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Climate change: the long road to a global deal

Nov 29 - Dec 11

JAris Climate Conference

Climate change pact adopted in
principle.

Purpose: to hold global warming

to "well below™ two degrees Celsius
(3.6 degrees Fahrenheit) over

i L @7l 1" United Nations conference
PP ey on the environment

1992 1" UN environment treaty”

B (non-binding): industrialised
UL nations agree to reduce
UCLEREDLEIEE ereenhouse gas (GHG)

\ emissions to 1990 levels

All nations are invited
to submit voluntary
national pledges to cut
GHG emissions

The Platform for Enhanced

Action: commits all states

to reaching a legal accord
by 2015 to cut emissions .

O
The Kyoto Protocol (legally-
1997 binding). rich nations agree
LCTIGI Lo cut emissions to 5.2%
below 1990 levels by 2012
Talks on a new climate treaty fail. But The Bali Action Plan: guidelines

industrialised countries pledge to give 2007 for reaching an accord to extend

poor nations $100 billion a year, from FaWFI AN . CEIT the Kyoto Protocol after 2012 3
2020, to help adapt to climate change

ITLTTL COP™* meetings:
v 2nnual negotiations
1995 on an international deal

to curb climate change
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CO2 emissions intensity of primary energy demand relative to CO»
emissions per capita by country/region, 2000 and 2020

100
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= 75
3 i /) 2020
= India Russia  Unijted States " “I
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L\“-—/@///@ Bubble size
European Canada .
25 Union
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t CO,/capita



52 PR E IR Y

SITY Institute of Power Machinery and Veh

China’s Long Road to Carbon Neutrality
Emissions from consuming fossil fuels, million metric tons of CO2

12Kk
Projected
. . . . ’“
China joins IE‘.@,(’C 3
Agreement -
Xie becomes climate
negotiator
4
Proposed end date for coal
0
| | | | s

1990 2000 2020 2040 2060
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CO: emissions from existing energy-related infrastructure under typical
lifetime assumptions and operating conditions in China

o Other,7  _ Buildings, 3 o Other
& Other transpgﬂ, 4 m Buildings
10 - Road freight, 4
N 0O Other transport
__—Cars, 3
8 E Road freight
mCars
6 O Other industry
O Chemicals
4 O Cement
m Steel
2
O Other power
. —C___ ECoalpower >

2020 2030 2040 2050 2060 6
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_nbustion engines

e Cars

 Trucks

e Locomotives

* Marine vessels a7
- =1 ) | / ‘

‘ Aircr‘af"tl )

LIS

e Stationary applications
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* Internal combustion engines (ICEs) Camshafi

are not a source of pollution

 Emission pollution from internal

Fuel
injector

combustion engines comes from

----

Cylinder

fuel combustion

 The application of low-carbon
fuels in ICEs can help reduce

greenhouse gas emissions

* Applying zero-carbon fuels in ICEs

Alternator
(produces

can help eliminate carbon-based .ecrical power
emissions

Spark plug

Fuel-air
mixture
ignited
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@, OECD AMERICAS

U.S.
2008:882 TWh  2035:1,288 Twh

Natural gas (NG) fuel properties

(anada
2008: 40 TWh : 2035: 108 TWh

Mexico/Chile
2008: 147 TWh 12035 418 TWh

* The main componentis CH,

* A higher H/C ratio

{
gs NON-OECD AMERICAS

Central and South America
2008: 128 TWh' 720352 391 TWh

Brazil . —
2008: 28 TWh 120352264 Wh

e Abundant, low cost
Where Shale Gas
Comes From

!
§~ ASIA/AUSTRALIA

China )

2008: 31 Twh 112035: 315 TWh
India

2008: 81 TWh '2035: 10 TWh
Australia/New Zealand

ng in shale: 2008: 48 TWh{ [2035: 139 TWh

Massive hydraulic fracturing (MHF)
demonstrated by DOE in 1977.

Y
$~ MIDDLE EAST/AFRICA

Middle East -
2008: 428 TWh ~2035: 1,072 TWh

Africa

Unconventional natural gas:
Pre-commercial resource incentivized by 1980-2002 production tax credit.

[ Chadud

2008; 170 TWh 12035: 587 Twh

§
Poland « EUROPE

Norway l ! QECD Europe -
2008: 841 TWh 203

Directional and horizontal drilling: Early directional shale drilling A g
Microssismic patented by federal Morgantown Energy Research Center engineers in 1976. “"g‘,. BOER=ET chropeTWh . Twh
imaging and 2008: 627 TWh | 2035: 766
electromagnetic Multi-fracture
telemetry: Horizontal Drilling:
Developed by - First commercial
Sandia National demonstration from 1 0
Laboratories for DOE-private

non-shale applications. venture in 1986.

Diamond-studded drill bits:

Partnership between General Electric and
the Energy Research and Development
Administration, precursor to DOE.
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The benefits/challenges of natural gas (NG) engines

Lower emissions (CO,, soot, NOx, CO, UHC)

Higher compression ratio and lean-burn limit can

increase thermal efficiency

NG composition varies with geographical source,
time of year, and treatments applied during
production and/or transportation

The non-methane compounds in the NG can have
a strong influence on the engine efficiency and

emissions
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NO, CO and HC concentrations (not to scale)

P
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1.3
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Natural gas (NG) spark ignition (SI) engines

* Lean or stoichiometric operation?

