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Abstract

Internal combustion engines are a well-established, efficient and dispatchable solution for
distributed power generation and they are widely used in various sectors including grid
balancing, data centers and combined heat and power systems. Current research efforts fo-
cus on further increasing efficiency, enabling decarbonization through renewable fuels and
improving responsiveness to electricity demand in the presence of variable renewable en-
ergy sources. In this context, the free-piston linear generator (FPLG) stands out as a highly
promising technology, as it directly converts piston motion into electricity, offering high
efficiency, reduced mechanical complexity and seamless grid integration. Initially explored
for its high-efficiency potential with homogeneous charge compression ignition combustion
at extreme compression ratios, opposed-piston FPLGs are now commercially available
for distributed power generation, delivering global efficiencies exceeding 45%, near-zero
emissions and multi-fuel capability. Building on the detailed studies conducted by Svrcek
and co-authors, this work investigates the power-generation potential of low-temperature
homogeneous combustion using CFD simulations with detailed chemical kinetics. First,
rapid compression machine (RCM) experiments with methane were reproduced in simula-
tions to validate the proposed methodology and to consolidate experimental findings on
the maximum achievable efficiency. Subsequently, an extensive RCM simulation campaign
supported the identification of optimal operating conditions in terms of air–fuel ratio using
methane as fuel. The RCM results enabled the definition of a preliminary methane-fueled
opposed-piston FPLG configuration. Full-cycle simulations including gas exchange, mix-
ing and combustion demonstrated an indicated efficiency of 58% at an equivalence ratio
ϕ = 0.5 and a compression ratio of 50. The key novelties of this study are the development
of a novel RCM-2 configuration that more closely reproduces the dynamic behavior of an
opposed-piston FPLG including air-spring effects and the introduction of a divided intake
port strategy to simultaneously reduce fuel slip and mitigate knocking behaviour through
charge stratification. The simulation results for the proposed configuration confirm the
potential of opposed-piston FPLGs for high-efficiency power generation and highlight key
parameters affecting performance and emissions formation.

Keywords: free-piston linear generator; 2-stroke; HDDI; high-efficiency; CFD

1. Introduction
Global electricity consumption is expected to increase steadily over the coming

decades, driven by expanding industrial activity, rising demand for air conditioning,
accelerating electrification and the rapid growth of data centres worldwide [1]. At the same
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time, the growing penetration of renewable energy is reshaping the role of internal com-
bustion engines (ICEs) in power generation. Owing to their high efficiency, low emissions
and short start-up times, ICEs remain essential for mission-critical, backup, and continuous
power supply, as well as for grid stabilization during periods of low renewable availability
and in combined heat and power (CHP) installations.

Given the expanding market and the evolving energy landscape, continued techno-
logical development is crucial for next-generation genset engines. Priority areas include
improving efficiency, enabling operation with low-carbon fuels, reducing emissions, and en-
suring seamless integration within microgrids and hybrid systems supported by energy
storage. In this context, free-piston linear generators (FPLGs) have emerged as innovative,
multi-fuel thermal machines well suited for distributed power generation [2–5]. In princi-
ple, FPLGs are simpler and potentially more efficient than conventional genset ICEs: the
linear generator directly converts piston motion into electricity, while the opposed-piston,
two-stroke configuration significantly reduces the number of mechanical components [6,7].

Most research on free-piston linear generators has focused on their use in electrified
power units for passenger cars and commercial vehicles. Continuous operation of a single-
piston FPLG in spark-ignition (SI) mode was successfully demonstrated in [8–10] using a
10 kW prototype with a uni-flow scavenging layout, achieving a global efficiency of 36%
and showing potential to reach 42% through PCCI combustion. Among the architectures
investigated, the opposed-piston configuration currently attracts the most attention due
to its superior scavenging characteristics, lower mechanical complexity and higher ex-
pected efficiency. Ongoing research addresses several key areas: piston motion control,
explored through both lab-scale prototypes and numerical simulations [11–14]; optimiza-
tion of the gas-exchange process to improve scavenging, mixture formation, and turbulence
generation [12,15,16]; operation with renewable fuels, including hydrogen [17,18].

However, despite these advances, significant challenges remain for automotive ap-
plications. Requirements related to transient response, long-term durability, maintenance,
vibration resistance and power density are considerably more demanding in vehicles than
in stationary systems. As a result, while FPLGs show strong promise for stationary power
generation, where their high efficiency and fuel flexibility offer clear advantages, their
adoption in transportation remains limited.

The first commercially available FPLG can be traced back to the experimental work
of Svrcek and co-authors, who investigated the efficiency limits of ICEs under extreme
compression-ratio conditions [19–21]. Their investigations directly contributed to the
realization of a two-cylinder unit able to run on gaseous fuels and deliver 250 kW with a
net efficiency of 46% [5]. This performance is enabled by several technological solutions
designed to sustain HCCI combustion with highly diluted mixtures [22,23]. For instance,
fuel from the natural gas grid is directly injected into the intake system without requiring
additional compression. Air bearings minimize friction between the pistons and the liner,
eliminating the risk of oil-induced pre-ignition that could compromise durability and
thermal efficiency. Additionally, divided intake ports reduce fuel short-circuiting during
scavenging. Because the piston position at top dead centre (TDC) results from the dynamic
force balance (including generator load), it is possible to effectively control the compression
ratio and adjust operation to different fuels.

