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a b s t r a c t

We present a comprehensive analysis of a dual, micro-gap thermionic-thermoelectric hybrid energy
converter by developing a detailed theoretical model of the system. The space-charge and near-field
effects in thermionic conversion and the temperature-dependent effects in thermoelectric conversion
are considered while studying the energy flow through the cascade system. The temperatures and en-
ergy exchange channels in the different parts of the system are quantified using a self-consistent iterative
algorithm considering the energy balance condition. The model is deployed to simulate the hybrid
system performance when energized by a constant heat flux source which could, for example, be
concentrated solar irradiance. The effect of solar radiation intensity on the combined system efficiency,
and the dependence of the thermoelectric generator performance on the waste heat released from the
thermionic top stage, are illustrated with several examples. Based on these analyses, a performance
optimization of the hybrid system is carried out. The findings presented in this work offer useful insights
into the hybrid generator operation. Moreover, the model developed can be used as a design tool for the
practical implementation of such a hybrid system, or for extracting material- and device-related pa-
rameters from experimental data.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Generation of electrical power using new approaches [1] has
become a growing field of research due to the pressing environ-
mental concerns as well as an increasing need to replace non-
renewable sources of energy [2e4]. The realm of electrical energy
conversion has long been dominated by mechanical heat engines
which are complex and expensive, and involve multiple conversion
stages with moving parts - a major source of energy loss in the
conversion process. The heat driving these power plants can be
generated using conventional fuels or it may be obtained from
renewable energy sources such as solar radiation or geothermal
energy. In addition, heat is also released as a byproduct of different
industrial processes or everyday activities. This widespread avail-
ability of thermal energy has motivated research into various
and Computer Engineering,
4, Canada.
.

energy conversion techniques other than conventional turbine
generators. Two such alternatives are thermionic and thermoelec-
tric conversion [5e7]. Without anymoving part and using electrons
as a working fluid, thermionic and thermoelectric converters are in
principle simple devices that can be made in various form factors,
be deployed both as central power stations and in off-grid sce-
narios, have a long lifetime, and require minimal maintenance, all
of which are important advantages. Due to the different physics
involved in exciting and transporting the working fluid in therm-
ionic and thermoelectric devices, in practice the two are comple-
mentary in terms of ranges of temperature they are efficient at
harvesting. Thermionic conversion requires electrons to overcome
an electron emitter’s work function and traverse a vacuum or
plasma region to reach an electron collector and produce useful
electrical power. In practice, significant thermionic emission re-
quires a temperature of around 1000 K or higher [8,9]. On the other
hand, the low barrier to electron flow in a thermoelectric converter
means that it can, in theory, utilize any source of heat irrespectively
of the temperature. It is thus tempting to operate a thermoelectric
generator at a high temperature difference between its hot and cold
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Fig. 1. The input, intermediate, and output energy fluxes in a concentrated solar-
powered TEC-TEG system. The symbols n and p represent the n-type and p-type
semiconductor legs of the thermocouple, respectively.

E. Rahman, A. Nojeh / Energy 204 (2020) 1179472
sides in order to maximize its thermodynamic efficiency. However,
maintaining a high temperature difference in a thermoelectric
generator is difficult due to heat leakage through finite lattice
thermal conductivity. In addition, the Seebeck coefficient and figure
of merit of practical thermoelectric materials decrease rapidly after
crossing a temperature threshold [10]. This means that the high-
temperature operation of a thermoelectric generator would
require excessive input power without any significant gain in
electrical output, thereby severely degrading the efficiency. Due to
these practical concerns, thermoelectric generators are suitable for
low-grade waste heat recovery [11], whereas thermionic genera-
tors can use high-temperature heat sources. This also suggests that
when a high-temperature heat source is available, cascading the
two technologies may yield higher efficiency than the individual
thermionic and thermoelectric generators. Based on this idea,
several researchers have proposed models to analyze the efficiency
of a hybrid thermionic-thermoelectric generator (which, for the
sake of brevity, will henceforth be termed TEC-TEG) [12,13]. The
effectiveness of these models depends on the details of the device
physics incorporated and the considerations of external heat
transfer processes. Xuan et al. [12] studied a TEC-TEG by specifying
the temperatures of the TEC and TEG stages; however, in reality,
these temperatures are not independent and should be determined
based on energy coupling between the two stages and with the
environment. They also did not include the Thomson effect in the
TEG stage. Wang et al. [13] did determine the temperatures based
on energy balance; however, they did not include the space-charge
effect in analyzing the TEC stage. Both works neglected near-field
radiative coupling, which, through a complex interplay with the
space-charge effect, has a dominant role in determining the effi-
ciency of a TEC [14e16]. Therefore, despite valuable insight gained
from the above works, a comprehensive and accurate model for the
TEC-TEG is missing. In addition to a self-consistent treatment of
energy balance among the TEC, the TEG, and the environment, such
a model would require, for the TEC stage, the analysis of inter-
electrode radiative coupling using fluctuational electrodynamics
[17] and a charge transport analysis considering the phase space of
the electrons in the gap region [8,9,15,18]. Furthermore, for the TEG
stage, the model should consider the temperature dependence of
various material parameters such as the Seebeck coefficient, elec-
trical resistivity, and thermal conductivity. Here, we present an all-
encompassing model taking the above effects into account for the
TEC-TEG. This model, which is rich in the physics of both heat en-
gines, although computationally complex, offers a powerful tool for
the understanding and design of this hybrid energy converter. After
developing the model, we have used it to investigate the perfor-
mance of a TEC-TEG based solar thermal harvesting system. This
system can be deployed to convert solar thermal energy from
already existing concentrated solar power (CSP) harvesting sys-
tems. For instance, such systems had a total global installed ca-
pacity of 5500 MW in 2018 [19]. To put this into perspective, the
total CSP capacity was only 354 MW in 2005. This shows that there
is growing demand for CSP harvesting technology. The United
States has several CSP facilities already in use such as Ivanpah Solar
Power Facility (392 MW), Solar Energy Generating Systems (com-
bined capacity of 310 MW), and Genesis Solar Energy Project
(280 MW). There are also similar examples of CSP plants in other
parts of the worlds.

