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Abstract: Modern automotive gasoline engines have highly efficient after-treatment systems that
reduce exhaust gas emissions. However, this efficiency greatly depends on the conditions of the
exhaust gas, mainly the temperature and air—fuel ratio. The temperature instability during transient
conditions may cause a reduction in the efficiency of the three-way catalyst (TWC). By using a thermal
energy storage system before TWC, this negative effect can be suppressed. In this paper, the effects
of the temperature stabilization on the efficiency of the three-way catalyst were investigated on a
1-D turbocharged gasoline engine model, with a focus on fuel consumption and emissions. The
thermal energy storage system (TESS) was based on PCM materials and was built in the exhaust
between the turbine and TWC to use the energy of the exhaust gas. Three different materials were
picked up as possible mediums in the storage system. Based on the results, the usage of a TESS
in a gasoline after-treatment system has shown great potential in improving TWC efficiency. This
approach can assist the catalyst to operate under optimal conditions during the drive. In this study,
it was found that facilitating the heat transfer between the PCM and the catalyst can significantly
improve the emissions’ reduction performance by avoiding the catalyst to light out after the cold
start. The TESS with PCM H430 proved to reduce the cumulative CO and HC emissions by 8.2% and
10.6%, respectively, during the drive. Although a TES system increases the after-treatment cost, it can
result in emission reductions and fuel consumption over the vehicle’s operating life.

Keywords: gasoline; combustion engine; PCM material; thermal energy storage system; exhaust gas
temperature; temperature pulsations

1. Introduction

These days, air pollution, emissions and their regulations are major topics globally
discussed. The European Green deal [1] and EURO 7 [2] regulations bring very strict
limits to combustion engine emissions, which can hardly be reached by current engines
and after-treatment. This type of engine has the disadvantage in the usage of fossil fuels,
whose combustion produces emissions and CO, in the exhaust gases as a product of ideal
combustion. The other products of the imperfect combustion are mainly carbon monoxide
(CO), hydrocarbons (HC), nitrogen oxides (NOy) and particulate matter (PM) [3]. These
negative components of the exhaust gasses are largely reduced thanks to the advanced
after-treatment systems and increasing the overall efficiency of the combustion engines.
But, in some operating conditions of the engine, these systems are not working under
optimal conditions, and their efficiency is decreasing [4].

These processes have been intensively studied over the last decade due to the intro-
duction of increasingly stringent emission limits, and especially today, as car manufacturers
are preparing for the arrival of almost emission-free transport and this topic is becoming a
major challenge.
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At present, attention is being paid to the removal of exhaust emission components
in exhaust gases in many ways: alternative fuels [5] and their combination with common
fuel [6], engine operating conditions [7] and after-treatment systems behind the engine in
the exhaust pipe. The engine itself is tuned to operate with the highest efficiency. The most
efficient part of the emission system is the three-way catalyst, which works under optimum
conditions with an efficiency of up to 98%. The aim is therefore to stabilize the conditions
in the exhaust pipe. The main parameters for the high efficiency of the catalyst are [8]:

Value of lambda of the exhaust gas close to the stoichiometric mixture (A = 1)
The temperature of the exhaust gas being higher than the light-off temperature of
the catalyst

The efficiency of the catalyst is strongly dependent on the exhaust gas temperature.
Only a small decrease in the temperature of the exhaust gas will cause a major reduction in
catalyst efficiency. For all oxidation and reduction reactions in the catalyst to take place,
the catalyst must have an optimum temperature. Depending on the materials used and
the design of the catalyst, the operating temperature range of the catalyst can generally
be determined to be approximately 300-650 °C. The lower limit of this interval is limited
by the efficiency of the catalyst. This bottom limit is the limit temperature under which
the catalyst is practically inoperative and is referred to as the light-off temperature. The
upper limit then depends mainly on the used materials, because at high temperatures they
quickly melt [9].

