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1. Reactivity Controlled Compression Ignition (RCCI)

RCCI: A Promising Solution
Marine Emission Challenge

* Maritime transport is essential, but emission-intensive.
e  Stricter IMO limits + limited electrification demand
cleaner combustion.

~ HRF Direct
Injection

Port Exhaust

injector C_
IMO NO, EMISSION LIMITS FOR MARINE DIESEL ENGINES b i | ran Oty (G e e
Fuel
MARPOL Annex VI - Regulation 13 Efuel > AR )
S Tier Il requires up to 7 —_—— CA50
sz"ﬁ‘:‘, IMO ‘ Progressive tightening of NO, limits to protect air quality o .t 8 0 0/ BR IMEP s
AN/ and human health (0] Wi Reactivity g
lower NO, than Tier | = Gradient ®
y @
18 == Field Constraints <
17.0 g/kWh TIER | > g ]
. P Need for Clean 5 Efficient | / / e AP— H
constructed on or S L = - Y/ _Controlled 5
/ Rate (PRR)
_ . ke 1 fuel-flexible Combustion LRF ¢ Auto-
= ! engine rated speed (n) Premixed = s ® Peak In-Cylinder S
' Ignit y §
; a5 14.4g/kWh | inrpm: Natural Gas Enion Pressure (Pmax) 5
~ T ; Zone 5
= 9.8 g/kWh =2 nE? -Air Charge e Combustion g
3 . ) TIER Il (Low Reactivity) Stabilit
= Applies to ships where L = NO, limit (g/kWh) —_— Y
=S 8 constructed on or 7.7 g/kWh Additional |nputs )
3 after 1Jan 2011 —~—e e ——
o 6 NO, LIMIT L
=2 i TIER 11 (NOxEmission CONTROL AREAS) TIER ‘ (g7kWh) i ( VGT |
4 i 3.4 g/kWh Applies to ships constructed on or after 1 Jan 2016 T
i " when operating in designated NOy ECAs 20 g/kﬂh Tier 1(2000) » 11.3
24 ® || tierno11) 2.0 Schematic of RCCI reactivity stratification
0 T T r T — T r T r r T ;
2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 || o "GUSEA] 23
i S Key Advantag
Tier Ill applies only in ey a ta e S
2000 2011 2016 2021+ Q designated NO, Emission
Control Areas (ECAs).
TIER| TIER I TIER 11l (ECA) Tier lllin ECAs :
Effective from Effective from Effective from e.g. Baltic Sea & B Advanced dual-fuel LOW Temperature Combustlon (LTC)

1Jan 2000 1Jan 2011 1Jan 2016 North Sea

Source: International Maritime Organization (IMO) - MARPOL Annex VI, Regulation 13 - Nitrogen Oxides (NO,)

High efficiency (55%) & fuel-flexible operation

Reactivity stratification enables combustion phasing control

Overcomes the classic soot-NOy trade-off in CDC
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2. RCCI Optimization and Control Challenges

" Highly nonlinear, coupled, and fuel-dependent behavior challenges

RCCI real-time optimization.

Strong NOx-stability trade-off complicates optimal RCCI operation.
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Adaptive, Model-free Optimization

5 Conventional calibration is time-consuming and non-adaptive
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Extremum Seeking
Optimization

9 Extremum Seeking for Optimal RCCI Operation

() Real-time Onboard Optimal CA50 Reference Generation
() Self-learning adaptation to operating conditions

() NOx minimization with combustion stability constraint

Why CA507?
How can ES find the optimum?
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Overall Adaptive RCCI Control Framework
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3.1 On-Board Extremum Seeking Optimization

Why optimal combustion phasing must be identified online

¥ Optimal CA50 is operating-condition dependent and not known beforehand.
¥ CA50 strongly governs the NOx-efficiency-stability balance in RCCI.

T Improved efficiency

T Higher peak pressure

T Higher in-cylinder temperature

T Accelerated thermal NOx

T Mechanical stress & durability risk

|
| RETARDED CA50 (Late)

! Reduced NOx

| Lower peak pressure & temperature

T Incomplete combustion, high UHC & CO
T Reduced efficiency

T High cycle-to-cycle variability (COVyygp)

Real-time ES Optimization

|
% OPTIMAL CA50 (Target)

v Minimum NOx emissions
v Stable combustion

v Balanced efficiency

v IMO Tier III compliance

% Unknown a priori - must be found!

