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Abstract: The gasification of liquefied natural gas (LNG) is characterized by a substantial release
of cold energy, which can be utilized for power generation via thermoelectric generator (TEG).
Employing a gasifier integrated with a thermoelectric generator for LNG gasification allows for the
recovery of cold energy and its conversion to useful power, a process that holds significant potential
for widespread application. In the study, a thermoelectric model has been developed for an annular
thermoelectric module, which formed a new category of gasifier tube. The influence of the module’s
structure as well as the heat transfer parameters on the thermoelectric performance was examined.
The results revealed that an optimum height of the thermoelectric leg, specifically 2 mm, maximized
the output power while allowing the thermoelectric conversion efficiency to reach a peak of 3.25%.
Another noteworthy finding is that an increase in the central angle of the thermoelectric leg leads
to a concomitant rise in output power but a decrease in conversion efficiency. Furthermore, when
the heat transfer coefficients at the hot and cold ends of the module achieved 4000 W /(m?-K) and
10,000 W/(m? K), respectively, the conversion efficiency can be elevated to 6.98%. However, any
additional enhancement in power generation performance derived from further augmenting the heat
transfer is marginal. These findings can serve as a valuable reference in the design and optimization
of TEG intended for the recovery of cold energy from LNG.

Keywords: liquefied natural gas; cold energy; thermoelectric; annular; structural optimization

1. Introduction

The demand for energy has been steadily increasing as a result of economic growth
and improvements in people’s living standards. Global energy consumption and trade
statistics indicate an annual growth rate of 2.6% [1]. Natural gas, being a cleaner alternative
to coal and oil, has witnessed a rising share in energy consumption. To facilitate the long-
distance transportation of natural gas, it is liquefied at low temperatures to form liquefied
natural gas (LNG). At LNG receiving terminals, the LNG, which is maintained at —162 °C,
needs to undergo a heating and gasification process before it can be delivered to customer
terminals. Throughout the gasification process, each ton of LNG releases approximately
840 MJ [2,3] of cold energy, and the recovery of this LNG cold energy offers substantial
economic and environmental benefits.

Presently, there exist several methods for the utilization of LNG cold energy, including
air separation [4], refrigerated storage [5,6], CO, capture [7], seawater desalination [8], and
power generation [9]. Among these, power generation is considered to be one of the most
efficient approaches for harnessing LNG cold energy. Power generation from LNG cold
energy can be achieved through two primary means: power cycles and thermoelectric
generators. Power cycles encompass various techniques such as direct expansion [10],
organic Rankine cycle [11], and combined cycle [12]. Power cycles offer a wide range of
applications, characterized by their high thermal efficiency and substantial power genera-
tion capacity. Bao et al. [13] implemented a two-stage condensing Rankine cycle system to
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effectively enhance the efficiency of an LNG cold energy generation system, achieving a
thermal efficiency of up to 10.07%. Joy et al. [14] observed that LNG vaporization under
higher pressures yielded greater power output. Ma et al. [15] established a multi-stage
Rankine cycle for LNG cold energy recovery and discovered that the growth of power
generation decelerated with an increase in the number of stages within the multi-stage
Rankine cycle. Zhou et al. [16] developed an innovative LNG cold energy utilization
system that integrated an organic Rankine cycle, a transcritical carbon dioxide cycle, carbon
dioxide storage, a seawater ice cycle, and a combustion power generation system. Their
findings indicated that the net power generation of the ORC surpassed that of other work-
ing fluids when R290 and R1270 were employed as the working fluids. Choi et al. [17]
proposed a novel approach for recovering LNG cold energy through power generation
using a cascaded Rankine cycle. They achieved a thermal efficiency of up to 12.5% in a
three-stage tandem Rankine cycle utilizing propane as the working fluid. Qu et al. [18]
introduced a vaporizer system for recovering LNG cold energy through an organic Rank-
ine cycle. Their investigation revealed that an increase in the LNG inlet temperature led
to a reduction in the system’s power output, while the thermal efficiency of the system
improved. Yu et al. [19] developed an LNG cold energy power generation system utilizing
seawater as a heat source and observed a rapid decline in the net output power of the
system with increasing LNG target pressure, noting that the system achieved the largest
net output power when R1270 was employed. However, these systems entail complex
equipment, substantial costs, extensive spatial requirements, and necessitate a reliable
and abundant source of cold energy during operation. Consequently, their predominant
utilization is observed in large-scale LNG gasification stations. In the huge number of LNG
satellite stations, where the LNG gasification volume is small and the flow rate fluctuates
greatly, the utilization rate of cold energy remains notably low. Employing a thermoelectric
generator for the recovery of LNG cold energy emerges as a more favorable choice.

