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In this paper, the results of experimental studies of a prototype cryogenic
thermoelectric generator (TEG) using transit heat flows in a liquefied natural
gas (LNG) evaporator are considered. The main objective was to develop a
TEG with low capital cost, integrated directly into an LNG vaporizer, capable
of generating electricity at a reasonable levelized cost (LCOE). A demonstra-
tion prototype of TEG was created with a power output of 800 W. The proto-
type used liquid nitrogen (LN,) instead of LNG as the working fluid. Achieved
technical parameters of TEG provide the LCOE decrease to a level of ~ 0.015
$/kWh. Such results are achieved using standard components (thermoelectric
modules, heat exchangers, etc.) thanks to the optimization of the TEG design.
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List of Symbols

I Electrical current (A)

J Dimensionless current density

e Seebeck coefficient (V/K)

E Electromotive force (V)

A Thermal conductivity (W/cm-K)

o Electrical conductivity (Q cm) ™!

h Thermocouple leg length (cm)

n Number of thermoelectric elements or
modules

N Electrical power (W)

s Thermoelectric leg cross sectional area
(cm?)

T, Determining temperature (K)

Ty Hot junction temperature (K)

T, Cold junction temperature (K)

AT Junction temperature difference (K)

th Heat carrier temperature (K)

te Coolant temperature (K)

At Temperature difference of heat carriers
(K)

® = T/T, Dimensionless temperature
9 =t/T, Dimensionless temperature of fluid
z Thermoelectric figure-of-merit (K™Y
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2T, Dimensionless thermoelectric figure-of-
merit

Q Heat power flow (W)

n Efficiency

e Carnot efficiency

o Heat transfer coefficient (W/cm? K)

R, R, Thermal resistance (cm? K/W)

R Electrical resistance (Q)

Ry, Electrical load resistance (Q)

m = R1/R Load factor

LCOE Levelized cost of electricity ($/kWh)

Bi Biot criterion

Nu Nusselt criterion

Re Reynolds criterion

Pr Prandtl criterion
INTRODUCTION

Increased use of liquefied natural gas (LNG) is a
growing trend in the energy industry. According to
the World LNG Report,! the capacity for liquefac-
tion of natural gas in 2018 has reached 460 million
tons per annum (MTPA). In parallel, the capacity of
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regasification terminals has reached 851 MTPA and
continues to increase. The process of the LNG
regasification due to the significant latent heat of
LNG (550 kd/kg) and a large temperature difference
between LNG and its heating media (the boiling
point of LNG is —162°C) has a great energy
potential. The aggregate thermal flow of all LNG
vaporizers worldwide is about 100 TWh of heat
energy. Conversion of this thermal flow to electricity
represents significant economic opportunity and
societal value, especially because the source of
energy during regasification is usually a truly
renewable heat source — seawater or ambient air,
resulting in zero greenhouse emission. Existing
state-of-the-art technology for utilizing this thermal
potential is based on the organic Rankine cycle
(ORC), direct expansion cycle, or their combina-
tions,” which is generally plagued by high capital
cost, relatively low reliability, and extensive main-
tenance requirements. Such shortcomings are
absent in thermoelectric electricity generators
(TEG), which are ideal for use in the conditions of
vaporization of cryogenic liquids because these
solid-state semiconductor devices have no moving
parts, do not require maintenance, and have a
comparable efficiency to ORC in the specific condi-
tions of LNG vaporization. Besides, such a genera-
tor is essentially a heat exchanger-vaporizer that
can serve as an additional cascade in traditional
thermodynamic cycles, which will greatly increase
efficiency. Possibilities of TEG application were
considered in Refs.8—15 In 2008 Kambe et al.®
presented a conceptual design of the TEG inte-
grated with the open-rack-type (ORV) LNG vapor-
izer. The test rig included the encapsulated BisTe;
modules 50 x 50 mm dimension. Instead of LNG,
liquid nitrogen (LNy) was used. Each module pro-
vides electrical power of about 2.5 W and efficiency
n =~ 3.5%. The evaluated electricity production cost
was 16 ¥/kWh (approximately 0.15 $/kWh). In 2016
Weng et al.” observed the cryogenic-nitrogen waste-
cold-recovery system by using thermoelectric power
generator. Approximately the same results were
obtained and conclusions were drawn regarding the
prospects of such a system. The author carried out
an analysis of the influence of heat transfer condi-
tions on the efficiency of such systems.'® The
possibilities of significant improvement of TEG
characteristics were shown. Next, this paper is
devoted to the experimental verification of the
proposed concept.

