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Hybrid-Optimized Engine Cooling Concept

Christoph Käppner(&), Jörg Fritzsche, Nuria Garrido Gonzalez,
and Holger Lange

Volkswagen AG, Wolfsburg, Germany
christoph.kaeppner@volkswagen.de

Abstract. An increasing level of hybridization in modern passenger car pow-
ertrains creates new challenges concerning the internal combustion engine. Pri-
marily affected are turbo-/supercharging system, start performance, oil
deterioration and exhaust aftertreatment. But thermal management faces new
demands and requirements as well. A significantly more frequent intermitting
operation mode of the ICU, which even includes frequent instantaneous switching
from high load operation to a shut-off engine and vice versa, requires the cooling
concept to be capable of suppling full cooling performance independently from
engine rpm. Apart from the ICU itself, several peripheral components as e.g.
cabin heater and EGR cooler demand an engine-rpm-independent supply of
heating or cooling power. Additionally, a rapid warm-up phase after cold start
further gains in importance as ICU operation time decreases and number of cold
starts increases. A critical target conflict arises between the above mentioned,
additional technical requirements on the one hand and an increased cost pressure
on the other hand. The later one occurs due to a growing overall complexity of any
hybridized powertrain and a therefore increased cost optimization pressure on the
ICU and its periphery. This target conflict was solved by developing a cooling
system concept combining maximum thermal management functionality,
including an electric main water pump, with a highly reduced system complexity,
including e.g. the complete abandonment of any active valves.

Keywords: Cooling � Hybrid � ICU � Electrification

1 Motivation and Background

As can be seen in Figs. 1 and 2, the usage of a conventional mechanical coolant pump in
an ICU designed for application in hybridized powertrains does result, among other, in
two exemplary technical issues. Clutch
power and thus thermal waste heat of
modern downsized turbo charged engines is
significantly less engine-speed-dependent
than in former naturaly aspirated engine
architectures. As the coolant volume and
thus the supplied cooling performance of a
fixed-coupled mechanical coolant pump is
roughly proportional to the engine speed,
this does lead into a design conflict when Fig. 1. Coolant pump power demand
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setting the drive ratio. Obtaining sufficient coolant volume flow in the low end torque
point requires high pump drive ratios which come along with unnecessarily high pump
speed and coolant volume flow at higher engine speeds. Especially in dynamic customer
drive cycles, this results in avoidable mechanical losses and decreased engine efficiency.

While this applies to any downsized turbo charged ICU independent from its
hybridization level, a second aspect does primarily concern ICUs with strongly inter-
mitting work mode. A damping effect resulting from internal thermal masses creates a
phase shift between mechanic clutch power (driver’s power demand) and thermal waste

heat. This phase shift corresponds with an
identical phase shift between mechanical
output power and cooling demand. In
dynamic drive cycles with rapid transition
between high engine load acceleration
periods and succeeding deceleration peri-
ods, the effect described above generates an
engine cooling demand during periods
without mechanical power demand. When
using an ICU-driven mechanical coolant
pump, a running ICU is thus required for
driving the pump when otherwise a cycle
section could have been run with switched
off ICU.

2 Concept and Technical Details

A large collective of system requirements and project goals, of whom some were
mentioned above, have been bundled into three central design guidelines:

I Decoupling of cooling performance and engine speed
II High thermal management functionality (split cooling, micro cooling, variable

oil cooling, variable engine temperature)
III Decreased system complexity and reduced costs

A benchmarking of different technical
approaches to fulfil demand number one did
provide an electric main coolant pump as
best compromise solution. As this technical
solution comes along with a significant cost
increase in comparison with mechanical
pump concepts, a maximum complexity
downgrade (demand III) in all attended
system parts became immanent. Parallel to
that technical simplification, full thermal
management functionality, including split
cooling and variable engine temperature had
to be maintained. To achieve these opposing

Fig. 2. Phase shift between clutch power
and cooling demand (symbolic)

Fig. 3. Architecture comparison
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goals, the concept of a valve-free two pump cooling system, in the following referred to
as the “vKKL”, was developed. It was managed, to substitute the significant number of
electric valves, auxiliary pumps and further active actuators used in the reference
cooling systems by a single additional electric coolant pump of medium power level.
Figure 3 shows a simplified comparison between the reference cooling system archi-
tectures and the “vKKL” architecture.

In summary, the required number of
actuators to provide a total of seven
independent thermal management func-
tions were reduced from up to seven
independent actuators down two only two
(see Fig. 4). Obtaining this level of func-
tion integration did demand a complete
usage of each component’s effective
degrees of freedom, including those cre-
ated by interaction of the two actuators.
The technical approach shall be described
by the example of two chosen functions.

(1) split cooling (independent temperature control for cylinder head and crank case)
(2) cabin heater/gear box cooler shut-off

To minimize heat losses and fric-
tion, an increased crank case outlet
temperature is prefered during low load
ICU working points. During regular
operation mode with fully heated up
powertrain, pump 1 (see Fig. 5) does
supply a clutch power proportional base
volume flow inside the inner coolant
circle. Pump 2 supplies a cooling
demand proportional volume flow
through the main frontend cooler and
thus controls the cylinder head temper-

ature. Corresponding to that architecture,
pump 1 has significant power reserves in
low and medium load engine operation
which form a usable further degree of free-
dom. The system now uses a very simple,
passive, pressure difference controlled valve
at the crank case outlet to control the crank
case outlet temperature independent from
the cylinder head outlet temperature (Fig. 6).
That passive valve is positioned and
designed to be controlled by the coolant
pressure drop over the cylinder head. Pump
1 compensates fluctuations in pump 2’s

Fig. 4. Function integration

Fig. 5. Crank case temperature control by pas-
sive valve

Fig. 6. Measurement data for variable
crank case temperature control

Hybrid-Optimized Engine Cooling Concept 5



volume flow which result from variating cooling demand of the cylinder head by
reducing/increasing its own volume flow contrarily and thus stabilizes and controls the
overall volume flow through the cylinder head. As the total pressure drop over cylinder
head is proportional to the square of the volume flow through the cylinder head, a
strategy has been developed to control that pressure drop via pump 1 and therefore
control opening and closing of the crank case outlet valve.

The demand to supply an on/off
function for the cabin heater, here used
as a second function integration exam-
ple, was added during a project phase
when all continuous degrees of freedom
of the two actuators had been designated
to several functions already and were no
longer available. Thus a new approach
had to be used. A pulse-like, in its
endurance very limited, variation of the

volume flow generated by one or both pumps was still available without influence to
other system functions like e.g. the crank case temperature control described above. To
control a continuous state like the usage (flow) or non-usage (no flow) of the cabin heat
exchanger by such a pulse-like variation of the coolant volume flow only, an additional
passive component with memory capability was necessary. A robust and cost efficient
solution was found in the concept of a passive pressure controlled 2-way flip-flop
(bistable) valve. As described in Fig. 7, the valve is capable of opening and closing the
cabin heater connection and is switched between these two stable positions by short
pressure pulses generated between pump 1 and 2.

3 Design, Application and Test Results

A total of seven cars were equipped with the system of which two were gasoline
powered, two were gasoline powered and hybridized, two were diesel powered and one
was diesel powered and hybridized. Additionally, the system underwent intense engine

Fig. 7. Cabin heater/oil cooler shut off

Fig. 8. Overview system concepts for gasoline/diesel
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test bench operation. The ICU power range of all cars lay between 77 kW and 110 kW.
Owing to this variety, three main system designs were developed differing in number of
integrated cooling system components (e.g. w or w/o EGR cooler) and total cooling
performance. Therefore, a choice of possible pumps was benchmarked against each
other. The following pump types represent the systems with highest relevance in regard
of test fleet usage: For usage as pump 1 (base volume flow), KSPG CWA 50 and
CWA100, Continental EWP 110W and Bosch PCE-XL (among others) were tested. As
pump 2 (main cooler), KSPG CWA200, KSPG CWA200.1 and KSPG CWA400 were
used. Figure 8 shows a comparison of system designs for the application gasoline,
hybridized gasoline and hybridized diesel.

All systems underwent a test program focused on the following key aspects:

(1) Mass production compatible filling procedure and minimum residual air
(2) Fulfillment of all cooling performance requirements including (among others)

vmax at > 45 °C, Towne Pass, Großglockner and stop&go, of which some were
checked via conditioned dynameter tests.

(3) CO2 benefit via hydraulic efficiency gains
(4) CO2 benefit via thermal efficiency gains
(5) Temperature control quality in regard of thermal shock minimization
(6) General robustness and reliability

As described earlier, the used tool chain consists of simulation (primary 1-D),
engine test bench tests, car dynameter test bench tests and car road-tests. In the fol-
lowing figures, representative test results are summarized to give a general overview.

Figure 9 represents the system
behavior during a maximum load,
maximum velocity test scenario. Inves-
tigated key figure is the entrance tem-
perature difference (ETD) which
describes the delta temperature between
coolant temperature at main cooler inlet
(equaling engine temperature) and air
temperature at main cooler inlet. In case
of multi-layer cooler packs, e.g. includ-
ing LT-cooler and AC-condenser,

ambient air temperature is used instead of air temperature at main cooler inlet. Simplified,
the ETD describes how close the engine temperature can be kept to ambient temperature.
Design goal was an ETD below 70 K. For amaximum ambient temperature of 45 °C, this
corresponds with a maximum engine temperature during the vmax test of 115 °C. The
system outperformed the design goal and proved a maximum ETD of only 62 K, which,
again for an ambient temperature of 45 °C, corresponds with a maximum engine tem-
perature of 107 °C.

Figure 10 summarizes the efficiency gains resulting from hydraulic and thermal
loss reduction. As all reference systems used mechanical pumps with fixed crank shaft
to pump transmission ratio, engine working points exist for which the supplied coolant
volume flow exceeds the required optimum volume flow, resulting in unnecessarily
high hydraulic power demand. An additional benefit of the vKKL concept is that lower

Fig. 9. Test results vmax tests for 90 kW gasoline
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working point’s base volume flow demand
is primarily supplied by the smaller pump 1
which thus is able to provide these smaller
volume flow demands with significantly
higher hydraulic efficiency than larger
mechanical pumps and larger single-electric
pumps are able to. Apart from (1) its cost
efficiency due to high function integration
and (2) its improved fail save reliability, this
does represent a third significant advantage
in comparison to earlier competitor solu-
tions combining a single electric pump with a conventional cooling cycle concept
including active valves.

Finally, Fig. 11 gives an example of the system warm up performance during high
load start scenarios. As described in Sect. 1, an optimization of this ICU operation
scenario was a key focus of project, as it is of increasing relevance for any ICU which
is part of hybridized and especially plug-in hybridized powertrains. Defining a com-
pleted warm-up phase by reaching a cylinder head temperature of 90 °C, the warm up
phase was reduced to less than two minutes (1 min and 31 s). Using the more ambi-
tious definition of reaching a crank case temperature of 90 °C and an oil temperature
above 60 °C, a reduction of the warm up phase down to still less than four minutes was
achieved. Last but not least, Fig. 11 also gives a good impression of how an increase of
crank case temperature via activated split cooling was achieved, when at second 330,
the mean ICU clutch power drops below 25 kW.

Fig. 10. Loss reduction in NEDC @20 °C

Fig. 11. Warm up performance at hybrid typical high load start scenario
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Analytical Description of Thermal Control
Circuits in Vehicles

Alexander Herzog(&), Carolina Pelka, and Frank Skorupa

IAV GmbH, Rockwellstraße 16, 38518 Gifhorn, Germany
dr.alexander.herzog@iav.de

Abstract. Strict emission standards together with the desire for high efficiency
and low fuel consumption necessitate an accurate manipulation of the state
variables in the air system of modern combustion engine vehicles. As far as
thermal management is concerned, we observe a trend towards on-demand
temperature control. The possibilities for such an approach are limited for direct
heat exchanging devices, as the efficiency of the thermal transfer is essentially
dictated by the vehicle speed. For this reason, indirect heat exchangers are
increasingly employed. Such systems allow to implement smart control strate-
gies via appropriate actuators like pumps or valves. This permits to adjust the
local temperatures in a wide range, as the efficiency of the heat exchanging
device is largely independent of the current driving situation.
On the other hand, robust control strategies usually require the knowledge of

the relevant state variables of the system under consideration. Here the desire to
minimize the number of sensors follows from economic reasons. However, due
to the limited computing power of common automotive CPUs, the possibility to
apply numerical methods are also very restricted. From this viewpoint an ana-
lytical method to describe the thermal control circuit is desirable. In this paper
we outline such an approach. The composition of the cooling fluid may influ-
ence the performance of the temperature control system. As the coolant mixture
varies for different vehicles and climatic zones, this dependency should be taken
into account. Thus, assuming a binary mixture of water and ethylene glycol, we
formulate our model for arbitrary volume concentrations.
Our model is based on the method of the so-called dimensionless temperature

change, which may be utilized both for single heat-exchangers as well as for
entire thermal control circuits. In the latter case, as it turns out, the dimensionless
temperature change of the overall system can analytically be traced back to the
ones of the individual heat exchangers, which constitute the thermal control
circuit. The physical properties of the cooling medium are discussed in detail,
where the heat transfer between the working fluid and the cooling medium is
described within the frameworks of fluid dynamics. Furthermore, we determine
the number of temperature sensors needed for the presented method.
We exemplify the model’s validity by means of a thermal control circuit of

the indirect charge air cooling device of two different Diesel engine vehicles.
Finally, possible generalizations and applications of the model are discussed.

Keywords: Thermal control circuits � Heat exchange � Fluid dynamics
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1 Introduction

Recent years have witnessed considerable progress of thermal management systems.
Being considered as one of the cornerstones on the route to improved efficiencies and
reduced pollutant and greenhouse gas emissions, the developments inter alia span from
constructive optimizations of heat exchanging devices and actuators [1, 2] over waste
heat recovery [3, 4] to on-demand temperature control strategies [5–8]. The latter topic
is essentially facilitated by an increased automation level of the utilized actuators like
pumps and valves and bears the prospect not only to realize improvements as far as fuel
consumption and tailpipe emissions are concerned, but also in the light of driving
comfort and dynamic response. A prominent example for novel concepts in this respect
is given e.g. by low temperature charge air cooling, where the working fluid is cooled
below ambient temperature [7, 8].

However, alongside the advantages induced by an increased automation level
within thermal management systems, they also involve higher complexity, such that the
utilized control strategy has to be chosen diligently to provide both performance and
stability. Among the various possible approaches, model-based control strategies
usually meet these demands, and, in addition offer benefits concerning calibration
efforts with the opportunity to minimize the number of cost-intensive sensors. Con-
sequently numerous studies and attempts have been put forward in this direction. For
instance in Refs. [9, 10] the coolant flow control for an electric water pump in com-
bination with an intelligent thermostat valve has been investigated. This has been
followed by detailed studies on nonlinear control approaches based on the physical
model of the thermal management system [11, 12].

Given the aforementioned benefits of model-based control strategies, a severe
obstacle for the capability of series production of such algorithms is posed by the limited
computing power of common automotive CPUs. This usually requires an analytical
description of the systems at hand. In the general case this constitutes a formidable task.
As an exception we mention the realization of a model predictive real time controller for
an engine cooling system of a truck [13]. Another example for an analytical formulation
of a cooling system suited for automotive CPU applications is given by a steady-state
model for a simple thermal control circuit, as discussed in Ref. [14]. This model has
been formulated for an equimolar mixture of ethylene glycol and water. The validity of
the approach has been demonstrated for the indirect charge air cooling device of a Diesel
engine vehicle. However, taking the concept of a model-based control strategy seriously
and bearing in mind that different vehicle types may contain differing volume con-
centrations c of ethylene glycol,1 a model describing the thermal control device should
take this dependency explicitly into account. Based on this motivation the present article
is concerned with the generalization of the model given in Ref. [14] to arbitrary
c 2 0; 1½ �. We give a detailed account of the relevant state variables of the fluids
involved in the thermal exchange processes to formulate a closed steady-state model for
both the individual heat exchangers as well as the overall temperature control circuit.
Our approach is based on the method of the dimensionless temperature change (DTC),

1 The same applies for vehicles in different climatic zones.
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which may be utilized for an individual heat exchanger (HE) on the one hand. As it turns
out however, an analogous formulation of the overall temperature control circuit under
consideration is also possible. We find, that the DTC of the overall system can ana-
lytically be traced back to the DTCs of the individual HEs. From this finding we
determine the minimum number of temperature signals which have to be provided
externally2 in order to run the presented method. Furthermore, we discuss the physical
properties of the cooling medium in detail. Finally, the results drawn from our theo-
retical approach are discussed in comparison to experimental data obtained from the
indirect charge air cooling circuit of two different Diesel engine vehicles.

The paper is organized as follows: In Sect. 2, we discuss the system under con-
sideration and give a brief summary on the method used in Ref. [14] in terms of the
present notation. From this, we will see that the closed analytical formulation of the
system is induced by the theoretical description of the HEs constituting the thermal
control circuit. The approach is based on the representation of the DTCs of the indi-
vidual HEs by means of the heat capacity flows of the fluids. This task, involving
approaches from similitude theory, will be undertaken in Sect. 3. For an automotive
application of the model, we have to trace back the heat capacity flows to quantities
available to the CPU of the vehicle. This shall be discussed in Sect. 4. Besides
well-established formulations for the intake system and the air flow at the front-end of
the vehicle, we give a theoretical account on the cooling section. Here the dependency
of the cooling fluid properties on the concentration comes into play. The discussion of
the experimental setup and details about the calibration of the model are given in
Sect. 5. Section 6 gives a comparison of measurements and results obtained from the
model. We summarize our findings and give an outline for future research and
development perspectives in Sect. 7. The appendix contains details of the cooling fluid
properties utilized in Sect. 4 to obtain the coolant heat capacity flow.

2 Formal Description of the Considered Thermal Control
System Within the Method of Dimensionless Temperature
Change

Apart from the aforementioned steady-state description, throughout the paper the fol-
lowing assumptions concerning the considered system are made:

1. Thermal losses and conversion of internal fluid energies into work as well as phase
transitions of the fluids are neglected.

2. The fluids solely occur as single phase.
3. Hoses and pipes are treated as ideal heat insulators, such that lost or gained heat at

these elements are not taken into account.

We note, that these assumptions are identical to those made in Ref. [14].
The system under consideration is displayed in Fig. 1, where we have depicted two

coupled HEs which are indicated due to the indices 1 and 2. In HE1 two media

2 E.g. by sensor information or independent models.
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described by their respective mass flows _m1 and _m2 are in thermal contact, where the
latter is circulated through the circuit by an electrical pump upstream to HE1. The
thermal contact between the fluids given via _m2 and _m3 is facilitated in HE2. For the
automotive application we have in mind, HE1 represents a specific heat exchanging
device at or around the engine compartment (e.g. a charge air or an exhaust gas cooler)
and HE2 serves as the cooler at the front-end of the vehicle transferring the dissipated
heat to the ambience. Albeit the chosen display of the individual HEs hints at the actual
geometries of the respective devices under consideration, the discussion put forward in
this section is valid in general and does not depend on the specific construction of the
elements. The temperatures at the respective in- and outlets of the HEs are written as Tj,
l,q, where the index j 2 {1; 2} represents the HE and l 2 {1; 2; 3} gives the fluid where
1 is attributed to the working fluid, 2 to the coolant, and 3 to the air mass flow induced
by the fan and the head wind. Finally, q 2 {u; d} determines the position respective to
the HE j, where u denotes upstream and d downstream to the device in question.

Mind that assumption 3 implies that

T1;2;ud ¼ T2;2;du ; ð1Þ

such that out of the initially eight temperatures, six remain to be determined. In order to
simplify the notation, we perform a commensurate shift in the subscripts according to
{j; l} = {1,1; 1,2; 2,3} ! {m} {1; 2; 3}. Then we may rewrite the temperatures as Tm,

Fig. 1. System under consideration: the pump circulates the cooling medium represented by the
mass flow _m2. Thus, enthalpy is extracted from the working fluid mass flow _m1 in the heat
exchanger HE1. The transferred heat decreases the working fluid temperature from T1; 1; u to
T1; 1; d while it heats up the cooling medium from T1; 2; u to T1; 2; d . The dissipated heat is
transferred to the ambience in the heat exchanger HE2 where the air flow _m3 is warmed up from
T2; 3; u to T2; 3; d at the expense of the coolant enthalpy, thus decreasing the cooling medium
temperature from T2; 2; u to T2; 2; d :

12 A. Herzog et al.



q, where m now refers to the respective fluid the same way as l, the difference being
however, that we have fixed the indexing such that for m = 2, the second subscript in
the transformed notation refers to the notation of HE1. Thus, in summary, together with
Eq. (1), we have T1;q ¼ T1;1;q; T2;q ¼ T1;2;q; and T3;q ¼ T2;3;q: Throughout the paper we
assume T1;u � T2;u � T3;u.

In order to model the system represented by Fig. 1, we intend to proceed via the
so-called method of DTC [14, 15]. This quantity, referred to as Pi with i 2 f1; 2g, for the
HEs shown in Fig. 1, serves as a measure for the efficiency of a heat exchanger. Although
the DTC of a HE can be represented both for heating the cooler fluid as well as for cooling
the warmer fluid, here we confine ourselves to a formulation where it is given in terms of
the latter context. Thus we define it as the ratio of the temperature difference DTi ¼
�1ð Þiþ 1ðTi;u � Ti;dÞ achieved through the heat exchanging process and the maximum
temperature difference being available between the two fluids in thermal contact. For
instance, forHE1 this amounts to the temperature difference between theworkingfluid and
the cooling medium upstream to the HE. Within our present notation, we then end up at

Pi ¼ �1ð Þiþ 1 Ti;u � Ti;d
kiTi;u þð1� kiÞTi;d � Tiþ 1;u

; ð2Þ

where we have defined ki ¼ ð1� �1ð ÞiÞ=2 2 f0; 1g.
The idea of our approach is to express Pi by means of the heat capacity flows Ci

and Ciþ 1 with

Cm ¼ cp;m _mm;m 2 fi; iþ 1g; ð3Þ

i.e.

Pi ¼ Pi½Ci;Ciþ 1�: ð4Þ

Here the specific heat capacity cp;m ¼ cp;mðTmÞ is given as a function of the average
temperature Tm := ðTm;u þ Tm;dÞ=2 at the HE. If furthermore the specific heat capacities
cp;m and the mass flows _mm can be modelled by analytical means, then, substituting
Eq. (4) into Eq. (2), the resulting expression can explicitly be solved for any of the
temperatures appearing in Eq. (2), given that the other two temperatures are known.3

Finally, Tiþ 1;d, not appearing in Eq. (2), is determined from the enthalpy balance of the
HE, thus reading

Tiþ 1;d ¼ Tiþ 1;u � �1ð Þi Ci

Ciþ 1
ðTi;u � Ti;dÞ: ð5Þ

Hence, the knowledge of the DTC by means of the heat capacity flows together with
two temperature signals up- or downstream to the HE enables us to calculate the
respective other two temperatures at the device [15].

3 E.g. due to values measured by a sensor or given by an independent model.
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Generalizing this approach, the overall thermal control circuit depicted in Fig. 1
may effectively be viewed as an overall HE. For this reason we may also define a DTC
PTCC corresponding to the entire system as

PTCC :¼ T1;u � T1;d
T1;u � T3;u

: ð6Þ

As it turns out, this expression can be traced back to the DTCs of the HEs con-
stituting the thermal control circuit [14, 15]. This yields

PTCC ¼ C2P1P2

C2P2 þC1P1ð1� P2Þ : ð7Þ

We conclude, that if a representation as given in Eq. (4) can be found for both HEs,
we will end up at PTCC ¼ PTCC½C1;C2;C3� with no additional effort at all. Again, from
the knowledge of PTCC by means of Eqs. (6) and (7) can be solved for any of the
appearing temperatures, given that the other two temperatures are known. The
remaining relevant temperatures in the system, not occurring in Eq. (6), may then be
determined from local DTC relationships and enthalpy balances.

Summarizing, we conclude, that if we succeed in expressing Pi by means of
Eq. (4), and in turn may trace back the heat capacity flows to quantities available to the
CPU of the vehicle, the overall cooling system is described in an analytically closed
form, given that two temperature signals in the system are known. Therefore, we shall
proceed to investigate the DTCs of the individual HEs in more detail in what follows.
The description of the heat capacity flows by means of quantities accessible to the CPU
shall be postponed to the subsequent section.

3 Models for the Heat Exchangers

3.1 Dimensionless Temperature Changes

In order to model the overall thermal control circuit we have to express the DTCs of
HE1 and HE2 by means of the heat capacity flows of the media involved in the heat
exchanging processes. The details of the thermal exchange depend on the overall heat
transfer coefficient ki and the heat transfer area Ai of the respective HE. Within the
present model these quantities exclusively enter in product form, such that they can be
combined as an effective thermal conductibility ci as

ci := kiAi: ð8Þ

Moreover, the explicit form of a HE’s DTC depends on its actual topology. Here we
assume, the topologies displayed in Fig. 1. Therefore, HE1 exhibits one shell-side with
two tube-side passes. The DTC of such a device has been discussed in Refs. [16, 17]
and according to our notation reads
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P1 ¼ 2

1þ C1
C2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ C1

C2

� �2
þ 2C1

C2
2e� 1ð Þ

r
coth

c1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ C1

C2

� �2

þ 2C1
C2

2e�1ð Þ

r
2C1

2664
3775
; ð9Þ

where e takes account of differences between the two passes, due to distinctions in the
effective heat transfer areas and heat transfer coefficients [15].

The topology of HE2 shown in Fig. 1 resembles a cross-flow HE where the fluids
are laterally mixed on both sides. For such a device the DTC reads [18]

P2 ¼ 1� exp
C3

C2
e�

c2
C3 � 1

� �� �
: ð10Þ

Thus, apart from the heat capacity flows, the dependency of Pi on the effective
thermal conductibility has to be taken into account for both HEs. As we will see
however, ci can be traced back to Ci and Ciþ 1, thus

ci ¼ ci Ci;Ciþ 1½ �: ð11Þ

This shall be discussed in the following subsection.

3.2 Thermal Conductibility

From the theory of heat transfer it is known that the overall thermal resistivity, being
the reciprocal value of the respective thermal conductibility, is given by the sum of the
individual thermal resistivities of the materials facilitating the thermal contact. Thus,
for i 2 f1; 2g we have

1
ci
¼ 1

aiAi
þ d

kAM
þ 1

aiþ 1Aiþ 1
; ð12Þ

The heat transfer coefficient of the fluid m 2 fi; iþ 1g transmitted through the area
Am is given by am. The material properties of the HE have been taken account of by the
thickness d, the area AM and the thermal conductivity k. Assuming Ai ¼ Aiþ 1 ¼ AM

throughout what follows, a crude estimation of typical heat transfer coefficients reveals
that the thermal resistivity of both fluids does exceed the one of the HE material by at
least two orders of magnitude. Therefore, it seems permissible to neglect this term.
Furthermore, as is well-known, the heat transfer coefficient am can be reformulated by
means of the respective Nusselt number Num via

am ¼ kmNum
L

; ð13Þ
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where km ¼ kmðTmÞ describes the heat conductivity of the fluid m and L is a charac-
teristic length of the device.

On the other hand the Nusselt number of a fluid can be expressed by the
corresponding Reynolds and Prandtl number. For our present purposes we write the
Reynolds number as

Rem ¼ L
Amcp;mgm

Cm; ð14Þ

with the dynamic viscosity gm ¼ gm Tmð Þ. The Prandtl number is given by

Prm ¼ gmcp;m
km

: ð15Þ

In the present context, the heat conductivity km, the specific heat capacity cp;m and
the dynamic viscosity gm can be regarded as mere functions of the average temperature
Tm. Thus, the heat transfer coefficient can, combining Eqs. (13)–(15), be separated into
a product of a function of the average temperature eg Tmð Þ and a function of the heat
capacity flow f ðCmÞ.

For thermal exchange problems it is quite common in automotive applications to
assume a power-law relation between Num, Rem and Prm [19]. From this the heat
transfer coefficient am may be cast into the form

am ¼ Cnm
m eg Tmð Þ: ð16Þ

where the function eg Tmð Þ does only weakly depend on the average temperature and may
thus be approximated by the constant gm. Furthermore, we assume a universal exponent
nm for the two media which are in thermal contact through the HE under consideration.
Taking this into account we finally end up at a three parameter theory for the thermal
conductibility of the HE, which has to be fitted to given experimental data. We stress
that the thermal conductibility is a quantity which is essentially induced by convection.
Therefore ci turns out to be a strictly increasing, yet saturating function of Ci and Ciþ 1.

Once the aforementioned three parameters are determined, the DTC of each HE is
solely given by means of the heat capacity flows of the respective fluids (c.f. Eqs. (9)
and (10)). In the next section, we will investigate these quantities in more detail.

4 Model for the Heat Capacity Flows

The heat capacity flow of the fluid m is given by Eq. (3). Thus, for each medium we
have to determine both the specific heat capacity and the respective mass flow.

4.1 Heat Capacity Flow for the Intake Air and the Head Wind

The mass flow _m1 of the working fluid is given by the sum of the mass flow of fresh air
_m1;F and the mass flow of recirculated exhaust gas _m1;EGR streaming through HE1.
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Usually the mass flow of fresh air is measured by an airflow sensor. The recirculated
mass flow can be modelled by a one-dimensional mass flow balance [20]. As far as the
head wind is concerned, the corresponding mass flow can be determined as a function
of the vehicle velocity and the rotational speed of the fan at the front-end. A correction
due to the state variables of the ambience is taken into account.

We model the specific heat capacity of air in the relevant temperature regime
according to

cp;A ¼ cp;A;0 8TA\293; 15K

cp;A;1 TAð Þ8TA � 293; 15K 0

(
ð17Þ

where cp;A;0 is a constant and cp;A;1ðTAÞ is given by a second order polynomial of the
local air temperature TA. This expression is used both for the determination of the
specific heat capacity of the head wind and the fresh air share in the working fluid. For
the latter, however, we also have to take into account that the specific heat capacity of
the recirculated exhaust gas may differ significantly from cp;A. To this end, we for-
mulate the specific heat capacity cp;1 of the gas flowing through HE1 on the footing of
energy conservation

cp;1 ¼ cp;A 1� rEGRð Þþ rEGRcp;EGR; ð18Þ

where the recirculated exhaust gas rate rEGR ¼ _m1;EGR= _m1 has been used.
In the present context we assume the exhaust gas to consist of air, water, and carbon

dioxide. The specific heat capacity of the recirculated exhaust gas may then be deter-
mined in analogy to Eq. (18) where we assume the water- and carbon dioxide-rates to be
constant within the exhaust gas. They are fitted to vehicle measurements.

The temperature dependence of the isobaric specific heat capacity of carbon dioxide
is approximated to linear order in the given temperature range. The specific heat capacity
of liquid water is discussed in the appendix, whereas for water vapor a constant value
may be assumed.

Thus the heat capacity flow of the intake gas is determined.

4.2 Heat Capacity Flow for the Coolant

We model the coolant mass flow through a pipe segment in the cooling circuit by
means of the Hagen-Poiseuille equation [21]:

_m2 c; T2;u; r
� � ¼ C.2 c; T2;u

� �Dp c; T2;u; r
� �

g2 c; T2;u
� � : ð19Þ
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Both the dynamic viscosity g2 as well as the density .2 of the coolant exhibit a
dependence on volume concentration c and temperature T2;u.

4 The pressure drop Dp in
the considered pipe segment does also depend on these quantities. Here, in addition, the
rotational speed of the pump nP comes into play. We define r := nP=nP;max as the
rotational speed normalized to the respective maximum value nP;max. Finally, C takes
account of the geometry of the segment.

For a discussion of the dynamic viscosity and the density of the fluid, we refer the
reader to the appendix. Apart from this, we have to model the pressure drop in the pipe
segment by means of x; T2;u, and r. For an incompressible fluid we find

Dp c; T2;u; r
� � ¼ . c; T2;u

� �
a c; rð Þ: ð20Þ

Here the acceleration a induced by the pump is assumed to depend on c and r. An
explicit temperature dependence is excluded as can be justified by means of vehicle
measurements. We write a c; rð Þ ¼ an cð ÞafðrÞ where we put an rð Þ ¼ r2 þ nr3 and
af cð Þ ¼ 1þ f1cþ f2c2. The parameters n; f1; and f2 are fitted to vehicle measurements.

Being a generic property of the cooling medium the specific heat capacity of the
coolant is discussed in the appendix. Thus the heat capacity flow of the cooling
medium is determined as a function of c; T2;u; and r.

