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Abstract: The Clean Propulsion Technologies (CPT) project, established in 2021, brought
together 15 research partners and original equipment manufacturers. The goal was to
create a common vision and sustainable business solutions so that the worldwide tech-
nological leadership of the Finnish powertrain industry is secured. With a EUR 15.5 M
budget, CPT brought early-stage innovative concepts towards technology readiness level
(TRL) 6. The project’s particular significance was its unique cross-coupling of marine and
off-road sectors, which have similar emission reduction targets but which do not compete
for similar customers. The project yielded 21 innovative solutions, from accelerated model-
based design methodologies and progress in combustion and aftertreatment control to
hybrid energy management solutions. These were encapsulated in four ground-breaking
demonstrations, including a next-generation marine engine working in low-temperature,
reactivity-controlled compression ignition (RCCI) mode and a hydrogen off-road engine.
An advanced close-coupled selective catalyst reduction (SCR) system and a hybrid wheel-
platform with digital hydraulics were also demonstrated. The University of Vaasa led the
consortium and was responsible for coordinated model-based rapid prototyping. This
report examines University of Vaasa’s achievements during the CPT in terms of 26 mile-
stones, 13 deliverables, and 32 research papers. It focuses also on other aspects, including
lessons learned from managing large-scale academic—industry research.

Keywords: marine engines; off-road engines; close-coupled SCR; RCCI; variable valve
actuation; hybrid powertrains; model-based development; predictive control; Delphi
studies; technological roadmap

1. Introduction

Maritime transport accounts for 2.89% of global Green House Gas (GHG) emissions,
while non-road mobile machinery (NRMM) contributes 2% of GHG emissions in Europe
alone [1]. Emissions from shipping could rise 0-50% by 2050 (compared to 2018 levels)
without intervention, reaching 90-130% of 2008 levels [2]. To combat emissions, IMO
MARPOL Annex VI sets global regulations on SOx, NOx, and carbon intensity, with Tier III
limits currently in effect. The Energy Efficiency Design Index (EEDI), Ship Energy Efficiency
Management Plan (SEEMP), and Carbon Intensity Indicator (CII) guide GHG emissions
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reductions, aiming for at least a 40% cut by 2030 (vs. 2008 levels) [3]. However, in July 2023,
these targets were deemed inadequate, leading to a revised IMO GHG strategy [4].

Beyond IMO, the U.S. and EU regulate inland waterway transport under off-road /non-
road standards, targeting HC, CO, NOx, and PM emissions. The EU Stage V standard also
limits particle numbers (PNs), making it stricter than previous tiers. Notably, methane
(CH,) slip, with 28 times the warming impact of CO,, remains unregulated, except in
China’s pioneering CHy limits (China I/1I standards), which could shape future policies [5].

In the NRMM, the EU Stage V and U.S. Tier 4 standards impose similar NOx, HC,
and CO limits, though Stage V is stricter due to PN limits and tighter PM thresholds. In
California, proposed Tier 5 (effective 2029-2034) of California Air Resources Board (CARB)
seeks a 90% NOx and 75% PM reduction, plus a 6% GHG cut, introducing new N,O and
CHy controls [6]. The EU is likely to follow suit, reinforcing global sustainability efforts in
the NRMM sector.

Beyond emissions, efficiency and cost remain critical, as mitigation strategies often
impact both. While trade-offs are necessary, efficiency remains a top priority in heavy-duty
applications, largely influencing the portfolio of feasible emission control strategies. Table 1
overviews these strategies along with the indication of the current level of adoption in the
marine and NRMM sectors, respectively.

Table 1. Emission mitigation technologies for marine and non-road diesel engines. Adopted from
Kim et al. [7].

Category Technology Marine NRMM
Bio-/renewable-/e-fuels ] ]
Fuels Zero-carbon fuels | |
(Hp; ammonia) (Hp; ammonia) (Hp)

Gas engine A |

Combustion Dual-fuel (DF) combustion | |

Fuel-flexible LTC (low-temperature combustion) ] ]

Electrification Hybrid and electric propulsion | n

g Flexible inj. pressure @) @)

E’ Fuel injection system Inj. rate/multiple injections O @)

Fuel injection timing O O

Turbo (e-WG,: electronic wastegate, multi-stage, o o

VGT; variable geometry turbocharger))

Air management Charge air cooling O O

system — A -

VVA | |

Humidification @) -

Wazéf];i:ict)ion Water injection O -

Emulsion O -

Scrubber A -

Diesel oxi. cat (DOC) A O

é’ Diesel particulate filter (DPF) A A

7

é Aftertreatment Selective catalytic reduction (SCR) A .O (S(i)r;%llee SS%II%

Methane oxi. cat. (MOC) | |

Ammonia slip catalyst (ASC) | -

B: Promising for future regulations, AA: Suitable for current regulations, O: Legacy of previous regulations.
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Deeper insights into individual emission mitigation technologies can be found in
review articles by Ni et al. [8] and Lion et al. [9] in the marine context, and Dallmann
et al. [10] for the NRMM sector. At this point, it is enough to state that achieving a highly
efficient, ultra-low-emission powertrain for future off-road and marine applications will
rely on the synergetic integration of several of these technologies. To this end, fully variable
valve actuation (VVA), for instance, can provide efficient thermal management, allowing
for new aftertreatment strategies [11]. At the same time, VVA is considered an enabler for
advanced low-temperature combustion (LTC) concepts [12,13], which can pave the way for
the flexible adoption of new low- and zero-carbon fuel streams. The biggest constraint in
adopting these technologies is system complexity. New (active) solutions add new degrees
of freedom to an already complex powertrain, exploding the calibration space and putting
new requirements on system dynamics.

Considering the above review, the off-road and marine sectors are facing triple pres-
sure from the perspective of the immediate reduction in atmospheric emissions under
uncertain GHG legislation (tank-to-wheel or wheel-to-wheel dilemma) and system com-
plexity constraints.

Supporting the energy transition of the marine and off-road sectors, the goal of the
Clean Propulsion Technologies (CPT) consortium was to create a common vision and
sustainable business solutions so that the worldwide technological leadership of the Finnish
powertrain industry, under the abovementioned new constraints, is secured. This was
accomplished by moving the most promising and innovative powertrain technologies
from technology readiness level (TRL) 3 to TRL 5-7. These technological developments
ensure that the manufacturers’ products in both sectors will meet the emission and GHG
regulations that will come into force by 2035. The joint technology roadmap developed
during the project includes a consolidated plan to ensure this compliance by 2050.

The CPT project developed 21 impactful solutions and innovations, such as a hy-
drogen engine demonstration, ultra-efficient combustion based on reactivity-controlled
compression ignition (RCCI) and a novel double catalyst solution for the reduction in
exhaust gas nitrogen oxides (NOx) based on selective catalyst reduction (SCR). These
developments have been further captured in the context of combined combustion—electric—
hydraulic operation and supported by state-of-the-art, model-based control and power
management solutions. Achieving this in the three-year CPT project meant developing
new rapid prototyping methods for individual system calibration, enabling coordinated
powertrain development.

The CPT consortium consisted of six universities and nine companies. Assisted by
Business Finland’s funding, they managed the total project budget of EUR 15.5 M. The
work was organized into six work packages (WPs), coordinating the joint action of all
partners. Additionally, four industry projects were established around the joint action.
Figure 1 shows the consortium structure and WPs of the public project. The University of
Vaasa led the consortium. As Project Leader, we were responsible for the project’s scientific
content, and we also managed administration and dissemination. The University of Vaasa
further took direct technical leadership in several WPs: WP1 (jointly with Abo Akademi
University), WP3, and WP5, while having a relevant role in WP2.

This report provides an overview of the main outcomes achieved in these four WPs
and summarizes the project management and dissemination work. For more detailed
information, the reader is advised to consult the 32 influential journals published by the
University of Vaasa during the project. Scientific items and theses, which are not directly
referenced in this article, can be found in Appendix A, Table A1. Appendix B contains a list
of milestones and deliverables (Tables A2-A4).
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Figure 1. CPT consortium structure above and WPs of the public project below [14,15].

2. Roadmapping and Business Feasibility (WP1)
Led by researchers from the university of Vaasa and Abo Academy, WP1 explored
how various factors impact the advancement of clean propulsion technology, particularly
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uncovering the driving forces in the market, delving into the reasons behind the push for
cleaner propulsion in maritime activities, and exploring the future of such technology. It
built a unified vision and strategy for companies involved in propulsion technology, in
collaboration with industry experts and academic professionals.

