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ABSTRACT

A Solid Oxide Fuel Cell (SOFC) is an electrochemical device that converts the chemical energy of a substance
into electrical energy through an oxidation-reduction mechanism. The electrochemical reaction of a solid oxide
fuel cell (SOFC) generates heat, and this heat can be recovered and put to use in a waste heat recovery system. In
addition to preheating the fuel and oxidant, producing steam for industrial use, and heating and cooling enclosed
rooms, this waste heat can be used for many more productive uses. The large waste heat produced by SOFCs is
a worry that must be managed if they are to be adopted as a viable option in the power generation business. In
light of these findings, a novel approach to SOFC waste heat recovery is proposed. The SOFC is combined with a
“Thermoelectric Generator and an Alkali Metal Thermoelectric Converter (TG-AMTC)” to transform the excess
heat generated by both the SOFC and the TG-AMTC. The proposed TG-AMTC is evaluated using a number of
performance indicators including power density, operating temperature, heat recovery rate, exergetic efficiency,
energy efficiency, and recovery time. The experimental results state that TG-AMTC has provided an exergetic
efficiency, energetic efficiency, and recovery time of 97%, 98%, and 23%, respectively. The study proves that the
proposed TG-AMTC for SOFC is an efficient method of recovering waste heat.
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1 Introduction