5 Experimental Details and Calibration

The predictions of our model shall be compared to experimental data obtained from
two charged Diesel engine vehicles referred to as V1 and V2 henceforth. Both test
carriers have a displacement of two liters and the rated power outputs are given by 140
and 110 kW respectively. The system under consideration consists of the thermal
control circuit of the indirect charge air cooling device of V1 and V2.

All parameters required to describe the properties of the cooling mixture, as dis-
cussed in the appendix, have been calibrated on the basis of the respective data sheets
of the cooling medium. Here we briefly summarize our findings in this respect. The
density of water and ethylene glycol can be modelled by a three and a two-parameter
theory respectively. By the conservation of mass the interpolated density for the
coolant mixture is then given by a mere linear combination with respect to the volume
concentration of the densities of the respective pure agents. The dynamic viscosity is
given by a three-parameter theory for the respective pure fluids and the interpolation
can be taken account of by a two-parameter model. Contrary to this, the interpolation
for the specific heat capacity of the coolant mixture is determined from the conser-
vation of energy and does hence not require any free parameters. However, in order to
give a satisfying account of this quantity, for the pure components, the PDDS equation,
taking the lowest four orders into account, is used [15]. Finally, the heat conductivity of
water can be approximated by a second order polynomial, whereas this property can be

4 We have chosen a pipe segment in the inlet flow because temperature effects are much more crucial
here due to the exponential temperature behavior of the viscosity (c.f. the appendix).
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captured by a linear approximation for ethylene glycol. The interpolation for the
mixture is well-described by a two-parameter interpolation. In total we thus utilize
mutually independent models for the properties of the pure agents with up to four
parameters. The interpolation for the coolant mixture, if not restricted by mass- or
energy conservation may then be obtained by independent two-parameter models.

In order to calibrate our mass flow model, a measuring device, combining a volume
flow and a temperature sensor, has been installed in the cooling circuits. The param-
eters are fitted to vehicle measurements where the rotational speed of the pump is
varied for different volume concentrations under numerous ambient conditions. As
suggested by the model, we do not observe any temperature dependence for a (c.f.
Eq. (20)). Thus, together with the fitting process for the specific heat capacity of the
working fluid outlined in Subsect. 4.1, the heat capacity flows of all media involved
within the model are at our disposal.

Finally, the calibration of the models for the individual heat exchangers can be
executed. To this end the test carriers were equipped with temperature sensors up- and
downstream to the respective charge air coolers for the two media in thermal contact.
A further temperature sensor has been installed upstream to the cooler at the front-end
on the head wind side. In a multi-stage fitting procedure, taking both the DTCs of the
individual HEs as well as the overall DTC of the integral cooling device into account,
the three free parameters of each ci; i 2 f1; 2g; introduced in Subsect. 3.2, were
determined. This final step completes the calibration of the model.

6 Results

In this section we compare the results predicted from the calibrated model with vehicle
measurements. Within this report the DTC has served as the central quantity when
discussing individual HEs and the overall thermal control system. The quality of the
described method depends crucially on the possibility to represent the individual DTCs
(c.f. Eq. (2)) by means of the respective heat capacity flows as given by Eqs. (9) and
(10). In Figs. 2 and 3 the DTCs of the charge air coolers of the investigated test
vehicles are exemplified. For V1 a comparison between experiment and theory is
displayed in Fig. 2. The surface illustrates a connected envelope of our model for P1 as
a function of the normalized heat capacity flows C1=C1;max for the intake gas and
C2=C2;max for the cooling medium. Here Cm;max gives the maximum value observed for
the heat capacity flow of the fluid m. The model is to be compared to the respective
measure points shown in the plot, where test series were recorded for pure water, pure
ethylene glycol and a mixture with c ¼ 0:6. Overall we find good agreement between
theory and experiment. As predicted by the model, P1 does not explicitly depend on the
volume concentration. Instead this dependency comes into play implicitly, as C2 is a
function of c. Note in particular the tendency of an increased cooling fluid heat capacity
flow with decreasing volume concentration. This is of course essentially induced both
by the lower viscosity resulting from the smaller content of ethylene glycol and the
high specific heat capacity of water. We furthermore observe that the DTC of the
charge air cooler is a monotonically increasing function of C2. The physical picture
behind this finding is intuitively clear: The bigger the heat capacity flow of the coolant,
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be it due to an increased mass flow or specific heat capacity, the higher the performance
of the heat exchanging process. Due to the pronounced nonlinearity of P1; the gradient
along an increasing heat capacity flow is very steep for small C2 and falls off rapidly for
C2=C2;max � C1=C1;max such that the DTC saturates in this regime.

Applying the simple picture utilized to explain the tendency of increasing P1 with
increasing C2 suggests that an inverse behavior should be observed along the heat
capacity flow of the intake air, i.e. the DTC should diminish with growing C1. This
indeed is observed for sufficiently high values of C1. However, we find, that along C1

the DTC of the charge air cooler does not monotonically decrease. Instead we have

limC1!0 P1 C1;C2ð Þ ¼ 0: ð21Þ

Consequently for C1 � C1;max we find

@P1

@C1
[ 0: ð22Þ

This is due to the fact that the effective heat conductibility c1 monotonically
increases with increasing heat capacity flow, as the heat transfer processes are facili-
tated by convective means (c.f. Sect. 3.2). Therefore, starting from small C1; we find a

Fig. 2. Dimensionless temperature change as a function of the normalized heat capacity flows of
intake air and cooling fluid for the charge air cooler of the Diesel engine vehicle with 140 kW
rated power output. A comparison between our model (surface) and experimental data (symbols)
for the pure agents as a well as for a mixture with 60 % volume concentration in ethylene glycol
is displayed.
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steep positive slope in the DTC of the HE. Along C1 the DTC runs through a maximum
for fixed C2 from which the aforementioned decrease of P1 for increasing C1 is
observed. The maximum occurs in the region, where the thermal conductibility is close
to saturation, i.e. for values where an increase in C1 does not lead to a significant
increase in c1 which could compensate the greater amount of heat to be transferred
away from the intake air.

Turning to V2 (c.f. Fig. 3) all these findings are confirmed. The experimental
values displayed by the measure points for various volume concentrations as indicated
in the plot are in good accordance with the theoretical predictions, again shown as a
connected envelope.

In Fig. 4, the analytically closed model for the DTC of the integral cooling system
(c.f. Eq. (7)) of V1 is compared to the respective measure points. Here merely points
which correspond to a given value of the heat capacity flow of the head wind allow for
a significant comparison. The chosen data corresponds to a vehicle velocity of 120:5�
0:5 km/h with an inactive fan. The experimental results are to be compared with the
surface shown in Fig. 4. As for the individual HEs the DTC of the overall cooling
circuit is well-described within our model. We have checked that this is also true for
other values of the head wind heat capacity flow.

Along increasing C2 we find that the DTC of the thermal system is monotonically
increasing, where a saturation effect is observed for sufficiently high C2. Unlike for the
individual HE such a behavior is not necessarily fulfilled for the overall system. As C2

Fig. 3. Dimensionless temperature change as a function of the normalized heat capacity flows of
intake air and cooling fluid for the charge air cooler of the Diesel engine vehicle with 110 kW
rated power output. A comparison between our model (surface) and experimental data (symbols)
for various volume concentrations is displayed.
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has respectively opposing impacts on P1 and P2,
5 there may exist operating points, with

@PTCC=@C2\0. However, such a behavior has not been observed for the two test
vehicles under consideration.

Contrarily, along the intake air heat capacity flow PTCC runs through a maximum
value for any fixedC2 and falls of towards higherC1. This behavior clearly resembles our
findings for P1. As P2 does not depend on the heat capacity flow of the intake air, this
effect already studied for the DTC of the charge air cooler remains pronounced for the
overall system. Finally, we want to stress, that PTCC increases with increasing C3. This is
of course due to the fact, that P2 turns out to increase with increasing C3. This effect is
clearly attributed to the circumstance, that the heat transfer from the cooling medium to
the ambience necessitates a sufficiently high heat capacity flow due to the head wind.

Figure 5 contains a representation of the DTC of the overall charge air cooling
system for V2. Here C3 corresponds to a vehicle velocity of 98� 2 km/h with an
inactive fan. As for the other test car we find good agreement between the measured
data (symbols) and the surface calculated from the model. The findings discussed for
Fig. 4 are reproduced for this vehicle.

For both test cars we find the tendency that a decreased volume concentration
c leads to an increased coolant heat capacity flow due to viscosity and specific heat
capacity effects. This results in slight but significant differences in the absolute values
of the DTC for the thermal control circuit. These slight differences may however have a

Fig. 4. Dimensionless temperature change for the overall thermal control system as a function of
the normalized heat capacity flows of intake air and cooling fluid for the Diesel engine vehicle with
140 kW rated power output. The displayed data corresponds to a constant heat capacity flow of the
head wind at a vehicle speed of 120:5� 0:5 km/h with inactive fan. A comparison between our
model (surface) and experimental data (symbols) for various volume concentrations is displayed.

5 I.e. P1 increases with increasing C2, whereas P2 decreases in that case.
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distinct effect on the respective fluid temperatures as PTCC occurs in combination with
large absolute temperatures or temperature differences. Moreover, this has an impact on
the model for C2 and underlines the importance to take the adequate volume con-
centration into account, when model-based applications like diagnostics and control are
utilized for series production.

Finally we want to apply the presented method to model the temperature down-
stream to the charge air cooler of the two vehicles. To this end we rewrite Eq. (6) as

T1;d ¼ T1;u � PTCC C1;C2;C3½ � T1;u � T3;u
� �

; ð23Þ

where T1;u and T3;u are provided by sensor signals. In Fig. 6 representative results from
this approach (solid lines) are compared with experimental data (dotted lines) drawn
from measurements performed for V1. Here the volume concentrations c ¼ 0, c ¼ 0:6,
and c ¼ 1 have been investigated (c.f. Fig. 6(a), (b) and (c) respectively). For confi-
dential reasons a constant reference temperature T1;d;Ref has been subtracted from the
absolute value of T1;d . The left inset shown in Fig. 6(a) displays the corresponding
signal for the temperature upstream to the charge air cooler also shifted by a constant
reference temperature T1;u;Ref . The normalized heat capacity flow of the intake air is
depicted in the right inset of Fig. 6(a). Both insets underline that the measurements
mostly resemble dynamical driving situations. Albeit the presented model is based on a

Fig. 5. Dimensionless temperature change for the overall thermal control system as a function of
the normalized heat capacity flows of intake air and cooling fluid for the Diesel engine vehicle
with 110 kW rated power output. The displayed data corresponds to a constant heat capacity flow
of the head wind at a vehicle speed of 98� 2 km/h with inactive fan. A comparison between our
model (surface) and experimental data (symbols) for various volume concentrations of ethylene
glycol is displayed.
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steady-state formulation, the results drawn from the model do agree well with the
experimental data for c ¼ 0. The same may be said for c ¼ 0:6 and c ¼ 1 displayed in
Figs. 6(b) and (c) respectively. Here also experimental data of the shifted intake air
temperature downstream to the charge air cooler is compared to the corresponding
values obtained from our model. These measurements also do represent dynamical
driving situations. Taking all measurements into account, we find that the mean
absolute deviation

dT1;d :=

Pqmax
q¼1 T1;d;mod � T1;d;meas

		 		
qmax

between model and experiment is given by 4.17K for this vehicle. Here we have
averaged the absolute values of the deviation between theory and experiment, respec-
tively given by T1;d;mod and T1;d;meas over the overall number qmax of recorded time slots.

For V2 the shifted charge air temperature as given by our model is compared to
experimental data in Fig. 7. The corresponding volume concentrations are c ¼ 0 (c.f.
Fig. 7(a)), c ¼ 0:5 (c.f. Fig. 7(b)), and c ¼ 1 (c.f. Fig. 7(c)). Again for c ¼ 0 the
transient nature of the underlying driving situation is clearly displayed by the sup-
plemented insets. Summarizing, we find that the predictions from our model correlate
well with the measurement data, albeit the accuracy is a little reduced in comparison to
V1. This is also reflected in the mean absolute deviation for this vehicle which is given
by dT1;d ¼ 4.7K. However, these deviations should be compared to those obtained in
Ref. [14], where a mean absolute deviation of 5K was given for a test vehicle with a
strictly equimolar mixture of ethylene glycol and water. We stress that restricting the
range of application of the volume concentration allows a more accurate calibration of
the model parameters. From this a further reduction of the mean absolute deviation
between measurement and model data would result. Taking into account that the
presented model is sufficiently simple to be run on an automotive CPU, the approach
exhibits an overall satisfying accuracy. Finally, we like to point out, that the model
interpolates smoothly as a function of c.

Having determined T1;d , the coolant temperature up- and downstream to the charge
air cooler can be obtained by means of the DTC of the individual HEs and local
enthalpy balances. Figure 8 shows a representative comparison between the model
values (solid line) of the coolant temperature and corresponding experimental data
(dotted line). In Fig. 8(a) the cooling fluid temperature T2;u upstream to the charge air
cooler is displayed, where again a constant reference temperature T2;u;Ref has been
subtracted from both data sets. Due to error propagation, the accuracy of the modeled
coolant temperature is a little reduced in comparison to T1;d . However, the model may
still serve as a quantitative estimation for the coolant temperature upstream to the
charge air cooler. Here the test vehicle with 110 kW rated power output has been used
with a volume concentration of c ¼ 0:25. Again the measurement resembles dynamic
driving situations. The corresponding measurement for the coolant temperature
downstream to the charge air cooler is depicted in Fig. 8(b). We observe good
agreement between theory and experiment, such that the model for instance may be
utilized to detect critical temperatures in the charge air cooler outlet.
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Fig. 6. Comparison between experimental data (dotted line) and predictions of the calibrated
model (solid line) for several volume concentrations of ethylene glycol. The intake air
temperature downstream to the charge air cooler of the vehicle with lower rated power output is
shown. (a) Pure water: In order to illustrate the transient nature of the driving situations, the left
inset displays the respective intake air temperature upstream to the charge air cooler. In the right
inset the corresponding intake air heat capacity flow is depicted. (b) 60 % volume concentration
of ethylene glycol. (c) Pure ethylene glycol
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Fig. 7. Comparison between experimental data (dotted line) and predictions of the calibrated
model (solid line) for several volume concentrations of ethylene glycol. The intake air
temperature downstream to the charge air cooler of the vehicle with 110 kW rated power output
is shown. (a) Pure water: In order to illustrate the transient nature of the driving situation the left
inset displays the respective intake air temperature upstream to the charge air cooler. In the right
inset the corresponding intake air heat capacity flow is depicted. (b) 50 % volume concentration
of ethylene glycol. (c) Pure ethylene glycol.

26 A. Herzog et al.



7 Summary and Outlook

In this paper we have investigated a simple temperature control circuit which consists
of a heat exchanger in the air intake or exhaust gas system of a vehicle with a com-
bustion engine. We have argued that the growing automation level of the actuating
elements in thermal management systems bears good prospects to realize advantages
concerning tailpipe emissions and fuel consumption. Driving comfort and transient
response may also be improved by thermal on-demand control strategies. Among the
latter, model-based concepts offer advantages as far as control stability and calibration

Fig. 8. Comparison between theoretical (solid line) and experimental (dotted line) values for the
cooling fluid temperature in the vehicle with 110 kW rated power output. Here, a mixture with an
ethylene glycol volume concentration of 25 % has been used. (a) Coolant temperature upstream
to the charge air cooler. (b) Coolant temperature downstream to the charge air cooler.
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efforts are concerned. In this spirit, formulating the thermal control circuit by analytical
means, the volume concentration of ethylene glycol should be treated as a model
parameter, as different vehicle types and vehicles in different climatic zones exhibit
different cooling fluid mixtures. A theoretical approach taking this dependency
explicitly into account has been discussed in this paper, where the full range between
pure water and pure ethylene glycol has been covered. The model is based on the
method of dimensionless temperature change. This quantity can be defined both for
individual heat exchangers as well as for the overall temperature control circuit and
may be interpreted as the efficiency of the heat exchanging device under consideration.
The dimensionless temperature change of the overall circuit can be traced back to the
ones of the individual heat exchangers (c.f. Eq. (7)). Thus, if the dimensionless tem-
perature changes of the individual heat exchangers can be expressed by quantities
available to the CPU of the vehicle, the considered overall temperature control system
may by described by analytical means without any additional calibration effort at all.
The representation of the individual dimensionless temperature changes by means of
the fluid heat capacity flows was discussed on the basis of heat transfer and similitude
theory. Provided that two temperature signals of the overall system are known from
sensor information or from an independent model, the remaining four non-trivial
temperatures can be determined with the presented method.

The fluid properties were described in the framework of well-established phe-
nomenological models. Here the dependency of the volume concentration of ethylene
glycol in the coolant mixture comes explicitly into play. In general, the cooling
medium properties are discussed in terms of the pure agents (i.e. water and ethylene
glycol). For an arbitrary volume concentration interpolation models are used. In par-
ticular, we find that the individual dimensionless temperature changes do not explicitly
depend on the volume concentration. Instead, this dependency merely enters implicitly
by means of the cooling fluid properties. To our satisfaction, this theoretical prediction
is confirmed by experiment.

Summarizing, the presented approach consists of various mutually independent
models for the fluid properties, the thermal conductibilities, and the dimensionless
temperature changes of the individual heat exchangers. Each model is expressed by
means of elementary functions such that the suggested approach is suited for auto-
motive CPU applications.

We have applied our model to the indirect charge air cooling devices of two Diesel
engine vehicles with different rated power outputs. Using the ambient temperature and
the intake air temperature upstream to the charge air cooler as reference information,
we have utilized the dimensionless temperature change of the overall temperature
control circuit to determine the charge air temperature. A comparison to experimental
data exhibits good accordance between model and measurement. In particular, not only
the steady-state but also the transient behavior of the thermal system is captured within
our model. For both test vehicles, we have exemplified the quality of our model for
three distinct volume concentrations of ethylene glycol. Overall we find a mean
absolute deviation between measurement and model of 4.17 and 4.7K for the charge air
temperature of the higher and lower rated power output vehicle respectively. We have
checked, that the model interpolates correctly between the individual ethylene glycol
volume concentrations. We stress that the model has been calibrated for the whole
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range of volume concentration between zero and one. Limiting this region during the
calibration process naturally restricts the applicability of the model. However, this
restriction on the other hand comes with a benefit regarding model accuracy.

Moreover, utilizing the dimensionless temperature changes for the individual heat
exchangers as well as enthalpy balances, the coolant temperature up- and downstream
to the respective charge air cooler were determined. A comparison between theory and
experiment reveals satisfying agreement. For instance, the model may be applied to
detect critical temperatures in the cooling circuit.

The presented model has been motivated on the footing of model-based automotive
applications such as control or diagnosis with the application of heat exchanging
devices in the intake air or exhaust gas system. The approach may be utilized to
minimize the number of temperature sensors within a temperature control device
resembling the system discussed in this report. However, the overall temperature
control systems of vehicle engines are more complex than the simple cooling circuit we
have addressed here. Therefore, a generalization of the approach outlined in this paper
is highly desirable. Of course with an increased complexity of the system not only the
theoretical description will be more involved. Also the treatment of the temperature
control problem is much more demanding in that case, as different components may
have different and even mutually excluding requirements. Also in this case,
model-based decision making and control may help to further reduce pollutant emis-
sions or to improve the efficiency of combustion engines.

A Appendix: Properties of the Coolant Mixture

Throughout the paper, the importance of the volume concentration c of ethylene glycol
has been stressed. In this appendix we want to give a detailed account on the properties
of the mixture as a function of c. To this end we discuss the respective properties of the
pure substances respectively in a first step.6 The resulting models are then interpolated
as a function of the volume concentration of ethylene glycol c. Throughout this
appendix our models for the fluid properties are compared to experimental data given in
a data sheet of the coolant producer.

Note that strictly speaking an additive rule for the individual volumes does not
apply. However, effects stemming from this circumstance turn out to be negligible and
are therefore ignored within our investigations.

In general, the interpolation used to describe a fluid property yðT2;qÞ by means of
the respective properties of the pure components yC2H6O2ðT2;qÞ and yH2OðT2;qÞ is realized
by the interpolating functions hy c;T2;q

� �
and hy c; T2;q

� �
such that

y T2;q
� � ¼ hy c; T2;q

� �
yC2H6O2 T2;q

� �þ hy c; T2;q
� �

yH2O T2;q
� �

; ð24Þ

6 Although for the properties of water there exist accurate models [22], here we want to use simplified
relations, as these are more suited for automotive CPU usage.
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where the limiting cases c ¼ 0 and c ¼ 1 require hy 0; T2;q
� � ¼ hy 1; T2;q

� � ¼ 0 and
hy 1; T2;q
� � ¼ hy 0; T2;q

� � ¼ 1: For our purposes we write

hy c; T2;q
� � ¼ ceayð1�cÞ=T2;q ; ð25Þ

and

hy c; T2;q
� � ¼ 1� cð Þeayc=T2;q ; ð26Þ

with the coefficients ay and ay, which have to be determined from experimental data or
restrictions due to conservation laws.

A.1 Density

Generally, we approximate the temperature dependence of the density by means of a
power series, where in the case of water, we restrict ourselves to quadratic order. For
ethylene glycol, a linear approximation is sufficient for our purposes. From the con-
servation of mass, the density of the mixture within our approach is given by (c.f.
Eqs. (25) and (26)) ay ¼ ay ¼ 0; viz.

.ðc; T2;qÞ ¼ c.C2H6O2
ðT2;qÞþ ð1� cÞ.H2O

ðT2;qÞ: ð27Þ

Here .X is the density of the component X. A comparison to experimental data reveals,
that our model exhibits a maximum relative error of below 2.5 % in the temperature
region between 250 and 390K7.

A.2 Dynamic Viscosity

The dynamic viscosity gX for the pure component X is described within a generalized
phenomenological approach due to Raman [14, 15, 23] via

gX ¼ AXe
EXðTXÞ=ðkBTX Þ; ð28Þ

where kB gives the Boltzmann constant and TX resembles the temperature of the pure
component X: The coefficients EX;0 and EX;2 appearing in the energy functional
EX TXð Þ ¼ EX;0 þEX;2T2

X , and the prefactor AX are determined from a fit to the data sheet.
For the interpolation, we observe, that a higher accuracy is achieved if we use the

natural logarithm of the dynamic viscosity instead of setting y ¼ g in Eq. (24). Then
determining the interpolation coefficients, we find ag; ag � T2;q, such that within the

7 Given that the liquid phase exists for the considered volume concentration of ethylene glycol.
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Eqs. (25) and (26) the exponential functions may be expanded to linear order. From
this, we obtain

g T2;q
� � ¼ gcð1þ agð1�cÞ=T2;qÞ

C2H6O2
T2;q
� �

gð1�cÞð1þ agc=T2;qÞ
H2O T2;q

� �
: ð29Þ

Comparing our model to experimental data, we find that in the aforementioned tem-
perature region the maximum relative error is given by 1.8 %.

A.3 Specific Heat Capacity

The specific heat capacities of the pure components are given by means of the PPDS
equation [15], where for the present purpose an approximation up to quadratic order
terms in the reduced temperature sX ¼ 1� TX=TX;crit is sufficient, both for ethylene
glycol and for water. Here TX;crit is given by the critical temperature of the component X:

As far as the interpolation is concerned, from the conservation of energy, we
observe, that consistency requires to set y ¼ .cp, with a.cp ¼ a.cp ¼ 0: Thus we arrive at

cp c; T2;q
� � ¼ .C2H6O2

T2;q
� �

. c; T2;q
� � c cp;C2H6O2 T2;q

� �þ .H2O T2;q
� �

. c; T2;q
� � 1� cð Þ cp;H2O T2;q

� �
: ð30Þ

Utilizing this approach, we are able to model the specific heat capacity of the fluid
within the fore cited temperature region and with a maximum relative error below 5.9 %.

A.4 Heat Conductivity

The heat conductivity kH2O for water is described by means of a second order poly-
nomial in temperature. For ethylene glycol a linear approximation is sufficient. For the
interpolation function we set y ¼ k and fit ak and ak to experimental data. The latter
turn out to be in the same order of magnitude as temperatures relevant for our purposes,
such that further simplifications by means of power series expansions cannot be put
forward. Our model gives a satisfactory accuracy with a maximum relative error of
below 6 %.
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Abstract. Although huge effort has been invested in research and development
of Organic Rankine Cycle (ORC) systems for mobile applications, it was not
possible so far to identify a working fluid which covers nearly all of the
requirements defined by OEMs and component suppliers. Therefore, the
intention of this work was the identification of a so-called “superfluid” by
screening the complete chemical space of more than 72 million chemical sub-
stances given by the PubChem© database. For this purpose, a fast simulation
tool (DetailSimORC) was programmed in Matlab®. The thermodynamic prop-
erties were gained by the COSMOtherm software with a combination of the
COSMO-RS theory and a cubic equation of state. The subsequent evaluation
was based on a scoring system taking into account constructional aspects (e.g.
minimum pressure level), safety issues (e.g. flammability) and regulatory
requirements (e.g. ozone depletion potential, ODP) in addition to the thermo-
dynamic performance. The results revealed that a conflict occurs between
optimal thermodynamic performance and safety issues. Fluids showing a high
net power output and low ODP are often highly flammable, whereas
well-performing non-flammable working fluids have drawbacks concerning
environmental and toxico-logical issues. Keeping these conflicting priorities in
mind, it is possible to select a set of diverse best-ranked fluids for further
investigation: the alcohol ethanol, the linear siloxane hexamethyldisiloxane, as
well as the refrigerant R-152 (1,2-difluoroethane).

Keywords: Organic Rankine Cycle � Mobile sector � COSMO-RS � Scoring
system � PubChem � Screening

1 Introduction

The mobile sector is driven by legislation and economics to reduce fuel consumption
constantly. To meet future targets on fuel savings in heavy duty truck, passenger cars
and the marine sector, waste heat recovery by means of Organic Rankine Cycle has
gained increased interest in the last years. A crucial aspect for the efficiency and,
therefore, for the profitability of such systems is the working fluid. Mostly, common
databases for thermodynamic properties of organic fluids like RefProp® are applied
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with the goal of identifying a suitable working fluid. However, results of a number of
publications as well as two research projects of the Research Association of Com-
bustion Engines (FVV) eV revealed that among the investigated fluids no fluid meets
nearly all requirements set by OEMs and component supplier. Therefore, this projects
deals with the search for an ideal fluid based on a highly innovative methodology:
High-Throughput-Screening of potential working fluids using a combination of
Computational Chemistry and thermodynamic process simulations. The goal of the
project was nothing less than finding an ideal fluid for the exhaust gas usage in mobile
applications by screening the complete chemical space defined by the PubChem
database that covers around 72 million chemical substances at the moment. Possible
advantages of such a fluid could be:

• higher net power output and, therefore, higher CO2-reduction
• lower costs and reduced weight and size of the Rankine-system
• lower additional costs for condensation/cooling of the working fluid

To find the ideal fluid, a simulation tool in Matlab is programmed and combined with
thermodynamic properties from COSMOtherm to ensure that the complete chemical
space given by the PubChem database can be investigated. This work summarizes the
main methods and results; more information can be found in a previous publication [1].

2 Theory and Methods

2.1 Organic Rankine Cycle

Although the mobile sector summarizes three different applications, namely heavy duty
trucks, passenger cars and the marine sector, thermodynamically only two cases have to
be distinguished: internal combustion engines using heat from exhaust gas recirculation
(EGR) and the ones just using heat downstream of exhaust gas aftertreatment (EGA).
The layout for cases including EGR is displayed in Fig. 1.

Boundary conditions for the simulation of all cares are selected according to dis-
cussions in the working committee of the research project. Furthermore, the working
committee provided heat source characteristics based on real engine operation points.
Based on these assumption, the simulation tool “DetailSimORC” is programmed
within the simulation environment Matlab®. DetailSimORC is based on steady state
simulations and the principle of conservation of energy. Radiation losses in the heat
exchangers as well as pressure drops in the cycle are neglected. Figure 2 shows a
simplified flow chart.

2.2 Computational Chemistry Methods (COSMOtherm)

The quantum chemically based Conductor-like Screening Model for Realistic Solvation
(COSMO-RS) is a rather general method for predicting the chemical potentials of almost
arbitrary molecules in almost any dense pure or mixed liquid. This chemical potential
difference can be transformed into properties such as vapor pressures, activities or
solubilities. In general, COSMO-RS is composed of two fundamental steps:
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At first, quantum chemical calculations have to be performed for all compounds of
interest. In these calculations a virtual conductor embedding the molecule is taken into
account by the continuum solvation model COSMO [2]. In the second step of
COSMO-RS, the statistical thermodynamics of the molecular interactions, this polar-
ization charge density is used for the quantification of the interaction energy of pairs of
surface segments. As most important molecular interaction modes, electrostatics and
hydrogen bonding are taken into account in this way.

Fig. 2. Simplified flow chart of DetailSimORC

Fig. 1. Layout of Organic Rankine Cycle with exhaust gas recirculation
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The classic COSMO-RS theory is based on the assumption of incompressible
liquids and ideal gases. The ORC process, however, uses temperatures and pressures up
to the critical point. In this range of application, the treatment of both liquid phase
compressibility and real gas behaviour is essential. In order to extend the applicability
range of COSMO-RS, the theory is combined with the Patel-Teja equation of state
within this study [3].

The ORC fluid screening requires a preferably diverse chemical structure dataset.
Here, the PubChem database has been chosen as the largest inventory publically
available. In an automatized workflow, the molecular structures are fetched from the
database, quantum chemical calculations are initiated for appropriate compounds and
the thermodynamic properties are predicted via the COSMOtherm software, as
depicted in Fig. 3. DetailSimORC simulations are then performed for a filtered set
according to suitable thermodynamic properties for the ORC process (critical tem-
peratures, vapor pressures…) as described above.

3 Results and Discussion

In total, 3,175 working fluids are simulated in DetailSimORC based on accurate ther-
modynamic properties from COSMOtherm (TZVPD-FINE level, see also Preißinger
et al. [1]). Each working fluid is considered for two different applications (heavy

Fig. 3. Schema of the PubChem database screening by COSMOtherm calculations and
DetailSimORC simulations
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duty truck, passenger car) and three different condensation temperatures (40 °C, 75 °C,
100 °C).

Figure 4 shows the expected decreasing net power output with increased conden-
sation temperature. Furthermore, a steep increase in net power output for the best 50
working fluids is observed.

It is obvious that several working fluids reach high net power output. In a next step
an overall evaluation by summing up the ranking of each fluid within each of the six
cases. An ideal working fluid would come up with an overall scoring of 6 (being ranked
on 1st place for all six cases), the least efficient working fluid would lead to a value of
19050 (begin last ranked for all six cases). It can be seen that the working fluid with the
best overall ranking is acetaldehyde with an overall score of 27. This shows that the
methodology of combining a fast simulation environment with computational chemistry
is an effective way to find ideal working fluids from a thermodynamic point of view.

However, based on security aspects like flammability, autoignition temperature and
the formation of highly explosive peroxides, acetaldehyde cannot be applied under real
world conditions. Therefore, a more comprehensive evaluation method is developed
which takes into account constructional aspects, safety issues, regulatory parameters
and thermodynamic efficiency.

Constructional aspects include minimum and maximum pressure, maximum tem-
perature, heat flux in the condenser and pressure ratio in the expansion unit. Flamma-
bility, mutagenicity, carcinogenicity, acute toxicity and aquatic toxicity are investigated
among other as safety issues. Regulatory parameters include global warming potential
GWP, ozone depletion potential ODP, freezing point as well as structure analysis
concerning e.g. reactive substructures and stability analysis by autoignition temperature.
The overall results reveal that a conflict occurs between optimal thermodynamic per-
formance and safety issues. Fluids with high net power output and low ODP are often
highly flammable, whereas well-performing non-flammable working fluids have
drawbacks concerning environmental and toxicological issues.

Nevertheless, a set of diverse best-ranked working fluids can be selected for further
investigation. Ethanol combines high thermodynamic efficiency in different cases with a

Fig. 4. Net power output for various working fluids depending on condensation temperature for
application passenger car (left) and heavy duty truck (right)
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lack of special toxicological or ecotoxicological issues. Hexamethyldisiloxane is
especially attractive for high condensation temperatures (above 100 °C). R-152 is a
synthetic refrigerant that combines an excellent net power output with reasonable
constructional parameters. Alternatively, 1-propanol and cyclopentane are well-
performing in a specific range of boundary conditions, whereas 1-propanol should be
favored for high condensation temperature, cyclopentane for low ones.

