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bstract

A detailed review is carried out on current micropower technology. In particular, a prototype micropower device based on the concept of a
hermophotovoltaic (TPV) system of generating electricity is reviewed in this report. This prototype micro-TPV power generator [W.M. Yang,

.K. Chou, C. Shu, H. Xue, Z.W. Li, J. Phys. D: Appl. Phys. 37 (2004) 1017–1020] is currently under research and development by the National
niversity of Singapore (NUS). Focus is made on the possible improvements to the micro-TPV power device, in particular the efficiency of the
icro-combustor, PV cells, and consequently the overall the efficiency.
2006 Elsevier B.V. All rights reserved.
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. Introduction

.1. Motivation

The development of micropower devices is motivated by the
ncreasing needs and demand for smaller scale and higher den-
ity power sources. Traditional batteries have failed to satisfy
his need, due to relatively low projected energy densities, thus
ausing serious logistical mission constraints [1]. Mass and vol-
me have also become important criteria in the growing trend
owards the miniaturisation of both mechanical and electrome-
hanical engineering devices. All kinds of micro-devices are
eing developed rapidly. This need for a tiny but powerful
nergy source is urgent. A micro-scale power system had been
trongly regarded as a viable solution and an alternative power
ource. The micropower concept is still relatively new, as such,
nd not many micropower devices have been developed. By
oing a detailed review of the currently available micropower
evices, we can further understand how to make improvements

o the present technology. In particular, the present efficiency of

icropower generators that are being developed is still relatively
ow. Therefore improving the efficiency will greatly enhance the
evelopment of micropower devices.

o
s

i

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 479

.2. Significance and need for micropower device

During the mid to late 1990s, Epstein and Senturia [2] first
uggested the concept of a micro-heat engine and Power MEMS
o describe micro-systems, which can generate power or pumped
eat. Since then, all kinds of micro-devices have been developed
apidly around the world. The interest in producing minia-
urised mechanical devices has opened up new opportunities
or micropower generation, because of the need for power sup-
ly devices with high specific energy (small size, low weight
nd long duration). Micro-gas turbine engines [3], micro-rotary
ngines [4], micro-thermoelectric systems [5] and micro-fuel
ells [6] are typical micropower systems being developed. How-
ver, the miniaturisation of these devices is very much limited by
he currently available power supply system. Despite the rapid

iniaturisation of numerous electromechanical and mechanical
ngineering devices, the size, weight and energy storage capa-
ilities of electrochemical batteries cannot be compromised.
hey occupy a significant fraction of both mass and volume

f the entire device, thus greatly affecting both the design and
pecifications (Fig. 1).

There has been strong interest in both military and civil-
an applications for an alternative power generation system.
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to mention that they are easily replaceable.

Fig. 2 shows the potential advantage of using liquid hydro-
carbon combustion to produce power by comparing the specific
energy for iso-octane and several primary and secondary battery
Fig. 1. Typical variations of electrochemical batteries [10].

breakthrough in micropower generation technology will
nable a rapid development of various micro-electronics,
icro-mechanical, and electromechanical engineering devices

or the next generation. Recent developments in wireless
icro-systems, which are laying the groundwork for the next

eneration sensing systems, are also hindered by the absence of a
iny but powerful energy source [7]. There are many industries all
ver the world exploiting the technology of a micro-scale power
ystem to enable developments in their specific fields. Avail-
bility of micropower devices also broadens the possibilities
f using self-sustaining devices in remote or difficult-to-access
ocations. The ever-increasing use of portable electric and elec-
ronic devices also increases the need for efficient autonomous

an-portable micropower supplies. Some of the most important
otential applications include:

. Portable electronics. Cellular phones, notebook computers,
PDAs/palmtops, various hand-held devices, etc.

. Wireless equipments, sensors and communication systems.
Remote controls.

. Micro-air and space vehicles. Miniature rockets for micro-
satellites, micro-unmanned aerial vehicles, micro-rovers,
etc.

. Military and security. Portable cells for soldiers (signal sets,
radios, etc.), micro-scouting vehicles, remote alarms, etc.

. Micro-climate control.

. Other micro-devices. Micro-pumps, micro-motors, micro-
robots, micro-turbines, micro-thrusters, automobiles, etc.

.3. Current situation (batteries)

Before attempting to develop new micro-scale power sup-
lies, it is natural to investigate the currently available
echnologies. Currently, batteries are the predominant technol-
gy in most modern day applications. However, the use of
atteries for micro-devices has presented various disadvantages.
atteries have a substantial environmental impact, high cost,
nd most importantly, a relatively low gravimetric (Wh kg−1)
nd volumetric (Wh L−1) energy densities. State-of-the-art pri-
ary batteries reach up to 1300 Wh L−1 and 700 Wh kg−1 and

−1 −1
echargeables up to 400 Wh L and 300 Wh kg [8]. The
pper limit on battery performance has now been reached, as
ost of the materials that are practical for use as active mate-

ials in batteries have already been investigated and the list of
nexplored materials is being depleted [9].

F
e

r Sources 165 (2007) 455–480 457

.4. Potential solutions for micropower generation

The use of combustion processes for electric power gen-
ration (or micro-combustion) is known to have enormous
dvantages over conventional electrochemical batteries in terms
f power generation per unit volume and energy storage per unit
ass, even when the conversion efficiency in the combustion

rocess from thermal energy to electrical energy is taken into
ccount [11]. Considerable interest has arisen in the last few
ears in the miniaturisation of combustors (micro-combustors)
s components of energy conversion systems, aiming at the pos-
ible replacement of conventional batteries with liquid fueled
nes [12]. The primary incentive is the very high energy den-
ity of liquid fuels with respect to conventional batteries. Even
ccounting for a rather inefficient overall conversion of chem-
cal energy to electricity, a liquid fuel approach in combustion
ould be superior by at least one order of magnitude, not to
ention the advantage of the ease of recharging the “battery”

13]. Micro-combustion research has also led to the emergence
f a new class of micro-electromechanical system, or simply
ower MEMS, which utilises the high energy density of liquid
ydrocarbon fuels. Both hydrocarbon fuel and Power MEMS
ill be described in the following sections (Sections 1.4.1 and
.4.2).

.4.1. Hydrocarbon fuel
The micro-combustion process will essentially make use of

ydrocarbon as fuel. This is because even modern state-of-
he-art batteries such as lithium-ion will not come close to
roducing potential energy densities that can be reached through
he thermal conversion of hydrocarbon fuels. Hydrocarbon fuels
rovide energy storage of typically 45 MJ kg−1, whereas the top
atteries currently available (lithium-ion) provide only about
.50 MJ kg−1. Even at only 10% conversion efficiency from
hermal to electrical energy (losses associated with extracting
ower from the fuel), hydrocarbon fuels still provide more than
0 times higher energy storage density than batteries [11], not
ig. 2. Specific energy for liquid hydrocarbon (octane), 10% and 20% efficient
ngines, and several primary and secondary battery technologies [12].
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echnologies. The outstanding specific energy density of liquid
ydrocarbon as compared to the conventional electrochemical
atteries is clearly shown.

The advantages of hydrocarbon fuels also include low cost,
onstant voltage, no memory effect and instant rechargeabil-
ty. Also, the shelf life of chemical fuels is in most cases
ery long, while batteries have a more limited shelf life. A
icro-scale power device that could harness the chemical

nergy of hydrocarbon fuel would enable significant increases
n the power output and the endurance of micropower devices.
herefore, taking advantage of the high energy density of
hydrocarbon fuel in a micro-combustion process becomes

n attractive technological alternative in micro-scale power
eneration.

.4.2. Power MEMS
The growing need to reduce system weight, increase oper-

tional lifetime as well as reducing unit cost has led to the
ntroduction in the new field of high specific energy micro-
lectromechanical power systems, or simply, Power MEMS.
he term “Power MEMS” was first suggested by Epstein and
enturia [2] in mid-1990s at the Massachusetts Institute of
echnology, where they continued to study MEMS-based gas

urbine generators [3]. Power MEMS describes the micro-
ystems which generate power or pumped heat. The concept
ehind this new field is to utilise the high energy density of liq-
id hydrocarbon fuels. Therefore, a miniaturised device even
ith a relatively inefficient conversion of hydrocarbon fuels to
ower would result in the increased lifetime of an electronic
r mechanical system. Such micropower generators are char-
cterised by thermal, electrical, and mechanical power density
f approximately 1–20 W in sub-centimeter-sized packages [2].
ecently much attention has been focused on the application of
EMS devices to the production of electrical power. The ulti-
ate goal would be to have “power generation in a chip”. Many

roups involved in Power MEMS are investigating scaled-down
ersions of well-established macro-scale combustion devices
internal combustion engines, gas turbines, pulsed combustors,
tc.) [11]. The Power MEMS system has evolved into a much
roader concept which includes other traditional thermal cycles,
ew heat engine concepts which may only be attractive at
icro-scale, energy harvesting schemes, and even micro-fuel

ells.
Due to the fact that electric power output levels of Power

EMS devices ranges over a broad spectrum, it has the poten-
ial to fulfill numerous applications. At the higher power range
of order 1–50 W), Power MEMS devices are envisioned to
rovide portable power for computers and other personal elec-
ronics, with both military and commercial applications. At the
ower power range (of order 1 mW), Power MEMS devices
ould power remote sensors or actuators [14]. Emerging applica-
ions such as wireless sensing, wearable computing, autonomous
obots, and other systems will require even more efficient power

ources to deliver revolutionary new functionality and conve-
ience. However, for the device to be practical, it must perform
etter than available batteries, with the performance metric typ-
cally being some form of energy density.
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.5. Summary of micropower technology

As mentioned earlier, the interest in producing miniaturised
echanical devices has open many new opportunities for
icropower generation, because of the need for power supply

evices with high specific energy (small size, low weight and
ong duration). More and more groups and researchers around
he world are focusing on the study of micropower devices. As a
esult, many technologies of generating micropower have been
eveloped recently. Some of the typical micropower systems
nclude:

. Micro-gas turbine engines [3] and micro-rotary engines [4].

. Micro-thermoelectric systems [5].

. Micro-fuel cells [6].

. Micro-electromagnetic systems.

. Micro-thermophotovoltaic systems [7].

All the above micropower systems will be described in greater
etail in Section 2.

.6. Outline of this review

The objective of this review is to cover the currently avail-
ble or under development micropower devices. This will enable
s to further understand and make improvements to present
echnology, in particular the efficiency of the devices.

Section 2 of this report has more in-depth details of the
ifferent technologies of micropower generation as listed in
his section. Section 3 introduces the concept and principles
f a thermophotovoltaic (TPV) system as a means of produc-
ng micropower. Section 4 focuses on the design, development
nd fabrication of the micro-TPV power generator. In Section 5,
ossible improvements in the efficiency of a micro-combustor
s well as the overall efficiency of the micro-TPV power
evice are addressed. Recommendations for future works are
ade.