SOFCs are machines that use an electrochemical process to transform chemical energy directly
into electrical energy. Hydrogen or hydrocarbon fuels, such as methane, are often used as an energy
source in SOFCs. Waste is created during the production of power and takes the forms of heat, carbon
dioxide, water vapor, and unreacted fuel. Waste from SOFCs is a major issue since it has the potential
to affect both the cost of energy generation as a whole and the fuel cell’s efficiency. Researchers are
investigating several approaches for controlling and decreasing solid oxide fuel cell waste, including
enhancing the fuel cell’s architecture and creating more effective and affordable recycling and disposal
techniques [1]. Thermal waste or chemical waste are two categories that apply to this waste. Thermal
waste is the extra heat produced while the fuel cell is operating that may be caught and utilized
for other things, like heating or cooling. Carbon dioxide and unreacted fuel that is not turned into
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electrical energy are examples of chemical waste that has to be appropriately disposed of or recycled.
In comparison to other fuel cell designs, SOFCs offer several benefits, including high efficiency,
minimal emissions, and the capacity to burn a range of fuels. The decision is, heat recovery and the co-
generation of heat and electricity are made possible more effectively. They can also work at extremely
high temperatures. For a range of uses, including fixed power production for homes and businesses
and portable power sources for military and off-the-grid applications, SOFCs are being developed
[2]. Thermoelectric generators (TGs) are machines that produce electricity directly from heat. They
make use of the Seebeck effect, which is the formation of an electric potential difference when a
temperature differential is applied across two distinct kinds of materials. Thermoelectric generators
are normally made up of several thermoelectric modules, which are built of pairs of p and n-type
semiconductors that are electrically paired in a thermocouple arrangement. TGs may be used for a
variety of useful purposes, including supplying power to spacecraft, operating sensors in distant areas,
and recovering waste heat from industrial operations. TGs are advantageous in that they are portable,
strong, and dependable, which makes them perfect for uses where conventional power sources would
not be practical. The potentials and limitations of each use are briefly discussed at the beginning of
each section to make the applications of thermoelectric generators more understandable. The benefits,
difficulties, and overall viability of using TGs in various applications are then elaborated on [3]. The
chemical energy of fuels like hydrogen or natural gas may be converted into electricity using SOFCs,
which have a high conversion efficiency and emit few greenhouse gases in the process. To guarantee
optimal operation and avoid system damage, waste heat from SOFCs must be handled, just as it
does with any energy conversion process. The use of TGs is one method of controlling the waste
heat produced by SOFCs. Temperature-energy generating devices, or TGs, are solid-state components.
They work by using the Seebeck phenomenon, which produces a voltage when a temperature gradient
is present. As a result, TGs may be used to collect the waste heat produced by SOFCs and transform
it into extra electrical power, which can be utilized to raise the system’s overall effectiveness [4].
Multiple studies have concentrated on improving thermoelectric material properties, such as the
Seebeck coefficient, electrical resistivity, and thermal conductivity, to increase the efficiency of TGs.
As an alternative, TGs may be cascaded into a two-stage configuration, allowing for the further
conversion of top-stage TGs’ rejected heat into electricity by the addition of bottom-stage TGs [5].
TGs are superior to other waste heat recovery systems in a variety of ways. They are dependable and
low-maintenance since they are absent of any moving components. In addition to being lightweight
and simple to install into the SOFC system, they are also small. TGs are excellent for use with SOFCs
because they have a long operating lifespan and can function over a broad temperature range. The
temperature differential across the device puts a limit on the quantity of electricity that can be produced
by TGs, which usually have poor conversion efficiency. This implies that a big temperature differential
must exist to create significant quantities of electricity, which may not always be achievable. TGs may
also increase the price of the SOFC system, and their complexity and extra parts may reduce the
system’s overall efficiency [6]. AMTCs are machines that use the thermoelectric effect to change heat
energy into electrical energy. The thermionic emission theory underlies AMTC technology, in which
electrons are released from a heated surface and captured by a colder surface. The working fluid for
AMTC s is a ceramic tube that is vaporized with an alkali metal, such as sodium or potassium. The
alkali metal vapor is heated on one side of the tube, which ionizes it and causes a flow of charged
particles. After passing through a sequence of electrodes, the charged particles produce a voltage
differential that may be used to generate electrical energy. Since they are so effective, AMTCs can
turn up to 50% of the thermal energy they receive into electricity. Numerous applications, including
solar power systems, waste heat recovery, and space power systems, are possible for them [7]. Waste
heat from SOFCs may be recovered using TGs and AMTCs. The operating temperature of SOFC
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and needed output power, however, determine which device should be used. TGs are often better
suited for applications requiring lower temperatures, while AMTCs are better suited for applications
requiring higher temperatures. When waste heat from SOFCs is recovered using TGs and AMTCs, the
system’s overall efficiency may be raised while its environmental effect is decreased [8]. The process of
collecting and using the thermal energy produced as a by-product of SOFC operation is referred to as
the recovery of SOFC waste heat. Due to the temperature differential between the hot fuel cell stack
and the colder surrounding environment, SOFCs produce waste heat. Thermoelectric generators or
alkali metal thermoelectric converters can collect this waste heat and transform it into usable power.
The recovery of waste heat from SOFCs using TGs and AMTCs has shown promise, but there are
still obstacles to be cleared before these technologies are more efficient, dependable, and cost-effective
[9]. The need for the creation of effective and sustainable energy technologies has risen due to global
energy and environmental crises. Fuel cells are attractive sources of energy because they can transform
fuel chemical energy into electricity effectively and sustainably without the need for intermediate, time-
consuming energy conversion procedures. SOFCs, a kind of fuel cell, have generated a great deal of
attention because of their fewer emissions, fuel adaptability, inexpensive metal catalysts, and quickly
occurring electrochemical reactions. In the review, several SOFC heat recovery methods have been
presented and studied; nonetheless. In light of this objective, the present work proposes a unique
pairing in which an AMTC and a TG are taken into account as joining an SOFC [10]. SOFCs produce
a significant amount of excess heat, which is frequently not fully employed. The efficient retrieval
of this waste temperature presents challenges in terms of low conversion efficiency and materials
constraints when employing thermoelectric generators (TEGs) and AMTECs. Revolutionary chemical
investigation and engineering developments have the potential to improve the performance of TEG
and AMTEC. Enhancing the thermal resistance of substances and optimizing the combination of
systems can enhance overall efficiency, thereby making the usage of waste thermal from SOFCs more
feasible and economically acceptable.

Contribution of the study:

e The industry is still conducting research and development on waste heat recovery, but it is a
crucial strategy for improving the sustainability and energy efficiency of SOFC systems.

e In order to reuse the energy that would otherwise be wasted in a cells SOFC, we implemented
a TG-AMTC in this investigation.

e The data has been collected from the thermoelectric plants around Beijing.

e Existing technologies such as the Brayton cycle heat engine (BCHE), the “SOFC system
equipped with a gas turbine and organic Rankine cycle (SOFC-GT-ORC)”, and the marine
diesel engine (MDE) are used to make comparisons in terms of performance metrics such
as power density, operating temperature, heat recovery rate, exergetic efficiency, energetic
efficiency, and recovery time.

e The findings show that the proposed approach has the potential to greatly boost SOFC system
efficiency in general.

