P .~ > IRETTN i Ny Y e T e W
S 17 YT S -
T e e
| Bied i et s 10
SIS 1) = g

g Wy
~ ] ~
3 l.f“

E

. . 4 \\ . h A, ‘ ! - AL - P . 8 L= 4 ..;,' .‘
e \" ) o AN ~ \ v e - o v
po . e / : It ;
‘V‘ | L : e Y ¢ ¢ » \ N\ » \ N 2\ R F 4 ; e 24 - & f“.“ L ‘.' v‘- iy 2 :‘ y -

Researcher Links UK-Russia

Workshop / Scientific and technical
grounds of future low-carbon propulsion

Waste Heat Recovery Systems

Dr Cedric Rouaud, 21/11/2018

-

y ’) .'"’-;';?’-_ ————



Since 100 Years: Delivering excellence through innovation and technology
World-class professional engineers, consultants and scientists across a global@yis)
footprint of facilities

1250+ 41800+  +600+ 1250+

North America Germany, - Asia
o ® ® Netherlands - 4 &Restof the World
® & Rest of the EU ‘ o
® e ©
; ®
o0 @ R .
@

Over

+12900

staff worldwide

Researcher Links UK-Russia Workshop © Ricardo plc 2018



Content

Context

Waste Heat Recovery Systems
Energy Balance
WHRS comparison

Focus on some Waste Heat Recovery Systems
Turbocompound
Seebeck thermogenerator
Organic Rankine Cycle

Conclusion

Researcher Links UK-Russia Workshop

) » ™



GHG reductions beyond 2025 are not yet defined but must continue = 3
— 2030 targets defined on more holistic basis? RICARDO|

200
Potential change in regulatory
180 landscape to include WTW & LCA?
160
Likely Future
140 Trajectories
120 Vs o
S T~ < 102
2100 =
=<
(@] -
g0  Pure ICE Efficiency limit for Pass Cars S - - 89 == - - 20
— -_— -
75 TS < = -
Off-cycle o E S - 69
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nc s = -
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40 23 -
Increasing degrees of
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For the medium and longer term, powertrain electrification will play = 3
an increasing role alongside advanced combustion engines '

SHORT TERM: ~2015 MEDIUM TERM: ~2025 LONG TERM: ~2050
Boosting & downsizing Extreme downsizing with 2 & :_ I_Dlag_-iﬁ/ﬁy_br_id_el_ec?trTc_ S 1,
Turbocharging 3 cylinder engines ,  systems dominate |
. - |
Supercharging Combined turbo/ : Very high specific power ,
I |

' ICE’s
Low speed torque _ Superchargingsystems L __ =P _____

enhancements Advanced 48 volt'micro 50% lower weight

|

| . .
 hybrid systems dominate Range of application specific
!

!

I
|
Friction reduction : | 0! applt
e : ow carbon fuels
Advanced thermal systems PHEV’s in premium & :
|
I

————————————— - —=-~-1 performance products Exhaust & Coolant energy
Stop/Start & low cost Micro

I |

I ) - - recover

1 Hybrid technology : 1=V f_or_clty_v_e hicles\ _ ___ ; yd ) g _

I ianifi i i Advanced thermodynamic

| . Niche Hybrid, PHEV's & | Significant weight redugction Cyolos y

| Electric Vehicles | | (H;gh FfflClency Lean Stratified Split Cycle?

Weight reduction (5-10%) asoline Heat Pumps?

Advanced low carbon fuel
formulations Increasing Importance

of Electrification
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Future of automotive powertrain

2017 ERTRAC electrification roadmap: BAU forecast <20% by 2030 but = 3
>60% if target cost reductions achieved - little agreement for RICARDO |
published forecasts but definite upward trend

BEV, PHEV and HEV passenger car sales forecast 2020 — 2030

100% ® EA(2011)
90% Ricardo view: EV & PHEV sales will be supported by micro/mild m  CE Delft (2011):'Most realistic’
° | hybridisation on conventional engines; ~70% sales by 2025, dominated by @  CE Delft (2011):ICE Breakthrough'
48V MHEV ~50% by 2030 due to increased xEV sales , ,
80% CE Delft (2011):'EV Breakthrough
¢ @ JRC(2011)EU-15Low
70% . . & JRC(2011) EU - 15 Medium
Ricardo view: more than 40% xEVs by 2030 )
. (BEV 20%, PHEV 12% & HEV 129%) A Ay SRR FIgh
60% @ AT (Kearny 2012)
500t il € Camecon (2013) Tech 2
% € Camecon (2013) Tech 3
40% Ricardo view: up to 25% xEVs by 2025 A McKinsey (2014) Below 10
0 (BEV 15%, PHEV 8% & HEV 2%) !
Ricardo B  McKinsey (2014) Below 40
30% @ McKinsey (2014) Below 100
ﬁ Wyman (2015) —‘Slight change’
20% ; ,
— Wyman (2015) —‘Awareness
% #  Wyman (2015) —‘Green world’
0 )
10% _ A W SCelecTRA (2015)
0% w @ ACEA(2016)
2015 2020 2025 I R
=== Assuming CO, targets e Assuming breakthrough in Ricardo view overlay
achieved via improvements energy storage cost reduction
in ICE-based vehicles and and major infrastructure
hybridisation investments for re-charging