THEORETICAL FOUNDATIONS

The main goal of the work was a radical reduction
of levelized cost of electricity (LCOE) of a cryogenic
TEG, at least an order of magnitude. That is, in
order to achieve the goal, it is necessary to ensure
the conditions under which a standard module
50 x 50 mm will power level N > 25 W. First of
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all, it is necessary to determine the conditions under
which the module can achieve such power. In the
general case, the power of the module is:

(eAT)> m m
N=n—— =nzTonQ),——,
ol Qi (m N 1)2

b (m 1)
where n.= AT/T,—Carnot efficiency; @;= AsAT/
h—heat flux of heat conductivity.

To determine the temperature mode of the mod-
ule it is necessary to consider the problem of heat
transfer in the system “Energy Source — Thermo-
electric module — Heat Sink”. This problem was
considered in the author’s previous articles.'!¢ In
the general form, it can be represented as a
nonlinear system of equations, which includes:

(1)

e dimensionless thermal conductivity equation:

P20  J?
W+m207 (2)

e dimensionless equation of thermal balance on a
hot surface:

Bin[on — ©(1)] + /(1) —JO(1) =0,  (3)

e dimensionless equation of thermal balance on a
cold surface:

Bi[©(0) — 9] + ©'(0) — JO(0) = 0. (4)

The solutions of Eq. 2 have the form:

2

@(Y) =C;+CY— J

2
2T, Y= (5)

Substituting (5) into (3, 4), we get the following
system of equations for the determination of con-
stants Cq, Cs:

C1(J + Biy)—Cy = Bipth; (6)

Cy(Bic — J) + Cy(Bie —J + 1)
2 .
— Big0e +ZJ (1 , Bie J). (7)

2T, 2

Solving the model (2-7) allows you to calculate
the temperature mode and define all the parameters
of the TEG. As the initial data, it is necessary to
determine the properties of the thermoelectric
material (zT,) and the heat transfer conditions
determined by the initial temperatures of heat
carriers fy,, fe., and the Bi;, and Bi. criteria. As
the model material selected a well known thermo-
electric material based on BisTes with properties (o,
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o, A) are described with sufficient accuracy as
polynomials of degree 2 (the coefficients are given
in Table 1):'”

P, =a,+ai1T +asT?. (8)

According to the problem, the temperature of the
cold source is equal to the saturation temperature of
LNy (t.o = — 196°C), the temperature of the heating
medium is taken #,, = 20°C. As a base, the proper-
ties of a standard thermoelectric module of
50 x 50 mm produced by S&PF “Module” were
used. The nominal power of such a module, depend-
ing on the heat transfer conditions, is illustrated in
Fig. 1. As it follows from the given data, under
certain conditions the task can be solved. The
determinant factor is the ratio of the thermal
resistances of the thermal conductivity R;= A/
and the heat exchange R,.= /o, R.= /o, and
the electrical resistance R = h/c. That is, in addition
to the transfer coefficients o, 4, A, the essential
parameter is the leg lengths of the thermoelements
h. For the standard thermoelectric modules, this
parameter lies within A = 0.5-5 mm. The analysis
of the influence of this parameter on the character-
istics of the module shows that at o« <0.05 the
increase in leg lengths leads to an increase in the
working temperature difference and power, but at
high intensities of heat exchange, the negative
influence of the growth of internal -electrical

60
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Fig. 1. Influence of h on the max power of module, N.

resistance prevails, which leads to a decrease in
the useful power.