Thermoelectric generators are widely used in waste heat recovery as they are devoid
of moving part edges, noise, and wear and tear, have a small volume and a long service life,
and are lightweight and easy to move [20,21]. LNG cold energy thermoelectric generator
refers to the usage of LNG as the cold source and seawater or air as the heat source,
thereby constructing a temperature difference between the hot and cold ends (TDHC) of
the thermoelectric module (TEM) and achieving the recovery of cold energy to generate
electricity. Although the efficiency of utilizing thermoelectric generators to recover LNG
cold energy for power generation is lower compared with power cycles, their high reliability
and broader applicability make them more promising for implementation in LNG satellite
stations. Kambe et al. [22] constructed a thermoelectric generator using water as the heat
source and liquid nitrogen as the cold source, and the thermoelectric conversion efficiency
of the BiTe-based TEM could reach 3.5% at 0 °C at the hot end and —120 °C at the cold end.
Weng et al. [23] attached four TEMs to the outlet of a liquid nitrogen tank and obtained
0.93 W of output power at a liquid nitrogen flow rate of 3.6 g/s. Lin et al. [24] proposed
a conversion efficiency of 2.67% by utilizing the two ends of the TEM constituted by the
warmed-up nitrogen and liquid nitrogen. Lobunets et al. [25] integrated a seawater gasifier
with TEM to develop an LNG cold energy thermoelectric generator. The generator utilized
liquid nitrogen as the cold source and 62 °C hot water as the hot source. The maximum
power generation efficiency was reported to be 8.85%.

The low-temperature characteristics of the TEM directly determine the theoretical
conversion efficiency of LNG cold energy, and the thermoelectric features of the TEM under
a low-temperature environment are critical. Chung et al. [26] developed high-performance
thermoelectric materials for application in the low-temperature region, which were able to
reach a high value of ZT of 0.8 up to 225 K. Sun et al. [27] modeled the analytical solution
of TEM and the maximum efficiency of the TEM can be up to 9% under the conditions of
130 K and 290 K for the temperatures of cold and hot sides, respectively. Kambe et al. [28]
found that when a conventional BiTe-based TEM was used to recover liquid nitrogen cold
energy of liquid nitrogen for power generation, the TEM was prone to deformation, causing
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a sudden drop in output power when the temperature at the cold end was reduced to
—160 °C. The module is also found to have a higher output power than the conventional
BiTe-based TEM. Karabetoglu et al. [29] built a test system for thermoelectric generators
and tested the Seebeck coefficient as well as the resistance of TEM in the range of 100-375 K.
Jeong [30] developed an analytical model of a TEM and analyzed the impacts of contact
resistance, contact thermal resistance, as well as cold-end heat transfer on the thermoelectric
performance and the optimal height of thermoelectric leg (TEL) at low temperatures.

In summary, preliminary investigations have been carried out on the viability of
employing thermoelectric generators for the recovery of LNG cold energy, affirming the
feasibility of this technology. The authors [31] have designed a new gasifier tube with a
thermoelectric generator to generate power with a density of about 20.8 W/m using air as
the heat source. Nevertheless, the TEMs utilized in the present study are of a fixed size,
and the investigation pertaining to the influence of TEM structure on system performance
is absent. Consequently, the optimization of the TEM structure is anticipated to enhance
the performance of LNG cold power generation further. In this study, the thermoelectric
model of an annular TEM from the gasifier tube with a thermoelectric generator applied
to LNG cold energy recovery is constructed. The influence of the structure of TEM on
the thermoelectric performance is investigated at low temperature, and the results of the
study can provide guidance for the design and performance optimization of the novel
thermoelectric generator.