2. Model description and computational methodology

2.1. Energy balance, efficiency, and the self-consistent iterative
model of a concentrated solar power-driven TEC-TEG

A schematic representation of the TEC-TEG analysed in this
work is shown in Fig. 1. As an illustrative example of the heat
source, we consider the concentrated solar thermal system. In such
a system, solar radiation incident on the earth’s surface is
concentrated by using mirrors of various shape (e.g. including a
heliostat and a parabolic trough or dish) onto a receiver. The
receiver thus heats up, resulting in solar thermal energy. The
receiver can employ different mechanisms for this purpose. One
approach is the use of a tube containing a liquid (also known as the
solar thermal fuel) which absorbs and transfers the thermal energy
to the electrical conversion system. An interesting feature of this
approach is that the liquid can store the thermal energy for later
conversion to electricity. Another approach is to deliver the
concentrated solar power directly to the converter by using a se-
lective absorber. (A selective absorber is a material with carefully-
designed spectral emissivity (or absorptivity) [20e23]). We
emphasize that our model will be equally valid for other types of
heat source, too. The heat flux from the concentrated solar thermal
system, QSolar, is absorbed by the emitter (also known as the
cathode) electrode of the TEC, heating the electrons and the lattice.
Some of the electrons gain sufficient energy to overcome the
emitter vacuum barrier and are emitted into the interelectrode
space. The energy flux density carried by these thermionically
emitted electrons is denoted QT . Due to the temperature difference
between emitter and collector (also known as anode), a part of the
incident energy flux is exchanged between the two electrodes
radiatively, the density of which we denote QRad.

This interelectrode radiative heat transfer consists of contribu-
tions from propagating waves and evanescent waves when the
interelectrode gap is a fewmicrometers or less (which is required to
mitigate the space-charge effect and obtain high efficiency
[24e26]). A part of the incident energy is also lost as radiation from

the emitter to the ambient and is given by QLoss ¼ εsðTE4 � T0
4Þ,

where TE and T0 are the TEC emitter and ambient temperature,
respectively, ε is the effective emissivity of the emitter system and s

is the Stefan Boltzmann constant. In steady-state, the energy flux
input to the emitter is equal to the sum of the fluxes leaving from
the emitter to the collector and the surroundings:

QSolar ¼ QT þ QRad þ QLoss : (1)

A portion of the thermionic energy flux transferred from the
emitter to the collector is converted into useful electrical output. If
JTEC is the net current density from the emitter to the collector and
VTEC is the operating voltage, then the output power density and
efficiency of the TEC can be defined, respectively, as
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PTEC ¼ JTECVTEC (2a)

and hTEC ¼ PTEC
QSolar

: (2b)

The rest of the energy is delivered to the collector as heat. The
corresponding energy flux density, which we call QH, can thus be
written as

QH ¼ QT þ QRad � PTEC : (3)

This is the input to the TEG. In our hybrid system, the TEG is
physically connected to the TEC upper stage. In a TEG, the modules
(which are p- and n-type semiconductor pairs) are connected
thermally in parallel between a hot and a cold plate, which are
thermally conductive but electrically insulating. In our hybrid de-
vice, the hot side of the TEG is in direct thermal contact with the
collector of the TEC. A part of QH is converted to useful electrical
power with a power density, PTEG, which is then fed to a separate
load with an independent return circuit. The rest of the heat is
released from the TEG’s cold end to a heat sink and this heat
transfer process can be described by

QSink ¼ KLðTG � T0Þ ; (4)

where KL is the heat transfer coefficient per unit area between the
collector and the heat sink and TG is the temperature of the TEG
cold side. The conversion efficiencies of the TEG and the TEC-TEG
can be defined, respectively, as

hTEG ¼ PTEG
QH

(5a)

and hCombined ¼ PTEC þ PTEG
QSolar

: (5b)

A flow chart for the self-consistent iterative algorithm to
implement the above model considering energy balance at the
different electrodes is shown in Fig. 2. The self-consistent algorithm
developed in this work is used to calculate the temperature at
different parts of the hybrid device as well as the different energy
exchange channels. The algorithm takes material- and device-
related parameters as input at the start of the iterative solution
process. To start the iteration, an initial guess of temperatures is
provided. With this initial guess, the algorithm then checks for
Fig. 2. Flowchart of the self-consistent algorithm used to implement the model.
convergence of the energy balance criterion at different parts of the
hybrid device and updates the temperatures accordingly until
convergence is achieved. Here we note that the various energy
exchange channels such as thermionic and radiative heat flux have
strong nonlinear dependences on the electrode temperatures.
Therefore, adaptively updated coefficients have been used to up-
date the electrode temperatures during the self-consistent cycles.
2.2. The space-charge effect in the interelectrode region of a TEC

The space-charge effect in a TEC arises from the coulombic
repulsion caused by the electrons which are in transit in the
interelectrode space. The energy diagram of a space-charge limited
TEC is shown in Fig. 3. As can be seen, an energy barrier is formed in
the gapwhen the interelectrode electron concentration is very high
(which is typically the case for macroscopic gaps). Due to this
barrier, only a portion of the electrons overcoming the emitterwork
function, which have sufficient energy to also surpass this addi-
tional barrier, can reach the collector; lower energy electrons are
reflected back to the emitter. This phenomenon significantly re-
duces the output current density. In this work, the space-charge
effect is derived assuming that electrons traversing the interelec-
trode distance are collisionless particles [8,9]. The detailed imple-
mentation of the theory has been outlined in the supplementary
document. In brief, the emitter and collector current of a TEC can be
defined, respectively, as

JE ¼A0TE
2e

�
� fm

kBTE

�
(6a)

and JC ¼ A0TC
2e

�
�fm�eVTEC

kBTC

�
; (6b)

where A0 is the Richardson constant and fm is the maximum
motive in the interelectrode space.

The value of the maximum motive, fm, will depend on the
interelectrode distance and operating voltage of the TEC. Depend-
ing on fm, the TEC will operate in saturation, space-charge or
retarding modes. The details of the phase space analysis and the
expression for fm in different modes of the TEC operation are
provided in the supplementary document.