It follows from the above that for the catalytic converter to function properly, the
required temperature must be reached as soon as possible even after the engine has been
started, and subsequently this temperature must be maintained in optimal operating
conditions. The most critical point is the so-called “cold start” when the engine is not
warmed up to operating temperatures, so the emission system has the same temperature as
the environment and, therefore, does not work [10]. Methods of preheating the catalyst
by an external electric heater are currently being developed. The disadvantage of these
systems is the fact that they are started at the same time as the engine, or they need an
external start a few minutes before the actual ride [11]. Another problematic point is
the operating states of the engine at partial loads and transient states—when there are
pulsations of the exhaust gas temperature, the temperature does not reach the required
values and the catalyst works with low efficiency [12].

The exhaust gas temperature depends on the parameters of the combustion process.
However, they are currently controlled with respect to the maximum combustion efficiency,
and thus the combustion of the stoichiometric mixture, which corresponds to A = 1. The
temperature fluctuates depending on the engine load, as the exhaust gas temperature
increases with increasing speed and load. There are also temperature pulsations, caused
by the typical character and arrangement of the internal combustion engine, where the
individual chambers ignite gradually, and the corresponding temperature pulsations occur
in the exhaust pipe [8]. Thus, the exhaust gas temperature never reaches a constant value
during engine operation or constant speed operation. However, this is at odds with the
catalyst requirement for optimum operating temperature [3].

Determining the temperature of the exhaust gas due to running the engine in many
different states and transient states is extremely demanding [13]. Due to very fast and
frequent changes in the engine operation conditions, large temperature pulsations and
temperature instability of the exhaust gas occur [14]. These cause efficiency reduction of
the catalyst and increase of the fuel consumption and emissions [15].

One way to eliminate this problem is to use a heat storage tank with PCM material
called a thermal energy storage system (TESS). The idea of using a heat accumulator to
remove thermal pulsations is based on increasing the thermal inertia of the system [16].
The heat storage here functions as both a source and an appliance. If the exhaust gas
temperature is higher than the tank material temperature, heat flow flows from the exhaust
gas into the tank material. Similarly, if the medium temperature is lower, the heat flux
has the opposite direction [17]. The use of a heat accumulator with PCM material to
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stabilize the exhaust gas temperature, therefore, seems to be a suitable solution while
maintaining optimal conditions for the economics of engine operation. The tank, with
suitable dimensioning, stores part of the energy of the exhaust gases, which is then used
when the temperature drops below the phase transformation temperature of the PCM
material [18]. A suitably dimensioned heat storage tank partially solves the problem of a
cold start, because after a short shutdown of the vehicle and shutting down of the engine,
the exhaust gases are able to reach the required temperature faster [19].

2. Materials and Methods

The GT-SUITE model was developed to simulate the TWC behaviour where the TESS
was integrated into the after-treatment system between the turbine and the TWC.

2.1. Engine Model

The model was created based on a 1.5 TSI EVO EA211 engine manufactured by
VW and its inlet exhaust gas conditions behaviour was simulated under steady-state
conditions and WLTC cycle [20]. Emphasis was placed on emissions, CO; [21] and energy
flow characteristics in exhaust gas [22]. The simplified model consists of a turbocharged
gasoline engine, which is equipped with temperature sensors in the exhaust pipe behind
the turbocharger turbine and sensors of individual chemical components of the exhaust gas
as shown in Figure 1. The models were calibrated and validated based on the experimental
data for higher consistency [23].
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Figure 1. Engine model.
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2.2. Aftertreatment System

At present, attention is being paid to the removal of exhaust emission components
by measures behind the engine and in the exhaust pipe, and the engine itself is tuned to
operate with the highest efficiency. The most efficient part of the emission system is the
three-way catalyst, which works under optimum conditions with an efficiency of up to
98%. The aim is, therefore, to stabilize the conditions in the exhaust pipe [24].

For an optimal design and geometry of the after-treatment systems (mainly three-way
catalyst), it is necessary to know the actual temperature of the exhaust gas before it enters
the system [25]. The influencing factors (mainly exhaust gas temperature) were well
described in the investigation by Liu H. et al. [26]. During the operation of the engine,
the temperature of the exhaust gas must reach, at a minimum, the value of the light-off
temperature of the three-way catalyst #j;0;; o7¢ [27]. This temperature depends on the
design of the catalyst, but generally, this temperature is around 630 K [28].