ERTRAC = European Road Transport Research Council
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Energy Balance — Waste Heat Recovery potential | =

YTy,
 RICARDO

PR NP LN P S

Great advances have been made in internal combustion engines in the recent years
Improved fuel consumption and reduced emissions

Current literature suggests that further improvements will not be so great

WHR is now seen as a viable method of improving fuel consumption

How it works
Heat is rejected by the engine
The waste heat recovery system converts this into useful power

Target: 10% fuel consumption improvement

Fuel energy balance:
= Engine
m Exhaust

A\ | Exhaust
Coolant E

30%

Typical engine energy balance Typical WHR circuit

Researcher Links UK-Russia Workshop



Several solutions are developed for Exhaust Heat Recovery = 3
Solutions in bold are being studied actively for HDD/passenger cars

Heat Typical Applications Issues Transiency Cost Technology maturity

energy FE gain
recovery

Turbo Heavy duty Truck, Mechanical losses at Commercialised in

compounding Off Highway, low load premium products
(m) Marine, Rail &

Power ) .
Turbo 15% 3-10% Need for electrical +++ - - | Commercially-ready

Passenger car

power consumer or systems available
motor

compounding (e)

Condenser cooling,
bulk and cost

Working prototypes
developed

Rankine cycle /
ORC

Thermo electrics 10% 3-5% Passenger cars Cost +++ - - | Concept (Automotive)
(Seebeck) Heavy duty diesel

Fuel reforming Combustion Reformate + - - - | Concepts and prototypes
improvement —any | management,
ICE transients, Cost

ThermoAcoustic 3-10% |Passenger cars Packaging of ++ - Concepts and prototypes

Generator Heavy duty diesel, |resonance tube, low
Marine, gensets TRL

Stirling engines 3-12% | Micro CHP Requires precise ++ - -- | Commercialized as
Marine engines matching, Cost standalone devices

Split cycle engines 36% Power generation Complexity, risk, Cost ++ - - - | Prototype (Power)
Automotive Concept (Automotive

> 2025

Researcher Links UK-Russia Workshop © Ricardo plc 2018 9



Coupling waste energy recovery and energy storage could lead to = 3

NN

great fuel economy benefits RICARDO |

Mechanical Rankine cycle Stirling engine Electrical Thermoelectrics Split cycle
Turbocompound Turbocompound (Seebeck effect) engine

Electric motor l
l v _ Battery /
Transmission CVT / Flywheel Ultracapacitors

¥

Electric motor

v
> Increased driveline power <

Researcher Links UK-Russia Workshop



The high level technology roadmap for Waste Heat Recovery = 3
Systems, using exhaust gas and/or any other fluids available on
gasoline / diesel vehicles (coolant, oil, EGR, charge air)

Europe: Technology Roadmap for Thermal Management gasoline/Diesel

Emissions ___

on | PR ?umglkm

_IVIiIWIIIIIIIIIIIII

IIIIIIIIIIIIIIl
’ 15 market: Gensets, HoD_ NIRRT CTtEm
1 market:Gensets, HOD (c. 2020) ISP e

1st market passenger ca, HDD Thermoelectrlc II

Energy Recovery / split cyclel i I
' Stirling engln. I I:
Fuel reformingl I B

Heat to Cool (absor:ption, adsorp I l
TAG (ThermoAc;oustic GeneratGil Il

2005 2010 2015 2020 2025

Researcher Links UK-Russia Workshop © Ricardo plc 2018
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WHR synergy with Low Heat Rejection engine (LHR), exhaust line | =

i

Insulation i

|
' [N S V7
Ricardo has experienced different projects of semi | | /% | % f | //
adiabatic engine in the past involving following Z { L : ' % | /;
components: 19 'n
07 I'n
- i i T a0
Combustion chamber: piston flame face, AV B | 7
cylinder head flame face, cylinder liner top ) | | : Z
section, intake and exhaust valves (ex.: silicon 3 A ; — | 7
o : . , . 7 %,
nitride, temperature swing materials from | CERE |
Toyota) =z
: _ . : i S pres Sy
Exhaust port liner (ex.: aluminium titanate) / 77 Al //k/_ 7773 =
With different ceramic materials: (Water ™4
Sprayed ceramic coatings (combustion . :;
chamber) NN\
Ceramic inserts or air gap inserts (combustion

chamber and exhaust port)

Cast or press-fit metal/air gap insulators
(exhaust port)

Synergy with insulated exhaust line (specific
coating) for exhaust line thermal management for
aftertreatment => will have benefits for WHR as well

Researcher Links UK-Russia Workshop 12



Evolution on HDD/MDD/passcar (low heat rejection engine + WHRS):  |IHIR
to increase the system efficiency we need to look at the source of
the losses and their temperatures (example)

Friction

Gas exchange loss Opportunity to increment

the gain from
a standard heat energy
recovery concept

Auxiliaries
Exhaust heat energy

recovery: 3 to 4%

Standard Rankine + low

Numbers are % Heat to exhaust . heat rejection
of fuel energy 24% BraZezr();wer Rankine cycle engine
at full load 6 BSEC e

improvement improvement
5-7% 7-12%

Low heat rejection engine
transfer estimation: 7 to 13%

Better thermodynamic
efficiency: 0 to 2%

Increased overall efficiency requires:.

