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The internal combustion engine is likely to be used for on- and off-road vehicles
for many years yet, but the push to cease using fossil fuels is strong. Hydrogen is a
possible alternative fuel with both advantages and disadvantages, so
understanding and quantifying the efficiency losses of burning hydrogen are
important. The limits to efficiency and the compromises needed to reduce losses
can be investigated using exergy analysis. This analysis of a boosted lean-burn
neat hydrogen spark ignition engine investigates exergetic processes under real-
world engine operating conditions. Using a two-zone combustion model to
study in-cylinder processes, the results suggest exergy transfer to work improves
with increasing air dilution by diverting exhaust exergy to reversible work.
Injecting water could potentially control emissions through in-cylinder
thermo-physical property changes. For an equivalence ratio of 0.45 with 5%
water addition, the exergy transfers to heat and work decrease by 12% and 7%,
respectively. Conversely, the exergy transfers to combustion-related
irreversibility and exhaust rise by 2% and 81%, respectively. However, it was
shown that increasing manifold air pressures and compression ratios increases
the quantity of exergy directed to work and heat, while reducing exergy expelled
to exhaust. This exergy analysis of a hydrogen-fueled spark ignition engine
operating under real-world parameters shows the need to optimize water
injection as the trade-off between engine performance and emission
reductions. Understanding the fundamentals of the thermodynamic
mechanisms of work loss may inform engineering improvements to minimize
exergy losses and increase efficiency and work output.
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Highlights

• Exergy divides into work, heat, combustion irreversibility, and exhaust.
• A fundamental understanding of exergy losses helps engine design and operation
strategies.

• Injecting water with hydrogen improves combustion and emission performance.
• Water injection increases the exergy expelled by exhaust.

1 Introduction

Hydrogen is a promising alternative fuel with several combustion advantages, such as a
higher laminar flame speed, a higher diffusion coefficient, and a wider lean limit than
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gasoline (Zaccardi and Pilla, 2019). This means that hydrogen could
provide faster reactive combustion, improved fuel and air mixing,
and allow the engine to operate under ultra-lean mixtures, thereby
increasing thermal efficiency (Verhelst, 2014). However, due to the
low volumetric energy of hydrogen/air mixtures, neat hydrogen
engines must be boosted to compete with gasoline spark ignition (SI)
engines (Berckmüller et al., 2003). Although hydrogen is a carbon-
free fuel, the neat hydrogen SI engines can still produce NOx
emissions due to the high combustion temperatures (Mortimer
et al., 2023). Increasing the intake manifold pressure raises the
in-cylinder pressure, which can lead to combustion abnormalities
and higher NOx emissions (Gürbüz and Akçay, 2021). Lowering
combustion abnormalities and NOx emissions of hydrogen engine
could be achieved using exhaust gas recirculation (EGR), lean burn,
or water injection (Krishnamoorthi et al., 2019).

As the exhaust of a hydrogen internal combustion engine (ICE)
contains high levels of water vapor, it is important to investigate the
water addition to the hydrogen-fueled ICE. Injection of water into
the port, directly, or into the exhaust manifold of a hydrogen SI
engine controls in-cylinder gas temperatures, while intake port
injection has been shown to be the most effective in avoiding
combustion abnormalities while having minimal impact on
efficiency (Boretti, 2024). Water injection cools the chamber
mixture because of the higher latent heat of water, which may
also reduce NO emissions (Mortimer et al., 2023). Port injection of
water to a direct hydrogen SI engine could reduce the NOx
emissions by up to 87% with a 2% increase in fuel consumption
(Younkins et al., 2015). A reduction of up to 79% at a load of 10 bar
and a speed of 2000 rpm, along with a decreased pressure rise rate for
port water injection at 5 kg/h in a direct-injected hydrogen SI engine,
could improve engine performance and efficiency (Mohamed et al.,
2024). Additionally, water injection in a hydrogen SI could extend
the knock limit, allowing the use of higher compression ratios, which
further improves performance (Mortimer et al., 2023).