Knowing the current density at the two electrodes of a TEC, the
net energy flux carried by the thermionic current from the emitter
is given by [27]

QT ¼ ½ðJE � JCÞfm þ 2kBðTEJE � TCJCÞ �
e

: (7)

A part of this thermionic energy flux is converted to electricity
while the rest is deposited in the collector as heat when thermionic
electrons are absorbed by it. The waste heat flux which is fed to the
TEG hot side from the TEC collector is given by

QH ¼ ½ðJE � JCÞðfm � eVTECÞ þ 2kBðTEJE � TCJCÞ �
e

þ QRad : (8)
2.3. Radiative heat transfer between emitter and collector of a TEC

When the interelectrode distance in a thermionic device is large,
radiative heat exchange between the electrodes is due to the far-
field propagating waves and is given by the Stefan-Boltzmann
law. However, mitigating the space-charge effect requires the
electrodes to be placed at a distance of a few micrometers or less.
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This is on the order of the characteristic wavelength of thermal
radiation from the emitter, which is given by Wien’s displacement
law as lT ¼ 2:9x10�3=TE, and so the emitter and collector surfaces
are coupled by evanescent waves. The coupling of these evanescent
waves significantly enhances the radiative heat transfer in the near-
field regime. The energy transfer including both propagating and
evanescent components can be modelled using fluctuational elec-
trodynamics [28e30] as

Qprop ¼ 1
p2

ð∞

0

du ½QEðu; TEÞ �QCðu; TCÞ
3
5

�
ð
0

u
c Spropðu; b; εE; εCÞ db (9)

and

Qevan ¼ 1
p2

ð∞

0

du ½QEðu; TEÞ �QCðu; TCÞ
3
5

�
ð
u
c

∞ Sevanðu; b; εE; εCÞ db (10)
Fig. 3. The energy diagram of a TEC in the space-charge regime. EF, E and EF, C are the
Fermi levels of the emitter and the collector, respectively. fm is the maximum motive
in the interelectrode space and e is the electron charge. fE and fC are the work
functions of the emitter and the collector, respectively. TE and TC are the temperatures
of the emitter and the collector, respectively. VTEC is the voltage difference between the
two electrodes. xm is the position of the maximum motive and d is the interelectrode
gap width.
, where Qprop and Qevan are the radiative fluxes due to propagating
and evanescent waves, respectively and Qðu; TÞ is the mean energy
of a Planck oscillator at an angular frequency u and temperature T
[30]. In the above equations, b is the wavevector component par-
allel to the interface, c is the speed of light, Z is the reduced Planck
constant, and Sprop , Sevan are the coupling coefficients for the
propagating and evanescent waves, respectively. The contributions
of the propagating and evanescent waves in heat exchange be-
tween two semi-infinite tungsten plates (which is considered as
the material of TEC electrodes in this work) are explained and
shown in the supplementary document.
2.4. The power output and efficiency of a TEG

The operation of the TEG is modelled considering Peltier heating
at the hot and cold junctions, Fourier thermal conduction through
the legs, Joule heating because of the electrical resistance of the
legs, and Thomson heating due to the temperature gradient in the
legs. (While someworks have neglected the Thomson effect [31,32],
it has been reported that that would overestimate the performance
of the TEG [33,34].) According to the energy balance condition, the
heat flux absorbed by the TEG hot end from the thermionic col-
lector should equal that leaving it. Therefore, we have [35]

ATEG QH ¼N
�
ahTCIþKðTC � TGÞ�

1
2
mIðTC � TGÞ�

1
2
I2R

�
(11)

, where ah , m , K and R are the total Seebeck coefficient at the hot
side, total Thomson coefficient, total thermal conductance and total
internal resistance of a p-n thermoelectric pair, respectively. N is
the total number of such pairs in the TEG, ATEG is the total cross-
sectional area and I is the total electrical current through the TEG.
The expressions for ah, m ,K and R can be given as

ah ¼
�
ahp � ahn

�
; (12)

m ¼
�
mp � mn

�
; (13)

K ¼
�
kpAp

lp
þ knAn

ln

�
; (14)

and R ¼
�
rplp
Ap

þ pnln
An

�
: (15)

In the above equations, ahp,mp,kp, rp,Ap and lp are the hot side
Seebeck coefficient, Thomson coefficient, thermal conductivity,
electrical resistivity, area and length of the p-type leg, respectively.
The symbols with subscript n represent the corresponding pa-
rameters of the n-type leg. We assume that the n-type and p-type
legs are both structurally and characteristically symmetric except
having an opposite sign of the Seebeck coefficient. The symbols
with a bar represent the value of the corresponding parameter at an
average temperature, Tavg ¼ ðTC þ TGÞ=2, where TC and TG are the
temperatures of the TEG hot side and cold side, respectively.

The total heat released to the heat sink from the TEG cold side
(which, according to energy balance, is the same as ATEG QSink )
equals that absorbed by it, which is given by

ATEG QL ¼ N
�
acTGI þ KðTC � TGÞ þ

1
2
mIðTC � TGÞ þ

1
2
I2R

�
:

(16)
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In the above equation, ac ¼ ðacp �acnÞ is the total Seebeck co-
efficient at the cold side of a p-n pair; acpand acn are the cold side
Seebeck coefficients of the individual p-type and n-type legs,
respectively. See the supplementary document for the derivation of
the above energy balance equations at the TEG hot and cold end.

The output power of the TEG can be derived from the energy
balance condition as

ATEG PTEG ¼ATEG ðQH �QLÞ¼N
h

�ðahTC �acTGÞI�mIðTC � TGÞ� I2R
i
¼ I2RL (17)

, where RL is the external load resistance connected to the TEG
output terminals.

From the above relation, the TEG electrical current I can be
expressed as

I ¼ ½ðahTC � acTGÞ � mðTC � TGÞ �
Rþ RL

N

: (18)

It can be shown by setting the derivative of I2RL ,with respect to
RL, to zero that RL ¼ NR will maximize the power delivered to the
load.