Increasing the engine efficiency (ex: low heat rejection engine)
Recovering lost energy in exhaust (Rankine, Seebeck, Brayton,
Turbocompound) and brakes (Hybrid, Flywheel)

Researcher Links UK-Russia Workshop 13



Exhaust Heat Recovery System EHRS — Heat to Coolant

Technology Overview
Objective

Accelerate warm-up by using adding heat to coolant within exhaust gas
heat exchangers to heat coolant, thus accelerate engine warm up.

Approach :
EHRS (PSA-

System is installed after EATS (or Integrated Exhaust Manifold) and with : Faurecia)
coolant thermal mass, thus usually requires few hundred seconds to heat X
coolant sufficient to before system can aid in warm-up. N

System continuously adds heat to cooling system, thus can maintain
engine temperatures during cold ambient and helps with cabin heating

i Feature S
Control strategy must be implemented to allow the shut off of heat eature summary

recovery once normal operating conditions achieved System Thermal Efficiency

. Proposal [ Exhaust Heat Recovery System
Ricardo Assessment & Test results it

Concept Reduce engine warm up time
Simulation data on coolant circuit (EHRS between gas and coolant) suggest Potential Warm Up o)
that standard warm up efficiency can be improved by 0.5 to 1.5 %, however Benefit N ormal Ooerad
drive cycle must have a relatively long warm up period or start from a very Conditions ormal Operating x

Temperature

low ambient to obtain fuel economy benefit

ECE g
Exhaust heat recovery systems are best suited to slower Poéec;ltim EUDC
) . . : ,
warm up engines / dr!ve cycles where cgbln heat assistance impact T OB
and very cold ambient fuel economy improvements are
desired Real World 31%

Toyota Prius 3 EHRS

Researcher Links UK-Russia Workshop



Architectures for heating oil with exhaust heat: Heat to Oill

Thermomanagement solutions are often applied to
coolant circuit (improvement of combustion by reducing
heat losses and indirectly friction) but improving oil
warm-up helps directly reducing friction

Ricardo has developed 2 concepts of thermal
management focused on the oil circuit:

Use the exhaust heat to warm-up the oil after the oil
pick-up pipe (exhaust heat exchanger installed in the
sump or outside the sump)

Or use the exhaust heat to warm-up the oil after the
oil pump 10

The same concept (direct oil heating) can be applied to
the transmission

13

Potential Fuel Consumption Benefit: 2-4%

= "—

ENGINE NN

CONTROL UNTT

A

QCilTemp

SATTENY

coves.unt
$
|
{
= e z

Researcher Links UK-Russia Workshop

|

. |

ENGINE N
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BA_x o A

LEGEND

1-0ilPump

2 -0il pipe toFilter

3-0ilRiter

4 -Heater Natrix

5 -0il pickup pipe
6-Wetsump

7 -Outiet by-pass pipe
B-Outlet throttle
©-Central exhaust stream throttie
10-Exhaust pipe

11 -GCatalytic Converter
12 -Exha ust Manifold
13 -inistthrottie

14 -Inletby-pass pipe

Ricardo proposes the same concept of direct oil heating for the
issi icag With oil pump)
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Turbocompound

Turbo Compounding: turbine recovers energy from exhaust gas, can use energy IR
directly (mechanical) or turn generator (electrical)

(TS 17~ R TSI 7™
KILUAR @
[ U AU J\_-J:

LY
Turbocharger _

Blowdown turbine recovers energy from exhaust gases

System may be mechanical or electrical

Mechanical system: turbine mechanically connected to crankshaft
Contributes to crank work

Highest benefit at high loads and high speeds

Scania
Fuel economy may decrease at low load/speed Mechanical
Electrical system: Turbine connected to system

electrical generator
Can charge battery
Can power auxiliary devices
Can operate at any load/speed

Power turbine

Back pressure causes reduction in engine efficiency
Overall system gain is larger than loss
Back pressure acts as a type of internal EGR

NO, benefits John Deere

Increases engine power & pumping losses Electrical system

Particularly suited to heavy duty diesel

9 O = c OI0gYy VVvIiO c
Researcher Links UK-Russia Workshop




Electric turbogenerator (next step!) vs Electric turbine

Electric turbogenerator

Electric turbine

» Maintain existing Turbocharger and add separate

Overview » Generator inserted between Turbocharger turbine
* Less complexity in term of vehicle/engine » Freedom in electric motor shape and size
Advantage integration prextty g * Possible to be reused in case of engine power

change

Disadvantage

* Limitation to generator shape and size
— Could limit power and cooling
* New development needed for new engine

* Increase system complexity

. . * CPT
App lication « Formula 1 (potentially other race applications) « Bowman
* BorgWarner * MHI
EXxallll p les *BorgWarner
Picture

Researcher Links UK-Russia Workshop
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Turbocompound

UK funded project - Thermal Energy Recovery System on Series hybrldn
bus - e-turbine Model Results (CPT, UK)

¢ Results for the e-turbine have been produced at five key operating points
— Aninitial 4.5kW device produces a 2.4% improvement in BSFC at full engine load
— A higher-power (9kW) device produces 4.3% improvement in BSFC