The amount and the timing of water injected are relevant as the
engine performance decreases by retarding the water injection
timing, and due to hydrogen’s wide flammability limit,
combustion quality is resilient to dilution (Bleechmore and
Brewster, 2007). Hydrogen has been used in various dual-fuel
and supplementary strategies, such as enrichment in gasoline or
natural gas engines, to improve combustion stability and reduce
pollutant emissions (Bleechmore and Brewster, 2007). Additionally,
the performance of a neat hydrogen-fueled SI engine has been
shown to increase with water injection up to 4.05 mg/cycle at an
excess air ratio of 1.15 (Xu et al., 2020).

Because the combustion products of hydrogen contain significant
water vapor, it is also important to understand the fundamental effects
of adding water on combustion. Water addition affects the in-cylinder
hydrogen/airmixture via threemechanisms: dilution, thermal diffusion,
and chemistry (Duva and Toulson, 2022). These effects are captured by
incorporating the empirical correlations for laminar flame speed and
specific state properties into a two-zone combustion numerical model
of a hydrogen SI engine (Li et al., 2021). Recently developed empirical
correlations for the laminar flame speed of hydrogen with water
addition can be incorporated into two-zone combustion models that
divide the chamber into burned and unburned zones (Rrustemi et al.,
2024; Rrustemi et al., 2025a). Hydrogen engines also experience higher
heat fluxes than carbon-based fuels; therefore, the Woschni correlation

must be adjusted with appropriate correction factors to accurately
predict the heat transfer in hydrogen-fueled SI engines
(Krishnanunni et al., 2017).

As the chemical and physical properties of the hydrogen/air
mixture vary with water injection, it is beneficial to understand the
energy input splits to work, heat, irreversibility, and exhaust of a
hydrogen SI engine. Exergy analysis can serve as a method to
investigate the fundamental origins of losses, identify efficiency
limits, and evaluate the engineering trade-offs necessary to
reduce these losses. Exergy is defined as the maximum useful
work or available energy, so it can be used to assess the
performance of ICEs by identifying and quantifying
thermodynamic inefficiencies (Caton, 2000). Exergy destruction is
caused by entropy generation initiated by four irreversible processes:
chemical reaction, mass diffusion, heat conduction, and viscous
dissipation (Nishida et al., 2002). As these processes are complex, it
is necessary to understand the relationship between entropy
generation and engine operating conditions. Summarizing the
exergy analysis of ICEs (Rakopoulos and Giakoumis, 2006)
shows that for hydrocarbon fuels, up to a third of input exergy is
destroyed by the combustion process (Rakopoulos et al., 2008).

Exergy analysis could reveal fundamental aspects of engine
parameter optimization (Abotabik et al., 2020). For example,
increasing the temperature of the reactants decreases entropy
generation; however, decreasing the equivalence ratio increases
combustion-related entropy generation (Knizley et al., 2012).
Exergy analysis was applied to various biofuel blends in an SI
engine to assess their higher octane suitability and emission
reduction potential as cleaner and more sustainable alternatives
to conventional gasoline (Mangave et al., 2025). Exergy analysis of SI
engines fueled with various biofuels has shown that combustion
irreversibility depends on engine operating parameters such as
equivalence ratio, EGR, and oxygen concentration, as well as the
fuel type. Hydrogen exhibited lower exergy destruction than
hydrocarbon biofuels such as ethanol and methanol, reflecting
the influence of molecular complexity and oxygen content on
combustion efficiency (Caton, 2012).

