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Low-pressure exhaust gas recirculation (LP-EGR) is promising strategy 
for reducing NOx emissions in internal combustion engines, but it presents 
challenges due to water vapor condensation that can lead to compressor 
impeller erosion. This study presents a comprehensive thermodynamic 
analysis to quantify condensate formation and determine dew point 
temperatures across varying fuels and engine operating conditions. Novel 
mathematical models are developed to estimate specific humidity and 
condensation using only standard engine parameters, making them 
applicable without additional sensors. Results show that both fuel 
composition - particularly the hydrogen-to-carbon ratio - and LP-EGR 
rates strongly influence condensation. The study also highlights the impact 
of alternative fuels and ambient conditions on condensation risk. The 
developed methodology supports real-time evaluation of condensation 
potential and offers critical input for erosion risk assessment, component 
design, and emission control strategy optimization in modern powertrain. 
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1. INTRODUCTION 
 

According to the International Energy Agency’s 2024 
report, the transportation sector is responsible for 21% 
of global CO2 emissions, with road transport alone 
accounting for 11% [1]. These figures underscore the 
critical importance of developing environmentally 
focused strategies and technological solutions within the 
automotive industry. Contrary to earlier assumptions, it 
has now become evident that, in the short term, tailoring 
specific powertrain solutions to particular applications 
and use cases proves to be more effective than full 
electrification - especially when considering the total 
CO₂ emissions generated over a vehicle’s entire life 
cycle, rather than only its local emissions [2–9]. In this 
context, it is clear that alongside the development of 
electric, fuel cell, and hybrid powertrains, the continued 
advancement of internal combustion engines remains of 
significant importance. However, in the case of internal 
combustion engine-based powertrains, the reduction of 
both NOx and CO₂ emissions remains a significant 
challenge to meet increasingly strict regional regulations 
[10,11]. The combined use of low-pressure exhaust gas 
recirculation (LP-EGR) and turbocharging offers an 
effective means of substantially reducing these 
emissions, which has led to their growing application in 
modern powertrains. Downsizing, enabled by 
turbocharging, leads to reduced engine displacement, 
which in turn lowers frictional losses and results in 
decreased specific fuel consumption [12,13]. LP-EGR 

technique, on the other hand, reduces peak combustion 
temperatures due to the presence of inert exhaust gases, 
thereby lowering NOx emissions [14,15]. Serrano et al. 
[16] identified several advantages and disadvantages of 
the LP-EGR system compared to the earlier applied HP-
EGR techniques. Since there is no mass flow reduction 
on the turbine, there is no decrease in performance and a 
better transient response due to the faster buildup of 
boost pressure. Additionally, the system provides lower 
charge air temperatures and allows more time for the 
gases to mix before entering the cylinder, resulting in a 
significantly more homogeneous cylinder charge, as 
noted by Venu et al. [17] as well. Dimitriou et al. [18] 
identified an additional advantage of LP-EGR as it 
enables a higher mass flow through the turbocharger 
turbine, allowing the variable turbine geometry (VTG) 
to operate at a wider vane angle while maintaining the 
same boost pressure. This results in reduced exhaust 
backpressure and lower pumping losses, specifically in 
terms of piston displacement work. Furthermore, during 
cold ambient conditions, elevated NOx emissions can be 
observed shortly after engine start-up, prior to the 
catalytic converter reaching its optimal operating tem–
perature. One of the key findings of Jung et al. [19] was 
that, in gasoline engines, exhaust gas recirculation (par–
ticularly at part-load conditions) contributes to fuel con–
sumption reduction. This is attributed to the increased 
throttle valve opening required to maintain the same 
power output when EGR rates are higher, thereby redu–
cing throttling losses. This finding was confirmed by 
Bermúdez et al. [20] who demonstrated the same effect 
using testbench measurements methods. If the recir–
culated exhaust gas is further cooled by an EGR cooler, 
the propensity for knock in spark-ignition (SI) engines 
can be substantially mitigated [21]. However, this 
concurrently increases the likelihood of water conden–
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sation, potentially as early as the piping immediately 
downstream of the EGR cooler. However, the main 
disadvantages include a more expensive design due to 
the increased number of components, longer control 
response times resulting from extended piping, and the 
risk of mechanical damage to the compressor blades 
caused by accumulated water condensate. This latter 
phenomenon represents the most significant drawback, 
which has so far been the subject of only a few studies. 
Giechaskiel et at. [22] examines how water vapor con–
densation during engine cold starts can distort exhaust 
gas measurements by diluting gas concentrations. 