Research and development activities consolidated the FPLG technology for power
generation in different sectors: microgrids, backup power, biogas plants, EV charging
stations and related applications. However, further understanding the full FPLG potential
in terms of efficiency and specific power could extend their deployment to a wider range of
stationary applications. This work investigates, via CFD simulations, the HCCI combustion
process under conditions typical of opposed-piston FPLGs to understand the efficiency
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limits achievable operating with port-fuel injection and lean mixtures. Simulations were
carried out using tabulated kinetics [24,25] to reduce computational time while preserving
accuracy, allowing for extensive studies. The rapid compression machine (RCM) config-
uration presented in [20,21] was first simulated to validate the proposed computational
methodology with available experimental data using stoichiometric methane and to eval-
uate the benefits of lean mixtures in terms of efficiency potential and combustion noise.
Such initial assessment supported the definition of a second RCM geometry (RCM-2) con-
figuration whose geometry and operation are closer to existing opposed-piston engines,
including the effects of air spring pressure variation. Simulation results identified optimal
conditions with ∼60% indicated efficiency for lean methane operation in terms of super-
charging level and compression ratio, and also provided a realistic piston displacement
profile. Afterwards, a proto-FPLG geometry was designed accordingly also including
the intake and exhaust ports. The full-cycle was simulated to verify if RCM-2 efficiency
values can be achieved under realistic operation in presence of gas exchange and trapped
residuals, but also to investigate the benefits that divided intake ports produce in terms of
reduced fuel slip and combustion noise thanks to charge stratification.

The primary contributions of this work are here reported:

1. The proposed computational framework, based on the Flamelet Generated Manifold
approach, is validated against experimental RCM data from Svrcek [21] under both
motored and fired conditions with stoichiometric methane–air mixtures, consolidating
the experimental findings on maximum achievable efficiency.

2. A novel RCM-2 configuration is introduced to better reproduce the dynamic behavior
of an opposed-piston FPLG, incorporating an air-spring system and a larger bore
diameter representative of commercial prototypes. An extensive parametric study
over the equivalence ratio range ϕ = 0.2–0.7 identifies optimal operating conditions in
terms of indicated efficiency, ringing intensity and NOx emissions potential, providing
a first basis for the subsequent FPLG design.

3. Based on the RCM-2 results, a proto-FPLG configuration is defined, including bore,
stroke, port geometry and piston motion profile. A novel divided-port scavenging
configuration is proposed and evaluated through full-cycle CFD simulations. The strat-
egy is shown to significantly reduce methane slip and to induce charge stratification
that mitigates knocking behavior, while preserving indicated efficiencies above 58%
and achieving near-zero NOx emissions, demonstrating a viable path toward next-
generation high-efficiency distributed power generation.

2. Computational Models
CFD simulations were performed using the Lib-ICE code, a suite of libraries and

solvers for internal combustion engine modeling built on OpenFOAM technology [26,27].
The transport equations were solved for a compressible, turbulent flow using a RANS for-
mulation with the standard k–ε model. The Flamelet Generated Manifold (FGM) approach
was adopted to incorporate detailed chemical kinetics into the CFD framework, enabling
accurate predictions at significantly reduced computational cost. This method made it
possible to conduct a large number of simulations in the rapid compression machine con-
figuration and to identify the most promising operating conditions in terms of efficiency,
acceptable pressure rise rates and low NOx emissions. In this work, the FGM look-up table
stores reaction rates and species compositions obtained from zero-dimensional, homoge-
neous, constant-pressure reactor simulations spanning a range of oxidizer temperatures Tox,
equivalence ratios ϕ and pressures p [28–30]. Authors extensively verified the consistency
between direct chemistry integration and FGM in [28] and applied it to model kinetically
controlled combustion in [24,31]. Reaction rates are computed assuming each cell to be
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a homogeneous reactor, neglecting sub-grid turbulence–chemistry interaction (TCI) and
assuming that combustion is mainly governed by chemical kinetics and thermal stratifica-
tion. This assumption was extensively verified by the authors in previous works where
HCCI combustion was simulated considering different fuels (n-heptane and iso-octane)
and validated with experimental data of cylinder pressure, heat release rate, peak-pressure
location and maximum pressure rise rate [32–34]. To account for TCI, the sub-grid tem-
perature variance T̃′′2 should be estimated and reaction rates computed according to an
assumed probability density function. Another option would be the use of transported
PDF combustion models [35]. TCI in HCCI combustion goes beyond the scopes of the
present investigation and will be the matter of studies in future works.

The main limitations of the proposed computational methodology are as follows: The
RANS k–ε turbulence model provides mean-cycle predictions and does not resolve cycle-
to-cycle variability; its impact on mixture formation results is considered limited given
the low scavenging pressure differential and near-homogeneous charge. In the full-cycle
simulations, the piston motion is prescribed rather than computed dynamically, which
decouples mechanical dynamics from combustion. The air-spring is modeled as a polytropic
process with index n = 1.3, representative of partial heat transfer conditions. Finally, wall
temperatures are assumed uniform throughout the cycle, which may underestimate the
degree of thermal stratification in the charge. These limitations are consistent with the scope
of the present study, which aims at evaluating the thermodynamic potential of the proposed
configuration rather than providing a fully predictive model of a specific prototype and
will be addressed progressively as the work advances toward experimental validation.