Comparative exergy analyses of hydrogen, LPG, and gasoline in
SI engines show that gasoline achieves a higher exergy transfer to
work efficiency than hydrogen due to particular engine operating
conditions (Gürbüz and Gülcan, 2025). Exergy analysis was also
applied to a neat hydrogen-fueled SI engine at different compression
ratios and ignition timings, showing that higher compression ratios
improve performance and reduce exergy destruction (Şöhret et al.,
2019). Moreover, boosting a hydrogen SI engine increases exergy
transfer to work due to the rise in in-cylinder pressure, but exergy
transfer to heat also increases (Rrustemi et al., 2025b). However,
turbocharging improves the use of exhaust exergy (Wang et al.,
2019). Operating a hydrogen SI engine at MBT timing increases the
thermo-mechanical exergy due to higher in-cylinder pressures, so
too the exergy transfer to heat. Retarding the spark timing reduces
the exergy expelled at exhaust, while the exergy transfer to
combustion-related irreversibility increases due to the drop in in-
cylinder temperatures (Lee et al., 2023), indicating the trade-off
between the engine parameters and exergy transfers.

This study investigates the exergy transfers of a hydrogen SI
engine with water addition, focusing on manifold air pressure,
equivalence ratio, compression ratio, water addition, and emissions.
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2 Methodology

2.1 Combustion model

The two-zone combustion model used divides the chamber into
two zones: 1) an unburned zone consisting of the fresh charge and 2) a
burned zone consisting of the combustion. Themain input of the two-
zone combustion model is the mass fraction burned, which was
calculated by introducing an entrainment zone (Ma et al., 2008).
As the flame kernel initiates at the spark event, the flame interacts with
turbulent motions. Hence, the laminar flame speed experiences
wrinkling due to the in-cylinder turbulence. As the flame expands,
the entrainment of the unburned gases also increases, causing the
flame to advance faster than the rate at which combustion takes place
(Conte and Boulouchos, 2005). The combustion itself occurs at the
laminar burning rate of the fuel, which is determined by the
equivalence ratio, pressure, temperature, and water dilution level
(Rrustemi et al., 2024). The entrainment of the unburned gases
caused by turbulent interactions occurs at a specific burning time,
τ. The entrainment mass fraction of the reactive mixture and the
actual mass fraction burned were calculated using Equation 1 and
Equation 2, respectively.

dme

dt
� ρuAf Sl + u′( ) (1)

dmb

dt
� me −mb

τC
(2)

whereme is the entrainedmass by the flame front, mb is the burned
mass, ρu is the unburnedmixture density, Af is the flame front area, Sl is
the laminar flame speed (see A2), u′ is the in-cylinder turbulence
intensity, and τC is the characteristic burn-up time. The flame front area
Af was calculated based on the approach proposed by Krebs and Biet
(2021). The characteristic burn-up time τC was calculated as the ratio of
the Taylor micro-scale length LT to the laminar flame speed,
τC � CτLT/Sl. The Taylor micro-scale LT was calculated as
described by Ma et al. (2008). A simple isotropic assumption can be
used for turbulence intensity based on the turbulent kinetic energy k, as
u′ �

���
2
3 k

√
. The turbulent kinetic energy k and its dissipation ε in

Equation 4 were calculated using the established k-ε zero-
dimensional model in Equation 3 (Krebs and Biet, 2021):

dk
dt

� −2
3
k
ρ
dρ
dt

− ε (3)

ε � k
3
2

lI
(4)

where the integral turbulent length lI was calculated based on the
approach proposed by Hunzinger et al. (2006). The
thermodynamics of the hydrogen/air mixture with water addition
were calculated using empirical correlations to determine state
properties (Heywood, 2018). The NO emissions were calculated
using the Zeldovich mechanism (Knop et al., 2008).

2.2 Exergy analysis of the hydrogen ICE

The exergy X of an ICE can be expressed as in Equation 5
(Razmara et al., 2016):

X � XChem + XTM � XWork + XExh + XIrr + XHeat + Xothers (5)
where the XChem is the chemical exergy and XTM is the thermo-
mechanical exergy. XWork, XExh, XIrr, and XHeat are exergy transfer to
work, heat, irreversibility, and exhaust, respectively. The term Xothers

accounts for exergy transfers that could not be modeled using the
current approach, such as exergy destruction from mixing, valve
movement, or blow-by gases. The thermal–mechanical and chemical
exergy values were calculated by Equation 6 and Equation 7,
respectively, while the chemical potential μ was calculated using
Equation 8 and Equation 9 (Saxena et al., 2014):

