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Abstract: This work focuses on the potential for waste energy recovery from exhaust gases in a diesel
light-duty vehicle tested under real driving conditions, fueled with animal fat biodiesel, Gas To Liquid
(GTL) and diesel fuels. The vehicle was tested following random velocity profiles under urban driving
conditions, while under extra-urban conditions, the vehicle followed previously defined velocity
profiles. Tests were carried out at three different locations with different altitudes. The ambient
temperature (20 & 2 °C) and relative humidity (50 £ 2%) conditions were similar for all locations.
Exergy analysis was included to determine the potential of exhaust gases to produce useful work
in the exhaust system at the outlet of the Diesel Particle Filter. Results include gas temperature
registered at each altitude with each fuel, as well as the exergy to energy ratio (percentage of energy
that could be transformed into useful work with a recovery device), which was in the range of 20-35%,
reaching its maximum value under extra-urban driving conditions at the highest altitude. To take
a further step, the effects of fuels and altitude on energy recovery with a prototype of a thermoelectric
generator (TEG) were evaluated.

Keywords: diesel passenger car; energy recovery; exergy analysis; animal fat biodiesel; GTL fuel;
altitude; real-world driving conditions

1. Introduction

One of the main strategic goals worldwide is the increase in the energy efficiency in order to reduce
the demand for fossil fuels and the associated pollution. In Europe, Directive 2009/28/EC on the
promotion of the use of energy from renewable sources sets of a saving of 20% on energy consumption
through increased energy efficiency as the target for 2020 [1]. In this sense, the transport sector
optimization, especially light-duty diesel fleet, is essential due to its overall high energy consumption
and environmental implications. High compression ratios or the development of new injection
strategies involving high pressures and split injections have improved the energy efficiency of diesel
engines [2,3]. Different alternative fuels have been examined in order to reduce pollutant emissions
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without penalizing engine performance [4-6]. However, despite the efficiency increase, approximately
one-third of the fuel energy in a diesel engine is lost through exhaust gases, which implies a significant
potential for heat recovery. In order to recover part of this waste heat, several devices have been tested,
the Organic Rankine Cycles (ORC) [7], the electric turbo-generation (ETG), also identified as Mechanical
Generator Unit-Heat (MGU-H), used in formula one [8], and thermoelectric generators (TEG) being the
most promising techniques [9]. An ORC uses waste heat to produce mechanical power with relatively
high thermodynamic performance [10]. However, the weight and space requirements make these
devices suitable only for medium-large vehicles. These drawbacks can be solved by ETG and/or
TEG in light-duty vehicles. ETG can be used at high temperatures after the engine cylinder outlet,
while TEG can be used in the zone of medium-low exhaust temperature downstream of emissions
after-treatment devices. TEG are based on the Seebeck effect for direct electricity production between
two heat sources at different temperatures. Although they have low efficiency and problems due to the
increase in the back pressure in the exhaust pipe [11], TEG seems to be the most suitable alternative for
energy recovery in light-duty vehicles, where there are space and weight restrictions [12-15].

The exhaust temperature in passenger light-duty cars is lower than that obtained in heavy-duty
trucks. In addition, it was found that gasoline light-duty engines have more potential for thermoelectric
production than diesel light-duty engines [16]. It is important to choose the most appropriate TEG
device, as well as its location on the exhaust system. Exergy analysis can be a valuable tool to
accomplish this task, given that it determines the amount of heat loss from exhaust gases that can
be converted into useful work [17]. Several works have evaluated the possibility of using TEG for
waste heat recovery in passenger vehicles. Kishita et al. [18] reported that commercially available
thermoelectric materials may reach top conversion efficiencies of about 7.2%. Yu et al. [19] stated
that, for automotive applications, this efficiency is in the range of 5-8%, while Twaha et al. [20]
reported an efficiency of 5.35% for vehicle exhaust gas energy recovery. The materials of TEG
devices also have an influence on their efficiency. In the study of Demir et al. [21], three different
Perovskite-type oxides combined thermoelectric materials were evaluated at different exhaust gas
temperatures. Results showed that the performance of these oxides materials was poorer than that
related to traditional thermoelectric materials (Bi; Te3). Kempf and Zhang [22] evaluated strategies to
optimize TEG configuration and heat exchanger design by means of a simulation of TEG performance
in a spark ignition vehicle under highway driving conditions (107 & 23 km/h). Massaguer et al. [23]
developed a method to evaluate the fuel economy of automotive thermoelectric generators under
steady state modes and Fernandez-Yariez et al. [24] optimized a TEG for a light-duty diesel engine
under urban and extra-urban driving conditions by means of a factorial design of experiments aided
by CFD simulations.