4 Summary and Outlook

The complete PubChem database with more than 72 million chemical substances were
screened to find an ideal working fluid for Organic Rankine Cycle in mobile appli-
cations like heavy duty trucks, passenger cars and the marine sector. The main results
can be summarized as follows:

• Based on different filter criteria the set of suitable working fluids can be brought
down to 3,175 chemical substances.

• Acetaldehyde can be identified as a thermodynamic “superfluid”, however, it cannot
be applied in real world conditions due to security aspects.

• A scoring system has been implemented to allow for a holistic evaluation of ORC
working fluids based on thermodynamic, constructional, safety and regulatory
aspects.

• Screening the complete chemical space of the PubChem database leads to
well-performing and unconventional working fluids partly not known so far.

• A diverse set of best-ranked working fluids including alcohols (ethanol), refriger-
ants (R-152) as well as siloxanes (hexamethyldisiloxane) is suggested.

In a next step, the selected working fluids should be tested in small-scale test rigs
and demonstration units. Furthermore, dynamic simulations are necessary to give more
information about the behavior of the working fluids under typical operating
conditions.
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1 Introduction

Since the beginning of internal combustion engine development, engineers tackle
the problem of losses into the exhaust gases. The gases exiting the combustion
chamber are hot and pressurized. Recovering a part of the energy contained in
those gases could be beneficial for the ICE efficiency.

In the seventies, the turbocharger, which was the first recovery system intro-
duced in a vehicle, started to be widely used in the automotive industry (Ronan
and Abernathy 1979). Its operation is pretty simple and well adapted to diesel
engines. It is composed of two parts: a turbine expanding the pressurized gases
and turning the expansion work into mechanical one. This turbine is mechan-
ically linked to a compressor which increases the pressure of fresh air entering
into the combustion chamber. Its introduction allowed manufacturers to reduce
engine size, pollutant emissions and fuel consumption over the last decades.

Recently, new technologies such as turbocompounding, thermoelectric gen-
erators and thermodynamic bottoming cycles have been developed by engine
makers (Saidur et al. 2012).

Turbocompounding has attracted a lot of interest in the automotive indus-
try and especially for commercial vehicles during the last decade (Aghaali and
Ångström 2015). When aircraft were propelled with piston engines (i.e. between
the thirties and the fifties), the manufacturers established first turbocompound
as fuel savings technology. It was well adapted due to the long hours of oper-
ation at constant load and the high expansion ratios at low ambient pressure
obtained at cruise altitude. Later, with the massive introduction of turbines
as aircraft propeller, the technology became obsolete but found applications in
marine engines. Since then, the technology is mounted on ship and modern ves-
sels engines can achieved total efficiency greater than 50 % (Hiereth et al. 2007).
The first interest of road vehicle manufacturers about the technology dates back
in the eighties. In 1991, Scania became the first original equipment manufacturer
(OEM) to commercialize a turbocompounded engine. Since, more and more com-
mercial vehicles have been released with the use of a turbocompound and various
configurations have been developed (Aghaali and Ångström 2015).

Heat recovery systems are also strategic for OEM’s (Saidur et al. 2012).
Thermoelectric generators (TEG’s) are one promising technology mainly due to
c© Springer International Publishing AG 2017
C. Junior et al. (eds.), Energy and Thermal Management, Air Conditioning, Waste Heat Recovery,
DOI 10.1007/978-3-319-47196-9 4



42 V. Grelet and P. Tipner

their apparent simplicity. TEG are based on the Seebeck effect and the properties
of some materials which when they are subjected to a temperature difference at
the joints, produce a potential difference in the joint circuit. This is called the
thermo-current and thermo-electromotive force. Even if the phenomenon is well
known, intensive researches are ongoing on the material properties to find the
suitable materials for commercial vehicles and passenger cars (LeBlanc 2014).

Waste heat recovery systems (WHRS) based on thermodynamic bottoming
cycles have attracted a high interest over the last ten years. Various bottoming
cycles have been analyzed and compared from a thermodynamic principle point
of view over the last years. Between Rankine, Brayton and Ericsson cycles, heat
recovering devices based on the Rankine cycle result to be the most adapted
system to the long haul truck application.

2 Rankine Process

An efficient way to recover the low grade waste heat from the internal combustion
engine is the Rankine cycle (Stobart and Weerasinghe 2006). It uses the same
principle than most of heat engines found in power generation plants and allows
to convert heat into mechanical work. Different to the classical Rankine cycle
which uses water as working fluid, the organic Rankine cycle (ORC) is referencing
to carbon based media.

The Rankine cycle has been discovered by William John Macquorn Rankine
and is based on the Carnot cycle. Instead of the two isothermal transformations,
the ideal Rankine cycle is composed of two isobaric and two isentropic state
changes.

– The pressure of the fluid in liquid state is increased by the pump work up to
the evaporating pressure (1 → 2) consuming power Ẇfin .

– The pressurized working fluid is pre-heated, vaporized and superheated (2 →
3c) by recovering heat transfer rate Q̇fin from the heat source.

– The superheated vapor expands from evaporating pressure to condensing pres-
sure (3c → 4) in an expansion device creating mechanical power on the
expander shaft Ẇfout

.
– The expanded vapor condenses (4 → 1) through a condenser (linked to the

heat sink) releasing heat flow rate Q̇fout
.

Ideally the Rankine cycle operates closely to the Carnot cycle due to the isother-
mal phase change occurring during evaporation and condensation process. In
reality, the Rankine cycle used in waste heat recovery system differs from the
ideal Rankine cycle due to the irreversibilities in the different components. The
main sources of irreversibility are:

– Losses during compression and expansion due to friction, leakages, etc.
– Pressure drops in the heat exchangers and pipings due to friction.
– Heat losses to the ambient due ton non adiabatic components.
– Irreversibilities due to finite temperature differences in heat exchangers.



Assessment of Evaporators Used in Waste Heat Recovery 43

1
2

3a 3b

3c

4

Q̇in

Q̇out

T

s
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Fig. 1. Temperature-entropy diagram of the ideal Rankine cycle

A classical representation of the Rankine cycle is done through its associated
temperature entropy (T-s) diagram shown in Fig. 1. This one is practical since it
gives a rough estimation of the cycle efficiency. The highest efficiency is obtained
when the cycle looks like a rectangle on the T-s diagram. Indeed, the more rec-
tangular, the closer from the Carnot cycle. In reality, a net output power maxi-
mization is preferred which is not always in line with an efficiency maximization.

3 System Overview

Rankine cycle based WHR systems consist in using a Rankine cycle to recover
waste heat from the internal combustion engine. Nowadays vehicles are powered
with reciprocating internal combustion engines where engine efficiency and fuel
consumption are more and more prioritized in the overall vehicle’s performance
evaluation.

In the early seventies, during the first oil shock, first developments have been
done in the field of Rankine bottoming cycle. The most advanced project was cer-
tainly the ThermoElectron project reported in (Doyle and Kramer 1979), where
a prototype has been built and tested on road during a year. A Mack 676 diesel
engine has been compounded with an ORC, recovering heat from the exhaust
gases. Road tests have demonstrated up to 15 % fuel efficiency improvement and
a drop in noxious emissions equal to the gain in efficiency. As the oil prices came
back to their pre-crisis level after 1980, fuel efficiency became less important for
truck manufacturers. As a consequence, the need for such technology was null
and the program was canceled.

No work is reported until the early nineties, where the Iraqi invasion of Koweit
created a rapid raise in petrol price. Some companies restart to investigate the
Rankine cycle as solution to reduce the fuel consumption. The most interesting
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project during this time frame is the work reported in (Oomori 1993) applying
the Rankine cycle to a passenger car. The engine was acting as a boiler and
the traditional engine cooling system was turned into an evaporative cooling
system. This was done to simplify the Rankine system and remove the needs
of an external evaporator. Results indicate a fuel economy of 3 % under normal
operating conditions.

Until the beginning of 21st century, no major research nor development activ-
ities have been reported. Since then, all major actors of the automotive indus-
try have demonstrated an interest for this technology: AVL (Teng et al. 2007),
BMW (Freymann et al. 2008), Cummins (Dickson et al. 2014), Honda (Ibaraki
et al. 2007), Volvo trucks (Espinosa 2011) and many other. Several demonstra-
tors are today running around the globe and proving that the technology could
lead to a large benefit in fuel consumption. Since 2010, the US Department Of
Energy (DOE) is funding the Supertruck program which aims to develop and
demonstrate an engine with at least 50 % brake thermal efficiency (BTE). Four
companies were at that time selected to participate to this program: Cummins,
Detroit Diesel, Navistar and Volvo. In 2015, first press release about the result
were impressive (Daimler Trucks North Amercia 2015). Fuel savings of more
than 10L/100 km were announced wherein WHRS contribution was evaluated
to about 1.5 L/100 km.

If the system has proven itself to be efficient to decrease the fuel consumption,
it is not yet cost effective for mass production. Recent studies have identified
tailpipe evaporator as a cost stopper since it could represent more than a third of
the total system price. If this components has been widely studied and optimized
recently (Karellas et al. 2012), no global optimization of that latter has been
proposed.

4 Evaporator Concepts and Design Optimization

Due to vehicle implementation constraints numerous investigations have been
done on the plate evaporator (Latz et al. 2015) which can offer high performance
in a limited volume since it is made of a plate stack (meaning the heat transfer
area can be obtained by an increase in height and not in length) but other
concepts can be found such as shell and tube and double tube (DT) evaporator
(Ambros and Fezer 2014).

The aim of this study is to compare the three different concepts from a
performance point of view but also from their ability to decrease total system cost
and make the system more profitable for the end user. Plate and fin (PF), shell
and tube (ST) and double tube concepts are designed, modeled and simulated on
some typical heavy duty engine operating points. Then the manufacturability
is assessed based on some assumptions regarding the manufacturing process
(brazing, welding, . . .) and actual material prices. Using a simple top to bottom
approach on current heavy duty market the three different concepts are ranked
on their ability to make the system cost effective. Figure 2 shows an overview of
the double tube and plate and fins evaporator concepts whereas the shell and
tube can be seen as a DT without any internal gas flow.
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Fig. 2. Overview of the investigated evaporator concept: DT (left) and PF (right)

Performance comparison of each concept is based on two indicators: the heat
exchange efficiency calculated according to (Legros et al. 2014) and a new non
dimensional number taking into account as well the heat flow rate transferred
to the working fluid as the evaporator weight and volume, the exhaust gas back-
pressure and working fluid mass flow. That performance index PI is equal to:

PI =
Q̇
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where Q̇f is the recovered heat flow rate by the working fluid, ṁf is the working
fluid mass flow rate, ΔPg is the exhaust gas backpressure, M is the evaporator
mass, V is the evaporator volume and g the gravity constant. It is shown that
the introduced non dimensional number allows to better evaluate and compare
the different evaporator types.

Then starting from some assumptions concerning the manufacturing process
and material prices a cost is evaluated and the specific projected cost SPC
(ratio of projected cost on heat flow rate recovered) is calculated for the three
evaporator concepts. The SPC is calculated according to:

SPC =
Cev

Q̇f,d

, (2)

where Cev is the cost of the considered evaporator (ev = plate, shell,DT ) and
Q̇f,d corresponds to the heat flow rate recovered on the design point.

4.1 Evaporator Modeling

In order to properly assess the evaporator performance, a detailed model is built
using a well known commercial simulation environment in the automotive indus-
try: GT Power. The model using modified literature correlations to predict the
heat transfer and pressure drop in both working and transfer media. This model
is using a finite volume approach where the number of discretization is chosen
to ensure a good trade off between model performance and simulation time.
The implicit solver is then resolving mass, energy and momentum conservation
principle in each discrete volume in order to calculate the fluid properties at the
outlet of the cell.
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4.2 Design Constraints

The evaporator design are here submitted to both performance and packaging
constraints to fairly compare the three investigated concepts. These latter are
listed below:

– Maximum exhaust gas pressure drop shall remain below 50 mbar.
– Maximum working medium pressure drop shall remain below 1500 mbar.
– Heat exchanger core length shall be lower than 600 mm.
– Heat exchanger weight shall be lower than 40 kg.

4.3 Performance Assessment

First of all, the engine operating point on which the evaporator is designed is
selected as being the most representative of a long haul truck usage. The 13 L
heavy duty engine is tested on the European stationary cycle (ESC) on which
the engine operating point used for design of the evaporator is selected. Indeed,
following a simple approach for vehicle modeling, the required engine power to
pull a mass of 33 tons (corresponding to 75 % of the maximum gross vehicle
weight rating in Europe) is calculated. This power corresponds to the traction
force needed to drive a vehicle with the following parameters over a flat road at
a speed of 80 km/h:

– Frontal area: 7.5 m2

– Drag coefficient: 0.78
– Tire rolling resistance coefficient: 8 kg/metric tons
– Driveline efficiency: 0.85
– Mechanical accessory consumption: 7.5 kW

Figure 3 shows the exhaust mass flow rate and temperature on the 13 operating
points of the ESC. Among the 13 tested engine operating points the number 5
is further referred as design point.

Then the evaporator concepts are optimized on the design operating point
with the objective to maximize the heat flow rate recovered by the working
fluid. In order to do so, a complete design study is performed in order to check
on the influence of the different design parameters. The design parameters of
each concept are listed below:

– Double tube:
• Tube diameters (internal and external)
• Tube pattern
• Tube length

– Plate and fins:
• Plate dimensions
• Fins (working fluid and exhaust side)
• Passage height
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Fig. 3. Exhaust mass flow rate and temperature over ESC

Fig. 4. Performance index and heat exchange efficiency

– Shell and tube:
• Tube diameter
• Tube pattern
• Tube length

After solving the optimization problem the performance index and the heat
exchange efficiency can be plotted for each evaporator concept (see Fig. 4).

As it can be seen on Fig. 4, the heat exchange efficiency are more or less
the same for each concept. Indeed, this indicator does not take into account
any packaging data nor other performance figures than the heat exchanged
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(Legros et al. 2014). The new introduced performance index (Eq. (1)), shows dif-
ference from concept to concept since it includes as well packaging and backpres-
sure data. The plate and fins concept shows the higher PI due to the compactness
of such evaporator. In addition, it is possible to ensure a good trade off between
exchanged heat flow rate and exhaust gas pressure drop by selecting appropriate
fins on both side. Concerning the DT and ST concepts, it can be seen that the
PI is in the same range. This is due to the fact that, in the DT concept, the low
backpressure achieved by the optimized concept is balanced by the higher weight
(and vice-versa for the ST) due to the concentric tubes. In conclusion, it is shown
that no real optimized concept exists but the evaporator design results from a
compromise between performance, installation requirements and costs.

5 Economical Estimation

Once the evaporators design are frozen, the specific projected cost for each concept
is evaluated. First some assumptions are made concerning the production volume,
the materials and manufacturing process. Then using the SPC for each concept
is calculated and put into balance with some additional operating cost due to the
increase in exhaust backpressure and weight induced by the evaporator.

5.1 Assumptions

Below are listed the assumptions used to calculate the specific projected cost.

– Double tube:
• Production volume: 15000 pieces per year
• Material: Stainless steel
• Manufacturing process: welding

– Plate and fins:
• Production volume: 15000 pieces per year
• Material: Stainless steel
• Manufacturing process: brazing

– Shell and tube:
• Production volume: 15000 pieces per year
• Material: Stainless steel
• Manufacturing process: welding

5.2 Specific Projected Cost Calculation

Using internal material and supplier database, the material cost is first assessed
for each concept. Then, using the manufacturing process assumed for DT, PF
and ST, the specific projected cost is calculated for the three previously designed
evaporators. For sake of confidentiality, the SPC is normalized over a base ten
with the double tube as reference.

As it can be seen on Fig. 5 the specific projected cost can not be correlated
to the evaporator weight. Indeed, the use of fins and the assumed manufacturing
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Fig. 5. Weight, Volume and SPC for each concept

process for the plate and fins concept result into a higher SPC. From this analysis,
the ST evaporator concept seems more favorable from an economic perspective.
This shall obviously be put into perspective with other aspects such as the
additional consumption due to the increase in exhaust line backpressure and in
weight.

Using an engine model built in GT Power the relation between fuel consump-
tion and exhaust line backpressure can be drawn (see Fig. 6).

In addition, the relation between additional weight and fuel consumption is
calculated using the official tool for greenhouse gas (GHG) emissions and fuel
efficiency performance of heavy duty vehicle released by the environmental pro-
tection agency (EPA) in the frame of the future GHG Phase 2 standards in
the United States (EPA 2016). This tool assessed the additional fuel consump-
tion to 7.10−4 l/100 km/kg. Using those two data the influence of each concept
over the fuel consumption can be calculated. Figure 7, shows the contribution of
both weight and additional exhaust line backpressure to the increase in fuel con-
sumption due to the installation of the evaporator. If the weight contribution
can be considered as negligible, one should pay attention to the backpressure
contribution since that latter can represent up to 0.58 % for the ST concept.

When calculating the yearly cost associated to those contribution (assuming
100000 Km a year and a fuel price of 1e/l), the following figures can be calculated
(see Table 1):

These numbers shall be interpreted with attention since they do not reflect
the additional benefit due to the complete Rankine cycle based exhaust heat
recovery system but only the fuel consumption increase due to the evaporator
installation.
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Fig. 6. Relation between additional backpressure and BSFC for various engine speed

Fig. 7. Weight and backpressure contribution to the additional fuel consumption

Table 1. Additional operating cost due to the evaporator installation

Concept DT PF ST

Additional operating cost due to weight increase e 35.79 39.80 29.27

Additional operating cost due to backpressure increase e 149.55 109.04 281.33
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6 Conclusion and Next Steps

This work brings a first step concerning cost evaluation of evaporators used
in Rankine cycle based exhaust heat recovery systems. By means of the newly
introduced performance index, the superiority in terms of performance of the
plate and fins concept is shown. Although the DT shall bring some advantages
in terms of heat transfer area, it is shown that similar PI can be achieved with a
ST evaporator. However this number shall be analyzed carefully since it assumes
that every of its components are on the same level. Indeed, it is shown that
backpressure and weight added to the exhaust line by the evaporator result
into higher operating cost but other PI components are not analyzed here (e.g.
mileage reduction due to fuel tank removal in order to integrate the evaporator).

The specific projected cost of the three studied concepts is also calculated in
order to rank these latter between them. It is shown that SPC and weight can
not be correlated since manufacturing and composing elements of the evaporator
takes an important place in that calculation. Nevertheless, when calculating the
additional operating cost induced by each concept it becomes clear that the
SPC shall integrate more quantity in order to take into account the increase in
operating cost due to the evaporator integration in the vehicle.

Next study should focus in defining new indicators that could be used to
compare evaporators on a more global basis. A thermo-economic optimization
shall also be done in order to understand the trade off between performance and
SPC.
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Abstract. Nearly 30 percent of the fuel energy in an internal combustion
engine is lost as waste heat in the form of hot exhaust gases. Nowadays it seems
clear that the heavy duty manufacturers will implement bottoming Rankine
cycles to recover the exhaust heat on their long haul trucks in the 2020s as an
answer to future stringent regulations and the still increasing customer pressure
for reductions in operating costs.
The Exoès Company has developed a swashplate expander working with

ethanol or refrigerant vapors for Rankine cycles that would provide 3 to 5 %
fuel economy on heavy duties. The design of a swashplate piston expander has
been carried out. A prototype has been built as well as a test bench that can
reproduce the hot source and cold sink available in a truck. The performance
tests of the prototype took place in 2015. A refined 1D Matlab physical model
has been coded and calibrated to point out the different efficiency losses. A first
feedback loop improved the general prototype design to increase efficiency,
lower the weight and better the packaging so that the prototype is ready to be
integrated and tested in a demonstration truck.
In this paper, we present the expander technology, the test results, the expander

model and its calibration. The performances of the expander will be assessed as
well as the detailed losses repartition. The choices made for the integration in the
vehicle will be detailed. To conclude the paper, a dynamic simulation on a
driving cycle will explain how the expander optimization is done.

Keywords: Exhaust heat recovery � Heavy duty vehicles � Piston expander �
Tests � Simulation � Demonstration truck � Dynamic modeling

1 Introduction

Up to now, the focus has been cast on regulating local pollutants emitted by internal
combustion engine (ICE). However, future regulations will also target CO2 emissions
and thus fuel consumption. While today the best efficiency of a modern ICE remains
below * 42 % (Fig. 1), electrification of ancillaries and hybridization would be too
expensive to meet regulation thresholds on long haul trucks compared to air drag
reduction andwaste heat recovery (WHR). Given the fact that heavy commercial vehicles
(HCVs) aerodynamic is mostly constrained by regulation and also depends on trailer
manufacturers, WHR appears as essential in the future innovation panel of truck OEMs.
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2 Rankine Cycles for WHR

Among several technologies for WHR, Rankine cycles (RCs) seem promising to win
the competition regarding their efficiency, cost and maturity. The key components of a
RC are shown hereafter (Fig. 2).

In this paper, options are taken a priori. The working fluid of the RC is an
ethanol-based mixture. The expander developed by the Exoès Company is a piston type
which is mechanically linked to the ICE re-injecting its torque to spare fuel. We
deliberately decided to use the existing ICE cooling loop to avoid an additional front
radiator and to be more versatile.

3 The Expander

3.1 Expander Technology

The expander, called EVE-T, is built around three double acting crosshead pistons
arranged around a swash plate (Fig. 3). More details can be found in a previous paper [2].

Fig. 1. Sankey diagram - energy repartition on a HCV [1]

Fig. 2. Typical layout of a bottoming RC on a HCV exhaust line
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A Matlab 1D model was coded and calibrated [2]. This model showed a good accuracy
(Fig. 4) to assess the expander efficiency, calculated as follow:

gis ¼
_Wshaft

_M:ð1� OCRÞ:ðhin � hðPout; sinÞþ ð _M:OCR
qoil

Þ:ðPin � PoutÞ
ð1Þ

Fig. 3. EVE-T expander swashplate technology

Fig. 4. Matlad 1D model calibration results (996 measure points)
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3.2 Expander Losses Analysis

The model enabled to assess the origins of the major losses. In Fig. 5, the impact of
each loss is plotted against the pressure ratio. One can see that the expander suffers
from friction and internal transfers. The heat transfer is for a large proportion due to the
cooling of the inlet vapor by a sort of internal thermal short-circuit between hot inlet
and cold outlet. Regarding the friction, the Fig. 6 details that piston rings and sliding
shoes on the plate are responsible for most of it, but still the mechanical efficiency in
cruise point remains above 90 %. On this first generation of expander, the driver to
improve efficiency was then to reduce the internal heat transfers.

4 Expander Integration in a Truck

4.1 Mechanical Coupling

In order to prove the technology, it was decided to implement it in a demonstration
truck. The development of the coupling to the ICE was carried out for that purpose. The
connection of the expander is preferably located at the back of the engine on one of the
available power-take-off because the front side of the engine is always overcrowded
and it would add more weight on the front axle which is detrimental to the trailer filling
load capability. Given the fact that the best location of the expander in a RC is to be at
the highest point above the condenser and the evaporator, we decided to use a belt, as
shown in Fig. 7, to raise the expander and place it where space is available below the
cabin.

The expander is linked to the evaporator through a bypass valve. In order to
accommodate easily the components in the truck it has been decided to attach this valve
on the expander itself which should anticipate the future development with a bypass
valve integrated into the expander.

Fig. 5. Losses distribution in the expander EVE-T Speed = 2,400 rpm – Pout = 1 bar –

Superheat = 20°C
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Even though the expander can start by itself when high pressure vapor is sent to its
inlet, it has been decided for this first application to use an electromagnetic clutch
instead of a freewheel to actively disconnect the expander from the engine. Indeed, the
disconnection is required especially at start when the RC is cold. To prevent air to
penetrate the system, the Rankine loop is filled with liquid ethanol to insure a positive
pressure balance to the ambient. No expander can spin flooded with liquid when the
driver starts the ICE. Instead a heat-up period is needed to prepare the vapor that would
drain the liquid out and warm the expander. According to the truck load, this heat-up
phase can last from 3 to 20 min (Fig. 8). During this phase the vapor is bypassed and
sent to the expander crankcase. Once a temperature threshold is overpassed in the
expander, then the valve is commuted to expander inlet and the clutch is activated.

4.2 Expander Efficiency Optimization on Operating Ranges

To anticipate the expander behavior on the truck, a dynamic model on Simulink has
been built in-house and is based on the work of these two papers [3, 4]. The four main
components have been coded: a volumetric pump, a finite volume model of the
evaporator, a polynomial model of our expander, a model of a vapor volume to modify

Fig. 6. Friction losses repartition in the expander EVE-T. Speed = 2,400 rpm – Pin = 25 bar –
Pout = 1 bar – Superheat = 20°C. Total friction losses = 579 W

Fig. 7. Coupling 3D model and its associated tests rig
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the system evaporating pressure and a finite volume model of the condenser. The
cooling temperature is set constant for this simulation.

Public data of a “rolling hills” driving cycle [5] (Fig. 9) were used. This cycle is
showing quite slow transients. So a simple PI controller with variable parameters was
used to control the superheating by adjusting the pump speed (Fig. 10). For highly
transient behavior, it is clear that a better controller should be set up.

What interests us in this paper is the expander boundaries range. Unlike the speed
and the outlet pressure, the inlet pressure and the massflow are fluctuating a lot
(Fig. 11). Assuming constant speed and constant outlet pressure, a simple linear
relation can be asserted between the massflow and the shaft power of the expander, and

Fig. 8. Heat-up time of the expander EVE-T

Fig. 9. “Rolling hills” driving cycle [5]
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the massflow and the inlet pressure. Then we can only consider one variable to assess if
the expander is well suited for the truck application and assess whether it is used in its
nominal massflow range at maximal efficiency or not.

In case the expander is not used in its appropriate range, there are possibilities to
tune it and to adjust it to the application. Our designers can play on the valve timing
and the dead volume (volume at the top dead center) (Fig. 12) in order to modify the
relation between inlet pressure and massflow and to set the expander maximal effi-
ciency on a different point.

In Fig. 13, we can see the impact of an increase of the dead volume: Increasing the
dead volume tends to increase the massflow consumed by the expander at a given inlet

Fig. 10. Superheating control through simple PI control with variable parameters

Fig. 11. Inlet pressure variation range over the driving cycle
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pressure. It means that in average in the driving cycle, the evaporating pressure will be
lower.

However the optimization process of the expander is not straight forward and
cannot be done apart from the rest of the components. For example a change in the
mean evaporating pressure, will change the optimal massflow that the evaporator can
evaporate and will change the pump consumption. The fuel savings depend on the joint
work of these 3 components. It is then necessary to run again the dynamic model to
compare different expander configuration and chose the best one that optimize the net
power of the RC (Fig. 14).

Fig. 12. Adjustable parameters of the expander

Fig. 13. Impact of a dead volume increase on the relation between inlet pressure and massflow
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5 Conclusion

A new expander prototype has been presented that shows promising results, proving
that piston expanders are a flexible and robust technology perfectly suited for the
vehicle exhaust heat recovery. This expander has been optimized to enhance the fuel
economy not only on stationary conditions but also on transient driving cycles. Though
the potential of WHR is clear, the technology has to prove the business, durability and
safety cases to be widely spread in the next decade.

1 Nomenclature, Subscripts and Abbreviations

h specific enthalpy [J.kg−1 ]

Ṁ flow [kg/s]

P pressure [bar]

s specific entropy [ J.T−1.kg−1 ]

T temperature [K]

_W work [kW]

η efficiency

q density [kg.m3]

HCV heavy commercial vehicle

OCR Oil Circulating Rate (%mass)

Fig. 14. Power variation during the driving cycle: expander, pump and net power (= expander
minus pump power)
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ICE internal combustion engine

RC Rankine cycle

WHR waste heat recovery

in relative to the expander inlet

is isentropic

out relative to the expander outlet

oil relative to lubricant
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Abstract. The increasing emission of greenhouse gases caused by a growing
global rate of motorization contributes substantially to global warming and
climate change. Germany aims to cut CO2 emission by 80% by the end of 2050
(BMWi 2012). In order to reach this goal, the transportation sector has to make a
significant contribution. The required energy for engines in electric vehicles can
be harvested from regenerative energy sources, therefore offering an opportunity
for the reduction of greenhouse gas emissions. This work introduces a system
for intelligent thermal management and energy-efficient climate control in
electric vehicles adopting a sensor-based evaluation of individual thermal
comfort of each passenger. By deriving individual measures for each person, the
overall vehicle air conditioning system operates at much lower energy levels,
which results in a drastic reduction of energy consumption and hence an
increase in the driving range of the vehicle.
In order to evaluate the individual thermal comfort of each passenger, novel

and innovative sensor technology is used. The paper presents a method for
fusing temperature and humidity sensor information as well as different types of
optical and thermal infrared sensors, proposing a structured approach to merge
and evaluate the acquired data. The system itself consists of four consecutive
sub-processes. Initially, camera-based sensors recognize the gestures and
infrared signature of each passenger. Seat mounted heat and moisture sensors
detect zonal microclimates at the interface between the seat surface and a person,
thus completing the overall picture. In a subsequent step, this information is
merged and pre-processed using a central software abstraction layer. The pro-
cessed information is passed to high-level mathematical models in order to
generate an accurate evaluation of the overall and local thermal condition of
each passenger including the thermal physiology. Finally, individual control
variables for local climate control are computed and sent to the vehicle’s air
condition system. Furthermore, each passenger has the opportunity to give
feedback on its individual thermal comfort level, which is subsequently used to
individualize the prediction model for each passenger.

Keywords: Human thermal comfort � Sensor fusion � Face detection � Pose
detection � Thermography � Intelligent climate control �Model predictive control
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1 Introduction

Modern passenger transportation greatly relies on air-conditioning in order to keep the
vehicle cabin at a healthy and comfortable indoor temperature. Car manufacturers adapt
automatic air conditioning systems in order to create a microclimate inside the enclosed
area, based on temperature sensor data and human preference. Unfortunately, vehicle
air-conditioning is still very much a low-granularity process, lacking a real-time
in-depth analysis of the cabin. Therefore, many passenger’s needs as well as potential
energy-saving opportunities are left unobserved. The energy used for air conditioning
negatively impacts the fuel consumption in conventional combustion engine cars
although the issue is much more significant in electric vehicles where it can cut the
driving range by as much as 50% (Schmidt 2015). In order to overcome the still
challenging issues of driving range and limited power storage of electric drives, it is
mandatory to find ways to reduce a vehicle’s energy consumption. In this regard, the
use of intelligent conditioning systems is a promising endeavor. In order to find
potential opportunities to save energy a much better representation of the passenger’s
physiological and subjective state is required. Additionally, advanced actuators like
movable outlets as well as enhanced control of air flow in the vehicle need to be
computationally controllable so that precise measures are possible. Real-time analysis
of the passenger’s thermal state requires a high sensor-density, which comes along with
a well thought out objective function that makes the person’s subjective state tangible.

Several studies have been performed in the past to narrow down influencing factors
of human thermal comfort. The latter is usually determined on the base of energy
balance calculations that involve a person’s metabolic heat production, its thermal
insulation as well as physical parameters such as air velocity, relative humidity, air and
radiant temperatures (ANSI/ASHRAE 2013). However, those models were mainly
designed to predict thermal comfort at steady state conditions near thermal neutrality
and are mainly applicable in buildings, where dynamic and highly asymmetric ambient
conditions rarely occur. In vehicles, however, such ambient scenarios are always
present and require the use of much more sophisticated comfort prediction models that
are capable to break down the overall thermal comfort prediction to the level of
individual body sectors and further taking into account the thermal history of the
individual. In this context, various empirical models exist that predict the overall
thermal comfort based on a set of intrinsic and extrinsic parameters by proposing body
sector specific unit-less comfort indices (Zhang 2003; Nilsson 2003). Even though
these models are well-known, their comfort predictions show limitations for body areas
that are in contact with solid objects such as the seat surface or the steering wheel. In
order to overcome those weaknesses, (Schmidt 2015) developed a new thermal comfort
model that combines Zhang’s fuzzy logic approach with Fanger’s energy-balance
calculations (Fanger 1970) which was extended for the contact area.

The system developed in this work is required to continuously adjust air-condition
so that a neutral thermal comfort state is maintained for each passenger. In order to
effectively reduce the energy consumption of the vehicle’s HVAC system, the presented
approach needs to find a way to diminish energy consumption while conditioning local
body zones in such a way that the required individual overall thermal comfort level for
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each person in the vehicle is guaranteed. The introduced research platform involves
several distinct steps ranging across hardware and software platforms.