First, using the factors from the framework of evaluating political, economic, social,
technological, legal, and environmental (PESTLE) and the cross-impact matrix multiplica-
tion applied to classification (MICMAC) methodology [16], WP1 explored critical market
drivers and the relationships and effects among them. Factors such as fuel prices and
economic incentives wield significant individual influence, intricately linked to green fi-
nance, policy initiatives, emission targets, and other variables. It is a complex and dynamic
scenario, where most identified drivers influence and are influenced by many different
factors. This complexity underscores the uncertainty inherent in the propulsion sector’s
transition towards cleaner technologies. Evaluation of these market forces was a valuable
input for the technological roadmap developed in task T1.1.

Figure 2 presents the roadmap in its reduced, pictorial form. A detailed version of this
roadmap, focusing on marine propulsion, is in a recent CPT paper by Hellstrom et al. [17].
The development roadmap is still valid and is being continuously developed to maintain
validity. The Veturi mega-program consists of several companies with financed research
programs by Business Finland, such as Wartsild Zero Emission Marine (ZEM; an ecosystem
led by Wiartsila Finland Oy, Vaasa, Finland). The program has helped to maintain or
accelerate the pace of development shown in the picture, despite the difficult geopolitical
situation. Several follow-up projects have been launched along this roadmap, enabling
Finnish companies and research institutes to maintain their leading positions in the field of
clean propulsion technologies. Flexible Clean Propulsion Technologies (or Flex-CPT for
short) is the crown jewel of this legacy as the next thoroughly planned project after CPT.

Second, given their critical role as a driver of transition, WP1 placed a strong emphasis
on fuels, particularly in the effort to understand alternative fuels for future GHG emissions
targets for global shipping. Alternative fuels appear to offer significant emissions reduction
potential, but there is still uncertainty about which ones are best suited for different
industries. The Delphi study in WP1 [18] highlights the differences between shipping
sectors, providing insights into the best short- and long-term alternative fuels. It guides
decision-making and informs and steers the industry towards a more sustainable future.

Third, another Delphi study was developed for the off-road sector, as part of task T1.2.
The study explores the potential of different technologies in reducing emissions up to and
after 2030. It shows alternative fuels and hybridization as front-runners, with research and
development (R&D) funding and legislation as the main driving forces. The study also
sheds light on other key factors influencing the decisions about emission reduction, notably
total operating costs, fuel economy concerns, durability, and regulatory requirements. An
analysis of alternative fuels up to and after 2030 indicates biomethane and biodiesel are the
most relevant options for the first period, whereas green electricity and biomethane are
considered more feasible after 2030. High costs of transition, operation, and purchase were
the most mentioned issues for the challenge of decarbonizing the off-road industry.
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Figure 2. The CPT technological roadmap produced in WP1. The roadmap provides guidelines for
strategically aligned research actions to be undertaken jointly by the Finnish marine and off-road
OEMs until 2035 [19].

Finally, the central theme of task T1.3 was decarbonization strategies. Two cases
were assessed to illustrate (1) what strategies could be applied and (2) the impacts of the
applied strategies. The first case evaluated the environmental impact of an electrochemical
recuperator (ECR) from Geyser Batteries company, compared with lithium iron phosphate
(LFP) batteries in city buses [20]. ECR has a worse climate change impact per kWh pro-
duced, but its longer lifetime reduces the overall impact on city buses. ECR resulted in
385 g CO, eq/km, versus LFP’s 441 g CO; eq/km for battery electric buses. Hybrid systems
produced 652 g CO; eq/km for ECR and 670 g CO, eq/km for LFP. This study underscores
how battery technologies, electrification levels, fuel use, and electricity sources influence
transport’s environmental performance. The second case study [21] was in collaboration
with Wasaline shipping company. It explored fuel alternatives for ferries amidst stricter
policies integrating the maritime sector into emission trading schemes. The assessment
examined marine diesel oil (MDO), liquefied natural gas (LNG), a mix of liquefied biogas
(LBG) and LNG, and LBG fuels. LNG reduces CO; emissions, but its overall climate impact
is not significantly lower than MDO. LBG offers the most significant environmental benefit,
but its future availability is uncertain. LBG has high fuel price uncertainties but low carbon
costs. Combining LNG and LBG could serve as a transitional strategy to tackle climate
change while addressing price and availability concerns.

3. Virtual Sensors and Control (WP2)

CPT WP2 researched control functions that enable implementation of the new combus-
tion and hybrid systems developed in WP3 and WP4. The University of Vaasa had a direct
stake in these functions with respect to the RCCI technology developed in WP3. To this
end, we were setting the base for task T2.5 (RCCI closed-loop combustion development).
Figure 3 explains the link between WP2 and WP3.
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Figure 3. Interlinking the activities of the University of Vaasa in WP2 (task T2.5) with the model-based
development framework for the innovative RCCI concept in WP3. Adapted from CPT presentation
by Mikulski, M. [22].

The RCCI engine is ultra-sensitive, so parts of the modeling framework need to be
able to simulate combustion in real-time to support onboard engine control functions
that ensure robust operation. To this end, a simplified (but still physics-based) model of
the combustion chamber has been developed. The UVATZ-RT (the University of Vaasa
advanced thermo-kinetic, real-time) model is built by direct linearization of the detailed
chemical-kinetic solution of the UVATZ-MZ (multizone) model in WP3 and matches it in
accuracy but only in a narrow range around the reference operating point (see Figure 4a).
According to Figure 4a, the error in predicting CA50 (crank angle of 50% mass burnt),
does not exceed +0.5 CAD (crank angle degree). This enables prediction of next-cycle
combustion performance during fast transients, with reproduction of full engine in-cylinder
pressure within less than 0.3 ms of computational time [23]. For the target mid-speed engine
operating at 1000 rpm, this is an order of magnitude faster than the phenomenological
timescale of the combustion cycle and enables the UVATZ-RT to act as an observer for a
forward-looking controller.

This innovative model-predictive controller (MPC) with adaptive functions has been
successfully developed for the RCCI engine by the University of Vaasa and is tested in
a model-in-the-loop (MIL) simulation with the RCCI engine. The performance of the
new MPC has been evaluated initially with the UVATZ-COM (control-oriented model)
as an engine representative, explicitly designed for this purpose, together with Aalto
University [24,25]. Figures 4 and 5 illustrates the governing results of the MPC MIL test,
along with the test structure (Figure 6).

The MPC aims to simultaneously control the combustion onset (CA50) and Indicated
Mean Effective Pressure (measure of the engine load) with the adjustment of the total
fuel value and the energy-based ratio of liquid and gaseous fuels. Note that, even in the
most challenging, from the perspective of control authority, high-load operating point, the
MPC is able to keep the CA50 within the target of 1 CA from the set value, even when
considering realistic disturbances in trapped mass/temperature exhibited in RCCI mode.
The whole control action, from calculating the heat release rate at the end of the combustion
cycle to estimating the new fuel injection parameters for the next-cycle, takes less than 8 ms
(48 CA). Considering the gas-exchange process duration (roughly 360 CA) as the limit, the
MPC is feasible for next-cycle control.
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Figure 6. Structure of the MPC-RCCI closed-loop controller in the MIL test [23].

Final validation of the new MPC-RCCI controller involved benchmarking against
conventional closed-loop combustion control realized with PIDs (proportional integral
derivative controllers). The latter was already coded, embedded, and tested during the
RCCI engine commissioning tests of task T3.3. The benchmark results (pending publication)
show that our new MPC controller clearly outperforms the PID in terms of stability during
rapid transients, preventing overshoot, which might otherwise lead to extreme pressure
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rise rates in the combustor, and the resulting engine damage [26]. MPC is considered
an enabling solution for applicable RCCI and will be developed further towards robust
onboard implementation. Its enabling elements, like the already-mentioned UVATZ-RT
model, are cutting-edge and significantly outperform the current state-of-the-art.

However, these merits still have to be tested in the real-world environment. The HIL
test of the MPC was planned in the CPT project but did not succeed as the test platform
to carry the experiment (refer to Section 4.2—VEBIC 4L.20-RCCI) was commissioned late,
enabling basic RCCI runs, with the standard PID combustion controller embedded on
a rapid prototyping machine. Considering that the computationally heavy part—the
heat release rate estimation—is shared by both approaches, MPC should be realizable in
next-generation marine engines.

Aside from the main results enabling RCCI control, the University of Vaasa contributed
to development of virtual in-cylinder pressure and emission sensors that are crucial for
enhanced engine-condition-based monitoring. While the main effort in task T2.6 was car-
ried out by our partners at Aalto University, we have contributed to the excellent works by
Nguyen et al. [27,28] by enabling experimental measurements from our laboratories (4L20
platform—See Section 4.2), designing the targets for the virtual sensors and contributing to
the interpretation of the results.