2 Application of Solid Oxide Fuel Cell

Reference[! 1] explored the hybrid system’s overall performance traits and ideal parameter designs,
a thorough numerical model of the system is created. The “hybrid system” performs superior to other
AFC system-based hybrids that have been previously presented, indicating the TRD has a greater
effective capture of the “waste heat” generated by AFC than other traditional combination equipment.
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Reference [12] has evaluated and addressed the use of NFs in FCs for waste heat recovery and heat
management. The effectiveness of NFs as FC coolants has been shown. The thermal efficiency of the
FC is almost doubled while the dimensions of the chilling device are reduced when NFs are included.
Over the last several years, fuel cells have drawn growing interest as sustainable power conversion
technologies. With the great power transformation effectiveness of FC, a significant portion of the
generated power is still eliminated as “waste heat”. The goal of the work [13] is to present and
conceptually develop a unique energy process based on thermionic and thermoelectric generators
and SOFCs. The SOFC converts the chemical energy present in the fuel into electrical energy. The
thermoelectric interface (TI) harnesses the waste heat from the SOFC to provide additional electrical
power. To generate more power, TE is linked thermally to the TI. As downstream and intermediate
cycles, consequently, the TE and TI profit. The concept increases the use of waste heat and improves
system effectiveness. In the work [14], a combined structure in the form of an integrated mechanism for
electricity, heating, and cooling is explored relative to its energy, exergy, and thermodynamic analysis.
The system that is suggested comprises an additional absorption chiller to meet the requirement for
cooling as well as an SOFC to give electrical and thermal energy. It also includes steam power turbines
to generate extra electrical power. In the work [15], the simulation and evaluation of a cutting-edge
integrated co-generation system that produces power while converting heat and includes a biomass
gasifier, an SOFC module, and a heat recovery steam generator are performed. The efficiencies and
costs of the suggested system have been assessed. It is possible to overcome the multifaceted issues
of degradation of the environment, reliability of energy, and depletion of traditional reserves of
fossil fuels by using sources of clean energy efficiently. The research [16] compared a stand-alone
SOFC system to configurations that include a gas engine, steam generator, and a unique SOFC-
mixed cycle powered by a reciprocating engine. Electricity may be produced from natural gas in a
tidy and effective manner with the help of SOFC technology. It is fascinating to examine that they
stack up because other integration strategies with heat cycles have been suggested to attain even
better electrical efficiency. Additionally, it has not yet been sufficiently addressed how the SOFC
operating settings affect heat cycles. The goal [17] described was to harness the waste heat and enhance
cooling capabilities, a thermoacoustically-driven cryocooler could be connected to an SOFC. The
overall effectiveness attributes for such a hybrid system are established from the efficiency indicators
measuring a range of irrevocable inefficiencies. The long-term stability of an SOFC during operation
is severely impacted by heat build-up. There may be two advantages to using waste heat in further
applications. The study [18] developed and examined a novel hybrid system for applications that
combine cooling and electricity. The heat created in the PAFC is utilized by TG to get more energy out
of the ground, whilst the exhaust heat from the PAFC is used to supply chilling power. Additionally,
they discovered that the quality of the presentation is improved when the TG consumes less heat
and the AC utilizes the majority of the useable heat. The study [19] presented a “solid oxide fuel
cell (SOFC)” with a “graphene-collector thermionic energy converter (GTEC)”. In the framework,
GTEC captured the high-quality waste temperature generated by the SOFC and produced additional
power. Their investigation offered essential fundamental information on the best configurations and
parameterized examination of SOFC-GTEC hybrid systems, hence facilitating the development of
high-efficiency SOFC power generation technologies. The study [20] developed MCFC-GCTG, had
been to effectively harness the high-quality waste heat generated by MCFC for the simultaneous
production of electricity. The MCFC-GCTG exhibits superior performances compared to other hybrid
technologies based on MCFCs, indicating that GCTG was more efficient in utilizing the waste heat
generated by MCFCs than alternative heat-recovering techniques.
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3 Materials and Methods