1. Available sensor data is gathered and integrated so that it is available in a coherent
format with respect to time scale and comparability. Data integration also accounts
for possible history based analysis that requires a temporary or persistent storage of
the available information. This step requires a robust hardware-abstraction layer as
it deals with low-level input from various data sources.

2. Computational models are used to evaluate the fused data. While in the current
research phase, these models can range from integrated transformations to com-
pletely separated software packages, it can be assumed that for product ready
solutions a far more monolithic software solution is applicable.

3. User feedback adding subjective information to the data pool is regarded as addi-
tional sensor data that functions as a last step of a process cycle that feeds back
corrected comfort values to the data analysis. Changes in cabin climate captured by
the control system itself are also considered as a form of feedback which in turn is
picked up by the sensor for the next iteration.

2 System Overview

This section provides a description of the overall software architecture. See Fig. 1 for a
complete outline of the system. The design is chosen to be non-monolithic in the sense
that the software is divided into independent components which communicate over a

Fig. 1. General outline of the system including software components and data streams. Central
to the communication is the data server and the XML syntax which is used by all components.
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central data server via XML messages using common TCP/IP networking (see
Sect. 2.1). As a research platform, this approach is straightforward since it provides a
robust hardware abstraction layer and allows for distribution onto multiple computers.
Compiler configurations can be set independently for each component which greatly
simplifies the software development process. Software components with direct hard-
ware access are the image processing component (see Sect. 2.2) and the software
component responsible for temperature and climate sensors (see Sect. 2.3). A newly
developed numerical human model as well as diverse thermal comfort models are used
to evaluate a passenger’s thermal state as wells as its thermal comfort on the base of the
acquired sensor data (see Sect. 2.4).

2.1 Data Server and Communication Protocol

The data server is implemented in JAVA and functions as a communication proxy for
all the different software components. The software provides a common HTTP inter-
face for communication over TCP/IP. A customized XML syntax is used for data
exchange (see Fig. 2). The syntax is based on a key-value scheme where each value is
encapsulated in a “signal” node. The name and signal group are a combined unique
identifier for the signal. A software component may simultaneously send and request
one or multiple signals in a single XML message. The signal group was added to the
syntax in order to identify identical sensors that occur more than once.

 1 <?xml version=”1.0” encoding=”UTF-8” standalone=”no” ?> 

2 <data> 

3     <send> 

4         <signal> 

 5 <!-- Name of the signal: -->

6             <name>T_IR_01</name>

 7             <!-- Value of the signal: -->

 8             <value>23.43</value>  

 9             <!-- Group name of the signal: -->

10             <signal_group>SEAT_FRONT_LEFT</signal_group> 

11         </signal> 

12     </send> 

13     <request> 

14         <signal> 

15         <name>T_AIR_02</name> 

16         </signal> 

17     </request> 

18 </data> 

Fig. 2. Example XML message sent to the data server
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XML sensor data is appended to an internal hash map at runtime which in turn can
be stored as binary or ASCII files (e.g. CSV) for persistent storage. Additionally, the
server provides a data plotting interface as well as a 3D visualization environment for
data analysis and to study the behavior of control heuristics.

2.2 Image Processing

Image acquisition and processing is encapsulated in a single software component. The
Microsoft Kinect sensor is used as a depth camera capable of face and human pose
detection and the FLIR model A35 is used as a thermal imaging device. The software is
designed in such a way that each camera is operated in a separate thread sending image
matrices to a main thread which then finalizes the processing. Communication with the
server is handled by yet another thread. In addition, the software supports frame
skipping since the frame rate of each camera system is generally too high for the data
rate required by the system. Both cameras are physically mounted on top of each other
in a prototypical setup (see Fig. 3).

The image processing and detection pipeline is structured as follows:

Image acquisition. Both camera threads receive images at framerates set by the
cameras. As soon as a frame event occurs, the new image is stored for internal pro-
cessing by the thread before it is sent to the main thread.

Camera calibration/image registration. A calibration procedure for the thermo-
graphic camera is included for cases in which the system detects no calibration files for
intrinsic and extrinsic camera parameters. It is required because of the physical dif-
ferences of the camera lenses and the vertical offset (see Fig. 4).

During the calibration procedure, a wooden circle grid is used to estimate intrinsic
and extrinsic camera parameters using stereo calibration of the OpenCV library (see
Fig. 5) (Rangel 2014). The grid pattern is detected using circular Blob detection and

Fig. 3. Thermal camera mounted on top of the Microsoft Kinect sensor. The images on the right
show the thermal face tracking (top left), thermal body tracking (top right), depth view (bottom
left), color (bottom right).

Energy-Efficient Climate Control in Electric Vehicles 69



used as a perspective reference. Approximately 40 frame pairs are used to finalize the
calibration. The estimated camera parameters can then be used to perfectly map the
thermal image into the Microsoft Kinect depth image. This results in a single coor-
dinate system, hence points detected in the depth image can be used in the thermal
image as well.

Face/pose detection. This step only applies to the Microsoft Kinect sensor. The
Microsoft face and pose recognition framework is used to detect and virtually split the
body of a passenger into predefined segments (Smolyanskiy et al. 2014; Shotton et al.
2013). An appropriate data structure stores key face and body coordinates which are
sent to the main thread. The respective regions are selected according to the require-
ments of the thermophysiological/thermal comfort models connected to the system.

Reference temperature detection. Two reference temperature sensors covered by
black, matt varnish are used for continuously calibrating the temperature measurements

Fig. 4. Perspective projection of the depth sensor and the thermographic camera system.
A difference in size and vertical offset is clearly visible. The illustration is not true to scale and
does not include lens distortions.

Fig. 5. Calibration pair used for stereo calibration of the Microsoft Kinect sensor and the
thermographic camera
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of the thermographic camera. The measured temperatures of the sensors are requested
from the data server and used in combination with the detected radiation at their
position in the thermal image for the calculation of a calibration factor based on the
Stefan-Boltzmann law. An emissivity value of 2¼ 0:97 and 2¼ 0:99. is assumed for
the reference sensors and human skin, respectively (Fig. 6).

For testing purposes, the temperatures measured by the reference temperature
sensors are compared to the detected temperature of the thermographic camera. Cor-
responding results are depicted in Fig. 7 and show deviations between the recorded
data of the two sensor systems. This can be partly explained through image noise
generated by the camera sensor. However, the surfaces of the sensors are also slightly
more reflective in the infrared spectrum than would be optimal. Due to this reason,
changes in the environment can influence the measurement. Figure 8 shows different
temperature measurement points at the face region of a person in connection with the
performed study. As expected, the upper and lower nose region are slightly below the
average face temperature, as a consequence of the heat exchange processes that are
related to breathing.

Temperature measurement. Measurement points are given default offsets and can be
subsequently assigned to a tracking point from the Microsoft Kinect sensor.
The measurement point follows the movement of the tracking point during runtime
so that they can be distributed according to the required computational model.

Fig. 6. Reference temperature sensors in a normal photograph and in a thermal image. The
reference measurement points are placed on the circular surfaces at the top of the sensors.

Fig. 7. Sensor temperatures measured by the reference temperature sensors (left) and as seen by
the thermal camera (right).
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In this connection, each measurement point has a circular pixel neighborhood with
radius r that is used to compute an average temperature in terms of noise reduction.
Pixels are masked using the human silhouette which can be detected in a much more
robust manner than specific body parts. Hence, measurement points placed in border
regions still return accurate results and points outside the silhouette borders are auto-
matically excluded from the measurement (see Fig. 9).

The resulting temperatures from the measurement points are accumulated in a
single XML message and sent to the server. The corresponding signal names in the
XML message identify the measurement region.

2.3 Temperature and Climate Sensors

Sensors that measure temperature, humidity, air velocity or radiation are currently
grouped together into one software component. Similar to the image processing soft-
ware, sensors belonging to the same hardware driver are accessed in a separate thread.
The data is accumulated in a main thread and a combined XML message is sent to the
data server.

Fig. 8. Face region temperatures measured by the thermal camera while being continuously
calibrated with the reference temperature sensors.

Fig. 9. Tracking point search algorithm and outlier elimination
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2.4 Numerical Models

The numerical human model (Wölki et al. 2013) as well as corresponding thermal
comfort models were implemented in the equation-based acausal modeling language
Modelica. The models were pre-compiled for co-simulation as a Functional Mockup
Unit (FMU) according to the Functional Mockup Interface (FMI) standard (Blochwitz
et al. 2012). Python’s FMI library is used to load the corresponding models and
communicate with the data server via the Python HTTP library. The thermophysio-
logical model is a scalable, numerical multi-element model that calculates local skin
temperatures of individual body segments as well as the average skin temperature of
the entire body. As input parameters, the model requires the local/global values of
relative air velocity (vairÞ, relative humidity (rhÞ as well as the surface temperatures of
the surrounding walls (Tsf Þ and the ambient air ðTaÞ. Furthermore, the model is
designed in such a way that skin temperatures can be calculated at segments that are not
covered by the sensory input of the system, hence completing the picture for the human
thermal comfort calculation. The model itself (Wölki et al. 2013) is based on the work
of Tanabe (Tanabe et al. 2002) and Fiala (Fiala et al. 1999; Fiala et al. 2001). In order
to determine local and global thermal comfort states, the model described by Schmidt
(Schmidt 2016) is used. Functioning as the de-facto objective function for the pas-
senger’s comfort state, this model determines the heuristic of the air-conditioning
actuators of the system.

3 Climate Control

Based on the vehicle requirement, an appropriate control heuristic for actuators involved
in the air-conditioning process has to be derived from the sensory input and model
analysis. The system is self-correcting in the sense that it immediately recognizes the
effects of changed conditions and adapts accordingly in each iteration. During the course
of this work, simulated movable air outlets were used as actuators in order to study
the interoperability of the implemented components and to test possible future
approaches. The simulation was visualized within the data server software (see Fig. 10).

Fig. 10. Simulated air-conditioning in a vehicle using two movable outlets controlled by the
system. Each outlet can rotate 60 degrees along its horizontal and vertical axes.
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This 3D interpretation of the system state can also be viewed by the passenger who in
turn can give a subjective feedback via a network-compatible device. The feedback is
encoded into the XML syntax and interpreted by the data server.

4 Conclusion

In this work, a robust and extendable framework was introduced for the fusion of
multi-modal sensor technology that is applicable for real-time human thermal com-fort
assessment and energy efficient air-conditioning of passengers. The system pro-vides
an open architecture with no direct hardware dependencies and a generic communi-
cation layer that allows the user to easily add new components. Moreover, the paper
contains a novel approach for inclusion of computational thermal image analysis, based
on the combination of thermal/depth camera systems. Thermal comfort predictions for
passengers that result from the measured quantities of the physical ambient and sim-
ulated thermophysiological reactions are currently in progress.
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Abstract. In the design of future electric vehicles, the air conditioning of the
passenger compartment is considered as the largest auxiliary consumer. To test
new climate control concepts and quantify their effectiveness in terms of user
acceptance, energy efficiency and driving range, corresponding methods and
tools are needed. This includes the numerical, experimental and
subject-supported study regarding human thermal comfort.
New developed zonal models simulate air flow and temperature, surface

temperature, pressure and also humidity in a closed environment. Predicting
indoor environmental conditions in vehicle cabin is achieved in transient
inhomogeneous load cases. With the combination of a radiation model, the
long-wave radiation exchange between human and cabin is included in the heat
balance equation with a high level of detail.
In order to improve the assessment of the local thermal conditions near the

passenger, a climate measurement system (DressMAN 2.0) was developed by
the Fraunhofer Institute for Building Physics (IBP). Using dedicated controllers
and sensor devices the DressMAN is able to measure equivalent temperature on
local segments for evaluation according to DIN EN ISO 14505-2. Based on
these methods novel and existing concepts for heating have been tested with
subjects in a cabin mock-up. The experiments used simulation-based methods
and local climate measurement devices to compare and evaluate different cli-
mate control concepts.

Keywords: Vehicle air conditioning � Equivalent temperature sensor � Virtual
test environment � Cabin mock-up � Zonal simulation model

1 Introduction

One of the challenges in the development of future electrical vehicle is to achieve an
equivalent or higher level of thermal comfort and energy efficiency compared to hybrid
vehicles or internal combustion engine driven vehicles. In case of combustion engine
driven vehicles the inefficiency of the combustion engine offers an efficient way of
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conditioning the cabin. The waste heat from the engine could be used to heat-up the
cabin and the mechanical drive from the engine could be used to drive the
air-conditioning system. On the other hand in case of an electrical vehicle the efficient
electric motors generate hardly any waste heat to heat-up the cabin. The mechanical
drive to run the compressor is not available in an electric vehicle although the air
conditioning system compressor can be powered electrically - but powering a con-
ventional air conditioning compressor (3–5 kW) is not the most energy efficient way of
climatizing, e.g. when a typical electrical vehicle consumes only 120 Wh/km [1]. Thus
the use of conventional air-conditioning systems will inevitably lead to a reduction of
the driving range, especially under cold outdoor conditions.

One of the solutions is the targeted use of local and close to the body climate
control measures, which make it possible to increase the subjective feeling of pas-
sengers comfort. These measures should be distinguished through a direct effectiveness
on the climate comfort with minimal energy consumption. The local (close to body)
climate control concepts considering the human body energy balance and thermal
regulation mechanism have an effect on the local and global temperature sensation and
feeling of comfort.

In order to assess this potential of local climate control concept, both indoor
environmental measurements and numerical evaluation methods were investigated.
Subsequently four different types of local climate control measures have been exam-
ined in a vehicle mock-up and the evaluated results from measurements and numerical
methods were compared to subject responses with respect to local thermal sensation
and comfort perception.

2 Methodology

2.1 Comfort Measurement Using Equivalent Temperature

To determine the thermal comfort in vehicles, individual parameters of the cabin such
as air temperature, air velocity and thermal radiation are often measured to detect the
effect of changes in the climate design of the vehicle. Different manifestations of
individual parameters can have adverse effects on each other, so that overall assessment
of thermal comfort is not feasible. It would therefore be desirable to provide a mea-
suring method by which the resulting effect of all climate parameters can be read from a
single integral value. Because of the thermal inhomogeneity in a passenger compart-
ment, for example, due to hot surfaces or strong incident airflow, locally different
conditions have to be considered and identified.

The essential technical measurable parameters for assessing the expected thermal
sensation of humans are in this case convection (depends on air temperature and air
velocity) long wave radiation (depends on temperature of enclosed surfaces and the
geometry of enclosure) and an impingement of short wave radiation due to sunlight. To
research and evaluate indoor climate so called thermal manikins are utilized. Besides
being expensive to procure and maintain, these manikins cannot be configured flexibly
to yield a higher measurement resolution for critical zones.
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As part of a research project, a comfort sensor has been developed which enables
the measurement of equivalent temperatures (see Fig. 1) [2]. The equivalent temper-
ature defined in DIN EN ISO 14505-2 [3] summarizes variables like air temperature, air
velocity and thermal radiation, which determine thermal comfort, into one climate
index. With the equivalent temperature as climate index, thermal environmental con-
ditions can be described with only one numerical value, which allows a comparative
evaluation of different climate scenarios. This applies even if the effects of the various
individual parameters are compensated or enhanced. It is assumed that the same
equivalent temperature values yield the same effect on humans with respect to the dry
heat exchange between body surface and its surroundings.

A novel equivalent temperature sensor has been developed by the Fraunhofer IBP
and integrated to the DressMAN 2.0 system. Measured local equivalent temperatures
can be linked to comfort ratings in accordance with DIN EN ISO14505-2. To be able to
detect also locally prevailing factors influencing the thermal sensation, commercially
available sensors for air temperature and air velocity are provided.

2.2 Numerical Evaluation Based on Zonal Cabin Models and Manikin
Models

For capturing the impact of various climate measures on humans, a computational
analysis was conducted parallel to the empirical studies. To avoid long computation
times of computational fluid dynamics (CFD), the VEPZO model (VElocity Propa-
gating ZOnal Model) is implemented in Modelica [4]. The zonal modelling approach is
an intermediate approach between CFD and a single node modeling. The zonal models
provide a better resolution of airflow distribution in an enclosure than the perfectly
mixed air volume of nodal models. A VEPZO model typically subdivides a room into
101-102 zones. In the zones, the conservation of mass and enthalpy are implemented.
The VEPZO model is using the airflow velocity as a property of a zone and a viscous
loss model in order to better match the physics of airflows. This allows a rapid pre-
diction of local temperature distributions considering the location and intensity of heat
sources and air vents. As an extension of the VEPZO model, the RADZO model has

Fig. 1. Equivalent temperature sensor and system software of DressMAN 2.0
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been developed which is able to calculate the heat radiation on the zonal grid [5]. In
addition, the Thermal Model Generation Tool has been developed to automatically
build up a VEPZO model, thermal enclosure models and a RADZO model from a CAD
geometry export. Space boundaries are subdivided into small areas in accordance with
the zonal grid [6].

Zonal simulations predict the effect of cooling or heating surfaces on the air tem-
perature distribution as well as their radiation effect. Local measures, such as radiant
heating surfaces, can be evaluated for their energy efficiency as well as their influence
on passenger comfort.

For evaluating the thermal comfort in a vehicle, geometric models of the cabin
surroundings and of the human body are needed. For this purpose, a vehicle mock-up
was modelled for zonal simulation. In addition, a virtual manikin with ten body seg-
ments was implemented in the thermal vehicle model to numerically predict the thermal
comfort. The view factors of local body segments were determined for the surrounding
cabin and for all body segments involved in radiant heat exchange. The view factors
determine the thermal influence of temperatures enclosing inner surfaces on the
manikin and thus serve alongside the surface temperature and emissivity of the sur-
rounding surfaces as an output variable for calculating the radiation heat exchange
between the local body segments and the environment.

While the view factors strongly affect the radiative heat exchange, the convective
heat transfer coefficient of the local body segments together with the local air tem-
perature determine the convective heat exchange. The coefficients were determined in
this study as a function of the air velocity at the ventilation outlets through CFD and
segmentally transferred to the zonal model (Fig. 2).

3 Experimental Study in a Vehicle Mock-up

3.1 Vehicle Mock-up

The vehicle mock-up at Fraunhofer IBP is generic mock-up made of wood and
plexiglas, thus enabling a vendor neutral form with defined geometry and a high level
of flexibility in the creation of new surface heating and cooling systems. Thus, both the
heating of the cabin via electrical heating foils, as well as the cooling of the cabin via a

Fig. 2. Zonal geometry and virtual manikin with heating segments in the cabin mock-up model
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secondary refrigerant circuit are possible. For the control system, the internal surfaces
were divided into 11 different segments like door, floor, roof, footwell, dashboard, etc.
The volumetric air flow rate can be varied in four stages. The ventilation air is
exhausted from two openings in the rear shelf.

In the passenger compartment, two conventional vehicle seats are installed in beige
fabric. A seat heater with flexible control of heat flow or the contact surface temper-
ature was fabricated.

A total of 37 PT100 sensors were installed in the interior for measurement of air
and surface temperatures. In addition, six sensors were attached to the outer surfaces of
the mock-up. In support, the air velocities in the vehicle cabin and the heat flow on the
seat were measured. The climate measuring system DressMAN 2.0 is used for the
measurements of temporary cabin climate states.

3.2 Test Design for Experimental Study

In test conditions with subjects, the different climate measures were implemented with
different proportions to convective-heating, radiation-heating and seat heating in the
vehicle mock-up and evaluated energetically and climatically. In all test cases, an
equivalent cabin climate was targeted to make the resulting energy consumption and
comfort evaluation comparable. Five climate measures with different proportions to
convective, radiative and seat heating were evaluated energetically and climatically in
several test runs (Fig. 3). The reference cabin climate was an acceptable climate for the
driver in winter, which means that the subjects on the driver’s seat should assess the
indoor climate in the vehicle cabin between a bit cool to neutral and rate it as
acceptable.

3.3 Execution of the Tests in the Vehicle Mock-up

The experiments were conducted over a five days period in the vehicle mock-up at the
Fraunhofer IBP in Holzkirchen. Every day a different climate control measure was
tested. The outer boundary condition of the vehicle mock-up for all tests was held

Fig. 3. Schematic representation of the proportions of different heating systems used in the test
design, Test 1: reference system
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constant at 7 °C. For stable indoor climate conditions, the climate chamber and the
vehicle mock-up were conditioned four hours before the tests started. For the study, 10
to 12 people between 25 and 32 years of age participated. The proportion of women
was 25%. On all tests, the same participants attended to better asses the difference in
the boundary conditions.

The participants were wearing individual but the same clothing in five trials
according to the instructions on the clothing insulation value (about 1.0 clo). They
stayed for 20 min for acclimatization in a room. There was only one person in the
vehicle mock-up per trial. In order to have the activity level of a participant similar to
the activity level of driving (1.2 met, 70 W/m2), the participants had to steer in a
driving simulator. Subsequently, the participants evaluated the indoor climate by means
of electronic questionnaires, in which the complete thermal sensation, the overall
comfort, the local feeling as well as the local discomfort were requested.

4 Results

4.1 Evaluation Using DressMAN 2.0 Measurement

Figure 5 shows the results of the DressMAN 2.0 measurement on all local body
segments. For comparison, the air temperature measurements are shown for two height
levels in degrees Celsius during the experiments in the cabin mock-up (Fig. 4).

The air temperature varied within 2 K at 0.1 m during test 2, which suggests a
variable boundary condition and correspondingly different thermal perceptions within
one experiment. In exception to test 2, the other four studies showed stable thermal
boundary conditions in all trials. The thermal evaluation of the subjects can thus be
compared well with one another and a further analysis with mean values is possible,
while the mean value of test 2 should be considered carefully.

The temperature variation of test 2 during the experiment impacts also the subject
comfort evaluation. The overall thermal sensation votes of test 2 varied from slightly
cool to slightly warm in the range of two scale points, while other tests showed mainly
variation of only one scale point. According to the comfort assessments, the condition
in Test 5 with a combination of air-, radiation- and seat heating system yields the
highest satisfaction of subjects (Fig. 5).

While the air temperature reaches the required 21 °C at 1.1 m in test 1 (air heating),
the equivalent temperature is shown at almost all body segments below 20 ° C, which
indicates increased air velocity and thus increased convective heat loss. In particular,
the equivalent temperature in the footwell is exceeding largely the temperature range, at
least 22.3 °C are recommended in DIN EN ISO 14505-2 (see Fig. 6).

If the temperature profile in the vehicle mock-up is taken into account during
convective heating, the set temperature should not be 21 °C at 1.1 m but above 24 °C
in order to meet the required temperature in the footwell. The air heating systems (Test
1 and Test 3) show few variations between local segments as opposed to radiant heaters
(Test 2, 4, 5), where the left hand and the foot-well are much warmer than the other
body segments due to the asymmetrical panel heating (left door and foot well).
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Fig. 4. Box plot of the room air temperature in the middle of the vehicle mock-up in five trials at
a height of 0.1 m and 1.1 m (large box with strips: 25%–75% range, small box within large box:
mean value).

Fig. 5. Subject assessment: overall thermal sensation (1: slightly warm, 0: neutral, −1: slightly
cool); overall thermal comfort (3: satisfied, −3; dissatisfied)

Fig. 6. Local thermal sensation of the five climate control concepts using the DressMAN 2.0
measurement; ISO neutral: Comfortable area according to DIN EN ISO 14505-2.
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The total equivalent temperature, which in this study is area-weighted by local
equivalent temperatures, meets the requirement of DIN EN ISO 14505-2 only for test 5,
whereby test 4 misses the requirement only closely. No measurement was performed
on the seat and back during the DressMAN measurement. Therefore, the examined
local position varies from the participant’s question.

4.2 Comparison of Subject Responses with Numerical Models
and Measurements

Figures 6 and 7 show the local thermal sensation in five tests with different evaluation
methods; subject evaluation, evaluation using DressMAN 2.0 measurement and
numerical evaluation.

Since the DIN EN ISO 14505-2 does not provide a quantitative evaluation option
but only a qualitative evaluation (comfortable or not), the results of the measurement
(equivalent temperature) of DressMAN 2.0 were transferred to a predicted mean vote
(PMV) calculation based on local heat exchange and quantified. There was a strong
influence of the local clothing insulation values on the local heat balance. The
uncovered parts of the body, such as the head and hands, are rated very cold, while the
body parts with high insulation values such as the chest and back are rated slightly
warm in all the tests.

In order to reduce the influence of local clothing insulation values, evaluations with
uniform clothing insulation values of 1.0 clo were carried out. This resulted in a
reduced variation between local segments. The contact heat transfer between the seat
and manikin was additionally taken into account for all evaluations. If the driver’s seat
(0.26 clo) is taken into account for the clothing insulation value, which would be
correct for the heat balance evaluation according to the literature in [7, 8], all ratings are
moved by 0.4 in the direction of the warm area in the right figure of Fig. 8.

Fig. 7. Local thermal sensation of the five air-conditioning concepts based on the subject’s
evaluation and local PMV calculation from the equivalent temperature of DressMAN
measurements with global clothing insulation values
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According to the subject evaluations, the climate control measures dominated by air
heating (Test 1 and Test 3) show a strong difference in the leg area compared to other
solutions. In Test 1, the leg area, hands and head are rated “slightly cool”. Interestingly,
in Test 3, where a strong seat heating is used and the air temperature is almost 2 K and
the equivalent temperature 1 K lower than in Test 1, all local segments are judged to be
a bit warmer than in Test 1. The radiant heating of the footwell and that of the left door
in test 2, 4 and 5 has a significant effect on the leg area as desired.

Regardless of the application of the seat heating, the seat contact surfaces and the
back have always been rated as slightly warm or warm. These results are reproducible
because the questionnaires were only carried out after 20 min and thus the strong heat
loss from the body to the seat through heat conduction faded. If the proportion of the air
heating is increased compared to the radiant heating, the evaluation in the head area
(test 5 compared to test 2) improves. The evaluation in the upper body area hardly
differed in all experiments; especially the chest was always rated as “neutral”.

Comparing all evaluations, the DressMAN measurements show better agreement
with subject responses than the simulation result. All PMV ratings based on the heat
balance calculation and the DressMAN measurement show a slight deviation of 0.2 on
the ASHRAE scale [9] (7-point scale from cold (−3) to hot (+3)) compared to subject
questionnaires. The simulation always evaluates a little cooler from 0.2 to 0.4 points on
the ASHRAE scale. The deviations are more prevalent in trials with radiant heating
than in trials with air heating.

Although the difference of thermal evaluation between individual participants was
not high, being −0.4 to 0.2 on the ASHRAE scale, the simulation model was still able
to predict the order of thermal sensation votes of the test boundary conditions. A 0.1
ASHRAE scale difference correlates to approx. 0.5 K operative temperature difference
by near to neutral (neither cold nor warm) indoor environment with normal indoor
winter clothing (1.0 clo). The local equivalent temperature measurements as well as the
thermal computational simulation seem to be well suited for the evaluation of the cabin
environment even for local measures close to the body (Fig. 9).

Fig. 8. Local thermal sensation of the five air-conditioning concepts based on the subject’s
evaluation and Thermal local sensation of the five air-conditioning concepts according to the
numerical evaluation.
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4.3 Evaluation of Energy Demand

Since the measured energy consumption of the vehicle mock-up in the air heating
system was strongly dependent on the efficiency of the fan and the thermal perceptions
were not identical in all experiments, the energy efficiency between test variants was
evaluated by the simulation.

According to the simulation results Fig. 10, the reference system (pure air heating,
test 1) consumes more energy compared to other climate control concepts in order to
achieve similar thermal sensation. A seat heating (test 3) will effectively reduce the
energy requirement, if real subjects’ local perception is ignored and only the heat
balance of the manikin is considered. Although the conduction heating is most effective
for the heat balance of a human, a powerful seat heating like test 3 will cause high local
discomfort in real tests. The powerful radiant heating and weak air heating (test 2) is

Fig. 9. Comparison of evaluation methods for thermal overall temperature sensation (Test:
Thermal, average overall feeling of participants, Teq_PMV_C: PMV calculation based on
DressMAN measurement taking into account the heat flow on the seat).

Fig. 10. Comparison of energy demand depending on the predicted thermal sensation for
different climate control concepts (simulation results)
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even more effective than the combination of air and seat heating (test 3). The greater the
proportion of radiant heating, the lower the energy demand for the vehicle mock-up is.

According to the results of the numerical evaluation, a climate control concept
which is local and close to the body can reduce the net energy demand compared to the
pure air heating system. The concept study in test 2 with strong radiant heating showed
a 24% lower energy demand, test 5 with air, radiation, and seat heating resulted in a
reduction of 9%.

5 Conclusion and Outlook

We investigated the potentials of local climate control concepts in experimental studies.
Given detailed evaluations from subjects on local thermal sensation and overall
comfort, the ratings are compared with measurements of equivalent temperatures and
with numerical results from refined numerical simulation models.

The results of the study show that the local, near-body climate control measures are
more energy-efficient and more comfortable than conventional heating systems in the
vehicle. For this purpose, the applied assessment methods, namely a local, directed
equivalent temperature measurement and the thermal comfort simulations, have a good
suitability for the evaluation of cabin climate control systems (also in the case of local
and near-body measures).

It can be concluded, that any local discomfort should be avoided for a high comfort
in vehicle cabin. In the case of air heating, the foot area represents a discomfort zone,
while the head was perceived to be too cold during the air conditioning with a high
proportion of radiation. Only a combination of conventional air heating, as well as
radiation and seat heating can provide a homogeneous thermal perception
(non-homogeneous temperature) in a vehicle cabin and thus high comfort. As already
shown in previous studies, it is affirmed that locally warmer climate in the foot region
and a colder area in the region of the head of subjects are preferred. The conventional
air heating in the vehicle cannot produce such optimal local boundary conditions. Thus
a different climate control concept is required for a high degree of comfort. The
energetic and cabin climatic evaluation of the local climate control measures in the real
vehicle may differ from existing results, since the vehicle mock-up has other insulation
and hermetical properties to a real vehicle. Nevertheless, this study shows the potential
of the near-body measures in the vehicle as well as the assessment methods of such
measures.

With the combination of measurement and simulation data, it is now possible to
thoroughly test new architectures for innovative thermal management. The aim is to
minimize the risks of design and configuration in vehicle air conditioning at an early
stage. After having invested in establishing a virtual test environment, the study
showed that costs for developing and testing novel concepts are minimized and eval-
uation of solutions is less time-consuming.
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Abstract. The climate control unit is one of the most important interfaces
between user and vehicle. As a result of increasing attention in the field of user
experience, topics as intuitive handling and customer satisfaction become more
and more important for climate control as well. To create a new user concept in
an easily comprehensive format the alteration of the operating philosophy to a
more intuitive and plausible one is recommended. The presented concept offers
the advantage that the customer does not necessarily need to grasp the climate
control system or its operating philosophy respectively, but just his own
experienced thermal discomfort. With the user’s information concerning the
discomfort as well as the allocation of these feelings in regard of his body, the
climate control improves the interior comfort corresponding to his input.

Keywords: Climate control unit � Interface � User concept � Thermal comfort

1 Challenges for Interior Climate Control

In the course of digitization of passenger cars, as well as other mobility concepts,
automatic user recognition and the realization of the passenger’s individual preferences
play an important role. Thereby, the customer places high demands towards air quality
and interior comfort – irrespective to his way of locomotion.

With customer comfort being a growing concern within automotive industries, the
climate control unit by now represents one of the most important interfaces between the
user and the vehicle. Hereby, the usage concept plays a significant role since it enables
the interaction between user and climate control.

However, due to the variety of hard and soft keys and multiple setting options, the
interior climate control often cannot be operated simply and intuitionally. This way, the
customer can realize simple comfort requests in certain circumstances only by a
multitude of operating steps, where the keys have to be pressed singly and one after
another. Hereby, the different setting options have to be understood and cognitively
processed by the user to perform the desired settings, which implies an increased
distractive potential from the actual driving task [1, 2].

Because of the many possibilities of key combinations there is a risk that entries are
placed inconsistently and the air conditioning system cannot be handled as desired. If
the worst comes to the worst, this may lead to a poor air conditioning result and an
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unsatisfied customer. As well, the main safety aspect of a good interior climate like
support of the user’s serenity and relaxation is annihilated [3, 4].

2 User Experience and Control of Thermal Comfort

In the course of individualization and generation of configurable user profiles the
attention is increasingly on the so called user experience (UX), which is to be
understood as the experience of a user in interaction with a product or system [5]. As a
result, topics as intuitive handling, thermal comfort and customer satisfaction become
more and more important for climate control as well [6, 7].