The research conducted by Siokos et al. [23] focused 
on quantifying the amount of water condensate formed 
under specific engine operating conditions, considering 
the quantity and temperature of the recirculated exhaust 
gas, as well as the ambient air temperature. The findings 
indicated that condensation is likely to occur when the 
exhaust gas is cooled below 53°C or when the ambient 
temperature drops below 0°C in conjunction with an 
EGR rate exceeding 8 %. However, the study does not 
investigate the influence of varying air-to-fuel ratios, 
LP-EGR pressure and its findings are limited to a single 
type of fuel. In addition, the effect of the pressure 
conditions within the LP-EGR duct on the condensation 
process remains unaddressed. Regarding the air-to-fuel 
ratio, Garrido et al. [24] also observed that using a 
stoichiometric mixture produces the highest amount of 
water condensate, as above this value a dilution effect 
occurs, whereas below it the amount of condensate 
decreases significantly due to the limited availability of 
fuel. However, they did not provide a corresponding 
mathematical description of this relationship. Serrano et 
al. [25] identified ambient air temperature, pressure, and 
humidity, as well as the LP-EGR aftercooler 
temperature, LP-EGR ratio, mixture pressure, and 
combustion process as key parameters influencing 
condensation formation. Their numerical results show 
good agreement with analytical calculations; however, 
beyond the presented figures and trends, no general 
mathematical formulation describing the condensation 
phenomenon was proposed. 

It can be concluded that the application of LP-EGR 
offers significant potential for reducing NOx emissions 
and, in certain cases, improving fuel efficiency. 
However, the associated disadvantages—particularly 
the risk of water condensation—must be carefully 
considered. The high-velocity impingement of 
condensed water droplets on the compressor blades may 
lead to erosion or even catastrophic failure of the 
turbocharger’s rotor system [26]. While several 
researchers have explored methods to reduce the extent 
of condensation, the complete elimination of this 
phenomenon under LP-EGR operation has not yet been 
achieved. An optimization strategy developed by Song 
et al. [27], based on a one-dimensional numerical 
model, demonstrated a 30.56% reduction in total 
condensation during a Worldwide harmonized Light 
vehicles Test Cycle (WLTC) without increasing NOx 
emissions. However, this came at the cost of a 1.13% 
rise in brake specific fuel consumption (BSFC), and no 
further details were provided regarding the impact on 
unburned hydrocarbon emissions. In parallel, Galindo et 

al. [28] investigated the mitigation of condensation 
through geometric optimization of the junction between 
the LP-EGR and the intake air duct. Their findings 
revealed that certain mixing ratios and junction angles 
can ensure that complete mixing of the gases occurs 
upstream of the compressor impeller’s leading edge. It 
is important to note, however, that while such 
optimizations can effectively reduce condensation, the 
resulting flow patterns may adversely impact 
compressor efficiency, potentially leading to increased 
engine-specific fuel consumption [29]. 

The use of alternative fuels represents one of the 
most promising and actively researched areas in the 
field of internal combustion engine development. The 
primary objectives are to enhance the sustainability of 
fuel production and reduce CO₂ emissions, as 
demonstrated by numerous studies [30–32]. However, 
alongside the significant emissions benefits, several 
alternative fuels have been observed to increase the rate 
of water condensation, as previously discussed. Moroz 
et al. [33] demonstrated that, under stoichiometric 
conditions and equivalent energy release, the amount of 
condensed water is approximately 4% higher for soy 
and rapeseed oil and up to 8% higher for palm oil when 
compared to conventional diesel fuel. This increase is 
primarily attributed to the higher hydrogen-to-carbon 
ratio in the molecular structure of these bio-derived 
hydrocarbons. Similarly, d’Ambrosio et al. [34] 
investigated the combustion characteristics of 
hydrotreated vegetable oil (HVO) and found that its use 
enables higher LP-EGR rates compared to conventional 
diesel. This leads to an elevated water vapor content 
within the EGR loop, further increasing the likelihood 
of condensation. 

The combustion of hydrogen also produces a 
significantly higher specific humidity than conventional 
hydrocarbon fuels. Since LP-EGR is similarly employed 
in hydrogen-fuelled internal combustion engines to 
reduce NOx emissions, the resulting high water vapor 
concentration can lead to an even greater risk of 
condensation and, consequently, droplet erosion of the 
turbocharger compressor impeller [35,36]. In summary, 
while the integration of alternative fuels with LP-EGR 
systems offers considerable benefits in terms of CO2 
and NOx reduction, it also results in increased water 
condensation levels - posing a substantial challenge to 
component durability, particularly for the turbocharger 
compressor. 

Although the phenomenon of condensation - 
emerging as one of the major drawbacks of LP-EGR 
systems - has been addressed in a few studies, the 
influence of several critical engine parameters remains 
insufficiently characterized, and the mathematical 
description of their impact on condensation is still 
incomplete. Identifying this research gap, the key 
objective of this article is to systematically investigate 
the engine-related factors influencing water 
condensation within LP-EGR systems and to develop 
mathematical models that quantitatively describe these 
relationships for any hydrocarbon-based fuel. During 
the formulation of the relationships, particular emphasis 
was placed on ensuring that the variables involved are 
parameters and/or input data that can be easily measured 
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in any internal combustion engine, to make the 
calculations applicable across different engine designs 
without the need for additional sensors. 

 
2. METHODOLOGY 

 
While the introduction refers to the occurrence of 
condensation, its specific locations - downstream of the 
LP-EGR cooler and upstream of the compressor 
impeller - are illustrated in the schematic layout in 
Figure 1 (locations 1 and 2, respectively). 