For this study, the data has been collected from thermoelectric plants around Beijing. Recovering
waste heat may assist the SOFC system’s dependability and durability. As it enables the recovery of
energy that would otherwise be dissipated as heat, it greatly improves the system’s overall efficiency.
This may therefore result in less fuel being used and cheaper operational expenses. In consideration of
this, we suggested the “thermoelectric generator and an alkali metal thermal electric converter (TG-
AMTC)”. Fig. | represents the proposed model of this study.
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plants)
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<z Thermoelectric
_ generator-Alkali
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Solid Oxide Fuel thermoelectric
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Figure 1: Proposed model

3.1 TG-AMTC

In this system, fuel is fed into the SOFC and transported to the anode electrode, where it undergoes
molecular and electrical processes to generate energy. The AMTC is divided into higher-pressure and
heat and less-pressure and heat zones using a solid alumina electrolyte (SAE). The SAE, which is
defined as having a greater ion conductance than electrical conductance, is crucial to the construction
of the AMTC. The AMTC receives the sodium high-pressure vapor from the initial section. The second
zone, which has stresses below 90 Pa and heats between 300 and 900 k, also receives low-pressure vapor
sodium. The “sodium ions” are sent to the cathode electrode by the pressure change, and the divided
electrons are received by the anode electrode. Moreover, isolated electrons are employed in an open
circuit to provide electricity power. As a result, the condenser condenses the sodium vapor, which
the pump then sends to the topmost portion of the AMTC for recovery. Moreover, the TG is made
up of m thermocouples that are serially connected utilizing the bismuth telluride (Bi,Te;) material.
These thermocouples are made of two semiconductors P-type and N-type combined together by a
thin copper wire.

The source heat of the AMTC is calculated using Eq. (1) per the previously discussed conceptual
model. In this, be; AMTC is the electrode region, Dp is the mean precise heat potential of liquid sodium
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represents the molecular mass of sodium, K represents the heat required for evaporation, z represents
the component responsible for radioactive reduction, and Q represents the value of Stefan-Boltzmann.

Qin,AMTc = QG
JB. asireD, (S¢ — S)) N +JBeavrecD, (S¢ — S)) NK/E + UBe.AMT(,‘UBe,AMTEC(Sé - S:)/Z (1)
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where g and O, define in Eqs. (3) and (4).
E
e= 3)
0Ss
Os (SG) — 109.575—5243A1/SG (4)
where C is the SAE’s depth, Vac is the AMTC’s voltage drop, and UR is the SAE voltage of its ions.
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where A is the temperature-independent interchange power factor, and AO,, is the pressure drop,
described in Eq. (7).

3H\ | J
AO,, = (1 + g) 2nNQSGﬁ (7

H is the geometrical constant. The calculations 8, 9, 10, and 11 are utilized to calculate the
“power density (PE)”, efficiency of the “energetic and exergetic (EE)” capacities, and densities of the
transpiration proportions of the AMTC.
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Bi,Te; is chosen as the thermoelectric material, as previously mentioned; its characteristics include
the SeeBeck factor (a), thermal conductance (q), electrical resistance (j), and temperature average is
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defined in Eq. (12).

S, —S.
S = 2 (12)
The Thomson impact (), shown in Eq. (13), may be disregarded while the temperature is fixed.
Jo
=T— 13
TS (13)

Nevertheless, T is used as in Eq. (14) with relation to Eqs. (11) and (13).
T=2X% (925.6S,,Vg —1.87482 ) x 107 (14)

avg

Thus, Eqs. (15) and (16) are used to determine the heat that the S, receives and the heat
that it produces.
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where the upper end and bottom end of the S, are indicated by al and sl, and a2 and s2, correspond-
ingly. Hence, Eqs. (17) and (18) are used to determine a thermocouple’s heat conductivity (K) and
electrical resistivity (Q,).
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As aresult, Eq. (19)’s resultant electrical energy for the S, is as follows:
O =R, — Re (19)
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The given calculations calculate the PD, efficiency of the EE capacities, and the maximum of the
transpiration ratios of the S,.
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4 Results and Discussion

A technology with tremendous potential for generating power with minimal emissions and high
efficiency is the solid oxide fuel cell (SOFC). Unfortunately, they also produce a substantial quantity
of waste heat while in use. As a result, we developed a “thermoelectric generator and an alkali
metal thermal electric converter (TG-AMTC)” to recover waste heat in SOFC. In this part, many
performance indicators, including power density, operating temperature, heat recovery rate, exergetic
efficiency, energetic efficiency, and recovery time, are assessed and discussed. Brayton cycle heat engine
(BCHE) [21], SOFC system equipped with a gas turbine and organic Rankine cycle (SOFC-GT-ORC),
and marine diesel engine (MDE) [22] are used for comparison.