XTM � U − UTM( ) + P0 V − VTM( ) − T0 S − STM( ) (6)
XChem � μTM − μ0 (7)
μTM � hTM − T0sTM (8)
μ0 � h0 − T0s0 (9)

where U, V, and S are internal energy, volume, and entropy,
respectively. The thermodynamic properties for each species are
calculated based on empirical correlations (Heywood, 2018). The
subscript TM denotes the restricted dead state, and the subscript
0 corresponds to the dead state. To calculate the physical exergy, a
process occurs that changes the temperature and pressure of the system
to the restricted dead state TM; however, the system’s chemical
composition remains unchanged by this process. To calculate the
chemical exergy of the system, another process occurs where the
chemical composition changes, but the pressure and temperature of
the system remain constant (PTM = P0 = 1 bar and TTM = T0 =
298.15 K). Note that the system boundary for the exergy analysis was
defined by the combustion chamber walls and the piston head.

The exergy was split into four contributors: work, heat,
irreversibility, and exhaust. The exergy transfer to indicated work
is given by Equation 10 (Caton, 2012):

dXWork

dθ
� P − P0( ) dV

dθ
(10)

where P is the instantaneous in-cylinder pressure obtained from the
two-zone hydrogen combustionmodel, P0 is the pressure at the dead
state, and V is the volume of the cylinder. The exergy transfer to heat
caused by the difference between the in-cylinder mixture and
chamber wall is given by Equation 11 (Lee et al., 2023):

dXHeat

dθ
� − 1 − T0

T
( ) dQht

dθ
(11)

where T0 and T are the initial and in-cylinder temperatures,
respectively. The convective heat loss Qht is modeled using the
Woschni correlation (Woschni, 1967). However, to accurately
reflect the heat losses associated with hydrogen combustion, the
heat transfer coefficient from the standard Woschni correlation was
multiplied by a factor of 2.2 (Krishnanunni et al., 2017).

The chemical exergy of hydrogen was calculated using
Equation 12 (Pozzato et al., 2022):

XCH � UTM + P0VTM − T0STM( ) −∑
j

∑
i

μi,0
vij
vj

( )Nj (12)

where the chemical exergyXCH is the chemical potential at the restricted
dead state, as well as the chemical potential of the environmental species
j, which are formed from the species i originally present in the system at
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the environmental dead state. The environment is considered to consist
of four main species, with all remaining components grouped into a
single category. The volume fractions of these species are: 20.35% O2,
75.67% N2, 0.03% CO2, 3.03% H2O, and 0.92% for other components
(Rakopoulos and Giakoumis, 2006).

The exergy destroyed by combustion-related irreversibility was
calculated as a function of the reaction rate and the difference
between the chemical potential of the reactants and products. The
combustion irreversibility is given by Equation 13 (Rakopoulos and
Giakoumis, 2006):

dXComb

dθ
� −T0

dSGen
dθ

� −T0

T
∑
i

μi,0dmi (13)

where the chemical potential μi is set to be XChem for the fuel and to
be the Gibbs free energy Gi for other gases. Finally, the exergy
expelled by the exhaust gases is defined as the thermo-mechanical
exergy available at exhaust valve opening (EVO) in Equation 14
(Razmara et al., 2016):

Xexh � Xθ�EVO (14)

3 Results and discussion

3.1 Engine performance

Figure 1a shows the indicated mean effective pressure (IMEP) of
the boosted hydrogen SI engine at various equivalence ratios under
MBT timing. It can be seen that the IMEP increases monotonically
at all presented equivalence ratios with increasing manifold air
pressure (MAP) values. At an equivalence ratio of 0.9, the IMEP

increased by 6% and 13% when the MAP was increased from 80 kPa
to 100 kPa and 120 kPa, respectively. The IMEP increase with
boosting could be due to the increase in the amount of hydrogen at
higher MAP values (Berckmüller et al., 2003). Additionally, the
IMEP decreases with decreasing equivalence ratios because of the
reduced fuel mass in leaner mixtures. Under naturally aspirated
conditions (MAP = 80 kPa), the IMEP decreased by 12%, 24%, and
41% when equivalence ratios were reduced from 0.9 to 0.77, 0.65,
and 0.5, respectively.