¢ Increasing the power output of the e-turbine reduces this peak BSFC improvement
—  Effect of backpressure is a critical consideration to the success of the system

BSFC Improvements
4.5
| ud SkW
4 | w6 kW
. kW
3.5 ' ::x-h:u
;\o\ —
g 3
c
=
S |25
=
o
S 2
=
O |15
LL
)
m o1
0-5 | .
0 J~- :
ni ™ n3 ~A
05 Engine speed / load operation

Researcher Links UK-Russia Workshop © Ricardo plc 2018 20



HyBoost (Innovate UK funded) - Low pressure ratio high =

performance turbine for e-turbine (CPT, UK)
2500 100

90

New turbine design developed to recover
latent energy of discharged exhaust gases 2000 80

at low pressure ratio (1.05 - 1.3 bar) and to 5 o= 70
drive a small electric generator with 5 _
continuous power output of 0.5 KW, max Fl \ o g
ower output >2 kW ¥ 50§
i i E // :E # Turbine Power (W)
. . . . 1000 40 1o
The design operating conditions were fixed E m Turbine Efficiency %
at 50000 RPM and 1.1 pressure ratio E 30
500 20

Commercially available turbines are not
suitable for this purpose due to the very - 10
low efficiencies experienced when 0 0

operating in these pressure ranges. 0 20000 40000 60000 80000 100000
Turbine Speed [rpm)

Requirement for the turbocompound unit: %Zlaztraa?grr Downsized, DI, turbocharged engine
*Operating speed: 50000 rpm Electric turbo-
» Cont Power : 0.5 kW “12+X” energy compound unit

* Peak Power: >2 kW storage & controller '—-/

‘PR:1.05-1.3 ;
\ Conventional

+\’ = . ' turbocharger
Electric superchargerfortransient

low speed torque

Researcher Links UK-Russia Workshop 21
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Waste Heat Recovery System: Seebeck thermogenerator = 3

ZT (merit coefficient) characterizes the energetic efficiency of materials

System total efficiency depends on:
ThermoElectric material
Thermal contact resistance
Temperature of hot and cold sources

Obijectives: high electric conductivity, low thermal conductivity

T+AT

T
1"2 i L] L] L] I L] n L] I L] L] L] I T L] n I L] T L] I L] n T I L] L] L]
- Bisk B=0.2T
1.0 B BizTes ] p-iype n-fype  p-type n-type
08 | ]
5 06 [ . T THAT 1T —‘
X ] !} .+ -
0.4 5 S N T E Refnigeration Power generation
[ g5 ]
02 L 7T = ]
| -y =
0.0 R N PR BT PRI I B

0 200 400 600 800 1000 1200 1400

Substrates - — :
Temperature (K) 4 : =5
T difference (top-bottom) on TE material iy o o, PE. Dl
— EEE— Connection
m:::cl:omects Heat
LOERERE Thermoelectric

Elements

Researcher Links UK-Russia Workshop

23



Key market applications — focus on Internal Combustion Engines

Seebeck effect — Heat to Electrical Power for reduction of fuel
consumption and CO2 emissions:

Internal Combustion Engines:
Passenger car — Diesel, gasoline engines ~ 0.5-1 KW
Heavy Duty Vehicles — Diesel, natural engines ~ 2-5 kKW
Stationary engines — Diesel, Natural gas > 5-100kW
Combined Heat and Power - Diesel, Natural gas

Industrial plants, furnaces

Autonomous sensors et

T+AT

n-type  p-type

Peltier effect — Electrical Power to Heat / Cold for thermal T Tfl“j ) W
comfort, cooling of electronics - -
Refrigeration Power generation
Transport applications: cabin thermal comfort (steering wheel,
seat), battery cooling/heating, power electronics cooling m

Buildings — heating and cooling

- 1 4 ‘J::
e
2" & External
P w_ Electrical
= — g .
Connection

Metal

Researcher Links UK-Russia Workshop
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Evolution of ZT coefficient and thermogenerator efficiency

Way of improving the thermogenerator efficiency = increasing ZT

Example of BiTe: ZT doping with nanostructures

Industry objective: ZT=1.5

) n ™

Carnot: 34.9% for dT=200°C
Bl e
o s V1+27 -1
Evolution of < :’] Ji+z7 L
c |Carnot e I .
Seebeck system =3 [ i) Evolution of dT =
_efﬂmency for T o temperature difference
different dT(hot-_ : between hot side and cold
COIdC): Ve][fsu_s Merit 2 150 — side of ThermoElectric
oefficient 3 — dT=100°C :

2 0 T=200°CL material
2 dT=300°C
= | | —oec (low 1oy | dT=400°C

5.0 100°C (low T%)| 47 c0pec|—

—— dT=600°C
0.0 T T T T T
0 1 2 3 4 5 6
ZT - Merit coefficient (-)
industry Labo Labo [[1[Long-term... >
2007 2008 2010 Research laboratories: 2009
Evolution: ZT doping
W Nanostructure e S B
08 il R0 ThermoElectric Material ST et

Tamparatura {'C)
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Seebeck Thermogenerator