The conversion efficiency of the TEG is given by

hTEG ¼ PTEG
QH

¼ I2RL

N
�
ahTCI þ KðTC � TGÞ � 1

2mIðTC � TGÞ � 1
2I

2R
� :

(19)

To accurately predict the performance of a TEG, it is crucial to
know the temperature dependences of the Seebeck coefficient,
thermal conductivity, and electrical resistivity of the materials. For
our analysis, we choose the material properties of Bi2Te3 which is
widely used in commercial thermoelectric applications and has
well-defined relations of the above-mentioned material properties
with temperature, as follows [12,35]:

a ¼
�
22224þ 930:6T � 0:9905T2

�
10�9 VK�1 ; (20)

r ¼
�
5112þ 163:4T þ 0:6279T2

�
10�10 Um ; (21)

and k ¼
�
62605� 277:7T þ 0:4131T2

�
10�4 Wm�1K�1 ;

(22)

where a, r and k are the Seebeck coefficient, electrical resistivity,
and thermal conductivity of the material, respectively. The Thom-
son coefficient is given by the Kelvin relationship,

m ¼ T
da
dT

: (23)

3. Results and discussion

The various energy exchange channels and electrical outputs in
thermionic and thermoelectric generators depend to different ex-
tents on the temperatures of their respective electrodes. For
example, in a TEC, the heat carried away from the emitter by
thermally emitted electrons has a strong nonlinear dependence,
including an exponential behaviour, on the emitter temperature.
On the other hand, the interelectrode radiation exchange has a
fourth-power dependence on the electrode temperatures in the far-
field region. As well, given that the material parameters of a TEG
depend on temperature, the energy fluxes in the TEG also have
nonlinear dependencies on temperatures of the hot and cold sides.
Considering these factors, it is instructive to study the temperatures
at different electrodes of the TEC-TEG hybrid system. In the TEC-
TEG, heat is received from the external source by the TEC, which
partly converts it into electrical output; it releases the rest as heat
which drives the TEG stage. The amount of this heat and, therefore,
the TEG operation crucially depends on the TEC gap width and
operating voltage.

To study this strong dependence, Fig. 4 shows the electrode
temperatures as a function of the TEC gap width and output voltage
over ranges of 0.1 mme100 mm and 0e2 V, respectively. The AM 1.5
solar radiation concentrated by a factor of the order of 100 has been
used as a source of heat. The emitter and collector work functions of
the TEC are chosen as fE ¼ 2.2 eV and fC ¼ 1.5 eV, respectively. The
choice of these work functions is not arbitrary, but is based on the
combined requirements of both high emission current and high
output voltage. For the Richardson constant, we have used the
theoretical value of 120 A cm�2k�2. An effective emissivity of 0.1
has been assumed for the radiation loss from TEC emitter to the
ambient and a heat transfer coefficient of 1 Wcm�2k�1 has been
considered for the heat flow between the TEG cold end and the heat
sink. It can be seen from Fig. 4(a) and (b) that the TEC emitter and
collector temperatures have negligible dependence on the TEC
output voltage when the gap width is very small or large. This is
because, when the gap is too small, near-field radiative exchange
dominates; when the gap is too large, space-charge limits the
thermionic current. Therefore, in both these limits, it is primarily
radiative exchange that determines the temperatures. In between
these two regions, the emitter and collector temperatures have
diverse trends with the TEC voltage and gap width, arising from the
interplay between the thermionic and radiative energy exchange
channels as we have explained in detail elsewhere [15]. Due to the
diffusive nature of heat flow in the TEG legs, the temperature on the
cold end of the TEG (Fig. 4(c)) follows a trend similar to TC, although
with much smaller variations given the good thermal contact with
the heat sink.

The trends in the output power (Fig. 5) of the two stages can be
understood based on the above trends in electrode temperatures. In
Fig. 5(a), it can be seen that the TEC output power initially in-
creases, then reaches a maximum and finally decreases as a func-
tion of both TEC voltage and gap width. The low TEC output power,
at small gaps, is due to the low emitter temperature (see Fig. 4(a))
caused by a strong near-field radiative exchange with the collector.
On the other hand, at large gaps, the space-charge effect will
severely limit the thermionic current and hence the output power.
With an increase in TEC voltage, the output power initially grows;
however, beyond a certain point, rapid reduction in current with a
further increase of the voltage will lead to the decrease of the
output power.

As will be discussed later, for a TEG, at relatively low operating
temperatures, power density and efficiency increase with an in-
crease in the average temperature of the hot and cold sides.
Therefore, given the relatively stable temperature of the cold side
(because of good thermal contact with the heat sink), the output
power of the TEG shown in Fig. 5(b) follows a trend similar to the
temperature of its hot side (which happens to be that of the TEC
collector due to the assumed ideal thermal contact between TEC
and TEG).

The conversion efficiencies of the TEC and TEG stages and the
combined system are shown in Fig. 6 as a function of the TEC
voltage and gap width. We note that the combined-system effi-
ciency is dominated by that of the TEC at intermediate gap widths
and by that of the TEG at small and large gaps. This point is further



Fig. 4. Temperature graphs for (a) TEC emitter, (b) TEC collector, and (c) TEG cold end as a function of the TEC output voltage and gap width. The graphs are shown for AM 1.5 solar
radiation when concentrated by a factor of the order of 100. Note the different orientation of part (a) compared to parts (b) and (c) for better visibility.

Fig. 5. Output power graphs for (a) TEC and (b) TEG in the combined device as a function of the TEC output voltage and gap width. The graphs are shown for AM 1.5 solar radiation
when concentrated by a factor of the order of 100. Note the different orientation of part (a) compared to part (b) for better visibility.
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Fig. 6. Efficiency graphs for (a) TEC and (b) TEG in the combined device as a function of the TEC output voltage and gap width, as well as (c) total efficiency of the hybrid system. The
graphs are shown for AM 1.5 solar radiation when concentrated by a factor of the order of 100. Note the different orientation of part (b) compared to parts (a) and (c) for better
visibility.
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illustrated in Fig. 7(a) where, at each gap width, the peak efficiency
(that is, the highest value of the efficiency as a function of VTEC) of
the combined device is shown, as well as the efficiencies of the TEC
and TEG stages at that same value of VTEC.