3-Way Catalyst on a ceramic
honeycomb substrate

NG
,,,,,,,
........

Rich
atmosphere

Lean
atmosphere

Conversion

HC, CO, NO,

12
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Natural gas (NG) spark ignition (SI) engines

* Lean or stoichiometric operation?
By

Emissions eSS
== measurement

T s, 13




Natural gas (NG) spark ignition (SI) engines

Lean or stoichiometric operation?

Cyinder pressure [bar]
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| | | | | |
Stoichiometric

operation

Crank angle [ATDC]
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Natural gas (NG) spark ignition (SI) engines

CA50 [°CA ATDC]

30

25

20

15

10

Il Stoichiometric operation
Lean operation

Optimal

spark timing
Efficient zone

L 4

5<CA50< 11
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Spark timing [°CA ATDC]

o

Peak pressure location [°CA ATDC]

30
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10

Lean or stoichiometric operation?

Efficient zone

Il Stoichiometric operation
Lean operation

Optimal
spark timing

L 4

-30

9<LPP<14

-25 -20 -15 -10 -5
Spark timing [°CA ATDC]

Indicated mean effective pressure [bar]
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9.0
Il Stoichiometric operation
Lean operation
8.5 ”
Optimal
spark timing

-25 -20 -15 -10 -5
Spark timing [°CA ATDC]




Natural gas (NG) spark ignition (SI) engines

Lean or stoichiometric operation?

Engine-out emissions [g/kW-h]
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60
50 L Spark timing: -20 °CA ATDC
Engine speed: 900 rpm
B Nox
40_= UHC

[_lco

™
A\

A7)

0.6

0.7 0.8 0.9 1.0
Equivalence ratio [-]
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Natural gas (NG) spark ignition (SI) engines

Lean or stoichiometric operation?
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Natural gas (NG) spark ignition (SI) engines

Lean or stoichiometric operation?
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Natural gas (NG) spark ignition (SI) engines
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* Lean or stoichiometric operation?

3.0
v Lean: Stationary applications Bl Stoichiometric operation
95l V//] Lean operation i
v' Stoichiometric: On-road vehicles
2.0
1.5}

1.0

COV of IMEP [%]

0.5

HAUAMMHIHIHIHITIIINTIIIINNSNN

AMMIIINNNRNNNS
AMMMMIIRRRRTTIRINN".S

0.0
-30 -25 -20 -15 -10

Spark timing [°CA ATDC] 19

]
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engines

Pilot diesel ignition natural gas (NG) engines

Pressure [ MPa]

Pressure [MPa]

Natural gas/diesel fuel proportions?

. 600
| exp ennment 0
Jp= - - simulation 0 /ﬂ NG .
5
F400 =
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; : : . 0
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—i . . 20
20 -10 0 10 20 30
Crank angle [°CCA ATDC]
800
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10 0
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—e— experiment - -
—— simulation

Lad
Lo

CH, [g/kw-hr] NOx [g/kw-hr] CO [g/kw-hr]

25% NG 50% NG 715% NG

NG ratio

20
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Pilot diesel ignition natural gas (NG) engines

* Natural gas/diesel fuel proportions?

y

temperature [k] 02
— — ] [ . —

800 1100 1400 1700 2000 |[0.10 013 016 019 0.2 0.

(a) (b)

-~

temperature [K] velocity [m/s] ‘
[ e ooassess |

0 A

N ——— =
200 QRN 1100 1280 1400 2 qQ 19
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Pilot diesel ignition natural gas (NG) engines

* Natural gas/diesel fuel proportions?

v' Methane slip

v" Low load low speed conditions

000 001 002 003 004



Ammonia fuel properties

e Easy to store and transport
* Mature production facilities

 Unfavorable combustion properties

Green ammonia - production and use

ZHEJIANG UNIVERSITY  [Institute of Pow ery and

OOO
h/
D Electrolysis

. ®6
(=)

o]

®

Ammonia
synthesis

(N2)

A

NH;

(o]

Renewable
energy Air separation

N4
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mmonia

e

)
)

—

T

Green
ammonia

Zero-carbon
fuel

23
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The benefits/challenges of ammonia engines

Lower carbon-based emissions

Slow laminar flame speed — reduced efficiency, high cycle-to-cycle variations

Higher ignition energy
Fuel NOx

24



G enoine:

Ammonia spark ignition (SI) engines

Cylinder pressure [bar]

Hydrogen addition?