This conclusion is illustrated in Figs. 1 and 2,
which shows the dependancies of the maximum
power of module N on leg length of thermoelements
h with a heat transfer intensity « = 0.1 ... 0.6 W/
cm? K. As it follows from the given data, in order to
achieve the goal, it is necessary to ensure the
conditions:

h <1 mm;

%n > 0.3 W/em? K. 9)

HEAT TRANSFER CONDITIONS

The heat transfer conditions in the water channel
are well defined and stable, in the cryogenic chan-
nel, they have essential features. In the water
channel, heat transfer is described by the criterion
equation:'®

Nu = 0.021Re*8Pro*3(Pr,, /Pr)®*.  (10)

It follows from (10) that to support the condition
ap = 0.3 W/em? K in the water channel it is neces-
sary to maintain a turbulent flow regime with
Re > 3500. The heat exchange conditions for the
evaporation of cryogenic liquids are of a rather
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Fig. 2. Influence of o on the max N.

Table I. Polynomial coefficients for the thermoelectric properties

Coefficient Jps WmK Jmy W/mK e, VK en, VK ops (Qm) ™! Oy (Qm) !
ao 3.74236 4.49559 —4.49x10° —1.78x10"° 6.40974 x 10° 3.6167 x 10°
a; — 0.01342 — 0.01726 1.28 x 107 1.08 x 1078 — 29551 x 10° — 1.4035 x 10°
as 1.8485 x 107 22711 x10®° —151x10° —151x107° 3.8199 1.68176
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complex nature. The liquid passes successively
through several phases, each of which is character-
ized by its flow peculiarities and the intensity of
heat exchange. A significant influence on the tem-
perature regime is exerted by the specific density of
the heat flux q. As the heat flow ¢ increases, the
convective heat transfer passes to the boiling mode
(o), then the number of evaporation centers on the
wall of the heat exchanger increases, and when a
certain critical value g,,x occurs, with the forma-
tion of a gas gap between the liquid and the wall,
the heat transfer rate decreases sharply and the
wall overheating with a jump increases with respect
to the liquid temperature. The value of quax
depends mainly on the properties and regime of
the fluid flow, some influence can also be exerted by
the state of the heat exchange surface. The depen-
dence of the superheating of the wall on the heat
flux in the region from the boiling point g, to ¢ax 1S
linear, indicating a constant heat transfer coeffi-
cient. After the start of boiling, the amount of the
gas phase (the degree of dryness X, %) along the
channel increases and at X ~ 80% the liquid film on
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the wall dries.'® It causes the heat exchange rate to
drop sharply. Obviously, beyond this boundary, it
makes no sense to place the TEG, and the final
evaporation and heating of the gas should be carried
out in a conventional heat exchanger. Thus, in the
working region of interest to us 0 < X < 80%, the
condition o, = const can be taken. For LNG,
% ~ 0.4-0.7 W/em? K,'??° and for LN,, which is
used as a model fluid, o, ~ 0.25-0.6 W/ecm? K.%!

EXPERIMENTAL SETUP OF TEG

The prototype of TEG consists of three rectangu-
lar extruded aluminum heat exchangers, designed
to introduce the thermoelectric modules between
the internal LN5 channel and external water chan-
nels, as shown in Fig. 3. Between heat exchangers
two groups of 20 modules of type MT2.6-0.8-263 are
clamped (the specification means: 2.6 is the cross-
sectional area of the legs, mm?; 0.8—its height, mm;
263—the number of thermocouples in the module).
Liquid nitrogen is fed through the internal heat
exchanger with the coefficient of heat transfer

OIS
T

Fig. 3. TEG Prototype circuit and test rig.