The benefit of increasing MAP is countered by the rise in NO
emissions. Under an equivalence ratio of 0.9, the NO emissions increase
by 11%, and 23% when theMAP increases from 80 kPa to 100 kPa and
120 kPa, respectively. This was because of the increase in in-cylinder
pressure due to higher charge density for higher MAP values, which
increases the turbulence intensity, consequently decreasing the
combustion duration captured by Equation 1. Thus, it increases the
in-cylinder temperature, which could be mitigated by decreasing the
equivalence ratio. Under naturally aspirated conditions (MAP =
80 kPa), the NO emissions were reduced by 30%, 55% and 83%
when the equivalence ratio was reduced from 0.9 to 0.77, 0.65, and
0.5, respectively; as was the load (Figure 1a). This could be due to the
reduction in the in-cylinder temperature for leaner hydrogen-with-air
mixtures. At an MAP of 80 kPa and an ∅ of 0.9, the NO emissions
decreased by 6%, 16%, 26%, and 38% for 1%, 3%, 5%, and 8% water
additions, respectively. This reduction was due to the lower in-cylinder
temperatures as water decreases the combustion flame speed and
increases the heat capacity. However, the IMEP was reduced by 6%
and 38% for 1% and 8% water additions, respectively (Figure 1b). The
amount of water injected can be optimized to balance the trade-off
between IMEP and NO emissions. For instance, when 1% water was
added at an equivalence ratio of 0.9 with a boost of 40 kPa, NO
emissions decreased by 5%.

FIGURE 1
(a) IMEP andNOemissions at various MAP and∅ values, and (b) IMEP andNOemissions at various water additions, and∅ values at anMAP of 80 kPa.
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3.2 Exergy analysis

Because hydrogen’s high reactivity and simple molecular
structure differ greatly from hydrocarbon fuels, this section
analyzes the exergy transfer to work, heat, irreversibility, and
exhaust of a hydrogen SI engine at various water additions,
manifold air pressures, equivalence ratios, and compression

ratios. In Figure 2, the instantaneous exergy contributors of
work, heat, and combustion irreversibility are presented as a
function of crank angle from intake valve closing (IVC) to
exhaust valve opening (EVO). During compression, the thermo-
mechanical exergy increases as the in-cylinder pressure and
temperature rise, whereas the exergy attributed to heat transfer
remains insignificant. With the start of combustion at 10° crank
angle (degrees) before top dead center (CA bTDC), the chemical
exergy decreases significantly due to the fuel being burned, while the
thermo-mechanical exergy increases as the chemical exergy is
converted to mechanical exergy during combustion. Similarly, the
exergy transfer to heat increases as the in-cylinder temperature rises,
continuing through the expansion process. At the end of
combustion, the total in-cylinder exergy decreases due to exergy
transfers to work, heat, and combustion-related irreversibility. The
remaining total in-cylinder exergy at EVO is defined as the exergy
available at exhaust, as the in-cylinder pressure and temperature are
still higher than those of the dead state.

Figure 3 shows the exergy split ratio defined as the proportion of
the exergy transfer to work, heat, irreversibility, and exhaust, relative
to the corresponding intake exergy. It can be seen from Figure 3 that
in all presented cases, the largest exergy contributor is the transfer to
reversible work. As the mixture becomes leaner, the exergy transfer
to work increases. Under naturally aspirated conditions (MAP =
80 kPa), the exergy transfer to work increased by 4%, 7%, 8%, and
10% when the ∅ decreased from 0.9 to 0.77, 0.65, 0.5, and 0.45,
respectively. This increase is due to the greater amount of work
extracted from leaner mixtures due to the increased specific heat
ratio. As a result, less exergy remains to be expelled through the
exhaust. Exhaust exergy represents the available in-cylinder exergy
at EVO, and once the mixture interacts with the environment, the
exergy is destroyed. Additionally, in leaner mixtures, exhaust

FIGURE 2
In-cylinder exergy split from intake valve closing (IVC) to exhaust
valve opening (EVO) at a spark timing of 10° CA bTDC (MAP = 80 kPa,
CR = 11.5).