 
Figure 1. Potential water condensation locations within the 
LP-EGR system 

The source of the condensation at Point 1 is the 
formation of water vapor during the combustion of 
hydrocarbons or hydrogen, which passes through the LP-
EGR cooler where its temperature is significantly reduced. 
Under certain conditions, the medium can reach the 
saturation vapor pressure limit, resulting in condensation 
into liquid form. At Point 2, the relative humidity of the 
mixed ambient air and EGR gas can, in some cases, reach 
100%, which also leads to condensation. This condensate 
may collide at high velocity with the compressor impeller, 
causing potential erosion. By knowing the specific 
humidity of the medium and the local dew point 
temperature, the presence and extent of condensation can 
be calculated. In internal combustion engines, the specific 
humidity of the exhaust gas (which is equal to the specific 
humidity of the LP-EGR flow) can be calculated based on 
the chemical equilibrium of the combustion process for the 
given operating condition. The second source of water 
formation is the specific humidity of the ambient air, which 
is governed by the ambient pressure and temperature, and 
can be determined as a function of these thermodynamic 
parameters. The specific humidity of these media deter–
mines the amount of condensed water that may form. 

However, condensation occurs only at operating points 
where the media reach the dew point temperature at a gi–
ven location, i.e., the condition of saturated vapor pressure. 

 
2.1 Specific humidity calculation of the exhaust gas 
 
To determine the specific humidity of the exhaust gas, it 
is necessary to calculate both the total mass of the exhaust 
gas and the mass of the water vapor generated during 
combustion. These quantities can be derived using the 
chemical equations describing the combustion process. It 
is important to note that, throughout this analysis, a 
complete combustion process and perfect mixing of air 
and fuel have been assumed. Of the components of air, 
only nitrogen, oxygen, and argon are considered in the 
calculations, as the mass fractions of the re–maining 
constituents are negligible. The coefficients for N2 and Ar 
were determined based on their mass ratios relative to O2 
in dry air (dry air composition: 78.084 % N2; 20.946 % 
O2; 0.934 % Ar [37]).The method presented is valid 
exclusively for hydrocarbon and hydrogen fuels and 
assumes any air-to-fuel ratio. Under these conditions, the 
general combustion equation can be written as follows: 
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The specific humidity of the exhaust (wexh) gas in 
this case can be calculated as follows: 
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where M means the molecular weight of the different 
elements and molecules. During mixture enrichment (λ 
< 1), the combustion products also contain unburned 
hydrocarbons due to the limited availability of oxygen 
molecules, so the chemical combustion equation takes 
the following form: 
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The specific humidity of the exhaust gas in the case 
of a rich mixture can be calculated based on (4). 
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For a lean mixture (λ>1) combustion process, excess 
air is present (5). The specific humidity of the exhaust 
gas in the case of a lean mixture can be calculated based 
on (6). As can be seen from the above equations (1-6), 
the specific humidity of the exhaust gas is determined 
by the number of carbon and hydrogen atoms in the 
applied fuel, as well as by the air-to-fuel ratio used. 
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First, let us examine the effect of the hydrogen-to-
carbon ratio in the case of a stoichiometric mixture (λ = 
1). Figure 2 was created by substituting various carbon 
and hydrogen ratios, with several conventional fuels 
indicated as reference points. 

 
Figure 2. Exhaust gas specific humidity as a function of 
H/C ratio considering stochiometric mixture and perfect 
combustion 

In this case, the lower limit of 1 on the x-axis cor–
responds to the theoretical minimum H/C ratio, which is 
characteristic of pure ethyne, while the upper limit of 4 
represents the maximum achievable H/C ratio, corres–
ponding to pure methane. In the case of hydrogen com–
bustion, the H/C ratio is not applicable; however, the 
specific humidity of the exhaust gas at a stoichiometric 
air-fuel ratio can be calculated, and it is 339.22 g/kg. 
The specific humidity of the exhaust gas as a function of 
the H/C ratio can be approximated with high accuracy 
(R2 = 0.9998) using the following second-degree poly–
nomial function: 

2
3.7 48.24 6.6exh

H Hw
C C
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When applying the equation to conventional fuels 
under stoichiometric conditions, the highest specific 
humidity of the exhaust gas is observed for methane, 
which possesses the highest H/C ratio. Conversely, the 
lowest theoretical condensate formation occurs for 
diesel fuel, typically represented by the chemical 
composition C13H28, due to its lower H/C ratio. 

 
Figure 3. Exhaust gas specific humidity for various fuels as 
a function of the air–fuel equivalence ratio (λ). 

The selection of the air-fuel ratio (λ) is a crucial 
parameter in determining the specific humidity of the 
exhaust gas during combustion, as it influences both the 
mass of water vapor generated and the total mass of the 
exhaust gas. By applying the previously described che–
mical equations under the assumption of complete 
combustion, the following relationship can be estab–
lished for the specific humidity of the exhaust gas as a 
function of λ for representative fuels such as gasoline, 
diesel, methane, and hydrogen, as illustrated in Figure 3. 