3. HCCI Combustion Assessment in Rapid Compression Machine
3.1. Experimental Validation with Stoichiometric Methane–Air Mixture

The potential of HCCI combustion for free-piston linear generators was first evalu-
ated using rapid compression machine experiments, building on the work of [20], who
investigated the efficiency limits of methane–air combustion under extreme compression
ratios. Figure 1a shows a schematic of the RCM configuration, which operates analogously
to an FPLG. Each experiment begins with the piston positioned at the top of the cylinder,
after which pressurized air is released by opening a poppet valve. The pressure difference
between the air reservoir (pair) and the cylinder (pcyl) generates forces on the piston that
first induce a compression stroke and subsequently an expansion stroke driven by charge
ignition. By varying the initial cylinder pressure, air reservoir pressure and equivalence
ratio, ignition can be achieved over a wide range of compression ratios. The cylinder has
a bore diameter of 54.1 mm and the total cylinder length of 2.7 m was selected to enable
compression ratios of up to 100:1 with a clearance height of 27 mm.

Figure 1b illustrates the reference Otto-cycle used to assess the efficiency potential of
HCCI combustion in FPLGs. The cycle consists of a compression phase (1–2), followed by
constant-volume combustion (2–3) and an expansion phase (3–4). Gas exchange occurs
through blowdown and scavenging from state 4 to state 1. Consistent with [20], it is
assumed that the energy contained in the exhaust gases is fully recovered. This assumption
represents an upper-bound scenario and is adopted here solely for the purpose of evaluating
the thermodynamic potential of HCCI combustion in the RCM configuration. To account
for supercharging effects, the effective compression ratio is defined as [20]:

CRe f f =

p1
pamb

V2

V1
(1)

where V2 and V1 denote the cylinder volumes at top dead center (TDC) and at the start of
compression, respectively.
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The simulations start at conditions 1 and terminates at point 4 along the expansion
stroke. An axi-symmetric structured sector mesh is used to represent the cylindrical
combustion chamber, while the piston motion is governed by:

mp ẍp =
(

pcyl − pgas

)
Acyl − Ff (2)

where mp is the piston mass, ẍp the piston acceleration, and Acyl the piston area. The
friction force Ff is assumed to be proportional and opposite to the instantaneous piston
velocity, i.e., Ff = −k f ẋp. Despite this assumption being rather simplified, the linear
viscous friction model is consistent with the use of air bearings in the real system and the
parameter k f is calibrated to reproduce the experimental piston trajectories. To maintain an
appropriate mesh resolution during piston motion, cell layers are dynamically added or
removed as long as the distance between the piston and the cylinder head remains below
20 mm; beyond this distance, mesh deformation is applied instead.

Air 
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Air/fuel 

mixture
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(a) (b)

Figure 1. (a) Rapid compression machine configuration to evaluate the potential of HCCI combus-
tion for FPLGs [20,36]; (b) reference ideal thermodynamic cycle to evaluate the potential of HCCI
combustion in FPLGs with opposed-pistons. 1–2 (red line) compression, 2–3 (green line) combustion,
3–4 (blue line) expansion.

The RCM operation was first validated under motored conditions against the experi-
mental data reported in [36]. Figure 2a shows the temporal evolution of the normalized
cylinder volume V/V0 for different piston masses, indicating that the effective compression
ratio CRe f f increases monotonically with mp. The friction coefficient k f was calibrated to re-
produce the experimental V/V0 profiles. In particular, Figure 2b demonstrates that the best
agreement under the reference test conditions (pair = 11.6 bar, mp = 300 g, p0,cyl = 1 bar)
was obtained with k f = 10. Accurate tuning of the model under motored conditions is a
crucial prerequisite for reliable reacting simulations.

The experimental piston trajectory is not directly imposed in the CFD simulations;
instead, it is used as a calibration target for the dynamic model. This choice preserves the
two-way coupling between piston dynamics and in-cylinder pressure, which is essential
for correctly reproducing free-piston behavior and for providing a physically consistent
basis for the subsequent FPLG design.

RCM experiments conducted with a stoichiometric methane–air mixture [20] at differ-
ent compression ratios were used to validate the proposed methodology under reacting
conditions. The wall temperature was set equal to the experimental value (350 K), and the
FGM look-up table was generated using a C1–C3 chemical mechanism [37,38], which
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has been experimentally validated against both laminar flame speed and ignition delay
measurements over a broad range of temperatures, equivalence ratios and pressures. Dif-
ferent compression ratios and ignition timings were obtained by varying the air reservoir
pressure pair (9–16 bar), the initial cylinder pressure p1 (1–2 bar) and the piston mass
mp (1–1.4 kg), while the charge temperature was held constant at 310 K, in accordance with
the experiments. Temperature wall functions from [39] model heat transfer.

