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INCREASING THE EFFICIENCY OF CRYOGENIC AUTOMOBILE
POWER SYSTEMS USING THERMOELECTRIC GENERATORS

The application of the recently discovered low-temperature thermoelectric material CsBi4Te6
in thermoelectric generators (TEG) for automotive cryogenic power systems is proposed. The
maximum energy conversion efficiency of a considered TEG assembly within a cryogenic stor-
age tank is estimated to be about 15%. To determine specific power, heat flow through the
TEG was calculated using a one-dimensional thermal model. It has been obtained that low-
temperature TEGs are applicable for additional power generation in cryogenic power systems,
and these generators can sufficiently increase total energy efficiency.

*

IIpeonosiceno npumerenue HeOa8HO OMKPLIMbIX HUSKOMEMNEPATNYPHBIX MEPMOIIEKMPULECKUX
mamepuanoe CsBi4Te6 6 mepmosnekmpuueckux eenepamopax (19I) ona asmomobunvHvlx
KPUO2EHHBIX CULOBbIX YCMAHOBOK. Makcumanvbhas s¢ghpexmusnocms npeobpazosamuis sHepuu
6 paccmompennou koncmpykyuu TOIT énympu Kpuozennoz2o pesepgyapa no pacuemam co-
cmagnsiem oxono 15%. [ onpedenenus yoenvHou MOWHOCMU MENL080U NOMOK depe3 mep-
MODNIEKMPUHECKULL 2eHEPAMOP Obll PACCUHUMAH C UCTIOTb308AHUEM 0OHOMEPHOU MENI080U MO-
oenu. bvino ycmanosneno, umo TOI'u npumenumvl 015 8bIpabOMKU OONOTHUMENLHOU IHEPeUU
6 KPUOZEHHBIX CULOBbIX YCMAHOBKAX U MU 2eHepamopbl MO2Ym 8 OOCHANOYHOU CMeneHu
yeenuuums 00Uy dHeP2o3PPexmusHoCcme.

3anpononosarno 3ACMOCY8AHHs HeOasHo BIOKpUMUX HU3bKOMeMNepamypHux
mepmoenekmpuunux mamepianie CsBi4Te6 6 mepmoenekmpuunux eenepamopax (TEI) ona
ABMOMOOINbHUX KPIO2EHHUX CULOBUX YCAHOB0K. MaxcumanbHa eghekmusHicme nepemeopenHts
eHepeii 6 posenanymiil koncmpykyii TEL 6cepeOuni kpiocenHozo pesepgyapa 3a po3paxyHKamu
cmanosums Oausvko 15%. [na eusnauenHs numomoi NOMydscHOCMi Mennosuli Nomix uepes
mepmoenekmpudruLl 2enepamop 6y8 po3paxos8anull 3 BUKOPUCMAHHAM 0OHOBUMIPHOI Menio6oi
mooeni. bByno ecmanosneno, wo TEI'u moocymv 3acmocogyeamucs Ons  6UpoOIeHHs
000amK060i enepeii 8 KPioceHHUX CULOBUX YCMAHOBKAX I Yi 2eHepamopu MOACYmb 0OCmam-
HbOIO MIPOIO 30iIbUUMU 3A2AIbHY eHeP2oeheKmMUBHICTb.

Introduction

In the last ten years, new non-polluting cryogenic vehicles operating on liquid nitrogen
(LN2) were developed in the US at the University of North Texas (UNT) and the University of
Washington (UW) and in Ukraine at Kharkov Universities (KU) [1-6]. These vehicles are shown
in Fig. 1.

A motivation for developing such vehicles is to enable an environmentally friendly means
of transportation that does not use batteries or hydrocarbon fuel. The cryogenic propulsion systems
in these vehicles consist of a pneumatic engine, an air-to-gaseous-nitrogen heat exchanger, and a
cryogenic tank. The function of the tank is to provide both LN2 fuel storage and primary evapora-