The simulation model of TWC was a detailed TWC in a secondary after-treatment
circuit. The original base model of 1.5 TSI EVO was combined with the after-treatment
model TWC by Ramanathan and Sharma, which uses a published reaction mechanism
for a passenger car TWC [29]. A secondary circuit is used to solve the reactions using
the quasi-steady (QS) flow solver, which can shorten the computation time. The various
monitors show the TWC conversion efficiency, the exhaust lambda, the oxygen storage, the
temperature upstream and downstream of the TWC and the AT across the TWC [30] (See
Figure 2).
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Figure 2. Model of the aftertreatment.

The number of HCs is calculated for a combination of:
C3Hg (faster-oxidizing HC)
C3Hg (slower-oxidizing HC)

The calculation considers a balanced reaction of fuel and excess water vapor and
converts to the HCs with excess oxygen:

FUEL + 1.0587 Hy0 => 2.6433(0.8 C3Hg + 0.2 C3Hg) + 0.5293 O, 1)
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The HC ratios are determined for 80% faster oxidizing and 20% slower oxidizing as
was assumed in GT-Suite models as default values. These percentages are on a molar basis.

2.3. Design of the Thermal Energy Storage System (TESS)

The TESS can be used upstream of the catalytic converter to heat the exhaust gas, or
directly integrated into or around the catalyst [31]. In this study, the upstream TESS design
was implemented as an additional heat exchanger (basic function of TESS is illustrated in
Figure 3). This configuration offers the advantage of simpler production and the possibility
of additional installation in the already created exhaust pipe. In addition, no changes are
required to the catalyst itself. The exhaust gas may reach the optimal temperature faster
after a short engine-off period [32].

AT;, /\ /W ATy
VU
V_M U TESS

Figure 3. Reduction of the exhaust gas pulsations using TESS.

Exhaust Gas Temperature [K]

2.3.1. Problem Description

The main assumption in this paper is that conduction is the dominant heat transfer
type form. This assumption is based on the previous investigation. Stritih et al. [33] reported
good agreement between experimental and numerical results obtained by ignoring natural
convection heat transfer in the solidification process. Therefore, in solidification simulation,
velocity variables and the natural convection heat transfer can be ignored. The governing
equations for this problem can be stated as follows [34]:

Continuity equation:
dm .
ar = Zboundariesm . ()

Momentum equation:

dm dpA"—Zboundaries (mu) _4Cf%|u‘deA _KP<%F7M|”‘>A

Energy balance equation:
%:( H)+v(p?H) = V(AVT) +S. @)

The enthalpy H is calculated [35]:

H=h+AH, ®)
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and the latent heat content AH is defined as:
AH = BL, (6)

where p is density; ¥ is fluid velocity; A is thermal conductivity; S is source term; # is the
sensible enthalpy; S is the liquid fraction; and L is the latent heat of the material.
The total Energy can be also written as the sum of sensible and latent heat energy [36]:

Etotal = Esensivte + Eratent = (1 - ﬁ)mcSPdT + ‘BTHL + .BmclpdTr (7)
where cs) is specific heat capacity in solid phase and ¢;;, for liquid phase.

2.3.2. Geometry

The basic concept of the TESS system was inspired by the construction of double pipe
heat exchangers. In the inner pipe flows the exhaust gas and this pipe is covered in PCM
material [37]. The amount of the material was picked as a result of compromise of the
different requirements. First, to gain bigger energy storage it is necessary to have a higher
amount of the material. On the other hand, with more material, the charging time of the
system increases. (The TESS geometry is illustrated in Figure 4 with its dimensions listed
in Table 1).

douter

PCM

~
"\ N K A
4 N
\\ 0 /( N
\N-'/
Figure 4. TESS geometry.
Table 1. TESS geometry dimensions.
Dimension Unit Value
dinner [mm] 64
C10uter [mm] 108
a [mm] 5
b [mm] 8
c [mm] 9
d [mm)] 9
« [°] 30
B [°] 45
v [°] 70
1 [mm] 500
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As was described in a paper written by Kh. Hosseinzadeh [38], the usage of the fins
on the outside wall of the inner pipe will bolster the heat transfer rate by a huge amount,
especially in the solidification process, where the convection does not play a sizeable role
due to the dominancy of conduction throughout the whole operation. In the comparison
of tubes with no fins, with longitudinal fins and tree shape fins, the tree-like shaped fins
proved to be the best configuration [35].