FIGURE 3
Exergy split ratio to work, heat, irreversibility, and exhaust at (a) various ∅ values and MAPs (CR = 11.5) and at (b) various ∅ and compression ratios
(MAP = 80 kPa) at MBT timing.
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enthalpy is converted into useful work. Under naturally aspirated
conditions (MAP = 80 kPa), the exergy transfer to the exhaust
decreases by 9%, 12%, 28%, and 64% when the ∅ decreases from
0.9 to 0.77, 0.65, 0.5, and 0.45, respectively.

In contrast, it can be seen from Figure 3a that the exergy transfer
to heat decreases for leaner mixtures due to a drop in in-cylinder
energy content (less fuel), which in turn lowers the in-cylinder
temperature, reducing the temperature difference between the
mixture and the chamber wall. Under naturally aspirated
conditions (MAP = 80 kPa), the exergy transfer to heat
decreased by 6%, 15%, 32%, and 35% when the ∅ decreased
from 0.9 to 0.77, 0.65, 0.5, and 0.45, respectively. A portion of
the exergy is destroyed by combustion-related irreversibility. The
exergy transfer to combustion-related irreversibility increased by
3%, 82%, 201%, and 269% when the ∅ decreased from 0.9 to 0.77,
0.65, 0.5, and 0.45, respectively, for an MAP of 80 kPa. Under the
naturally aspirated condition, at an ∅ of 0.45, the exergy transfer to
combustion irreversibility was 26%, limiting the maximum possible
efficiency to 74% for this case. The exergy transfer to combustion
irreversibility increases due to the greater entropy difference
between reactants and products for leaner mixtures (less hydrogen).

FIGURE 4
Hydrogen/air chemical exergy at different water additions for the
naturally aspirated condition under an ∅ of 0.77 (ST = 5° CA bTDC,
MAP = 80 kPa, N = 2000 rpm). The inset demonstrates that water
increases the chemical exergy because its chemical potential is
greater than that of air.

FIGURE 5
The exergy split to (a) work; (b) heat; (c) irreversibility for ∅ = 0.77 for various water additions (ST = 10° CA bTDC).
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Figure 3a also shows that increasing MAP values increases the
exergy transfer to work and heat. Under an ∅ of 0.9, the exergy
transfer to work increases by 3% and 7% when the MAP increases
from 80 kPa to 100 kPa and 120 kPa, respectively. Similarly, at an∅

of 0.9, the exergy transfer to heat increased by 4% and 7% when the
MAP increased from 80 kPa to 100 kPa and 120 kPa, respectively.
This is due to the increase in the charge density, increasing in-
cylinder pressure and temperature, and consequently increasing the

FIGURE 6
The exergy split ratio for a lean-burn hydrogen engine at various water additions and ∅ values (MAP = 80 kPa, CR = 11.5, ST = MBT).
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difference between in-cylinder charge and wall temperature. In
contrast, the exergy expelled by the exhaust decreases as the
MAP increases due to exergy being diverted into work and heat.
The exergy transfer to the exhaust decreases slightly due to the
increased in-cylinder temperature. Similarly, increasing the
compression ratio (Figure 3b) increases the exergy transfer to
work and heat and reduces the exergy transfer to exhaust. By
increasing the compression ratio from 11.5 to 13, the exergy
transfer to work increased by 9%, 7%, 6%, 4%, and 3% for an ∅
of 0.45, 0.5, 0.65, 0.77, and 0.9, respectively. This may be due to the
increase in in-cylinder pressure and temperature during the
compression process at higher compression ratios, which could
increase the flame speed and subsequently reduce the combustion
duration (Salvi and Subramanian, 2022). The peak exergy transfer to
work of 44% occurred for an∅ of 0.45 at a compression ratio of 13.
The exergy transfer to combustion irreversibility did not vary
significantly with increasing compression ratio. For an ∅ of 0.9,
the exergy transfer to combustion irreversibility reached a plateau at
7%, even though the in-cylinder energy state increased with
increasing compression ratio. However, increasing the
compression ratio was effective in reducing the exergy expelled
by the exhaust. By increasing the compression ratio from 11.5 to 13,
the exergy transfer to the exhaust was reduced by 88%, 41%, and
37% for ∅ values of 0.45, 0.5, 0.65, 0.77, and 0.9, respectively.