The dependence of the TEC and TEG output current density on
the TEC gap width at the peak efficiency of the hybrid system is
shown in Fig. 7(b). The current density trend of the TEC stage shows
a local maximumwhich is again due to the near-field effect at small
distances and space-charge effect at large distances. The TEG cur-
rent density is relatively insensitive to the gap width variation.
Fig. 7(c) shows the output voltage variation of the TEC and TEG
stages at peak efficiency with TEC gap width. It can be seen that the
TEC output voltage increases with the gap width (as the TEC is
gradually driven into the space charge region with an increasing
interelectrode distance) while the TEG output voltage decreases.
However, the TEG output voltagemight also show a local maximum
at higher solar intensity. This is due to the temperature dependent
Seebeck coefficient of practical thermoelectric materials, which
also shows a peak value at a particular temperature. These varia-
tions of the TEG efficiency, current density and voltage output again
indicate the significance of considering the temperature depen-
dence of thermoelectric material parameters in modelling the TEG
operation.
At this point, it is worth mentioning that the peak efficiency
trend vs gap width for the TEG stage, shown in Fig. 7(a), is not
universal but depends on the solar irradiance. Depending on the
solar concentration factor, three distinct trends can be observed, as
shown in Fig. 8. As can be seen from Fig. 8, when the irradiance is
relatively low (e.g. a concentration factor of the order of 100), the
TEG efficiency decreases monotonically with the gap width. For a
medium irradiance (e.g. a concentration factor of the order of 400),
the TEG efficiency shows an upward trend with the gap width. On
the other hand, for a higher irradiance (e.g. a concentration factor of
the order of 700), the trend exhibits a local maximum. These trends
are due to the strong temperature dependence of the TEG efficiency
(which is again due to the temperature dependence of the material
properties, as discussed before), which peaks at a particular average
temperature of the hot and cold ends, and the fact that TEG hot and
cold end temperatures also depend on the TEC gap width and
incident solar irradiance [15].

The effect of solar irradiance on the TEC-TEG hybrid system
performance is shown in Fig. 9. The efficiency curves for the hybrid
system and its different stages are obtained for a TEC voltage and
gap width where the combined efficiency of the hybrid system (eq.
(5b)) is maximized. In other words, this efficiency is the maximum
point of a three-dimensional graph like Fig. 6(c), when plotted for



Fig. 7. (a) The peak efficiency (that is, the highest value of the efficiency as a function of VTEC) of the combined device, as well as the efficiencies of the TEC and TEG stages at that
same value of VTEC, as a function of the TEC gap width. (b) The output current density of the TEC and TEG stages at the point of peak efficiency as a function of the TEC gap width. (c)
The output voltage of the TEC and TEG stages at the point of peak efficiency as a function of the TEC gap width. The graphs are shown for AM 1.5 solar radiation when concentrated
by a factor of the order of 100.

Fig. 8. The efficiency of the TEG bottom stage as a function of the TEC gap width for
different concentrated solar irradiances. For each point, the value of VTEC has been
chosen so as to maximize the combined device efficiency.

Fig. 9. The maximum efficiency as a function of the concentrated solar radiation. The
curves shown are for the optimized TEC gap width and output voltage.
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Table 1
Important parameters of the TEC-TEG hybrid system at the point of maximum efficiency for different solar irradiances. Note that dl and du represent the lower and upper bound
of the TEC gap range, respectively, for which the hybrid system efficiency is larger than 90% of its maximum value.

QSolar
(Wcm�2)

hCombined
Max

(%) h TEC
Max

(%) h TEG
Max

(%) TE
Max

(K) TC
Max

(K) TG
Max

(K) VTEC
Max

(V) VTEG
Max

(V) JTEC
Max

(Acm�2) JTEG
Max

(Acm�2) dMax
(mm)

dl
(mm)

du
(mm)

10 18.89 14.98 6.20 1404.7 410.4 305.8 0.75 1.67 2.04 0.230 2.15 0.87 7.05
20 27.04 21.23 9.12 1522.7 511.5 311.4 0.84 3.22 5.00 0.360 1.96 0.76 5.72
30 30.50 24.60 9.52 1642.8 588.8 316.5 0.99 4.28 7.38 0.412 1.89 0.75 5.34
40 32.42 27.09 8.89 1751.3 651.4 321.5 1.14 4.98 9.36 0.427 1.89 0.73 4.98
50 33.62 29.01 7.86 1826.5 704.5 326.6 1.23 5.44 11.72 0.424 1.89 0.73 4.64
60 34.34 30.45 6.79 1908.6 748.2 331.6 1.35 5.68 13.47 0.411 1.89 0.73 4.43
70 34.79 31.55 5.57 1929.7 794.0 337.7 1.35 5.81 16.34 0.389 1.87 0.73 4.27
80 35.20 32.48 4.90 2022.5 818.4 341.5 1.49 5.82 17.26 0.374 1.87 0.71 4.13
90 35.74 33.52 3.96 2039.3 854.0 347.7 1.49 5.74 20.29 0.348 1.87 0.71 3.98
100 36.02 34.16 3.33 2105.3 879.5 352.3 1.58 5.62 21.62 0.327 1.87 0.71 3.84

Fig. 10. (a) Gain in maximum efficiency resulting from combined system operation as a function of the solar irradiance, (b) Efficiency vs power density of the TEG at the maximum
efficiency of the hybrid system. Note that the arrows indicate the direction of increasing solar irradiance. (c) Efficiency increase rate of the hybrid system as a function of the solar
irradiance.
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each solar concentration factor. For comparison, the maximum ef-
ficiency of a single-stage TEC is also shown in Fig. 9. The single-
stage TEC operation was simulated by removing the TEG bottom
stage and connecting the TEC collector to a heat sink. The
maximum efficiency of this stand-alone TEC can then be obtained
by optimizing the gap width and operating voltage. One interesting
observation from Fig. 9 is that the TEG bottom stage has a negligible
impact on the performance of the TEC upper stage. In other words,
replacing the heat sink with a TEG does not significantly change the
maximum efficiency achievable form the TEC for a fixed solar
concentration. This is a fortunate outcome as adding a TEG can
provide additional electrical power and gain in overall system
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efficiency without compromising the performance of the TEC.
Therefore, despite its low efficiency, a TEG is an excellent candidate
for recovering heat that is generated as a by-product of other
conversion processes. Such heat would otherwise be released to the
environment and wasted. Analysing the efficiency vs intensity
trends of the two heat engines, it can be seen that TEC efficiency
increases with the solar irradiance although at a reduced rate at
higher solar concentration. This results from multiple factors
including increased external radiation loss, increased back emis-
sion from the collector and a more dominant space-charge effect.
On the other hand, the TEG efficiency at the maximum operating
point of the hybrid system shows a trend with a local maximum as
explained before. The values of other important parameters at the
maximum efficiency point of the hybrid system are given in Table 1.
It should be noted that we do not put any particular emphasis on
the exact values of these parameters as such values might differ
based on the properties of particular materials chosen for the TEC
electrodes and TEG thermocouple legs. However, the trend of these
parameters with solar irradiance would provide a theoretical
guideline for the practical design of such a hybrid system. The
corresponding efficiency values are also included in the table to
help the readers easily correlate between efficiency and other
parameters.