(a) (b)

Figure 2. (a) Evolution of cylinder volume for the RCM configuration at different values of the piston
mass; (b) effect of the k f coefficient on cylinder volume evolution vs. time. Dashed line: experimental
data from [36].

Figure 3a illustrates the dependence of the in-cylinder pressure on p1, pair and mp,
with a baseline configuration defined by p1 = 1.1 bar, mp = 1.4 kg and pair = 11.5 bar.
Reducing the piston mass leads to shorter ignition delays, as less time is required for the
piston to reach top dead center. As shown in Figure 3b, the effective compression ratio is
primarily influenced by the air reservoir pressure. Regarding combustion phasing, the peak
cylinder pressure occurs after TDC only for the CRe f f = 44 case. Overall, the predicted
peak cylinder pressures significantly exceed the maximum allowable limits for heavy-duty
engines, typically around 250 bar.
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Figure 3. RCM configuration with stoichiometric methane/air mixture: (a) Evolution of cylinder
pressure as function of time. Circles represents the ignition delay time defined following [20].
(b) Computed cylinder pressure as function of volume. Green: baseline condition, black: piston mass
variation, red: initial cylinder pressure variation, blue: air reservoir pressure variation.
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The circles in Figure 3a indicate the ignition timing, defined as the instant at which
the cylinder pressure reaches the midpoint between the compression and expansion isen-
tropes [20]. This definition closely approximates the timing corresponding to 50% mass
fraction burned. The ignition delay time, τid, is computed from the end of the compres-
sion stroke, and its dependence on the effective compression ratio is shown in Figure 4a.
As CRe f f increases, the temperature at top dead center rises, thereby accelerating the auto-
ignition process of the methane–air mixture. The simulations indicate that ignition occurs
after TDC only up to CRe f f = 44, whereas the experiments report positive τid values even
at higher compression ratios. A possible explanation for the earlier ignition predicted by
the CFD simulations is the neglect of blow-by losses. Moreover, to the authors’ experience,
the temperature wall functions adopted in this work slightly underestimate heat transfer
producing higher temperatures and pressures at TDC. In addition, experimental ignition
delay data are unavailable at the extremely high temperatures and pressures encountered
in this regime, and the adopted kinetic mechanism may exhibit reduced accuracy under
such conditions.

Nevertheless, Figure 3b shows that the predicted ignition events consistently occur in
close proximity to TDC and the corresponding indicated efficiencies are in good agreement
with the experimental values reported in [36], as shown in Figure 4b. The computed
peak indicated efficiency of approximately 58%, which confirms the strong potential of
HCCI combustion for free-piston linear generators. However, stoichiometric methane–air
operation results in peak cylinder temperatures above 3000 K and pressure rise rates (PRRs)
exceeding 10 bar/µs. Such extreme conditions may pose challenges in terms of NOx

emissions and mechanical stresses. While NOx emissions could be significantly mitigated
through the use of a three-way catalyst, the estimated pressure rise rates correspond to
ringing intensities that are well beyond acceptable limits [40,41].
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0.1
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20 40 60 80 100
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Calc.

Exp.
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Figure 4. RCM configuration with stoichiometric methane/air mixture: (a) Computed vs. experi-
mental ignition delay times τid; (b) computed indicated efficiency vs. experimental [36] vs. ideal
(assuming specific heat ratio k = 1.3); (c) computed pressure rise rates PRRs.

3.2. RCM-2 Configuration Towards HCCI Free-Piston Linear Generator

RCM experiments conducted with a stoichiometric methane–air mixture demonstrated
the potential of HCCI combustion for FPLGs with opposed-pistons. However, practical
implementations require solutions that enable low-emission operation while reducing
PRRs. In addition, the original RCM geometry must be adapted to better replicate the
dynamic behavior of an FPLG. To this end, a second configuration, referred to as RCM-2,
was developed by the authors and is schematically shown in Figure 5. The main features of
the new configuration are summarized below:
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• The cylinder bore was increased to 80 mm, approaching the value adopted in mod-
ern opposed-piston engine prototypes that have undergone extensive experimental
testing [42].

• The piston mass was increased to 10 kg, representing a more realistic value to achieve
an operating frequency of approximately 15 Hz, comparable to that of the first com-
mercial opposed-piston FPLG applications.

• The pressurized air reservoir was replaced by an air-spring with variable volume and
the same combustion chamber displacement. The air-spring undergoes a polytropic
expansion–compression process with index n = 1.3, which accounts for heat transfer
effects between the gas and the spring walls. This configuration is expected to increase
piston acceleration at the start of the expansion stroke, thereby reducing the PRR.
At the start of the simulation, the air-spring volume Vas is defined as a fraction of the
cylinder volume:

Vas = kasVcyl,1 (3)

• Operation under lean air–fuel conditions is adopted to further reduce pressure rise
rates and improve emissions control.

Free-

piston

Cylinder + 

combustion 

chamber

Compressed 

air

Air/fuel 

mixture

Air spring

Figure 5. RCM-2 configuration to reproduce operation of FPLG. Piston motion governed by the
air-spring and cylinder pressure.