4. Novel Combustion and Advanced Aftertreatment (WP3)

Combustion engines will remain the prime mover for marine and off-road applica-
tions because they satisfy exceptional energy density requirements. WP3 responds to
the pressing need to develop market-feasible solutions to mitigate the climate impact of
combustion-based powertrains. The objective is to create a portfolio of high-TRL (5-6)
engine-aftertreatment systems that allow for at least a 30% GHG reduction with ultra-low
NOx and particulate matter (PM) emissions, on a tank-to-wheel basis. The University
of Vaasa had a crucial role in achieving this objective by developing the innovative low-
temperature RCCI concept. The primary challenge is the immense calibration and control
complexity. The tasks in the middle of Figure 7 form the main framework of our innovative
model-based development methodology that enables RCCI technology to be brought to
life. Here, we commit to developing an accelerated model-based design methodology that
will be used for the first time on such a scale to evolve new combustion and aftertreatment
platforms. This methodology, aside from its direct application to task T3.3’s medium-speed
RCCI marine engine platform, also supports the fast-tracking innovations for high-speed
engines and aftertreatment systems in tasks T3.7 and T3.4, respectively.

4.1. Model-Based Development Framework

The methodological advancements brought by the project’s model-based framework
involve three unique toolchains, referred to as UVATZ models. The development started
with creating and validating the full-fidelity UVATZ-CFD (computational fluid dynamics)
framework which enables accurate reproduction of all in-cylinder phenomena relevant
to RCCI (including the gas exchange process, liquid fuel injection, wall interaction, and
combustion) in a three-dimensional (3D) space constrained by dynamically moving cylinder
components. This gives insight into the combustion process and provides an understanding
of its governing phases, particularly the influence of turbulence on in-cylinder mixing and
the resulting high-reactivity stratification.
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Figure 7. This shows the main tasks of WP3, including responsible project partners. The University
of Vaasa has an enabling role in all WP3 tasks and subobjectives presented in the figure [29].

The Reynolds-averaged Navier-Stokes (RANS) framework, utilizing the Re-Normalization
Group (RNG) k-¢ turbulence model has been implemented in Converge Studio Max.
The SK54 mechanism by Yao et al. [30], consisting of 54 species and 296 reactions, was
chosen for natural Gas—Diesel RCCI combustion and emission simulation. The Extended
Zeldovich mechanism was added to the main mechanism to predict NOx production
during combustion. The CFD simulations were established on a Mahti Supercomputer
with 179,712 cores, courtesy of Computational Centre of Finland (CSC) [31].

The closed-loop CFD simulations with boundary data accurately determined from
the Wartsila 6L20DF engine (Wartsild Finland Oy, Vaasa, Finland) tests showed very good
agreement with experimental RCCI data. This can be seen in Figure 8, both on the level of
detailed pressure traces and heat release.

The model was further used to extend the insight available from the experimental
research, to investigate the different fuel distribution patterns in the target engine. Results
imply that, for RCCI, at the moment of ignition, the high reactivity fuel accumulates near
the cylinder wall, forming a reactivity stratification towards the center of the cylinder. This
can be seen from Figure 9. This outcome was further used as the governing assumption for
establishing the zonal configuration of the fast-running UVATZ-MZ model [32], and, at a
later stage, was used to formulate a semi-predictive fuel stratification submodel for this
toolchain [33].

The above results were further extended to full-cycle simulation, including gas ex-
change through cylinder valves (Figure 8—left below). This allowed for capturing the
influence of in-cylinder swirl and tumble motion more realistically for fuel distribution
effects, showcasing particular importance for improved emission prediction.

More importantly, the full-cycle simulations provided reference data to calibrate the
phenomenological turbulence model in the reduced-order UVATZ-MZ (3.0 version—see
Table 2) created in Task 3.2. Note that the CFD methods exercised here provide further
insight for improving the engine design choices in Task 3.3 (RCCI demonstrator).

The new knowledge and data, summarized in the work by Kakoee et al. [34], were
used to develop a physics-based reduced-order UVATZ-MZ code. This innovative tool
has no commercial competitor. It retains the predictive features of full-fidelity reactive
CFD simulation but with 10,000 times the accelerated runtimes, making it suitable for
large-scale optimization endeavors and system-level simulations. This superior predictiv-
ity /simulation performance is the key for reducing calibration effort for complex RCCI
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engines. The quasi-dimensional, multi-zone approach was driven by a detailed review
study by Vasudev et al. [35] and can be ideologically emphasized by Figure 10.
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Figure 8. UVATZ-CFD modeling framework (on the left below) and its validation results against
Wartsila-6L20DF engine running RCCI combustion at 50% load point (on the right). Adapted from
CPT publication of Kakoee et al. [34] and CPT results archive.

The modeling assumptions, summarized in Table 2, and model-based optimization
studies have been positively verified in two separate RCCI technology demonstration
platforms, based on Wartsild 20 and 31 medium-speed dual-fuel engines (Wartsild Fin-
land Oy, Vaasa, Finland). This was carried out in task T3.3 and connected to parts of the
industry project by Wartsila. The results of this ground-breaking work, merely summa-
rized in the following section (experimental demonstrators), have been published by the
University of Vaasa in eight high-impact journals and technical papers, listed in Table 2,
along with the specifications of the evolving UVATZ-MZ model used as primary devel-
opment tool. Note that the model underwent three evolution steps during the project
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lifetime, gradually adding new functionalities according to the development targets of the
experimental platforms.

S0I78 Soig4 SOI90

0
123 45678910 123 456738910 123 456738910

fe fe fe

Figure 9. (Upper plot)—in-cylinder diesel fuel distribution at CA = —15 for different RCCI injection
timings; direct CFD results; the color-maps denote mass fractions of n-dodecane (diesel surrogate)
from 0.001 (dark blue) to 0.01 (deep read). (Lower plot)—corresponding total fuel mass alongside the
cylinder axis at 10 equal zone intervals. Adapted from CPT publication of Kakoee et al. [34].

Multi-Zone Model (MZM) Computational Fluid Dynamics (CFD)

Time: <30 minutes for single, Time: around 30 hours for
serial simulation (<10% error = single parallel simulation
relative to CFD)

> - «” N -
R Z 2
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Figure 10. Conceptualization of the UVATZ-MZ framework on the left against detailed CFD in
fully-stratified fuel case on the right (only thermal stratification effects shown in color map). Red and
blue arrows, on the left-hand side of the figure, indicate the modeling assumptions for interzonal
heat and mass transfer, respectively. Adapted from CPT publications Vasudev et al. [32,35].

These new models have been tested in the project for compatibility with commercial
engine simulation software [36] for integrated engine-aftertreatment system design and
interfacing to complete engine-aftertreatment [37] and vessel-level simulation [38]. The
whole innovative model-based development framework has been applied to fast-track a
new ultra-clean and ultra-efficient (52% target brake efficiency) marine engine operating in
RCCI mode, discussed in the next sub-section. The related control development activities,
where the UVATZ-MZ functions as the baseline plant model [23,24], were already covered
in Section 3.
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4.2. Marine Hardware Platforms and Validation of the Model-Based Development Framework

The prototype version of the 200 mm-cylinder bore engine platform, involving all the
advanced hardware features for ultra-efficient RCCI, was built for public demonstration
at the University of Vaasa Energy Laboratories (Figure 11). A detailed discussion of its
cutting-edge subsystems is available in the work by Valkjarvi [39].

These enabling technological innovations, like fully variable electro-hydraulic valve
actuation (EHVA), fast thermal management, and a dedicated high-pressure common-rail
pilot injection system and corresponding piston design, are supported with a unique, inte-
grated high-frequency data acquisition and real-time postprocessing system. The whole
entity is controlled via a rapid-prototyping platform, based on Speedgoat® (Speedgoat
GmbH, Liebefeld, Switzerland) target machines using in-house developed control algo-
rithms. Rapid prototyping further enables direct embedding of the project’s innovative
forward-predictive model-based control algorithms developed by the University of Vaasa
in WP2.

Implementation of this advanced platform was impacted by supply chain issues
and the prototype nature of the contributing technologies, resulting in extended commis-
sioning times. Despite these challenges, the engine is now fully built-up and running.
Final calibrations of the fuel systems, EHVA, and combustion controllers on a safe oper-
ating regime have been conducted, with RCCI calibration test results being prepared for
separate dissemination.

Table 2. Evolution versions UVATZ-MZ chemical-kinetic-based multizone model developed in T3.2
and validated in T3.3.