ISSN 0131-2928. Ilpooa. mawunocmpoenus, 2011, T. 14, Ne 5 47



HETPAJUIIMOHHAS DHEPT'ETUKA

Fig. 1. Experimental cryogenic

vehicles, operating on LN2:
a)— UNT; b) - UW; ¢c)-KU

tion. The maximum specific energy of nitrogen as a
working fluid is estimated at 770 kJ/kg for a temperature
difference between ambient air at 300 K and LN2 at 77
K [1]. Using free thermal energy from the environment,
the LN2 is heated to release its stored energy and pro-
duce compressed gas to run the pneumatic engine. An
advantage of LN2 as an automobile fuel is the availabil-
ity of abundant gaseous nitrogen in the atmosphere.
When consumed for transportation, LN2 is environmen-
tally benign. Like hydrogen fuel, LN2 is an energy car-
rier, not a source. So, energy must be invested to liquefy
atmospheric nitrogen. However, this energy can be pro-
duced in a large stationary power plant with efficiency
far exceeding internal combustion engines, and the efflu-
ent can be scrubbed or captured to mitigate pollution and
greenhouse gasses. Moreover, the energy for liquefaction
can also be obtained from alternative and non-polluting
sources, such as solar and wind, which provide the op-
portunity to create self-contained “green” regions that
produce and utilize LN2 for pollution-free transport ap-
plications.

The critical constraint for cryogenic vehicles is
fuel economy, which must be optimized to minimize the
volume of LN2 onboard. Special attention is given to
achieving maximum efficiency in all parts of the cryo-
genic power system [7]. The typical function of a LN2
Dewar is prolonged storage of cryogenic liquid by
minimizing heat leak paths from the ambient into the
liquid. For cryogenic vehicles, the storage tank serves
two functions: 1) prolonged fuel storage when the vehi-
cle is not in use (like a Dewar) and 2) rapid evaporation
of the liquid to produce high-pressure gaseous nitrogen
to drive the vehicle when it is in use [§]. From this later
function arises the classical thermodynamic arrangement
of heat moving along a temperature gradient from hot to
cold; this configuration can be adapted for supplemen-
tary energy generation.

Miller, et al. suggest that thermoelectric genera-
tors topping an organic Rankin cycle will add to the
overall energy of the system and thereby raise cycle effi-

ciency [9]. Crane describes the potential for automotive high temperature waste heat recovery using
thermoelectric generators in diesel vehicles [10]. Here, we evaluate placing a thermoelectric gen-
erator within the LN2 storage tank wall of a cryogenic vehicle to recover part of the nitrogen’s la-
tent heat of liquefaction as electricity. As we will demonstrate, this configuration presents a suffi-
cient temperature gradient for useful thermoelectric generator applications. The recent creation of
thermoelectric materials with high figure of merit at cryogenic temperatures further motivates
analysis of this energy recovery technology for practical cryogenic automobile applications. More-
over, the presence of cryogenic liquid in a storage tank onboard the vehicle provides new synergis-
tic opportunities. For example, generated electrical energy can be stored in the magnetic field of a
high-temperature superconductor submerged in the tank, instead of as chemical energy stored in a

battery as in conventional automobiles.
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Theory and Background -
The thermoelectric material figure of CamYAYAVAY, i )
merit, Z7, is a unit-less parameter defined as R AV
L
follows [11, 12]: i
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_¢ T, cold side
ZT_kT) M| Inner Al ‘
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where a is the Seebeck Coefficient [V/K], & is
the thermal conductivity of the material PTFE—
[W/m’K], and p is the electrical resistivity of Copper p-type i
the material [Ohm-m]. Materi (i‘
. Connectors ateria
Both p- and n-type semiconductor ma-
terials are used in making thermoelectric gen- PTFE—
erators, and the properties of each are some- | Outer AF>
times sufficiently different to warrant consider- Wall 1, /?‘ hot side
ing each material in estimating an overall figure D onvection
of merit using the following ezquatlon [11,12]: Fig. 2. Basic elements of the proposed
o,—a j
7T ( » ) @) thermoelectric generator assembly

where the subscripts p and n correspond to the p-type and n-type materials respectively.

These parameters arise from the geometry of p- and n-type legs of thermoelectric genera-
tors arranged in series, as shown in Fig. 2.

The efficiency of a thermoelectric generator is given by [11,12]

T,-T. M-1
nz hT - T 9 (3)
h M +=—<
T,
where M is obtained by calculating
M=(1+ZT,)" 4

and where T, is the mean temperature of the material, derived from temperatures 7, and 7. of hot
and cold ends of the thermoelectric material respectively.