The overall layout of the engine, with the TESS system and TWC, is shown in Figure 5.
Also shown are the principal connections in the TESS, where the PCM mass is connected to
the body with defined material properties, the cross-sectional area and the distance to the
center of the mass.

|

Ai t;x F
@
L

ENGINE_Signals

boost_
pressure

3
EngineSpeed
3
Compressor
Pressure

gine

Compressor

@ Turblne:ﬂ
Exhaust_Temp

TESS

Temperatﬁre
(b)

Figure 5. (a) Overall layout of the Engine + TESS + TWC (b) Detailed view of principal connection of
PCM material with body of the exchanger in TESS.
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Paraffin

Organic

Non-paraffin

2.3.3. PCM Material Selection

Phase change materials (PCM) are materials that can store latent heat. The energy
transfer occurs when a material changes its form from solid to liquid and vice versa. This is
called phase change. These PCM materials (unlike conventional materials) store and release
heat at an almost constant temperature. They also have 5-14 times higher volumetric heat
capacity compared to sensible storage materials [16]. However, these materials must exhibit
certain desirable thermodynamic, kinetic and chemical properties [39]:

Chemical properties:

Chemical stability

Non-corrosiveness, non-toxic, non-flammable and non-explosion
No degradation after a large number of cycles

Thermodynamic properties:

High density, high specific heat and high thermal conductivity
Melting in the desired temperature

High latent heat of fusion

Small volume change and low vapor pressure

Economics:

Abundant
Available
Cost-effective

The PCMs can be differentiated into three groups: organic, inorganic and eutectic.
Organic PCMs are mainly paraffin and non-paraffins organic materials. Inorganic materials
have the highest resistance to high temperatures and are divided into salt hydrate materials
and metallic materials (Figure 6). A eutectic is a minimum-melting composition of two or
more components, each of which melts and freezes congruently, forming a mixture of the
component crystals during crystallization [40].

(Phase Change MateriaD

Inorganic

Eutectic

Salt Hydrate) ( Metallics ) (Inorganic-Organic)| (Inorganic-Inorganic)
\

(Organic-Organic)

Figure 6. Classification of PCMs.

These criteria must be fulfilled for optimal selection of a PCM material for TESS.
Based on the parameters of the used catalyst, the light-off temperature of the catalyst is
determined to be 630 K.

PCM materials can receive/emit heat during their phase transformation. The melting
point of the PCM material should be equal to this temperature for optimal operation of
the emission system. In fact, because it is not possible to achieve all heat transfer without
losses, it is necessary for the phase transformation temperature of the material to be higher
than this minimum temperature:

tmin = Hight—off- 8

At the same time, the melting temperature needs to be low enough so that the PCM can
change its phase during the vehicle operation. The material with the lowest possible phase
transition temperature will have the advantage of rapid charging of the container, as the
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material melts first. However, it also discharges faster in the event of low gas temperatures.
The amount of energy that such a material can store is often smaller.

Another requirement for PCM materials is resistance to high temperatures, which can
reach up to 1000 K in gasoline engine values.

Finally, materials are also required in terms of chemical stability, corrosion resistance
and other negative effects. In this respect, it is impossible to use different acids and highly
reactive chemicals due to safety measures and restrictions in vehicle production.

Based on a search of available materials, only PCM materials based on dehydrated
salts meet these requirements. The stabilization temperature was chosen up to 670 K
to make the catalyst work as efficiently as possible. As samples, three materials, whose
properties are described in Table 2, were picked.

Table 2. PCM materials and their properties used in the simulation.

Variable H430 H500A H610

Phase change temperature [°C] 430 500 610
Density [kg/m?] 2160 2140 2070

Latent Heat Capacity [k]/kg] 125 140 410

Volumetric Heat Capacity [M]/ m?] 270 300 849
Specific Heat Capacity [J/kg K] 1540 1555 1570
Thermal Conductivity [W/m K] 0.568 0.567 0.561
Maximum Temperature [°C] 1400 1400 1300

For all three samples, measurements of the exhaust gas temperature stabilization
capability will be made by first warming the heat storage tank to fully charge the storage
tank. Subsequently, the charging and discharging of the tank will also be measured.