UVATZ-MZ 1.0 UVATZ-MZ 2.0/GT-UVATZ UVATZ-MZ 3.0
UVATZ 1.0 UVATZ 2.0
. . C++ 11 source code .
Simulation . ) +GT-Power user code +GT-Power combustion
Platform Cantera 2.5 0D libraries +modified Cantera flow object
Robust solver CVODES ¢ )

objects

+modified Cantera reactors

Thermal and

13 onion zones
Diffusion-based interzonal heat

12 zones (10 cylindrical + 2
disk-shaped)

12 zones (10 cylindrical + 2
disk-shaped)

fgel . and mass transfer . +Spatial-dependent heat and +CFD-calibrated fuel
stratification Homogeneous conductivity .
ot mass transfer distribution model
Imposed fuel distribution
+Improved turbulence:
Submodels Wall heat loss: Chang et al. [40] +Improved turbulence: energy cascade
Kinetics mech.: Yao et al. [30] Yang and Martin +Improved mechanism:
Yao et al. + NOx
Simulation time < 4 min +Integration with GT-power +Emission calibration
Advantages

over earlier

Numerical stability
Simple and fast

gas exchange model
+Full-cycle analysis

+Multi-cylinder simulation
+Integration with optimizer

Zonal resolution: global
Fuel distribution: 2x local

Zonal resolution: global

Zonal resolution: global
Wall temperatures: global

Tuning Initial temperature adjustment: Turbule?nce. intensity: global Fuel distribution: global
parameters Fuel distribution: 2x local .
local Initial temperature: local Turbulence: global
Zonal mixing intensity: local p ' Manifold temp.: global
Wartsila 31SCRE .
Validated on (single-cylinder research (W@éﬁﬁiliiggl{%;sa Wartsila 6L.20/RCCI (Wartsild
engine)/RCCI (Wirtsila Finland) ¥ " Finland Oy, Vaasa, Finland)

Finland Oy, Vaasa, Finland)
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Table 2. Cont.
UVATZ-MZ 1.0 UVATZ-MZ 2.0/GT-UVATZ UVATZ-MZ 3.0
rmary Vasudev et al. (2022) [35] Kakoee et al. (2023) [36] Vasudev, et al. (2024) [33]
Applied in Modabberian et al. (2023) [24] Kakoee et al. (2024) [37] Vasudev, et al. (2025) [41]

Storm et al. (2023) [23] Modabberian et al. (2024) [25]

Integrated
measurements

and
postprocessing

Clean Propulsion

W Technologies

Figure 11. Medium-speed W20 RCCl-cycle engine at VEBIC laboratories (public RCCI engine
demonstration developed in task T3.3). Figure shows major modifications to the engine including
new cylinder head with electro-hydraulic valve actuation system (EHVA) and Speedgoat Controller.
CPT project archive.

The results from VEBIC W20-RCCI, which was built explicitly with RCCI in mind,
will verify the limits of this combustion technology without the constraints imposed by
stock hardware. The EHVA system in particular is expected to provide superior control
capabilities. In fact, the first tests running the RCCI mode on Wirtsild 20DF/31DF (Wartsild
Finland Oy, Vaasa, Finland) platforms, with conventional valvetrains and without dedicated
hardware changes, have already confirmed our model predictions regarding superior
efficiency and ultra-low emission targets. More importantly, a pilot version of a Wartsilad
31DF engine (Wartsild Finland Oy, Vaasa, Finland) with RCCI technology has already
been moved to sea trials on board M/V Aurora Botnia, operated by Wasaline. Figure 12
summarizes results for both. A detailed discussion is available in Vasudev et al. [33] and
Lehtoranta et al. [42], respectively.

The sample results presented in Figure 12 prove that WP3’s governing objectives for
RCCI technology (objectives 1 and 2 in Figure 7) have been met. This is also true for the
technology’s contribution towards WP3’s main objective of significant cuts in GHG, NOx,
and PM. The main takeaway is that RCCI has proven to reduce NOx emissions by an
order of magnitude and cut methane slip by at least 50% compared with conventional dual-
fuel technology. Note that the achieved engine-out NOx emission levels are close to the
measurement accuracy limits, and far below the most restrictive Euro 6 limits currently in
place for the automotive sector. RCCI further comes with inherited benefits of lower CO and
COy emissions, which together with previously mentioned indicators (particularly CHy)
put the GHG output close to the ambitious 30% reduction target versus conventional dual-
fuel technology. Note that the production version of the Wartsild 31DF engine (Waértsild
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Finland Oy, Vaasa, Finland), benchmarked here as “conventional”, is already the best
in class when it comes to methane slip and, thus, its GHG footprint. RCClI is clearly a
breakthrough in methane emission reduction while providing unprecedently low NOx
emissions. The explicit efficiency levels are confidential, but performance in RCCI mode, in
the discussed emission calibration, was not worsened compared to the conventional DF
mode. At this point, it is necessary to mention that RCCI combustion is very sensitive to
boundary conditions, which makes it potentially vulnerable to ambient condition variations.
While the robustness of the obtained emission calibration in different operating conditions
is still to be verified, one should note that advanced engine/combustion control functions
developed in WP2 are of critical importance in that respect and will be further developed.
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Figure 12. Benchmark of RCCI technology: Wartsila 6L20DF-RCCI (Wirtsild Finland Oy, Vaasa,
Finland) experiments compared with UVATZ-MZ 3.0 model predictions. Plot (a) is in-cylinder
pressure; plot (b) is emissions. Plot (¢) compares emissions from Wartsild 8V31DF (Wartsila Fin-
land Oy, Vaasa, Finland) on board M/V Aurora Botnia, piloting RCCI technology (main engine 3,
ME3) with a conventional dual-fuel combustion (main engine 2, ME2). Plots adapted from CPT
publications [33,42].

Regarding the validity of the UVATZ toolchain, Figure 12a,b presents normalized
results of comparing the simulations with the Wartsila 6L20DF (Wartsilda Finland Oy,
Vaasa, Finland) experiments as reference. The final development version of UVATZ (3.0 in
Table 2) meets the set accuracy targets of 4% in all performance parameters. The emission
predictions in terms of both NOx and CHj, are within a 25% tolerance level. Considering
the ultra-low level of emissions, the differences are within the measurement accuracy limits.
The UVATZ toolchain with its minute-order simulation times sets a new standard for fully
predictive, calibration-oriented simulations of RCCI combustion in large-bore engines.

4.3. Model-Based Development Applied on Off-Road Platforms

A similar model-based methodology, as described above for RCCI, has been pro-
posed by the University of Vaasa to prototype innovative technologies for off-road engines,
relevant to tasks T3.7 and T3.4. In the work by Kim et al. [11], variable valve actuation
(VVA) was foreseen as an enabler for meeting future emission legislation targets. Partic-
ular attention was paid towards investigating VVA as a thermal management solution,
supporting the activity of exhaust aftertreatment at low engine loads. More explicitly, the
work considered VVA strategies to elevate exhaust gas temperature (EGT) with a minimum
penalty on brake-specific fuel consumption (BSFC) and engine-out emissions. Figure 13
summarizes the results.
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The results, for the first time, impartially confirm that cylinder deactivation (CDA)
and intake phase modulation are the two most effective VVA strategies to consider for
thermal management in state-of-the-art, off-road powertrains. CDA and intake modulation
demonstrated EGT increments exceeding +250 °C and +150 °C, respectively, with minor fuel
penalties not exceeding 3.5%. Simultaneous fuel savings were recorded at most operating
points. Intake modulation elevated EGT by restricting air mass flow (low heat capacity
effect) while CDA enhanced EGT by higher release owing to increased engine load in the
activated cylinders. CDA was further selected for experimental testing on AGCO Power’s
next-generation CORE 50 diesel engine platform. The tests performed at the VIT Technical
Research Centre of Finland confirmed the University of Vaasa’s simulation predictions. The
results have societal significance and reinforce the assertion that achieving the drastically
tightened emission limits foreseen by the US Environmental Protection Agency’s (EPA)
Tier V legislation is within reach of non-road mobile machinery manufacturers.
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Figure 13. (a) AGCO CORE 50 engine used as a baseline for the VVA study; (b) exemplary realization
of VVA considered in the simulations; (c) results of different VVA strategies in terms of the EGT
increment and BSFC tradeoff; (d) CDA simulation predictions experimentally verified on the AGCO
CORE 50 platform in different modes of operation. Figures adapted from CPT publication by Kim
etal. [11].

The University of Vaasa has summarized the experiences with VVA in both marine
and off-road engine platforms in an impactful review paper. This CPT work by Kim
et al. [7] translates these experiences into a common vision of how the development of new
valvetrain systems will open further emission/efficiency improvement trajectories in both
the marine and off-road sectors. Co-development between the sectors is also essential from
the perspective of accommodating new zero-carbon fuels.
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4.4. Progress in Exhaust Gas Aftertreatment Technology

The above activities, towards conformity with upcoming EPA Tier V NRMM emission
legislation on the engine thermal management side, were complemented with a novel
aftertreatment configuration, namely a double SCR with a particulate filter. The University
of Vaasa contributed to developing innovative regeneration strategies with an exhaust
aftertreatment system, including a close-coupled vanadium-based SCR catalyst, an ASC, a
DOC, and a DPE. A dedicated test stand was created at our VEBIC laboratories, including
cutting-edge fast emission measurement techniques, unavailable in previous studies [43,44].