. Approaches to micropower generation

.1. Types and examples of micropower generation devices

Over the last decade, numerous micropower generation tech-
ologies have emerged due to the ever-increasing popularity of
roducing power on a micro-scale. The various technologies for
icropower generation were listed earlier in Section 1.5. Firstly,

here are the micro-gas turbine engines [3], micro-rotary engines
4], as well as the micro-free piston knock engines [15]. These
icropower generators however feature a high-speed moving

art. To eliminate moving parts in micropower sources, stud-
es of direct energy conversion methods on the micro-scale are

ade. These include micro-thermoelectric [5], micro-fuel cells
6], micro-electromagnetic, and micro-thermophotovoltaic sys-

ems [7]. Each of these micropower generation technologies will
e briefly described in the following sections. Examples of each
icropower device being developed will also be discussed and

eviewed.
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as turbine generator developed by MIT [3].
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Fig. 3. The cross-section of the micro-g

.1.1. Micro-gas turbine engines and micro-rotary engines
The micro-gas turbine engine is one of the typical microp-

wer devices being developed by Massachusetts Institute of
echnology (MIT) [3], with the aim of producing 10–50 W of
ower from a turbine the size of 2.1 cm × 2.1 cm × 0.38 cm. The
esign uses six individual layers of silicon, with the turbine,
ombustor and housing all being made of silicon. The baseline
ngine design is illustrated in Fig. 3.

The engine mainly consists of a supersonic radial flow com-
ressor and turbine connected by a hollow shaft. The system
s targeted to operate at a tip speed of 500 m s−1. However, the
igh rotor speed poses a great challenge to the fabrication and
ssembly of the system. So far, no prototype engine has been
eported to produce a net power output.

The micro-rotary engine is another kind of micropower
evice proposed by the University of California at Berkeley [4].
he system is illustrated in Fig. 4. The engine, with a displace-
ent of 0.064 mm3, is targeted to produce a power output of

3.9 W, at a speed of 30,000 rpm with a 1 mm rotor. Using a
otary design without valves helps simplify the design of the
icro-device, as sealing and actuation of micro-valves requires
ubstantial complexity. The engine ultimately produced a 2.7 W
f net power output due to some reasons such as fabrication and
ssembly.

ig. 4. The MEMS rotary engine developed by University of California at
erkeley [16].
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ig. 5. The ‘Swiss Roll’ burner design of the micro-thermoelectric device devel-
ped by Sitzki et al. [5].

.1.2. Micro-thermoelectric
The two kinds of micropower devices described in Section

.1.1 have a high-speed shaft, which increases the difficulties of
abrication and assembly drastically. To eliminate the moving
arts, Sitzki et al. [5] from University of Southern California
eveloped a micro-thermoelectric device. The focus of the sys-
em is a ‘Swiss roll’ design of the burners as illustrated in Fig. 5.
t works by allowing heat to be exchanged between the prod-
ct and reactant streams. The counter-current heat exchanger
esign greatly reduces heat loss to the environment. The total
eactant enthalpy is higher for the preheated reactants than for a
old incoming stream and thus preheated reactants can sustain
ombustion under conditions in which a flame without recir-
ulation would be extinguished. By coupling this burner with a
hermoelectric generator, electric power could be produced. The
ystem is targeted to generate an electric power output of 0.1 W
n a volume of 0.04 cm3. The power density generated by the

icro-thermoelectric system is significantly lower compared to
he first two kinds of micro-engines. However the reliability is

uch higher since there is no moving part.

.1.3. Micro-fuel cell
Fuel cells are steady-flow devices that accept fuel and oxi-

izer and therewith produce the reaction products as well as

irect current (dc) electric power [17]. Currently, fuel cells that
re being developed for portable applications are categorised
n two types: DMFC (direct methanol fuel cells) and micro-
EFC (polymer electrolyte fuel cells). Both types follow the
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Combustion in micro-scale systems present problems related

to the time available for the combustion reaction to occur and
also to the possible heat loss and quenching of the combustion
reaction by the wall [12]. The characteristic of the combus-
Fig. 6. The schematic view of a fuel cell [18].

ame principle, as illustrated in Fig. 6. Fuel is supplied to the
node of the fuel cell and decomposed into protons and elec-
rons under influence of a catalyst. The protons travel through
n electrolyte, which passes the protons and stop the electrons
rom going through to the cathode. At the cathode, the protons
nd electrons combine with oxygen and generate water. The
node is connected through a load with the cathode, electrons
ravel to the cathode and reform with protons and oxygen to
ater, thus extracting electric power from the cell. A micro-fuel

ell array is being developed by Lee et al. [6] from Stanford Uni-
ersity. The system has integrated series connection of polymer
lectrolyte fuel cell in a planer array. The characteristic feature
s the flip-flop configuration of the series path, where the inter-
onnections of electrodes are from two different cells on the
ame side of the membrane. The design is particularly favor-
ble for miniature fuel cells and has been prototyped using a
ariety of etch and deposition techniques adopted from micro-
abrication. It was reported that the peak power of the system
xceeded 40 mW cm−2.

.1.4. Micro-electromagnetic
Most of the electromagnetic Power MEMS are based on a

agnet mounted on a spring. The magnet follows a path through
coil when excited by ambient vibration. This movement will

nduce a voltage over the coil and when a load is connected,
lectric power can be extracted [18]. A schematic overview, rep-
esented in theory by a mass-spring-damper system, is illustrated
n Fig. 7. Some examples that are fabricated are a microphone
which can generate up to 20 �W) or a device that works by a
uman walking motion (up to 400 �W) [19].

.1.5. Micro-thermophotovoltaic (micro-TPV)
The thermophotovoltaic system (TPV) consists of four ele-

ents: the heat source, a micro-flame tube combustor (emitter),
he filter and the low band gap photovoltaic array [7]. A fuel
s combusted in a micro-combustor. When the emitter is heated
o a sufficiently high temperature, it emits photons. When the
hotons with greater energy than the band gap of the PV cells,

mpinge, they cause free electrons to be produced and an elec-
rical power output. The process is illustrated in Fig. 8. The
ational University of Singapore has constructed a micro-TPV

ystem [7] that consists of a SiC emitter, a nine-layer dielectric
F
[

Fig. 7. The schematic view of an electromagnetic system [18].

lter and a GaSb PV cell array. They are capable of produc-
ng 0.92 W of electrical power with open-circuit voltage 2.32 V
nd short-circuit current 0.52 A. The combustor has a volume of
.113 cm3 and uses hydrogen at a rate of 4.2 g h−1 with H2/air
atio of 0.9. This micro-TPV power device will be the main focus
f study in this report. Section 3 will look into the in-depth details
f such system.

.2. Problems with micro-scale combustion and power
eneration

Most of the micropower technologies and devices reviewed
n the earlier part of this section made use of micro-scale
ombustion to generate power. Although the introduction of
icro-scale combustion to produce energy for micropower gen-

ration devices is becoming increasingly popular, it does present
arious problems and significant technological challenges. From
combustion viewpoint, the main challenge is primarily to burn
leanly and efficiently minute liquid flow rates in a confined
pace. However, when the approach is pursued at the micro-
cale, issues of heat loss and quenching would also come to the
ore. Other problem such as the fabrication, assembly and seal-
ng of the micropower device (or micro-combustor) also poses a
reat challenge. These issues will be discussed in the following
ections.

.2.1. Heat loss and quenching
ig. 8. The schematic layout of the thermophotovoltaic (TPV) power system
20].
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ion reaction depends on the near-wall chemical kinetics, i.e.
otential low wall temperature and radical depletion. The basic
equirement for micro-combustion to occur is that the physical
ime available for combustion (residence time) must be larger
han the time required for the chemical reaction to occur (com-
ustion time). The realisation of high power density produced
y the combustion reaction, however, requires effective com-
letion of the combustion process within an extremely confined
nd small volume and is therefore fundamentally limited by the
hemical reaction time constraints of the fuel. Tailoring the fluid
ow to stabilise the flame and allow effective mixing of the cold
eactants with the hot products is therefore critical to getting the
uel to completely react within a short time and constitutes a
undamental design challenge [3].

The chemical kinetic constraints are also exacerbated by the
nhanced heat transfer effects that result from the large sur-
ace area-to-volume ratio of micropower devices. While many
iniature space and air-breathing propulsion system concepts

s well as micropower generators such as micro-gas turbine
ngines [3] and micro-rotary engines [4] have been proposed,
ost require moving parts. All miniaturised propulsion devices
ith moving parts experience more difficulties with heat and

rictional losses due to the higher surface-to-volume ratios than
heir macro-scale counterparts. The surface-to-volume ratio is
roportional to the inverse of the hydraulic diameter of com-
ustor. According to the cubic-square law, when the size of a
ombustor decreases by a factor of 100, the surface-to-volume
atio will increase by a factor of 100 [21]. At the micro-scale,
ue to the high surface-to-volume ratio, heat loss through the
all of the combustor increase drastically, which tends to sup-
ress ignition and quench the reaction. Not only does this high
eat loss make it impossible to achieve conventional combustor
fficiencies in excess of 99.9%, but it also increases chemical
eaction times by lowering the temperature of the flame stabi-
ization zones. The coupling between the fluid dynamics, heat
ransfer, and chemical kinetics is therefore much more pro-
ounced for these small systems and is a critical element of
he design process [3]. At the system level, these aforemen-
ioned chemical and thermal management problems could be
xacerbated to the point that the whole concept may become
nfeasible.

.2.2. Fabrication and materials
The design of the micro-combustion power generation device

s further complicated by the additional factor of fabrication
nd materials constraints. Sealing, fabrication and assembly
f micro-combustor are much more difficult at small scales,
ecause micro-fabrication processes have much poorer rela-
ive precision than convectional macro-scale processes [22].
he difficult operating environment of the micro-combustor also
oses higher requirements to the selection of materials. Proper
nd careful selection of materials with high temperature tol-
rances and also good heat emission is required. Also worth

entioning is the ability of materials (such as silicon micro-

abrication) to overcome the complicated 3D geometries of the
icro-combustor. The design of a micro-combustor therefore
andates careful and precise micro-fabrication, which is instru-
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ental to achieving the economy and high tolerances necessary
o make a micro-combustor viable.

.3. Summary of micropower approaches

All the above-discussed micropower generation techniques
re interesting and under extensive development in the world.
e selected the micro-thermophotovoltaic (TPV) system for fur-

her in-depth review, due to our biased interest in direct energy
onversion as well as recent rapid development in this area.

. Introduction to thermophotovoltaic system

.1. Background

The original thermophotovoltaic (TPV) concept was first pro-
osed during the early 1960s. One of earliest discussions of the
oncept of TPV is done by White et al. [23] in their review of
wide range of advances in thermal energy conversion. How-

ver, it is only in recent years that technological improvements
n the field of selective emitter and low band gap PV cells have
voked a renewed interest in TPV generation of electricity [24].
his section will introduce the methodology and concept of the
PV system, explaining how the system is functioned. The sub-
equent design of the micropower device that will be reviewed
or this report will be based on this principle.