Since the subject takes up an important role in building physics for quite some time
[8–10], automobile industries now also focusses very strongly on the topic of thermal
comfort [11–13]. But while thermal comfort has an important part within theoretical
investigations, climate control units as well as the subjacent control and regulation of
air conditioning systems are still based on the average interior temperature. In order to
better respond to the customer demands and reliably assure real thermal comfort, the
transition to the so called felt temperature [14] or a degree of comfort (i.e. the Predicted
Mean Vote (PMV) [15]) is advisable.

For use as a control value a continuous calculation of the PMV with a suitable
simulation model that can be implemented in the climate control strategy is necessary.
The active control by means of the calculated PMV has the advantage that existing
climate-controlling actuators can be triggered more effectively. Thus, the PMV control
unit can assure the thermal comfort more reliable as a conventional control algorithm
and thereby cause a higher customer satisfaction.

3 Inversed Operating Philosophy

The current technology of interior climate control and climate control units require
information about the user’s desired interior comfort. Usually, these information have
to be provided by operating the keys that are displayed at the control unit. This kind of
operation and its philosophy is not without problems – as it was already described
above – and does not necessarily lead to the desired result.

In order to avoid cognitive overload and prevent the user from these well-known
problems, not only the reduction of the number of hard and soft keys but fundamental
changes within the operating philosophy are needed. To realize a more intuitive han-
dling of the climate control, the usual operating philosophy is altered and the new
philosophy is oriented towards the user’s actual state in regard of thermal comfort.

Instead of the desired state and the implicit question “How do you want to feel?”,
information concerning the user’s actual state (“How do you feel?”) are necessary to
control the air conditioning system and provide the required thermal comfort within the
vehicle’s compartment. This concept offers the advantage that the customer does not
necessarily need to grasp the climate control system or its operating philosophy
respectively, but just his own experienced thermal discomfort. After the request of the
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user’s actual state, a downstream logic or artificial intelligence translates the actual state
in a desired state and hands it over towards the climate control.

With the use of the PMV as control value the transition to a new user concept is
crucial, so that the user’s input required by the system can be reduced drastically. To
create a new user concept in an easily comprehensive format the alteration of the
operating philosophy to a more intuitive and plausible one is recommended.

4 Reduced Operating Concept

Modern displays are to become more and more important for vehicle cockpits and offer
a large design flexibility in regard to new interior concepts [16]. In addition, user
relevant information can be provided more clearly and a reduced operating concept can
be developed without the need of any hard key. In the development phase of the
reduced operating concept, the concept was to be expected to be intuitive and catchy
for all ages. Furthermore, a reduction of the input data required from the user was
specified, in the new concept only two information are necessary to provide a com-
fortable interior climate.

The altered operating philosophy should be clearly recognizable throughout the
chosen concept and its visualization on the display. To realize these claims, a carefully
designed and structured user interface had to be developed. Therefore it was considered
to utilize symbols and icons for visualization, which ensures that the climate control
can be used by anyone – regardless of age and origin.

The extreme climatic conditions too hot, too cold, too drafty and too stuffy, which
can occur in the vehicle’s compartment under certain ambient parameters, are graph-
ically displayed in a definite way by corresponding icons. For use in the reduced
climate control concept these extreme conditions are diametrically arranged in a so

Fig. 1. Depiction of the reduced operating concept
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called level of sense-perception, so that the conditions too hot and too cold as well as
too drafty and too stuffy are lying opposite to each other. Figure 1 depicts the user
interface of the reduced operating concept.

In the center of the perception level a symbol is located, which symbolizes the
serene and relaxed user and is clearly recognizable by coloring and appearance. With a
relocation of this symbol within the level the user can give a response in regard of the
question how he feels just in the very moment. During the movement of the symbol its
appearance changes accordingly, so that it displays the user a direct feedback con-
cerning the information that was transmitted towards the climate control.

Hereby, the icons located on the rim of the perception level, which symbolize the
extreme climate conditions, are of particular significance. As a function of the symbols
position within the sensory level a change of size occurs and these icons become smaller
and larger. When a user, for example, drags the symbol in the direction of too cold and
too drafty, these icons expand, while the icons representing the conditions too warm and
too stuffy recede into the background or rather disappear as it can be seen in Fig. 2.

By positioning the symbol between two conditions – e.g. too cold and too drafty -
the user is able to give a feedback concerning the proportion between these conditions.
If the conditions too cold and too drafty both apply equally to the user, the symbol
needs to be located central between these conditions and the size of both icons remains
even.

If the user needs to differentiate between both states because he feels significantly
too cold and only marginally too drafty, the symbols has to be placed between both
conditions but much closer to the state too cold. As a result, the icon representing the
state too cold will clearly increase, while the too drafty icon decreases (Fig. 3).

Fig. 2. Entering the actual state
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In addition to a statement about the experienced thermal comfort, which is given by
the replacement of the symbol, a direct selection of the extreme conditions enables the
user to give a feedback about significant discomfort. In this case the symbol auto-
matically moves in the direction of the extreme state and positions itself right on top of
the selected icon.

Once the user has entered the information concerning his actual state via the control
unit, he is able to verify if his climatic impression refers to a specific region of his body.
Therefore, an abstract representation of a human figure is displayed next to the level of
perception, which illustrates the user’s body.

By tapping on the different areas, a feedback concerning the user’s personal per-
ception in regard of his head, torso and legs can be differentiated. In addition, a
feedback concerning the overall perception can be given by tapping the rim of the
figure. When choosing one of the body regions or the overall perception the chosen
region is indicated accordingly, e.g. by changing its color, as it is shown in Fig. 4.

With the information concerning the user’s perception as well as the allocation of
these feelings in regard of a body region, the climate control is able to adjust the control
values air flow, temperature and flap position accordingly to improve the interior
comfort corresponding to his input.

In order to give a visual feedback about the adjustment of the control values, the
symbol moves back towards the center of the perception level and indicates its current
activities during the regulating process with a steadily rotating frame at the rim of the
symbol. If the symbol appears in the center again, an optimized interior climate was
adjusted due to the underlying logic and the symbol represents once more the serene
and relaxed user.

Fig. 3. Differentiation of the actual state
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The interaction between the user and the control unit is repetitive and can be
repeated as often as required, so that the user can give a feedback concerning his
current climate situation until the desired comfort state is finally achieved.

5 Application – Future Scenarios

To further reduce the operating effort of the user, a link between the user concept and
an adaptive climate control as well as a recording of the desired settings in an indi-
vidual user profile is practical. The basic idea is that predefined primary functions are
adjusted and saved individually on base of the user’s input and thus an individual
climate profile is generated over time.

For the application in car sharing services an additional link to an automatic user
recognition function, e.g. via smart phone, is imaginable. Thus, the user’s individual
climate profile can shift from one vehicle to another and is always available as usual –
even after changing between vehicles of different brands. A connection to the vehicle’s
infotainment system also enables the availability of the familiar user interface and the
user does not have to switch between different operating concepts anymore.
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Abstract. Exhaust gas recirculation is increasingly being integrated into both
diesel and gasoline engines with the focus on reducing emissions or on
improving fuel efficiency, respectively. Also the potential in terms of energy of
warm exhaust gases is becoming more investigated. These relative new tech-
niques involve the cooling of the exhaust gas and so are bringing some new
challenges, since exhaust condensation may occur under certain circumstances.
Aim of this paper is to clarify, when this condensation process begins and which
exhaust components are likely to be found in condensate.

Keywords: Condensate � Exhaust gas cooling � Dew point � Exhaust heat
exchanger

1 Diesel and Gasoline Exhaust Gas: Water Dew Point

Diesel and gasoline fuels are mixtures of hydrocarbons (CxHy) whose combustion with
the in the air present oxygen produces primarily carbon dioxide and water vapor.

The first fact affecting the water amount in exhaust is the fuel proportion hydrogen
to carbon. Gasoline usually contains hydrocarbons with 4-12 carbon atoms while diesel
is heavier and presents typically 12-20 carbon atoms. However both fuels keep
approximately the weight proportion 86 % carbon and 14 % hydrogen, [1]. Taking this
mass relation into account, a generic hydrocarbon C0:07H0:14 is assumed in this study in
order to simplify the following analyses.

The second factor having an effect on water quantity is lambda, the air-fuel-ratio,
which informs about the air quantity the engine is working with. When lambda takes
the value one or higher, fuel disposes of enough oxygen for its complete combustion.
Main difference is that with lean mixtures, an air excess is available and oxygen
appears on the reaction products side too. Last, rich mixtures provide the mixture with
more fuel than possible to burn and so fuel can be found on the products side as well.

aC0:07H0:14 þ b O2 þ 3:76N2ð Þ ! cCO2 þ dH2Oþ eN2 þ fO2 þ gC0:07H0:14

• For k ¼ 1 the complete ideal reaction coefficients take following values:

a ¼ 1

b ¼ 0:07 x 2 þ 0:14=2ð Þ=2
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c ¼ 0:07

d ¼ 0:14=2

e ¼ b x 3:76

f ¼ 0

g ¼ 0

This general fuel combustion reaction leads for stoichiometric (k = 1) conditions to
a water vapor concentration at the products side of the equation of approximately
13 % (in volume or mole), the same as for carbon dioxide, whereas the nitrogen
concentration achieves up to 74 %. Since gasoline engines usually operate under
(nearly) stoichiometric conditions, this 13 % exhaust water vapor concentration can
be assigned to them.

• For k[ 1, lean mixtures, the combustion reaction is described with:

a ¼ 1

b ¼ 0:07 x 2 þ 0:14=2ð Þ=2k

c ¼ 0:07

d ¼ 0:14=2

e ¼ b x 3:76

f ¼ ðk� 1Þ b

g ¼ 0

This case can describe the typical operation of diesel engines, which usually run
under lean conditions. This deviation decreases the water concentration in the
exhaust due to the dilution effect caused by the excess air.

• When k\1, rich mixtures, coefficients take next values:

a ¼ 1

b ¼ 0:07 x 2 þ 0:14=2ð Þ=2k

c ¼ 0:07k

d ¼ 0:14=2k

e ¼ b x 3:76
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f = 0

g = (1 - k)a

Nevertheless, it is interesting to note that the produced water quantity per kilogram
burnt fuel remains nearly the same, about 1.3 kg, as can be distinguished in Fig. 1.
Water coming with the charge air is, in this simplified study, regarded as negligible,
since the ambient typical 8-12 g water per kilogram air would maximal lead to less than
180 g in the exhaust per kilogram burnt fuel.

Once the water vapor concentration in exhaust gas is known, the water dew point
can, by means of the Dalton law and water saturation curve, be easily derived. The
water concentration derived from the combustion reaction results in a water partial
pressure which is associated with a saturation temperature. This temperature represents
the dew point and is characteristic of each substance.

pH2O;exhaust ¼ pexhaustxH2O

TDP ¼ Tsat pH2O;exhaust
� �

Higher exhaust pressures imply higher water partial pressures, which correspond to
higher saturation temperatures. It means, that exhaust gas coolers working under high
pressure are more susceptible to condensation than other heat exchangers operating
under low pressure conditions, even when the gas composition is the same. In [2], it
was shown, how an increase of 100 mbar in exhaust pressure causes a saturation
temperature increment of approximately 2°C.

In Fig. 2, the dependency on air-fuel-ratio for the exposed generic fuel at 1 bar
exhaust pressure is described. Under stoichiometric conditions, water vapor represents

Fig. 1. Water produced by the combustion of 1 kg fuel.
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the mentioned 13 % of the exhaust gas and condensation occurs below about 52°C. For
mixtures containing two times more air than what for the fuel combustion necessary,
k = 2, water concentration supposes only 6 % and the dew point decreases down to
36°C. As can be seen, the highest dew point temperatures correspond to stoichiometric
conditions, as only there, neither excess of air nor excess fuel occurs and, thus, no
dilution. For rich mixtures, the air scarcity disables the complete combustion and
residual fuel can be found at the exhaust.

It has to be mentioned, that when using exhaust gas recirculation, the reactors side
of the combustion reaction should include those burnt gases in form of water vapor,
carbon dioxide as well as an additional nitrogen source. If this recirculation is done
keeping lambda invariable, non alteration in the exhaust composition would be seen.
On the other side, if this recirculated exhaust gas substitutes part of the excess fresh air
and lambda decreases, the effect is a lower water dilution.

2 Condensation Cooling Requirement

To operate an exhaust cooler under condensing conditions brings some technical issues
apart from the water removal. The water phase change vapor to liquid releases a huge
amount of energy, corresponding to vaporization enthalpy, 2400 kJ per kilogram
condensing water have to be removed.

_mcoolcpcoolðTcool;out � Tcool;inÞ ¼ _mcondhvap þ _mexhcpexhðTexh;in � Texh;outÞ

As soon as the condensation begins, heat removed by the coolant consists of two
components: the sensible heat due to the gas cooling and the latent heat coming from
the condensing water. Different to the condensation of a pure substance, the partial
condensation of water in the exhaust does not occur at constant temperature but

Fig. 2. Water dew point and concentration in the exhaust depending on air-fuel-ratio.
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following the saturation curve as the water content decreases. Even though, the con-
tribution of this last mechanism penalizes the cooling part and the cooler efficiency
decreases notably.

3 Condensable and Non-condensable Condensate
Components

In Sects. 1 and 2, the exhaust gas has been described as a mixture of water vapor,
carbon dioxide, nitrogen and residual fuel or oxygen when running below or above
stoichiometric conditions, respectively. Along general lines, that consideration was
useful and adequate for estimating the water concentration in exhaust and its dew point,
because pollutant concentrations in exhaust gas mixtures are negligible compared to the
water, carbon dioxide and nitrogen amounts and should not cause significant error. But
when analyzing the condensed water quality, those pollutants may affect drastically the
condensate quality, even though their presence in exhaust is only marginal.

Figure 3 shows exemplary raw emissions values for diesel and gasoline engines
without after treatment. It can be seen that undesired combustion products like particle
matter, unburnt hydrocarbons, nitrogen and sulfur oxides or carbon monoxide come
into consideration. They occur due to several factors like fuel impurities in the case of
sulfur, nitrogen coming with the intake air or uncompleted combustions, among others.

It is well known that nitrogen and sulfur oxides build acids in presence of water
vapor. These acids and water vapor build binary and ternary systems, whose dew points
may strongly diverge from dew point of pure water. Furthermore, the composition of
these condensing mixtures depends on condensing temperature. The sulfuric acid-
water system has higher dew points than pure water (often above 100°C) and, thus,
tends to form the first condensing droplets in exhaust gas coolers. Operation points at
temperatures between the sulfuric acid - water and pure water dew points suppose the
highest corrosion risk, since the acidic concentration of these droplets is less diluted
and could achieve up to 30 %.

Fig. 3. Exemplary raw emissions values for diesel [3] and gasoline [4] engines (in volume).
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In the case of nitrogen oxide, the formation of nitric and nitrous acid – water systems
builds less aggressive condensate, thus the dew points of their acid-water systems lie
near the pure water dew point. When those systems start to condense at about 50°C, pure
water vapor is condensing to a greater extent and causes an acid dilution.

The presence of solids in the exhaust gas stream will favor water droplets con-
densing upon them and acts so as an activator. Even in the case of gasoline exhaust gas,
whose particle size lies in nanometer range, particle may agglomerate in condensate
and build larger ones. Particles can also contribute to fouling in parts of the exchanger
where condensate tends to collect, when at higher operation temperatures condensate
evaporates leaving them behind.

Exhaust after treatment systems can strongly affect the condensate composition. For
instance, three way catalyst operating under rich conditions converts carbon monoxide
with water into carbon dioxide and hydrogen, as a result of secondary reactions. The
latter participates in the nitrogen oxides transformation into ammoniac. These reactions
could also take place by stoichiometric operation points, though to a very lesser extent.
The described mechanism is responsible for the neutral or even alkaline pH-values of
condensates of gasoline engines with three way catalyst. In diesel engines operating
with reduction agent after treatment, some of the ammoniac contained in the reduction
agent itself may be still present at the exhaust. In contrast to other condensate com-
ponents, which condense at specific temperatures, ammoniac gas tends to dissolve
easily in liquid water.

Aside the above mentioned condensate components, some others like organic acids
or hydrochloric acid may be present in condensate too, although in a lower amount than
the above described.

4 Condensate Analysis and Corrosiveness

Numerous condensate samples have been collected with a gasoline engine, whose
specification is summarized in Table 1.

For the collecting task, a small part of the exhaust gas was derived to a stainless
steel heat exchanger placed after the three way catalyst. The exhaust gas was cooled
below the pure water dew point. Due to its position, downstream of the after treatment,
all collected samples showed neutral to alkaline pH-values, between 6.9 and 8.8.

Table 1. Test engine specification

Configuration 4 Cylinder inline

Displacement 1395 cc
Valves per cylinder 4
Compression ratio 10,5 : 1
Max. Power 90 kW at 5000-6000 rev/min
Max. Torque 200 Nm at 1400-4000 rev/min
Fuel Gasoline Super ROZ 95
Exhaust gas treatment 3 way catalyst
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Probes collected when operating under rich conditions; had the highest pH-values,
caused by its higher ammoniac content.

Analysis via ion chromatography of four representative collected samples,
regarding stoichiometric conditions (A and B) and rich conditions (C and D), are
shown in Fig. 4. Differences between samples A and B or C and D are due to several
factors like condensate collecting temperature, engine operation point or three way
catalyst state. However, it can be easily distinguished, how condensates collected under
stoichiometric conditions present much lower pollutant content.

The above described samples are used to quantify the corrosiveness of condensate
at 50°C on stainless steel 1.4301 and on aluminum. For the electrochemical tests, a
silver reference electrode, a platina counter electrode as well as the work electrode are
partial immersed in an electrolyte solution (condensate). The three electrodes are
connected to a potentiostat, Fig. 5.

Fig. 4. Ion chromatography condensate analysis.

Fig. 5. Polarization cell sketch.
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In order to evaluate the corrosion behavior, a constant potential is imposed between
the work and the counter electrode for a determined time period and then varied in small
increments. Depending on the so established current flows, the corrosion behavior can
be estimated, since the current density is a signal of the ion transfer between the studied
metal and the condensate. Figure 6 shows the corrosion test results. Stainless steel was
tested against samples A and C, corresponding to stoichiometric and rich conditions.
Analog, the aluminum electrode corrosion ratio was measured with samples B and D.

It becomes evident at first view that aluminum is significantly more susceptible to
be corroded by exhaust gas condensate than stainless steel. Also the high ammoniac
and moderate acids concentrations in sample D, with an 8.8 pH-value, derive in a much
major aluminum mass waste. On the other side, stainless steel does not show a greater
corrosion with condensate collected under rich conditions. Its corrosion rates remain
moderated under the condensate light basic conditions.

5 Conclusion and Outlook

Water vapor concentration in exhaust gas has been theoretically investigated at several
engine operation points and its dew point has been calculated. The influence of fuel
composition, air-fuel-ratio or exhaust pressure on condensation temperature was
shown. Typical condensate pollutants have been discussed. Electrochemical tests for
estimating the corrosiveness of condensate on stainless steel and on aluminum have
been carried out.

Fig. 6. Corrosion ratio caused by condensate on diverse metals.
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Main facts to take into account when operating with exhaust gas cooling are listed
below:

1. Even though the water production of about 1.3 kg per kilogram burnt fuel in
gasoline and diesel engines is very similar, the water concentrations in the exhaust
gas of both engines differ considerably. Gasoline engines, operating near stoi-
chiometric conditions, show the highest water dew point of about 52°C. Diesel
engines typically operate with air excess, causing a water dilution effect in the
exhaust gas and thus a significantly decreased water dew point.

2. Exhaust gas pressure causes a shift of the water dew point. For the same water
concentration in exhaust, higher pressure leads to higher water partial pressure and
thus to an increased condensation temperature. Therefore, condensation in high
pressure EGR coolers starts earlier than in low pressure heat exchangers.

3. Exhaust gas coolers operation points at temperatures between the sulfuric acid -
water system and pure water dew point, suppose the highest corrosion risk, due to
the higher acidic concentrations of the first condensing droplets.

4. After treatment systems can in some cases (three way catalyst or reduction systems)
shift the condensate pH-value from acid to alkaline. Exhaust gas coolers operating
without after treatment can build more corrosive acidic condensate than the
neutral/alkaline condensates downstream of the after treatment.

5. For gasoline engines, condensate quality is significantly higher when operating
under stoichiometric conditions.

6. Condensate corrosiveness has been tested on stainless steel 1.4301 and aluminum
electrodes. Based on the results, stainless steel shows much higher resistance
against alkaline/neutral exhaust condensate than aluminum and less susceptibility to
air-fuel ratio.
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1 The Basics of Thermoelectric Waste Heat Recovery

1.1 Introduction

What is thermoelectrics? [1] - Thermoelectrics refers to the direct conversion of an
electrical current flow into a heat flow as well as the heat flow into a current flow –

thermoelectrics works in both ways.
The basic principle was already recognized by Thomas Johann Seebeck in 1821.

He observed that a compass needle near two different, interconnected metal wires is
deflected when the temperatures at the junctions differ, whereby the degree of
deflection is proportional to the temperature difference. This is due to an electrical field
that is created by the temperature gradient on the conductors.

In 1834, the French scientist Jean Peltier discovered that this effect can be reversed
and used as a heat pump: if a current is connected to the interconnected conductors, a
temperature gradient is created at the junctions. Thermal energy is transported from one
junction to the other. The so-called Peltier effect can be used for heating or cooling. The
maximum possible yield when heat is thermoelectrically converted into electrical
energy is physically limited by the efficiency of the Carnot cycle process.

1.1.1 Figure of Merit
In 1909 and 1911, Edmund Altenkirch introduced a constant property model to derive
the maximum efficiency of a thermoelectric (TE) generator as well as the performance
of a cooler, when the design and operating conditions where fully optimized [2]. This
relationship, later developed into the ‘figure of merit’ ZT, and revealed that good
thermoelectric materials should possess large Seebeck coefficients (S), high electrical
conductivity (r) and low thermal conductivity (k). The mathematical relation is shown
in Eq. 1. Along with reproducibility and reliability, ZT has been the main driver of
thermoelectric materials development in recent history.
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ZT ¼ S2r
k

T ð1Þ

Various TE material classes with high ZT values are known and recognised as
suitable for the conversion of waste heat into electrical energy. The maximum ZT value
(ZTmax) is attained at different temperatures depending on the material class and the
exact composition. However, the average ZT value (ZTav) across a specific temperature
range is required to determine the material efficiency for a certain temperature com-
bination (Eq. 2),

g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þZTav

p � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þZTav

p þ Tc

Th

� gCarnot with gCarnot ¼
Th � Tc

Th
ð2Þ

with Tc: cold side temperature (heat sink) and Th: hot side temperature (heat source).
Figure 1 shows the conversion efficiency of TE converters, as derived from their

material property ZT versus the Carnot efficiency. State-of-art converters exhibit a peak
ZT value of approximately 0.8–1.0 and reach efficiencies in the range from 5–10%.

1.2 System Design Aspects

In a system design, the TE material is typically applied in the form of TE modules
which consists of n- and p-type TE materials (legs) that are connected thermally
parallel and electrically in series (see Fig. 2). Waste heat is converted by means of a
heat flow through the TE module which generates an electrical current in the module.
The electrical connection between the TE legs is realized in most cases by bonding the
legs onto a contact material, usually a metallic strip. The contact resistance between the
TE legs and the contact material should be very low in order to reduce losses caused by

Fig. 1. Conversion efficiency at certain ZT values vs. Carnot efficiency
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Joule heating. The backbones of the TE module are two thin and thermally high
conductive but electrically isolating substrates, most commonly ceramic plates. The
numbers and dimensions of the TE legs differ according to the intended application of
the module.

The thermoelectric modules are placed between a hot source, e.g. an exhaust gas
heat exchanger, and a cold sink, e.g. a fluid cooler/heat exchanger. In combination this
arrangement forms a thermoelectric generator (TEG). When designing the TEG the
thermal resistance of the modules as well as the electrical load resistance of the system
have to be carefully balanced in order to obtain the maximum power output [3, 4]. Due
to design fundamentals, the system efficiency is typically less than 50% of the con-
version efficiency of the thermoelectric material.

2 High Temperature Module Manufacturing

2.1 The Half-Heusler Alloys

Among the numerous materials studied at the Fraunhofer IPM (skutterudites, silicides,
chalcogenides, …), the half-Heusler alloys have emerged to be the most reliable and
most durable material class for high temperature TE applications. It allows for a usage
range of up to 600 °C for its active material temperature. This high working temper-
ature yields high conversion efficiencies in applications that are currently not accessible
with commercial Bi2Te3 materials due to thermal limitations at above 250 °C.

After a successful scale up of powder and bulk material production in the public
funded project “thermoHEUSLER” [5, 6], the developments at Fraunhofer IPM con-
tinued towards a semi-automated module production line.

Figure 3 shows the half-Heusler material properties that have been obtained by the
developing partners Isabellenhütte-Heusler GmbH & Co.KG and Vacuumschmelze
GmbH & Co.KG.

Fig. 2. Schematic view of a thermoelectric module.

Manufacturing New High-Temperature Thermoelectric Modules 111



2.2 Module Manufacturing Process

The production of TE modules can be described with the following process steps
(Fig. 4):

TE leg production

– Sintering of powders: N- and p-type semiconductor pucks are compacted and
sintered from powder to optimize the TE properties.

– Polishing: During the polishing step the TE leg height and surface quality are
adjusted.

– Dicing: The legs are cut into their final shape.
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Fig. 3. Material properties obtained by Isabellenhütte Heusler GmbH & Co.KG (n-type, left)
and Vacuumschmelze GmbH & Co.KG. (p-type, right) [7].

Fig. 4. TE leg and module production steps at Fraunhofer IPM.
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TE module assembly

– Pick and place: N- and p-type legs are arranged on a metallized substrate ceramic
(usually Al2O3).

– Brazing: The substrate and legs are joined using high temperature brazing process.
– Wiring/interconnection: Lead wires are attached to the module.
– Final Quality Check: Key characteristics are validated.

A cost effective and reliable module production process is essential for the
industrialization of thermoelectric materials in waste heat recovery.

2.3 Recent Breakthrough

In July 2016 a new semi-automated production line has been put into operation at
Fraunhofer IPM. With the new pilot-line, it is now possible to reduce the module
production costs by a factor of 10. This allows moving a significant step closer towards
the industrialization of the technology and opening the possibility of small series
production.

2.4 Module Performance

The current top-selling module design exhibits a thermal contact area of 16 � 16 mm2

and involves 7 p-n couples (Fig. 5). With a demonstrated power density of up to
1.1 W/cm2, the module has achieved conversion efficiencies of up to 5.2% (both at
DT = 530 K, Tcold = 20 °C). By scaling the leg geometry the module can be indi-
vidually matched to meet the application.

2.5 Manufacturing Reproducibility

During module production, manufacturing reproducibility is ensured by both in-line
and offline measurements. Identified key characteristic parameters which are checked

Fig. 5. Half-Heusler module made by Fraunhofer IPM.
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are the module height and the module internal resistance at room temperature. Rea-
sonable reproducibility values have been achieved for both:

Module height deviation : \1% out of 160 samplesð Þ
Module internal resistance deviation : \6% out of 160 samplesð Þ

2.6 Reliability

Thermal cycling tests performed by Faurecia Emission Control Technologies, Germany
GmbH in Augsburg have confirmed that the TE modules are durable enough to
withstand 1,000 thermal shock cycles between 20 °C and 550 °C exhaust gas tem-
peratures, even when being operated in air. During and after the test no significant
degradation was observed. Figure 6 shows the applied test cycle and the test fixture.
During the test the module’s cold side temperature was maintained constant.

2.7 Outlook and Future Challenges

The future of high temperature modules is tied to the identification of the right
application. Today three major scenarios are considered: Automotive exhaust heat
recovery, industrial waste heat recovery and combined heat and power systems (both
industrial and residential). All applications inherit their need of a sufficient amount of
prototypes and demonstrators to develop the system architecture and to assess eco-
nomical and technical feasibility.

Fig. 6. Thermal cycle and test fixture.
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Despite the application, several challenges remain that need to be addressed by
various means. Some of them and possible solution strategies are listed

Achieve a module cost reduction by …

• Fully automated, lean production with new and innovative production technologies
• Optimization of material usage (TE module downsizing), new and improved

module designs
• Substitution or reduction of rare elements (like Hafnium)

Achieve a module performance improvement by …

• Continuous design improvements
• Advancements in TE material development

Achieve a module reliability improvement by …

• Advanced design methodologies and new module designs
• Process optimization and advanced in-line inspection technologies
• Extensive testing of modules designed for serial manufacturing

2.8 Summary

With its new semi-automated production line and advanced module manufacturing
technology, Fraunhofer IPM has demonstrated that cost reduction, reproducibility and
reliability are possible for high-temperature thermoelectric modules. We are ready to
supply custom designed TE modules for thermoelectric generator applications ranging
from automotive exhaust heat recovery to combine heat and power plants to industrial
waste heat recovery.
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Abstract. The paper looks at the key issues in terms of what thermoelectrics
(TE) can and must do for the automotive industry through to 2020+.
A brief introduction to the topic of waste heat recuperation and thermoelectric

generators (TEG) is followed in the first section of the paper by an illustration of
the potential offered by a fictive TEG ideally rated for use in the exhaust system
of a passenger car with conventional powertrain, with an estimate of possible
benefits and costs. This begins by asking which minimum contribution a new
technology has to provide for it to be included by the automotive industry in the
package of measures needed to achieve future CO2 targets. A proposal is pre-
sented as the basis for the subsequent observations. The paper then looks at the
necessary material/module efficiency and the required mean ZT value as well as
availability.
This is followed by a brief description of the objective, consortium, job split,

contents and scope together with a summary of selected results obtained with the
consortium project TEG2020 funded by the BMBF (German Federal Ministry of
Education and Research).
The very general theoretical observations in the first section are then com-

pared in the second section with selected results obtained in test bench and
vehicle measurements using the laboratory generator developed in the project.
The focus here is not on the generator itself but on the impact of the conven-
tional generator, the additional mass of the TEG and its exhaust gas backpres-
sure, auxiliary power consumption and the necessary recooling.
The project results show that it is possible to realize the fictive TEG featured

in the estimate of potential using the existing possibilities.

1 Introduction

Today and in the foreseeable future, most vehicles will be driven by fossil fuels.
Reserves of fossil fuels are finite. Their extraction and utilization place a considerable
burden on health, the environment and climate. Even so, it is still generally accepted
that only a very small part of the energy contained in the fuel is used to actually propel
the vehicle (Fig. 1). More than half of the fuel energy is still lost to the environment
unused as waste heat, with considerable costs and consequences [1]. However, waste
heat recuperation could help to achieve future CO2 limits. The aim must therefore be to
make use of this lost energy on the basis of economically viable technologies.
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This is where thermoelectric converters come in. They convert heat directly into
electrical energy for the vehicle electrical system; by relieving the pressure on the
mechanically driven generator, they make it very easy to save fuel and reduce CO2

emissions. Their unique properties are based on their solid-state-physical principle of
operation. They therefore need neither chemical nor mechanical processes. However, a
poor cost/benefit ratio and the critical availability of TE materials and modules have so
far prevented the widespread industrial use of this technology. But many research
teams throughout the world are being driven by the attractive prospects in combination
with the huge technical and economic potential of the technology in order to solve the
remaining challenges. For years now, there has been a growing number of scientific
publications to this effect in renowned journals and papers presented at international
energy, material and thermoelectrics conferences. More and more companies are
announcing promising second-generation TE materials and modules in interesting
quantities, or are even capable of supplying the same already today. We can therefore
expect to see adequate volumes of TE materials and modules being made available in
the next few years that also meet the special requirements of the automotive industry in
terms of efficiency, quality, quantity and price. This would then also fulfill a significant
prerequisite for the automotive industry to get involved in TEG development. Another
particular challenge, especially for automotive use of this technology, consists in the
need for high efficiency paired with the low energy supply in the urban cycle as well as
resistance to high temperatures and alternating loads, in order to achieve CO2 reduc-
tions in the test cycle in a relevant magnitude.

Fig. 1. Energy utilization of a passenger car engine
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2 Benefits, Costs, Potential, Requirements and Availability

Before users will take a technology seriously, a reliable estimate is required of its
potential contribution to achieving the set goals. New technologies in particular must
provide early evidence of what they can offer when first introduced and which costs
would be involved or acceptable. The central question for concepts looking at waste
heat recuperation is: Which fuel savings or CO2 reductions will be possible at which
price?