Table II. Characteristics of the prototype TEG

Water
Water in Water out Open cir- Short cir- flow G, kg/ Heat flow Q.= max Power Efficiency
tin, °C touts °C cuit E,, V cuit I,, A s GCo(tin— tour)y W No=E I,/4, W 1 =No/Q,, %
62 51 331 10.2 0.207 9540 844 8.85
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a. ~ 0.3 W/em? K. Through external heat exchang-
ers is fed water under the counterflow scheme, with
the coefficient of heat transfer o}, ~ 0.39 W/em? K.
Consequently, the proposed design ensures that the
conditions (9) are fulfilled. Under these conditions,
the calculated power of the module is
N = 26.8 Watts (load factor m = 1.2). The test rig
is equipped with the necessary means of measure-
ment and control.

For purposes of analysis, the temperature distri-
bution of the walls of the heat exchangers, the
electromotive force of the TEG and each module, as
well as the mass flow rate and temperatures of the
heat-carriers were measured.

RESULTS AND DISCUSSION

As an example below the results of measurements
of one of the modes of the TEG and their processing
(Table II).

The temperature distribution along the walls of
heat exchangers is shown in Fig. 4. It is seen that
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Fig. 4. Temperature distribution of the walls of the heat exchangers.

after 2/3 of the length the temperature of the
cryogenic channel increases sharply, which indi-
cates a decrease in the intensity of heat transfer in
accordance with the transition to a single-phase
mechanism, as described above. Accordingly, for a
rise in a gap in the power curve of thermoelectric
modules—the power decreases from the level of 24—
28 W/module to the level of 12-15 W/module
(Fig. 5). Such a result is consistent with the previ-
ous theoretical analysis.

Thus, the results of the tests confirm the possi-
bility of radically improving the efficiency of the
TEG by optimal design and achieving the goal—to
increase the specific power TEG by the order of
magnitude (from 2.5 W/module up to 25 W/module).
At the same time efficiency has almost dou-
bled—from 3.7% to 8.85%. Based on these results
one can obtain an estimate of the levelized cost of
electricity for a thermoelectric generator that is
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Fig. 5. Module power distribution along the height of the TEG
channel.

Fig. 6. Rendering of the 100 kW Cryogen TEG.
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used as an evaporator of cryogenic liquids. The
LCOE definition formula has the form:

LCOE=(TotalExpenses)/(Total Electricityproduced)

Applying cost estimation model adopted in Ref. 8
and modern prices for TEG components, for the

Design life of the 10 (years)
TE modules
Plant availability 80 (%)

Number of TE
modules

Electricity pro-
duced in 10 years

TE module cost
including mount-
ing and connec-

100 kW/25 W = 4000

100 kW x 10 year x 365 day x 24
h x 0.8 =7 x 10° kWh
4000 x $20 = $80,000

tors parts
DC/AC inverter and $100/kW x 100 kW = $10,000
electric distribu-
tor
Heat exchangers $50/kW x 100 kW = $5000
Assembling $100/kW x 100 kW = $10,000
Total Expenses $105,000
LCOE $105,000/7 x 10° kWh = 0.015%/
kWh

conditions of serial production of TEG with a power
of 100 kW, we obtain the following indices:

Such generator will be looking like a cube mea-
suring approximately 1.5 m (rendering on the
Fig. 6).

CONCLUSION

The results of the experimental study of the
thermoelectric generator for utilizing cold energy of
cryogen liquids are considered. Proposed
approaches to designing, which allow to radically
increase the power and efficiency of TEG are
presented. Due to the optimal design, the specific
power increased by an order of magnitude compared
with the state-of-the-art TEG of such application,
the efficiency has increased almost twice. The use of
components produced by the industry has signifi-
cantly reduced the cost of TEG and provides the
competitiveness of electricity—according to prelim-
inary estimates, the LCOE =~ $0.015/kWh. Such
technical and economic indicators allow us to expect
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a wide application of TEG in the systems of
gasification of liquefied gases, in particular, LNG
and LNo.
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