.2. Principle of thermophotovoltaic (TPV) system

The basic principle of thermophotovoltaics (TPV) is the
irect conversion of thermal energy into electricity without
nvolving any moving parts. The TPV system basically con-
ists of four essential components. They are the heat source, a
elective emitter, a filter system and a low band gap photovoltaic
onverter [7]. The conceptual schematic layout of a TPV system
s illustrated in Fig. 9.

As illustrated in Fig. 9, some various possible heat sources for
he system include concentrated solar energy, the combustion of
arious fuels, and nuclear decay. When the heat source gener-
tes heat energy from either combustion, solar or nuclear, this
eat energy will be absorbed by the selective emitter. When the
mitter is heated to a sufficiently high temperature, it will emit
hotons. Thus, the selective emitter is used to convert heat from
he source into radiation. The emitter can be made from broad-
and materials such as silicon carbide (SiC), or selective emitting
aterials such as Er3Al5O12 (erbia), Co/Ni (cobalt/nickel)-

oped MgO (magnesium oxide), Yb2O3 (ytterbia) or surface
icro-structures by means of micro-machining [25,26]. The

pectrums of broadband emitters usually operate at tempera-
ures around 1000–1600 K. When the photons emitted from the
mitter are impinge on the PV array, they evoke free electrons
nd produce electrical power output. Thus, the photovoltaic con-
erter functions to convert heat radiation into electricity.
However, only those photons radiated by the emitter hav-
ng energy greater than the band gap (e.g. for GaSb cells, it is
.72 eV, corresponding to a wavelength of 1.7 �m) of the pho-
ovoltaic cell can be converted into electricity. In another words,



462 L.C. Chia, B. Feng / Journal of Power Sources 165 (2007) 455–480

the th

t
e
t
w
a
l
p
t
c
a
a
t
e

3

(
o
a

η

w
i
i
a
p
p
t
a
t
d

3

c
p
s
h
b
s

e
a
c
n
m
p
t
d

4

4

b
T
e
d
g
l
S
a
o
m
c
s
a
t
r
(
d
o
(

4

o

Fig. 9. The conceptual schematic layout of

hose photons with a wavelength longer than 1.7 �m cannot gen-
rate free electrons and produce electricity when impinging on
he photovoltaic cell [28]. If these photons are not stopped, they
ill be absorbed by the PV cells and subsequently result in
destructive heat load on the system components, which will

ower the conversion efficiency of the system. As such, these
hotons should be sent back to the emitter in order to improve
he system. Thereby, a filter is often employed in the design of
onventional TPV systems. It serves to recycle and reflect back
ll the sub-band gap photons with too low energy and transmits
ll convertible to the PV array. However, in the micro-TPV sys-
em, the existence of a filter will complicate the fabrication and
nlarge the volume of the system.

.3. Efficiency of thermophotovoltaic (TPV) system

The overall efficiency of a conventional thermophotovoltaic
TPV) system is the product of the efficiencies of the PV cells, an
ptional filter, and the radiation source, consisting of the burner
nd the emitter, as follows:

TPV = ηRS × ηF × ηPV

here the subsystem efficiencies are defined as follows: ηRS
s the net radiation power emitted by emitter/chemical energy
nput flow, ηF the radiation power absorbed in PV cell/net radi-
tion power emitted by emitter and ηPV is the electrical output
ower/radiation power absorbed in PV cell. The net radiated
ower is defined as the total emission (whole spectrum) minus
he radiation returned (e.g. from a reflecting optical filter) and
bsorbed in the emitter. The PV efficiency depends not only on
he quality of the cell itself, but also on the shape and power
ensity of the spectrum absorbed in it [29].

.4. Advantages of thermophotovoltaic (TPV) system

The thermophotovoltaic (TPV) system promises to be a very
lean and quiet source of electrical power with no moving
arts and high power density, using a wide variety of energy

ource. Unlike the scaled-down versions of many macroscale
eat engines, these advantages would be well inherited or even
ecome outstanding at micro-scale level [30]. The system is
imple (it does not involve many parts and components) yet

t
b
F
b

ermophotovoltaic (TPV) power system [7].

ffective. In terms of fabrication and assembly, it is also rel-
tively easy. As a result, it can be more commonly used in
ommercial electronics and micro-devices, for which conve-
ience and inexpensive production, reliable operating, and low
aintenance cost are the key to success. It has a very good

otential as a replacement for traditional batteries. Other advan-
ages are those commonly applicable to micropower devices as
escribed in Section 1.4 earlier.

. A micro-thermophotovoltaic power device

.1. Introduction

This section aims to review in detail a micropower device
ased on the principle of thermophotovoltaic (TPV) system.
he concept and theory behind the TPV method of power gen-
ration discussed in Section 3 has been implemented into the
esign, development and fabrication of the micro-TPV power
enerator. Each individual component of the device will be
ooked into. This includes the heat source (micro-combustor),
iC emitter, dielectric filter, GaSb photovoltaic (PV) cell array
nd the cooling fins. Other major issues concerning the design
f the micro-TPV power generator such as combustion in the
icro-cylindrical combustor, effect of wall thickness of micro-

ombustors (on the performance of the system), and the effect of
tep height (of the micro-combustor) on wall temperature, will
lso be reviewed. It must be acknowledge that a large part of
he contents of this section is developed based on the detailed
eviewing of a novel concept of a micro-thermophotovoltaic
micro-TPV) power generator [7] currently under research and
evelopment by the collaboration of the National University
f Singapore and the California State Polytechnic University
Fig. 10).

.2. Design and structure of the micro-TPV power device

The design of the micro-TPV power device comprises mainly
f four main components: (1) a heat source; (2) a micro-flame

ube combustor (the wall of the micro-combustor will be a broad-
and emitter); (3) a simple dielectric filter; (4) a PV cell array.
urthermore, micro-cooling fin arrays are also attached on the
ack of the PV cells to remove the sink heat by the PV cells.
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Fig. 10. The conceptual schematic cross-section of a typical thermophotovoltaic
(TPV) power system [27].
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ig. 11. The schematic layout of the micro-thermophotovoltaic (micro-TPV)
ower device [30].

ll these components are integrated together to form the general
tructure of the micropower device. The schematic layout of the
icro-TPV power device is illustrated in Fig. 11. Each of these

omponents will be described in more details in Section 4.4.
prototype of this micro-TPV power generator has been build

p and tested in the National University of Singapore (NUS)
21]. To give a better picture of the structure of the micro-TPV
ower device, a schematic cross-sectional view of the device
view from the front) is also illustrated in Fig. 12. The cooling
ns are not included in the illustration.
.3. Operating principles of the micro-TPV power device

The micro-thermophotovoltaic (micro-TPV) system is a
icropower generator which uses photovoltaic (PV) cells to con-

ig. 12. The cross-sectional schematic layout of the micro-TPV power device.
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ert heat radiation (from the combustion of hydrocarbon fuel)
nto electricity. The general operating principle of the device is
s follows: hydrocarbon fuel first mixes with compressed air in
he micro-mixer. The mixture then enters a cylindrical micro-
ombustor, where the combustion takes place. As the wall of the
icro-combustor is heated to a sufficiently high temperature, it

mits a lot of photos (as radiation) from a broadband emitter. The
roadband emitter is on the wall of the micro-combustor. The
icro-combustor is peripherally enclosed by arrays of photo-

oltaic (PV) cells (as can be seen in Fig. 12), so that the radiative
eat from the wall of the micro-combustor can be absorbed by
he PV cells. The radiated photons interact with the electrons in
he PV cells by imparting their energy to the electron as kinetic
nergy, which consequently produces an electric current. Hydro-
en will be used as the hydrocarbon fuel for combustion (this
ill be addressed later in Section 4.4.1).

.4. Components of the micro-TPV power device

As mentioned in Section 4.2, the design of the micro-TPV
ower device comprises mainly of four main components: (1)
heat source; (2) a micro-flame tube combustor (the wall of

he micro-combustor will be a broadband emitter); (3) a simple
ielectric filter; (4) a PV cell array. This section will look into
he design details of each of these components.

.4.1. Micro-combustor
As one of the most important components of the micro-

PV power system, the micro-combustor must be developed
rst. Compared to conventional combustors, a micro-combustor

s more highly constrained by inadequate residence time for
omplete combustion and high rates of heat transfer from the
ombustor. Some of the major challenges and problems with
icro-scale combustion have been mentioned earlier in Sec-

ion 2.2. For micro-TPV applications, the desired output is a
igh and uniform temperature along the wall of the micro-
ombustor.

The major challenge in the micro-combustor design is to keep
n optimum balance between sustaining combustion and max-
mising the heat output [7]. A high surface-to-volume ratio is
ery favorable to the output power density per unit volume. How-
ver, a high heat output will affect the stable combustion in the
icro-combustor (see Section 2.2.1). To verify the feasibility

f micro-combustion and to optimise the design of the micro-
ombustor, a series of numerical simulations and experimental
tudies were carried out by Chou et al. from the National Univer-
ity of Singapore (NUS). These experiments include the testing
f the feasibility of combustion in micro-devices and determine
he relevant factors affecting micro-combustion (H2/air ratio,
ow rate of fuel, etc.) [31]. Details of the experiment will be
xplained later in Section 4.5.1. Other tests and investigation
hat were carried out include:
. Effects of wall thickness of micro-combustor on the perfor-
mance of the micro-TPV power device (see Section 4.5.2)
[32],
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Table 1
Key parameters and their values for the micro-combustor design

Micro-combustor parameters Values

H2/air ratio 0.9
Fuel flow rate 4.20 g h−1

Backward facing step 10.0 mm
Step height 1.0 mm
Wall thickness 0.4 mm
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nner diameter 3.0 mm
ength 16.0 mm

. Combustion in the micro-cylindrical combustor with and
without a backward facing step (see Section 4.5.3) [28],

. Effects of step height on wall temperature of the micro-
combustor (Section 4.5.4) [33].

Based on all the above tests and investigation that was carried
ut, a micro-combustor is being designed for application to the
esign of the micro-TPV power device. The parameters for the
icro-combustors were concluded in Table 1.
Fig. 13 shows the cross-sectional schematic layout of the

icro-combustor design with the derived specifications. Inves-
igation results indicate that a micro-cylindrical flame tube with
he general shape of a backward facing step is one of the sim-
lest, but all the same effective, structures for the micro-TPV
pplication. The backward facing step can facilitate recircula-
ion along the wall and enhance the mixing process around the
im of the tube flow. Thereby, a high and uniform temperature
an be obtained along the wall of the micro-combustor.