2. Mathematical Model
2.1. Annular Thermoelectric Module

The fundamental component of a LNG gasifier is the gasifier tube, through which
LNG is introduced from the bottom. The LNG undergoes gasification by utilizing heat from
the surrounding seawater or air, which heats up the LNG within the tube. The authors [31]
proposed an innovative gasifier tube integrated with a thermoelectric generator, as depicted
in Figure 1a. This design combines a conventional gasifier tube with annular thermoelectric
generators positioned on the outer side of the tube. Consequently, the system enables the
recovery of cold energy for power generation during the LNG gasification process. The
newly developed gasifier with a thermoelectric generator operates without any moving
parts or working medium. It can generate power as long as there is a temperature difference,
without impeding the regular functioning of the LNG gasification process. Moreover, it
is not constrained by fluctuations in the gasification volume, offering favorable economic
prospects and broader applicability.

Seawater

Figure 1. Structure diagram of important components. (a) Gasifier tube with thermoelectric generator.
(b) Annular TEM structure.

The annular TEM serves as the fundamental unit within the newly developed gasifier
tube, and its thermoelectric performance directly influences the efficiency of cold energy
recovery. In view of this, the annular TEM is selected as the focus of the research, and a



Processes 2023, 11, 2687

40f 15

physical model is constructed, as depicted in Figure 1b. The annular TEM primarily consists
of a ceramic layer, a conductive copper sheet layer, and an annular TEL. The TEL is connected
to the conductive copper sheet through soldering. Within the inner layer of the new gasifier
tube, the ceramic layer has a radius of r; and a height of L. The conductive copper sheet
has a height of L., while the TEL has a height of L, and the solder layer has a height of L.
The overall TEM occupies a central angle of ¢tpy, with the central angle ¢p. specifically
dedicated to the P-type thermoelectric leg and the N-type thermoelectric leg. The total length
of the TEM is represented by w, whereas the length of the TEL is denoted as L.
In order to simplify the model, several assumptions are made as follows:

1. All surfaces, except for the hot and cold surfaces, are assumed to be insulated.
2. Contact resistance and contact thermal resistance are neglected.
3. The system is assumed to be in a steady state.

2.2. Thermoelectric Model

In this article, the thermoelectric coupling problem is computed, and data are pro-
cessed using COMSOL Multiphysics software. The thermoelectric model takes into account
the Seebeck effect, the Peltier effect, the Joule effect, and the Thomson effect [32]. The heat
flux and electric charge continuity equations in the steady state of the model are expressed
as follows:

2
vi="- 0
v/ =0 )

N —
In this case, g stands for heat flux vector, | stands for current density vector.
The thermoelectric coupling equation will be denoted as:

BJ —xVT )

R
q

R

J = AaVT — AVU (4)

where «, B, T, U, k, and A stand for the Seebeck coefficient, Peltier coefficient, temperature,
electrical potential, thermal conductivity, and electrical conductivity, respectively.
The above equation can be rewritten as:

2
V(eVT) + 2 - v(pT) =0 ©)
V(AaVT —AVU) =0 (6)

With the above equations, the temperature field as well as the potential distribution
within the model can be obtained.