A candidate thermoelectric material with high figure of merit at cryogenic temperatures has
been identified: CsBisTes [13—15]. For our analysis, this material was selected on the basis of pro-
ducing the most energy per unit mass of cryogen vaporized. The CsBisTes compound is a very re-
cent discovery and can achieve as much as a 40% improvement in energy conversion efficiency
over more traditional Bismuth Telluride compounds (see, for example, [14, 16]), which were pre-
viously the best cryogenic thermoelectric materials available. The temperature-dependent figures of
merit for both materials are shown in Fig. 3 [14].

For estimation of the maximum performance of a thermoelectric generator placed within
the walls of an automotive cryogenic tank, we used 300 K for 7}, and 80 K for 7. We also used a
high value of ZT for CsBisTeg, 0.75, which corresponds to the assembly’s mean temperature value,
190 K. For these conditions, we calculate a maximum energy conversion efficiency of 14.9 %. This
value is the percentage of heat flowing into the generator’s hot surface which gets converted to
electricity. To estimate the maximum electricity generation, heat flow through the thermoelectric
element was next calculated.

Method for Estimating Heat Flow

The proposed thermoelectric assembly schematic, shown in Fig. 2, provides a basis for es-
timating heat transfer through the generator. The thermoelectric generator consists of two branches,
one n-type and one t-type, which are selected to be 5 mm in length. Manufacturing limitations on
conventional thermoelectric generators prevent that entire space from being filled with generator
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Fig. 3. ZT values of CsBi,Tes and Bi, Sb.Te; [14]

material, and a packing fraction (PF) of 0.4 to 0.6 is typical. We use PF = 0.5 for heat transfer cal-
culations. The remaining open space is under vacuum, as in a Dewar, to restrict undesirable heat
transfer around the thermoelectric generator. Heat transfer though this void space occurs by radia-
tion, and we estimate its magnitude at less than 0.2% of the conduction through the thermoelectric
legs. So, radiation is ignored.

The legs of thermoelectric material are sandwiched within two thin copper layers, which
provide electrical contact. Electrical insulation between the copper and cryogenic tank walls is pro-
vided by layers of Polytetrafluoroethylene (PTFE), a material chosen for its mechanical and ther-
mal stability at cryogenic temperature. PTFE lines the inner and outer walls of the cryogenic stor-
age tank. The inner tank wall contacts stored LN2
while the outer tank wall contacts the ambient
The rmal environment.

A one-dimensional heat transfer model
was applied to the thermoelectric generator as-

Sb, Te,

Thermoelectric Figure of Merit, ZT [ |

Table 1. Properties of component materials

Material Thickness | Conductivity

Units m W/(m K) sembly to estimate maximum heat flux for a set of
Aluminum [17] material properties and realistic assembly dimen-
Inside (80 K) 0.006 432 sions presented in Table 1. Cryogenic tank wall
Outside (300 K) 0.003 237 thicknesses were selected to withstand an internal

pressure up to 3.5MPa (500 psi). One-

Copper (17 . ) .
pper [17] dimensional Cartesian heat transfer was assumed

Insi‘de (80 K) 0.001 557 because the tank radius is large enough to neglect
Outside (300 K) 0.001 401 surface curvature local to the thermoelectric as-
Teflon [18] sembly.
Inside (80 K) 0.005 0.25 o For the cryogen.ic tapk ?nner. wall, which
Outside (300 K) 0.005 028 is in direct contact .w1th liquid nitrogen, heat
- transfer to the liquid is assumed to occur via nu-
CsBi,Te, [14] 0.003 1.48 cleate boiling. This assumption is justified be-
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cause the calculated burn-out heat flux is about 135 times greater than the heat flux through the
inner evaporator wall, and this wall is always at similar temperature to the liquid. The convective
heat transfer coefficient is estimated from classic nucleate pool boiling correlation [19] on an up-
ward-facing heated plate,

k,Ja*

i }1/2 (5)