Suitable dimensions for the design of the micro-combustor
re a 10 mm backward facing step with a step height of 1 mm.
he micro-combustor is designed to a length of 16 mm with
n inner diameter of 3 mm and a wall thickness of 0.4 mm.
hese dimensions will result in a micro-combustor volume of
.113 cm3. Also, the micro-combustor is able to achieve an
verage temperature of 1325 K along the wall, and the biggest
emperature difference is less than 5% when the H2 flow rate
s 4.20 g h−1 and the H2/air ratio is 0.9. The efficiency of the
icro-combustor is 19.5% [34]. The micro-combustor can be

abricated by casting, followed by polishing process to the outer
urface.

In the micro-combustor design, the choice of fuel plays a key

ole. H2 (hydrogen) is chosen as the fuel because of its origi-
al high heating value, rapid rate of vaporisation, fast diffusion
elocity, short reaction time and high flame speed [4]. As the
uel mixture (H2 and air) enters the micro-combustor, the com-

Fig. 13. The cross-sectional schematic layout of the micro-combustor.
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ustion takes place near the wall rather than at the centreline
f the flame tube at the beginning stage. The part of the H2/air
ixture around the central region is then heated and acceler-

ted by combustion products surrounding it and flows quickly
o near the end of the flame tube and combusts there, which
nversely heats the gas near the wall, and therefore maintains a
airly uniform temperature along the wall [7]. More investigation
n the combustion will be discussed later in Section 4.5.1 from a
eries of numerical simulations and experimental studies carried
ut by Chou and co-workers [31] from National University of
ingapore.

.4.2. SiC emitter
The emitter is another key component in the design of the

icro-TPV power device. The emitter is the wall of the micro-
ombustor and it functions to convert heat energy from the
ombustion into radiation by emitting photons. There are basi-
ally two different types of emitters, namely broadband emitters
nd selective emitters. Blackbody is a typical broadband radi-
tion materials, its emission behavior can be approximated by
raphite or a soot-covered surface [34]. However, a broadband
adiating material of practical importance is silicon carbide (SiC)
ith an emissivity εSiC ≈ 0.9. While a selective emitter exhibits
high emittance in the spectral range usable for the PV cells, and
low emittance elsewhere. For the last decade, several methods
ave been developed to fabricate selective emitters. One familiar
ay is to use oxides of rare earth materials such as Er2O3 (erbia)

nd Yb2O3 (ytterbia) [35]. Another way is micro-structuring
he surface of the emitters [36]. Recently, a new thermally
xcited Co/Ni (cobalt/nickel)-doped MgO (magnesium oxide)
atched emitter [37] has been developed in University of
ashington. This kind of emitters exhibits a better spectral

fficiency.
The prototype micro-TPV power generator developed by

hou and co-workers [7] from the National University of Sin-
apore uses silicon carbide (SiC) as the material for the emitter.
iC has been selected due to its good emissivity and high tem-
erature reliability. Furthermore, compared with other selective
mitters such as micro-machining tungsten and rare earth oxide,
t is easier to fabricate into a cylindrical shape. The SiC emitter is
typical broadband emitter and the spectrum of broadband emit-

ers generally operates at temperature of about 1000–1600 K.
As part of an effort to develop a suitable material for the

mitter, Chou et al. from the National University of Singapore
arried out a series of experiments to test the performance of a
rototype micro-TPV power generator with different emitting
aterials [38]. The efficiency of the micro-combustor can be

mproved by replacing the SiC emitter with other selective emit-
ers, which will consequently lead to a higher overall efficiency
or the micro-TPV power generator. This will be discussed later
n Section 5.

.4.3. Dielectric filter

The next key component in the design of the micro-TPV

ower device is a simple nine-layer dielectric filter. As men-
ioned in Section 4.4.2, the SiC emitter is a typical broadband
mitter. The spectra of broadband emitters operating at tem-
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[43]. Thus, expensive epitaxial growth of thin semiconductor
layers is successfully avoided. The Zn vapor diffusion process
is performed in a so-called “pseudoclosed” box. The diffusion
source is a mixture of Zn and antimony [34].
Fig. 14. The reflectance of the nine-layer dielectric filter [7].

eratures in the range of 1000–1600 K contain a significant
roportion of photons with energies not sufficient enough to
enerate charge carriers in the PV cells. As discussed earlier
n Section 3.2, only those photons radiated by the emitter hav-
ng energy greater than the band gap (e.g. for GaSb cells, it is
.72 eV, corresponding to a wavelength of 1.7 �m) of the pho-
ovoltaic cell can be converted into electricity. In another words,
hose photons with a wavelength longer than 1.7 �m cannot gen-
rate free electrons and produce electricity when impinging on
he photovoltaic cell [28]. These photos are called sub-band gap
hotons.

If this portion of energy is being absorbed by the PV cells,
t will result in a destructive heat load on the generator com-
onents, subsequently lowering the conversion efficiency of the
ystem. To improve the overall efficiency of the micro-TPV sys-
em, it is very important to recycle these photons. Therefore, a
lter is required in the micro-TPV system (to filter out photons
ith wavelength longer than 1.7 �m).
The prototype micro-TPV power generator developed by

hou and co-workers [7] from the National University of
ingapore employs a simple nine-layer dielectric filter for the
icro-TPV system. The filter is able to recycle the energy

mitted in the range of 1.8–3.5 �m mid-wavelength band,
hereby improving the overall efficiency of the system [34].
he reflectance of the dielectric filter is shown in Fig. 14.
he reflectance is measured with a customised in-house built
ptical test system done by the commercial fabricator (with an
ncertainty of less than 3%). Ideally, the filter should be able
o reflect all non-convertible photons back to the emitter and
ransmit all convertible photons to the PV cell array. However,
his is very difficult to achieve in actual practice.

A commercial fabricator JX Crystals Inc. [39] was engaged
y NUS for the fabrication of the nine-layer dielectric filter.
he filter is fabricated with alternating layers of silicon and
ilicon dioxide. It is deposited on a glass slide with a con-
entional electron beam evaporation system and bonded on the
op of GaSb PV cells with silicone, as illustrated in Fig. 15.
his method makes the assembly of micro-TPV system very
onvenient.
.4.4. Photovoltaic (PV) cell array
The next key component in the design of the micro-TPV

ower device is the photovoltaic (PV) cell array. Compared to
ig. 15. The nine-layer dielectric filters bonded on the top of each hexagonal
aSb PV cells [34].

he PV conversion of solar energy, the photons emitted from the
eat source in the range of 1000–1600 K are distributed at much
ower energies and longer wavelengths. This necessitates the use
f low band gap semiconductors for the TPV energy conversion
iode, in order to simultaneously maximise both the efficiency
nd the power density.

Although the concept of TPV energy conversion was first pro-
osed in 1960s [23], it was only in recent years that technological
mprovements in the field of low band gap photovoltaic cells
nd high temperature materials have evoked a renewed interest
n TPV generation of electricity [40]. Some typical low band
ap PV cells developed recently for TPV applications are GaSb
gallium antimonide) [40], GaInAs (gallium indium antimonide)
41] and InGaAsSb (indium gallium arsenic antimonide) [42].
he prototype micro-TPV power generator developed by Chou
nd co-workers [7] from the National University of Singapore
mploys a GaSb PV cell array for the micro-TPV system, cor-
esponding to the dielectric filter. The GaSb cell array is able
o respond out to photons with wavelength less than 1.8 �m.
ig. 16 shows the quantum efficiency of the GaSb cell.

The technology used to form the pn-junction is based on
Zn vapor diffusion process into an n-doped GaSb substrate
Fig. 16. The quantum efficiency of GaSb PV cells [7].
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Fig. 17. The outline of the GaSb PV cell fabrication process [34].

.4.4.1. Fabrication of the GaSb PV cell array. An n-type GaSb
afer doped with Te is first coated with a silicon-nitride dif-

usion barrier and standard photolithography is used to open
oles in the dielectric. A pn-junction is then formed by zinc
iffusion through the mask opening. The diffusion creates a Zn-
oped p-type GaSb cell. The front patterned side of the wafer is
hen protected with photoresist; while the junction is removed
rom the backside of the wafer with a nonselective etches. The
ackside of the wafer is then metallised. The front-side metalli-
ation area is defined by standard lift-off photolithography and

etal evaporation. Finally, etching of the emitter and deposition

f an antireflection (AR) coating are performed to maximize
hotocurrent [34]. The outline of the GaSb PV cell fabrication
rocess is illustrated in Fig. 17.

o
h
e
r

Fig. 18. The cylindrical PV cell array c
r Sources 165 (2007) 455–480

.4.4.2. Specifications of the GaSb PV cell array. Because of
he nature that only planer-shape GaSb PV cells can be fab-
icated, multiple cell arrays will have to be formed together to
enerate the desired cylindrical shape. Therefore, the cylindrical
V cell array comprises of six 4.5 mm × 18 mm planer GaSb PV
ells, forming the geometry of a cylindrical tube. The cylindrical
V cell array is illustrated in Fig. 18.

Fig. 19 shows the circuit board of the GaSb PV cell array,
hich is composed of the six 4.5 mm × 18 mm planar GaSb

ells. The circuit board will be blended to form the hexagonal
eometry as shown in Figs. 15 and 18. The active area is for each
f the planer PV cell is 4.3 mm × 15.5 mm. The dielectric filters
ill be bonded on the top of the GaSb PV cells and the filter

ace-to-face distance is 8.419 mm. A commercial fabricator JX
rystals Inc. [39] was engaged by NUS for the fabrication of

he GaSb PV cells (the same fabricator as the dielectric filter).

.4.4.3. Performance of the GaSb PV cell array. The perfor-
ance of the planar GaSb PV circuit is measured with a flash

amp solar simulator. The results indicate that the planar GaSb
V circuit offers a very good electrical conversion performance.
he fill factor reaches 0.776. The plot of current versus voltage

I–V curve) of the circuit is shown in Fig. 20. The ‘light’ is a rel-
tive number used to normalise intensity during flash testing, by
djusting the ‘light’ intensity to obtain a certain current density
7].

.4.5. Cooling fins
The operation temperature of the PV cells affects the overall

ower output of the GaSb TPV cell on band gap and reverse the
aturation current. As the operating temperature increases, the
onversion efficiency of the TPV cell will decrease. Therefore,
ffective cooling would be necessary in a GaSb TPV system.
rrays of cooling fins are attached on the back of the PV cells

o remove the sink heat from the PV cells. The cooling fins
an be made of highly conductive materials such as aluminium
r copper. The fin surfaces can be manufactured by extruding

r welding. The array of cooling fins will enhance the rate of
eat transfer from the surface of the GaSb PV cells by sev-
ral folds, by exposing a larger surface area to convection and
adiation. Fig. 21 shows the array of cooling fins attached to

omprising of six GaSb PV cells.
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Fig. 19. The circuit board of the GaSb PV cell ar
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Fig. 20. The current vs. voltage (I–V) curve of the GaSb PV circuit [7].

prototype micro-TPV power generator (without the micro-
ombustor) developed by Chou and co-workers [7] from the
ational University of Singapore.
.5. Investigation and experimental studies

The micro-combustor and combustion process are compo-
ents which affect the performance and design of the micro-TPV

ig. 21. Array of cooling fins attached on the back of the PV cells of the device
21].
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ray comprising of six GaSb PV cells [34].

ower device the most. This is due to the fact that almost all the
roblems and challenges facing the design of the device are
ssociated with the micro-scale combustion for application to
he TPV systems. Some of the general problems with micro-
cale combustion and power generation are discussed earlier
n Section 2.2. This section of the report will look at several
nvestigations, numerical simulations, as well as experimental
tudies of various aspects of the design of the micro-TPV device
oncerning the micro-combustor and SiC emitter. It must be
cknowledge that these investigations and experimental studies
ere conducted by Chou et al. [28,31–33,38] from the National
niversity of Singapore. Results from these experimental stud-

es will very much influence the design of the micro-combustor
nd emitter component of the micro-TPV power device.