Thermogenerator development — challenges for production IR

o Challenges in simulations, specifications, tests, FMEA, risk & hazard analysis with the aim of developing
a 10% efficiency thermoelectric generator

o Thermoelectric components :
— Assembly process / High T° brazing and differential expansion
— Insulation for reducing thermal losses between p and n joints (aerogel) => no issue/risk with Silicides

— Improvement merit coefficient ZT (now 0.8 — objective 1.5-2) : segmentation for materials for
optimising ZT / T°

o Efficient heat transfer on exhaust line without increasing the pressure drop (usually: + 100 mbar on
exhaust line => - 1 kW on the engine’s shaft)

o Electric production strategies (HW / SW) : electric auxiliaries / strategy / DC/DC — MPP Tracker
o Develop supply chain with Tierl/2 suppliers — see H2020 funded projects

Interface risks: control of « global efficiency » (holistic approach)

Hot and Heat transfer Insulation _ _ Global efficiency
cold BCs on water between n Differential >or = 10% (incl.

DC/DC)

transfer on Contact

impurities

gas side Resistance

Researcher Links UK-Russia Workshop © Ricardo plc 2018 26



Fuel consumption benefit over NEDC/WLTP/Artemis with
Thermogenerator — sweep of TEG efficiency

Researcher Links UK-Russia Workshop
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e U

TEG Efficiency Sweep (30% Heat Exchanger Efficiency)
3.5% I
====300W Alternator NEDC
— 600W Alternator NEDC

3.0% ~==«300W Alternator WLTP
’\? ~— 600W Alternator WLTP
Pq-: =-===300W Alternator Combined Artemis (weighted)
?:D 2.5% — = 600W Alternator Combined Artemis (wieghted) -
- ~Lie
o “LEPPTT
g 2. 0% H L et UL L
o = e L L dead T LTI T ELL L L e
a LLLLLetTI T LL] LLL 22t T ]
E “," CCERFPTTT T (1 (a3 da===TT
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(&) 3 g
T E
s 1.0% e T o T gsj J

A E 'l"r.';i“_‘.‘,r
0.5%
2.5% 3.0% 3.5% 4.0% 4.5% 5.0% 5.5% 6.0% 6.5% 7.0% 7.5% 8.0% 8.5% 9.0% 9.5% 10.0%10.5%
TEG Efficiency (%)
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Case study — Powerdriver (European funded project)

+ Testing conditions

Torque applied to the clamping bolts: increased to 25Nm (from 13Nm in Test 8)

"
VHeX

] Hot Gas:  m=150kg/h, Variation of T = 200°C, 250°C, 300°C, 350°C, 400°C, 450°C
Test results: > 130W at 500°C gas Goolant, T mB0°C. v = 3imin
» Results = | =
Electricity: o 00 | oss
- at200°C P= 234W al
. at250°C P= 386W &
- at300°C P= 614W % . |
. at350°C P= 903W N Reat i [
. At400°C  P=111.9W o [ .0 N ) e g N Y
i A' 450°C P =1 196W 1% 200 2850 30 a50 400 450 500 550
- At500°C P =133.0W TI°C

Researcher Links UK-Russia Workshop
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Organic Rankine Cycle

Rankine cycle & Organic Rankine cycle use the traditional ‘steam = 3
engine’ configuration to turn an expander using exhaust and/or

coolant heat as input

The main components of the ORC are shown:

Pump
Controls fluid mass flow and system
pressure

Heat exchange:
Transfers waste heat from engine to
working fluid

Expander:
Extracts energy from the working fluid

Generator:
Converts expander rotational power to
electricity

Condenser
Returns the working fluid to a liquid

Ve
— -
| 3

'out
Pump 4-

W.

]I- ' f QL

T

Organic Rankine Cycle: use organic
material as working fluid (ex: R245fa)

High molecular mass
Low working temperature

Researcher Links UK-Russia Workshop 30



Organic Rankine Cycle

Ricardo has made significant investments in developing waste heat = 3
recovery technologies & has defined a practical system
Ricardo experience: Ricardo System:

Exhaust heat recovery Rankine cycle -

analysis and heat exchanger specification
SUPER HEATER

Rankine cycle analysis and specification >
experience Q
Components sourced from available PRE HEATER
hardware
. . . . . \\/ in
Organic Rankine cycle simulation, design, o \Qy
definition, procurement Expande

Design of test cell installation of WHR
system applied to engine

Emissions
Control

Simulation and specification of CONDENSER PRE HEATER
components —& S
Source and procurement of components Wig
Definition of control system N’

PUMP

Test plan and instrumentation definition

ORC 5% efficiency ORC 10% efficiency
Approximate average power recovered (kW) 4.2 8.5
. i 15.2 30.4
Drive Cycl e Approximate energy recovered (.MJ)
(H DD)' Total brake energy produced by engine (MJ) 484.7
’ 0
Y0 energy recovered compared to brake 3% 6%
energy output

Researcher Links UK-Russia Workshop
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Case Study: HDD (US DOE Supertruck project) |R
Fuel Economy Improvement using ORC from Exhaust and EGR |

Waste Heat Recovery ORC system simulation, design and test

Design, build and test a mechanically direct coupled ORC ‘
system using EGR and exhaust

Steady state simulation completed to establish system layout, “steady state simulation
working fluid, component sizes