The highest specific humidity value occurs at the 
stoichiometric air-fuel ratio at any fuel. This can be 
explained by the fact that the mass of water vapor 
produced remains constant relative to the mass of fuel 
burned, while the total mass of the exhaust gas increases 
with mixture leaning, resulting in a gradual decrease in 
the water vapor proportion within the exhaust gas. 
Under rich mixture conditions, the exhaust gas contains 
unburned hydrocarbons that have not been converted to 
water vapor and CO2, thereby reducing the relative 
proportion of water vapor compared to the burned fuel 
mass. It can be concluded that the specific humidity of 
the exhaust gas depends on the H/C ratio of the fuel 
used and the applied air-to-fuel ratio. For accurate 
determination, it is advisable to approximate the latter 
with at least a 5th-degree polynomial. In the case of 
using pure gasoline, for example, the following equation 
can be applied. 

5 4 3
_

2

2.14 30.13 155.84

356.72 318.78 1.5973

exh gasolinew x x x

x x

= − + −

− + +
 (8) 

Figure 4 illustrates the deviation of the fitted 
polynomial from the analytically calculated values at 
different fuels. 

 
Figure 4. Exhaust gas specific humidity vs λ with fitted 
polynomials 

As it can be seen in Figure 4, the 5th-order 
polynomial function fits the curve acceptably well over 
the entire λ range; however, this approach has several 
drawbacks. The most significant is that the maximum of 
the function does not occur at stoichiometric mixture (λ 
= 1), and it exhibits considerable deviations in the 
vicinity of this point. To address this issue, it is 
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advisable to divide the domain into two separate 
intervals: the first applied for λ  < 1, and the second for 
λ ≥ 1. The fitted polynomial functions obtained using 
this approach for gasoline are as follows: 
The function applied in the case of λ < 1 (R2 = 0.9997) 

4 3 22.77 31.6 136.68 279.04 267.38y x x x x= − + − +  (9) 

The function applied in the case λ < 1 (R2 = 0.9993) 

214.91 34.46 76.94y x x= − + +  (10) 

Figure 5 presents the extension of these functions 
forDiesel, Gasoline, and Methane. 

 
Figure 5. Polynomial fitting on exhaust gas specific humi–
dity curves 

As shown in Figure 5, the newly applied approach 
results in a much more accurate fit. Moreover, the 
previously observed issues - such as the location of the 
local maximum and the significant deviations around λ 
= 1 - have all been corrected. 

The dependence of the exhaust gas specific humidity 
on both the H/C ratio and the lambda value has been 
established. By combining the effects of these variables, 
the specific humidity of the exhaust gas (a) in g/kg can be 
determined using a single general formula applicable for 
any hydrocarbon with a given hydrogen-to-carbon ratio 
(b) and air-to-fuel ratio (c) with high accuracy. For λ < 1 
th e relationship can be defined in the following form: 

( ) ( )2
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a b c b c

b
= − − + + +
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For λ ≥ 1 the following formula can be used: 
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Using these functions, the complete characteristic 
field corresponding to the exhaust gas specific humidity 
can be constructed, as illustrated in Figure 6. 

Figure 6 highlights several commonly used hydro–
carbon fuels with dotted lines as references. It can be 
observed that, in all cases, the specific humidity of the 
exhaust gas reaches its maximum at λ = 1. Enriching the 
mixture causes this value to decrease gradually, whereas 
leaning the mixture results in a significantly steeper 
decline. The effect of the hydrogen-to-carbon (H/C) 
ratio of the fuel can also be observed. 

 
Figure 6. Characteristic map of exhaust gas specific 
humidity 

The combustion of different fuels releases varying 
amounts of energy due to differences in their calorific 
values. Therefore, it is also important to assess the amo–
unt of condensable water per unit of energy released. This 
enables a comparative evaluation of erosion risk associ–
ated with different fuels, since higher condensate quan–
tities correspond to increased erosion potential. Table 1 
presents the exhaust gas specific humidity alongside the 
lower heating values (LHV) of various fuel mixtures at 
stoichiometric conditions and complete mixing. To esti–
mate the amount of condensable water vapor per unit of 
released energy, the exhaust gas specific humidity is divi–
ded by the calorific value of the respective fuel mixture. 
Table 1. Comparison of the amount of condensable water 
vapor with the same energy released produced by different 
fuels combustion at λ = 1 in case of direct injection (DI) 

Fuel 1exhw λ =
[g/kg] 

LHVmix 
DI, λ = 1 
[MJ/kg] 

Cond. 
water 
[g/MJ] 

Cond. water 
(gasoline eq.) 

[%] 
Gasoline 96.52 2.83 34.11 100 
Diesel 93.54 2.97 31.49 92.34 

Methane 140.5 2.91 48.28 141.56 
Hydrogen 339.22 3.51 96.64 283.36 

 
Based on the data inTable 1, it can be observed that 

to release the same amount of energy (corresponding to 
the same load under real-driving conditions), diesel 
combustion produces 7.66% less condensate, methane 
combustion produces 41.56% more condensate, and 
hydrogen combustion produces 183.36% more con–
densate compared to gasoline combustion. 