htank =

C, Pr" {

(P —p.)g
where k;, Ja, Pr, ¢ are respectively the liquid’s thermal conductivity, Jackob number, Prandlt num-
ber, and surface tension; p; and p, are respectively the liquid and gas densities; and g is the gravita-
tional constant. The coefficient C,, arises from experimental data and Mirza [20] suggests
C,»=0.004, a value at the top of the range for smooth surfaces and the bottom of the range for
rough surfaces. The exponent m also normally arises from experimental data, but an appropriate
value could not be found in the literature for boiling nitrogen. Experimentally correlated m values
range from 2 to 4.1 [21]. We therefore select m = 3, which is in the center of the range of available
values for other boiling liquids. Given uncertainty in the exponent m, and noting that Pr for nitro-
gen in the cryogenic tank is about 2, Equation 5 predicts /,, to an accuracy of +£54%. The ap-
proach gives a convective heat transfer coefficient on the inner cryogenic tank wall of
4890 W/(m°K), which compares favorably to 8520 W/(m’K), a representative heat transfer coeffi-
cient calculated for boiling water at ambient pressure [22].

To estimate the natural convection heat transfer coefficient between the cryogenic tank’s
outside surface and ambient, a classical shape- and size-independent correlation [21] for a cooled
plate facing downward is used

1/3
. ApC ) .
htlmbient ZO- 14(Wj

2/3
“’air kair (6)
where pgir, Cpairs Wair, and k- are the density, specific heat, viscosity and thermal conductivity re-
spectively of air evaluated at ambient conditions (300 K and 1 atm), and Ap is the air density dif-
ference between ambient and the temperature of the tank’s outside surface. Importantly, this ap-
proach assumes 1) natural convection only with no forced convection, in other word the tank and
car are not moving; 2) no liquid condensate or ice build-up on the tank’s outer surface; 3) the tank
is elevated far enough off the ground that no obstructions interfere with the convection process; and
4) radiation heat transfer between the tank surface and the ground is negligible. Forced convection
and radiation to the ground would tend to increase /., While convection obstructions and ice
build-up would tend to lower it. Equation 6 gives a convective heat transfer coefficient on the outer
cryogenic tank wall of 9.4 W/(m’K), which is within the generally accepted range of
3-25 W/(m’K) typical for this process [23].

Results and Discussion

Table 2 gives thermal resistances for each element of the thermoelectric generator assem-
bly. The greatest resistances to heat transfer occur at the outer wall, within the layers of PTFE insu-
lation, and across the thermoelectric generator. Resistances in the metal layers are so comparatively
small that they can be neglected.

The calculated energy conversion efficiency is 14.9 % and the heat flux entering the hot
side of the thermoelectric generator is 1477 W/m”. Therefore, the electrical energy generated per
square meter of cryogenic storage tank is 220 W/m”. The voltage/current condition can be adjusted,
depending on the needs of the electrical system, by wiring multiple thermoelectric generator cou-
ples in parallel (to increase voltage) or in series (to increase current). Since heat absorption from
the environment will take place only where the liquid is available for evaporation, it is not eco-
nomical to line the entire cryogenic storage tank with thermoelectric generators. Instead, the gen-
erators should be placed at the bottom of the tank where gravity ensures liquid will always be pre-
sent provided some fuel remains. Total added mass of the generators and total energy created are
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Table 2. Thermal Resistances of Elements
in the Thermoelectric Generator Assembly

therefore functions of each specific stor-
age tank and were not calculated. How-
ever, volume-specific and mass-specific

Outer VYall Outer VYall Hot Side P.TFE power can be calculated for comparison to
Convection Conduction Conduction established literature values. Dividing
[m*-K/W] [m*-K/W] [m*-K/W] heat flux by thermoelectric length gives a
1.07E-01 1.27E-05 1.80E-02 volume-specific power of 73-10° W/m’,
and dividing this power by the density of
. 3 .
Hot Side Copper|Thermoelectric | Cold Side Copper CSB1.4T66 (7088 kg/m" [14]) gives a mass-
. . specific power of 10.34 W/kg.
Conduction Generator Conduction .