3.3 Water effect on exergy split to work,
heat, irreversibility, and exhaust

Water injection reduces NO emissions, but the effect on the
exergy split into work, heat, irreversibility, and exhaust must also be
understood. The chemical exergy decreases proportionally to the
mass fraction burned and decreases progressively as combustion
occurs. The reducing slope of chemical exergy during combustion of
Figure 4 shows that adding water to hydrogen combustion increases
the combustion duration due to the decrease in laminar flame speed
(LFS) and the increase in the heat capacity of the in-cylinder mixture
due to the slower combustion process. The exergy transfer to work
and heat shown in Figures 5a,b, respectively, decreases with higher
water additions, primarily due to the high specific heat capacity of
water. The exergy to heat at EVO was reduced by 2%, 15%, and 23%
for 3%, 5%, and 8% water additions, respectively. Even though the
heat transfer decreased, it did not divert the remaining exergy to
work. Additionally, the exergy transfer to work at EVO decreases by
5%, 9%, and 14% for 3%, 5%, and 8% water addition, respectively. In
contrast, as shown in Figure 5c, the exergy transfer to combustion-
related irreversibility increases with water addition, with increases of
2%, 4%, and 9% at EVO for 3%, 5%, and 8% water additions,
respectively. This could be due to the increase in entropy generation
due to the rise of product entropy and reduction of the in-cylinder
temperature with water addition (Rrustemi et al., 2025a).

Figure 6 shows that as water addition increases, the exergy
transfer to work decreases due to the reduced in-cylinder pressure.
For an∅ of 0.45 (Figure 6a), the exergy transfer to work decreases by
9%, 11%, 12%, and 14% with 1%, 3%, 5%, and 8% water additions,
respectively. Similarly, as water addition increases, exergy transfer to
heat decreases due to the drop in in-cylinder temperature, with
reductions of 2%, 5%, 7%, and 11% for the same levels of water

addition. Conversely, exergy destroyed by combustion-related
irreversibility increases with water addition. This is attributed to
the rise in product entropy and the decrease in in-cylinder
temperature. Exergy loss to irreversibility increases by 1%, 2%,
and 4% with 3%, 5%, and 8% water additions, respectively. As
exergy transfers to work and heat decrease with water addition due
to the higher specific heat capacity of water, the remaining exergy
expelled through the exhaust increases. This agrees with the second
law of thermodynamics, which states that a steady-state systemmust
reject the remaining generated entropy. For an ∅ of 0.5, the exergy
expelled by the exhaust gases increases by 18%, 51%, 81%, and 121%
with 1%, 3%, 5%, and 8% water additions, respectively. Without any
further mechanical improvements, the heat reduction by water
addition in a hydrogen SI engine does not increase the exergy
transfer to work; rather, it expels exergy through the exhaust.
This suggests potential for utilizing exergy in the exhaust of
water-diluted hydrogen SI engines.