 
2.2 Dew temperature calculation of the exhaust gas 
 
The exhaust gas specific humidity for a given medium 
represents the maximum amount of water vapor that can 
potentially condense. However, condensation only 
occurs when the medium reaches saturation vapor 
pressure, which typically happens when the exhaust gas 
temperature falls below a certain threshold, namely the 
local dew point. One such scenario is during cold start 
and warm-up phases, where the engine and exhaust 
manifold operate at relatively low temperatures, causing 
the exhaust gas temperature to drop below the dew 
point. When an LP-EGR cooler is employed, this 
condition may arise already in the downstream pipe 
section.If the local dew point temperature of the exhaust 
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gas (Tdew exh) is to be determined, it is recommended to 
use the Magnus formula [38]: 

_

243.12 ln
6.112

17.62 ln
6.112

avp

dew exh
avp

e

T
e

⎛ ⎞
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⎛ ⎞

− ⎜ ⎟
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where eavp is the actual vapour pressure, which can be 
calculated from the local pressure (here in the LP-EGR 
channel (plp-egr)) and the specific humidity of the ex–
haust gas as follows: 

0.622
lp egr exh

exh

p w
e

w
−=
+

  (14) 

Figure 7 represent an example (gasoline) how the 
exhaust gas pressure influences the dew temperature 
considering different lambda values. 

 
Figure 7. Exhaust gas dew point temperature vs λ 
(Gasoline) 

By substituting the expression for the actual vapor 
pressure into the Magnus formula, and applying the 
specific humidity of the exhaust gas (a1,2) in the 
previously defined form, the following complex 
equation is obtained: 
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After applying the simplifications, the equation can 
be expressed in the following general form, where d is 
the dew point temperature of the exhaust gas, e is the 
exhaust gas pressure in the LP-EGR channel, and a1,2 
represent the previously defined specific humidity of the 
exhaust gas. 
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 (16) 

Based on equation 16, it can be concluded that the 
local dew point temperature of the exhaust gas can be 
determined from the local pressure value, the actual air-

to-fuel ratio, and the composition of the fuel used.Using 
this equation, the highest exhaust gas dew point 
temperature for gasoline fuel is found to be 53.65°C at 
an exhaust gas pressure of 1.1bar and a stoichiometric 
air-fuel mixture. This result aligns closely with the 
findings of Hoppe et al. [39] and Garrido [24], who also 
reported a dew point temperature of approximately 
53°C under stoichiometric conditions. However, their 
calculations considered only the N2 and O2 content of 
air and were limited to gasoline fuel. 

Based on equation 15 and 16, the minimum tempe–
rature can be determined above which the water content 
in the exhaust gas remains in the vapor phase, meaning 
that the relative humidity does not reach 100%. This 
parameter is critical when designing the cooling strategy 
for LP-EGR systems. Figure 8 presents a complete con–
tour map illustrating the relationship of this value with 
the H/C ratio, λand exhaust gas pressure. For better 
visual representation, the pressure is displayed across 
six layers. 

 
Figure 8. Exhaust gas dew point temperature contour map 

As shown in Figure 8, the exhaust gas dew point 
temperature increases with higher H/C ratios in the fuel 
and higher exhaust gas pressure. Regarding lambda, the 
highest exhaust gas dew point temperature occurs at λ = 
1. Leaning the mixture causes a significant decrease in 
dew point temperature, whereas enriching the mixture 
results in a more gradual decline of this parameter. 
Table 2 summarizes the dew point temperatures of dif–
ferent fuels at an exhaust gas pressure of 1.1 bar. 
Table 2. Comparison of exhaust gas dew point temperature 
for different fuels at stoichiometric mixture and 1.1 bar 
pressure in the LP-EGR channel. 

 Gasoline Diesel Methane Hydrogen 
Tdew-egr 53.65°C 53.19°C 60.38°C 73.06°C 

 
2.3 Specific humidity of the intake air and LP-EGR 

mixture 
 

In LP-EGR systems, an additional potential source of 
condensation arises from the mixing of LP-EGR gas 
with intake air upstream of the turbocharger 
compressor. In this region, the blending of media with 
differing temperatures and specific humidity may result 
in a mixture whose temperature falls below the local 
dew point, leading to condensation of the water vapor 
present in the gas. Before analysing the thermodynamic 
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properties of the mixture, it is important to highlight that 
the ambient air drawn into the engine also contains 
condensable amount of water vapor, characterized by 
the specific humidity of the medium. The extent of this 
humidity is determined by the atmospheric temperature 
and pressure, which define the saturation pressure and 
the actual partial pressure of water vapor. Figure 9 
illustrate the relationship between ambient temperature 
and ambient specific humidity at a constant atmospheric 
pressure and a fixed relative humidity of 20% covering 
the broadest range of conditions typically encountered 
in real-world transportation scenarios. Additionally, 
Figure 10 shows the relationship between ambient 
pressure and specific humidity at a constant temperature 
of 25 °C and a relative humidity of 20%. The purpose of 
the presentation of Figure 9 and 10 is to depict the 
general trends of how these environmental parameters 
influence specific and specific humidity under typical 
operating conditions. 