Studies applying exergy analysis on steady-state diesel engine conditions found that the maximum
exergy efficiencies of the engine can be reached at high load and at medium-high engine speeds [25,26].
These operating modes are also the most suitable for exhaust energy harvesting [27].

Although steady state analyses provide information about energy recovery, the results are not
representative of transient engine operation, which is characteristic of real driving conditions. Studies
in spark ignition and diesel engines under the new European Driving Cycle (NEDC) show that the
highest peak of exergy rate of exhaust gases can be found during extra-urban driving conditions due
to higher mass flow rate and temperature of exhaust gases [28,29].

Caliskan [30] showed that the exergy efficiency of the engine decreases with the increase in the
ambient temperature. On the other hand, Agudelo et al. [29], applying exergy analysis, verified that
this potential increased at low ambient temperatures for a light-duty vehicle under the NEDC driving
cycle. As the EGR valve remained closed at these conditions, both air mass flow rate and exhaust gas
temperature were higher, increasing the exergy to energy ratio of exhaust gases.

Altitude is another parameter affecting engine performance and temperature and the mass flow
rate of exhaust gases and, therefore, the potential for heat recovery. Atmospheric pressure decreases
with altitude, causing the reduction of air density and oxygen concentration, which leads to an increase
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in the fuel consumption and exhaust temperature. This leads to a decrease in thermal efficiency and to
an increase in the energy carried by exhaust gases [31-33]. Consequently, the exergy to energy ratio of
exhaust gases will be lower, meaning that the quality of exhaust gas energy decreases with altitude.
The effect of alternative fuels and/or engine tests conditions (transient or real driving circuits) may
favor an increase of this parameter and, therefore, the potential for recovery purposes.

The physical-chemical properties of fuels could also affect the potential for energy recovery, given
that it may influence the exergy efficiency of the engine. Several works found that the exergy efficiency
of a Diesel engine remains constant or slightly increases for low percentages of biodiesel or ethanol in
the blend, but finally, it decreases when the percentage of alternative fuel is high, affecting the exhaust
exergy rate [26,34,35]. Lopez et al. [36], testing different percentages of biodiesel in a binary diesel
blend, did not find significant differences in the exergy efficiency. Similar results were obtained by Nabi
and Rasul [37] for different second-generation biodiesels. Likewise, although the exergy efficiency
decreased when 5% v/v of biodiesel was blended with diesel, Aghbashlo et al. [38] considered it an
acceptable level (<5%). However, as these fuels contain oxygen, they contribute to the improved engine
behavior with altitude [39]. To the knowledge of the authors, there is no information about exergy
analysis when new paraffinic fuels (with high cetane number) are used in a diesel engine, although
Tat [40] found that by increasing the percentage of EHN (a cetane improver) in biodiesel, the exhaust
exergy rate seems to increase slightly.

Most reported studies on energy recovery from passenger cars were carried out under steady-state
conditions with the aid of engine test benches or simulation programs. Some other studies have been
conducted in vehicles placed on a roller chassis dynamometer. Nevertheless, it has been reported that
pollutant emissions differ from certification driving cycles and real-world driving conditions [41]. The
electrical demand for the vehicle is also higher in real driving conditions [42], which is relevant for
electric power production by means of TEG systems.

The aim of this work is to study the potential of a real prototype of a thermoelectric generator in
a light-duty diesel vehicle under real driving conditions at different altitudes with three different fuels:
biodiesel from animal fat, a paraffinic gas-to-liquid fuel derived from natural gas, and commercial
diesel fuel used as a reference. Similar urban and extra-urban circuits were designed in three Spanish
locations: Valencia city at <20 m above sea level (masl), Ciudad Real city at ~625 masl, and finally, Sierra
Nevada ski station at ~2300 masl. To reach this goal, the methodology described in the previous work of
Agudelo et al. [29] has been followed and a previous theoretical generic exergy study published about
the effect of altitude in exhaust emissions [4], and a theoretical exergy study applied to thermoelectric
generators at steady state engine conditions [27] has been considered.