4.1 Power Density

SOFCs produce electricity with high efficiency. However, the excess heat they generate can be
utilized by thermoelectric generators (TEGs) to increase the overall power density. In addition, alkali
metal thermoelectric converters (AMTECs) provide an alternative method. The system maximizes
energy conversion efficiency by utilizing the temperature differential to generate additional power
through the integration of TEGs or AMTECs with SOFCs. This combination of synergistic elements
optimizes power density, providing a promising pathway for promoting clean energy technologies and
enhancing the durability of power generation networks. When compared to the current system, the
recommended technique provides a greater range, due to the power densities of SOFCs, which ranged
from 0.1 to 1.0 W/cm?. Fig. 2 shows the power density of the proposed methodology and existing
techniques. Table 1 shows the outcomes of the power density. In comparison to existing methods, the
suggested approach offers a high level of power density.

10

i

BCHE SOFC-GT-ORC MDE TG-AMTC
Pr
Methods [Proposed]

= =
(=21 L==]
1

Power density
f=1]
R

Figure 2: Power density of the proposed and existing methodologies

4.2 Operating Temperature

Typically, these systems function within a temperature range of 600°C-1000°C, generating waste
heat of excellent quality. Thermoelectric generators (TEGs) may effectively utilize this excess heat to
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produce extra electrical power. Alkali metal thermoelectric converters, which are a form of thermo-
electric generator (TEG), are capable of functioning at comparable temperatures. These systems gain
advantages from their ability to operate at elevated temperatures, which improves the total energy
effectiveness by turning wasted heat into valuable electrical power. As a result, they are considered
potential technology for sustainability and effective energy conversion in a wide range of applications.
Fig. 3 shows the operating temperature of the proposed methodology and existing techniques. Table 2
shows the outcomes of the operating temperature. In comparison to existing methods, the suggested
approach offers a low level of operating temperature.

Table 1: Outcomes of power density

Power density

BCHE [21] 0.65 W/cm?
SOFC-GT-ORC [3] 0.70 W/cm?
MDE [22] 0.75 W/cm?

TG-AMTC [Proposed] 0.96 W/cm?

1000 -
800
600 -
400 *

200

Operating temperature (C)

BCHE  SOFC-GT-ORC MDE TG-AMTC [Proposed]

Figure 3: Operating temperature of the proposed and existing methodologies

Table 2: Outcomes of operating temperature

Operating temperature

(°C)
BCHE [21] 972
SOFC-GT-ORC [3] 736
MDE [22] 830

TG-AMTC [Proposed] 610

4.3 Heat Recovery Rate

The heat recovery rate for waste heat from SOFC using thermoelectric generators and alkali
metal thermoelectric converters is a critical factor in achieving high energy productivity. By utilizing
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these methods, a significant proportion of the excess heat produced in solid oxide fuel cells can be
captured and transformed into electrical energy. By employing this dual strategy, the total efficiency
of the system is improved, which in turn promotes efficient energy practices and reduces heat
losses. The incorporation of thermoelectric generators with alkali metal converters enhances heat
consumption, hence facilitating a more efficient and sustainable energy generation process. Fig. 4
shows the heat recovery rate of the proposed and existing techniques. Table 3 shows the outcomes
of the heat recovery rate. In comparison to existing methods, the suggested approach offers a high
level of heat recovery rate.