3. Results and Discussion

The simulation results of the exhaust temperature pulsation and its stabilization by
TESS are presented in this section. The effect of different PCM materials and operation
conditions of the engine are discussed.

3.1. Exhaust Temperature Pulsations

The engine speed was prescribed directly, but the engine load was described by the
throttle opening angle.

The first two cases were the engine performance characteristic and engine idling.
These steady-state cases were necessary to calculate the maximum and minimum exhaust
gas temperature in the operation range of the engine. The temperature was calculated in
12 steps in the range of the engine speed 1000-6500 min~!. The throttle was fully opened
(accelerator pedal fully pressed) and closed (accelerator pedal fully released).

These two figures (see Figure 7) show the resulting exhaust gas temperature behind
the turbine. However, it is almost impossible for the engine to reach these temperature
values. These values only represent possible maximum values for the chosen parameters.

The transient state of the engine operation shows that the temperature dynamically
changes its value corresponding to the changes in the load and the speed of the engine
(Figure 8). During the partial load (and full load), the temperature is high enough for the
efficient work of the catalyst. However, during the low speed and load conditions, the
value of the temperature is lower than the light-off temperature of the catalyst, so it does
not meet the basic condition of the effective work of the three-way catalyst described in
Equation (8). This causes a reduction in the efficiency of the catalyst and thus an increase in
exhaust emissions.
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Figure 7. Exhaust gas temperature under steady-state conditions 100% and 0% accelerator
pedal position.

Exhaust Gas Temperature Behind Turbine

200 400 600 800 1000 1200 1400 1600 1800
Time [s]

Figure 8. Exhaust gas temperature under WLTC cycle.

3.2. Effect of the TESS

The thermal behavior of the TESS with three types of PCM material was simulated
and compared to the reference exhaust gas temperature without TESS.

Figure 9 illustrates the effect of the TESS on the exhaust gas during the WLTC cycle.
For the first case, the TESS was chosen to be fully charged (PCM is fully liquified)—also
called a hot start. For all three materials, the exhaust temperature was above the light-off
temperature throughout almost the whole course, and under highly dynamic conditions
(fast change in engine speed and load), the TESS was capable of reducing the pulsations,
owing to the release of its energy to the exhaust. Furthermore, for PCM H430, the mean
value of the exhaust temperature was higher than its phase-change temperature during the
whole cycle, so its state of charge remained still, and its temperature continued to increase
(Figure 9). This effect also occurs with the usage of H500A in higher speed conditions (in
high- and very high-speed parts of the cycle), however, in low and medium speeds, the
mean temperature is lower than the phase change temperature and the TESS is discharged.
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Figure 9. Effect of TESS with different PCM: (a) H430; (b) H500a; (c) H610.
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On the other hand, the PCM H610’s phase change temperature is too high—the mean
temperature of the exhaust gas is lower than this value. This means that TESS is discharging
during the whole driving cycle, however, if the TESS is fully charged, it also stabilizes the
exhaust gas temperature.

Charging TESS

In this section, the heating behavior of the TESS system has been investigated to evalu-
ate its thermal energy retention capability. The initial temperature of the after-treatment
system was assumed to be at the atmospheric temperature of 25 °C, with the PCM material
having the same initial temperature and being fully solidified. The charging capability was
investigated for two different cases. The first was the full load and speed of the engine for
1800 s. The second case was investigated under the WLTC cycle driving conditions. The
time when the material reached the melting point, and the duration of the phase change,
were monitored. During this period, the PCM earned the thermal energy of the exhaust
gas and stored it, firstly as sensible heat energy, and then, during melting, as latent heat
energy. The melting is an isothermal process (constant temperature), so the heat transfer
rate remains constant and the liquid fraction increases.

As shown in Figure 10, each material requires a different amount of time to reach its
phase-change temperature. The first PCM sample, H430, requires 600 s to reach its phase
change temperature and 200 s to fully melt. The sample H500A reaches its temperature
after 830 s and its phase change lasts 380 s. The last sample, H610, does not reach its phase
change temperature in this 1800 s long duration (Table 3).