 
Figure 9.Intake air specific humidity as a function of 
ambient air temperature (atmospheric pressure) 

 
Figure 10. Intake air specific humidity as a function of 
ambient pressure (Tamb = 25°C) 

It can be observed that changes in temperature have 
a significantly greater effect on the ambient air specific 
humidity than changes in pressure. If relative humidity 
is also considered, the relationships shown in Figure 11 
(presented in the Appendix) can be used. It is evident 
that as temperature and relative humidity increase, the 
specific humidity rises markedly. In extreme cases (e.g., 
40°C and 90% relative humidity), the ambient air 
specific humidity can reach values comparable to those 
of exhaust gas specific humidity, making it an important 
factor to consider. 

To determine the specific humidity of the mixture 
resulting from the combination of LP-EGR gas and 
intake air, with differing temperatures and specific 
humidity the individual specific humidities and mass 
flow rates must be weighted and combined according to 
the following equation. 

amb amb LP EGR exh
mix

amb LP EGR

m w m w
w

m m
−

−

+
=

+
 (17) 

In internal combustion engines, the measurement of 
intake air mass flow is a key factor for engine operation 
and is therefore always performed. In contrast, direct 
sensor-based measurement of the exhaust gas mass flow 
is uncommon due to the high thermal load and increased 
cost. Instead, the engine control unit typically 
determines it indirectly, using a ratio based on the EGR 
valve opening angle. In the case of LP-EGR systems, 
this ratio can be described by Equation 18. 

LP EGR

amb fuel

m
LP EGR ratio

m m
−− =
+

 (18) 

By substituting this into Equation 17, give the name 
of R LP-EGR ratio and using the previously defined a1,2 
to represent the exhaust gas specific humidity, the 
following combined equation is obtained: 

( )( )
( )( )

1,2amb amb mb fuel
mix

amb amb fuel

m w R m m a
w

m R m m

+ +
=

+ +
 (19) 

In general form, the equation can be written as fol–
lows: 

( )( )
( )( )

1,2gh R g i a
f

g R g i
+ +

=
+ +

 (20) 

It can be stated that the specific humidity of the 
mixture (f) depends on the ambient air mass flow (g), 
the specific humidity of the ambient air (h), the LP-EGR 
ratio (r), the injected fuel mass flow (i), and the specific 
humidity of the exhaust gas (a1,2). Since the latter two 
have already been determined, it can be concluded that, 
by applying the presented mathematical models, the 
specific humidity of the medium present upstream of the 
compressor wheel can be calculated based on the 
following parameters: ambient air mass flow, ambient 
air temperature, ambient air pressure, ambient air 
relative humidity, LP-EGR ratio, injected fuel mass 
flow, H/C ratio of the fuel, and the air–fuel ratio. Each 
of these parameters can be easily determined and mea–
sured using sensors commonly installed in modern 
engines. The calculations presented therefore offer the 
possibility to provide real-time information about the 
extent of condensation under any engine operating con–
ditions using any hydrocarbon-based fuel. A further im–
portant aspect of the above-described equation is the 
mixture specific humidity dependency from LP-EGR 
ratio. The example illustrated in Figure 12 demonstrates 
the variation of the mixture’s specific humidity as a 
function of the LP-EGR ratio, assuming constant ambi–
ent conditions and mass flow rate for gasoline fuel at 
stoichiometric combustion. 



8 ▪ VOL. 54, No 1, 2026 FME Transactions
 

 

 

Figure 11. Ambient air specific humidity as a function of ambient temperature, relative humidity and ambient pressure 
As shown in Figure 12, the specific humidity of the 

mixture increases significantly with the rise in the LP-
EGR ratio. This is highly relevant in the context of 
current engine development trends, as the gradual re–
duction of NOx emissions involves an increasing recir–
culation of exhaust gas [40,41]. However, this also leads 
to a higher potential for condensation, thereby increa–
sing the risk of damage to the compressor impeller. 

 
Figure 12. Specific humidity of the mixture vs LP-EGR ratio 
 
2.4 Dew temperature calculation of the LP-EGR and 

intake air mixture 
 

Condensation of the water vapor present in the medium 
will only occur if the temperature of the resulting mix–
ture falls below the local dew point. The temperature of 
the mixture can be determined based on the mass flow 
rate, temperature, and specific heat capacity of the 
contributing media. 

amb amb amb LP EGR exh exh
mix

amb amb LP EGR exh

m c T m c T
T

m c m c
−

−

+
=

+
 (21) 

The commonly used value for the specific heat ca–
pacity of air is 1010J/kgK, while the specific heat 

capacity of exhaust gas resulting from hydrocarbon 
combustion can be taken as 1100 J/kgK. The latter value 
depends on the air–fuel ratio and the prevailing tempe–
rature; however, within the narrow LP-EGR cooler 
outlet temperature range typically observed in practice 
(300–500°K), it does not exhibit significant variation 
[42]. By substituting these values, along with the LP-
EGR ratio, the following equation is obtained: 

( )( )
( )( )

1010 1100

1010 1100

amb amb amb fuel exh
mix

amb amb fuel

m T R m m T
T

m R m m

∗ ∗ + + ∗ ∗
=

∗ + + ∗
 (22) 

The local dew point temperature in this mixing area 
(Tdew mix) can be calculated using the Magnuss-formula 
[38] introduced earlier, considering the local pressure 
(pmix), which is typically the combined effect of the LP-
EGR system pressure, and the vacuum generated by the 
turbocharger at the given operating condition: 