2. Experimental Work

2.1. Vehicle and Experimental Equipment

The vehicle used in the tests was a Euro 4 NISSAN Qashgqai 2.0 dCi, with manual transmission.
The vehicle is equipped with a 4-stroke, turbocharged, intercooled and common-rail direct injection
diesel engine. The vehicle was also equipped with the same emission control devices as those used in
Euro 5 engines: (i) cooled exhaust gas recirculation (EGR), (ii) diesel oxidation catalyst (DOC) and (iii)
a wall-flow diesel particle filter (DPF). Some characteristics of both the vehicle and the engine used in
this work are presented in Table 1.

Figure 1 shows a general scheme of the vehicle and the equipment used in this work. The INCA
PC software and the ETAS ES 591.1 hardware were used for the communication and management of
the electronic control unit (ECU). The inlet air mass flow rate was measured by means of the hot wire
flow meter of the vehicle (the error of the measurement sensor is £1.965 kg/h), while the fuel mass
flow rate was determined by the ECU, previously calibrated with an AVL 733s fuel gravimetric system
(£0.12% accuracy), consistent with previous works [43]. To perform the calibration, different engine
operation points (representative of the NEDC cycle) were selected to run the engine at steady state
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conditions in order to compare the fuel consumption values coming from the ECU with those obtained
with the AVL 733s. Both air and fuel mass flow rates were recorded through the INCA tool and were
used to calculate exhaust gas mass flow rate.

Table 1. Main vehicle and engine characteristics.

Vehicle
Effective frontal area (Cq x A) 0.83 m?
Weight (including devices and operators) 2025 kg
Engine
Cylinders 4
Displacement 1994 cm®
Bore 84 mm
Stroke 90 mm
Power max. 110 kW at 4000 min~!
Torque max. 323 Nm at 2000 min !
Transmission
Type Manual, 6 gears
1st gear ratio 3.727
2nd gear ratio 2.043
3rd gear ratio 1.322
4th gear ratio 0.947
5th gear ratio 0.723
6th gear ratio 0.596
Differential ratio 4.266
Tyres
Code 215/65R16
Injection system
Injection pressure 1600 bar (Maximum)
Number of nozzle holes 5

Temperature and Pressure
fromthe exhaust was

h 4 4 Arrbient
DATA ACQUISITION temperature
SYSTEM and [ressure

Figure 1. Sketch of the experimental equipment.

Under on-road tests, gas temperature was measured only at two points of the exhaust pipe: after
DPF and after the muffler. The previous work of Agudelo et al. [29] determined that the most suitable
location on the exhaust system for the placement of a recovery device is the outlet of the DPF. At this
location, there is no interference with the operation of the pollutant emissions devices.



Energies 2019, 12, 1105 50f 18

2.2. Thermoelectric Generator

In addition to the exergy analysis, the results with a prototype of a thermoelectric generator were
included in the study [16] (see Figure 2). The generator consists of a hot-side heat exchanger, a coolant
circuit and 80 commercial Bi;Te; thermoelectric modules. The cold side of the modules is refrigerated
with engine water coolant at 50 °C.

Figure 2. Prototype of the thermoelectric generator used for this study.

2.3. Locations and Description of the Circuits for Testing

Urban and extra-urban circuits were selected at three different altitudes: less than 20 m above the
sea mean level (Valencia), at 625 m (Ciudad Real) and at 2300 m (Sierra Nevada). At each location,
representative circuits of both urban and extra-urban driving conditions were selected according to
the criteria described in previous work [44], as it is detailed below:

For urban circuits:

1. The maximum grade (slope) between any points of the circuit will not be more than 2% in order
to avoid negative or positive steep grades.

2. The test circuit must be defined inside an urban part of a city and should have different types of
signals in its streets (stops, traffic lights, yields, etc.).

3. The test circuit should have parts with traffic congestion, typical of the city center (velocity
normally below the limits) and parts without congestion (velocity normally near the limits).

4. The length of the test circuit must have an equivalent distance traveled by a light-duty vehicle
under Urban Driving Cycle (UDC) of the NEDC (approximately 4 =+ 1 km).

5. The combination of criteria 3 and 4 must provide a test time of around 10 min.

For extra-urban circuits:

1. The maximum grade (slope) between any points of the circuit will not be more than 5% in order
to avoid negative or positive steep grades.

2. The test circuit should include segments oriented to all directions (north, south, east and west)
and with the possibility to be run in both directions. This criterion allows the vehicle to be driven
against dominant winds on the different parts of the test circuit.

3. Length of the test circuit must be approximately 3 times the equivalent distance traveled by
a light-duty vehicle under the Extra Urban Driving Cycle (EUDC) of the NEDC (3 x 7 km of
EUDC + 3 km =21 + 3 km). This criterion allows the vehicle to meet criterion 4.