A question might arise as to what the optimal solar concentra-
tion for the hybrid generator operation is. To answer this question,
let us consider some performance criteria of the hybrid system.
These criteria should be based upon what additional gain can be
obtained from cascading a TEG stage with the TEC. One such cri-
terion could be the gain in the system efficiency (as a percentage of
the TEC single-stage efficiency) resulting from the addition of a TEG
bottom stage, which is shown in Fig. 10 (a) for different solar irra-
diances. It can be seen that the efficiency gain reaches a maximum
value at a particular solar irradiance (26.2% at a solar irradiance of
17Wcm�2, which is equivalent to a concentration ratio of the order
of 170) and then gradually drops. Another criterion could be the
power output from the TEG bottom stage. To discuss this criterion,
we consider how the power and efficiency of the TEG are related,
which is shown in Fig. 10(b) at the maximum efficiency point of the
hybrid system, for different solar irradiances. Interestingly, the
maximum power and efficiency of the TEG stage do not occur at the
same point. The TEG power density reaches its maximum (2.34
Wcm�2) at a concentration factor of the order of 570, which is
significantly higher than that for the maximum efficiency gain. To
choose between these criteria, we evaluate the sensitivity of the
hybrid system efficiency on solar irradiance, which is shown in
Fig. 10(c). It can be seen that as we increase the irradiance, returns
in hybrid system efficiency gradually diminish. Considering the
manufacturing cost associated with a large focusing system and the
fact that the increase rate in hybrid system efficiency significantly
reduces at large concentration, operating the TEG at its maximum
power density might not be attractive from the economic
perspective.

4. Summary and conclusion

In summary, this work presented a comprehensive analysis of a
TEC-TEG hybrid system. A detailed theoretical model considering
the various aspects of the physics of the TEC and TEG heat engines
was developed. A self-consistent iterative framework taking into
account the energy balance at different electrodes was imple-
mented to explain the operation of the hybrid system under a
constant heat flux which, for example, can be due to concentrated
solar thermal power. The hybrid system was analysed for wide
variations of the TEC output voltage and gap width. The depen-
dence of the TEG performance on the dynamic nature of the waste
heat released from the TEC was discussed. The effect of the tem-
perature dependent thermoelectric material parameters on the
TEG operationwas illustrated in detail with different examples. The
trends of temperatures, power and efficiency with variable TEC gap
width and output voltage were also explained. The efficiency of the
hybrid system for different concentrated solar irradiances and the
incremental gain in efficiency from using the TEG bottom stage
were evaluated. From these analyses, we conclude the following
key findings:

(a) The different energy exchange channels, the temperatures at
different parts of the hybrid device, and the currents and
output voltages of the TEC and TEG stages all show strong
dependences on the TEC interelectrode gap width.

(b) Due to the interplay between the near-field coupling of
thermal radiation and the space-charge effect, there is an
optimal interelectrode gapwhich results inmaximumhybrid
system performance. The trend of this optimal gap with
input heat flux is relatively flat.

(c) The performance of the TEG stage shows strong temperature
dependence. The conversion efficiency and power density of
the TEG stage reach their respective maxima at different
temperatures, which indicates a trade-off between these two
performance metrics of the TEG.

(d) The returns in hybrid system conversion efficiency gradually
diminish as the input heat flux density increases. Therefore,
in the case of CSP applications, an optimal solar concentra-
tion can be found considering the various trade-offs between
the hybrid system performance and the costs associatedwith
large concentration factors.

The model thus serves as a powerful tool to understand the
operation of a combined TEC-TEG device and design such a system
for applications. As futurework, this model can be used to study the
impact of different thermionic and thermoelectric materials by
carrying out a detailed device performance characterization based
on various material parameters. Such a study could help identify
optimal materials for TEC-TEG hybrid systems.
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Nomenclature
Alphabets
A0 Richardson Constant (A cm�2 K�2)
A Cross-sectional area (cm2)
c Speed of light (m s�1)
d Interelectrode distance (mm)
e Electronic charge (coulomb)
Z Reduced Planck constant (J s)
I Thermocouple current (A)
J Current density (A cm�2)
K Thermal conductance (WK�1)
k Thermal conductivity (Wm�1K�1)
kB Boltzmann constant (m2 kg s�2 K�1)
l Thermocouple length (m)
N Number of thermocouples
P Electrical power density (W cm�2)
Q Heat flux density (W cm�2)
R Resistance (U )
S Coupling coefficients
T Temperature (K)
V Voltage (V)
x Position of interelectrode motive (mm)

Greek Symbols
u Angular frequency (rad s�1)
a Seebeck coefficient (VK�1)
b Parallel wavevector (m�1)
ε Effective emissivity
h Efficiency (%)
Q Mean energy of a Plank’s oscillator (J)
lT Wavelength (m)
m Thomson coefficient (VK�1)
r Resistivity (U m)
s Stefan Boltzmann constant (W cm�2 K�4)
f Work function and interelectrode motive (eV)

Subscript
c Cold side
C Collector/TEG hot side
Combined Value of the hybrid system
evan Evanescent
E Emitter
F Fermi level
G TEG cold side
h Hot side
H TEG hot end
l Lower bound at 90% of the hybrid system maximum

efficiency
L TEG Cold end / Load
Loss External radiation loss
m Maximum
Max The maximum value of the hybrid system and the

corresponding values of the different stages at an
optimized TEC voltage and interelectrode distance

n N-type semiconductor
p P-type semiconductor
prop Propagating
Peak Maximum value at an optimized TEC voltage
Rad Interelectrode radiation
Solar Solar thermal power
T Heat carried by thermionically emitted electrons
TEC Thermionic converter
TEG Thermoelectric converter
u Upper bound at 90% of the hybrid system maximum

efficiency
0 Ambient

Operator
� Average

References

[1] Demirbas A. Electricity generation via unconventional methods. Energy Explor
Exploit 2006;24:131e8. https://doi.org/10.1260/014459806779388065.