4 Conclusion

A two-zone hydrogen combustion was used to identify the exergy
transfer to work, heat, irreversibility, and exhaust of a boosted lean-burn
hydrogen SI engine with water addition. Increasing manifold air
pressure boosts the performance of the hydrogen SI engine but also
increases NO emissions. NO emissions were mitigated by reducing the
equivalence ratio and by water injection. Water injection effectively and
significantly reduced NO emissions, but it came at the cost of reduced
IMEP, requiring optimization between performance and emissions. For
an equivalence ratio of 0.9 under naturally aspirated conditions with 1%
water addition, NO emissions decreased by 6% with a 2% IMEP
decrease. The analysis was achieved using the second law of
thermodynamics to identify and quantify the exergy transfer to
work, heat, irreversibility, and exhaust at various MAPs, equivalence
ratios, compression ratios, and water additions. The exergy transfer to
work increases with reducing equivalence ratio, as the exhaust enthalpy
is diverted into useful work. However, the exergy split to combustion-
related irreversibility also increases due to the reduced amount of
hydrogen fuel at lower equivalence ratios. For naturally aspirated
conditions at an equivalence ratio of 0.45, approximately 26% of the
input exergy was transferred to combustion irreversibility, limiting the
maximum possible efficiency to 74%. Additionally, increasing theMAP
and compression ratio was shown to increase exergy transfer to heat
and work, leaving less exergy to be expelled by the exhaust. The exergy
transfer to combustion irreversibility was not significantly affected by
theMAP or compression ratio. Adding water to the hydrogen SI engine
decreased the exergy transfer to work and heat due to slower
combustion, which was caused by the increased heat capacity of the
hydrogen/air mixture with water addition. In contrast, exergy transfer
to irreversibility increased because of lower in-cylinder temperatures.
The remaining exergy was expelled through the exhaust, and this
increased with higher water additions. For an equivalence ratio of
0.45 with 5% water addition, the exergy transfer to heat and work
decreases by 12% and 7%, respectively. In contrast, the exergy transfer
to combustion-related irreversibility and exhaust increases by 2% and
81%, respectively.

This study considered the exergy transfer to work, heat,
combustion irreversibility, and exhaust to indicate their relative
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importance, but it could not capture the spatial effects of water
addition on in-cylinder mixture formation, which would require
more advanced multidimensional modeling. The aim was to
understand how to manage resources to maximize work output
while minimizing energy input and emissions. A hydrogen SI engine
requires an increase in IMEP to compete with gasoline engines,
which can be achieved by increasing the MAP or the compression
ratio. Hence, the need to understand the exergy split into work, heat,
irreversibility, and exhaust. Finally, it can be highlighted that water
addition reduces NO emissions in a hydrogen-fueled SI engine and
has further potential to optimize the exhaust exergy. Although the
combustion model and exergy analysis in this study were developed
for hydrogen, the methodology is also applicable to the optimization
of other alternative-fueled SI engines. Exergy analysis of different
fuels could reveal opportunities to improve engine thermal efficiency
through the application of second-law-based engine control
strategies.
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Nomenclature

Symbols

c specific heat (J/kgK)

ε dissipation

σ Stefan–Boltzmann constant (5.67 × 10−8 W/m2K4)

h specific enthalpy (J/kg)

i species index

j environmental species index

k kinetic energy (m2/s2)

l length (m)

m mass (kg)

μ chemical potential (J/mol)

n number of moles (mol)

P pressure (Pa)

∅ equivalence ratio

Q heat (J)

R universal gas constant (8.314 J/mol K)

ρ density (kg/m3)

S entropy (J/K)

SL Laminar flame speed (m/s)

T temperature (K)

τ eddy burn time

θ crank angle (degrees)

U specific internal energy (J)

u9 turbulent intensity (m/s)

V volume (m3)

v stoichiometric coefficient

X exergy (J)

Acronyms

bTDC before top dead centre

CA crank angle

CR compression ratio

EGR exhaust gas recirculation

EVO exhaust valve opening (crank angle)

H2O water vapor

ICE internal combustion engine

IMEP indicated mean effective pressure (Pa)

ITE indicated thermal efficiency (%)

IVC intake valve closing (crank angle)

MAP manifold air pressure (Pa)

MBT maximum brake torque

NO nitric oxide

NOx oxides of nitrogen

Subscripts

0 dead state

b burn

chem chemical

Exh exhaust

e entrained

Heat heat

ht heat transfer

Irr irreversibility

TM thermo-mechanical

TM restricted dead state

Work work
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