2.1 Minimum Savings

Fuel savings of just one percent can already make a concept interesting, depending on
its maturity and potential, and the costs involved in development and integration. In
light of the economic aspects involved (e.g. costs for saving 1 % fuel or reducing 1 g
CO2, necessary mileage for reaching the payback point), TEGs will have to provide at
least two to three percent in the WLTC (Worldwide Harmonized Light-Duty Vehicles
Test Cycle) before they can be included in the industry’s package of measures to cope
with future CO2 targets. For the vehicles described in the following potential estimate,
this would mean a reduction of a good three, five and eight grams of CO2 per kilometer
in the WLTC in the standard/customer configuration, i.e. with corresponding load on
generator and A/C compressor. Supercharged gasoline engines need to relieve the
generator by about 50 W in the WLTC per gram of CO2 reduction (see also Fig. 8).
Accordingly, TEGS will have to supply approx. 150, 250 and 400 W into the vehicle
electrical system on average throughout theWLTC in order to achieve the CO2 targets.

2.2 Estimate

To get an idea of the potential offered by the technology and thus of its possible benefit,
this paper estimates the possible CO2 reduction that can be achieved with a TEG in the
best case in the homologation and customer cycle. A simple method but one that it is
accurate enough for the purpose involved here consists in roughly estimating the fuel
consumption and thermal energy in the exhaust gas in relevant operating states for
representative reference vehicles, in this case with conventional standard gasoline
engine drives. The thermal energy available in the exhaust gas is used to derive the
electrical energy or power that can be supplied to the vehicle electrical system on
average by an ideally rated fictive reference TEG. It is then possible to obtain the
potential fuel savings or CO2 reductions in the cycle. The estimate takes account of all
power consumption and consumption-enhancing effects of the TEG. It is also presumed
that the power supplied is absorbed completely thanks to corresponding energy man-
agement and is used in a suitable way to relieve the combustion engine. Consideration
is given to the following variants to obtain a field of potential that describes reality as
generally as possible:
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• Three reference vehicles with two auxiliary drive configurations
• Various fictive reference TEGs in a close-coupled position and away from the

engine
• 80 driving profiles, including five real “customer journeys” with different driver

types.

2.3 Reference Vehicles

The reference vehicles are defined by their rolling resistance levels and drive systems
based on corresponding data. They represent the following segments: C/D (mid-range
class) with 5.0 l/100 km, E/F (upper/luxury class) with 7.5 l/100 km and M/J
(multi-van, SUV, utilities) with 10 l/100 km mean consumption in the NEDC (New
European Driving Cycle), without generator and A/C compressor load (homologation
configuration). Consumption in the normal configuration is about 20 % higher than the
homologation configuration. It should reflect real average operation on the roads [2].

2.4 Fuel Savings

The graph shows possible fuel savings for a fictive TEG installed away from the engine
in the cycle, on the highway and on a customer journey as well as cruising at constant
speed (on the right) for the three vehicle segments. A TEG with ideal rating for the
specific operation is scarcely capable of achieving targets values in excess of 2 %
(yellow area, dotted lines) in the current NEDC homologation cycle. In the future
WLTC homologation cycle and with a normal configuration, fuel savings of a good
2 % to 3 % are possible (green area, continuous lines), depending on the vehicle
segment. Savings of more than 3 % and up to 5 % can be achieved in the customer and
highway cycle respectively (Fig. 2).

Fig. 2. Possible fuel savings for urban, combined and highway cycles and for customer driving
and constant-speed cruising (on the right) in three vehicle segments
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2.5 TEG Power

The corresponding electrical TEG power is shown here in Fig. 3. Accordingly, no
effective power is possible for the reference vehicles in the urban/off-highway cycle for
NEDC homologation configuration, and less than 150 W is possible in the NEDC.
However, on average, power of between 200 W and > 1000 W is possible in the
customer and highway cycle. Average TEG power of at least 150/250/400 W defined
as being target-relevant is possible for the future WLTC homologation cycle for
reference vehicles with normal configuration.

3 CO2 Reduction

Figure 4 shows the possible CO2 reduction for all driving cycles und review and for
cruising at between 50 and 150 km/h:

• For the urban cycle, only the upper segment shows relevant CO2 reduction
• For the homologation configuration in the NEDC, CO2 emissions are reduced by

1.5 respectively 2.8 and 4.2 grams per kilometer
• The reduction for highway and customer cycle and cruising at constant speed

exceeds 12 g CO2/km
• For the normal configuration in the WLTC, CO2 emissions are reduced by 3.2

respectively 5.6 and 8.5 grams per kilometer
• For the urban cycle, the reduction is 2 to 5 g CO2/km for the upper segments
• The reduction for highway and customer cycle and cruising at constant speeds

amounts to up to 16 g CO2/km

Fig. 3. Possible TEG power for urban, combined and highway cycles and for customer driving
and cruising at constant speed (on the right) in three vehicle segments
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Moving the TEG from the thermally less favorable position downstream of the
EAT (Exhaust gas After-Treatment system) to a close-coupled position clearly
increases the TEG power on account of the higher exhaust gas temperatures. The
increase amounts to approx. 50 % for the single-flow system analyzed here. Although
just a rough indication, this value clearly shows that close-coupled concepts are defi-
nitely worth checking and also pursuing, even if these are far more complex.

3.1 Material and Module Efficiency

That leaves the question as to what a TEG has to be like in order to achieve the
intended target power. To start with, TEG power is greatly influenced by the heat
supply, i.e. exhaust gas mass flow and temperature. This depends primarily on the
vehicle and its drive and mode of operation. Anything that improves the heat supply or
ensures that this is not used up before reaching the TEG is helpful, including in
particular making adjustments to the position of the TEG (close-coupled position or
away from the engine). Insulating the exhaust gas system up to the TEG also makes
sense, where possible and permissible. Only two aspects of the TEG itself will be
considered here.

For a constant heat supply, prime responsibility for the power lies with the effi-
ciency of the heat exchanger systems and the modules. An estimate has been given of
the module/material efficiency necessary for the target power. Figure 5 shows the
average material/module efficiency required for the vehicle segments for three different
heat exchanger systems with 50/66/75 % heat utilization in a position away from the
engine (black) and a close-coupled position (red). The target power can be achieved
with a good 8 %, or even less than 5 % with excellent heat exchangers in a
close-coupled position.

Fig. 4. CO2 reduction of a TEG after EAT in cycle mode and cruising at constant speed for
reference vehicles in homologation and normal configuration
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Fig. 5. Necessary material/module efficiency

Fig. 6. ZT curve and development status of promising TE materials [3]

Table 1. ZTavg, ZTpeak und material efficiency η for TE-Material of Fig. 6

 

Tcold / Thot ZTavg ZTpeak ZTavg ZTpeak ZTavg ZTpeak ZTavg ZTpeak ZTavg ZTpeak
[°C] / [°C] [-] [-] [%] [-] [-] [%] [-] [-] [%] [-] [-] [%] [-] [-] [%]
25 / 250 1,23 1,46 10,3% 0,09 1,65 1,2% 0,44 1,06 4,9% 0,29 0,86 3,4% 0,16 0,71 2,0%
50 / 250 1,21 1,46 8,9% 0,10 1,65 1,1% 0,47 1,06 4,4% 0,30 0,86 3,1% 0,17 0,71 1,8%
50 / 500 0,00 0,00 0,0% 0,41 1,65 6,8% 0,72 1,06 10,5% 0,45 0,86 7,3% 0,31 0,71 5,4%

100 / 500 0,00 0,00 0,0% 0,45 1,65 6,3% 0,77 1,06 9,4% 0,48 0,86 6,6% 0,33 0,71 4,9%
100 / 600 0,00 0,00 0,0% 0,65 1,65 9,5% 0,82 1,06 11,2% 0,54 0,86 8,3% 0,40 0,71 6,5%
150 / 600 0,00 0,00 0,0% 0,71 1,65 8,9% 0,86 1,06 10,2% 0,57 0,86 7,5% 0,43 0,71 6,0%

25 / 250 1,01 1,09 9,1% 0,51 1,41 5,5% 0,64 1,67 6,5% 0,34 0,98 3,9% 0,53 1,31 5,7%
50 / 250 1,00 1,09 7,8% 0,54 1,41 5,0% 0,67 1,67 5,8% 0,35 0,98 3,5% 0,56 1,31 5,1%
50 / 500 0,00 0,00 0,0% 0,92 1,41 12,4% 0,96 1,67 12,8% 0,56 0,98 8,7% 0,84 1,31 11,6%

100 / 500 0,00 0,00 0,0% 0,99 1,41 11,2% 1,01 1,67 11,4% 0,60 0,98 7,9% 0,89 1,31 10,4%
100 / 600 0,00 0,00 0,0% 1,00 1,41 12,9% 1,12 1,67 13,9% 0,67 0,98 9,7% 0,97 1,31 12,6%
150 / 600 0,00 0,00 0,0% 1,06 1,41 11,7% 1,18 1,67 12,5% 0,71 0,98 8,9% 1,02 1,31 11,4%

25 / 250 1,12 1,27 9,7% 0,30 1,29 3,6% 0,54 1,31 5,7% 0,31 0,92 3,7% 0,35 1,01 4,0%
50 / 250 1,11 1,27 8,4% 0,32 1,29 3,2% 0,57 1,31 5,1% 0,33 0,92 3,3% 0,36 1,01 3,6%
50 / 500 0,00 0,00 0,0% 0,66 1,29 9,9% 0,84 1,31 11,7% 0,51 0,92 8,0% 0,57 1,01 8,8%

100 / 500 0,00 0,00 0,0% 0,72 1,29 9,0% 0,89 1,31 10,4% 0,54 0,92 7,2% 0,61 1,01 8,0%
100 / 600 0,00 0,00 0,0% 0,83 1,29 11,3% 0,97 1,31 12,6% 0,61 0,92 9,0% 0,69 1,01 9,9%
150 / 600 0,00 0,00 0,0% 0,89 1,29 10,4% 1,02 1,31 11,4% 0,64 0,92 8,2% 0,73 1,01 9,0%

Bi-Te(p)

Sku erudite(p) HalbHeusler(p) Na-Ca-Co-O(p)

Mg2(Sn,Si)(n)HalbHeusler(n)

Na-Ca-Co-O /Mg2(Sn,Si) 
(p)(n)

HalbHeusler(p)(n)

Sku erudite(n)

Sku erudite(p)(n)

Pb-Te(p)Bi-Te(p)

Pb-Te(n)

Pb-Te(p)(n)

Bi-Te(p)
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It is also possible to roughly ascertain the average necessary ZT values for the
WLTC: ZTmax values � 1.2 or ZTavg values � 1.0 would be sufficient. TE material
is usually described by means of its ZTpeak. However, without knowing the
temperature-dependent ZT curve (Fig. 6), this value gives very little indication of the
practical suitability of the TE material as shown in Table 1.

3.2 Availability

Thermoelectrics are increasingly becoming suitable for large-scale use [3]. At the
moment, researchers are investigating promising materials and synthesis methods
which already achieve figures of merit of ZTpeak = 1.5 to 2.5 in the laboratory.
Materials with ZTpeak values of up to 1.5 are already suitable for use. TE materials with
ZTpeak values of around 1.0 are commercially available. Together with the three classic
examples Bi2Te3, PbTe and SiGe, the preferred materials include silicide, skutterudite
or half-Heusler materials. There is currently no knowing which material will win the
race. In the end, the choice of material will depend on the requirements (costs, effi-
ciency, weight etc.) of the specific application. Such materials and corresponding
modules have been available as prototypes for some time now, although scarcely on the
free market. Today it is possible to produce silicides by the kilo, half-Heusler and PbTe
materials on a multi-kilo scale and some skutterudites and Bi2Te3 by the ton. Current
developments focus particularly on material and production costs.

[4] looks in detail at the “availability and maturity of thermoelectric materials for
use” (as of 2014). The Austrian company Treibacher Industrie AG is featured as an
example, offering powdered skutterudite material with ZT values > 1 on a multi-kilo
scale for some time now. Half-Heusler modules should be available in small-scale
production as from 2017. As part of the thermoHeusler2 consortium project funded by
the German Federal Ministry for Economic Affairs and Energy (BMWi) [5], Vacu-
umschmelze GmbH & Co. KG is looking at further development of a powder metal-
lurgy process for manufacturing half-Heusler compounds, while Isabellenhütte is
investigating further development of a smelting metallurgy process to the same end.
The project aims to “develop material and module production suitable for volume
production, together with a near-production manufacturing and installation concept for
the TEG that boost cost efficiency to such an extent as to permit standard use of this
technology in the medium term” [6, 7]. The Fraunhofer Institute for Physical Mea-
surement Techniques (IPM) in Freiburg “has now developed and commissioned the
world’s only pilot production line for thermoelectric high-temperature modules” [8].
The semi-automatic production line produces large quantities of thermoelectric mod-
ules for up to 600 °C operating temperature at far lower costs than hitherto possible.

Finally it is also worth mentioning that module efficiency levels of 4 to 8 %
depending on TE material have been reported in numerous publications for a long time
now, e.g. [6, 9, 10].
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3.3 Costs

The costs of innovative technologies are initially borne by the vehicle manufacturers,
who then pass on the additional costs to their customers. Even if customers do not see
the costs of measures reducing fuel consumption and emissions, because they are
incorporated in the overall vehicle costs, each one must be economically viable in itself.

For customers buying new cars, lower operating costs and low fuel consumption
are the most important purchasing criteria. More than half of new vehicles are used in
the business customer segment (in Germany). Here as well as with commercial vehi-
cles, economic rationale is almost exclusively decisive for the adoption of technical
innovations. Technologies only prevail in the market if the higher acquisition costs are
balanced out by lower operating costs.

The question as to what a TEG may cost needs to be answered by customers and
manufacturers.

Various publications have indicated that manufacturers must invest up to € 50 for
every gram of CO2 saved per vehicle [11]. Accordingly, a TEG should not cost more
than € 158 (C/D), € 280 (EF) or € 427 (M/J) referred to the WLTC in order to be
included in the package of measures of the OEMs. Given that the respective mean net
electrical power capacities are nearly identical in terms of amount, the costs referred to
electrical power are almost exactly equal to the initial target of € 1 per watt indicated in
many publications. However, it is also clear that the costs per gram of CO2 and TEG
efficiency can increase further going beyond 2020, so that even higher system costs will
be acceptable in future. And the threat of penalties also means that new technologies in
future will certainly offer better value for money.

Comments often say that the € 95/g excess emissions penalty would actually then
be applicable. However, that would only be true once the automotive industry will have
exhausted all measures that are “cheaper” than € 95/g and the fleet objectives are still
not reached.

3.4 Payback Point

As far as the customer is concerned, the extra costs for a TEG would reach payback
point “at the fuel pump” after about 77,000 km of mileage, depending on driving style,
based on a price of € 1.50 per liter of gasoline fuel in the WLTC. In terms of
appropriate payback periods, this is a challenge for customers with comparatively low
mileage. However, the payback period will be far shorter in real customer cycles with
WLTC-based costs, and may even be halved, depending on vehicle use.

3.5 Summary

To summarize the benefits of a suitably rated TEG in a passenger car, it can be said that
depending on the vehicle and driving style, relative fuel savings and CO2 reductions of
two to three percent are possible on average in the combined cycle and up to five
percent in the customer and highway cycle. The technology offers scarcely any
improvement in the purely urban cycle on account of the low heat supply and the great
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influence of cold starts. Higher relative savings are possible with higher energy sup-
plies and higher exhaust gas temperatures (close-coupled positions!) or more efficient
TEGs. It can be presumed that such TEGs can fulfill the initial conditions for many
vehicle manufacturers, particularly for large and heavy vehicles. In our opinion, such
generators could certainly be ready for volume production using materials and modules
that are currently in development by 2020. For the most part, the prerequisites have
been established in recent years. Prototypes of corresponding TE materials and mod-
ules are available. At the moment, global developments focus on industrialization,
availability, costs, quality and durability.

4 Funding Project TEG2020

Making this outstanding technology accessible to the mass market was the motivation
behind the consortium project TEG2020 (03X3552A) funded by the German Federal
Ministry of Education and Research (BMBF) in the framework of the WING program -
Material Innovations for Industry and Society.

The aim of this research project was to develop highly efficient, economical con-
cepts and systems for thermoelectric generators (TEG) suitable for volume production
that have been validated in theory and by experiments for recuperating heat lost from
transport, propulsion, work and energy systems. An innovative, flexible modular
concept should offer possibilities for adapting the TEG to different applications, target
systems and output classes.

In the interests of high system efficiency, new installation and connection tech-
nologies have been pursued together with innovative approaches to integration and
energy management which can be applied to a broad range of thermoelectric
(TE) materials.

A flexible demonstrator system was produced by developing a suitable installation
and connection technology, working with established bismuth and lead-telluride
material systems. At the same time, attention also focused on half-Heusler materials as
a suitable substitute for lead telluride on the high-temperature side. The key issue was
to obtain a positive substance bond between the TE material and the heat exchange
media, both on the cold and on the hot side. To this end, unimpeded contact should be
warranted between the heat exchanger and the TE material to the greatest possible
extent. Special measures took account of thermomechanical effects. The concept was
also extended for friction-locked installation to allow for the use of TE modules cur-
rently on the market.

The individual components and the complete demonstrator system were operated
and analyzed virtually by simulation and in real terms on a laboratory and engine test
bench as well as in the project vehicle.

These demanding project targets can only be achieved with a consortium that offers
interdisciplinary skills covering all necessary work steps from material development
via connection technologies and module production through to system production and
integration. The project includes seven partners from science and industry (see
Sect. 3.3) who had already been intensively involved with the issue of waste heat
recuperation before the project began. The partner were responsible for their particular
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section of the development scope according to their core expertise and technological
know-how.

This paper presents some of the project’s simulation and test results. Rather than
concentrating on the TEG itself, attention instead focused not just on the opportunities,
benefits and potential but primarily on the known drawbacks of the technology, such as
costs, weight, exhaust gas backpressure, auxiliary power consumption and recooling.
Experience gained during the project shows that it is possible to reduce the potential
weaknesses to an acceptable level with an optimum strategy, layout and design of the
TEG, thus clearing the way forward onto the automotive volume market.

The test vehicle for investigating the impact factors of a TEG on fuel consumption
consisted of a VW Golf GTI with 2.0 l displacement and an output of 147 kW. All
curves and values presented below are mean values obtained from several tests in each
case. The following changes to the standard vehicle were examined during the project:

• Increasing vehicle mass by +100 kg
• Narrowing the flow cross-section of the exhaust gas system to about 20 %
• Additional load of +900 W on the conventional generator
• Integration of a self-sufficient cooling system
• Operation without (standard) and with TEG

5 Conventional Generator

In contrast to commercial vehicles, passenger cars use a considerable share of their
drive power output as supply for the vehicle electrical system. Constantly growing
electrification of the vehicles will increase this share even further, despite greater
efficiency of future mechanical generators and electrical vehicle components. TEGs
supply electricity from heat. They boost efficiency directly via the electrical path
without additional conversion subject to losses (Fig. 7). Only the voltage needs to be
adjusted. Further conversion into mechanical energy is conceivable, but is put into
second place by the conversion losses. This is appropriate if the electrical energy
supplied by the TEG can no longer be absorbed because of insufficient demand from
the vehicle electrical system and when the accumulator is full. The prime aim for using
TEGs is to relieve the pressure on the mechanical generator powered by the combustion
engine. Furthermore, additional beneficial effects can be obtained by TEGs working in
combination with other vehicle systems.

Power generation in the vehicle is actually rather inefficient because of the need for
double conversion; the efficiency achieved depends greatly on the operating point of
the combustion engine and the claw-pole generator. On average, it is between 22 %
and 35 %, depending on engine speed and load, and can be far lower under unfavorable
operating conditions [12]. Power generation can easily account for more than 10 % of
engine output. In [13, 14], the additional fuel consumption from the added generator
load is put at 1 l/100 km for 1 kW generator load. Figure 8 gives a numerical esti-
mation for the additional fuel consumption in l/100 km and the relevant CO2 emissions
in g/km; this is then visualized on the basis of the additional fuel consumption
according to [15, 16] as a function of average vehicle speed and generator load.
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The four comparison cycles are marked according to their average vehicle speeds.
Many publications (see e.g. [17]) state as a general principle that power demand from
the vehicle electrical system is essentially independent from the cycle so that the
consumption effect should be evaluated in liters per second. For supercharged gasoline
engines, this is approximately 0.4 l/h for one kW electrical power. The route-related
consumption or CO2 reduction effect therefore decreases with increasing average
vehicle speed of the driving cycle, as shown in Fig. 8.

To gain a real impression of basic and normal load together with the maximum load
of the vehicle electrical system, preliminary tests were carried out with the standard
vehicle at two different operating points shown to Table 2.

No electrical consumers were switched on in the vehicle during the base load tests.
During the journey, the generator only had to provide the electrical power needed to
operate the engine. Typical electrical consumers were switched on for normal opera-
tion, while all the test vehicle’s electrical consumers were switched on for the maxi-
mum possible load on the vehicle electrical system.

Fig. 7. TEGs in the vehicle electrical system

Fig. 8. Additional fuel consumption/CO2 emissions as a function of average vehicle speed and
generator load
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Table 3 shows the additional consumption for adding +900 W to the base load. As
explained above, the higher generator load has a far greater impact on fuel consumption
in the WLTC than in the MW150 (Artemis Motorway 150) and fits in well with the
estimate given in Fig. 8.

As already mentioned above, the prime aim of a TEG is to relieve the mechanical
generator in order to save fuel and reduce CO2 emissions. Considerable potential is
seen particularly at low vehicle speeds and high power demand. This depends on the
TEG being offered adequate thermal energy with sufficiently efficient subsequent
conversion into electrical energy. However, this is not the case in the two EU
homologation cycles NEDC and WLTC, as clearly illustrated in Fig. 8. The mean
electrical power is relatively low here. To a limited extent, this can be counteracted by
optimum layout of the TEG for the respective cycle and with a corresponding energy
management system which decouples power generation and consumption in terms of
time. In this way, TEGs can make an important contribution to achieving the target
with kinetic and thermal recuperation covering all the vehicle’s electrical energy
demands for all conceivable modes of operation, using the combustion engine to
supply electrical power only as a reliable redundancy solution. Such solutions are
possible with hybrid drives.

6 Thermoelectric Generator

During the project, a modular TEG concept was devised among others and investigate
in the test vehicle. A diagram of the concept is shown in Fig. 9.

The TEG consisted of altogether ten modules, in two rows of five facing each other.
Two separately actuated servomotors controlled the flaps constantly as a function of
defined component temperatures and exhaust gas pressure loss.

Figure 10 shows the TEG fitted in the test vehicle. Commercially available mod-
ules were used in each case (oxides and chalcogenides). Each module was fitted with
temperature sensors on both the cold and the hot side to monitor the component
temperatures and to use the real module temperatures as input variables for parallel

Table 2. Generator power at two operating points using various consumers in the test vehicle

Basic load [W] Normal load [W] Maximum load [W]

Idling 162 359 999
125 km/h in 6th gear 198 401 1137

Table 3. Additional fuel consumption for (max.) load on the vehicle electrical system in two
different cycles (WLTC and MW150)

Additional load [W] Additional consumption [l/100 km]

WLTP (∅v * 047 km/h) 900 0.90
MW150 (∅v * 100 km/h) 900 0.47
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hardware-in-the-loop simulations. A self-sufficient cooling system was responsible for
recooling.

Figure 11 shows selected measurement variables for assessing TEG system
behavior compared to the standard vehicle for the WLTC. It is apparent that the
temperature difference over the TEG is higher than in the standard state already shortly
after starting the engine (max. 400 K). Even so, pressure loss over the TEG is almost
the same as the standard state. The bypass flaps only have to open in the last segment of
the WLTC. However, this is in order not to exceed the maximum surface temperature
of the modules, rather than as a result of elevated backpressure. Among others, two
effects are responsible for this positive behavior in terms of pressure losses. Firstly, the
flow rate is altogether on a low level, and secondly, the decrease in temperature over
the TEG reduces the pressure losses in the downstream parts of the exhaust gas system,
cf. [18]. This effect compensates for part of the anticipated higher pressure losses.

In the same fashion as Figs. 11 and 12 shows the measurement variables for the
MW150. The vehicle speed profile is clearly increased compared to the WLTC so that
the components heat up more quickly, while the temperature difference over the TEG
section is also clearly above the standard state (max. 480 K).

The additional flow resistance caused by the TEG also has a clear effect on pressure
losses at times, compared to the standard state. Compensating pressure losses by
reducing the temperature is only possible here to a limited extent. The bypass flaps also

Fig. 9. Schematic set-up of the TEG

Fig. 10. TEG fitted on the underfloor of the test vehicle
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have to open relatively early to protect the modules from excessive temperature. The
opening of the bypass channel is clearly indicated by the marked decrease in exhaust
gas temperature difference.

However, the total accumulation effect caused by the TEG exceeds 10 mbar only
briefly in strong acceleration phases and does not exceed this level at all for most of the
MW150. As indicated in Sect. 2.5 below, an increase in exhaust gas backpressure in
this magnitude is not seen to influence fuel consumption.

Figure 13 shows the HiL simulation results obtained during the vehicle trials for
virtual TE modules with PbTe (ZT * 1). It presents the curves for electrical TEG
power computed from the process data after deducting DC/DC conversion losses.

Fig. 11. Selected TEG measurement variables in the WLTC compared to the production
vehicle

Fig. 12. Selected TEG measurement variables in the MW150 compared to the production
vehicle
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In the NEDC, the maximum simulated TEG power increases to about 300 W in the
interurban segment, with mean power of approx. 47 W. The limited exhaust energy
available in the four urban phases of the NEDC results in only slow increases in
component temperatures. The first two phases of the WLTC (low and middle) show
similar behavior to the NEDC. In the last two phases of the WLTC (high and extra
high), there is a clear increase in the TEG power computed for PbTe, which is ascribed
to the higher energy available in the exhaust gas. The maximum value for electrical
power increases to about 400 W in the phase with the highest vehicle speed, with a
mean of about 125 W. In contrast to the NEDC, in the WLTC the temperature control
opens the bypass at the end of the cycle.

Driving cycles with higher average vehicle speeds, e.g. theMW150 or the BAB130
(ADAC Highway Cycle), offer greater heat, generating an adequate temperature dif-
ference at the TEG module. The maximum power output in the MW150 thus exceeds
460 W with a mean value of approx. 342 W. Actuating the bypass flaps limits the
component temperature of the modules at position 4 and 5 (Bi2Te3!), resulting in lower
power output. Without activating the temperature control, there would be more than
500 W of power here.

The BAB130 was always carried out as a warm start so that the simulated TEG
power exceeded 250 W already at the start. Electrical power during the cycle ranged
from 400 to 450 W, limited by controlling the maximum component temperature of the
last TEG modules. The lack of a cold start in the BAB130 results in a higher mean
power output of 417 W.

To summarize, it can be said that it was possible to verify the function of the
examined laboratory TEG and the implemented system concept. The TEG completed a
large number of operating hours in many different cycles and operating points, also
including high thermal loads. The measurement and simulation results have shown that
the electrical power to be gained with the TEG mainly depends on the TEG heating up
quickly and on the energy available in the exhaust gas. The thermal mass must be kept
as low as possible to quickly achieve an adequate temperature gradient over the TE

Fig. 13. Simulated electrical TEG power in various cycles
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modules, particularly in the homologation cycles. To a certain extent, the reduction in
temperature over the TEG can compensate for the just slightly higher flow resistance.
This depends on the operating point of the engine and the position of the bypass flaps.
Using suitable high-temperature modules would result in much later bypass control, if
at all. In this case, the bypass flap would only have to open briefly, e.g. to deal with
excessive backpressures or cooling loads. This would allow for simple design of the
bypass flap and its control, e.g. just as a single flap open/close solution.

The HiL simulation results obtained during the vehicle tests for virtual TE modules
with PbTe (ZT * 1) also confirm the good potential estimate for vehicles in the C/D
segment, which is where the test vehicle belongs. The achieved 125 W is only 17 %
below the target of 150 W for a C/D vehicle in the WLTC, thus confirming its
feasibility, especially in view of the fact that the laboratory TEG used in the project is
not optimized for the WLTC, particularly in terms of thermal mass. The mean power
output achieved in the MW150 is only 342 W instead of 465 W, due to the massive
intervention of the bypass control to protect the module, which is necessary.

7 Weight

The prime drawback of TEGs is that they make it very difficult to avoid an increase in
weight. Consistent lightweight design is the only chance for minimizing the additional
weight, with the TEG integrated in existing parts of the exhaust gas system or even
substituting for them. A rough overview shows that system weights of between 5 and
25 kilograms must be expected for cars, depending on the configuration concept,
design and power output.

Both theory and practice show that every additional weight in the vehicle increases
fuel consumption. The mass of the vehicle impacts on three of the four rolling resis-
tances, see Fig. 14.

Fig. 14. The influence of mass on rolling resistances of the project vehicle [20]
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Mass-related acceleration resistance is one of the biggest problems, given its
dominant influence on consumption. Literature gives various indications and general
rules for additional fuel consumption caused by added vehicle weight. According to
[19] for example, 100 kg of additional vehicle weight increases fuel consumption by
0.4 l/100 km. According to [15], published values indicate between 0.3 and
0.7 l/100 km for 100 kg. In many cases, these values are just estimated. There is no
physical derivation, nor is anything said about the mode of operation or driving profile.
Strict attention must be paid to the boundary conditions for such “indicative values” in
view of the significant impact of mass on fuel consumption.

According to [21, 22], the computed additional consumption for 100 kg of added
weight in the NEDC, for example, is only about 0.137 l/100 km. In [15], a value of
0.15 l/100 km is obtained for a vehicle with supercharged gasoline engine and 1300 kg
in the NEDC, and 0.23 l/100 km for a modified, more dynamic NEDC. This under-
lines the great impact of driving dynamics in terms of the frequency, duration and
amount of vehicle speed changes.

The dynamics factor of a driving cycle as explained in [23] provides a very helpful
description of the dynamics of driving maneuvers, showing that consumption due to
added vehicle weight increases with driving dynamics. Figure 15 illustrates this rela-
tionship for constant alternator efficiency. It shows the additional consumption for a
reference vehicle together with the increase in CO2 emissions caused by 10 resp. 25 kg
added vehicle weight (future TEGs will probably be within this weight range) based on
the dynamics factor of a dozen scientific and homologation-relevant cycles as well as
five customer cycles. The four cycles always used for comparison and assessment in
the TEG2020 project are marked. According to Fig. 15 for example, a TEG with 10 kg
added weight causes additional consumption of 0.018 l/100 km with emissions of
approx. 0.42 g CO2 per kilometer in the WLTC, corresponding to a weight factor of
0.042 g CO2/km per kilogram.

Fig. 15. Fuel consumption and CO2 emissions in relation to the dynamics factor according to
Prof. Helling [23] in the viewed cycles for 10 and 25 kg additional weight
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From 2020 onwards, the permissible CO2 emissions of a manufacturer’s fleet of
new vehicles must be calculated using the formula [24]

CO2j specified ¼ 95þ 0:0333 � ðm� m0Þ ð1Þ

whereby m is the vehicle mass and m0 the average mass of new passenger cars in the
last three years. Here the weighting factor is chosen so that 1 kg of additional weight
increases the limit value by 0.0333 g CO2/km (up to 2020: by 0.0457 g CO2/km).
According to [16], the weight factor Dm used to define the CO2 correction amount in
g CO2/km obtained from the mass change of a vehicle after installing a system in the
context of ecological innovation is calculated with the formula used there

DCO2j correctionamount ¼ 0:0277 � Dm ð2Þ

to obtain a value of just 0.0277 g CO2/km per 1 kg additional weight for vehicles with
gasoline engine.

Measurements on the roller dynamometer in the WLTC resulted in additional fuel
consumption of 0.28 l/100 km for 100 kg added weight. The real values are above the
computed values, which is ascribed mainly to the real-life additional consumption of
the respective engine in l/kWh.

In any case, the success of a measure depends significantly on the lightest possible
design and a sophisticated integration concept, minimizing extra weight as far as
possible. In the WLTC, every kilogram of additional weight has to be compensated by
a good 2 W generator relief.

8 Exhaust Gas Backpressure

The relief for the conventional generator that can be achieved with the TEG depends on
how effectively the hot side of the TEG is connected to the heat source. The exhaust
system has to be fitted with a heat exchanger that is rated to withdraw a sufficiently
large heat flow from the exhaust gas to convey it over the TE modules. The heat
exchanger must be designed for transferring a large quantity of heat, as well as min-
imizing pressure losses in the exhaust gas system. A heat exchanger with a large
effective surface improves heat transfer to the TEG but also increases the backpressure
level. On the other hand, a small heat exchanger surface reduces repercussions on the
charge cycle processes in the combustion engine, but has only a small heat flow to be
withdrawn from the exhaust gas. This trade-off is solved by an effective exhaust gas
heat exchanger that withdraws the necessary amount of heat from the exhaust gas while
minimizing the increase in exhaust gas backpressure.