60

50 -

I | |

ST=10°CABTDC
¢=10
N =900rpm

Crank angle [ATDC]

300

250

200

20

Apparent heat release rate [J/Deg]
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~ Ignition lag ['CA]  12.0 16.0
PBOCCAIT 606 62.8
~ IMEP[bar] 9.8 8.46
~ ISFC[g/kW-h]  188.6 505.5
37.9 37.1
98.3 95.0 >
7.86 4.07
PVSNGY[e/kWARlY  0.0014  0.0013
/ 0.03
7.86 410 >
5.80 /
ek o0
T A
 ISH,[g/kw-h]  0.26 0.35 25
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Ammonia spark ignition (SI) engines

e Hydrogen addition?

v 60
60 55
o 2 < 50
23 Z 50, |
€ 'S -g 4145
@ 40
258 {40
E =
5 8 £ 20
Ess 130
S 2 x 10- Reference:
= o & — 25
o 0 Methane LFS=54.1cm/s
2 \at CR=8 (P=18.4bar, T=685K) & ¢=1.0 20
c, 8 0.7
%p’e 9 080\:-\ 15
o 10

26



Ammonia spark ignition (SI) engines

 Hydrogen addition?

NH3+H2

/Ammonia
Main path NH3 \_ tank
Branch | To replace urea
o path
1\ NH3
/ )
ea

= —> Exhaust gas

(5 ] .).-
i

wiss

} Exhaust

<>

NH3—H2+N2

NH3+H2+Air—H20+N2

Onboard ammonia dissociation syste

gas

reduction reduction

m\\ Containing NO, NO2, N20,

unburnt NH3, H2, N2, O2, H20, etc.

xhaust gas
inlet

Outer reactors wall
exposed to exhaust
gas

ZHEJIANG UNIVERSITY

Catalyst housing

Diaphragms

% 52 F R T e

Institute of Power Machinery and Vehicular Engineering

NH, inlet (x4)

Electrical Heater
housin g (x4)

-

Py & ~ Outer reactor wall

Thermocouple
housing

\\

Electrical Heate\
housing
B

7
Catalyst

i

27



Ammonia spark ignition (SI) engines

Lean, stoichiometric, or rich operation?

40
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T 1 J ' !
ST =15°CABTDC o
n N =900rpm N
e . 7
L . 7
! I L ! :

0.8 0.9 1.0 11 1.2
Equivalence ratio [-] 28



Ammonia spark ignition (SI) engines

Lean, stoichiometric, or rich operation?

NOy [g/kw-h]

14

12

10

ST =15°CABTDC
N =900rpm
.__._-——.

—o

0.8 0.9 1.0 1.1
Equivalence ratio [-]

1.2

N,O [g/kw-h]

0.18

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00
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ST=15°CABTDC
N =900rpm

0.8

0.9 1.0 1.1
Equivalence ratio [-]

1.2
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Ammonia spark ignition (SI) engines

 Lean, stoichiometric, or rich operation?

v' stoichiometric

NH, [g/kw-h]

17
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14
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T T J

ST=15°CABTDC
N =900rpm

0.8
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Pilot diesel ignition ammonia engines

« Ammonia/diesel fuel proportions?

35 -
30 - \ A 100% Diesel
25 —=— NH3 + Diesel
£ 20
:
> 15-
S 10 "~
3 1 A
i
|
0 I | I | 1
0 20 40 60 80 100

Power Contribution from Diesel Fuel (%) 31
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Pilot diesel ignition ammonia engines

« Ammonia/diesel fuel proportions?

10 -
9 - A 100% Diesel A
8 - —=—NH3 + Diesel
|
E 5 Soot levels measured
= 6- / |at80% diesel load
5 5 and above were
- 4- above the high range
o 3- of measurement.
2 -
Py
0 ~— . . , ,
0 20 40 60 80 100

Power Contribution from Diesel Fuel (%) 32



Pilot diesel ignition ammonia engines

« Ammonia/diesel fuel proportions?

1.00 4
>
0
3
‘s 0.90 -
=
18}
c
9
w
_é 0.80 -
0 e — = Based on volume
&) /

. — —+ —Based on mass
£
0.70 l T I T |
0 20 40 0 80 100

Percent of Maximum Torque at 1000 rpm (%) 33



Pilot diesel ignition ammonia engines

e Ammonia direct injection?

Ammonia

Gas Injector i

Ammonia-Air —
Mixture

Liquid Fuel

Pure diesel

P "
P4
/ Ni

Diesel inj.
{8~2)
15

.~ Fuel Injector

Liquid Spray

£

Diesel inj.
(-8 ~ -6.2°)

Diesel inj.
(-8 ~ -4°)

(2] .).-
S Ly
wiss
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IL ' < X : ,‘ ¢ - PR _
é ¢ \/ “j.'\/,\( ; { /\ L) e

1850
Ammonxa inj. 1500

-5~ 10°) 1150
800

=MW O

E

Heat flux
[MW/m]
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e Efficiency enhancement

* Co-optimization of fuels and engines
* Powertrain hybridization

 The application of carbon-neural fuels

v' Hydrogen

v’ Synthetic fuels: made by chemically hydrogenating carbon dioxide
v' Biofuels

v E-fuel

35
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* NG Sl engine: stoichiometric for vehicles, lean for stationary applications

 NG/diesel dual fuel engine: to avoid low load conditions because of methane

slip

e Ammonia Sl engines: stoichiometric operation, hydrogen addition

« Ammonia/diesel dual fuel engine: combustion strategy optimization to reduce
NH3/N20

36
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