.5.1. Micro-combustion studies (flow rate and H2/air
atio)

The first step on the micro-TPV power system was focused
n the micro-combustors to ascertain that a stable flame could
e obtained and radiative temperature along the walls of the
icro-combustor is high enough to activate GaSb photovoltaic

ells. Chou et al. from the National University of Singapore did
n experimental study to observe the characteristic of combus-
ion and how the H2/air ratio and flow rate of fuel would affect
he performance of combustion, and consequently the overall
fficiency of the device.

A micro-combustion experimental rig was set-up for the test.
t includes: (1) a micro-combustor, (2) a connection tube with
our 0.2 mm-diameter orifices distributed equally around the
erimeter, through which, high pressure hydrogen is injected
nto an air stream and mixed with air evenly, (3) a plenum filled
ith high pressure and uniform hydrogen and (4) two sets of

lectronic mass flow controllers, one is for hydrogen with a
apacity of 1000 SCCM, and the other is for air with a capacity
f 5000 SCCM. The two controllers are capable of controlling

ow rates accurate to 1% of the full scale [28]. The combustion
xperiment set-up is illustrated in Fig. 22.

The proposed micro-combustor for the micro-TPV power
evice is mounted onto the experimental rig. The structures and
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Fig. 22. The micro-combustion experimental rig to test the combustion charac-
teristics [28].
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ig. 23. The structures and dimensions of the tested micro-combustor [31].

imensions of the proposed micro-combustor to be tested are
llustrated in Fig. 23.

The hydrogen and air are premixed by the plenum before
ending them to the proposed micro-combustor. The mass flow
ates of hydrogen and air were controlled accurately by two sets
f electronic mass flow controllers, through which H2/air ratio
an also be adjusted. The distributions of temperature both at
he exit plane and along the wall of the proposed cylindrical

icro-combustor were measured by 0.203 mm diameter type K
hermocouples [30]. In this experiment, different flow rates and

2/air ratio were tested in full range in which stable flame could
e obtained inside the micro-combustor.

.5.1.1. Effect of H2/air ratio. Three different H2/air ratios

ere being tested in the experiment. They are ratios of 0.45,
.7 and 1.0. The flow rate of fuel at the inlet is maintained at
m s−1 for all three H2/air ratios. The same proposed micro-
ombustor (see Fig. 23) is also used throughout all the three tests.

a
t
w
fl

Fig. 24. Combustion observed on the micro-combustor at a flow rate of 8 m s−1
r Sources 165 (2007) 455–480

ig. 24 illustrates the combustion result of the micro-combustor,
howing that an increase in the H2/air ratios (from 0.45 to 1.0)
esults in a significant colour change on the wall of the micro-
ombustor, which quantitatively indicates the increase in tem-
erature.

To further understand the characteristics of the combustion
rocess as well as the temperature distribution within the micro-
ombustor, a numerical simulation was also carried out by Chou
nd co-workers [31], as shown in Fig. 25. The numerical simula-
ion shows that the micro-combustor is able to obtained highest
emperature (∼1305 K) and also maintains an evenly distributed
emperature along the wall of the combustor when the H2/air
atio is at the highest value (at 1.0).

To conclude, the experiment shows that the completeness
f combustion within the micro-combustor can be improve by
ncreasing the H2/air ratio. As shown in the plot in Fig. 26,
he maximum electrical power output under different flow rate
ncrease drastically when the H2/air ratio increases from 0.5
o 0.9. This is due to the fact that more fuel is taking part in
he combustion, subsequently increases the temperature along
he wall of micro-combustor tremendously. However, when
he H2/air ratio increases further from 0.9 to 1.0, the maxi-
um electrical power output increases very little (due to the
inimal increase in wall temperature), as a result, it becomes

egligible. Therefore, the micro-TPV system produces a better
fficiency at H2/air ratio of 0.9 than at 1.0. Thus, we can conclude
hat as the H2/air ratio increases, the electrical power output
ncreases.

.5.1.2. Effect of fuel flow rate (Vin). Three different flow rates
ere also tested in the experiment. They are Vin = 4, 8 and
2 m s−1. The H2/air ratio is maintained at 0.6 for all three
ow rates. The same proposed micro-combustor (see Fig. 23)

s also used throughout all the three tests. Fig. 27 illustrates the
ombustion result of the micro-combustor.

Again, it shows that an increase in the fuel flow rate (from
in = 4 to 12 m s−1) will result in a significant colour change on

he wall of the micro-combustor (see Fig. 27), which quantita-
ively indicates the increase in temperature. Based on Fig. 26

gain, we can conclude that with the increase in fuel flow rate,
he maximum electrical power output of the system increases
ith corresponding H2/air ratio. This is because the increase in
ow rate enhances the heat release rate, subsequently increasing

for different H2/air ratio of (a) σ = 0.45, (b) σ = 0.7 and (c) σ = 1.0 [30].
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ig. 25. The numerical simulation showing the temperature profile in the micro

he temperature along the wall of micro-combustor, leading to
igher electric power output.

.5.1.3. Conclusion from the combustion results. Based on the
xperimental studies on combustion behavior carried out by
hou and co-workers [31], we can conclude that external param-
ters such as H2/air ratio not only affect the overall temperature,
ut also influence the temperature distribution and completeness
f combustion. Flow rate is another important factor affecting

icro-combustion in a flame tube. Increasing both the H2/air

atio as well as flow rate will consequently lead to an increase
n overall electric power output of the micro-TPV system (see
ig. 26). An average temperature of about 1305 K has been

ig. 26. The power outputs in a prototype TPV power system with different

2/air ratio [30].
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bustor for different H2/air ratio of (a) σ = 0.45, (b) σ = 0.7 and (c) σ = 1.0 [31].

chieved along the wall of the micro-combustor based on a flow
peed of 12 m s−1 at the inlet and a H2/air ratio of 0.95. There-
ore, these are the appropriate parameters that were used for the
eat source as part of the design of the micro-TPV power device.

.5.2. Effects of wall thickness of micro-combustor
Yang et al. [32] from the National University of Singapore

arried out an experiment to observe the effect of wall thickness
f micro-combustor on the performance of micro-TPV power
enerators. In the experiment, three kinds of micro-cylindrical
iC combustors with different wall thickness are being fabri-
ated for testing. All three micro-combustors have a common
nner diameter of 3 mm and a length of 16 mm. This corresponds
o a common combustion chamber volume of 0.113 cm3. The
pecifications of the micro-combustor are illustrated in Fig. 28.
he outer diameter, d, is 3.8, 4.2 and 4.6 mm, respectively, cor-

esponding to a wall thickness, t, of 0.4, 0.6 and 0.8 mm.
In the experiment, all the three micro-combustors with differ-

nt wall thickness were incorporated into a prototype micro-TPV
ower generator. The electrical power output that is being pro-
uced with each of the micro-combustors is then measured for
arious flow rate and H2/air ratio. Figs. 29 and 30 show the

aximum electrical power output and the short-circuit current

f the system under different wall thickness, respectively, when
he flow rate at the inlet is kept as 12 m s−1, and H2/air ratio
aries from 0.5 to 1.0.
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Fig. 27. Combustion observed on the micro-combustor at a H2/air ratio of 0.6 for different fuel flow rates of (a) Vin = 4 m s−1, (b) Vin = 8 m s−1 and (c) Vin = 12 m s−1

[30].
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Fig. 28. The specifications of the micro-

The experimental results clearly indicate that with a decrease
n the wall thickness of the micro-SiC combustor, both the

aximum electrical power output and the short-circuit cur-
ent increase drastically, especially at low H2/air ratio (see
igs. 29 and 30). As the wall thickness decreases from 0.8 to
.6 mm, the maximum electrical power output and short-circuit
urrent increases by more than 36 and 34%, respectively. When
he wall thickness is further decrease from 0.6 to 0.4 mm, the
ncrease in maximum electrical power output and short-circuit
urrent is also evident but relatively lower. The increase in the
pen-circuit voltage is insignificant in this case.

With respect to the H2/air ratio, Figs. 29 and 30 show that

oth the maximum electrical power output and short-circuit cur-
ent under different wall thickness increase drastically when the

2/air ratio increases from 0.5 to 0.9. As for the flow rate, result
ndicates that the maximum electrical power output of the sys-

ig. 29. Maximum electrical power output under different H2/air ratio at flow
ate of 12 m s−1 [32].
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ustors that are being experimented [32].

em under different wall thickness increases almost linearly with
he increase in flow rate. Fig. 31 shows the performance curves
f the micro-TPV system with different wall thickness, when
he H2/air ratio is kept as constant at 0.9, and flow rate varies
rom 8 to 12 m s−1.

In terms of the effect of wall thickness on the wall tempera-
ure of the micro-combustor, it was realised that the mean wall
emperature increases with the decrease in wall thickness, as
an be seen in Fig. 32. This is even more evident when the wall
hickness decreases from 0.8 to 0.6 mm. This variation is in cor-
espondence with the variation rule of temperature along the
all of micro-combustor.
.5.2.1. The effect of wall thickness. To conclude, the analysis
hows that with the decrease in wall thickness, the maximum

ig. 30. Short-circuit current under different H2/air ratio at flow rate of 12 m s−1

32].
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ig. 31. Maximum electrical output under different flow rate at H2/air ratio of
.9 [32].

lectrical power output increases drastically due to the increase
f temperature along the wall. The increase is more significant
n terms of absolute value when flow rate is high. In this exper-
ment, Yang et al. [32] demonstrated that when the flow rate
f hydrogen is 4.20 g h−1 and H2/air ratio is 0.9, the maximum
lectrical power outputs that the micro-TPV system can pro-
uce are 0.92, 0.78 and 0.57 W for wall thickness of 0.4, 0.6
nd 0.8 mm, respectively. The performance of the micro-TPV
ower generator with a wall thickness of 0.4 mm appears to be
he best. However, the micro-TPV power generator with a wall
hickness of 0.8 mm seems to perform the best.