In this research environment, the CPT project also investigated late post-injection
of diesel fuel as a strategy to increase exhaust gas temperature and how this affects the
performance of a closed-coupled vanadium-based SCR with an ASC. The findings showed
that this strategy functioned appropriately in the closed-coupled SCR plus ASC and DOC
when the initial exhaust inlet temperature of the SCR catalyst was sufficiently high (>320
°C). Late diesel injection (LDI) did not affect the SCR catalyst’s NOx conversion efficiency
at the highest exhaust temperatures (Figure 14). The most notable increase in exhaust gas
temperature was observed in SCR plus ASC condition, probably due to the oxidation of
LDI-derived HC [43,44].

Before LDI

After LDI

After running 40 min at 450 °C

Cc

67 71
62

41

NH;-to-NOx ratio 0.95

45
37

320°C

37
27

30

76 75 75

350°C
NH;-to-NOx ratio 0.95

36

29 5

14 14 16

73 72 72

400°C
NH;-to-NOx ratio 0.8

24 23 24

g 9 10

NOX conversion
%

NH,
ppm

N0
ppm

NOx conversion
o

NH, N,0
ppm ppm

NOx conversion
%

NH, N0
ppm ppm

Figure 14. The vanadium-based SCR and ammonia slip catalyst performance in terms of NOx
conversion, NHj slip, and N,O formation at exhaust gas temperatures of (a) 320, (b) 350, and
(c) 400 °C in an off-road diesel engine before and after LDI and after 40 min operation at 450 °C at an
engine speed of 2100 rpm. Figure adapted from CPT publication by Ovaska et al. [43].

Achieving lower emissions often requires balancing efficiency and affordability, adding
to the complexity of emission reduction efforts [45]. Several manufacturers use the in-
cylinder late post-injection of diesel fuel as astrategy for exhaust gas thermal management.
The main reason for that is cost-effectiveness [46]. In general, for example, Zhang et al. [47]
reported that the unit denitration costs of an SCR system adapted for marine applications
are significantly affected by the engine power and annual operating hours.

According to Tushar et al. [45], material selection for catalytic converters plays a
critical role in emission control, as various catalyst supports and coatings impact emissions
differently, each with its own trade-offs in performance and cost. Some catalysts typically
contain precious metals as storage sites while the transition metals are especially effective
in low-temperature SCR systems [45,48].

Fan et al. [49] assessed the cost-effectiveness of retrofitting construction equipment
for reducing diesel emissions. Retrofitting aftertreatment catalysts into an existing fleet
imposes additional costs on users. These costs can be quantified in terms of emissions
reduced per unit of expenses [49]. Unit costs may include direct material expenses, as
well as fixed costs associated with research and development, tooling, certification, and
other manufacturing expenditures [50-52]. Furthermore, Ruehl et al. [53] emphasized the
importance of considering purchase costs, changes in maintenance expenses, fuel penalties,
and other relevant expenses.
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The different thermal management methods of exhaust aftertreatment systems should
be considered, such as, for example, installing dual-SCR systems on new machines may
result in similar costs for users as retrofitting. Several thermal management techniques
utilize external energy supply units and significant fuel losses can occur, increasing fuel
costs [54,55]. Therefore, future studies should not only consider the performance of the
dual-SCR system—especially its efficient NOx conversion—but also its actual operating
costs and maintenance requirements.

5. Full-Scale Hybrid Technology Demo (WP5)

WP5 formed the final stage of the whole CPT project. As shown in Figure 15, it
brings together the new solutions engineered in the other work packages. Its purpose
is to demonstrate the functionality of the new RCCI combustion mode, combined with
virtual sensors and energy management systems, in hybrid operation and in a propulsion
system with multiple power sources. The VEBIC engine laboratory at the University of
Vaasa was the main center for the demonstrations, together with field tests performed by
Tampere University.

Connection to other projects and WPs

Company
projects

MEYERTURKU
wp2 i
WP3 WP4 )
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Multiple power
T5.1 sources and T5.3 = T5.4 -\l/-,gllg
Hybrldlz_at[on management Experimental Result analyses, demonstration
of engine system measurements recommendations

laboratory of models

Figure 15. The main tasks of WP5, including responsible project partners: The University of Vaasa
has the main direct contribution in task T5.1 and coordinates the project partners’ activities in all
other tasks [56].

In task T5.1 (hybridization of engine laboratory), the University of Vaasa aimed to
extend its medium-speed Wirtsild 4120 engine (Waértsila Finland Oy, Vaasa, Finland) and
generator towards a full battery electric set-up, mimicking the hybrid propulsions system
in state-of-the-art ships. The target was to create and engineer a comprehensive energy
generation system combining all developed new technologies from company projects and
other public work packages in the CPT project. To this end, the first pre-design involving
all stakeholders concluded with a desired hybrid system configuration and energy-flow
concept, where battery storage provides power take-in and take-off functions to optimize
combustion engine operation by means of peak-shaving.
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Goals were set in the detail planning phase to create a full-scale digitalized framework
for subsequent studies. The digital twin of the planned entity has been created and
validated with the experimental data with respect to diesel-electric drive operation [57].
Figure 16 illustrates the structure of the governing electrical component submodels, created
by the University of Vaasa in task T5.1.
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Figure 16. The structure of the main electrical components of the hybrid system model designed in
task T5.1. Upper: the squirrel cage induction generator (SCIG) model, together with the frequency
converter and its control on the generator side and grid side; lower: BESS, divided into the battery
model and battery management system (BMS) model [57].

The standard induction machine voltage equations describe the motor/generator
model within the arbitrary direct-quadrature reference frame, as found in the Simulink
2017a Simscape SPS library. The model’s accuracy heavily relies on the generator’s pa-
rameters, particularly its inductances and resistances, which were directly obtained from
manufacturer measurements (ABB Motors & Generators). A back-to-back frequency con-
verter controls the direct current (DC) bus voltage and the reactive power fed into the ship’s
grid and thus enables the engine to operate at variable speeds. A battery energy storage
system (BESS) submodel is also included to enable peak-shaving capability. The Simscape
SPS toolbox offers a Li-ion battery model which is suitable for being the core of the BESS. It
has an equivalent circuit representation to determine battery current, voltage, and state of
charge. A previously mentioned bidirectional DC-DC converter connects the BESS to the
frequency converter DC-link.

A detailed one-dimensional (1D) engine model of the VEBIC 4120 engine, created
in WP3, was reduced to a real-time capable fast-running model (FRM) and compiled to
a Simulink S-function object. This was executable in co-simulation with the electrical
models to represent the whole hybrid system infrastructure. The engine model reduction
entailed lumping together the air-path components to single governing volumes (from
over 256 sub-volumes to 72), simplifying the input/output structure and optimizing the
solver to achieve simulation time in the order of milliseconds per cycle. The combined
hybrid model, verified for stability, was validated with a dedicated experimental campaign
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performed in the University of Vaasa’s VEBIC laboratories as part of task T5.3. Figure 17
depicts the measurement setup, involving over 100 co-acquired signals from the engine
and electrical hybrid system.
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Figure 17. (Left): the physical structure of the VEBIC system setup for emulating hybrid diesel-
electric drive in CPT task T5.1, including relevant measurement equipment and communication
interfaces. (Right): the sample validation results of the hybrid system digital twin build to replicate
the physical system (simulations with inactive BESS). Figures adapted from CPT publication by
Soderdng et al. [57].

This verified modeling approach is noteworthy in that it achieves superior fidelity,
accuracy, and system dynamics with simulation speeds close to real time. The approach,
fully discussed in a CPT paper by Soderang et al. [57], is currently widely cited worldwide
as a cutting-edge example of ship power system digital twins.

The validated model was further used for battery-sizing studies, which feed the
final design assumptions for the installation of the actual BESS system, performed by
the University of Vaasa in task T5.4. Based on the results of these simulations, detailed
technical plans for the location and connection of the battery pack in VEBIC have been
created. The designed solution allows the battery pack to be loaded and discharged freely,
independently of the state of the engine in test cell 1. This option enables battery and diesel
power plant emulation and energy management studies, various grid code type tests, as
well as operating as a virtual power plant. If desired, the battery pack also could be used
to manage the property’s own energy consumption by equalizing or supplying energy,
accordingly to the time of the lowest market electricity price.