HCCI research has historically focused on conventional fuels, such as gasoline and
diesel, as well as alcohol fuels (e.g., ethanol), which are more readily auto-ignited under
moderate compression ratios and intake temperatures. In contrast, previous studies have
shown that sustained HCCI operation with methane, a fuel of particular interest for power
generation, can be achieved either by increasing the intake air temperature [43] or, alterna-
tively, by operating at very high compression ratios, possibly combined with reduced boost
pressure [44]. The latter strategy is more consistent with the design targets of FPLGs, as it
mitigates knocking propensity, limits the energy consumption of the compressor required
for scavenging and preserves the specific power output within acceptable bounds. Based
on these considerations, the initial operating conditions for the RCM-2 configuration were
set to an intake temperature of T = 300 K and an initial cylinder pressure of p1 = 1.05 bar,
corresponding to near-ambient conditions. This choice deliberately avoids the need for
intake air preheating, eliminating the associated heat exchanger and reducing system
complexity, a key advantage for distributed power generation applications. Under these
constraints, combustion phasing is controlled exclusively through the compression ratio
and equivalence ratio, as explored below.

A parametric analysis was then conducted to investigate the combined effects of
air-spring pressure and effective compression ratio on indicated efficiency and combustion-
induced acoustic response, quantified in terms of ringing intensity (RI). Consistent with [40],
the ringing intensity is defined as:

RI =
1

2γ

 β
(

dp
dt

)
max

pmax

2√
γRTmax (4)
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and is used in the following to assess the suitability of lean methane–air HCCI operation
under the high compression ratio conditions characteristic of FPLGs.

The simulations indicate that maximum indicated efficiency is achieved for an air-
spring volume of approximately Vas ≈ 0.53Vcyl,1 and an initial air-spring pressure of 18 bar.
For all tested operating conditions, the effective compression ratio remains close to 40.
Figure 6a shows the in-cylinder pressure histories obtained at maximum efficiency for
different equivalence ratios. The results reveal an increase in ignition delay with increasing
equivalence ratio, a trend that may initially appear counter-intuitive, given that ignition
delay is typically expected to decrease as ϕ increases. This behavior can be explained by
the effect of equivalence ratio on the thermodynamic properties of the working mixture: as
ϕ increases, the specific heat ratio decreases, leading to lower pressures and temperatures
at top dead center. This effect is further illustrated in Table 1, which shows that increasing
the equivalence ratio reduces both the TDC pressure and temperature, thereby delaying
ignition. Specifically, increasing ϕ from 0.2 to 0.5 results in a reduction of approximately
15 bar in TDC pressure and about 60 K in TDC temperature. The longer ignition delay
associated with higher equivalence ratios contributes to controlling the ringing intensity,
as a larger fraction of the fuel is burned when the piston has already traveled further along
the expansion stroke and the cylinder volume is larger. As shown in Figure 6b, the ringing
intensity remains below the critical threshold RIcrit = 6 MW/m2 at least up to ϕ = 0.5.
Operation at higher equivalence ratios is unlikely to be advantageous for power-generation
applications targeting near-zero emissions, as the associated increase in peak temperatures
could promote NOx formation and necessitate the use of dedicated exhaust after-treatment
systems. Despite combustion starting at a larger cylinder volume, the ringing intensity
increases with equivalence ratio due to the higher amount of fuel mass burning in a very
short amount of time.

(a) (b)

Figure 6. RCM-2 simulation results with methane in the ϕ = 0.2–0.7 range: (a) cylinder pressure
evolution; (b) computed maximum ringing intensity RI.

The favorable ringing-intensity levels discussed above are further supported by the
corresponding indicated efficiency values, ηind, reported in Figure 7a. Within the equiva-
lence ratio range ϕ = 0.2 ÷ 0.5, ηind remains consistently above 60%, which is higher than
the values computed for stoichiometric air–fuel mixtures, thanks to the better combustion
efficiency. Figure 7b shows that the indicated power Pi increases linearly with the trapped
fuel mass. From an engineering standpoint, the ability to vary Pi while maintaining nearly
constant ηind highlights the strong potential of HCCI-based FPLGs: power modulation can
be achieved simply by varying the fueling rate, without incurring the efficiency penalties
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typical of conventional part-load operations. This behavior is enabled by the spontaneous
adjustment of the effective compression ratio resulting from changes in the thermodynamic
properties of the air–fuel mixture, a characteristic feature of free-piston operation.

Table 1. RCM-2 simulation results with lean methane air-mixture: effects of equivalence ratio on TDC
cylinder volume, conditions at the end of compression and maximum cylinder temperature.

Equivalence Ratio ϕ 0.2 0.3 0.45 0.5 0.55 0.7

V1/VTDC 40.1 38.0 37.6 37.6 37.7 38.4

p@TDC [bar] 156 144 139 139 139 140

T@TDC [K] 1113 1081 1061 1056 1052 1043

Tmax [K] 1525 1692 1946 2001 2037 2284

(a) (b)

Figure 7. RCM-2 simulation results with methane in the ϕ = 0.2 ÷ 0.7 range: (a) indicated efficiency
as function of the equivalence ratio; (b) indicated power as function of the methane mass.