Start

y

Initialize ES parameters
A, @,y h, @, a COV* (o), k=0

S

Apply CA50 setpoint to engine
u(k) = ti(k) + A cos(wk)

L

Wait 25 engine cycles
combustion settling delay

Measure NOx and IMEP

over next 25-cycle window

Compute mean NOx and COV_IMEP

averaged over the window

Yes

~ . Apply stability penalty

pen = a (COV — COV*)

< COViyep > COV¥*nygp ?

\"']/N'o(
!
Compute cost function
Inox(@) 21/ (np—np) - 2
[ riiyox(n, 8) + a o(COVpgplug) - COV*pygp) ]
S
High-pass filter
pk)=(z—-1)/(z+h)-JK)
L

Demodulate
&(k) = A cos(wk — @) - p(k)

S

Update CA50 estimate
ti(k+1) = (k) -y - &k)

No

Convergence met ? > k=k+1
lves
End
Control flow Engine interaction Cost & stability , ES signal processing

Adaptive ES-Based CA50 Optimization for Low NOx RCCI
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3.2 Experimental Platform

Wartsila W4L20 RCCI Cylinder specifications

B et
17 2REE] research =

-

clinder ©

5] P

Wartsila 41.20 Cutting-Edge RCCI research platform, University of Vaasa Energy Lab

Parameter RCCI Cylinder

Nominal speed 1000 rpm >
Maximum output | 200 kW/cylinder >
Bore x stroke 200 x 280 mm >
Displacement 8.8 L/cylinder >
Compression ratio | 13.4

Diesel injection Independent CRDI, <2000 bar >
Gas injection PFI, <12 bar

£ Experimental RCCI Configuration

Cylinder 4: Dual-fuel RCCI research cylinder

LRF: Methane-based gaseous fuel (Port Fuel Injection)
HREF: Bio-Diesel (Direct Injection)

Cylinders 1-3: Conventional diesel combustion (CDC)

Dedicated cylinder 4 exhaust sampling for NOx measurement
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3.3 Real-time On-Board ES Implementation

Control
= Measurement
ECU Sepeedgoat o WA4L20 Engine
e(t) u(t) BR Aut antﬁ
PID ControllerH HRF Injectorj—b ahbrauon & utomation
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Smart
CAS50 m | | N
Sensor
COV IMEP_m
D - ; Jo
CANape )
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o (ppm)
Concentration to

CAS0_sp ISNOx (g/kWh)
ES Optimizer

mass Conversion

Experimental implementation of the on-board ES-based optimization framework

EXPERIMENTAL ES UPDATE CYCLE

/Real-Time Signal Flow

= ES output: CA50,,

= CAS50 tracking: PID controller

= Control input: Energy-based BR
( Feedback: ISNOX+COVIMEP

~

J

SAFETY MONITORING

Critical engine par s are conti
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Safety
. . * Monitored in real time
Monitoring

5N
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Pressure Rise Rate

in real time

Crank Angle

ly itored during ES optimization to ensure safe operation.

5

Y

Engine operation
kept within
safe limits

25 Cycles
Settlning

» 4

New CA50 Command

ool —

1 25 Cycles
‘ Evaluation

Pl digle

-

( ES Update

2]

\  Repeat until
5 convergence 7
Allow transients Compute mean Update CA50s, Vg il
i to decay ISNOx + COV/yep (ES optimizer) T
25 cycles 25 cycles Update every

50 engine cycles

e Cost evaluation uses the average of ISNOx and COV:p over the most recent 25 cycles.
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3.4 Optimization Objective & Key Definitions

Objective: Minimize NOx while preserving combustion stability

ng
Ino,(0) = p—— n;ﬂ (mNOx (n,0) + ac(COV ypp(ug) — COVIMEP))
0 2 CAS0;,

Control Variable: Energy-Based Blend Ratio

] mprr LHVL R

BR = , 0<BR<100%
myrr LHVL Rr + Myrr LHVyRE

BR: Fraction of total fuel chemical energy supplied by LRF
Higher BR — more LRF / lower mixture reactivity
Lower BR — more HRF / higher mixture reactivity

» PID manipulates BR to track the ES-generated CA50,

Optimization Terms

CAS50y, : ES optimization variable
ISNO,: Emission objective

9 COVimep : Combustion-stability metric

COVyygp : Allowable stability limit
o: Combustion stability penalty weighting

Combustion Stability
B OIMEP

COVIMEP = X 100%
UiMEP

Low COVyygp — stable combustion
High COV;ygp — high cycle-to-cycle variability

; _ {0 , COVimep < COViygp
Penalty a(COVIMEP — COVI*MEP)' COVIMEP > COVI*MEP

Higher a — stronger penalty for stability-limit violation.
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4. Experimental Design and Optimization Cases