The purchase of the battery system was not in the scope of WP5 as CPT planned
to acquire it in-kind from one of the consortium partners. This has not happened, as
the envisaged solution’s technology readiness level is not yet sufficient for a scaled-up
pilot. Instead, the University of Vaasa, as its own investment, has opted to purchase the
model-designed battery pack with a suitable battery management system from a third-
party commercial provider. The procurement process has been hindered by the inability of
several contesting suppliers to meet the design parameters: the final choice is the system
by Leclanché, presented in Figure 18.
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Figure 18. Basic technical data of the BESS system designed for the VEBIC lab, with sample results of
co-simulation with the hybrid system depicted in Figures 10 and 11. The results show the battery’s
state of charge and active power demand from the engine during a fast load transient in typical
ship operation. Figures adapted from the CPT publication by Soderédng et al. [57] and from internal
material from the planning phase of the University of Vaasa in task T5.1.

To conclude, CPT’s task T5.1 has delivered a hybrid solution for the laboratory demon-
stration within the originally assumed scope. The corresponding experimental demon-
stration for ship hybrid technology, foreseen in task T5.3, has been conducted on the
hardware-in-the-loop (HIL) basis with diesel-electric operation running as a physical
system, supported by real-time operation of the digital twin battery pack. Initial results
confirm up to 10% fuel reduction in artificially generated ship operation scenarios. The
use of HIL simulation allowed us to provide recommendations for the final BESS system
design (in task T5.4) without reliance on expensive, first-stage prototyping, thus reducing
project costs. The completion of the system, with installation of the BESS, will be concluded
in 2025.

Task T5.2, carried out by Tampere University in collaboration with the University of
Vaasa, was developing the corresponding hybrid system for non-road mobile machinery. A
similar model-based development methodology was used to optimize the diesel-electric—
hydraulic topology for the sWille wheel loader. Both tasks/institutions cross-fertilized the
submodels and inspired the model identification and validation approach. The baseline
for benchmarking sWille was derived from data gathered from a diesel platform in field
tests. The simulated result for sWille with an optimized hybrid system showed a 30% re-
duction in fuel consumption, comfortably meeting CPT objectives set for the hybrid system
development [58]. Tampere University continued to build the experimental demonstration
which reached the laboratory test level, enabling partial confirmation of the simulated
results in tasks T5.3 and T5.4.

Lessons learned from model-based optimization endeavors in tasks T5.1 and T5.2
further allowed Abo Akademi University, together with Meyer Turku, to demonstrate the
functionality of multi-engine/multi-energy consumer models. The models showed the
ability to reproduce actual operation in a cruise ship. In this task, the University of Vaasa
supervised a master-level thesis, “Utilization of batteries in the momentary load variations
of a cruise ship” by Mohamed Omar Hamdy Hussein [59].

The different demonstrations conducted in this CPT work package have together
created a full-scale digitalized reference framework for subsequent studies. Full-scale
experimental platforms, like the VEBIC engine laboratory, have been transformed into
system-level entities, providing cutting-edge capability in advanced combustion develop-
ment towards integrated control with other components in vehicle/vessel hybrid systems.
All the work described above was closely related to the industrial projects and developed
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new forms of multi-partner collaboration, previously restricted to combustion engine
OEMs, like Wartsild (Wartsild Finland Oy, Vaasa, Finland) and AGCO Power (Agco Power
Oy, Linnavuori, Nokia, Finland). The multi-actor hybrid power systems for the marine
and off-road sectors are ultimately the main promoters of fuel flexibility with high total
efficiency and reduced greenhouse gas, particulate, and NOx emissions.

6. Project Management and Common Dissemination (WP0)

The key factor in CPT’s success was efficient management of multi-partner tasks to
achieve interlinked milestones. It is, therefore, relevant for this research report to examine
the key management deliverables that contributed to the achievement of the project’s
objectives and ensured their impact within and beyond the scientific scene.

In October 2023, the University of Vaasa collected feedback from the project consortium
to evaluate the performance of this WP. There were 26 responses to the online survey.
“Consortium feedback” in this chapter refers to the results of this survey.

6.1. Key Achievements in Scientific Project Management

One of the main achievements of WP0 was the successful implementation of the
project management structure, as shown in Figure 19. The project’s Steering Group (5G)
was responsible for high-level monitoring of the project and for making key decisions at
the consortium level. This crucial role ensured that the project was conducted to a high
standard, on time, in accordance with the project application, and to the satisfaction of
Business Finland. The Project Committee (PC), which met monthly, focused on the project’s
scientific content and enabled continuous interaction between the work packages, research
organizations, and companies. All parties were kept up to date with the research activities
and were able to work towards a common goal. WP leaders and project owners also coor-
dinated the progress of each WP, which had a common monthly reporting framework. The
efficient reporting framework—common to all WPs—focused on the status of milestones,
resources, and support requests from other partners. Research results in individual tasks
were highlighted to support the previously mentioned governing claims, allowing WP
leaders to efficiently incorporate corrections to keep the project on schedule. Detailed
discussions took place in bi-weekly task-level meetings involving only key contributors.

Project committee

Wiartsild Dinex WP1 Leader
Lauri Pessinen Teuvo Maunula Magnusz\l;\fl[strom
Project AGCO Power Proventia WP2 Leader
steering Project Leader Pekka Nousiainen Arno Amberla Kai Zenger |
group ) . Aalto
Maciej Mikulski
CHATRWEN: UVA r—

Christer Wik Meyer Turku vTT -S-eadel |
Wartsila Vesa Lepistd Kati Lehtoranta Mac'ebwkUISk' Task Leaders
(Year 1) Project Manager

Ismo Hamalainen Merija Kangasjarvi
AGCO Power L UVAE I Tepe LT WP4 Leader KN
(Year 2) Kimmo Laaksonen Pasi Peltoniemi Petteri Multanen
WPO Leader WP5 Leader
Merja Kangasjarvi Teemu Ovaska ———
UVA UVA

Figure 19. The management structure of Clean Propulsion Technologies, including the key responsi-
ble persons.

WPO0 also coordinated the work of the Advisory Board, which provided expertise
and qualitative guidance to the consortium, thereby enhancing the scientific rigor of
the research.
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Trust is one of the key success factors in research projects where many partners need
to cross-utilize and share data. These data are often of a sensitive nature for the industrial
partners but relevant for the academic partners to ensure reproductivity of the research
in scientific reports. The projects succeeded in finding a mutually beneficial solution for
data sharing. These rules for data storage and use (both within the project and for post-
project intellectual property rights) were carefully defined in the consortium agreement
prepared by WP0. The data management plan was well implemented and supported
a carefully structured, access-governed common data storage system (in the Microsoft
Teams® (25031.805.3440.5290) platform).

A separate consortium-wide publication review process ensured that scientific impact
could be achieved efficiently, while ensuring that confidential information was not leaked
(Table 3). This multi-layered process may serve as an inspiration for future academic—
industry collaborations. Despite the large number of publications in CPT containing
sensitive industry data, there has not been a single confidentiality conflict, demonstrating
the effectiveness of these procedures.

Table 3. The CPT publication process ensured that scientific impact can be achieved efficiently, while
ensuring that confidential information is not disclosed.

> Internal task-review (conceptualizes each paper in individual groups)

> Bilateral task-review (approves the final draft):

Opens each paper to direct collaborators at an early stage of manuscript preparation;

Gives the opportunity for the collaborator to contribute and agree on content that would not jeopardize the
confidentiality agreement;

Decides the publishable contents of the paper;

Manages co-authorship.

>  WP-level review (gives agreement to submit):

Distributes the draft to all WP-level meeting participants by email with a 14-day commenting period;

If no objections are raised within these 14 days, the content is considered approved to be submitted by the
WP-level meeting participants in the present form;

Gives agreement to submit that ultimately means authors have the right to handle the review; review is
further approved on a bilateral level only if required.

> Informing the PC and SG members:

PC and SG members are informed about the submission;
Provides the final safeguard that no potential confidentiality issues are jeopardized;

In case of critical conflict of interests, the PC members can protest the WP-level decision and ask to withdraw
the submission within 14 days after receiving the notification.