[2] Demirbas A, Bafail A, Zytoon MAM, Sayed N Al. Unconventional energy
sources: safety impacts, opportunities, and economic challenges. Energy
Sources B Energy Econ Plann 2017;12:387e93. https://doi.org/10.1080/
15567249.2016.1148083.

[3] Owusu PA, Asumadu-Sarkodie S. A review of renewable energy sources,
sustainability issues and climate change mitigation. Cogent Eng 2016;3.
https://doi.org/10.1080/23311916.2016.1167990.

[4] Zou C, Zhao Q, Zhang G, Xiong B. Energy revolution: from a fossil energy era to
a new energy era. Nat Gas Ind B 2016;3:1e11. https://doi.org/10.1016/
j.ngib.2016.02.001.

[5] Go DB, Haase JR, George J, Mannhart J, Wanke R, Nojeh A, et al. Thermionic
energy conversion in the twenty-first century: advances and opportunities for
space and terrestrial applications. Front Mech Eng 2017;3. https://doi.org/
10.3389/fmech.2017.00013.

[6] Khalid KAA, Leong TJ, Mohamed K. Review on thermionic energy converters.
IEEE Trans Electron Dev 2016;63:2231e41. https://doi.org/10.1109/
TED.2016.2556751.

[7] Khoshaman AH, Fan HDE, Koch AT, Sawatzky GA, Nojeh A. Thermionics,
thermoelectrics, and nanotechnology: new possibilities for old ideas. IEEE
Nanotechnol Mag 2014. https://doi.org/10.1109/MNANO.2014.2313172.

[8] Hatsopoulos GN, Gyftopoulos EP. Thermionic energy conversion theory,
technology, and application, vol. 2. MIT Press; 1979.

[9] Hatsopoulos GN, Gyftopoulos EP. Thermionic energy conversion : processes
and devices, vol. 1. MIT Press; 1973.

[10] Hamid Elsheikh M, Shnawah DA, Sabri MFM, Said SBM, Haji Hassan M, Ali
Bashir MB, et al. A review on thermoelectric renewable energy: principle
parameters that affect their performance. Renew Sustain Energy Rev 2014;30:
337e55. https://doi.org/10.1016/j.rser.2013.10.027.

[11] Orr B, Akbarzadeh A. Prospects of waste heat recovery and power generation
using thermoelectric generators. Energy procedia, vol. 110. Elsevier Ltd; 2017.
p. 250e5. https://doi.org/10.1016/j.egypro.2017.03.135.

[12] Xuan X, Li D. Optimization of a combined thermionicethermoelectric gener-
ator. J Power Sources 2003;115:167e70. https://doi.org/10.1016/S0378-
7753(02)00620-1.

[13] Wang Y, Su S, Liu T, Su G, Chen J. Performance evaluation and parametric
optimum design of an updated thermionic-thermoelectric generator hybrid
system. Energy 2015;90:1575e83. https://doi.org/10.1016/
j.energy.2015.06.120.

[14] Lee JI, Jeong YH, No HC, Hannebauer R, Yoo SK. Size effect of nanometer
vacuum gap thermionic power conversion device with CsI coated graphite
electrodes. Appl Phys Lett 2009;95:223107. https://doi.org/10.1063/
1.3266921.

[15] Rahman E, Nojeh A. The interplay between near-field radiative coupling and
space charge effects and its impact on the energy exchange mechanisms in
thermionic conversion. Submitted to arXiv (submission ID: 3155409).

[16] Lee JH, Bargatin I, Melosh NA, Howe RT. Optimal emitter-collector gap for
thermionic energy converters. Appl Phys Lett 2012. https://doi.org/10.1063/
1.4707379.

[17] Francoeur M, Pinar Mengüç M. Role of fluctuational electrodynamics in near-
field radiative heat transfer. J Quant Spectrosc Radiat Transf 2008;109:
280e93. https://doi.org/10.1016/j.jqsrt.2007.08.017.

[18] Khoshaman AH, Koch AT, Chang M, Fan HDE, Moghaddam MV, Nojeh A.
Nanostructured thermionics for conversion of light to electricity: simulta-
neous extraction of device parameters. IEEE Trans Nanotechnol 2015. https://
doi.org/10.1109/TNANO.2015.2426149.

[19] Concentrated Solar Power increasing cumulative global capacity more than
11% to just under 5.5 GW in 2018 e HELIOSCSP n.d (accessed April 28, 2020),
http://helioscsp.com/concentrated-solar-power-increasing-cumulative-
global-capacity-more-than-11-to-just-under-5-5-gw-in-2018/.

[20] Xu K, Du M, Hao L, Mi J, Yu Q, Li S. A review of high-temperature selective
absorbing coatings for solar thermal applications. J Mater 2020;6:167e82.
https://doi.org/10.1016/j.jmat.2019.12.012.

[21] Macias JD, Herrera-Zamora DM, Lizama-Tzec FI, Bante-Guerra J, Ar�es-

https://doi.org/10.1016/j.energy.2020.117947
https://doi.org/10.1260/014459806779388065
https://doi.org/10.1080/15567249.2016.1148083
https://doi.org/10.1080/15567249.2016.1148083
https://doi.org/10.1080/23311916.2016.1167990
https://doi.org/10.1016/j.ngib.2016.02.001
https://doi.org/10.1016/j.ngib.2016.02.001
https://doi.org/10.3389/fmech.2017.00013
https://doi.org/10.3389/fmech.2017.00013
https://doi.org/10.1109/TED.2016.2556751
https://doi.org/10.1109/TED.2016.2556751
https://doi.org/10.1109/MNANO.2014.2313172
http://refhub.elsevier.com/S0360-5442(20)31054-9/sref8
http://refhub.elsevier.com/S0360-5442(20)31054-9/sref8
http://refhub.elsevier.com/S0360-5442(20)31054-9/sref9
http://refhub.elsevier.com/S0360-5442(20)31054-9/sref9
https://doi.org/10.1016/j.rser.2013.10.027
https://doi.org/10.1016/j.egypro.2017.03.135
https://doi.org/10.1016/S0378-7753(02)00620-1
https://doi.org/10.1016/S0378-7753(02)00620-1
https://doi.org/10.1016/j.energy.2015.06.120
https://doi.org/10.1016/j.energy.2015.06.120
https://doi.org/10.1063/1.3266921
https://doi.org/10.1063/1.3266921
https://doi.org/10.1063/1.4707379
https://doi.org/10.1063/1.4707379
https://doi.org/10.1016/j.jqsrt.2007.08.017
https://doi.org/10.1109/TNANO.2015.2426149
https://doi.org/10.1109/TNANO.2015.2426149
http://helioscsp.com/concentrated-solar-power-increasing-cumulative-global-capacity-more-than-11-to-just-under-5-5-gw-in-2018/
http://helioscsp.com/concentrated-solar-power-increasing-cumulative-global-capacity-more-than-11-to-just-under-5-5-gw-in-2018/
https://doi.org/10.1016/j.jmat.2019.12.012