2.3. Key Parameters

The power generation performance of TEM is commonly evaluated based on key
performance indicators, namely output power and conversion efficiency. In accordance
with the principle of the Seebeck effect, when there exists a TDHC, an electric potential is
generated in the conductor circuit, expressed as:

U=a(T,—T) = aAT @)

where T}, and T are the temperatures of the hot and cold sides of the TEM, respectively.
As a consequence of the inherent internal resistance of the TEM, the thermoelectric
potential resulting from the conversion of absorbed thermal energy is distributed across
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both the internal resistance R and the external load resistance Ry,. Consequently, the actual
output power P of the TEM can be expressed as follows:

(xAT)?Ry,

P=UI= 5
(R+RL)

®)

When the TEM internal resistance is equal to the load resistance, the output power of
the TEM will be the maximum, i.e., the maximum output power Pnayx is expressed as:

aAT)?
P max — <4RL) (9)
At this time, the conversion efficiency #max of the TEM is:
P
Hmax = @ (10)

2.4. Boundary Conditions

In the simulations conducted in this study, the temperature of LNG is set at 111.15 K. When
the LNG undergoes flow boiling, the corresponding HTC is approximately 2200 W/(m?-K) [33].
It is important to note that the heat transfer parameters outside the tube of the LNG gasifier can
vary significantly depending on the chosen gasification methods. Seawater is utilized as the heat
source, the temperature is set at 273.15 K, and the HTC can reach up to 5800 W/ (m?-K) [34]. The
structural parameters of the TEM employed in the simulations of this study are detailed in
Table 1.

Table 1. TEM structural parameters and operating parameters [35].

Parameter Names Unit Numerical Value

Structural parameters

DP1EM ° 45
Pp.N ° 11.25
Cold end radius of TEM 71 ¢ mm 10
Inner ceramic plate radius 77 cuy mm 10.8
Inner copper sheet radius rq ¢ mm 11.2
Inner welding layer radius 1 mm 114
Height of TEL L mm 5
Radius of outer welding layer ry, mm 16.6
Radius of outer copper sheet 5 mm 17
Radius of inner ceramic plate 3 mm 17.8
Operational parameters
Fluid temperature inside the tube T K 111.15
Fluid temperature outside the tube T, K 273.15
HTC outside the tube &, W/(m?2K) 5800
HTC inside the tube /i W/(m?2K) 2200

The TEM employs CsBisTeg [26] as the P-type thermoelectric material and BiSb [35]
as the N-type thermoelectric material, as indicated in Figure 2. These selected materials
demonstrate improved thermoelectric performance within lower temperature ranges. The
physical parameters of the other materials are provided in Table 2.
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Figure 2. Thermoelectric parameters of CsbigTes and BiSb.

Table 2. Low-temperature physical parameters of TEM [36-39].

Materials Density  Specific Heat Capacity =~ Heat Conductivity Conductivity
(kg/m3) (J/kg-K) (W/m-K) (S/m)
BiSb 7858 154
CsBiyTeg 6858 154
Copper 8940 385 385 5.88 x 107
Ceramics 3900 880 25
Welding layer 7260 230 55 2 x 107

2.5. Grid-Independent Verification

The mathematical model is discretized using a tetrahedral mesh, as illustrated in Figure 3.
To ensure the accuracy and reliability of the computational results, grid-independent verification
of the mathematical model is performed. Table 3 presents a comparison of the output power
and heat transfer capacity of the TEM at a TEL height of 8 mm for varying numbers of grids. It
is observed that after reaching a grid number of 19,313, further increments do not significantly
affect the results. Consequently, for the purposes of this study, a grid number of 19,313 is chosen.

Table 3. Grid-independent verification of TEM.

Number of Grids Qp (Inaccuracy) P (Inaccuracy)
8035 0.58591 W (0.012%) 0.029104 W (0.02%)
12,469 0.58588 W (0.007%) 0.029101 W (0.01%)
19,313 0.58584 W 0.029098 W

35,992 0.58584 W 0.029098 W
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Figure 3. Finite element model of TEM.

2.6. Model Verification

In order to validate the reliability of the proposed model, this study conducts a
comparative analysis between the simulation results obtained and those reported in the
literature [38], as depicted in Figure 4. The TEM structure examined in the literature [38]
features a flat plate configuration with BiyTe3 as thermoelectric material. The hot and cold
side temperatures of the TEM are set to 300 K and 400 K, respectively. Under steady-state
conditions, the influence of the TEM’s thermoelectric properties is investigated for a central
angle of 11.25° and TEL heights ranging from 1 mm to 9 mm. The results obtained from the
model calculations in this study exhibit a high level of agreement with the findings reported
in the literature, with an error margin within 2%. This close correspondence between the
simulation results and literature data provides strong evidence supporting the reliability of
the proposed model.