.5.3. Micro-combustor with and without backward facing
tep

Yang et al. [28] carried out an experiment to observe the effect
f combustion in micro-cylindrical combustors with and with-
ut a backward facing step. This experiment involved the used
f the micro-combustion experimental rig. The set-up is similar
o the one that was used for the combustion studies described
arlier in Section 4.5.1 (see Fig. 22). In this experiment, three dif-
erent types of cylindrical micro-combustors were designed for
esting. The design and specifications are illustrated in Fig. 33.
or simplicity, all three micro-combustors are made of stainless
teel.

Type 1 micro-combustor is a single cylindrical tube (see
ig. 33(1)). This is the simplest combustion structure. The com-
ustion is expected to take place at the middle portion of the

ube above the connector. Type 2 micro-combustor is a cylin-
rical tube with a backward facing step (see Fig. 33(2)). Type
micro-combustor is similar to Type 2 in structure but has a

onger tube length after the step and a slight increase of the tube

Fig. 32. Mean wall temperature under different H2/air ratio [32].
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ig. 33. Structures and dimensions of the three micro-combustors that were
ested in the experiment [28]: (1) Type 1; (2) Type 2; (3) Type 3.

iameter (see Fig. 33(3)). As part of each tube is used for con-
ection to the experimental rig (see Fig. 22), the length above
he connector is 22.5 mm.

The major parameters that were measured in the experiment
ere the distribution of temperatures both along the outside wall
f the micro-combustor and at the exit plane. This is because the
all temperature is a major factor reflecting the heat transported

hrough the solid boundary. Compared to the total heat release
uring combustion, the heat transported becomes significantly
arge as the size of the combustor shrinks. The exhaust temper-
ture provides an indication of whether combustion is complete
28]. For all three types of micro-combustor, different flow rates
nd H2/air ratios were tested for the full range in which combus-
ion could take place inside the combustion chamber. The results
nd observations for each micro-combustor (Type 1, Type 2 and
ype 3) will be described in the following section.

.5.3.1. Type 1 micro-combustor (straight tube). For the Type
micro-combustor, it was observed that combustion did not

ake place in the middle portion of the tube, but outside the
ube, when flow speed exceeded 8 m s−1. If the flow speed at the
nlet dropped to 1.3 m s−1, the flame extinguishes after a short-
erm combustion, which indicates that combustion could not be
ustained at such a low flow rate. Furthermore, the position of the
ame core moves with different inlet velocities. It is observed

hat with an increase in flow rate, a higher H2/air ratio is required
o achieve stable combustion in the combustor. Therefore, there
re two major disadvantages with the Type 1 micro-combustor.
he inlet velocity and H2/air ratio to sustain a stable flame is
onstrained in a very narrow range and it is difficult to control
he position of the flame.
.5.3.2. Type 2 micro-combustor (backward facing step). The
ype 2 micro-combustor is designed with a backward facing
tep in order to overcome the problems and disadvantages that
ere encountered with Type 1 micro-combustor. The distribu-
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Fig. 34. The distribution of temperature for Type 2 micro-combustor at Vin = 4 m s−1, flow rate = 0.45–0.60: (a) at the exit plane and (b) along the wall [28].
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ig. 35. Effect of inlet flow velocity and H2/air ratio on temperature for Type 2
all [28].

ion of temperature on the exit plane and along the wall of Type
micro-combustor was observed when the inlet flow velocity is

t 4 m s−1. The result is shown in the plot in Fig. 34.
As the flow rate at the inlet is constant, with an increase

n H2/air ratio, both the temperatures at the outlet and along
he wall increase drastically. Meanwhile, the position of peak
emperature on the wall also moves slightly from the location
ear the exit towards the backward facing step. The temperature
long the wall is almost uniform and the variation is less than 5%.
In terms of flow rate, when the flow rate is low, the total
nergy released from the combustion is small, so temperatures
t exit and along the wall are low. With an increase in flow
ate, the temperatures rise. But as flow rate increases further, the

t
c
e
4

Fig. 36. The distribution of temperature for Type 3 micro-combustor at Vin = 4 m
-combustor: (a) at the central line of exit and (b) average temperature along the

esidence time of the fuel mixture in the combustor decreases,
hich leads to incomplete combustion for a large amount of the

uel mixture. As a result, the temperature at exit decreases. The
ffects of flow velocity on temperature distribution at exit and
long the wall are illustrated in Fig. 35.

.5.3.3. Type 3 micro-combustor (backward facing step). For
he design of Type 3 micro-combustor, the distance from the
ackward facing step was doubled from 5 to 10 mm compared

o Type 2 micro-combustor in order to further improve the effi-
iency of the combustion. The distribution of temperatures at
xit and along the wall of the combustor at the inlet velocity of
m s−1 is shown in Fig. 36.

s−1, flow rate = 0.45–0.60: (a) at the exit plane and (b) along the wall [28].
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ig. 37. Structures and dimensions of the three micro-combustors that were
ested in the experiment [33].

Comparing Fig. 36 to Fig. 34, we can see that the main differ-
nce is that for Type 3 micro-combustor, the peak temperature

ccurs at the centre of the exit plane, whereas the peak tem-
erature occurs at the side for Type 2 micro-combustor. This
trongly indicates that the completeness of the combustion has
een significantly improved [28].

4

c
4

Fig. 38. Simulated temperature contours [33]: (a) for 1 mm step
r Sources 165 (2007) 455–480 473

.5.3.4. Conclusion of backward facing step results. A back-
ard facing step was designed to enhance the mixing process of

he fuel mixture, and prolong the residence time. The results of
he experiment done by Yang et al. [28] indicate that the micro-
ombustors with a backward facing step are very effective in
ontrolling the position of the flame and widening the range
f operation based on the inlet flow velocity and H2/air ratio.
he analysis on the pattern of the temperature distribution at

he exit plane and along the wall suggests that the scenario of
he combustion can be described in two steps: (1) the combus-
ion near the wall due to the backward facing step, and (2) the
ombustion at the central region near the exit, which is induced
y the hot products near the wall. As a result, a high (>1000 K)
nd uniform temperature along the wall of the combustor can
e achieved. Therefore, the results indicate that the cylindrical
icro-combustor with a backward facing step is adequate for

he application of micro-TPV system [28].
.5.4. Effects of step height of the micro-combustor
The earlier experimental studies on the effect of micro-

ombustors with and without a backward facing step (Section
.5.3) have shown that micro-combustor with a sudden expan-

height; (b) for 2 mm step height; (c) for 3 mm step height.
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ig. 39. Simulated and measured external wall temperature for different step
eights [33].

ion step is advantageous for the application of the micro-TPV
ystem. However, the effects of step height on the external wall
emperature of the micro-combustor have not been well under-
tood. Yang and co-workers [33] from the National University of
ingapore carried out an experiment to investigate the effects of
tep height on the wall temperature of a micro-combustor. This
xperiment involved the used of the micro-combustion exper-
mental rig. The set-up is similar to the one that was used for
he combustion studies described earlier in Section 4.5.1 (see
ig. 22). In this experiment, three different types of cylindrical
icro-combustors with different step heights of 1, 2 and 3 mm,

espectively, were designed for testing. The specifications of the
icro-combustors are illustrated in Fig. 37.
The experiment was conducted using each of the three ver-

ical cylindrical micro-combustors, having the same geometry,
he same inlet velocity and the same fuel–air ratio (the only dif-
erence is the step height). The fuel mixture is ignited at the exit
lane of the micro-combustor. A stable flame can be established
nside the tube by adjusting the flow rate or fuel–air ratio. The
esulted flame and wall temperature are captured by thermocou-
les placed at the external wall surface and the exit plane, and
ndicated by the glow of the tube.

At the same time, a numerical simulation study is also carried
ut employing a H2/air fuel mixture and the detailed reaction
echanism. Fig. 38 shows the plots of the temperature contour

or the micro-combustors with the different step heights (1, 2
nd 3 mm).

Fig. 39 shows the measured external wall temperature distri-
ution from the experiment in the axial direction at the average
nlet velocity of 4 m s−1 and the H2/air ratio of 0.5. The sim-
lation results are also plotted on this figure for comparison.
oth experiment and simulation show that the external wall tem-
erature increases with decreasing step height. The maximum
ifference between the measured and simulated external wall
emperature is about 4% [33].

.5.4.1. Conclusion of step height results. For both the mea-

ured and numerical simulation, the results show that the external
all temperature increases drastically with decreasing step
eight. However, the axial flame temperature is unaffected. Good
greement between the simulated and measured external wall

o

r

r Sources 165 (2007) 455–480

emperature has been obtained. Using the external wall tem-
erature measured at the constant inlet velocity and H2/air ratio,
ang and co-workers [33] has demonstrated that emissive power

ncreases with decreasing step height. At an average inlet veloc-
ty of 4 m s−1 and a H2/air ratio of 0.5, emissive power of 6.6,
.4 and 6.2 W has been achieved for the micro-combustors hav-
ng step heights of 1, 2 and 3 mm, respectively [33]. As such,
1 mm step height has been chosen in this case to incorporate

nto the design of the micro-TPV power device.

.6. Summary of investigation results

A variety of investigations, numerical simulations, as well
s experimental studies were conducted by Chou et al.
28,31–33,38] from the National University of Singapore on
arious aspects of the design of the micro-TPV device concern-
ng the micro-combustor and SiC emitter. These experimental
tudies and investigations have been reviewed in this report and
he results are summarised as follows:

Increasing both the H2/air ratio as well as flow rate will con-
sequently lead to an increase in overall electric power output
of the micro-TPV system [30,31].
With the decrease in wall thickness of the micro-combustor,
both the maximum electrical power output and short-circuit
current increases drastically due to the increase of temperature
along the wall [32].
Backward facing step in micro-combustors provides a simple
yet effective solution to enhance the mixing of fuel mixture
and prolong the residence time. In addition, the step is very
effective in controlling the position of the flame and widening
the range of operation based on the inlet flow velocity and
H2/air ratio [28].
The emissive power as well as external wall temperature of the
micro-combustor increases drastically with decreasing step
height [33].

. Efficiency improvements for a micro-TPV device

.1. Introduction

Just like any other micropower generators that are being
eveloped around the world, the efficiency of the micro-TPV
ower generator that is being reviewed in this report is still low
n the present design. There are still a lot of works that can be
one before it can be establish for applications. As mentioned in
ection 3.3, the overall efficiency of a conventional thermopho-

ovoltaic (TPV) system is the product of the efficiencies of the
V cells, an optional filter, and the radiation source, consisting
f the burner and the emitter, as follows:

overall = ηemitter × ηfilter × ηPV

.2. Efficiency of micro-combustor (SiC emitter) and

verall efficiency

In the current design of the micro-TPV power generator
eviewed in this report, silicon carbide (SiC) is being chosen as
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be calculated as follows:

ηoverall = Electrical Power Output

Hfuelṁ
= 0.0103
L.C. Chia, B. Feng / Journal of

he material for the emitter and gallium antimonide (GaSb) for
he PV cells. The micro-combustor is able to achieve an average
emperature of 1325 K along the wall, and the biggest tempera-
ure difference is less than 5% when the H2 flow rate is 4.20 g h−1

1.167 × 10−6 kg s−1) and the H2/air ratio is 0.9. Thus, accord-
ng to Planck’s rule, the spectral distribution of emissive power
f the SiC emitter (modeled as a blackbody emitter) is

lanck’s law : Wb(λ, T ) = C1

λ5(eC2/λT − 1)

here C1 = 2πhc2 = 3.742 × 10−4 W �m4 m−2 and
2 = hc/k = 1.439 × 104 �m K.