The established trust was an enabler for the project success on the technological
level. According to Table A2 (Appendix B), on the University of Vaasa side, only 2 out
of 29 originally assumed milestones were not realized to their full scope, marking the
project success rate at 93%. On the consortium level, the corresponding project completion
ratio was 94% (64/68 milestones realized). The milestones that did not succeed were
primarily related to the delay in experimental platform buildup on the side of public
research institutes. The reason for this was primarily related to supply chain issues. These



Energies 2025, 18, 1240

24 of 34

were first impacted in 2020 by the COVID outbreak, and later in 2022, these issues were
magnified by the conflict in Ukraine, resulting either in extremely elongated delivery
times of major components or, in extreme cases, in suppliers being unable to deliver the
system at all (battery pack for VEBIC demonstrator—milestone 5.3, Appendix B, Table A2).
Thanks to rigorous risk monitoring measures, the impact of these delays was mitigated,
avoiding cascade effect on other milestones. For instance, model-based RCCI development,
in milestones M.3.2.1-5, was not disturbed by late development of the VEBIC4L20 RCCI
engine based on the Wartsild 4L.20 engine (Wirtsild Finland Oy, Vaasa, Finland). Note that
milestone M.3.3.1-4 were delayed roughly 1 year due to the above-mentioned supply-chain
issues. This was achieved by moving several phases of the interlinked experimental tests
to Wartsila which had the capability to proceed with the testing on their flexible single-
cylinder research engines. These setbacks, at the end, opened new opportunities. As a
result, the UVATZ toolchain was validated on several different engine platforms, instead of
one as was originally planned, establishing trust to the methodology which is now being
implemented in the follow-up industry and co-innovation projects.

Reinforcing the strategic alignment between the Finish industry leaders in marine
propulsion and off-road powertrains, represented by backbone companies Wirtsild and
AGCO Power, respectively, was one of the project management objectives. Taking into
account the novelty of the collaboration model, this was established in the project plan
early on, building a joint development roadmap in WP1 and providing access to each
other ’s research in the other WPs. Deeper collaboration opportunities were to be identified
within the project, with a particular role of the project and WP leaders in fostering this. The
objective of bringing two powertrain sectors together was realized. Already in the project
implementation, we identified that workflow on enabling applications of VVA can be largely
unified, resulting in a joint vision/white paper by Kim et al. [7]. The other concrete joint
research trajectories transferred into action points included the following: (i) investigating
oil and thermal inducted pre-ignition (particularly in Hydrogen combustion), (ii) methanol
spray formation and evaporation in port fuel injection systems, (iii) life cycle analysis of
different fuel/powertrain options, and (iv) joint work on SCR deposit formation control.
These action points have been implemented in the scope of the new project (Flex-CPT). For
more information, the reader is referred to the Outlook Section.

6.2. Project Dissemination

Transparent and effective communication is another key success factor for large con-
sortium projects. CPT addressed this issue in the planning phase with a dissemination
plan based on three levels: (i) short-term dissemination of results (during project im-
plementation); (ii) medium- to long-term utilization of results by consortium members;
(iii) dissemination of results outside the consortium.

Short-term communication was primarily managed within the project management
structure described above. It took the form of regular meetings at different management
levels, associated documentation of progress in designated progress reports, and supporting
e-mail/telephone notifications. Feedback from the consortium indicates that information
provided by the project managers was rated very highly (quantity 4.2/5; quality 4/5). The
amount of information received was rated as ‘good’ by 92% of respondents.

One of the most valued communication activities in this layer was the organization of
four two-day project events: (a) 2.-3.11.2021 in Vaasa and via Zoom (approx. 80 partici-
pants); (b) 17.-18.5.2022 in Espoo and via Zoom (approx. 80 participants); (c) 8.-9.3.2023 in
Tampere (approx. 60 participants); and (d) 22.-23.11.2023 in Vaasa and via Zoom (approx.
130 participants).



Energies 2025, 18, 1240

25 of 34

Each event brought together more than 60 researchers and engineers directly involved
in the project. The events were similar in format to scientific conferences. They allowed
a broad overview of the project background (keynote speeches); sharing of detailed re-
search results (technical sessions and plenary sessions); planning of upcoming project
activities (dedicated workshops); benchmarking of our progress against international com-
petition (panel discussions and keynote speeches); and fostering collaboration/networking
(socializing events). The final project event was partly open to people outside the CPT
consortium. A detailed conference summary was produced for each event and distributed
to all consortium members. The conference summaries, archived in the project repository,
include extended abstracts for 62 detailed project presentations. Feedback from consortium
members yielded an average score of 4.5/5 for the event arrangements.

In terms of long-term dissemination of results, WPO facilitated the generation of a
follow-up project that would utilize the results of CPT. This Flex-CPT project proposal,
which was submitted to Business Finland in November 2023, will invest a further EUR
18 M to support the consortium in advancing the common technological roadmap. The
increased trust between the ecosystem partners has already led to far-reaching strategic
partnerships, which will further increase our ability to achieve exceptional results.

CPT has placed great emphasis on achieving international impact through broad
external dissemination. High-impact, peer-reviewed scientific dissemination was the focus.
In addition to the 32 scientific papers led or contributed to by the University of Vaasa and
cited in this report, the entire CPT consortium has published more than 50 other research
articles in its three-year duration. The results are still being processed, and the reader is
referred to the project website [60] for the continuously updated list of CPT’s scientific
publications and articles aimed at the general public.

CPT received excellent media coverage. High-profile national and international tech-
nology magazines such as Tekniikan Maailma [61,62], Tekniikka & Talous [63], and the
Motorship [64] published articles on the project. In addition, the Wasa Innovation Centre’s
Science YouTube channel [65] made a video about the future of internal combustion engines
by interviewing the Project Leader. The project was also promoted at high-level interna-
tional events by the Project Leader, our advisory board members, or individual researchers.
Examples of conference presentations are listed in Appendix A, Table Al. High-quality dis-
semination materials such as a logo, visual identity, templates, etc., helped all consortium
partners to communicate the project in a professional, consistent, and recognizable way.

The CPT website [60], which is still maintained, was one of WP0’s main deliverables
and the principal channel for promoting the project beyond the consortium. It has had
approximately 4400 unique visitors over the life of the project.

Around 60 news articles/posts were published on the website, LinkedIn, and X
(Twitter). CPT gained 470 followers on LinkedIn [66] and 27 on X [67], indicating that
dissemination via X was unsuccessful, but LinkedIn was a very good channel for continuous
updates on the project activities. Feedback from the consortium shows dissemination
through the project website and LinkedIn was rated ‘good’ or ‘very good’ by over 75% of
the respondents.

7. Summary and Outlook on Other Project Tasks

The project has spanned 21 impactful solutions and innovations, including accelerated
model-based design methodologies and progress in combustion and aftertreatment control
and hybrid energy management. These innovations have been encapsulated into four
ground-breaking demonstrations. These are currently on the bridge of market implemen-
tation. The RCCI technology, broadly described in this report, has by now demonstrated
robustness in over 2000 h of sea trials. The technology is currently being advertised by
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Wiartsild as Next-DF and is destined to be market-available on cutting-edge Waértsila 31
and 25 platforms [68]. A next-generation lean-burn hydrogen engine, accommodating
CPT technologies, was developed by AGCO Power. The platform is established on a new
fuel-flexible engine family, AGCO Power “CORE”, awarded a 2023 Engine of the Year merit.
The CORES50 e-Hydrogen platform was first unveiled at the 2023 Agritechnica global trade
fair [69]. The close-coupled SCR on filter aftertreatment developed by CPT companies is
regarded as feasible for meeting the upcoming EPA Tier V emission legislation [70]. Finally,
the diesel—electro-hydraulic hybrid platform sWille, developed in CPT WP4, is ready to
conduct its first field tests.

These demonstrations are the culmination of the efforts of over 100 researchers and
engineers working on the project’s 68 closely interconnected milestones. According to the
milestone realization, the project completion rate was 94% with respect to the original plan.

CPT has much more than a technological impact alone. We have exceeded the scientific
state-of-the-art in several respects, not least in the huge number of published papers
mentioned above. CPT has initiated a successful societal campaign to provide an unbiased,
research-based understanding of powertrain development in the marine and off-road
sectors. The deliverables of this campaign are a set of 30 news articles positioning the
importance of combustion-based propulsion for sustainability. The result of increased
societal awareness is already visible in Finland, and our consortium’s “voice of reason” has
been picked up internationally.

As the project ends, its long-term ambitions enshrined in the common roadmap
continue. The project has created over 50 new positions in academia and industry related to
this co-research. It is responsible for at least 10 new doctorates and a few new professorships,
either promoted internally or recruited from abroad. The common roadmap has already
spanned four new research projects that directly pick up on deliverables of CPT.