Transient simulation completed to design control strategy to

Bidd A8 AW

Transient simulation

achieve EGR temp, limits and power .‘\

System procured and installed on engine - Design ORC system oL B 4
Testing, development and ORC strategy calibration under way Controls strategy
Working fluid, component selection and design >6% fuel economy improvement

possible, drive cycle dependent
System designed to minimize additional

FMEA and risk assessment
Component procurement and build :
P P _ _ _ heat from cooling pack
Steady state and transient simulation . .
EGR temperature maintained during
Controls strategy and controller transient events
Test ORC system installed onto engine

Researcher Links UK-Russia Workshop
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UK funded project: Thermal Energy Recovery System (TERS) - | =

Series HEV bus with dual ORC loop

3 year project: Thermal Energy Recovery System
2011-2014

Collaboration between four partners
Queen’s University Belfast
Wrightbus
Ricardo
Revolve

Project funded by :
Invest Northern Ireland
UK Technology strategy Board

Objective
To improve the double deck bus fuel economy by 10%

Wrightbus Gemini Il as shown at the CENEX 2013 event
With two ORC systems

The objective to be met through the thermal management of the bus

Research focussing on Waste Heat Recovery

Develop a prototype system capable of demonstrating the potential

Demonstration on Series HEV bus using an ORC on exhaust line and an ORC on engine cooling

circuit

Researcher Links UK-Russia Workshop
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Organic Rankine Cycle

Hybrid Double Deck Bus: Vehicle Prototype with Two ORC Systems || R

’ ORC on exhaust line ’

IBURPUES DY

e iled :

ORC on engine coolant does NOT require
...................................... R T—" additional cooling system as it is replacing
S W SmERARERNes Ak engine radiator by ORC condenser (only
ag_fcms-:nypas : adc{ltlonal cooling required for reaching cold
Battery E : refrigerant temperature

ORC on exhaust line requires additional

cooling system cAC : - :
: 8 ¢
: — == . X ®
............................................. T
ORC . o
ORC |::b.y;a.s.s'..m --------------------- E
B —————— expa . .
Battery Inverter "i * :
;.:--. ...... LA R R R R R R EERERERSEN}) ...I..-l..--.l:
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Organic Rankine Cycle

ORC Components — Fluid selection

R245fa

Refrigerant 640° -
R245fa used in TERS => replaced
by 1233zd
Ethanol used mainly (HDD)
Other fluids:

R134a, R1234yf, R245ca,

P [kPa]

R236fa, butane and carbon
dioxide, toluene, CO2
(supercritical, future applications)

Considerations:

Public safety
Toxicity - h k/ka]
Flammability

Environmental impact

Fluid compatibility with

system/seals

Working pressure

Temperature degradation
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Organic Rankine Cycle

ORC Components - Expander IR

IS 17~ R IS0 7™~
RICARDC
| KICARDO |

Expander choice
Scroll used in TERS project

Rotational speed
Not sensitive to droplet formation
Compatible pressure ratio
Relatively low cost
Reliable as a compressor in refrigeration industry
Low part count & no valves
Self starting

Other options explored

Reciprocating piston
Sliding vane Internal model of a scroll expander

Swash-plate
Turbine
Gerotor

Researcher Links UK-Russia Workshop
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Organic Rankine Cycle

Exhaust ORC testrig |R

ORC exhaust testrig using hot air furnace used to commission the ORC system

Condenser with fans

Furnace (hot air) 3 Exhaust boilers
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Case study

Coolant ORC

ORC
coolant
Condenser

Engine
radiator

2 coolant
boiler

.....
- -

E-pump
control

E-pump

5kW expander

= "
Generator  Enpgine test Cell Setup

Diesel engine with R245fa heat exchangers, control board, expander unit, variable load bank, mass air flow meter,
temperature and pressure instrumentation, smoke and emissions equipment installed

39 Annual Automotive Exhaust Systems
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Organic Rankine Cycle

Vehicle Testing: Coolant and Exhaust ORC Power Delivery = 3
RICARDO
Coolant system performance Exhaust system performance
At BC 3, coolant expander generated: 0.75 kW At BC 3, exhaust expander generated:
1 10.87 kw
04 09
0.s 0 ,r'_“‘n;- SRRNTHTI T W T W T
e, oL f \
= 08 - lu\ = I'rr ~HI
E ’J_.j Il E 0B IIJ Ill
505 T 05
o 04 'F l ' E 04 "‘ \\
s | " o |{ \
0z 'J \ 0z Jj
IR ’lﬁ l IR ’
o i | S e .
a a00 1000 1500 0 200 400 go0 200 1a0o 1200 1400 1600 1800 2000
Time (s) Time (s)
. 0 @ "
Improvements to the next generation ° O pu™| |
of ORC for hybrid bus should include - 2 F
. . o (ol 353
the following technical solution: ;E L g =2
A\ [E8E5I53
Actual components were not at ity (8% gi ‘g‘%
. . . 3 3 :
higher efficiencies due to the use of s L= LS
“off-the-shelf’ components ' g—% :
-
g
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ORC testbed in Brighton University, UK

x Contact: D, Rob Morgan (R.Morgan2@brighton.ac.uk)

University of Brighton

= Fluids: alcohol, water & alcohol-water blends @

= Heat source quality & quantity: 250°C & 25kw
to 500°C & 100kW (Note: dependent on heat
exchanger back pressure) -