T T T Importantly this performance
[m™-K/W] [m™-K/W] [m'-K/W] analysis is optimistic because it fixes the
2.49E-06 1.01E-02 1.80E-06 temperatures on the hot and cold sides of

the thermoelectric material at 300 K and

Cold Side PTFE | Inner Wall Inner Wall 80 K respectively. In reality, these tem-
Conduction Conduction Convection peratures will each adjust, as governed by
[m>-K/W]| [m™-K/W] [m’-K/W| the therrpal circuit made up of the ther-
199502 139505 > OSE-04 moelectric assembly, to become closer to

the mean assembly temperature. The cor-
responding reduction in temperature gradient will drop the thermoelectric generator efficiency. The
constrained temperatures used in this orientation model exaggerate the benefit of low PF and short
thermoelectric generators. By reducing these two geometric parameters in this model, the total
mass of thermoelectric assemblies in the wall of the cryogenic tank drops, but the efficiency is un-
affected. Moreover, by reducing the generator length (thereby reducing the thermal resistance pre-
sented by the thermoelectric material), more heat flux is allowed through the generator, which ap-
pears to increase the total electrical work output because efficiency is unaffected. In reality, reduc-
ing the thermoelectric generator length also reduces the resistance to heat conduction through the
thermoelectric generator assembly, which decreases the temperature gradient supported by the gen-
erator. Reduced temperature gradient drops the efficiency. We therefore expect these competing
effects to yield an optimization problem resulting in thermoelectric generator lengths that give
maximum power point, maximum volume-specific power, and maximum mass-specific power.

While this development will lead to an increase of the total efficiency of power system for
cryogenic vehicles, the necessary presence of LN2 fuel motivates further areas of study in the judi-
cious application of magnetic fields to enhance generator performance from the Ettinghausen effect
[11]. On the other hand, it is well-known that thermoelectric generators produce high electric cur-
rents which can be applied for additional energy storage in superconducting magnetic energy stor-
age (SMES) systems, based on high-temperature superconductors. These systems might be used on
hybrid-electric cryogenic vehicles for propulsion [24, 25].

Conclusion

Thus, due to appearance of new semiconductor thermo-elements that are effective at low
temperatures it is possible to improve the design and efficiency of LN2 cryogenic evaporators by
changing the first range of heat exchanger for a thermoelectric generator, to obtain additional elec-
tric power in amount of 14.9 % of heat flux, which was simply lost before. Using published pa-
rameters for CsBisTeg, a thermoelectric material demonstrating good performance at low tempera-
tures, we obtained a volume-specific power of 73:10* W/m® and a mass-specific power of 10.34
W/kg for cryogenic vehicle applications.

References

1. Cryogenic Heat Engine Experiment / M. C. Plummer, C. P. Koehler, D. R. Flanders et al. / Advances in
Cryogenic Eng. — 1998. — Vol. 43.— P. 1245-1252.

2. Plummer M. C. A review of liquid nitrogen propelled vehicle programs in the United States of America /
M. C. Plummer, C. A. Ordonez, R. F. Reidy // Bulletin of the Kharkov National Automobile and High-
way University (Ukr). —2000. — Vol. 12-13. — P. 47-52.

52 ISSN 0131-2928. Ilpoba. mawunocmpoenus, 2011, T. 14, Ne 5



HETPAJULIMOHHAS DHEPI'ETUKA

3. Frost-free cryogenic heat exchanger for automotive propulsion / J. Williams, C. Knowlen, A. T. Mattick,
and A. Hertzberg // Proc. of 33" AIAA/ASEE Joint Propulsion Conf. and Exhibition, Seattle, WA. —
1997.

4. Ultra-low emission liquid nitrogen automobile / C.Knowlen, A.T.Mattick, A.Hertzberg, and
A. P. Bruckner // Future Transportation Technology Conference and Exposition, Costa Mesa, CA, SAE
Technical Paper Series 1999-01-2932. — 1999. — P. 1-12.

5. Development of cryocar on basis of liquid nitrogen / S.I. Bondarenko, A.Ya.Levin, A. I Pyatak,
L. N. Kudryavtsev // Proc. of the 8" Cryogenics Intern. Conf., Praha, Czech Republic. — 2004. — P. 123—
127.

6. Development first in the Ukraine demonstrational model of non-polluting automobile with cryogenic
power plant / A. N. Turenko, V. A. Bogomolov, S. I. Bondarenko et al. // Intern. Sci. J. Alternative En-
ergy and Ecology. — 2005. — Vol. 25, Ne 4. — P. 93-98.