Thus, the total emissive power of the SiC emitter is
∫ ∞

0
Wb(λ, T ) =

∫ ∞

0

C1

λ5(eC2/λT − 1)
dλ = σT 4

= (5.670 × 10−8) × 13254 = 174.761 × 103 W m−2

here σ is the Stefan–Boltzmann constant (5.670 × 10−8

m−2 K−4).
In the above calculation C1 and C2 are Planck’s first and

econd constant, respectively, h is Planck’s constant (6.63 ×
0−34 J s), c is the speed of light (2.998 × 108 m s−1), and T
s the temperature of the SiC emitter (1325 K). The emissive
urface (SE) of the micro-combustor is

E = 2πr × L = 2π(1.9 mm) × (16 mm)

= 1.91 × 10−4 m2(1.91 cm2)

Thus, the efficiency of the micro-combustor (SiC emitter) can
e calculated by

∴ ηemitter(SiC)

= Prad

Hfuelṁ
=

∫ ∞
0 Wb(λ, T )εSiCSE dλ

Hfuelṁ
= σT 4εSiCSE

Hfuelṁ

= (174.761 × 103 W m−2)(0.9)(1.91 × 10−4 m−2)

(120.1 MJ kg−1)(1.167 × 10−6 kg s−1)

= 0.214 = 21.4%

here Prad is the net radiation power emitted by the emitter
nd Hfuel is the heating value of fuel (we use LHVhydrogen =
20.1 MJ kg−1).

The micro-TPV power generator is reported to produce
.92 W of electrical power as mentioned in Section 4. The effi-
iency of the GaSb PV cell with filter is 3.08% (∼2.64% without
lter). Thus, the overall efficiency (ηoverall) of the micro-TPV
ower generator is

ηoverall = Electrical Power Output

Hfuelṁ
= 0.92 W

(120.1 MJ kg−1)(1.167 × 10−6 kg s−1)

= 0.00656 = 0.66%
r Sources 165 (2007) 455–480 475

lternatively, we can find the overall efficiency by calculating:

ηoverall = (ηPV × ηfilter) × ηemitter = 0.0308 × 0.214

= 0.00659 = 0.66%

his efficiency is not very high. Therefore possible ways of
mproving it have been discussed in the following section.

.3. Possible efficiency improvements

.3.1. Replacing the material of the PV cells
In the present design of the micro-TPV power generator,

aSb PV cells are being used. GaSb cell has a band gap of
.72 eV, corresponding to a wavelength of 1.7 �m. This may not
e very ideal for optimum efficiency and can be improve if we
an lower the band gap of the cells. Lowering the band gap of PV
ells will allow more photons with lower energy to be absorbed
y the PV cells and creates electron–hole pairs. This is because
nly photons radiated by the emitter having energy greater than
he band gap of the PV cells can be converted into electricity.
f the present GaSb (gallium antimonide) PV cells is replace
ith GaInAsSb (gallium indium arsenic antimonide) PV cells,

he performance of the micro-TPV power generator can be fur-
her improved due to the lower band gap of the GaInAsSb PV
ells [42]. In a paper written by Yang et al. [29], high quantum
fficiency GaInAsSb PV cells were investigated and band gap
s low as 0.5 eV can be obtained. The quantum efficiency for
aInAsSb PV cells (as a function of wavelength) is shown in
ig. 40.

If the GaInAsSb PV cells are incorporated into the micro-
PV power device, it will produce an efficiency of ∼4.8%
∼4.18% without filter) with the present micro-combustor and
iC emitter configurations. Therefore, the new overall efficiency
an be calculated by

ηoverall = (ηPV × ηfilter) × ηemitter = 0.048 × 0.214

= 0.0103 = 1.03%

he electrical power output based on the above efficiency can
Fig. 40. Quantum efficiency of GaInAsSb PV cells [29].
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ig. 41. Emissive power spectrum of selective emitter and blackbody emitter
37].

Electrical Power Output = (120.1 MJ kg−1) (1.167 × 10−6

g s−1) × 0.0103 = 1.45 W.
This will give a power output density of 0.78 W cm−2 (for

he emissive area of 1.91 cm2). Therefore, theoretically speak-
ng, the micro-TPV power generator should be able to deliver
n electrical power output of about 1.45 W, which was also pre-
icted by Yang et al. [7], when the present GaSb PV cells are
eplace with GaInAsSb PV cells. However, the setback is that
he GaSb PV cell is the only commercial PV cell available for
PV applications so far.

.3.2. Replacing the material of the emitter
As mentioned earlier, the GaSb PV cell in the current design

as a band gap of 0.72 eV, corresponding to a wavelength of
.7 �m. This means that those emitted photons with wavelength
onger than 1.7 �m cannot generate free electrons to produce
lectricity when impinge on the PV cells. Thus, if the emitter
an be improved to emit more photons with shorter wave-
ength (<1.7 �m), the overall efficiency of the system will be
mproved as more photons will be able to be absorbed by the PV
ells.

.3.2.1. Replacing with Co/Ni-doped MgO emitter. In a paper
y Ferguson and Dogan [37] a highly efficient thermally excited
iO-doped MgO matched emitter for TPV energy conversion
as investigated. The emissive power spectrum is matched very

fficiently to the response of GaSb PV cells. It has been shown
hat doping concentrations of 2–4 wt.% Co3O4 or NiO within a
ow infrared emissivity MgO host will produce matched emit-
ers with continuous, strong radiant emissions in the optimal
nergy range between 1 and 2 �m and minimal radiation at
on-convertible wavelengths. The emissive power of a selective
mitter (Co/Ni-doped MgO) compared to a blackbody emitter
SiC emitter) is shown in Fig. 41.

Therefore, if we replace the current SiC emitter in the micro-
PV power generator to a Co/Ni-doped MgO emitter, it will
e able to reshape the radiation spectrum, so that the radiation
oncentrates at shorter wavelengths where the quantum yield
f infrared responding PV cells is highly efficient. This will

hus affect the efficiency of the GaSb PV cells, which will con-
equently improve to ∼15.72% [29] if the Co/Ni-doped MgO
mitter is incorporated into the micro-TPV system instead of SiC
mitter. This is due to the increase in the quantity of absorbable

o
m

r Sources 165 (2007) 455–480

hotons, leading to a higher generation of free electrons to pro-
uce electricity. With this, we can calculate the overall efficiency
ηoverall) of the micro-TPV system, assuming that the efficiency
f the Co/Ni-doped MgO emitter remains the same as the SiC
mitter:

ηoverall = (ηPV × ηfilter) × ηemitter = 0.1572 × 0.214

= 0.0336 = 3.36%

he electrical power output based on the above efficiency can
e calculated as follows:

overall = Electrical Power Output

Hfuelṁ
= 0.0336

Electrical Power Output = (120.1 MJ kg−1) (1.167 × 10−6

g s−1) × 0.0336 = 4.71 W.
This will give a power output density of 2.47 W cm−2 (for the

missive area of 1.91 cm2). Therefore, theoretically speaking,
he micro-TPV power generator should be able to deliver an
lectrical power output of about 4.71 W, when the present SiC
mitter is replace with the thermally excited Co/Ni-doped MgO
mitter.

.3.2.2. Replacing with micro-structured tungsten emitter. In
paper by Ferber et al. [44], a promising new TPV concept

ased on micro-structured, infrared-selective tungsten emitters
s analysed. Such emitters are well adapted to the spectral
esponse of the GaSb PV cells. In a cylindrical emitter and cell
eometry sample similar to the micro-TPV system reviewed
n this report, the micro-structured tungsten emitter is able
o raise the efficiency of the GaSb PV cells to the range of
4.9–15.5% depending on the side reflectance. Applying the
icro-structured tungsten as selective emitter should conse-

uently lead to a further increase in the overall efficiency of
he micro-TPV system. However the concept is still relatively
ew and unproven.

.3.3. Increasing the length of micro-combustor
Increasing the length of the micro-combustor will conse-

uently lead to an increase in the emissive surface area. Also,
he active area of the GaSb PV cell has to correspond with
he surface area of the SiC emitter. In other words, if the
ength of the micro-combustor is increased, the active length
f the GaSb PV cells will also have to be increased, due to
he cylindrical geometry of the micro-TPV device. If the length
f the combustor is increase from the present length of 16 to
2 mm (an increase of 6 mm), the new emissive surface area
ill become (assuming the wall thickness and diameter remain

onstant):

E = 2πr × L = 2π(1.9 mm) × (22 mm)

= 2.62 × 10−4 m2(2.62 cm2)
With the increase in length, the temperature along the wall
f the micro-combustor remains near uniform and is able to
aintain the same temperature [34]. Thus, the efficiency of the
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icro-combustor (SiC emitter) can be calculated by

∴ ηemitter(SiC)

= Prad

Hfuelṁ
=

∫ ∞
0 Wb(λ, T )εSiCSE dλ

Hfuelṁ
= σT 4εSiCSE

Hfuelṁ

= (174.761 × 103 W m−2)(0.9)(2.62 × 10−4 m2)

(120.1 MJ kg−1)(1.167 × 10−6 kg s−1)

= 0.294 = 29.4%

As mentioned, if the length of the micro-combustor is
ncreased, the active length of the GaSb PV cells will also have to
e increased (from 15.5 to 22 mm). This will lead to an increase
n the efficiency of the GaSb PV cells (∼3.52%) since the area
s larger now. Therefore, the new overall efficiency (ηoverall) can
e calculated by

ηoverall = (ηPV × ηfilter) × ηemitter

= 0.0352 × 0.294 = 0.0103 = 1.03%

The electrical power output based on the above efficiency can
e calculated as follows:

overall = Electrical Power Output

Hfuelṁ
= 0.0103

Electrical Power Output = (120.1 MJ kg−1) (1.167 × 10−6

g s−1) × 0.0103 = 1.45 W.
This will give a power output density of 0.55 W cm−2 (for

he emissive area of 2.62 cm2), which is actually lower than the
riginal design (which also justifies the cubic-square law—see
ection 2.2.1). Therefore, theoretically speaking, the micro-TPV
ower generator should be able to deliver an electrical power
utput of about 1.45 W, which was also predicted by Yang et
l. [34], when the present micro-combustor length is increased
rom 16 to 22 mm.