E. Rahman, A. Nojeh / Energy 204 (2020) 11794712
Muzio OE, Oskam G, et al. Optical and thermal properties of selective absorber
coatings under CSP conditions. AIP Conf Proc 2017;1850. https://doi.org/
10.1063/1.4984492.

[22] Du M, Hao L, Mi J, Lv F, Liu X, Jiang L, et al. Optimization design of Ti0.5Al0.5N/
Ti0.25Al0.75N/AlN coating used for solar selective applications. Sol Energy
Mater Sol Cells 2011;95:1193e6. https://doi.org/10.1016/
j.solmat.2011.01.006.

[23] Rephaeli E, Fan S. Absorber and emitter for solar thermo-photovoltaic systems
to achieve efficiency exceeding the Shockley-Queisser limit. Optic Express
2009;17:15145. https://doi.org/10.1364/oe.17.015145.

[24] Lee JH, Bargatin I, Gwinn TO, Vincent M, Littau KA, Maboudian R, et al.
Microfabricated silicon carbide thermionic energy converter for solar elec-
tricity generation. Proc IEEE Int Conf Micro Electro Mech Syst 2012:1261e4.
https://doi.org/10.1109/MEMSYS.2012.6170386.

[25] Belbachir RY, An Z, Ono T. Thermal investigation of a micro-gap thermionic
power generator. J Micromech Microeng 2014. https://doi.org/10.1088/0960-
1317/24/8/085009.

[26] King DB, Zavadil KR, Jennison DR, Battaile CC, Marshall AC. Low work function
material Development for the Microminiature thermionic converter. 2004.
https://doi.org/10.2172/918773.

[27] Lough BC, Lewis RA, Zhang C. Principles of charge and heat transport in
thermionic devices. In: Al-Sarawi SF, editor. Smart struct. Devices, syst. II, vol.
5649. SPIE; 2005. p. 332. https://doi.org/10.1117/12.582101.
[28] Fu CJ, Zhang ZM. Nanoscale radiation heat transfer for silicon at different
doping levels. Int J Heat Mass Tran 2006;49:1703e18. https://doi.org/
10.1016/j.ijheatmasstransfer.2005.09.037.

[29] Basu S. Near-field radiative heat transfer across Nanometer vacuum gaps.
Elsevier; 2016. https://doi.org/10.1016/c2015-0-01213-8.

[30] Basu S, Zhang ZM, Fu CJ. Review of near-field thermal radiation and its
application to energy conversion. Int J Energy Res 2009;33:1203e32. https://
doi.org/10.1002/er.1607.

[31] Gordon JM. Generalized power versus efficiency characteristics of heat en-
gines: the thermoelectric generator as an instructive illustration. Am J Phys
1991;59:551e5. https://doi.org/10.1119/1.16818.

[32] Agrawal DC, Menon VJ. The thermoelectric generator as an endoreversible
Carnot engine. J Phys D Appl Phys 1997;30:357e9. https://doi.org/10.1088/
0022-3727/30/3/007.

[33] Feng Y, Chen L, Meng F, Sun F. Influences of the Thomson effect on the per-
formance of a thermoelectric generator-driven thermoelectric heat pump
combined device. Entropy 2018;20. https://doi.org/10.3390/e20010029.

[34] Chen J, Yan Z, Wu L. The influence of Thomson effect on the maximum power
output and maximum efficiency of a thermoelectric generator. J Appl Phys
1996;79:8823e8. https://doi.org/10.1063/1.362507.

[35] Chen L, Meng F, Sun F. Maximum power and efficiency of an irreversible
thermoelectric generator with a generalized heat transfer law. Sci Iran
2012;19:1337e45. https://doi.org/10.1016/j.scient.2012.07.014.

https://doi.org/10.1063/1.4984492
https://doi.org/10.1063/1.4984492
https://doi.org/10.1016/j.solmat.2011.01.006
https://doi.org/10.1016/j.solmat.2011.01.006
https://doi.org/10.1364/oe.17.015145
https://doi.org/10.1109/MEMSYS.2012.6170386
https://doi.org/10.1088/0960-1317/24/8/085009
https://doi.org/10.1088/0960-1317/24/8/085009
https://doi.org/10.2172/918773
https://doi.org/10.1117/12.582101
https://doi.org/10.1016/j.ijheatmasstransfer.2005.09.037
https://doi.org/10.1016/j.ijheatmasstransfer.2005.09.037
https://doi.org/10.1016/c2015-0-01213-8
https://doi.org/10.1002/er.1607
https://doi.org/10.1002/er.1607
https://doi.org/10.1119/1.16818
https://doi.org/10.1088/0022-3727/30/3/007
https://doi.org/10.1088/0022-3727/30/3/007
https://doi.org/10.3390/e20010029
https://doi.org/10.1063/1.362507
https://doi.org/10.1016/j.scient.2012.07.014

	Harvesting solar thermal energy with a micro-gap thermionic-thermoelectric hybrid energy converter: Model development, ener ...
	1. Introduction
	2. Model description and computational methodology
	2.1. Energy balance, efficiency, and the self-consistent iterative model of a concentrated solar power-driven TEC-TEG
	2.2. The space-charge effect in the interelectrode region of a TEC
	2.3. Radiative heat transfer between emitter and collector of a TEC
	2.4. The power output and efficiency of a TEG

	3. Results and discussion
	4. Summary and conclusion
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgement
	Appendix A. Supplementary data
	Nomenclature
	References