7. Effective efficiency of the pneumatic engine for automobile transport / V. A. Bogomolov,
I N. Kudryavtsev, A. V. Kramskoy et al. // J. Mech. Eng. (Ukr). —2004. — Vol. 7, Ne 2. — P. 64-72.

8. Development of gas storage system for non-polluting cryogenic automobile / S.I. Bondarenko,
I. N. Kudryavtsev, N. M. Levchenko et al. // Bulletin of the Eng. Academy of Ukraine. — 2004. — Ne 2. —
P. 88-94.

9. Miller E. W. Modeling Energy Recovery Using Thermoelectric Conversion Integrated with an Organic
Rankine Bottoming Cycle / E. W. Miller, T. J. Hendricks, R. B. Peterson // J. of Electronic Materials. —
2009. — Vol. 38, Ne 7. — P. 1206-1213.

10. Crane D. T. Potential thermoelectric applications in Diesel Vehicles / D. T. Crane // Proc. of the 9™ Die-
sel Engine Emissions Reduction (DEER) Conference, Newport, Rhode Island. — 2003. — P. 1-6.

11. Rowe D. M. CRC Handbook of Thermoelectrics / D. M. Rowe. — 1995. — 720 p.

12. Snyder J. Thermoelectric efficiency and compatibility / J. Snyder, G. T. Ursell / Physical Review Letters.
—2003. - Vol. 93, Ne 14. — P.148301.

13.CsBi,Tes: A High-Performance Thermoelectric Material for Low-Temperature Applications /
D.-Y. Chung, T. P. Hogan, P. Brazis et al. // Sci. — 2000. — Vol. 287, Ne 5455. — P. 1024-1027.

14. A New Thermoelectric Material: CsBiyTeg / D.-Y. Chung, T. P. Hogan, M. Rocci-Lane et al. // J. of the
American Chemical Society. —2004. — Ne 126. — P. 6414-6428.

15. Lykke L. Electronic structure and transport in the low-temperature thermoelectric CsBiyTes: semi-classical
transport equations / L. Lykke, B. B. Iversen, G. K. H. Madsen // Physical Review B. — 2006. — Vol. 3. —
P. 195121.

16. Thermoelectric Power and Scattering of Carriers in Bi,,Sn,Te; with Layered Structure /
V. A. Kulbachinskii, H. Negishi, M. // Physica Status Solidi (B): Applied Research. — 2001. — Vol. 199,
Ne 2. —P. 505-513.

17. Lide D. R. Handbook of Chemistry and Physics / D. R. Lide. — 87-th Edition. — 2006-2007. — P. 12—-198.

18. The Thermal Conductivity of F-4 PTFE at 5-310 K / V. Medvedev, V.. Sviridenko, N. Rybkin,
V.G.Gorunova // Izmeritel’naya Tekhnika (Rus). — 1987. — Ne 5. — P. 37.

19. Rosenow W. M. A method of correlating heat transfer data for surface boiling of liquids / W. M. Rosenow
// Trans. of ASME. — 1952. — Vol. 75. — P. 969-976.

20. Mirza S. The behaviour of boiling of liquid nitrogen from aluminium surfaces / S. Mirza // International
Communications in Heat and Mass Transfer. — January-February 1990. — Vol. 17, Ne 1. — P. 9-18.

21.Mills A. F. Heat Transfer / A. F. Mills. — Prentice Hall, Inc., 1999. — P. 328-329 and P. 691-692.

22. Holman J. P. Heat Transfer / J. P. Holman. — McGraw-Hill, New York, 1976. — P. 13.

23. Mills A. F. Heat and Mass Transfer / A. F. Mills. — Prentice Hall, Inc., 1999. — P. 22.

24. Development of the new cryogenic technologies for prospective kinds of automobile transport /
V. A. Bogomolov, I. N. Kudryavtsev, A. I. Pyatak et al. / Automobile Transport (Ukr). —2003. — Vol. 12.
-P.5-7.

25. Development of ways for superconductors application in prosperous kinds of automobile transport /
I. N. Kudryavtsev, A. L. Pyatak, A. A. Stepanov, S. I. Bondarenko // Automobile Transport (Ukr). — 2002.
—Vol. 9. —P. 40-47.

IToctynuia B penakuuto
20.10.11

ISSN 0131-2928. Ilpooa. mawunocmpoenus, 2011, T. 14, Ne 5 53