Figure 8a illustrates the piston velocity profile during the compression and expansion
strokes for the RCM-2 configuration operating at ϕ = 0.5. During compression, the air-
spring drives the piston toward TDC, resulting in negative velocity, while combustion-
induced pressure rise during expansion accelerates the piston in the opposite direction.
Consistent with typical FPLG dynamics, the expansion stroke is faster than the compression
stroke. Figure 8b shows the piston velocity as a function of position: the expansion stroke
terminates at a larger distance from TDC than the starting point of compression, and the
velocity profiles during expansion agree well with those reported in the literature for FPLG
operation under purely resistive loads [11,13,45,46].

Figure 8. (a) Piston velocity as function of time for the RCM-2 simulation with ϕ = 0.5; (b) piston
position–velocity diagram for the RCM-2 simulation with ϕ = 0.5 (black, continuous line), assumed
piston position–velocity diagram for the proto-FPLG configuration (red, dashed line).
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4. Preliminary Assessment of FPLG
The proto-FPLG configuration was designed following a systematic approach in which

each key parameter was derived directly from the RCM-2 simulation results, as summarised
in Table 2. The piston velocity profile obtained from the RCM-2 expansion stroke (Figure 8b)
was adopted as the prescribed motion law for the FPLG, with compression approximately
5% slower. The exhaust port closing position was set to coincide with the start of com-
pression in the RCM-2 simulations. The compression ratio was raised from approximately
40, the optimal value identified in RCM-2, to 50, since the ringing intensity at ϕ = 0.5
remained below the critical threshold, leaving margin for further efficiency improvement.
Although the adopted compression ratio of 50 is significantly higher than the one used in
conventional engines, the peak in-cylinder pressure remains well below 200 bar, as dis-
cussed later, and is consistent with the operating range of modern heavy-duty engines.
Material constraints are therefore primarily dictated by peak pressure and pressure rise rate
rather than by the compression ratio itself. Both parameters are shown to remain within
acceptable limits for the proposed configuration. All remaining geometric and operating
parameters follow directly from the RCM-2 results, as detailed in Table 2

Table 2. From RCM-2 to FLPG: summary of the design parameters.

RCM-2 Result FPLG Design Parameter Value

Optimal equivalence ratio Target equivalence ratio 0.5
Effective compression ratio Compression ratio (raised) 50

Cylinder bore Bore 80 mm
Piston stroke from

piston-velocity diagram Stroke 446 mm

Piston velocity profile
during expansion Piston motion law Figure 8b

Operating frequency Frequency 16.5 Hz
Initial cylinder pressure Intake pressure 1.05 bar

Initial cylinder temperature Intake temperature 300 K

4.1. Baseline and Divided Ports Configurations

Following the promising results obtained with the RCM-2, a preliminary assessment of
a free-piston linear generator was carried out. Two different intake port configurations were
analyzed to support the initial engine design; both them are based on an opposed-piston
architecture with a uniflow scavenging layout. The scavenging system consists of 12 intake
ports and eight exhaust ports, similarly to [47], so as to achieve a ratio between the total
port width and the cylinder circumference equal to 0.8, as theoretically recommended
in [48]. Intake and exhaust port heights are set to 76.3 mm and 107.8 mm, respectively,
in order to ensure proper scavenging in accordance with the piston motion law shown in
Figure 8.

The main difference between the two configurations lies in the way the air–fuel
mixture is introduced into the cylinder. As shown in Figure 9, the baseline configuration
adopts a conventional intake port design, whereas in the modified configuration the intake
manifold is divided into two separate streams, as described as a possible solution in [22]:
one supplying pure air and the other delivering an air–fuel mixture. This strategy enables
the cylinder to be initially filled with fresh air during the early phase of scavenging, while
delaying fuel admission to reduce methane slip, without altering the overall port geometry
or scavenging timing. Following a parametric analysis, the intake port height dedicated to
the pure-air stream was set to 40% of the baseline configuration, with the remaining 60%
assigned to the air–fuel ports. The selected 40%/60% ratio provided the best compromise
between methane slip reduction and charge homogeneity at EPC. Deviations from this
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value have a limited impact on performance: reducing the pure-air fraction weakens the
stratification effect, whereas increasing it may lead to excessive charge inhomogeneity and
incomplete combustion. While the present study focuses on the thermodynamic and fluid-
dynamic assessment of the divided-port strategy, a detailed design and optimization of the
control strategy for the divided-port configuration, together with the study of off-design
operating condition, is identified as an important direction for future work and will be
addressed in the context of prototype development.

Figure 9. FPLG configurations: baseline (a) and with divided ports (b). In blue are reported the
intake ports whereas in red the exhaust ones.

3D CFD simulations were performed using a combination of fixed meshes for the
intake and exhaust manifolds and moving meshes for the cylinder. The average cell size
of approximately 2 mm adopted in the full-cycle FPLG simulations is consistent with
mesh resolutions previously validated for CFD simulations of similar engines [24,28] and
it was selected as the best compromise between accuracy and CPU time consumption.
The maximum cell count of about 615,000 was reached at bottom dead center (BDC). The
piston motion is modeled using a layer addition and removal technique [49], whereby new
mesh layers are introduced when the local cell size exceeds 2.5 mm and removed when it
falls below 2 mm. The coupling between the moving and fixed mesh regions is handled
through an arbitrarily coupled mesh interface (ACMI) approach.