_

243.12 ln
6.112

17.62
6.112

avp

dew mix
avp

e

T
e

⎛ ⎞
∗ ⎜ ⎟

⎝ ⎠=
⎛ ⎞

− ⎜ ⎟
⎝ ⎠

 (23) 

where eavp is the actual vapour pressure, which can be cal–
culated from the local pressure (here in the mixing channel 
(pmax)) and the specific humidity of the mixture as follows: 

0.622
mix mix

mix

p w
e

w
=

+
  (24) 

By combining the previous two equations, expanding 
the expression for the specific humidity of the mixed 
medium (wmix) and using a1,2 to represent the exhaust gas 
specific humidity, the (25) complex equation is obtained: 

( )( )
( )( ) ( )( )

( )( )
( )( )

1,2

1,2
_

1,2

1,2

243.12 ln
6.112 3.8

17.62 ln
6.112 3.8

mix amb amb amb fuel

amb amb amb fuel amb amb amb fuel
dew mix

mix amb amb amb fuel

amb amb amb fuel amb a

p m w R m m a

m w R m m a m w R m m
T

p m w R m m a

m w R m m a m w

⎛ ⎞+ +
⎜ ⎟∗ ⎜ ⎟⎜ ⎟+ + + + +⎝ ⎠=

+ +
−

+ + + ( )( )mb amb fuelR m m

⎛ ⎞
⎜ ⎟
⎜ ⎟⎜ ⎟+ +⎝ ⎠

 (25) 
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#

In general form, the equation can be written as follows: 

( )( )
( ) ( )( )( )

( )( )
( ) ( )( )( )

1,2

1,2

1,2

1,2

243.12 ln
6.112 3.8

17.62 ln
6.112 3.8

k gh R g i a

gh R g i a g R g i
j

k gh R g i a

gh R g i a g R g i

⎛ ⎞+ +
⎜ ⎟∗
⎜ ⎟+ + + + +⎝ ⎠=
⎛ ⎞+ +
⎜ ⎟−
⎜ ⎟+ + + + +⎝ ⎠

 (26) 

The true significance of equations 25 and 26 lies in 
the fact that it includes only parameters that are easily 
measurable and typically available in all engines, either 
through sensors or as calculated variables. Therefore, 
the dew point temperature in the pre-compressor region 
can be continuously monitored in real time. 

If condensation occurs - i.e., if the mixture tempe–
rature drops below the local dew point temperature - the 
amount of resulting condensate can be calculated using 
Equation 27. This represents a highly important piece of 
information, as it constitutes one of the key input 
parameters for future erosion studies. 

( )cond amb LP EGR mixm m m w−= +  (27) 

By reapplying the formula for the LP-EGR ratio (R), 
the equation can be transformed into the following form 
to ensure that all its parameters can be directly 
measured in a conventional internal combustion engine. 

( )( )cond amb amb fuel mixm m R m m w= + +  (28) 

 
3. DISCUSSION 

 
The aim of the presented zero-dimensional (0-D) quan–
titative analysis is to quantify the amount of conden–
sable water generated in LP-EGR systems and to define 
the local dew point temperature across all load condi–
tions and for various hydrocarbon and hydrogen fuels. 
This provides essential information not only for erosion 
testing and the manufacturing of turbocharger comp–
ressor wheels but also for optimizing the control strate–
gies of LP-EGR systems, which directly influence pol–
lutant emission levels from the powertrain. Furthermore, 
the developed mathematical functions can be imple–
mented in simulation software that models combustion 
processes in internal-combustion engines, exhaust-gas 
analysis, and the prediction of condensation phenomena. 
They can also be coupled with selective diagnostics, such 
as those developed by Shepelev et al. [43], to interpret 
condition-dependent changes in exhaust composition and 
to support corrective control strategies. 

In addition to the results reported in this research, 
the presented method is suitable for a comprehensive 
investigation of various environmental and combustion 
parameters (such as temperature, pressure, air-fuel ratio, 
fuel content, LP-EGR pressure and LP-EGR ratio) and 
their influence on condensation phenomena within the 
exhaust channels of internal combustion engines. This 
method also allows quantification of the amount of con–
densable water vapor produced during the combustion 
of any hydrocarbon or hydrogen–air mixture by calcu–
lating the exhaust gas specific humidity. This method 
also permits comparison of the amount of condensable 

water vapor produced during the combustion of dif–
ferent fuels releasing the same amount of energy. It was 
observed that, for the same energy output (corres–
ponding to the same torque under real-driving condi–
tions), diesel combustion produces 7.66 % less conden–
sate, methane combustion produces 41.56 % more, and 
hydrogen combustion produces 183.36 % more conden–
sate compared to gasoline combustion. 

 
4. CONCLUSION 

 
The analysis revealed that fuels with a higher hydrogen-
to-carbon ratio (b) generate greater specific humidity, 
while the air-fuel ratio (c) has also a significant effect 
on it. It reaches its maximum at stoichiometric mixture. 
As the mixture is gradually enriched, the specific humi–
dity decreases slightly, whereas with mixture depletion, 
it decreases more significantly This behaviour is desc–
ribed by two equations: a1 provides a highly accurate 
approximation for λ < 1, while a2 yields a precise 
approximation for λ ≥ 1. 