0.20 T T T T T
—m— Data from Jia et al. 2019
—o— Results of this paper
015 .
2 010} ]
_
005 :
0'00 'l 'l 'l 'l 'l
0 2 4 6 8 10
L (mm)

Figure 4. Verification of simulation results [38].

3. Results and Discussion
3.1. Effect of TEL Height

In this research, we initially investigate the variation in thermoelectric performance
of the TEM with respect to load resistance at different heights of the TEL. The results
are presented in Figure 5. It is worth noting that as the load resistance increases, the
output power and conversion efficiency of the TEM exhibit an initial increase followed
by a decrease. This indicates the presence of an optimal load resistance that yields the
highest thermoelectric performance for the TEM. This behavior is closely associated with
the internal resistance of the TEM. When the internal resistance of the TEM matches the
external load resistance, the TEM achieves maximum output power. Furthermore, the
figure illustrates that the optimal load resistance varies with different TEL heights. As
the TEL height increases, the internal resistance of the TEM also increases, leading to an
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increase in the optimal load resistance. In the subsequent analysis of influencing factors,
the optimal load resistance is considered as the external resistance.
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Figure 5. Variation of thermoelectric performance of TEM with load resistance for different TEL
heights. (a) Output power. (b) Conversion efficiency.

Figure 5 reveals an additional observation that the maximum output power initially
increases and then decreases as the TEL height increases. At a TEL height of 2 mm, the
output power reaches its peak value of 0.047 W, while the conversion efficiency continues
to rise with increasing TEL height. To further analyze these variations, Figure 6 presents
the influence of TEL height on key parameters of the TEM. As the TEL height increases, the
thermal resistance of the TEM gradually rises, resulting in reduced heat transfer through the
TEM under identical hot and cold side heat transfer conditions. Simultaneously, the TDHC
increases due to the greater proportion of the TEMs thermal resistance in the overall heat
transfer thermal resistance. A higher TDHC value corresponds to a higher thermoelectric
conversion efficiency for the TEM. Therefore, as the TEL height increases, the module
conversion efficiency gradually improves. The output power of the TEM is essentially
the product of the heat transfer quantity and the conversion efficiency. Consequently, the
existence of an optimal TEL height maximizes the output power through the combined
effect of these two factors.
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Figure 6. Effect of TEL height on module key parameters. (a) Temperature cloud diagram. (b) Heat
exchange capacity and TDHC.

3.2. Effect of TEL Central Angle

The influence of the central angle of the TEL on the thermoelectric performance of
the TEM is further investigated, as illustrated in Figure 7. With an increase in the central
angle of the TEL, the output power gradually rises while the efficiency gradually declines.
Specifically, at a TEL height of 2 mm, when the TEL central angle increases from 8.5° to
14.5°, the output power of the TEM experiences a 10.9% increase, whereas the conversion
efficiency decreases by 22.34%. Furthermore, the figure indicates that the impact of the
central angle variation diminishes as the TEL height increases.

The variation in the heat exchange capacity of the TEM with respect to the central
angle of the TEL is depicted in Figure 8. It can be observed that the heat exchange capacity
increases gradually as the TEL central angle increases. An increase in the TEL central angle
leads to a reduction in the thermal resistance of the TEM. Consequently, the heat exchange
capacity of the TEM increases.
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The temperature distribution within the TEM is influenced by the central angle of the
TEL, as illustrated in Figure 9. However, it is observed that the variation in the central
angle has minimal impact on the temperature distribution of the TEM. On the other hand,
the TDHC decreases with an increase in the TEL central angle, which consequently leads
to a decrease in conversion efficiency. Furthermore, it is noteworthy that when the TEL
height is large, the change in the central angle of the TEL results in a relatively small
variation in thermal resistance. Consequently, the heat exchange capacity and TDHC
undergo less significant changes, thereby reducing the impact of central angle variation on
the thermoelectric performance of the TEM.
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Figure 9. Variation of temperature parameters with central angle of TEL. (a) Temperature cloud
diagram (L = 5 mm). (b) Temperature difference between hot and cold ends.