4.2. Simulation of the Scavenging Process

Cold-flow simulations of the scavenging process were performed to assess the pro-
posed configurations. In particular, two consecutive engine cycles were simulated to ensure
convergence of the trapped mass. A constant total pressure of 1.05 bar was imposed at
the inlet, while atmospheric conditions were prescribed at the outlet. The assumption of
constant total pressure and temperature at the intake and exhaust boundaries is consistent
with the stationary operating conditions targeted by the proposed FPLG configuration.
Figure 10 compares the in-cylinder pressure, temperature and trapped mass evolution for
the baseline and modified configurations. Apart from minor differences at the exhaust
port opening (EPO), due to variations in the combustion process that will be analyzed
later, no significant discrepancies are observed between the two cases. In particular, both
configurations exhibit very similar pressure and temperature levels at exhaust port clos-
ing (EPC). In contrast, a marked difference is observed in terms of fuel slip, as shown in
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Figure 11. In the baseline configuration, part of the air–fuel mixture is directly discharged
into the exhaust manifolds, resulting in a high level of methane slip (exceeding 5000 ppm).
The divided-port configuration, on the other hand, significantly mitigates this effect by
delaying methane admission and promoting a more stratified charge within the cylinder.

Figure 10. Comparison between pressure (a), temperature (b) and trapped mass (c) evolution using
the baseline configuration (blue) and the one with divided ports (red).

Figure 11. Comparison of methane evolution inside the cylinder between baseline (a) and divided
ports (b) configurations.

Figure 12a shows the evolution of the equivalence ratio (ϕ) and the homogeneity index
during the scavenging process for the two configurations. In both cases, the target value
of ϕ = 0.5 is achieved at EPC. However, differences arise in terms of mixture uniformity,
as indicated by the homogeneity index. The conventional intake configuration leads to an
almost perfectly homogeneous mixture already at intake port closing, whereas the divided-
port configuration results in a more stratified charge. This behavior is further highlighted in
Figure 12b, which presents the equivalence ratio distribution at TDC. With the divided-port
configuration, the fuel tends to be concentrated along the liner, where regions with ϕ > 0.5
are observed, while a leaner mixture is found in the central part of the cylinder.
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Figure 12. Evolution of equivalence ratio (red line) and homogeneity index (blue line) inside the
cylinder during the scavenging process. Dashed lines refer to baseline configurations whereas solid
lines refer to divided ports configuration (a). Equivalence ratio distribution at TDC for the baseline
and divided ports configurations (b).

4.3. Combustion Simulation

Following the evaluation of the scavenging performance for the two proposed config-
urations, HCCI combustion simulations were carried out to assess the FPLG performance
and to verify the occurrence of excessive pressure rise rates. Figure 13 presents the evolu-
tion of in-cylinder pressure, pressure rise rate, rate of heat release (RoHR) and temperature
for both configurations. The pressure traces indicate that combustion phasing is delayed
with respect to conventional engines, with the start of combustion occurring after TDC.
This feature is essential for mitigating knocking behavior, as discussed in [50], and is
consistent with the findings obtained from the RCM analysis. The baseline configuration
exhibits higher peak pressure levels than the divided-port configuration, with PRRs values
exceeding 200 bar/ms and a ringing intensity above 28 MW/m2. In contrast, the increased
mixture stratification achieved with the modified intake ports effectively limits the peak
pressure to below 140 bar, the PRRs to within 100 bar/ms and the RI to approximately
6 MW/m2. These results suggest that the baseline configuration is not suitable for con-
tinuous operation due to the severe knocking behavior. Conversely, the divided ports
configuration yields acceptable PRRs and RI levels, although they remain close to the
critical limit; therefore, careful attention to knocking phenomena is still required. Finally,
the lower RoHR associated with the divided-port configuration contributes to maintaining
the average in-cylinder temperature below 2000 K, reducing thermal NOx formation.

Engine performance results are summarised in Figure 14, which compares indicated
mean effective pressure (IMEP), indicated power, indicated efficiency and NOx emissions
for the two proposed configurations. In the calculation of indicated power and efficiency,
a compressor power consumption of 400 W is taken into account. Both configurations
achieve very high indicated efficiencies, exceeding 58%, highlighting the strong potential
of opposed-piston FPLGs for high-efficiency power generation. However, these values are
expected to decrease toward those reported in the literature when blow-by effects and the
efficiency of the linear generator are taken into account. A preliminary estimate of system-
level efficiency can be obtained by combining the indicated efficiency with the main loss
contributions. The compressor power consumption of 400 W is already accounted for in the
efficiency values reported in Figure 14. Regarding additional losses: blow-by is estimated at
1–3% of indicated work; permanent magnet linear generators achieve electrical efficiencies
exceeding 90%; cooling and auxiliary losses are estimated at 1–2 percentage points for
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electrical-only operation, but are largely recoverable in CHP mode. Accounting for these
contributions, the projected net electrical efficiency is approximately 50%, consistent with
the 46% net efficiency reported for the commercial system [4], which incorporates additional
real-world loss mechanisms. A complete system-level energy balance requires experimental
validation on a physical prototype and is identified as a priority for future work.