4. The selected circuit must allow for the testing of the vehicle at different constant velocities (for
example 50, 70, 80, 90 and 110 or 120 km/h) fixed by means of the cruise control during at least
1.5-2 km for each velocity.

5. The combination of criteria 3 and 4 must provide a test time of between 1520 min.
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There is only one exception: the extra-urban circuit in Sierra Nevada because of the steep
topography. In this location, the length of the circuit was ~4 km, always with a positive slope
going from 2000 masl to 2500 masl. Although the slope is significant and has an influence on the results
obtained (it may somehow obscure the comparison of results), this is considered as a representative
mountain road.

Figure 3 shows the circuits defined and used in this work at each location. From top to bottom the
circuits tested in Sierra Nevada, Ciudad Real and Valencia are presented, respectively. Urban cycles
are shown on the left side and extra-urban ones are on the right side.

Figure 3. (a) Urban Sierra Nevada, (b) Extra-urban Sierra Nevada, (c) Urban Ciudad Real,
(d) Extra-urban Ciudad Real, (e) Urban Valencia, (f) Extra-urban Valencia.
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Figure 4 shows the velocity profiles followed with the vehicle during tests at different locations.
In all cases, under urban-driving conditions, the vehicle was tested following random velocity profiles.
However, under extra-urban driving conditions, the vehicle was tested following previously defined
and repeated velocity profiles. As Figure 4 shows, the maximum vehicle velocity under extra-urban
driving conditions at the highest altitude was limited to 70 km/h.
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Figure 4. Examples of the velocity profiles followed in the tests at the different locations: (a) Valencia,
(b) Ciudad Real and (c) Sierra Nevada.

2.4. Vehicle Pre-Conditioning

Before testing each type of circuit, the vehicle was preconditioned with a regeneration process of
the diesel particle filter (DPF) in order to avoid thermal effects on the exhaust system different from
those of engine operation. The regeneration of the DPF was achieved by driving at high velocities.
After finishing this process, the vehicle was ready for the test.

2.5. Data Sampling and Processing

The tests were carried out at an ambient temperature of around 20 °C in all locations (Valencia,
Ciudad Real and Sierra Nevada). The tests were repeated 3 times for each circuit (urban or extra-urban)
in order to reduce the influence of random factors and to ensure the reliability of data. In all cases, the
sampling frequency for instantaneous measurements was 2 Hz. The results presented correspond to
the mean values and the error bars indicate the standard deviation.

2.6. Tested Fuels

In this work, three fuels were tested: (i) a CEPSA Co. commercial diesel fuel with 5.8% (vol.) of
biodiesel which was used as reference, (ii) an animal fat biodiesel fuel supplied by BDP Stock del Valles
Co. (Spain), considered as a second generation biodiesel since it was made using non-food feedstock,
and (iii) a Gas to Liquid (GTL) fuel obtained from natural gas by means of a Low-Temperature
Fischer—Tropsch process, which was provided by SASOL Co. (South Africa). The main properties of
fuels tested are presented in Table 2.
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Table 2. The fuel properties.

Properties DIESEL BIODIESEL GTL
Molecular Formula Ci14.62H26.8700.08 Cis41H372302  Cig9Has77
Molecular Weight (g/muol) 203.7 290.7 238.9
H/C Ratio 1.84 2.02 2.12
Stoichiometric Fuel/ Air Ratio 1/14.45 1/12.70 1/14.95
C (% w/w) 86.14 76.14 84.82
H (% w/w) 13.2 12.83 15.18
O (% w/w) 0.66 11.03 0
Density at 15 °C (kg/m?) (EN ISO 12185) 845 877 774
Viscosity at 40 °C (cSt) (EN ISO 3104) 251 4.03 2.34
Lower Mass Heating Value (MJ/Kg) 42.43 36.83 44.03
Lower Volumetric Heating Value (M] /L) 35.85 32.29 34.08
CFPP (°C) (EN 116) —16 3 -7
Derived Cetane Number 54.2 65.6 89.2

3. Methodology for Determining the Energy Recovery Potential

A complete description of the calculation methodology is presented by Agudelo et al. [29].
Instantaneous specific exergy of exhaust gases at the outlet of the DPF is determined from their
instantaneous temperature, pressure and chemical composition [29]. In order to perform an exergy
analysis, it is necessary to define the dead or reference state previously. For the case under study,
atmospheric temperature held constant (20 °C), but atmospheric pressure takes three values, depending
on the location. Therefore, there will be three dead states, one for each condition: Ty =20 °C, po =
1013 kPa, 950 kPa and 790 kPa for Valencia, Ciudad Real and Sierra Nevada, respectively.