A TEG with its necessary heat transfer structure constitutes an additional flow
resistance in the exhaust gas system. Pushing the exhaust gas out of the cylinder against
a higher level of pressure has a negative impact on the charge cycle; the higher residual
gas level in the combustion chamber leads to increased fuel consumption if the same
effective power output is to be produced [25–27] indicate that if there is only a slight
increase in the exhaust gas backpressure, it is not possible to say anything reliable
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about the relationship between increased pressure level and fuel consumption. It is only
possible to make a rather general statement at engine operating points with high
exhaust mass flows and backpressure increases above 250 mbar.

In order to assess the impact on fuel consumption of an additional throttling point,
the original diameter of the exhaust pipe (56.3 mm) was reduced to 35, 30 and 25 mm
(throttles 1 to 3). As a general rule, the higher the engine operating point and thus the
mass flow and temperature of the exhaust gas, the greater also the pressure losses over a
defined segment. Figure 16 shows this behavior in real measurements. The pressure
losses are indicated both in the standard state and also for the three throttles in three
different constant exhaust gas mass flows.

Figure 17 shows the measurement results for the three exhaust throttles in the
WLTC. The WLTC with its mainly lower engine operating points and therefore lower
exhaust gas mass flows has comparatively low pressure losses, mainly below 50 mbar.

Fig. 16. Percentage change of flow cross section and exhaust gas pressure losses over the TEG
segment with the throttles in constant operating points

Fig. 17. Comparison of pressure losses over the TEG segment with the different throttles in the
WLTC
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It is only in the strong acceleration phases and the last segment of the WLTC that the
exhaust gas pressure loss over the TEG segment with throttle 3 comes close to or
briefly exceeds a value of 100 mbar. The maximum value is about 180 mbar.

The higher speeds in the MW150 also result in higher engine load points, reflected
in higher mass flows and higher exhaust gas temperatures with far larger pressure
losses. The measurement results with the three throttles are shown in Fig. 18. When
throttle 3 is used, pressure losses exceed 100 mbar for an extensive part of the driving
cycle and reach a maximum value of approx. 620 mbar.

Table 4 shows the relative additional consumption rates compared to the produc-
tion vehicle and the mean pressure losses over the TEG segment in the WLTC and
MW150 when using throttle 3. The very slight consumption increase of 0.2 % in the
WLTC clearly shows that even when the smallest throttle is used, there is no clear
influence on fuel consumption. By contrast, in the MW150 the additional consumption
is clearly visible with 2.9 %.

To summarize, it can be said that only a drastic reduction in the cross section results
in a significant increase in fuel consumption. However, the measurements obtained
with the TEG used in the project indicated that it is possible to minimize the pressure
increase with a suitably rated module which therefore also has only a very low impact
on fuel consumption.

Fig. 18. Comparison of pressure losses over the TEG segment with the different throttles in the
MW150

Table 4. Relative additional consumption compared to the production vehicle and mean exhaust
gas pressure loss over the TEG segment in the WLTC and MW150 with exhaust throttle 3

Additional consumption [%] Mean pressure loss [mbar]

WLTC 0.2 24
MW150 2.9 102
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9 Auxiliary Power Consumption

In order to be able to make a reliable statement about the real benefit of a TEG and to
produce an energy balance, due consideration has to be given not just to all effects on
engine and vehicle but also to all additional consumers needed to operate the TEG,
such as water pump, exhaust flap actuator and voltage converters. The additional power
needed by these components depends greatly on the overall concept and the respective
mode of operation, so that the following calculation is only intended to give a quali-
tative overview. The electrical consumers are estimated with reference to the TEG used
in the TEG2020 project. Here the focus was on functional capability and safety with the
greatest possible variability in the overall system, and not on optimizing the cooling
system or each individual consumer. However, the holistic design of a TEG for a target
system must presume various potential optimizations for minimizing “power
consumption”.

A look at the overall progression of the WLTC shows that with consistent, opti-
mized layout of the system, the additional consumers such as servomotors or water
pump only need to be used when absolutely necessary, thus minimizing their ON times.
Minimum coolant circulation is sufficient during the cold start and in the urban and
interurban cycle. A constant increase in pump power to 100 % is only necessary for
higher loads. The same strategy also applies to the servomotors. They are only needed
briefly to deal with a high heat supply and when the system exceeds the limits for
module temperature, exhaust gas backpressure and cooling system load. Otherwise
they remain inactive and de-energized. Their power consumption is irrelevant in terms
of energy balance.

The efficiency of the power converters depends on the operating range of the TEG
as a function of the transient heat supply from the consumption engine. A high con-
version rate therefore depends on optimum rating of the system layout according to the
anticipated range. (The efficiency of the DC/DC converters is taken into account in the
results shown in Fig. 13!)

In Fig. 19, the real pump power (taking account of efficiency) from vehicle mea-
surements is entered for the coolant temperature range 25 °C (left edge) to 60 °C (right
edge). This shows the necessary pump power for the overall system and also pro-
portionately for the TEG itself. The TEG is clearly seen to account only for a small
share of the required pumping capacity. The remaining cooling circuit with hoses,
recooler and various sensors has a far greater impact. The required power can certainly
be halved in the range of 20 to 25 V by intelligently connecting the TEG coolant circuit
to the engine coolant circuit, or at least by optimizing the separate coolant circuit. The
required power is reduced by giving due consideration to the fact that the water pump is
only on for about half the time.

Finally, it can be said that while the additional electrical consumers reduce the
power obtained, this is to a far lesser extent than often presumed. With intelligent rating
and usage of existing resources as well an ideally calibrated DC/DC converter, a
potential estimate can work on the basis of auxiliary power consumption in the TEG
between 10 % and maximum 15 % of the converted electrical power, referred to the
mean electrical power in the WLTC.

Thermoelectrics – An Opportunity for the Automotive Industry? 137



10 Recooling

Besides the quality of the TE material’s thermoelectric characteristics, it is also nec-
essary to have a sufficiently large temperature gradient between the hot and the cold
side in order to drive corresponding electrical power with the TE modules. The
vehicle’s exhaust gas acts as heat source. The heat sink in the vehicle consists, for
example, of the separate, possibly available low-temperature cooling circuit or the
engine cooling system, which absorbs the heat flow over the TEG and dissipates it via
corresponding radiators back to the surroundings.

Depending on the TE material being used, the application and the possibilities in
the vehicle, it is necessary to estimate to what extent reducing the coolant temperature
will generate a further economic advantage in the overall system. Not every temper-
ature reduction will always generate the desired effect. Usually it will be sufficient to
“simply” connect the cold side of the TEG to the engine cooling system. Table 5 shows
the gained power of the TEG as a function of coolant temperature for Bi2Te3 and PbTe,
based on 90 °C coolant.

If the temperature level of the engine cooling system is adequate, the question
arises whether this can absorb or recool the additional heat input from the TEG.
According to [28], the maximum cooling capacity of modern cooling systems is rated
for representative operating states. These include driving states with high heat input
into the cooling system, such as long highway journeys at top speed or driving uphill
with maximum payload and towed weight. Rating the cooling system to this high
cooling demand means that it will be over-dimensioned for the predominant driving
states, depending on the layout strategy pursued by the OEMs.

Fig. 19. Electrical pump power at 25 °C and 60 °C coolant temperature for the entire cooling
circuit and proportionally for the TEG

Table 5. Influence of coolant temperature on the power generated by the TEG

Coolant temperature Power gain Bi2Te3 Power gain PbTe

10 °C +88 % +23 %
50 °C +45 % +11 %
90 °C 0 % 0 %
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Figure 20 shows the ratio of engine cooling demand to maximum possible cooling
capacity of the vehicle radiator, illustrated with a mid-range vehicle. The values were
defined for road part-load points when driving on the flat in 3rd to 6th gear and up to a
speed of 200 km/h. It can be clearly seen that when driving on the flat up to 160 km/h,
the cooling system of the example vehicle is only operating at up to approx. 50 % of its
maximum capacity. With a corresponding layout strategy, the standard cooling system
can therefore certainly cope with the additional heat input from the TEG. At operating
points with high cooling demand, the TEG system has to be bypassed on the exhaust
side to minimize the additional heat input and prevent overload on the cooling system.
Taking the TEG system into account at an early point in the vehicle development is
therefore an advantage.

Figure 21 shows the ratio of the heat flows in the project vehicle at various
constant-speed driving points. On the one hand, it features the heat flow dissipated via
the vehicle radiator to the surroundings. On the other hand, it also indicates the heat
flow entering the separate cooling circuit from the TEG, with values at various vehicle
speeds in 6th gear.

The higher cooling demand from the engine triggered by the road resistance that
increases with speed can be clearly seen in the diagram. The higher engine operating
point also increases the energy supply in the exhaust gas, so that there is a greater heat
input from the TEG into the separate cooling system. As soon as the bypass control
intervenes so that part of the exhaust gas mass flow bypasses the TEG, the coolant heat
flow stagnates with practically no further increase. For the project vehicle with the
examined TEG concept, the TEG results in additional cooling capacity demand of up to
25 % of the engine cooling demand, with the maximum value at low load points where
the bypass is still completely closed. At higher load points, the TEG heat flow
decreases continuously in relation to the overall cooling demand of the engine.

Fig. 20. Coolant heat flow of an engine relative to the maximum possible heat flow of the
radiator (road part-load in 3rd to 6th gear on the flat at inlet temperature difference = 70 K)
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Comparing these values with the findings from Fig. 20 leads to the conclusion that
the production cooling system is definitely capable of coping with the additional heat
input from the TEG into the coolant in most driving states. This depends on optimum
integration of the TEG in the cooling system, which can be achieved by including the
TEG early on in the development process of a new vehicle.

11 Summary

A TEG that feeds mean net electrical power of 150/250/400 W (depending on the
reference vehicle) into the vehicle electrical system, thus relieving the conventional
generator, is capable of achieving 2 to 3 % fuel savings in the WLTC. With savings in
this magnitude, the technology offers vehicle manufacturers a successful means of
coping with their CO2 deficits.

Although devised as a laboratory generator that has not been designed specifically
for the WLTC and assessed only with provisional material (PbTe), the project TEG in
the project vehicle (C/D) already produces 125 W. When rated accordingly for the
WLTC with current or future TE materials, configuration and connection technologies
respectively TE modules in suitably optimized concepts and designs, TEGs in vehicle
quality will achieve the necessary conversion rates by 2020.

The challenges still posed by the technology are also manageable. Costs of less
than € 50 for every gram of CO2 saved per kilometer and vehicle, respectively less than
€ 1 per watt of net electrical TEG power should be sufficient to clear the way ahead for
this technology into the automotive world. Without doubt, these cost targets are a huge
challenge for many manufacturers of TE materials, modules and components. How-
ever, they are the entrance ticket to the mass market of the automotive industry and
there are many different possibilities of achieving them.

Payback directly at the fuel pump is still unsatisfactory for the normal user, but
certainly achievable for frequent drivers and commercial users. The weight has a

Fig. 21. Coolant heat flows over engine radiator and TEG system in the test vehicle
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critical impact because of its inevitability. On the other hand, this can be managed with
consistent lightweight design and intelligent installation concepts. No drawbacks are
anticipated from the exhaust gas backpressure, as long as the system uses an exhaust
gas heat exchanger with a suitable, optimized design. A suitable heat exchanger design
in a system with intelligent coolant and exhaust gas management also keeps auxiliary
power consumption low. Voltage adaptation with a DC/DC converter is necessary on
account of the TEG’s characteristics, and reduces the net power. However, suitably
designed converters will keep this in the single-figure percentage range. In a correctly
devised and rated system, cooling is not a critical aspect. There are many options here
which in some cases even offer secondary effects that compensate for the negative
impact on the vehicle as a whole.
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Abstract. City busses and coaches are typically ventilated with high fresh air
rates without monitoring of air quality according to recommendations and
requirements of associations of public transport companies. The air quality of
cabin air regarding humidity and CO2-concentration depends however on the
number of passengers. Hence the air quality of the ambient air could be monitored
and air conditioning units could be switched on re-circulation air, which is called
here “monitored fresh air rate”. Average occupancy of city busses is 30 %. This
means the cabin will be ventilated with a surplus of about 70 % of the required
fresh air. This causes a high energy consumption which could be saved. The aim
of this work is the monitoring of the cabin air quality with the help of sensors and
development of appropriate control algorithms that could reduce energy con-
sumption without any impairment of safety, comfort, stress and health.

Keywords: Busses � Fresh air rate � Air quality � Cabin humidity � CO2-
concentration � Control algorithms

1 Current Situation

The air quality in busses influences passenger comfort and health conditions. Fur-
thermore, air quality also affects safety aspects such as fogging of wind shield and
increased driver’s stress at uncomfortable conditions.

Therefore high air exchange rates are recommended or requested for cabin air by
VDV (Association of German Transport Companies) [2] for city busses, with 15 m3/h
per passenger, and by GBK (Quality Association of Bus Comfort) [3], with a 75-times
per hour air exchange for parked coaches for quality levels 3–5.

Based on these overall requirements current ventilation of busses is carried out
independently of the number of passengers, assuming instead full occupancy. The
number of transported passengers varies very widely in the course of the day, with
average occupancy of 30 % in city busses. This means, in most times energy is wasted
with heating and cooling fresh air that actually is not needed to desired temperatures.
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2 Motivation and Objectives

Increased requests of customers to reduce fuel consumption and also the European
commission’s communication COM(2014) 285 “Strategy for reducing Heavy-Duty
Vehicles’ fuel consumption and CO2-emissions” [4] make it necessary to develop
solutions for commercial vehicles with reduced fuel consumption and thus reduced
CO2-emissions.

Besides optimization of the primary power train, fuel consumption reduction of the
secondary consumers is getting increasingly attractive. Here aggregates for heating and
air conditioning of passenger compartments are the largest secondary consumers.

There are different known concepts to improve the cooling and heating perfor-
mance. Reducing the fresh air rate in to the vehicle cabin depending on the number of
passengers (and hence the air quality) is a possibility with a performance improvement
high potential.

The actual thermal load by external and internal effects can be controlled also by
re-circulating air, if the quality of cabin air is controlled simultaneously.

City busses are particular interesting for energy efficient ventilation because their
occupancy widely varies between 0–100 % throughout the day, and with an average
occupancy of about 30 % included rush hours. Besides different level of occupancy,
door opening phases can are influencing cabin air conditions significantly. Moreover,
external conditions can change very quickly due to mobility of the bus, and these can
influence cabin air conditions. Energy efficiency of city busses is besides environmental
aspects a specific requirement of public transport companies.

3 Monitoring Parameter and Control Algorithms

The most relevant monitoring parameters of air quality are the air humidity and the
CO2-concentration of the air. The concentration of harmful gases from ambient air, e.g.
exhaust gases, hydrocarbons, etc. will be detected by external air quality sensors and
the gases will be refrained from the vehicle cabin by filters or by flap switching to
re-circulation air. The cabin humidity content and CO2-concentration is hence directly
influenced by number of passengers. The CO2-concentration is also a good indicator
for estimating bus occupancy, since passengers are generally the sole source of CO2-
emissions within the bus [14].

Every passenger breathes out a CO2-volume flow of 12–20 l/h depending on the
level of activity, and water vapor up to 65 g/h depending on the temperature [9, 13]
(see Fig. 1). Additional humidity is added to the cabin by clothes, etc. This needs to be
removed from the cabin or reconditioned in order to maintain the acceptable limits of
comfort, health and safety and to meet legally required maximum limits.

With a concentration about 400 ppm CO2 is a natural content of ambient air [14].
A rising CO2-concentration increases the discontent of passengers. Even at an allowed
CO2-concentration about 2000 ppm the discontent increases to over 40 % [8] (see
Fig. 2).

High CO2-concentrations in vehicle cabins can cause health issues from indispo-
sition up to critical state of health like sickness, headache and difficulties in
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concentrating and – even up to unconsciousness. Therefor there have been CO2-limits
defined by Pettenkofer, DIN EN 13779 and ASHRAE 62-2001. According to
Pettenkofer, the air quality in living spaces is excellent up to 1000 ppm. This limit
cannot be transferred readily to vehicles due to specific differences. DIN EN 13779
requires a limit about 1500 ppm. According ASHRAE 62-2001, a CO2-concentration
of 2000 ppm is allowed at working places for 8 h [5–7, 12] (see Fig. 3).

Fogging on the wind shield due to high moisture content is safety relevant. In
addition, humidity affects passenger comfort in the cabin. The higher the air temper-
ature, the lower is the upper threshold for relative humidity with respect to comfort [2]
(see Fig. 4).

Ambient conditions of a vehicle can change very quickly due to its mobility and
hence the comfort level in the vehicle cabin, e.g. after entering a tunnel from a sunny
ambient, or due to changing solar radiation because of shadowing or by changing of
driving direction, which can change the temperatures of vehicle glasses, as well as the
relative humidity in the cabin.

Fig. 1. Human heat and moisture exhalation at rest without solar radiation [9]

Fig. 2. Discontent depending on CO2-concentration above ambient air concentration [8]
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4 Control Algorithms

While the CO2-concentration in a bus cabin - according to the state of art - can only be
influenced by controlling the amount of fresh air [11], the humidity of the cabin air can
be effected by both fresh air ratio or reheat. Reheat is used in combination with low air
volume flows and energy-intensive condensation of water vapor of the air. Instead, if

Fig. 3. CO2-concentration depending on fresh air rate and compared to different standards [5–7]

Fig. 4. Comfort zone depending on temperature and relative humidity [2]
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pure fresh air is used for controlling air humidity, high air volume flows are required
and condensation does not take place.

Therefore, control algorithms for energy-efficient monitoring of the fresh air rate
are required, which account for conditions within and outside of the cabin. In this work
ambient temperatures are split into four characteristic ranges (see Fig. 5). For these
control algorithms differ considerably due to the differences in external conditions.

In cold seasons with temperatures below 3 °C the humidity and CO2-concentration
is advantageously controlled by monitoring the fresh air rate, since reheat thermody-
namically and due to icing risk of the evaporator is not attractive in this operating
regime.

In transitional seasons (spring and autumn) at temperatures between 3 °C and 18 °C
the air can contain high humidity, which could be insufficient dehumidifying the cabin
air. In these cases and at sudden fogging of the wind shield, e.g. due to quick changes of
conditions as a result of mobility, a reheat-operation could be needed inevitably.
Additionally the CO2-concentration of the cabin air needs to be considered. This tem-
perature range is most interesting for energy optimization.

In the temperature range of 18–22 °C pure ventilation can be sufficient, if the
internal and external thermal load can be balanced with this and the fresh air rate can be
adjusted up to maximum. Therefore this range is not very relevant for an energetic
optimization by controlling the fresh air rate.

In warm seasons over 20 °C the fresh air rate will be controlled depending on
comfort considerations related to cabin humidity and CO2-concentration, while fogging
of the wind shield is not relevant.

In cooperation with Kempten University of Applied Sciences within a diploma
thesis [1] (see Fig. 6), control algorithms for energy-efficient control of fresh air rates
have been derived from process simulation depending on changing internal and
external air conditions. By using of these simulations, fuel consumption was analyzed
under realistic operating scenarios. The results show a high fuel consumption reduction
potential by applying fresh air control strategies.

Fig. 5. Temperature ranges
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5 Comparison and Energy-Efficiency

Because of manifold factors which can impact ambient air conditions, especially in city
busses, fuel consumption reduction by controlling fresh air rates can be reliable
determined only by real measurements. For this purpose, MAN Truck & Bus AG has
provided a customer bus with related sensors for field monitoring to determine the
effect of different operating conditions like school holidays, weekends, rush hours,
early and late drive services, different ambient conditions and other external influences
like shadowing, tunnel driving, etc.

The city busses operate 20 h from 5:00 o’clock in the morning until 1:00 o’clock in
the night with an annual mileage of about 60,000 km and an average speed of 16 km/h,
whereby an average distance between two stops is 450 m and the average driving
distance of passenger is about 4.5 km [10].

For this work representative data of three temperature ranges of weekdays were for
further analysis. Presently MAN controls the fresh air rate only depending on ambient
temperature, whereby the fresh air rate is reduced at extremely low and high temper-
atures in order to reach the desired temperature. Instead the new control strategy is
controlling the fresh air rate by monitoring air qualities.

Fundamental the energy consumption will be determined by the internal load, solar
radiation and the ambient temperature (thermal load and conditioning of fresh air), and
by this the amount of fresh air.

The first case (see Fig. 7) investigates operation of a city bus during warm seasons
(summer) within temperature ranges between 25 °C and 33 °C. During the day the
temperatures increases up to 33 °C, while the ambient relative humidity changes little.
Between 14:00–18:00 o’clock at high ambient temperatures the current control unit

Fig. 6. Temperature ranges and control algorithms [1]

152 K.-E. Yildirim et al.



reduces the fresh air rate to reach the desired temperature of the cabin. Nevertheless the
energy consumption is high due to high ambient temperatures. Both the current and
new (monitored) control strategies have most similar fuel consumption in phases of
high occupancies (about 8:00 o’clock and 18:00 o’clock). On the typical summer day
shown, the potential of fuel consumption reduction is on average about 0.68 l/h which
is comparably high, whereby the COP-values of the air conditioning unit are in average
about 2.5.

The second case (see Fig. 8) analyses operation during transitional season (spring
and autumn) with a temperature range between 9 °C and 19 °C. The current control
unit does not reduce the fresh air rate due to moderate temperatures. Nevertheless the
fuel consumption is comparatively low, but with a high potential for fuel consumption
reduction of on average 0.35 l/h, which is proportionally high due to a low COP of
about 0.8 of the auxiliary heater.

The third and last case (see Fig. 9) represents a cold season (winter) with a tem-
perature range between −14 °C and −6 °C with relative harsh ambient conditions. The
current control unit de-throttles the fresh air rate with increased ambient temperatures.
In early hours the controlled (monitored) fuel consumption gets close to those of the
current control unit due to high occupancy of the city bus and high throttling of fresh air
rates by the current control unit. At such a winter day the potential for fuel consumption
reduction is on average 1.09 l/h, which is highest due to a low COP of auxiliary heater
of 0.8 and due to big temperature differences between ambient and cabin temperatures.

Fig. 7. Summer case
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Fig. 8. Transitional season case

Fig. 9. Winter case
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6 Annual Consideration

For estimating the potential for fuel consumption reduction different vehicles types
need to be considered: diesel, hybrid and battery. The mixed type hybrid is however
not considered in this investigation.

The most significant difference of potentials between of diesel and battery busses is
in the temperature range of 10–18 °C, because heat demand is satisfied by engine heat
for the diesel busses, while the battery busses need extra energy of their batteries.

The highest potential of fuel consumption reduction is at temperatures below18 °C:
In winter below 3 °C due to big temperature differences of 17 K or more between
ambient and cabin temperatures, and during transitional season of 3–18 °C due to the
high occurrence of these temperatures with 60.9 % (see Fig. 10). The effect is
increased by the low COP of the auxiliary heater of 0.8.

The results show the potential for fuel consumption reduction of about 3.4 % for
diesel-city busses and of 4.6 % for battery-city busses.

This could be translated into a reduction of the annual fuel consumption of 750–
1000 l depending on the bus type.

7 Summary and Outlook

The results show the high potential for fuel consumption reduction by controlling the
fresh air rate, especially in city busses with an average occupancy about of 30 %.

The reduction of energy consumption in seasons with heating demand is highly
relevant especially for electrified vehicles (battery-city busses) because of the impact on
driving range and battery capacity.

If a heat pump is used for heating, the potential for fuel consumption below 18 °C
is reduced correspondingly.

The position of the CO2-sensor is important for determining the correct CO2-
concentration and hence the energy reduction potential, which can be relevant for

Fig. 10. Fuel consumption reduction
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future further investigations. There are spots within the bus with low air exchange und
correspondingly high air aging. A CO2-sensor placed in the recirculation air measures
average CO2-concentrations risking that not allowed high CO2-concentrations in bus
areas with high air aging are insufficiently detected.

These potentials for fuel consumption reduction could be further improved by
individual or zonal air conditioning with corresponded sensors.

The monitoring and controlling of fresh air rates is also compatible with the latest
recommendation of VDV, which is valid from 2017. Furthermore it is able to fulfill the
expected directions of the European Commission with respect to future regarding CO2-
emission.
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Abstract. In this paper is explained how the efficiency of refrigeration cycles
and in particular those with carbon dioxide (CO2, R744) as refrigerant can be
augmented by use of an ejector. Special emphasis is put on the exposure of CO2

as a safe and environmental friendly working fluid – making it a promising
candidate to replace today’s standard refrigerant in the automotive field tetra-
fluoroethane (R134a), which is about to be banned within the European Union
for mobile applications.
The working principle of ejectors as well as their operational behaviour is

described. Furthermore an approach to quantify ejector efficiency is presented.
Different classes of refrigeration cycles with ejectors are introduced and an
automotive application example from an ongoing research project is described in
detail: It is shown how an ejector can be fruitfully put into place in charge air
cooling.

Keywords: CO2 � R744 � Ejector � Refrigeration cycle � Charge air cooling

1 Introduction

Refrigeration systems are mayor contributors to both direct and indirect greenhouse gas
emissions. Direct emissions are linked to leakage whereas indirect emission arise from
the provision of driving energy for the system. In order to lower the greenhouse gas
emissions both emission types have to be taken into account.

Direct emissions can be reduced by minimising leakage or by using refrigerants
with a low GWP (Global Warming Potential). In this regard the natural refrigerant CO2

is a good choice. It has a low GWP of one and is furthermore nontoxic as well as
non-flammable in contrast to other natural refrigerants like ammonia or propane. Its
rather high evaporation enthalpy makes it an interesting choice for mobile applications.
Pipe cross-sectional areas can be chosen smaller in comparison to cycles with refrig-
erants with higher evaporation enthalpy. One mayor shortcoming of CO2 systems is
however the low exergetic efficiency at high ambient temperatures due to higher
expansion losses in the throttling valve of conventional refrigeration cycles in com-
parison to other refrigerants. Lucas (2015) has shown that the specific expansion losses
with respect to the compression work for a conventional refrigeration cycle with CO2

as working fluid can reach 35% in dependence of the inlet temperature of the expansion
valve. Those losses are about 10% lower for an R134a cycle, while the other specific
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cycle losses are more or less of the same order. Hence a reduction of the expansion
losses is desirable and key to the competitiveness of CO2 refrigeration systems. The
expansion losses can be recovered and thus the system efficiency ameliorated by means
of ejectors. A refrigeration cycle with an ejector is shown in Fig. 1. The ejector has a
high and a low pressure inlet for the working fluid which is mixed and then decelerated
in order to achieve a pressure rise at the outlet and to relief the compressor as a
consequence.

The potential benefit of the application of ejectors in refrigeration systems has been
subject to extensive research. Major improvements of the system efficiency which is
characterised by the COP (Coefficient of Performance) were shown numerically among
others by Fiorenzano (2011) and Jeong et al. (2004). Elbel et al. (2012) derived
numerically form experimental data a COP increase of up to 7% compared to an
expansion valve refrigeration system including an Internal Heat Exchanger (IHX). Lucas
and Koehler (2012) were able to demonstrate experimentally a COP increases of up to
17% for an ejector refrigeration cycle compared to an expansion valve refrigeration cycle.

2 Ejector Devices

Before reviewing ejector devices it is important to notice that ejectors were initially not
developed for pressure recuperation in refrigeration cycles. The first ejector invented
and patented by Henry Giffard was intended to pump liquid water to the reservoir of
steam engine boilers. This was achieved by condensing the high pressure steam and
using the created vacuum to suck water. Other applications described by different
authors were comprehensively collated by Elbel (2009) among them a gas-liquid
reactor to mix two different fluid streams reported by Elgozali et al. (2002).

As a result one finds many alternative expressions for the term ejector such the term
injector, eductor, diffusion pump, aspirator, or jet pump depending on the application.
If one restricts oneself to single fluid ejectors, they can be classified according to a
proposal of Elbel (2007) like in Table 1.

Fig. 1. Refrigeration cycle with ejector
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The vapour jet ejector and the two-phase ejector can be encountered in refrigeration
cycles. The first ejector for refrigeration purposes was according to Elbel (2009) a
vapour jet ejector proposed by Leblanc in 1910. Because of the vast availability of steam
at the time the so-called steam jet refrigeration systems spread widely for the climati-
sation of large buildings and railroad cars. The first two-phase ejector was introduced by
Gay (1931) in order to achieve indeed the aforementioned reduction of throttling losses.

The idea of using CO2 as refrigerant goes as way back as the ejector itself as Elbel
(2007) elaborates. The use of CO2 as refrigerant was first patented by Alexander
Twining in 1850. Its application in refrigeration systems for ice production was patented
by Thaddeus Lowe in 1867. Refrigeration with CO2 remained of importance in ice
production, beer breweries, and in cargo ship refrigeration until the beginning of the 20th

century. The refrigerant CO2 was then outed by synthetic refrigerants such as R134a and
only rediscovered in the late 1980s in the context of transcritical air-conditioning sys-
tems including ejectors along with the emerge of environmental awareness.

2.1 Working Principle

The basic four components of an ejector are equal for all ejectors types given in
Table 1: They consists of a motive nozzle and a suction nozzle, a mixing chamber and
a diffuser as shown in Fig. 2.

Table 1. Classification of ejectors according to Elbel (2007)

Type Driving
flow

Driven
flow

Exit flow Remarks

Vapor jet Vapor Vapor Vapor Two-phase flow can occur, shock
waves possible

Liquid jet Liquid Liquid Liquid Single-phase flow without shock
waves

Condensing Vapor Liquid Liquid Two-phase flow with condensation of
driving vapor, strong shock waves

Two-phase Liquid Vapor Two-phase Two-phase flow can occur, shock
waves possible

Fig. 2. Ejector components, Tischendorf et al. (2010)
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In the motive nozzle the pressure energy of the driving flow is converted into
kinetic energy. In case of gaseous or vaporous fluid at the inlet the motive nozzle is
often realized as a converging-diverging nozzle allowing supersonic discharge veloc-
ities. As far as two-phase ejector are concerned the phase change of the primary flow
inside the nozzle might be delayed due to thermodynamic and hydrodynamic
non-equilibrium effects leading to flash vaporisation downstream.

The sucked fluid is accelerated and directed inside the suction nozzle which both
contributes to the reduction of hydrodynamic losses. Large velocity differences
between the driving and the driven flow cause shearing losses whereas a too steep angle
of the sucked flow with respect to the driving flow are connected with losses due to
deflexion and areas of recirculation in the mixing chamber.

When entering the mixing chamber the driving flow post-expands and entrains the
sucked flow by transferring momentum. The mixing chamber can either be designed
with constant cross-sectional area or conical geometry in order to achieve mixing at
constant pressure. The expansion of the driving flow can be connected with the creation
of a fluidic throat in which the sucked flow is further accelerated to sonic velocity.
Within the mixing chamber one can usually observe shock waves that lead to a sig-
nificant first pressure rise and the deceleration of the flow to subsonic velocity.

A further deceleration and pressure rise respectively is achieved by means of the
subsonic diffuser. The pressure at the outlet of the diffuser lies in general in between
those of the driving and the driven flow. Though there are designs and operating
conditions under which the pressure at the outlet rises above the pressure of both inlets.

2.2 Operational Behaviour and Efficiency

The operational behaviour of an ejector is mainly characterized by the recuperated
pressure DpRec or the suction pressure ratio P and the mass entrainment ratio /. The
recuperated pressure is the difference between the pressure at the diffuser exit and the
pressure of the suction flow entering the ejector

DpRec ¼ pe � ps; ð1Þ

whereas the suction pressure ratio is defined as the pressure ratio at the diffuser exit
pressure to the pressure of the suction flow entering the ejector

P ¼ pe
ps

¼ DpRec
ps

þ 1: ð2Þ

As is derived in Eq. (2) both expressions (1) and (2) contain the same information
and can therefore be exchanged. The recuperated pressure is dependent on the
entrainment ratio which is defined as the ratio between the entrained and the driving
mass flow
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/ ¼ _ms

_md
: ð3Þ

Augmenting the driving mass flow results in lower entrainment but better pressure
recuperation, while diminishing it results in low pressure change. This dependency has
a linear characteristic over a wide range of operating conditions and especially around
the point of maximum efficiency as has been show by Lucas (2015).

