELfE LB 274.5W/em?
PCHE Design Process PCHE simulation optimization heat transfer per unit volume 274.5W/cm?




FEHRE3-PFLE IR CO, 52 miath

Progress 3 - Trans-critical CO, split-flow power cycle

KR RINEREFE IR TN L

Design and processing of flue gas heat exchanger

[ OFETEICAIE, , BT EEECO,E TR, A

Developed a series of expanders, filling an international gap in small high-speed CO, turbine expanders.

ANSYS
w92

” j@?\\
~/ . / | G- o ) LS |
e e Y N T
el A = — 5kW.&sC025Himu1§3IZ(=I==]‘I7B) 15kW.&sCOz§Hiqu£3F(é :II7II)
5kW sCO, axial flow turbine 15kW class sCO, axial turbine
sCO i mEE ki 2REmgitniE  BF (semi-enclosed) (fully enclosed)
CO,ELS{MERIRICFDIFE X KRBSEAZIEAIMTHKFE

sCO, axial flow high speed turbomachinery full flow Key parameters reach international advanced level

design method, CFD simulation method based on CO, real BT LB EIr88kW/m3

power generation per unit volume nearly 88kW/m3

gas model

- )
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Progress 3 - Trans-critical CO, split-flow power cycle

REEFEEERI

Test bench construction and testing

4 .
OFE T sCO,DTEREN. ZHBE11.5kW , BZEmHEIRA3.52% .
The sCO, power cycle test bench. Power generation of 11.5kW, with an increase in BTE of 3.52%.

§ | 3.52 3.00 3.07

E

pd

% § L 3.29 3.27 3.12
§ 2,55 2.92 3.16

SCO, EEIESRANTTIRIRHENL 1000 1100 1200
The sCO; power cycle test bench B (rpm)
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Research Progress

FEHEL REZLZBEHBIESTER ( Relay evaporation single stage ORC)

MEEig. MEMESERCAER | REREFLPERINBSERRS

FEHR2 | MESHDHRENEBSTEREA ( Two-stage multi-flow ORC)

PZRRESIENAEN , RhigRREERNEE . EWNRZS I HORCRE

FEHE3S | AECAREIGRCO,45i%MEIA ( Trans-critical CO, split-flow power cycle )

MEamie. hEHESSERCH BIrEEREIRSR CO, 3B s /&

FEHEI SHETEREIGRCO NS MIEA ( Trans-critical CO, dual-split power cycle )

Mit—SiRaS RRERIGEERABIR , BEREIRFCO,IRSHREMDIER
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Progress 4 - Trans-critical CO, dual-split cycle

RS HRIRITERYCO, B D EIREE

Proposing CO, power cycle with matched multiple heat sources

(DR TR ATRRICO,ADERER |, H—SITs S EE | FHMES IR,

Trans-critical CO, dual-split cycle. Increase in spent steam recovery and reduction in cooling losses.

1.4
$333 frEA— CO, CO,
12 — ITEES
77K
B $44 44 NN FAEFIFROHES )
= shesl TRIBIEMBIE ¢ Cp mdrimm=is =2 ) \/ 7
208 Ideal heat capamty curve 2
SO ;
) 0.6 :: //
04 ETTEY / Equwalent heat absorption gurve I=9 7 A A
55 XT?“‘ I, | Ti=45 7
P terfer e : \:\"\ ~ T;
Zon \ : T
50 100 150 200 250 300 350 400 450 P, ({BHESE)
T i & (°C)
CO Mt ICECiR R

\ CO; physically matched heat source principle
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Progress 4 - Trans-critical CO, dual-split cycle

TEIMEBL ERERIEL

Cycle configuration performance comparison

ﬂ— =3 = \
€ HBR D RENDREAER | ERRLFRIDIESS5.5% , RIERIFEDHRIERERFHE.
Compared to trans-critical CO, split-flow cycle, the net power output of the cycle is increased by 5.5% and
the optimum operating pressure and optimum temperature are reduced.
ZIRpDRE | piRi T —a—SR L AP,24MPa !
Dual-split Split - Hr
A 34.3 32.5
Net output power - 32
TRZSHFIRE 0 o |omn =
Ur of WF exhaust gas 92% 70% i\ : E 30 |-
HESRIABMEE | 1009, | 100% | 3
Ur of exhaust gas 75 | prys
FIEKRREYTER 100% 100%
Ur of coolant Hr 2 |
Iﬁﬁ%ﬁﬂ—% 50% 50% 22
efficiency of pump ;‘ 9 10 1 12 13 14 i 2é0 I 2;;0 ' 3(;0 I 3;0 ' 3;0 I 3;0
(2 S G ES 759% 759 e o
efficiency of expander g
EAEREEDTIRIERERILL

Comparison of optimum operating pressure and optimum temperature /
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Progress 4 - Trans-critical CO, dual-split cycle

REEFINFL

Test bench construction

O IEAR IR BsCO,ENIEAEF , AT FEH-RERARBIUL

Develop a Trans-critical CO, dual-split cycle test bench, which can be applied to WHR of trucks

-

O Bir : S&NEEN , GHESBTERA>4.5%
Objective: Minimum oil consumption point BTE improvement >4.5%
O HAREE:
Research features:

1. i@dagit, siShEeE

Steady state design and dynamic simulation capability

2. EimEARFIES GBI A

Development of high-temperature regenerator and PCHE

3. S0kWERSiEs COME AR ITA

Development of 50kW high-speed sCO, turbine expander

4. MERZRHE

Tt asRiEE development of control system
Engine being lifted




Conclusion and outlook
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LSS RE
- 227 Tianjin University

iR : WHRERAHIREEZE > 55%IRiR s ; TEM

Consensus: WHR is the inevitable way for the thermal efficiency of engine to be>55%; Needs attention

O K : WHREBIRIAAABERRA1.5%-4.3% | FiEE

Current situation: WHR can improve the thermal efficiency engine by 1.5% - 4.3%; Needs to be improved

O 757 : B4RORC(BTE>3.7%) , MLHORC(>5.5%) ;: CO,H433%(>3.5%) :CO, WP (>4.5%) :
BIE
Direction: single cycle(BTE>3.5%); Two-stage multi-flow ORC (BTE>5.5%); Trans-critical CO, dual-split
cycle (BTE>4.5%); Effectiveness

O XK : KSR TDB. ERE , BESR | LK

Future: key components and systems are highly strengthened and integrated; Needs to be tackled
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Thank you for your criticism and correction!
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