Total enthalpy (H) and exergy (E) of the exhaust gases at the outlet of the DPF for a trip are
calculated as follows for each driving cycle (also called circuit) with a duration of ¢ seconds [29]:

tf .
Hyg]] :/0 mghgdt @D

tf .
Emgl]] :/O mgegdt 2

These quantities are used to define the average exergy to energy ratio of exhaust gases at the
outlet of the DPE, which is an indicator of their average energy quality throughout each cycle [28]:

E
Sm,g [%] = =5 % 100 ©)
mg

4. Thermoelectric Fuel Savings Calculation

The thermoelectric generator causes additional pressure losses that the engine must overcome
with extra pumping work. The pressure drop in the TEG heat exchanger is related to the internal
geometry of its hot side. Power losses due to the pressure drop must be considered in TEGs as
increased engine pumping work, and they can be calculated as (Equation (4))

. g
P, = VAP = ?Ap (4)

where V is the volumetric flow and AP the pressure drop across the TEG heat exchanger.
The net power obtained is then calculated by subtracting these energy losses from the electrical
power production (Equation (5)):
Ppet = P—Pp (5)
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The electrical power output P and the pressure drop power losses P; were obtained using exhaust
temperature and mass-flow rate experimental data from the vehicle and a three-dimensional CFD
model of the TEG developed and validated in a previous work [24].

Normally, the electrical power needed in vehicles is provided by an alternator. The extra cost (in
fuel mass flow) of producing an electric power P with the alternator of the vehicle is (Equation (6))

P

Ampy = —————
" HaengLHV

(6)
The alternator efficiency 7, was equal to 50%, a typical value for belt-driven alternators [45].
The coolant inlet temperature (50 °C) and mass-flow rate (0.2 L/s) were fixed in all cases to better
evaluate the changes in results that the hot source (exhaust gas from the engines) causes.
The cost of producing the same electric power P with the TEG is the cost of extra pumping work
(Equation (7)):

. P,
Am = 7
F,TEG Jeng LELV (7)

For the same torque and engine speed (same operating point), the fuel savings of using a TEG
instead of the vehicle alternator is (Equation (8))

Ampp — Amp TEG _ Ampg

EFMS [%)] = 100

100 8
- o ®)

where nip g is the total fuel consumed by the engine to provide the effective power of the corresponding
operating conditions and electric power using the alternator (baseline conditions), Amr s is the fuel
mass saving and mp is the total mass of fuel consumed during the driving cycle.

The mass of fuel saved by recovering energy with a TEG system can be expressed as an equivalent
saving in carbon emissions. The specific emission of CO;, for each fuel (SECO, r) is calculated from the
stoichiometry of the combustion reaction. Values of this parameter are 3.16 gCO, /g, 2.79 gCO,/gr
and 3.11 gCO, /g for diesel, biodiesel and GTL fuels, respectively. Therefore, it is possible to calculate
the estimated carbon emissions savings by taking into account the total distance traveled in the
driving cycle:

Amp,g[gr] x SECOy [%}
D cycle [km]

ACOy 5 [gcoz} - )

km
Using fuel density, pr, fuel mass savings can be expressed as fuel volume savings, which can
be given as fuel volume per traveled distance. Therefore, the estimated fuel volume savings are

calculated as
Amgs/prp

D cycle

EFVS { ] = 100 x (10)

100 km

5. Results and Discussion

5.1. Exhaust Gas Characterization

Figure 5 presents the range of variation of the relative fuel-air ratio obtained with all test fuels
at the three altitudes tested. In these ranges, minimum values correspond to idle conditions, while
maximum values correspond to the maximum power demanded by the engine.

For urban driving, the maximum values of the relative fuel-air ratio were similar, independently
of altitude. However, a slight increase trend of minimum values with altitude was observed. This
behavior can be explained by the difference in ambient pressure (measured by the own ECU pressure
sensor of the vehicle). The reduction of ambient pressure is clearly affecting the EGR valve position
at idle engine operation (at this operating condition the external power demanded to the engine for
the vehicle movement is zero). In the case of maximum values, the effect of ambient pressure on the



Energies 2019, 12, 1105 10 of 18

EGR valve closure is negligible. In this case, the power demand is clearly higher, and the EGR valve is
almost closed.
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Figure 5. Operating range of the engine relative fuel-air ratio: (a) Urban driving conditions,
(b) Extra-urban driving conditions.