BCHE
100

Heat recovery rate (%)‘

TG-AMTC [Proposed] SOFC-GT-ORC

MDE

Figure 4: Heat recovery rate of the proposed and existing methodologies

Table 3: Outcomes of heat recovery rate

Heat recovery rate %

BCHE [21] 90
SOFC-GT-ORC [3] 76
MDE [22] 63

TG-AMTC [Proposed] 94

4.4 Exergetic Efficiency

The exergetic effectiveness of solid oxide fuel cell waste heat recovery is of essential importance
for the sustainability of energy structures, particularly when utilizing thermoelectric generators and
alkali metal thermoelectric converters. These technologies strive to optimize the transformation of
waste heat into power that may be used, hence improving the total performance of the systems. SOFC



FHMT, 2024, vol.22, no.5 1569

produces waste heat at elevated temperatures, which can be utilized by thermoelectric generators or
alkali metal thermoelectric converters. This assists optimize energy usage and reduce environmental
effect in a consistent method. Fig. 5 shows the exergetic efficiency of the proposed and existing
techniques. Table 4 shows the outcomes of the exergetic efficiency. In comparison to existing methods,
the suggested approach offers a high level of exergetic efficiency.

TG-AMTC
[Proposed]

MDE

Methods

SOFC-GT-ORC

BCHE

T T T L
0 20 40 60 80 100

Exergetic efficiency (%)

i

Figure 5: Exergetic efficiency of the proposed and existing methodologies

Table 4: Outcomes of exergetic efficiency

Exergetic efficiency%o

BCHE [21] 81
SOFC-GT-ORC [3] 61
MDE [27] 89

TG-AMTC [Proposed] 97

4.5 Energetic Efficiency

To increase the energy efficiency of solid oxide fuel cells (SOFCs), technologists are investigating
into thermoelectric converters and thermoelectric generators made of alkali metals. Converting the
normally wasted heat from SOFCs into power is the purpose of these techniques. There is hope for
more efficient and ecologically responsible power generation methods in the form of thermoelectric
generators and alkali metal converters, which have the potential to maximize energy extraction. Fig. 6
shows the energy efficiency of the proposed and existing techniques. Table 5 shows the outcomes of
the energetic efficiency. In comparison to existing methods, the suggested approach offers a stronger
energetic efficiency.
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Figure 6: Energetic efficiency of the proposed and existing methodologies

Table 5: Outcomes of energetic efficiency

Energetic efficiency %

BCHE [21] 65
SOFC-GT-ORC [3] 73
MDE [22] 87

TG-AMTC [Proposed] 98

4.6 Recovery Time

The utilization of the waste heat recovery method is significantly enhanced by the implementation
of thermoelectric generators and alkali metal thermoelectric converters. The SOFC generates elevated
temperatures and waste heat, which is utilized by thermoelectric generators and alkali metal thermo-
electric converters to provide extra energy. These devices harness temperature differences to generate
electrical power, so increasing the effectiveness of the entire system by collecting and transforming the
heat that would otherwise be wasted into usable energy. This maximizes the electricity production
of the SOFC systems. Fig. 7 shows the recovery time of the proposed methodology and existing
techniques. Table 6 shows the outcomes of the recovery time. In comparison to existing methods, the
suggested approach offers a low level of recovery time.
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Figure 7: Recovery time of the proposed and existing methodologies

Table 6: Outcomes of recovery time

Recovery time (s)

BCHE 2] 73
SOFC-GT-ORC [?] 89
MDE [22 95

TG-AMTC [Proposed] 23

5 Conclusion

SOFC has the potential to be used in a variety of applications, some of which include the
production of electricity for stationary and mobile applications as well as for combined heat and power
systems. They are also being researched for their possible use in reversible SOFC-based hydrogen and
other fuel generation. Despite their numerous benefits, SOFCs are still somewhat costly and difficult
to produce. Ongoing research aims to decrease these costs and increase SOFCs’ cost-effectiveness and
durability to make them more competitive with other energy technologies. Waste heat recovery is a
key tactic for optimizing the sustainability and energy efficiency of SOFC systems and is still being
researched and developed in the industry. As a result, we introduced a thermoeclectric generator as
well as a TG-AMTC to recover waste heat in SOFC. Performance metrics like power density (0.96
W/em?), operating temperature (610°C), heat recovery rate (94%), exergetic efficiency (97%), energetic
efficiency (98%), and recovery time (23 s) are evaluated and compared with existing technologies
like the BCHE, SOFC-GT-ORC and MDE. The results demonstrate that the suggested strategy may
significantly increase overall SOFC system efficiency. To improve performance, additional innovative
strategies might be applied to the suggested system in further studies.
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