The efficiency value of an ejector is subject to its definition. In the following the
definition of ejector efficiency by Köhler et al. (2007) is presented. Ebel and Harnjak
(2008) presented later a similar definition which was derived in a different way.

The working principle of an ejector can be described by an equivalent model of a
turbine driving a compressor as shown in Fig. 3. The maximum power in order to drive
the compressor can be extracted from the driving mass flow by an isentropic expansion
to the diffuser exit pressure in the turbine. The highest possible pressure rise in the
compressor is achieved via an isentropic compression of the sucked mass flow to the
diffuser exit pressure.

The ejector efficiency has been defined by Köhler as the ratio between recuperated
power and maximum recuperated power which corresponds to the product of the
entrainment ratio and the ratio of the enthalpy differences of the isentropic compression
and expansion

g ¼
_WRec

_WRec;max
¼ / � hs;isen � hs

hd � hd;isen
: ð4Þ

This definition has the advantage in comparison to others that it is determined with
external parameters and that it is independent of the working fluid or the ambient
condition. According to this definition Lucas (2015) has reported experimentally
measured ejector efficiencies of up to 35%.

Fig. 3. Equivalent model of an ejector
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3 Ejector Cycles

The goal of the application of the ejector is to improve the overall efficiency of the
refrigeration cycle it is integrated in. It is important to understand that the efficiency of the
ejector component is only one factor among others that determine the COP. The intrinsic
efficiencies of the cycle components play a role aswell as their interaction for example the
one of the ejector and the separator which splits liquid and gas. Due to the mass conser-
vation of the two phases there is a dependency between the steam content at the separator
inlet and the entrainment ratio.Within the cycle it is no longer a free variable. Therefore it
makes sense to characterise ejectors not only at component but also at system level.

3.1 Classification of Ejector Cycles

According to a proposal by Bergander (2015) three basic types of refrigeration cycles
with ejectors can be distinguished in dependence on the pressure recuperation with
respect to the compressor. Typical vapour compression cycles consist of a gascooler, an
expansion valve, an evaporator and a compressor. The supply of the compressor with
electrical energy is effort with respect to the cycle balance. This effort can be reduced
by means of an ejector as the pressure recuperation relieves the compressor. This relief
can either be realized as pre- or post-compression. An ejector can also replace the
compressor and take over the entire vapour compression.

In the ideal vapour refrigeration cycle also known as Evans-Perkins- or
Plank-process, vaporous refrigerant is fully evaporated, isobarically superheated, isen-
tropically compressed, isobarically cooled, condensed, isobarically supercooled and
finally isenthalpically throttled. The throttling is connected with losses as the pressure
energy transformed into kinetic energy is dissipated. The ejector cycle shown in Fig. 1
makes use of the device as replacement for the expansion valve and as a pre-compressor.
Examples of refrigeration cycles with an ejector as post compressor and an ejector as a
replacement for the compressor are shown in Fig. 4.

Fig. 4. Ejector as post-compressor and as replacement for the compressor
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3.2 Application Example: Charge Air Cooling

A new application of ejectors is charge air cooling for automotive applications. The basic
concept for this applications is outlined in Fig. 5. The hot exhaust heats up isobarically
the already gaseous working fluid in heat exchanger 1 (HX 1) which is used to drive the
ejector. The ejector sucks form the outlet of the charge air cooler also gaseous working
fluid. The two flows are mixed inside the ejector. The mixed flow out of the ejector is
isobarically cooled in HX 2 and separated. One portion of the flow delivered to the
compressor which is connected to HX 1. The other portion of the working the fluid is
throttled in the expansion valve (XV) and feeds the charge air cooler. With respect to the
classification above the ejector is used as a pre-compressor in the cycle.

The application of the cycle in the automotive flied is connected with particularly
challenging requirements regarding performance and weight. Therefore the cycle has
further been optimized as shown in Fig. 6. Two recuperators (R) have been added. The
first recuperator reduces the amount of heat released while the second recuperator cools
the working before entering HX 3. It reduces the mass flow necessary to achieve the
same cooling effect that would have been realized without the recuperator. The cycle
point 6 is defined by the charge air temperature and the dew point of the working fluid.
Within this cycle the pressure and temperature levels can be chosen freely apart from
cycle point 1 as the ambient is the heat sink. Cycle point 3 is dependent on the heat
transfer from the exhaust.

It was possible to show that the target figures of mass flow, the pipe cross-sectional
area, the heat release and the compressor power are dependent on four characteristic
values. They are dependent on the values for the high and intermediate pressure as well
as the temperatures at cycle points 1 and 3. An optimal operating condition was
determined by optimizing the object figures with respect to the parameters named. The
possible improvements by the application of the recuperators and the described opti-
mization process led to 28% less compression power, 20% less cross-sectional area,
58% less required mass flow, 76% less released heat and 28% COP increase in
comparison to the initial cycle design.

Fig. 5. Basic cycle for charge air cooling with ejector
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4 Summary

Due regulation new refrigerants with low GWP will be required. CO2 is a promising
option being both environmentally friendly and safe. Its relative high evaporation
enthalpy makes it an interesting option especially for mobile refrigeration systems.
Anyhow the low exergetic efficiency at high ambient temperatures is challenging. The
component with the highest specific losses in classic refrigeration cycles with CO2 as
working fluid is the expansion valve. The application of ejectors in order to recuperate
pressure and to relief the compressor is a promising solution. In dependence on the
definition device efficiencies of up 35% have been reported.

A refrigeration cycle with a ejector as a pre-compressor has been presented for
charge cooling. It has been shown how the basic design for the cycle can further be
improved by means of recuperators and an optimization of some characteristic
parameters with respect to the target figures of mass flow, pipe cross-sectional area,
heat release and compressor power leading to possible COP improvements of 28% in
comparison to the initial design.
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Abstract. A control strategy for a machine must take care of different operation
situations. A machine is typically confronted with different boundary conditions
during operation. The control of this machine must find adequate settings for the
actuators within the machine to adjust to each specific operation situation. In
vapor compression cycles, which are used for refrigeration and heat pump
machines, there are multiple actuators to adjust the cycle performance to the
requirements, for example the expansion device, the compressor and possibly
some actuators within the heat exchangers. An additional way to adjust a cycle
to varying operation requirements is a dedicated shift of the composition in the
working fluid of the cycle. Of course this option is only available to vapor
compression cycles which have a mixture as a working fluid. This situation is
encountered quite often nowadays as pure refrigerants, for example, are not in
line with international regulations. This contribution analyses the options for
control strategies of vapor compression cycles in part-load situations. In the first
part of the paper, the variable speed control for the compressor, the variable
speed control of the air-side ventilation fans of the evaporator and the condenser
and the expansion valve are taken as possible actuators. Experimental and
theoretical results are presented to show the manifold possibilities in parameter
setting, of which only one setting will result in an optimal COP efficiency value.
In the second part of the contribution the benefits of a possible shift in the

composition of the working fluid mixture are discussed. The composition shift
can be achieved during operation by means of a rectificator. This part is on a
theoretical level only, so far.

1 Introduction

The vapor compression cycle is by far the most common concept in refrigeration, air
conditioning and heat pump applications. As it is operating in millions of machines,
even small improvements within such cycles will have an impact on the overall con-
sumption of electric energy needed to drive all these machines. One of the challenges in
the design of a vapor compression cycle is the part-load behavior. Most devices,
especially small ones, operate with a simple on/off control, which is not the most
favorable solution. Vapor compression machines have a nominal design point, which is
defined by a temperature lift DTlift and a thermal load _Q0. The temperature lift is the
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difference between the upper mean cycle temperature T0;m and the lower mean cycle
temperature Tu;m, i.e. DTlift ¼ T0;m � Tu;m. In some cases these mean thermodynamic
temperatures address the inside temperatures of the working fluid. In our case these are
the temperatures of the heat sink and the heat source, as for example, the ambient air and
the cold room air. The thermal load _Q0 is, in our definition, the thermal load of the
evaporator, see Fig. 1. Most of the vapor compression cycles are not operated at their
nominal design point, but at some other operating condition. This can be a deviating
DTlift and/or a different thermal load. The temperature lift may be lower or, in some
cases, a little higher than the nominal design value, the thermal load is typically smaller
in part load. The control strategy of the vapor compression cycle must be able to adjust
in a smart way to part load operation. If the temperature lift DTlift is changed, the upper
and lower pressure of the working fluid must be adjusted to give new saturation tem-
peratures within the evaporator and the condenser. If the thermal load changes, the mass
flux of the working fluid must be adjusted. Unfortunately, adjusting the compressor
performance and/or the expansion valve changes pressure difference and mass flux
simultaneously. The simplest way of control is the temperature guided on/off control, as
is done, for example, in most domestic refrigerators. Nowadays electronical controlled
devices become better available at affordable prices, so the speed-controlled compres-
sor, the electronic expansion valve and speed-controlled fans at the condenser and the
evaporator are encountered in real machines more frequently now [1]. These electronical
controlled devices offer a great chance in enabling an efficient part load operation, but
they call for a predictive model based control strategy to find the optimum operation
mode [2, 3]. This problem of predictive model strategy will be discussed in the first part
of the paper. The second part of the paper will be devoted to an additional tool that could
be used for further optimization of the energy efficiency of a given cycle during oper-
ation. This additional tool aims for a shift in composition of the working fluid within the
machine. If the working fluid, the refrigerant is a mixture, the concentration of the
components of this mixture determines the thermophysical properties of the working
fluid and thus will have an influence on the operation performance of the cycle. The
questions about why to shift the composition and how to shift the composition as an
additional measure of control will be discussed in the later part, Sects. 3 and 4.

Fig. 1. A simple vapor compression cycle, working as a refrigerator
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A shift in composition during operation of a vapor compression cycle as an
additional control option has, to our knowledge, not yet been addressed in the literature.
The model-based predictive control (MPC) has been discussed in recent years, as
variable speed drives and electronic components became better available [1]. Jakobsen
and Rasmussen [2] have shown for a single-stage vapor compression cycle an
improvement in energy efficiency of 10% using MPC. The cycle consisted of an
air-cooled evaporator and an air-cooled condenser, where the fans were controlled by
variable speed motor drives. The compressor also had a variable speed. An optimal
setting for each component in different part-load situations has increased the
COP-value by about 10% for a specific part load situation. Leducq, Guilpart and
Trystram [3] have presented a non-linear predictive control algorithm to optimize the
operation of a laboratory-scale refrigerating plant. They have included optimality cri-
teria and technological constraints into the reduced model for the vapor compression
cycle. The energy benefits they have seen both theoretical and experimental were
between 8% and 20%, depending on the number of actuators available for optimiza-
tion. An overview on possible advanced control strategies for vapor compression
cycles used for electronics cooling is given in a Ph.D. thesis by J. Catano in 2011 [4].

2 Optimum Operation Modes in Part Load

In a first step, the possible benefits of a model-based predictive control without com-
position shift have been analyzed both theoretically and experimentally. The single
stage vapor cycle, which has been considered for this analysis, is shown in Fig. 1. This
cycle is equipped with four electronic actuators, i.e., the variable speed drives for the
compressor and for the fans of the air cooled evaporator and condenser as well as the
electronic expansion valve. The nominal design values for this cycle are a thermal load
of _Q0;n ¼ 8kW and a temperature lift DTlift;n ¼ 40K. In this nominal design point, the
rotational speed of the electric drives and the valve opening are marked to be at 100%.
In a first step the thermal load _Q0 is lowered to a part load situation, keeping a constant
temperature lift of DTlift;n ¼ 40K. Several settings of the electronic actuators are
possible to operate the cycle in such a specific part load mode. One option is to operate
the fans ventilating the air side of the heat exchangers at a lower speed, saving electric
energy for the fan electric drive, but of course giving lower heat transfer values on the
air side of both heat exchangers. This will result in a larger temperature difference
between refrigerant and air in the evaporator DTev and in the condenser DTcon. This is
called ‘case A’ in Fig. 2, these temperature differences are also shown in Fig. 2. Such
large temperature differences will call for a higher pressure of the working fluid in the
condenser and lower pressure of the refrigerant in the evaporator, as the ambient
temperature Tamb and the cold room temperature To are fixed. This enlarged pressure
difference of the refrigerant between hot and cold side provokes an enlarged energy
consumption of the compressor drive.

Another possible setting of the electronic actuators for the very same part load
setting could be full power to the fans ventilating evaporator and condenser, giving
high heat transfer rates, thus lower temperature differences DTev and DTcon and thus
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less pressure difference on the hot and cold side of the refrigerant. This will see a
decreased electric energy consumption of the compressor, but an increased energy
consumption of the fans. So different settings for the speed control enable the very
same operating condition, but end up in different values for the overall consumption of
electric energy. This results in different values of the COP at the same temperature lift
and the same thermal load. This is seen in Fig. 2, where only two different settings are
compared, as described above, and also in Fig. 3. This graph summarizes experimental
data gained from a setup shown in Fig. 4 and, schematically, in Fig. 5. Here it becomes
clear again that different settings of the fan speed, the compressor speed and the
expansion valve opening give the same values _Q0 and Tlift, but at different COP’s.

The COP-surface shown in Fig. 3a has multiple local maxima, so a predictive
model-based control strategy is needed to adjust the machine to the most energy
efficient operation in each specific operation demand mode. This MPC must be fast
enough to perform in real time, it must also be able to incorporate external parameters

Fig. 2. A temperature entropy diagram of a vapor compression cycle showing two different
operation modes for the same part-load situation. Case A: low fan speed, high compressor load;
Case B: high fan speed, lower compression load

Fig. 3. (a) The COP-value of the cycle as a function of valve-opening and rotational speed of
compression (b) COP-value of the cycle as a function of thermal load. Different actuator settings
are possible.
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which influence the thermal load and the temperature lift needed in a specific situation.
The Ph.D. thesis of M. Bianchi [5], for example, describes a MPC for a domestic heat
pump driven heating system, which also takes into account a weather forecast and a
user profile of the heating demand.

This MPC must not necessarily be based on a dynamic model, a quasi-static
description of the cycle is sufficient. The physical dynamic models of a vapor com-
pression cycle typically result in a system of non-linear differential equations. These
equations cannot be solved fast enough in an affordable microcontroller system, so
simpler and faster approaches have to be considered. We are currently working on an
artificial neural network approach to enable the MPC within an ASIC-microcontroller.

Fig. 4. Photo of the experimental setup

Fig. 5. Schematic diagram of the setup
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3 Composition Shift Control

In the preceding section the increasing complexity in the control strategy was dis-
cussed, which appears when more adjustable cycle parameters become available. If
there are only two output values, the temperature lift DTlift and the thermal load Qo, to
be adjusted to an application situation, four tunable parameters, variational speed of the
compressor, the fans and the expansion valve opening, should be sufficient. So why is
there a need of an additional control parameter as composition shift? To answer this
question, the features accessible by a composition shift are introduced first.

3.1 What Is a Composition Shift?

The composition shift addresses vapor compression cycles, which have a binary or
ternary mixture as a working fluid. To show the basic features of a shift in a composition,
a binary working fluid showing azeotropic behavior is assumed. The temperature
composition phase diagram of such a working fluid is shown in Fig. 6. In the following
two operation modes will be discussed, one mode is marked A and uses the mole
fraction xA very close to the azeotropic point as the composition of working fluid. The
second mode uses a composition with mole fraction xB, where the working fluid shows a
zeotropic behavior with a temperature glide DTglide during an isobaric phase change, see
Fig. 6. The shift in composition is achieved during operation by means of a so-called
rectification unit. This unit is included into the vapor compression cycle, it connects the
cycle with a small reservoir tank. This feature is shown schematically in Fig. 7.

The rectification unit is a thermal separation device which separates, for example,
the low boiling component from the mixture. It will be operated for some minutes only
to fill the reservoir with the low boiling component, so that the working fluid mixture
sees a shift in composition resulting in a lower mol fraction xB of the lower boiling

Fig. 6. Two possible phase diagrams of a binary working fluid mixture. (a) zeotropic mixture,
(b) azeotropic mixture
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component. If the operation conditions are favorable again for the original composition
xA, the contents of the reservoir will be re-injected into the vapor compression cycle to
restore the original composition xA. The composition shift shall not be performed
frequently, it is more like a two-wheel or a four-wheel drive when going off-road with a
car. The model based predictive control must take care of identifying appropriate time
periods to govern reasonable shifting of composition.

3.2 What Is the Benefit of a Composition Shift?

The thermodynamic and thermophysical properties of the vapor compression cycle
have a well-known influence on the cycle efficiency. This is, on one side, the adjust-
ment of the characteristic curves of the compressor and the expansion device. On the
other side, the heat transfer coefficients of the working fluid in the evaporator and the
condenser are influenced [6]. The main benefit of a composition shift results from the
temperature profiles in the heat exchangers. The local temperature difference ΔT
between the two fluids within a heat exchanger, i.e., in the condenser the ΔT between
the high pressure working fluid and the fluid of the heat sink, in the evaporator the ΔT
between the low pressure working fluid and the fluid of the heat source, causes an
entropy production rate _Sirr. Following Bejan [7], this entropy production is strongly
dependent on the local temperature difference DT ¼ Tcold � Thot, where Tcold could be
the local temperature of the air in the chilled room, Thot could be the local temperature
of the working fluid at this position:

d _Sirr;T ¼ Thot � Tcold
Thot � Tcold � d _Q ¼ U Thot � Tcoldð Þ2

Thot � Tcold � dA

Here U is the overall heat transfer coefficient and dA is the local heat transfer area.
Each entropy production _Sirr is connected to an exergy destruction _Exlost ¼ Tamb � _Sirr,
where the entropy production due to the pressure losses has not yet been included.
A reduction of the exergy destruction is beneficial to the overall exergetic efficiency,
which typically results in more favorable exit temperatures of the cooling fluids.

Fig. 7. The schematic rectification unit and the reservoir tank as additional components in a
cycle featuring a composition shift.
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Figure 8 underlines this expectation. We fixed the heat source and the heat sink to
be single phase fluids (air) with the temperature profiles shown in Fig. 8. The benefit of
the composition shift of the working fluid would be to fit the temperature profile within
the evaporator (heat source) and the condenser (heat sink) to the given temperature
profile of the external single phase fluids, so to keep the temperature differences
DTheatsource and DTheatsink as small as possible. A temperature difference of 3–5 K would
be fine, which calls for well-designed evaporators and condensers. Using plate heat
exchangers such tight temperature gradients could be realized [8].

In summary, the energy and exergy efficiency of a vapor compression cycle can be
optimized if the temperature differences in the condenser and in the evaporator can be
minimized by a shift in composition of the working fluid, as seen by comparison of case
A and case B in Fig. 8. This benefit seems to be minor at first sight, but an example
calculation shows that such an optimization can give additional up to 5% increase in
efficiency. In case of large industrial heat pumps, where an ammonia/water mixture is
used as a working fluid, the benefit of such a composition shift could be even more.

3.3 How Can a Composition Shift Be Realized?

The basic scheme of a technical component which will be able to implement a shift in
the composition of a working fluid mixture was shown in Fig. 7. This apparatus
consists of a so-called ‘rectificator’ and a storage tank. The ‘rectificator’ is a distillation
column, which can separate a low boiling component from a mixture. In our case it is
not necessary to achieve any specific purities. Such a column needs a heat source for
the evaporation and a cooling fluid (heat sink) at the head of the column for conden-
sation of the reflux and distillate (Fig. 9). This ‘rectificator’ is not designed in detail yet,

Fig. 8. The temperature location plot for the evaporator and the condenser. The working fluid
composition xB allows for smaller ΔT and thus less entropy production as compared to
composition xA
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it calls for a smart integration into the overall cycle. It must be remembered that this
composition shift device will be in operation for some minutes only during a day, so
price and effectiveness must be well balanced.

4 Conclusion

The part load operation of vapor compression cycles, i.e., refrigerators, heat pumps and
air conditioners, offer a significant potential in energy saving. For a standard vapor
compression cycle, the components can be electronic activators, which can adjust the
operation mode of a cycle to an energetic optimum, in principle. These actuators are the
compressor with a rotational speed regulated drive, the electronic expansion valve and
fans for the air side of the evaporator and the condenser. To find such an optimum
operation mode for each individual part load situation, a predictive smart control
scheme must be found. In the first part of this contribution, results are shown for a
simple refrigeration cycle in different part load operations.

The second part of the paper deals with a possible shift in composition, given a
mixture as the working fluid. The benefits of such a composition shift are discussed,
and a possible realization of this feature is presented.
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Abstract. Caloric materials – in particular magneto-, electro- and elastocaloric
materials – show a strong reversible thermal response close to a ferroic phase
transition when they are exposed to their respective fields. By cyclic operation of
these materials and their alternating thermal coupling to heat sink and source,
efficient heat pumps can be realized where no harmful fluids are involved. In the
last few years several different groups worldwide have worked on the
improvement of the properties of caloric materials as well as on the development
of caloric cooling systems with larger temperature span, cooling power and
efficiency. Basically, all of these systems are based on a concept using a heat
transfer fluid which is actively pumped through a bed of caloric material in order
to transfer thermal energy from a heat source to a heat sink. Hereby, especially
for magnetocalorics, several powerful systems were built, generating large
temperature spans of more than 50 K while others provide large cooling
capacities of several kW. However, up to now no caloric system has been built
which provides large temperature span and cooling capacity while having a
coefficient-of-performance (COP) better than standard compressor-based cool-
ing systems.
In this work, a new concept and first experimental data of a caloric heat pump

will be presented. In this concept, the heat transfer is realized by the combi-
nation of caloric material with thermal diodes which are based on latent heat
transfer. Similar to thermosyphons, thermal energy is efficiently transported by
condensation and evaporation processes leading to heat transfer rates which are
several orders of magnitude larger than for conventional heat transfer by con-
duction or convection. At the same time, no additional pumps are required for
transporting the heat exchange fluids, enabling systems with large temperature
spans and competitive COPs at the same time.

1 Introduction

The technological demands on the air conditioning in vehicles are very large: The
systems must be lightweight, occupy minimal space, operate reliably in very large
temperature ranges and be resilient to vibration. At the same time greater demands are
being placed on the efficiency and environmental sustainability of systems. The central
elements of classic compressor systems are refrigerants. All of which show at least one
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environmental or security-related disadvantage. Either they have a high global warming
potential (such as R134a and R410a), are flammable (such as R600a and 1234yf), are
toxic (R-717) or must be operated at very high pressures such as CO2 (>100 bar).

For these reasons, there is strong interest in the development of new efficient and
environmentally friendly climate systems for automotive application. Promising can-
didates for enabling these systems are caloric materials.

2 Caloric Cycle

Cooling systems based on caloric materials have the potential to increase the systems
efficiency compared to conventional compressor-based cooling technology by 30 %
[1]. The principle is schematically shown in Fig. 1. Caloric materials heat up when
exposed to an external field and cool down again as soon as the field is removed [2–4].
By cyclic operation with appropriate thermal coupling a cooling system can thereby be
established.

3 Magnetization/Polarization/Deformation

The caloric material is exposed to its respective field and heats up from temperature T0

to T0 + DT.

Fig. 1. Principle of caloric cooling
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4 Heat Release

The caloric material is connected to a heat sink, the heat produced can be dissipated,
the caloric material cools down again to temperature T0.

5 Demagnetization/Depolarization/Relaxation

If the field is removed, the caloric material cools down and is at a lower temperature
T0 − DT than it is at the start of the cycle.

6 Heat Input

The caloric material is now connected to the system to be cooled and can absorb heat,
until it reaches temperature T0 again.

7 Caloric Materials

The two important parameters describing the quality of caloric materials are the adi-
abatic temperature change DT and the isothermal heat change Q. The adiabatic tem-
perature change indicates the temperature lift of the caloric material when it is exposed
to an external field, while the isothermal heat is proportional to the amount of heat that
is generated and that can be absorbed by the caloric material.

Figure 2 shows an overview of these two parameters for different caloric materials.
It can be seen that the largest adiabatic temperature changes and isothermal heat can be
generated by thin film electrocaloric materials (EC). Very good performance is also
shown by elastocaloric materials (eC), especially from Ni-Ti-alloys. Magnetocaloric
materials (MC) show moderate values, whereas bulk electrocaloric materials and
barocaloric materials (BC) show the smallest effect.

Besides the provision of large adiabatic temperature changes and isothermal heat,
several other parameters are important for caloric materials in order to fulfill require-
ments for caloric heat pumps:

• Adjustable Curie-Temperature
The origin for the caloric effect of the materials is a phase-transition generated by
the application of an external field. This phase-transition is associated with a
temperature, the Curie-Temperature TC. Around the vicinity of the
Curie-Temperature the caloric effect is strongest. In order to be able to build a
heat-pump capable of generating a temperature lift of several 10 K, it might be
necessary to cascade several materials with different Curie-Temperatures in a sys-
tem, depending on the size of the adiabatic temperature change. This in turn
requires the Curie-Temperature to be adjustable for the caloric material.
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• Wide temperature range of caloric effect:
In order to generate a certain temperature lift with the heat-pump, a certain amount
of caloric materials must be cascaded, depending on the temperature range in which
the caloric material shows the caloric effect. The larger this temperature range is, the
fewer caloric materials with different Curie-Temperatures are required and the
simpler the final system will be.

• Minimal dissipative losses
For every caloric material which undergoes a caloric cycle, a certain amount of
generated heat is not reversible, i.e. dissipative. These dissipative losses can occur due
to internal friction or hysteresis losses. In order to be able to realize an efficient heat
pump, these dissipative losses must be much smaller than the reversible caloric effect.

• Long-term stability
The requirements on the lifetime of a heat pump are very demanding. A household
refrigerator for example should run for at least ten years, usually even much longer.
Assuming a cycle frequency of 10 Hz for the caloric cycle and a lifetime of 10
years, the caloric materials need to encounter more than 3 ∙ 109 cycles, in which
their performance should not significantly be altered.

• Abundance, economic feasibility and eco-friendliness
In order to have a chance be economically competitive, the elements needed for the
caloric materials as well as for the field source need to be abundant and the pro-
duction must be affordable. At the same time the materials need to be ecologically
harmless.

Fig. 2. Adiabatic temperature change and isothermal heat for different caloric materials, taken
from [3]. MC: Magnetocaloric materials; EC: Electrocaloric materials; mC: Mechanocaloric
materials; eC: Elastocaloric materials; BC: Barocaloric materials.
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In Table 1, a comparison of these different parameters for the different caloric
materials is shown.

8 Caloric Systems

Most caloric cooling systems have been built using magnetocaloric materials.
Worldwide several dozens of different prototypes have been built. A very good
overview of these prototypes is given in Kitanovski et al. [1] and Yu et al. [5].

For elastocaloric materials, only a handful of prototypes have been published yet.
The most advanced system has been built by Qian et al. [6, 7], generating a maximum
temperature span of 25 K and maximum cooling power of 139 W at 10 K DT. Nev-
ertheless in the last couple of years, interest in elastocaloric materials has strongly
increased mainly due to the very large temperature spans which can be generated from
one material only [8, 9].

For electrocalorics, up to now only a handful of systems been built and charac-
terized [10, 11]. They achieve an unsatisfactory maximum temperature difference of
only about 6.6 K. A major challenge when designing electrocaloric cooling systems
results from the fact that good electrocaloric materials with large values of DT are only
available in thin films, and therefore the need to implement an efficient heat transfer
mechanism from the electrocaloric material to the heat sink and source, respectively.
However, recently bulk electrocaloric materials exhibiting DT > 4 K have been pre-
sented, opening the perspective to electrocaloric heat pumps with enhanced perfor-
mances [12].

Table 2 shows a collection of the best prototypes for magnetocaloric cooling
systems with respect for maximum cooling power and maximum temperature span
respectively. The data show, that the systems reaching the largest maximum cooling
power do not generate a large DT and vice versa. At the same time, hardly any
COP-values have been reported, and no caloric system was so far able to attain per-
formance values that conventional compressor systems reach.

The main reason for this is based on the challenge to cyclically couple the caloric
material to heat sink and source. For efficient caloric heat pumps this coupling should
be very fast and at the same time have a very small thermal resistance. Currently, for

Table 1. (Incomplete) overview of the state of the art of the different properties of caloric
materials: Adiabatic temperature change (DT), isothermal heat (DQ), adjustable range of
Curie-Temperature (Tc), temperature range of caloric effect (TR), dissipative losses (DL), long
term stability (Stab.), abundance, economic feasibility and eco-friendliness (AEE).
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most prototypes this is done using the active regenerator concept (Fig. 3). Here a heat
transfer fluid is actively pumped through a magnetocaloric regenerator (porous struc-
ture of magnetocaloric material). When the magnet has magnetized the material, the
heat transfer fluid is heated by the material and thereby transfers the thermal energy to a
heat sink. After turning off the magnetic field by shifting the magnet, the heat transfer
fluid is pumped in the opposite direction through the magnetocaloric regenerator and is
cooled down. Now it can pick up thermal energy from the heat source and the cycle can
start again from the beginning.

Conceptually, the larger the magnetocaloric regenerator, the larger the potential
maximum temperature lift. At the same time, in order to increase the pumping power of
the heat pump, the operation frequency must be increased [1]. However, both factors,
an increase in regenerator length and an increase in cycle frequency also increase the
friction of the heat transfer fluid in the magnetocaloric regenerator. Therefore, it is
extremely difficult to realize a caloric heat pump based on the AMR-concept which has
a high temperature lift, a large cooling power and COP at the same time. This is also
reflected by the fact that currently many research groups are working on the

Table 2. Collection of best prototypes for magnetocaloric cooling systems with respect for
maximum cooling power and maximum temperature span respectively. Table taken from
Langebach et al. [13].

Fig. 3. Sketch of the active magnetic regeneration (AMR) concept.
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optimization of the magnetocaloric regenerator in order to enhance thermal transfer and
thereby reduce internal friction.

9 Alternative System Approach

In order to account for these challenges, an alternate system approach based on thermal
diodes and latent heat transfer, the active magnetocaloric heat pipe (AMH), see Figs. 4
and 5.

Fig. 4. Conceptual sketch of active magnetocaloric heat pipe (AMH). Left: magnetocaloric
cooling unit replaces compressor in refrigerator. Middle: magnetocaloric cooling unit consisting
of magnetocaloric segments and magnetic system (2). Right: magnetocaloric segments consisting
of magnetocaloric heat exchanger (3) and pressure relief valve (4).

Fig. 5. Operational mode of magnetocaloric segments. The heat is » driven forward « in only
one direction according to the principle of a thermal diode: The heat generated by the magnetic
field causes the fluid in the MC material to evaporate (1), increasing the pressure in the segment.
The pressure relief valve opens, allowing the vapor to flow into the adjoining element (2). Note
that due to the unidirectional flow direction of the valves, the vapor cannot flow back into the
previous element. Once the magnet has been switched off (by moving the magnet away from the
segment), the MC material cools down below the starting temperature (3) and the vapor pressure
drops. The vapor pressure is now lower than in the previous segment. Gaseous fluid flows in and
heat from the previous segment is absorbed (4).
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This concept for heat transfer facilitates passive heat transfer through the evapo-
ration and condensation of a fluid in a hermetically sealed volume [14, 15]. The whole
system is efficient and fast: By evaporating a fluid such as water or ethanol at the heat
source and subsequently condensing it at the heat sink, it is possible to achieve heat
transfer coefficients that are several orders of magnitude higher than those achieved in
traditional heat transfer by means of thermal conduction or convection. Simulations
have shown that transporting thermal energy from one caloric segment of only a few
centimeters in size to the next occurs in a matter of milliseconds, making it funda-
mentally possible to establish cooling cycles with a frequency of more than 10 Hz.

The main advantages of this AMH-concept are the following:

• Increase in systems efficiency: For the transfer of the thermal energy from the
magnetocaloric material to the heat exchanger, no additional pumps and therefore
no additional energy is required, which increases the systems efficiency.

• Larger cooling power: Heat transfer based on latent heat is several orders of
magnitude larger than heat transfer using sensible heat by pumping of fluids. This
opens the possibility to realize magnetocaloric systems being capable of system
frequencies >10 Hz, which results in an increase of cooling power.

• Reduced system costs: Due to an increase in the system frequency, the amount of
magnetic as well as magnetocaloric material required to produce a specific cooling
power can be significantly reduced, which in turn reduces the perspective costs of a
magnetocaloric cooling system.

10 Conclusion

Efficient, refrigerant-free heat pumps based on the caloric materials have the potential
to revolutionize cooling technology. A promising a new concept for caloric cooling
systems based on latent heat transfer and thermal diodes has been presented making
caloric cooling system with greatly enhanced COP feasible.
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