Experimental Test Matrix

Load

Case (%) COVimep (%) Purpose
[ 50 5 1 Weak stability weighting
11 50 5 2 Stronger stability weighting
I11 50 4 2 Tighter stability constraint
IV 60 4 2 Higher-load validation

+» Experimental Strategy

~
Case | Case'll i What this comparison tests:
(@=1) ﬁ (a=2) i How increasing the stability-penalty
| weighting factor a influences the
Effect of ] AT
St b'l'te(-:P:n It Same load (50%) and same stability limit i trade-off between NOx minimization
el LS ARG % _ Eo i and combustion stability.
Weighting (a) (COV*\\ep = 5%) :
P,
~
@ Case Il Case lll ' What this comparison tests:
(COV* ep = 5%) ' (COV* pep = 4%) i How tightening the allowable stability
Effect of : limit (COV*,ep) affects the optimizer
Stability Same load (50%) and same a (a = 2) | behavior and performance.
Constraint i
2/
: >
' What this comparison tests:
Case ": ﬁ Case |\°/ | How the ES framework adapts to a
{logemals) (Eeacs60%) : higher engine load while maintaining
Effect of Same a (a = 2) and same stability limit i the same stability requirement
Engine Load (COV* pep = 4%) and penalty weighting.
J

Cases I-1V systematically isolate the effects of stability weighting a, stability limit COVyygp, and engine load on ES-based CA50 optimization.

+»» Evaluation: CA50 tracking ¢ ISNOx ¢ COVyygp
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5. Results and Discussions: Effect of Stability Weighting

10

CA50 [CAD ATDC]
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Case I: Weak Stability Weighting (a=1)

H CA50 Measured
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i ISNOx
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a0 T I
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I
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=  Aggressive NOx minimization
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— stability compromised
\_ y comp Y,

ISNOx [g/kWh]

500 700
/ Stability limit exceeded

CAS50 [CAD ATDC]

Case II: Stronger Stability Weighting (a=2)

i

: |= = -CAS50 Setpoint

CA50 Measured

ISNOx

“ﬂhlh

1 1 1 1 1 1 1 1 1

100

1
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0
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Time [s]
COV IMEP
T T

COV IMEP
= = COVIMEP SP

1
100

1 1 1 1 1 1
200 300 400 500 600 700 800 900 1000

~

Time [s]
= [SNOx: 1.108 g/kWh
= Stronger response to instability
= COVpygp better controlled
\ only transient exceedances )

[vIKey Finding: Increasing « from 1 to 2 strengthens stability enforcement with only a modest increase in ISNOx.

ISNOX [g/kWh]
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5. Results and Discussions: Stability Constraint & Load Adaptability

Case III: Tlghter Stablhty Constralnt (COVIMEP —4%, a =2) CaselIV: ngher Load Valldatlon (60% load COVIMEP =4%, a =2)
g 5 . CABO Measured " ; CAS0 Measured |
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: E : ‘%
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_088F
- _ 0or .
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@ 087t § x WMW
0.88 ]
0.86 | L 1 1 1 1 L | 1
0 100 200 300 400 500 600 700 800 900 1000 0.86 1 I 1 1 1
Time [s] 0 200 400 600 800 1000 1200
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(. ) (. )
= JSNOx: 1.218 g/kWh = ISNOx: 1.561 g/kWh
= Tighter COViygp limit: 5% — 4% » Higher-load increases NOx challenge
= Stronger combustion-stability limit = ES adapts CA50/BR, enforcing stability
C Optimal CA50g, : 10.15° ATDC D C Optimal CA50g, : 10.20° ATDC D

Key Finding: ES preserves robust CA50 optimization under tighter stability constraints and higher-load operation.
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6. Conclusions & Future Work

0O Key Contributions
ra !

%+ Real-time on-board ES experimentally validated on a large-bore RCCI engine.
%+ Optimal CA50 references identified online without an explicit RCCI model.
“» NOx-Stability co-optimization achieved via COVyygp-based penalty

< Robust adaptation demonstrated across stability requirements & engine loads.

(o)
0.927 g/kwh < 0.4 cap 50-60%
. .Minimun: ISNOxX * ' Lozad
M emision cose sabiy CASDuracking RMSE Experimental validation

Q Future Work

 Extend ES optimization across the full engine speed-load operating space.
J Construct an experimentally validated optimal CA50 reference map.

] Extend the framework to H,—~NG-diesel RCCI for fuel-flexible operation.
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