( ) ( )2
1 3.06 7.97 7.02 18.55 21.35 28.69a b c c b= − − + + + +  

( ) ( ) ( )
( )

4 3 2
2 0.92 0.7 10.36 8.21 43.98 37.38

86.88 82.85 77.51 92.25

a b c b c b c

b c b

= + + − − + +

+ − − + +
 

This research has also yielded that the dew tempe–
rature of the exhaust gas (d) is influenced by the pres–
sure in the LP-EGR channel (e) and the exhaust gas 
specific humidity (a1,2) and can be calculated by using 
the following formula: 

( )

( )

1,2

1,2

1,2

1,2

243.12 ln
6.112 0.622 /1000

17.62 ln
6.112 0.622 /1000

ea

a
d

ea

a

⎛ ⎞
⎜ ⎟∗
⎜ ⎟+⎝ ⎠=
⎛ ⎞
⎜ ⎟−
⎜ ⎟+⎝ ⎠

 

The specific humidity of the medium (f) formed by 
the mixing of LP-EGR and intake air can be determined 
using the following equation, based on the intake 
ambient air mass flow (g), the specific humidity of the 
ambient air (h), the LP-EGR ratio (R), the fuel mass 
flow (i), and the exhaust gas specific humidity (a1,2). 

( )( )
( )( )

1,2gh R g i a
f

g R g i
+ +

=
+ +

 

The dew point temperature of the mixture (j) 
resulting from the combination of LP-EGR and intake 
air can be determined using the following equation, 
based on the pre-compressor pressure (k), intake 
ambient air mass flow (g), ambient air specific humidity 
(h), LP-EGR ratio (R), fuel mass flow (i), and exhaust 
gas specific humidity (a1,2). 

( )( )
( )( ) ( )( )

( )( )
( )( ) ( )( )

1,2

1,2

1,2

1,2

243.12 ln
6.112 3.8

17.62 ln
6.112 3.8

k gh R g i a

gh R g i a g R g i
j

k gh R g i a

gh R g i a g R g i

⎛ ⎞+ +
⎜ ⎟∗
⎜ ⎟+ + + + +⎝ ⎠=
⎛ ⎞+ +
⎜ ⎟−
⎜ ⎟+ + + + +⎝ ⎠  
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NOMENCLATURE 

BSFC Brake specific fuel consumption 
camb Specific heat capacity of ambient air 
cexh Specific heat capacity of exhaust gas 
DI Direct injection 
eavp Actual vapor pressure 
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HVO Hydrotreated vegetable oil 
HP-EGR High-pressure Exhaust Gas Recircaulation 
LHV Lower heating value 
LP-EGR Low-pressure Exhaust Gas Recirculation 
M Molecular weight 

ambm  Ambient (Intake) air mass flow 

condm  Condensate mass flow 

fuelm  Fuel mass flow 

ML EGRm −  LP-EGR mass flow 
pamb Ambient air pressure 
plp-egr Pressure level in LP-EGR channel 
pmix Pressure level upstream of compressor 
R LP-EGR ratio 
Tamb Ambient air temperature 
Tdew Dew point temperature 
Texh Exhaust gas temperature 
Tmix Temperature of the mixture 
VTG Variable Turbine Geometry 
wamb Specific humidity of ambient air 
wexh Exhaust gas specific humidity 

WLTC Worldwide harmonized Light vehicles 
Test Cycle 

wmix Specific humidity of the mixture 

Greek symbols 

λ Air-to-fuel ratio  

Superscripts 

C Compressor 
T Tubrine 

 
КВАНТИТАТИВНА АНАЛИЗА 

КОНДЕНЗАЦИЈЕ ВОДЕ У ЛП-ЕГР 
СИСТЕМИМА ЗА МОТОРЕ СА 

УНУТРАШЊИМ САГОРЕВАЊЕМ 
 

Р. Такач, Ј. Вакула, Ј. Принсиер 
 

Рециркулација издувних гасова ниског притиска 
(ЛП-ЕГР) је обећавајућа стратегија за смањење еми–
сије NOx у моторима са унутрашњим сагоревањем, 
али представља изазове због кондензације водене 
паре која може довести до ерозије импелера 
компресора. Ова студија представља свеобухватну 
термодинамичку анализу за квантификацију форми–
рања кондензата и одређивање температуре тачке 
росе код различитих горива и услова рада мотора. 
Развијени су нови математички модели за процену 
специфичне влажности и кондензације користећи 
само стандардне параметре мотора, што их чини 
применљивим без додатних сензора.  
Резултати показују да и састав горива - посебно 
однос водоника и угљеника - и брзине ЛП-ЕГР 
снажно утичу на кондензацију. Студија такође 
истиче утицај алтернативних горива и услова 
околине на ризик од кондензације. Развијена 
методологија подржава процену потенцијала 
кондензације у реалном времену и нуди кључни 
допринос за процену ризика од ерозије, дизајн 
компоненти и оптимизацију стратегије контроле 
емисија у савременим погонским склоповима. 

 
 