.3.4. Increasing other physical dimensions of
icro-combustor
Increasing any other physical dimensions of the micro-

ombustor will consequently lead to an increase in the emissive
urface area (SE). As mentioned, the efficiency of the SiC emitter
micro-combustor) is given by the following formula:

∴ ηemitter(SiC)

= Prad

Hfuelṁ
=

∫ ∞
0 Wb(λ, T )εSiCSE dλ

Hfuelṁ
= σT 4εSiCSE

Hfuelṁ

herefore, based on the above formula, we can see that the
arger the emissive surface area (SE), the higher the efficiency
f the SiC emitter (micro-combustor). This will subsequently
ead to a higher overall efficiency of the micro-TPV system. It
hould however be mentioned that this is only possible if the

all temperature and distribution can be kept constant despite

he changes to the physical dimensions of the micro-combustor.
or example, changing certain specifications such as the wall

hickness may affect the temperature of the micro-combustor

i
g
o
∼

ig. 42. Thin film of platinum can be deposited on the inner surface of the
icro-SiC combustor to act as a catalyst.

as seen in the review in Section 4). It is also worth noticing
hat as the surface area increases, the power output density will
ecrease.

.3.5. Employing a catalytic combustion
Improvement can also be made to the micro-TPV system by

mploying a catalytic combustion. A catalytic combustion can
ncrease the temperature along the wall of the micro-combustor
rastically. In an experimental study done by Yang et al. [38],
latinum was tested as a material for the selective emitter. The
esults indicate that platinum can significantly improve flame
tructure in the micro-cylindrical combustor, and increase the
all temperature by about 230 K as compared to the SiC emit-

er, which is critical to the overall efficiency of the micro-TPV
evice. However, the drawback is that the emissivity of plat-
num is too low at short wavelengths (emissivity of platinum
s only about 0.06–0.18), which will restrict the radiation of
hotons.

However, if a thin film of platinum can be deposited on the
nner surface of the micro-SiC combustor to act as a catalyst as
llustrated in Fig. 42, the emissivity of the emitter surface can still
e maintained, and at the same time, increased the temperature
f the wall micro-combustor. With such configuration, the wall
emperature could be increased to about 1555 K (increase by
30 K).

Thus, the new efficiency of the micro-combustor (SiC emit-
er) with the incorporation of a thin film of platinum on the inner
urface can be calculated by

∴ ηemitter(SiC)

= Prad

Hfuelṁ
=

∫ ∞
0 Wb(λ, T )εSiCSE dλ

Hfuelṁ
= σT 4εSiCSE

Hfuelṁ

= (5.67×10−8 W m−2 K−4)(1555 K)4(0.9)(1.91 × 10−4 m2)

(120.1 MJ kg−1)(1.167 × 10−6 kg s−1)

= 0.407 = 40.7%

The efficiency of the GaSb PV cells will also increase as
result. This is because the higher wall temperature of the
icro-combustor has improve the distribution of spectral, result-
ng in producing a larger portion of photons having energy
reater than that of the PV cells (0.72 eV). The efficiency
f the GaSb PV cells could be improve to an estimation of
6.16%.
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Table 2
System efficiency and power output on different configurations

Micro-TPV device
Configuration

Power output
density (W cm−2)

Predicted electrical
power output (W)

Predicted efficiency of emitter
(micro-combustor), ηemitter (%)

Predicted efficiency of
PV cells, ηPV (%)

Overall efficiency,
ηoverall (%)

SiC emitter, GaSb PV cells 0.48 0.92 21.4 3.08 0.66
SiC emitter, GaInAsSb PV

cells
0.78 1.45 21.4 4.80 1.03

Co/Ni-doped MgO matched
emitter, GaSb PV cells

2.47 4.71 21.4 15.72 3.36

SiC emitter, GaSb PV cells,
length increased to 22 mm

0.55 1.45 29.4 3.52 1.03

SiC emitter, GaSb PV cells,
platinum as catalyst

1.84 3.51 40.7 6.16 2.51

Co/Ni-doped MgO matched
emitter, GaSb PV cells,

2.10 5.5 29.4 13.3 3.92

c

∴

b

η

∴
k

t
i
a
o
c

5
i

t
s
t
w
t
Y
e
h
m
c

∴

t

5

t
i
m
t
P
a
c
p
T
e
a
t
o
e
h
t
b
i
o
p
f

6

6

t
o
e

length increased to 22 mm

Therefore, the new overall efficiency (ηoverall) of the system
an be calculated by

ηoverall = (ηPV × ηfilter) × ηemitter = 0.0616 × 0.407

= 0.0251 = 2.51%

The electrical power output based on the above efficiency can
e calculated as follows:

overall = Electrical Power Output

Hfuelṁ
= 0.0251

Electrical Power Output = (120.1 MJ kg−1) (1.167 × 10−6

g s−1) × 0.0251 = 3.51 W.
This will give a power output density of 1.84 W cm−2 (for

he emissive area of 1.91 cm2). Therefore, theoretically speak-
ng, the micro-TPV power generator should be able to deliver
n electrical power output of about 3.51 W, when a thin film
f platinum is deposited on the inner surface of the micro-SiC
ombustor to act as a catalyst.

.3.6. Replacing with Co/Ni-doped MgO emitter and
ncreasing length

As discussed in Section 5.3.3 earlier, increasing the length of
he micro-combustor from 16 to 22 mm will result in an emis-
ive surface area of 2.62 × 10−4 m2 (2.62 cm2). If we implement
his configuration and at the same time replace the SiC emitter
ith the thermally excited Co/Ni-doped MgO matched emitter,

he power output of the micro-TPV system will increase greatly.
ang et al. [34] predicted that with such a configuration, an
lectrical output of 5.5 W can be expected. This is by far the
ighest power output predicted among all the possible improve-
ents investigated so far. The overall efficiency (ηoverall) for this

onfiguration can be calculated as follows:

ηoverall = Electrical Power Output

Hfuelṁ
= 5.5 W

(120.1 MJ kg−1)(1.167 × 10−6 kg s−1)

= 0.0392 = 3.92%

p
r
g
S

This will give a power output density of 2.10 W cm−2 (for
he emissive area of 2.62 cm2).

.4. Summary of the possible efficiency improvements

The efficiency of the micro-combustor (emitter) as well as
he overall efficiency of the micro-TPV power device has been
nvestigated in this section. Assumptions and calculations were

ade to predict the efficiencies based on various changes made
o the device such as replacing the material of the emitter and
V cells, altering the physical dimensions, as well as introducing
catalytic combustion. Table 2 summarises the predicted effi-

iencies as well as the electrical power output of the micro-TPV
ower device based on different system configurations. From
able 2, it can be observed that the electrical power output and
fficiency of the micro-TPV system with GaInAsSb cells are
bout 1.5 times that with GaSb cells (when SiC is being used as
he material for the emitter). However, when the emitter is made
f Co/Ni-doped MgO materials (with GaSb PV cells), both the
lectrical power output and efficiency of the system are much
igher. Likewise, when a thin film of platinum is deposited on
he inner surface of the micro-SiC combustor to act as a catalyst,
oth the electrical power output and efficiency of the system also
mproved significantly. These results indicated that the choice
f materials for the emitter is very significant in improving the
erformance of micro-TPV systems, as compared to the material
or PV cells.

. Conclusions and recommendations

.1. Conclusions

A detailed review is carried out on the current micropower
echnology. In particular, a prototype micropower device based
n the concept of thermophotovoltaic (TPV) system of gen-
rating electricity is being reviewed for improvement. This

rototype micro-TPV power generator [7] is currently under
esearch and development by the National University of Sin-
apore (NUS). The system is made up of a micro-cylindrical
iC combustor, a simple nine-layer dielectric filter and a GaSb
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hotovoltaic (PV) cell array. When the flow rate of hydrogen is
.20 g h−1 and H2/air ratio is 0.9, the system is able to deliver
n electric power output of 0.92 W in a micro-combustor of
.113 cm3 in volume. The overall efficiency is 0.66%.

The individual components of the micro-TPV power device
ave performed well, but there have not been enough works to
emonstrate its competency for commercial applications just
et. In this report, focus is given on the possible improve-
ents to the micro-TPV power device, in particularly the

fficiency of the micro-combustor, PV cells, and consequently
he overall efficiency. Just like any other micropower genera-
ors that are being developed around the world, the efficiency
f the reviewed micro-TPV device is still low in the present
esign.

Assumptions and calculations were made to predict possible
igher efficiencies based on various changes made to the device
uch as replacing the materials of the emitter and PV cells,
ltering the physical dimensions, as well as introducing a
atalytic combustion. It is observed that the electrical power
utput and efficiency of the micro-TPV system with GaInAsSb
ells are about 1.5 times that with GaSb cells (when SiC is
eing used as the material for the emitter). However, when the
mitter is made of Co/Ni-doped MgO materials (with GaSb
V cells), both the electrical power output and efficiency of

he system are much higher. Likewise, when a thin film of
latinum is deposited on the inner surface of the micro-SiC
ombustor to act as a catalyst, both the electrical power output
nd efficiency of the system also improved significantly. These
esults indicated that the choice of materials for the emitter is
ery significant in improving the performance of micro-TPV
ystems, as compared to the material for PV cells.

Therefore, we conclude that priority should be given to the
hoice of materials for the emitter (wall of micro-combustor) in
he design and construction of a micro-TPV power device. The

ost suitable material for the emitter will significantly enhance
he electrical power output of the device, and consequently pro-
uce a higher overall efficiency.

The highest predicted electrical power output is 5.5 W with an
verall efficiency of 3.92%. In the configuration, the SiC emitter
s replaced with a thermally excited Co/Ni-doped MgO matched
mitter, and the length of the micro-combustor is increased from
6 to 22 mm (to give an emissive surface area of 2.62 cm2). GaSb
V cells are being used.

.2. Future work

The design of the micro-TPV power generator reviewed in
his report is still very much in its development stage. There are
till a lot of works that can be done before it can be established
or commercial applications. There are still many possibilities
or improvement. Some of the recommended future works that
an be carried out are listed below:
There are still many other issues to consider in predicting the
efficiencies of the micro-TPV power device, including: non-
uniformity of photon flux, photon loss mechanisms, micro-
combustor temperature, as well as mismatched performances

[
[

r Sources 165 (2007) 455–480 479

of individual cells [45]. These factors are difficult to model.
Future research could be done on these areas.
Experimental studies could be carried out in future to further
ascertain the accuracy of the improved efficiencies discussed
in Section 5.
Further optimise the micro-combustor both by numerical sim-
ulation and experimental studies. This will lead to further
improvement of the micro-TPV system.
Develop new micro-combustor that can achieve stable com-
bustion and high wall temperature. This will enhance the
emitting power and thus improve the overall efficiency.
Further research could be done to develop a proper selec-
tive emitter to improve the efficiency of the micro-combustor
and consequently the performance of the micro-TPV sys-
tem. Likewise, we can further improve the efficiency of the
available PV cells.
Investigate the possibility of integrating the TPV system with
a gas turbine to recover the exhaust heat, so that the efficiency
could be further enhanced.
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