Figure 13. Comparison of cylinder pressure (a), pressure rise rate (b), rate of heat released (c) and
temperature (d) using the baseline and divided port configurations.

Finally, very low levels of dry NOx are computed from simulations, especially for the
divided ports configuration. NOx formation in the proposed configuration is governed
almost exclusively by the thermal mechanism, which requires local temperatures above ap-
proximately 1800 K. HCCI combustion inherently suppresses NOx formation by operating
with lean, premixed mixtures that produce lower peak combustion temperatures compared
to conventional spark-ignition or compression-ignition engines. In the baseline config-
uration, the higher rate of heat release leads to peak mean cylinder temperatures above
2000 K (Figure 13d), resulting in dry NOx levels of 84.5 ppm. In contrast, the divided-port
configuration limits the average in-cylinder temperature below 2000 K, consistent with
the lower rate of heat release shown in Figure 13c, and reduces NOx to 18.5 ppm. This
result is consistent with findings reported in the literature for lean HCCI operation, where
at equivalence ratios around ϕ = 0.25–0.4, near-zero NOx levels are achievable. The pre-
dicted values are also consistent with the near-zero emission targets of commercial FPLG
systems [4], confirming that the divided-port configuration, combined with lean operation
at ϕ = 0.5, represents a viable pathway toward ultra-low NOx power generation without
requiring exhaust after-treatment systems.
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Figure 14. Comparison of indicated mean effective pressure (a), indicated power (b), indicated
efficiency (c) and dry NOx (d) using the baseline and divided port configurations.

5. Conclusions and Future Work
This work explored the potential of opposed-piston FPLGs running on methane with

HCCI combustion. It used RCM-based analysis and full-cycle CFD simulations. The main
findings are summarised as follows:

1. RCM simulations validated against experimental data confirmed that indicated effi-
ciencies of 58–60% are attainable under lean operating conditions (ϕ = 0.2–0.5) and
high compression ratios. Stoichiometric operation, in contrast, results in excessive
pressure rise rates and unacceptable ringing intensity levels, making it unsuitable for
continuous power generation.

2. The RCM-2 configuration, developed to better represent actual FPLG dynamics,
demonstrated that lean mixtures are effective in controlling combustion phasing
and reducing knocking tendency while maintaining high efficiency. For equivalence
ratios up to ϕ = 0.5, ringing intensity remains below the critical threshold of 6 MW/m2

while indicated efficiency consistently exceeds 60%.
3. The linear relationship between indicated power and trapped fuel mass confirmed

the suitability of HCCI-based FPLGs as modular power generation systems, enabling
flexible load while maintaining nearly constant efficiency.

4. Combustion simulations confirmed that the baseline configuration is unsuitable for
continuous operation due to excessive PRR and ringing intensity. The divided-port
configuration limits peak pressure below 140 bar, PRR within 100 bar/ms and RI to
approximately 6 MW/m2, while achieving an indicated efficiency of 58% and near-
zero NOx emissions (18.5 ppm dry), confirming the strong potential of this architecture
for high-efficiency, low-emission stationary power generation.

These results have direct practical significance for distributed power generation ap-
plications, including microgrids, data centers and backup power installations, where high
efficiency, fuel flexibility and near-zero emissions are primary requirements. The projected
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system-level efficiency of approximately 50% positions the proposed configuration as a
compelling next-generation alternative to conventional engines.

Future work will focus on improving the robustness of the proposed solution by
accounting for additional loss mechanisms, such as blow-by and real generator efficiency,
and by refining the control of mixture stratification to further reduce knocking tendency. In
addition to that, multi-cycle reacting simulations under varying load and intake conditions,
combined with a formal stability analysis and a coupled control strategy for the linear
generator and fuel metering system, are essential next steps. Finally, an experimental vali-
dation on prototype systems will be essential to verify the current results and support the
development of next-generation FPLG units. Key validation metrics will include in-cylinder
pressure traces, pressure rise rate, piston dynamics, electrical power output, methane slip
and NOx emissions. Particular attention will be devoted to assessing the effectiveness of
the divided-port strategy in reducing fuel short-circuiting and controlling combustion-
induced pressure oscillations. Such experiments will provide the basis for a comprehensive
validation of both the combustion model and the predicted system-level performance.
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Abbreviations
The following abbreviations are used in this manuscript:

ACMI Arbitrarily coupled mesh interface
BDC Bottom dead center
CFD Computational fluid dynamics
CHP Combined heat and power
CRe f f Effective compression ratio
EV Electric vehicle
EPC Exhaust port closing
EPO Exhaust port opening
FGM Flamelet generated manifold
FPLG Free-piston linear generator
HCCI Homogeneous charge compression ignition
ICE Internal combustion engine
IMEP Indicated mean effective pressure
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NOx Nitrogen oxides
PCCI Premixed charge compression ignition
PRR Pressure rise rate
RANS Reynolds-averaged Navier–Stokes equations
RCM Rapid compression machine
RI Ringing intensity
RoHR Rate of heat release
SI Spark-ignition
TDC Top dead center
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