The same was observed for idle conditions under extra-urban driving. However, under power
demand for the vehicle movement, two facts affect the values registered of the relative fuel-air ratio (i)
altitude and (ii) the positive slope of the road profile at 2300 m.

In these cases of altitude where the road slope was almost zero (0 and 625 m), the effect of ambient
pressure is hindered: the EGR valve is completely closed leading to slightly lower relative fuel-air
ratios as a consequence of the increase on inlet air mass flow compared to the same altitudes at urban
conditions. However, at 2300 m the maximum values of the relative fuel-air ratios are clearly the
highest. In this case, an additional quantity of fuel is demanded due to the slope of the road.

Regarding the effect of fuel, the highest difference is observed with biodiesel under extra-urban
conditions at Sierra Nevada because the maximum value of the relative fuel-air ratio reached was
significantly lower than those corresponding to diesel and GTL fuels. In a previous study, this
difference was justified by the higher desired injected fuel quantity that implies more air necessary for
the combustion process [4].

As Figure 6 shows, the exhaust gases are hotter on average under extra-urban conditions,
which will contribute to a greater recovery potential. When these results are compared to the data
corresponding to the NEDC tests presented in a previous study with the same vehicle [46], the range of
the temperature variation at 625 masl is very similar between real driving conditions and extra-urban
driving and for the fourth urban driving cycles. The reason for this result is that the engine was
warmed-up at the start of the tests for real driving. These temperature levels present a feasible scenario
for energy recovery. Although relative fuel-air ratios were similar between urban and extra-urban
circuits, the absence of EGR favors higher combustion temperatures and, consequently, higher exhaust
gas temperatures.

As can be observed, the lowest values of the exhaust gas temperature (corresponding to the
beginning of tests) increase slightly with altitude. This increase is clearer at the upper end of the gas
temperature ranges. This behavior can be explained by the closing of the EGR valve to deliver a higher
amount of power as the altitude increases. Similar ranges of the exhaust gas temperature are observed
for the different fuels at all altitudes.

Having exhaust gases with thermal conditions characterized by temperatures between 140 and
420 °C, makes the use of commercial thermoelectric devices with BipTes based alloys and with PbTe
based alloys possible [9]. This panorama is even more promising when the vehicle works to regenerate
post-treatment devices such as diesel particle filters (DPF), which may result in maximum exhaust gas
temperatures of about 800 °C.
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Figure 6. Measured exhaust gas temperature range at the outlet of the diesel particle filter (DPF):
(a) Urban driving conditions, (b) Extra-urban driving conditions.

5.2. Exhaust Gas Exergy

Figure 7 presents the total exergy of exhaust gases at the outlet of the DPF, obtained by using
Equation (2) and the traveled distance. These values of specific exergy (kJ/km), obtained from the
driving patterns followed at each altitude, represent the maximum potential of energy harvesting from
exhaust gases to be converted into mechanical work or electricity. If a reversible recovery device was
available, this would be the maximum theoretical energy recovered for producing useful work. The
recovery potential is higher at both conditions (urban and extra-urban) for the greatest altitude, which
is due to the higher gas temperatures (see Figure 6) and mass flow rates reached.
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Figure 7. Specific exergy of exhaust gases: (a) Urban driving conditions, (b) Extra-urban driving conditions.

As can be seen in Figure 6, under extra-urban driving conditions, the gas temperature reached
values around 400 °C at Sierra Nevada. These high values are partially due to the characteristics of this
circuit (high slope) and the altitude of this location (2300 masl). The higher power demanded at these
conditions (higher throttle position demand) implies these three actions: first, to close the exhaust
gas recirculation (EGR) valve; second, the turbocharger geometry is varied for increasing the intake
pressure, and third, the fuel mass injected is also increased. These actions are presented in detail in
Reference [43].

Extra-urban driving at high altitudes results in a significantly lower fuel economy (16.1 L/100 km
with diesel fuel) than for driving at lower altitudes (about 6.5 L/100 km with diesel fuel). This higher
vehicle (engine) inefficiency is the main reason for the greatest recovery potential at high altitudes.
Results for all fuels are similar when they are compared at the same conditions (altitude and circuit)
except in the case of biodiesel at Valencia whose values of specific Ej;; were the highest at the urban
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circuit and the lowest at the extra-urban circuit. These trends are consistent with temperatures reached
with biodiesel in these circuits (see Figure 6).