3.3. Influence of Heat Exchange

The alteration of heat transfer parameters in the cold and hot sources results in changes
to the HTCs inside and outside the tube, thereby inevitably impacting the performance of
the generator. The influence of HTCs inside and outside the tube on the thermoelectric
performance of the TEM is depicted in Figure 10. The figure illustrates that the output
power and efficiency increase with higher HTCs inside and outside the tube. When the
HTCs inside and outside the tube reach 20,000 W /(m?-K) and 5800 W/(m?-K), respectively,
the TEM achieves its maximum output power of 0.083 W and efficiency of 7.46%. Therefore,
enhancing the heat exchange performance of the fluids inside and outside the tube serves
as a crucial factor in realizing the efficient utilization of LNG cold energy.
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Figure 10. Variation of thermoelectric performance with HTC inside and outside the tube. (a) Output
power. (b) Conversion efficiency.

The temperature variations corresponding to different HTCs inside and outside the
tube are presented in Figure 11. Increasing the HTC outside the tube h, effectively raises
the temperature at the hot end of the TEL, thereby increasing the TDHC. Consequently,
the HTC inside the tube /s is increased to lower the temperature at the cold end of the
TEL and further enhance the TDHC. However, it should be noted that, in relative terms,
a higher HTC is required at the cold end due to the larger surface area of the hot end
of the TEM. Overall, it is evident that when the HTCs inside and outside the tube reach
hg = 10,000 W/(m?-K) and h, = 4000 W/(m?-K), respectively, the conversion efficiency
can reach 6.98%. Subsequent improvements in thermoelectric efficiency resulting from
further escalation of the HTC are minimal. Additionally, it is important to consider that
increased HTCs often necessitate additional energy consumption. Therefore, the design of
thermoelectric generators for LNG cold energy recovery must consider the coupled effects
of heat transfer, flow resistance, and thermoelectric conversion.
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Figure 11. Variation of module temperature parameters with HTC inside and outside the tube.
(a) Temperature cloud diagram outside the tube. (b) Temperature cloud diagram inside the tube.
(c) Temperature difference between the hot and cold ends.

4. Conclusions

The utilization of a gasifier coupled with a thermoelectric generator offers the op-
portunity to perform LNG gasification while concurrently generating electricity through
cold energy recovery. The fundamental unit of the gasifier tube in this novel system is
composed of an annular TEM. In this research, a mathematical model of the annular TEM is
developed to investigate the influence of the TEMs structure and heat exchange conditions
on its thermoelectric performance. The main findings are as follows:

1. The presence of an optimal load enables the optimization of the TEMs thermoelectric
performance. The optimal load resistance increases as the height of the TEL increases.
Additionally, the conversion efficiency demonstrates an increasing trend with higher
TEL heights. However, there exists an optimal TEL height of 2 mm that maximizes
the output power.
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2. Increasing the central angle of the TEL leads to a rise in the TEMs output power but
results in a decrease in conversion efficiency. Specifically, when the TEL central angle
is increased from 8.5° to 14.5°, the TEMs output power experiences a 10.9% increase,
while the conversion efficiency decreases by 22.34%.

3.  The thermoelectric performance of the TEM can be significantly enhanced by im-
proving the heat exchange of the fluid inside and outside the tube. When the
HTC outside the tube reaches 4000 W/ (m?-K) and the HTC inside the tube reaches
10,000 W/ (m2~K), further increases in the HTCs yield minimal benefits. Therefore,
when designing an innovative thermoelectric generator for LNG cold energy recovery,
it is essential to consider the comprehensive performance aspects of heat transfer, flow
resistance, and thermoelectric conversion.
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