CPT has initiated several strategic infrastructure investments in new powertrain
research facilities in Finland. The same core consortium continues research in the ongoing
Flexible Clean Propulsion Technologies (Flex-CPT) project (2024-2027) funded by Business
Finland. With a budget of EUR 18 million, it aims to demonstrate robust powertrains
capable of achieving up to a 100% reduction in tailpipe greenhouse gas emissions by
optimizing individual fuel streams based on availability, pricing, combustion efficiency,
and emissions. The readers interested in the new solutions of Flex-CPT, and their relation to
technological developments reviewed in this article, are referred to the project website [71].
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1D one-dimensional

3D three-dimensional

ASC ammonia slip catalyst

BESS battery energy storage system
BMS battery management system
BSFC brake-specific fuel consumption
CA crank angle

CAD crank angle degree

CARB California Air Resource Board
CFD computational fluid dynamics
CDA cylinder deactivation

cn carbon intensity indicator

CcoOM control-oriented model

CPT Clean Propulsion Technologies
CSsC Computational Centre of Finland
DC direct current

DF dual-fuel

DOC diesel oxidation catalyst

DPF diesel particulate filter

ECR electrochemical recuperator
EEDI energy efficiency design index
EGR exhaust gas recirculation

EGT exhaust gas temperature

EHVA electro-hydraulic valve actuation
EPA Environmental Protection Agency
e-WG electronic wastegate

Flex-CPT  Flexible Clean Propulsion Technologies
FRM fast-running model

GHG greenhouse gas

HC hydrocarbons

HIL hardware-in-the-loop

IMO International Maritime Organization
LBG liquefied biogas

LDI late diesel injection

LFP lithium iron phosphate

LNG liquefied natural gas

LTC low-temperature combustion
MDO marine diesel oil

MICMAC  cross-impact matrix multiplication applied to classification
MIL model-in-the-loop

MOC methane oxidation catalyst

MPC model-predictive controller

MZ multizone

MZM multizone model

NOx nitrogen oxides
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NRMM non-road mobile machinery

PC project committee

PESTLE political, economic, social, technological, legal, and environmental
PID proportional integral derivative

PM particulate matter

PN particle number

R&D research and development

RANS Reynolds-averaged Navier—Stokes

RCCI reactivity-controlled compression ignition
RT real-time

RTM real-time model

SCIG squirrel cage induction generator

SCR selective catalyst reduction

SCRE single-cylinder research engine

TRL technology readiness level

UVATZ University of Vaasa advance thermo-kinetic
5G steering group

SEEMP ship energy efficiency management plan
SOI start of injection

SOX sulphur oxides

TDC top dead center

TRL technology readiness level

VGT variable geometry turbocharging

VEBIC The Vaasa Energy Business Innovation Centre
VVA variable valve actuation

WP work package
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Table A1. Scientific items and theses from the University of Vaasa produced in the CPT project, which
are not directly referenced in this article.

Brink, A.; Da Silva P. S.P,; Vasudev. A.; Mikulski M.; Aro ]J.; Hyvonen J. Heat-release shaping for optimal reactivity
controlled compression ignition. In Proceedings of the 15th International Conference on Combustion Technologies for
a Clean Environment, Lisbon, Portugal, 25-29 June 2023;

https:/ /cleanpropulsion.org/wp-content/uploads /2023 /08 /Paper_Brink.pdf (accessed on 13 January 2025).

Kim, J. Towards next-generation sustainable marine propulsion system with fuel-flexible reactivity-controlled
compression ignition (RCCI) combustion for green shipping at KAUST—Combustion Institute Summer School Carbon
Free Combustion 2023;

https:/ /cleanpropulsion.org/wp-content/uploads /2023 /06 /Jeyoung-Kim-KAUST-CISS-eposter.pdf (accessed on 13
January 2025).

Mikulski, M.; Bielaczyc P. Clean Propulsion Technologies—Towards new powertrain solutions for marine and off-road
segments: a mid-term progress review. WCX SAE World Congress Experience 2023.

Mikulski, M.; Niemi, S.; Hissa, M.; Valkjarvi, P.; Kim, J.; Heikkil4, S.; Nilsson, O.; Kiikeri, A.; Hoglund, K.; Séderiang, E.;
Storm, X. Our goal: a clean, green, ultra-efficient marine engine with RCCI combustion. A poster at the Research
Exhibition of Energy, Energy Week, 21-25 March 2022, Vaasa; https:/ /cleanpropulsion.org/wp-content/uploads/2022
/03/0ur-goal-a-clean-green-ultra-efficient-marine-engine-with-RCCI-combustion_poster.pdf (accessed on 13
January 2025).

Storm, X.; Vasudev, A.; Shamekhi, A-M. Control-oriented Modeling Toolchain for Reactivity Controlled Compression
Ignition Marine Engines. A poster at the Research Exhibition of Energy, Energy Week, 20-24 March 2023, Vaasa;
https:/ /cleanpropulsion.org/wp-content/uploads /2023 /03 /Control-oriented-Modeling-Toolchain-for-Reactivity-
Controlled-Compression-Ignition-Marine-Engines.pdf (accessed on 13 January 2025).
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Appendix B

Table A2. CPT milestones under responsibility or co-responsibility of University of Vaasa, including
status. Milestone numbering reflects the associated WP and task (e.g., M1.2.5 is milestone 5 in task 2

of WP1).
Milestone = Name Status
Identification of weak market signals of combustion technology and fuels
M1.21 (state-of-the-art based on the existing literature) Completed
M12.2 Elaboration of questionnaires and identification and engagement of experts in Completed
each panel
M123 Rounds of expert judgment (at least four rounds) and data consolidations after each Completed
round (Delphi 1)
M1.2.4 Rounds of expert judgment (at least four rounds) and data consolidations after each Completed
round (Delphi 2)
M1.2.5 Linking the data from the Delphi studies and the roadmapping exercise Completed
M1.3.1 Scope definition ready Completed
M1.3.2 The inventory analysis is ready Completed
M1.3.3 The life cycle impact assessment is ready Completed
M2.5.1 Development of control-oriented models for RCCI combustion process Completed
M2.5.2 Development of a model-predictive control algorithm for the RCCI combustion process Completed
M2.5.3 Testing anc'i Verlfylr'lg the dev'elopgd MPC control algorithm and virtual instrument Completed
used therein, by using extensive simulations of the true model
Verification of control by practical experiments of a test engine at the
M2.5.4 VEBIC laboratory Not completed
M3.2.2 First version of the multizone model ready for calibration T3.2 Completed
M3.2.3. Multizone model calibrated trend-wise validated on external data, passed to T3.6 Completed
and 3.5
M3.24. Improved model (CFD validated plus speed enhancement solutions) passed to T3.4 Completed
M3.3.1 Experimental setup ready for tests Completed
M3.3.2 Experimental program defined Completed
M3.3.3 Experiments completed Completed
M3.3.4 Results analyzed and conclusions drawn Completed
M3.4.3 Experimental program defined for full-scale tests Completed
M3.5.1 GT-Power engine air-path model functionality checked Completed
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Milestone = Name Status
M3.5.2 Coupled engine-combustion model trend-wise validated and passed to T3.6 Completed
M3.5.3 Coupled engine-combustion-aftertreatment trend-wise validated and passed to T3.6. Completed
M3.5.4 Coupled model validated to the full experimental platform Completed

M5.1 Plan for the building of the entity completed Completed
M5.3 Functionality validated; measurements completed Not completed
Mb5.4 Observations and results analyzed; recommendations proposed Completed
M5.5 Actual data provided for built models Completed
M5.6 Models verified Completed
Table A3. CPT deliverables under responsibility or co-responsibility of University of Vaasa, including
status. Deliverable numbering reflects the associated WP and task (e.g., D2.5.1 is deliverable 1 in task
5 of WP2).
Deliverable Name Status
D1.2.1 Delphi results report Completed
D1.3.1 LCA/LCC results report Completed
D251 ]C(();?(;all Eé%?giﬁgi&i the model-predictive control algorithm used to Completed
Journal paper describing the demonstration and practical verification of the
D2.5.2 performance of the RCCI engine controlled by an optimal multi-injection Not completed
control algorithm
D3.1.1 RCCI experimental data literature update review Completed
D3.1.2 White paper on the future of combustion-based propulsion Completed
D3.2.1 Conference paper on model validation with CFD results Completed
D3.2.2 Journal article—modeling improvements Completed
D3.3.1 Results report Completed
D3.3.2 Scientific article about the results Not completed
D3.5.1 Conference article—complete modeling toolchain validation Completed
D5.1 Report on the full-scale demo plant Completed
D5.3 Scientific article about the results and future opportunities of the entity Completed
D5.4 Report on the functionality of models Completed
D55 Egii?:g;; z(i)rftisiizpa;bout virtual models of multi-engine and energy consumer Completed
Table A4. CPT deliverables under responsibility or co-responsibility of University of Vaasa, including
status. Deliverable numbering reflects the associated WP and Task (e.g., D0.2 is deliverable 2 in WP0).
Deliverable = Name Status
D0.1 The conference summary of the 1st Clean Propulsion Technologies review meeting =~ Completed
DO0.2 The conference summary of the 2nd Clean Propulsion Technologies review meeting =~ Completed
D0.3 The conference summary of the 3rd Clean Propulsion Technologies review meeting ~ Completed
D0.4 The conference summary of the 4th Clean Propulsion Technologies review meeting ~ Completed
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