Figure 8 presents the average exergy to energy ratio of the exhaust gases at the outlet of the
DPF (Equation (3)). In all cases, it remains below 35%, showing that even in the best case, it is only
possible to transform about one-third of the energy of exhaust gases into useful work. This result
agrees with the results from previous investigations [47]. Since exhaust gas energy recovery is focused
on producing electricity or mechanical work, the results from exergy analysis are more relevant than
those of energy analysis since they reveal the true potential to produce useful work. The exergy to
energy ratio increases as the altitude is higher for both urban and extra-urban circuits. This behavior is
caused by gas temperature ranges.

URBAN EXTRAURBAN
40 [l DESEL 40 - [l DIESEL
] B BIODIESEL [ BIODIESEL 350 a4o 348
i [ Rl [ Reu®
30 1 a7 270 80 570 274
= i 17 238 237 238 — 30 %5
é 1 200 216 199 J 211 215 §
5 20 00 20
5 5
107 10
0- 0
0 625 2300 0 625 2300
Altitude [m] Altitude [m]
(a) (b)

Figure 8. Average ratio of the exergy to energy of gases: (a) Urban driving conditions, (b) Extra-urban
driving conditions.

5.3. Fuel Savings

Results for estimated fuel mass savings (Equation (8)) are presented in Figure 9. Fuel savings
are higher for extra-urban driving than for urban driving in all cases. This is explained by the higher
vehicle speeds (see Figure 4a,b), which results in significantly higher engine loads, as can be verified
by the higher temperature profiles of extra-urban driving (see Figure 6). The low velocities and loads
in urban driving may not create enough of a temperature gradient in the TEG. Nevertheless, note that
these are only mean values and the TEG would be active at some points in the urban cycles. The lower
benefits in terms of EFMS with biodiesel are partially due to its lower heating value and, consequently,
its higher fuel consumption.

0.3 —— 0.3 7
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[ DiESEL
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W ctL
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Figure 9. Estimated fuel mass savings: (a) Urban driving conditions, (b) Extra-urban driving conditions.

Despite the higher gas temperature for extra-urban driving at 2300 masl (Figure 6), its lower
driving time and higher fuel consumption result in fuel savings similar to those of the other locations
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at extra-urban driving. It can also be useful in terms of reduction of pollutant emissions, in particular,
carbon dioxide, as shown in Figure 10.

1.2 7 1.2
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Figure 10. Estimated carbon dioxide emissions savings: (a) Urban driving conditions, (b) Extra-urban
driving conditions.

The urban circuit shows little or no potential for thermoelectric energy recovery due to the lower
exhaust temperatures. Nevertheless, under extra-urban conditions, the thermoelectric production rises
to 0.23%. This low value is due to the low efficiencies of the current thermoelectric materials, but it
could be helpful in the long-term use of the vehicle. In the case of the biodiesel fuel, the fuel savings
are lower due to the lower exhaust temperature.

Regarding altitude, there is a significant increase in the thermoelectric production at the highest
altitude, due to the increased relative fuel-air ratio. Given the relatively small altitude difference
between 0 and 625 masl, there are no significant differences in fuel savings for urban or extra-urban
driving on these locations.

Carbon emission reductions associated with fuel mass savings can reach 1 g/km. Nevertheless,
it is necessary to have the complete picture of carbon dioxide emissions, given that the TEG systems
to be used would have net carbon dioxide emissions associated with its manufacturing. A life cycle
assessment of TEG systems for vehicles has shown that the conversion efficiency of such devices plays
a relevant role in the life cycle carbon emissions of the whole system [18].

Finally, Figure 11 presents the estimated fuel volumetric consumption for all fuels at the two
circuits tested. The notably higher consumption at the Sierra Nevada location during extra-urban
conditions for all fuels, justified by the characteristic of this circuit, is remarkable. At this altitude, the
circuit has a significant positive slope between its beginning and its end. When comparing the effect
of fuels, biodiesel shows the highest consumption, which is lower when given in the basis of mass
(g/km) because its higher density partially compensates for its lower heating value.
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Figure 11. Volumetric fuel consumption: (a) Urban driving conditions, (b) Extra-urban driving conditions.