= Heat recovery arrangement: Series and .
parallel heat recovery (Note: option to modify
for internal heat recuperation and coolant
heat recovery possible)

An in-house flexible organic Rankine cycle test-rig

Flexibility: Wide range of component testing
possible

Max. fluid pressure: 40bar
Max. fluid temperature: 275°C
Min. fluid temperature range: 20-70°C

Auxiliaries: Additional cooling and lubrication
loops for expanders & turbines possible

Burner
il r-' ' Expander
- auxiliaries

) =4 3-way valve|
L ’;_’ 1l Lo urrent work

s padinvolves .
integration a

N . Pressure
ree pistan
reducing
xpander
’ regulator i
L
Blower
Condenser

Low temp HEX "
- l(pre or internal heater) |
= ,

‘ Needle

.|}l |meter| | valve

— - .:,' ¥ < ~ LS " -

TR il
Fluid tank |3-way valve

O . ;

o N

2 Chiller Pump-motor

Acknowledgement: Innovate UK
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Organic Rankine Cycle

Example of ORC integration: Cummins presentation showed = 3
prototype Truck System testing

The Role of Waste Heat Recovery in Meeting Waste Heat Recovery TrUCkS On Road

Phase 2 US EPA Greenhouse Gas Regulations

Ov. Donold Sromron
Engine Busingss - Worldwide Technplogy Strategy

Cumaning ing
Jvve JB 2032
. J

WHR
Recuperator

WHR
Condensor

WHR Exhaust
Heat Exchanger E\)f(thE:-:St : 2 WHR Expander
ertreatmen Drive Module

Significant focus on System Cost

Cummins Inc. - 9th Diesel Emissions Conference & AdBlue Forum Europe 2013
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ORC on passcar (2| GTDI) — sensitivity study to ORC efficiency | =

ORC using exhaust gas only here

New 2| GTDI engine with latest technologies (lower exhaust gas temperature for
close to lambda 1 operation) (called New Engine concept)

Technology Effect on BSFC Effect on Exhaust Gas Temperature

High compression ratio
(13:1) with Deep Miller
valve timing

High compression ratio results in thermodynamic
efficiency improvement

Reduced pumping

Decreased combustion chamber heat transfer
Cooled external EGR Combustion dilution leading to reduced

temperature, helping achieve lambda 1 at high

load

Fuel enrichment at high load eliminated through
IEM reduced turbine inlet temperature (i.e. lambda = 1
across the whole map)

Greater expansion ratio decreased exhaust gas
temperature

Reduced exhaust gas temperature due to
dilution with EGR, despite increased heat retention
in-cylinder

Reduced exhaust gas temperature across the
map due to additional cooling

Increased exhaust gas temperature at high load
due to elimination of fuel enrichment
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21 GTDi = WHR FC/CO, Improvement Results (WLTP) with different B

assumptions for WHR efficiency
o Effect of WHR on FC and CO, emissions (both for the Original (2| GTDI with conventional CR, no EGR,
no IEM) and the New Engine Concept) over the WLTC

FC/CO2 Improvement (%)

4.0

3.8

3.5

1.8

1.5

1.3

1.0

0.8

0.5

0.3

0.0

3 AR

o when the recovered exhaust energy is used to power electrical auxiliary loads.

WHR Fuel Consumption/CO2 Benefit Results (WLTP, Stop-Start))

—e— 10% WHR, Original Engine —&— 6% WHR, Original Engine —@— 3% WHR, Qriginal Engine

--a--10% WHR, New Engine --a--6% WHR, New Engine -~&--3% WHR, New Engine

Typical Auxiliary Power
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Electrification Power Demand (kW)
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Organic Rankine Cycle

Organic Rankine Cycle (here: R245fa)
Simulation Results
Net Power Output

EES used to perform the simulation

One design point investigated for each heat of the three engine operating conditions; the results
were then used for the sizing study

For example, mass flow rates, heat transfer and pinch temperatures were all used

Engine BC's Exhaust BC's ORC
Temperature  Temperature
Speed Load Brake power | Mass flow rate Into ORC Boiler Outof ORC i 'uastHeat [ NetPower
. Into ORC Dutput
(post CAT) Boiler
rpm Nm kKW kals "C "C kKW KW
2000 200 I 419 0.03951 716 134 [ 247 [ 3.00
2400 300 L 75.4 0.087 770 134 BNs0s | [ 730
1600 75 Ll 1286 0.015 483 132 | 5518 | 0.67
Temperatures around ORC Circuit Pressures Heat Transfer
T4: Air Flow
T1: Pump T2: Pump T3: Boiler Pressure . . Q Mass Flow
inlet outlet outlet Expander Ratio P Low P high SET s Condenser of R245fa over
outlet Condenser
°C °C °C °C = kPa kPa kW kW kg/s kg/s
35 386 199 135 15 211 3164 247 217 0.076 05
35 386 196 132 15 211 3164 £9 8 E2 5 0.1861 05
35 38.6 198.2 1342 15 211 3164 5518 4 845 0.01702 05