Charging - Full load

200 400 600 800 1000 1200 1400 1600 1800

Time [s]
—H430-HS00A-H610

Figure 10. TESS charging under full load conditions.

Table 3. TESS charging time for varying PCM samples (full load).

Sample Reaching Phase Change Temperature [s] = Phase Change Duration [s]
H430 600 200

H500A 830 380
H610 NaN NaN

However, only the PCM H430 has the capability to reach the phase change temperature
(it requires 1509 s), and it does not fully melt during this cycle (see Figure 11). The other
two materials do not reach the phase change temperature (see Table 4).
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Charging - WLTC
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l%‘ H
~ 600
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£ 500
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= 400!
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300
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~H430-H500A—-H610

Figure 11. TESS charging under WLTC cycle condition.

Table 4. TESS charging time for varying PCM samples (WLTC).

Sample Reaching Phase Change Temperature [s] = Phase Change Duration [s]
H430 1509 NaN

H500A NaN NaN
H610 NaN NaN

3.3. TWC Performance

Considering the hot-PCM-start condition, the stored thermal energy in the PCM helps
to maintain the TESS outlet temperature above the light-off temperature of the catalyst,
particularly during low and medium speed phases of the WLTC (Figure 9). This increases
the conversion efficiency in the TWC, resulting in a 93.65% average conversion efficiency
of the CO (compared to 85.43% efficiency without PCM) and a 93.92% average conversion
efficiency of the HC (compared to 83.24% efficiency without PCM). The results indicate
that an 8.2% reduction in CO emissions and a 10.6% reduction in THC emissions can be
achieved just by using the TESS during the WLTC cycle compared to the reference case

(Figure 12).
100 CO Conversion Efficiency
= "rR I g !
Z 80
5
Q L
= 60
m
g
) I
2 20
o
o, | | | | | , | , |
0 200 400 600 800 1000 1200 1400 1600 1800
Time [s]
—CO basic-CO PCM
(a)

Figure 12. Cont.
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Figure 12. PCM effect on the TWC performance: (a) CO conversion efficiency; (b) HC conversion efficiency.

4. Conclusions

In this paper, a thermal energy storage system (TESS) was introduced into the after-
treatment system to reduce the exhaust gas temperature pulsations and increase the ef-
ficiency of the three-way catalyst (TWC). This system included a phase change material
(PCM) to store the thermal energy as a form of latent heat. The geometry of the TESS was
inspired by the double pipe heat exchanger with tree-like fins on the outer wall of the inside
pipe. The design was investigated and optimized based on the vehicle’s after-treatment
requirements. Preliminary investigations showed that the exhaust gas temperature pulsates
and that, during the WLTC cycle, its value reaches a lower temperature than the light-off
temperature of the TWC in many points and the after-treatment system is less effective in
these points. Three different PCM materials were examined as a potential energy storage
medium. All three materials were capable of reaching their phase change temperature
under the full-load conditions. They were also capable of stabilizing the temperature above
the light-off temperature under hot-start conditions. However, this capability during WLTC
and cold-start conditions only showed the PCM material H430, with the time to reach
a melting point being 1509 s, and it was picked as an energy storage medium for TESS.
The TESS, with PCM H430, proved to reduce the cumulative CO and HC emissions by
8.2% and 10.6%, respectively, during the drive. Lastly, owing to the stabilization of the ex-
haust temperature and conditions in the exhaust and TWC, a reduction in fuel consumption
was also achieved, which was directly proportional to the reduction of CO, emission. For
further investigations of the effect of the TESS system with PCM materials, it is necessary
to make a detailed simulation of the TESS with emphasis on heat transfer surfaces and heat
transfer itself. Lastly, the laboratory experiments to evaluate the simulations results will be
taking place.
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C3Hg Propene

C3Hg  Propane

CcO Carbon Monoxide

CO, Carbon Dioxide

H,O Water

HC Hydrocarbons

NOy Nitrogen Oxides

O, Oxygen

PCM Phase Change Material

TESS  Thermal Energy Storage System
TWC  Three-Way Catalyst

WLTC  Worldwide-harmonized Light duty vehicle Test Cycle
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