From these values, the estimated fuel volume savings (EFVS) were calculated (see Figure 12).
Although the results are low, the use of TEG does not penalize fuel consumption. Fuel volume data are
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more easily related to vehicle performance and economic savings. For the range of values presented
in Figure 11, using an average current fuel price of 1.34 €/L (characteristic of Spain [48]), economic
savings will be up to 0.046 €/100 km (mean value at extra-urban conditions at 2300 masl). A priori,
this might not be much, but it is a useful figure to determine the payback period of a feasible recovery
device. In addition, the environmental benefit from reducing carbon dioxide emissions must be
considered and it could also be included in the economic benefit of recovering exhaust gas energy
in vehicles. From the results shown in Figure 12, the effect of altitude on EFVS is similar between
0-625 m in both circuits, urban and extra-urban. However, the benefits obtained in tests carried out in
Sierra Nevada were significantly higher, especially in the extra-urban circuit. The presence of oxygen
in the fuel reduces the impact of the reduced oxygen content at high altitude [4], which is one of the
main justifications for the higher values of EFVS related to biodiesel fuel.

0.057 URBAN 0.057 FEXTRAURBAN 0043
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A2 [l BIODIESEL 2 [ BIODIESEL
% 0.01 4 g
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£ 0.005 e 0011 0012 0011 914 0012
R, K,
€3] = 0.014
0.000 0.000 0.000 0.000 0.000 0.000
0
0 625 2300 0 625 2300
Altitude [m] Altitude [m]

(a) (b)
Figure 12. Estimated fuel volume savings: (a) Urban driving conditions, (b) Extra-urban driving conditions.

6. Conclusions

This work determined the potential for energy recovery from exhaust gases with thermoelectric
generators in a passenger car. Tests were carried out on a typical light-duty diesel vehicle (2.0 L)
using three fuels (diesel, gas-to-liquid, and biodiesel) at different altitudes (<20, 625 and 2300 masl)
under urban and extra-urban driving conditions. The main conclusions from the results obtained are
the following:

(i) Up to 2300 masl, the expected exhaust gas temperature, downstream of the post-treatment devices
(in this case, DPF), varies within the range 140-400 °C independently of the fuel tested (diesel,
biodiesel and GTL fuels).

(ii) The potential for energy recovery is always higher under extra-urban driving conditions at all
altitudes tested due to the higher engine load and, consequently, higher temperatures and gas
mass flow rates reached. This result is particularly important at high altitudes when the EGR
valve is closed.

(iii) Similar results were obtained between 0 and 625 masl for total exergy, exergy to energy ratio of
gases, and fuel mass savings. This indicates that this altitude range, which corresponds to most
European capital cities, does not have a significant effect on the potential for energy recovery.

(iv) A total of 20-30% is the proportion of the energy of exhaust gases that could be converted
into useful work in a recovery system coupled to the exhaust system of a current light-duty
diesel vehicle.

(v) Independently of the altitude, fuel mass savings can reach up to 0.2% in extra-urban driving
conditions, while under urban driving conditions, the mean fuel savings are close to zero.
Although these values are low, the use of TEG does not penalize fuel consumption. This result is
valid for the TEG material and heat exchanger used in this work.

(vi) The low efficiency of current commercial thermoelectric materials causes low values of recovered
energy in real driving conditions.
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Nomenclature

Amr Increase in the total fuel mass-flow to provide electric energy (alternator) (g/s)
AmE TEG Increase in the total fuel mass-flow to provide electric energy (thermoelectric generator) (g/s)
Amp g Fuel mass saving (g)

Deyete Distance traveled (km)

E Exergy (J)

E Exergy rate (W)

h Specific enthalpy (J/kg)

H Enthalpy - Energy (J)

LHV Lower heating value (J/kg)

ME Total fuel mass-flow rate of the engine using an alternator (baseline conditions) (g/s)
P Electric power output (W)

Py Engine pumping losses (W)

Pyt Net power output (W)

SECO, ¢ Specific emissions of CO; (g CO, /g fuel)
) Exergy to energy ratio

n Efficiency

alt Alternator

eng Engine

0 Dead state conditions, initial conditions
g Exhaust gases

Loss Losses in the components

m Mean (time average)

s Saving

Abbreviations

DOC Diesel oxidation catalyst

DPF Diesel particle filter

EFMS Estimated fuel mass saving

EFVS Estimated fuel volume saving

EGR Exhaust gas recirculation

ETG Electrical turbo-generation (or generator)
masl Meters above sea level

NEDC New European Driving Cycle
ORC Organic Rankine Cycle
TEG Thermoelectric generator
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