Researcher Links UK-Russia Workshop

45



Content

Waste Heat Recovery Systems
Energy Balance
WHRS comparison

Focus on some Waste Heat Recovery Systems
Turbocompound
Seebeck thermogenerator
Organic Rankine Cycle

Conclusion
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Next step — Example: Thermoacoustic Generator | =

Summary
Concept: Turning heat energy in vehicle exhaust into acoustic power by using temperature Ratings of TeChnOIOQy
gradient to create and amplify a soundwave, which in turn can drive a generator to produce

electrical power Ve ¥

(worst) (best)
Base Functioning: Exhaust gas and cooling system are used to heat and cool opposite Fuel Consumption - -
ends of a ‘thermoacoustic engine’ (often referred to as a ‘stack’ or ‘regenerator’), consisting of a Benefit
porous solid body through which a pressurised fluid passes. Acoustic waves travel through o
resonator tubes (or ‘resonant cavity) to a ‘thermoacoustic pump’, which converts the acoustic Availability Q) _
power into electrical power through means of a generator, or by creating a temperature
gradient Maturity @ |
CO, Benefit: Claimed fuel economy benefit for HD truck of ~5% by one supplier; some
prototype testing indicates between 3-5% for a passenger car gasoline engine Cost -<3> -

Costs: Claimed system cost of ~$1k for HD truck by one supplier

Safety and Limitations Technology Applicability Visualisation

@ Few or no moving parts; resultant low Technology has been tested in several

maintenance and long operational life industrial applications S
eeabal u
@ Potentially low-cost system Use in smaller applications has so far

@ Working fluids are benign and low risk generally been restricted to Main amonthest exchancer
. . University/supplier laboratory tests Repener
@ Some prototype testing has yielded low thermo- _ Heater block
One example of automotive scale system Thermal buffer tube

electric conversion efficiency

Saecondary ambiant heat exchanger

demonstrating technology

A few examples of suppliers currently
developing technology for automotive and
truck applications — at least one is planning

on introducing to market: Etalim _
Thermoacoustic generator

setup by Wu et al
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WHR systems (available and future) - comparison

Type Fuel Economy Cost / benefit Size Complexity TRL
Technology Readiness
Improvement Level
9

Turbocompounding HDD: 4500 euros / 12kW

(electrical)

Thermoelectric + HDD: 1500 euros / 4 kW ++ - 7

device Pascar: 250 euros / 0.6kW

ORC (mechanical) ++ HDD: 2500 euros / 15 kW - - - 8
HD ROI < 2 years Pascar: 500 euros / 4 kW

Thermoacoustics + - - 3

Stirling engine ++ - - 4

Brayton cycle ++ - -- 3

Supercritical CO2 +++ - - - 3

cycle

Kalina cycle Tt N/A too early stage - -

Absorption (Heat to + (cold power) - - -

Cool)

Goswami cycle ++ S - - 3

AMTEC ++ - - - - 2

Fuel reforming + - - - 4

Split cycle engine +++ New - 4

engine
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On board water recovery for Water Injection in high efficiency = 3
gasoline engines (high compression ratio gasoline engine) RICARDC

* VW example: Exhaust heat exchanger used to condense water vapor in exhaust gas
into water liquid to be reinjected into combustion chamber

o Water Injection on market in BMW M4 — using Air Conditioning condensates to top up
water tank

e In future: ? synergy between exhaust gas condensation to generate water on board
and Heat to Power (Seebeck, Rankine, ...) ?

buﬂor tank exhaust condensor

System Overview

3l (ca 200km)

OV port injection

Figure 4: System layout overview (simplified)
Source: VW, Stuttgart Symposium 2017
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Conclusion |R

Several waste heat recovery solutions exist on exhaust line, cooling circuit in order to reduce CO,
emissions

The 1st solutions applied on the market are: Exhaust heat recovery for cabin/engine warm-up
for passenger cars, mechanical turbocompound for HDD, ORC and e-turbine for gensets

Solutions such as ORC for HDD and themoelectric generator for HDD and passenger cars are
under development in order to start production before 2020.

Supply-chain needs to be developed in order to get those solutions onto the market

Those solutions present cost/benefit ratios <0.12-05€/W

After 2020, Waste Heat Recovery Systems should be more widespread as the share of hybrid
electric powertrains will increase — e.g. leading to a good synergy with electrified powertrain /
electric ancillaries (EV mode in urban conditions, HEV mode with WHRS from Internal
Combustion Engine on motorways/highways)

Possible synergy with water generation on board and exhaust gas cooling below dew
point

Solutions such as fuel reforming using exhaust heat and heat to cool systems would appear
after 2025 on HDD and passenger (premium application 1%Y); disruptive technologies such as
AMTEC or ThermoAcoustic, supercritical CO2 Brayton cycle need more research activities
before understanding the potential of its application on automotive applications after 2025
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Thank you for your attention |2 S

Any questions?

Ricardo UK Ltd. - Shorenam  Techmical Cenfne
Shoreiam-op-Sea,  West Sussex B4 PG, LK

-

Dr Cedric Rouaud PhD MSc
Global Technical Expert — Thermal Systems

Chief Enginesr
Diirect Dial:  +44 (0) 1273 734095
Recaption:  +44 (0) 1273 435611
Mokbile: +44 (0) 7809 395874
cednc. rousudf@ricardo. com

W ricand o com
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