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a b s t r a c t

Currently, alternative fuels, derived from biomass and urban maximize the overall power output, have
been increasingly attracting more attention in the industrial and residential sectors. Micro-combined
heat and power (CHP) systems with high energy efficiency have been developed, particularly for the
use in remote and rural areas. This study used a micro-CHP system, with a combustion-driven ther-
mophotovoltaic (TPV) cell array and a Stirling engine-driven power system, within which methane and
bio-syngas fuels were deployed strategically. This micro-CHP system harvests energy generated through
thermal radiation from the reactor surface and harvests thermal energy from hot flue gas. Eventually, the
micro-CHP prototype was proven that all energies are converted to electricity, and hot water can be
simultaneously supplied. High incandescent surface and high-temperature flue gas of platinum reactor
provide the thermal sources for TPV cell array and Stirling engine. The overall efficiency of the micro-CHP
system was 35.0% for 50%H2þ50%CO, and the generated power included 2.7, 3.5, and 272.1 W from the
Stirling engine-driven power system, GaSb TPV cell array, and hot water supply system, respectively. The
systematic performance of the micro-CHP system, the combustion features, radiation efficiency, fuel
conversion rate, total electricity output, and corresponding overall efficiencies were examined
thoroughly.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Combined heat and power (CHP) systems aremainly built on the
integration of a combined heat and powermodule. CHP systems are
used as part of distributed generation (DG), primarily because they
conserve energy, exhibit high energy efficiency, have low carbon
dioxide emissions, and present other environmental benefits [1].
These systems adopt cascaded energy use to provide both heat and
electricity. Moreover, they can be connected to a power grid, and
off-grid CHP systems can improve energy efficiency by using waste
heat directly during production. These systems lead to higher
global efficiency than do the stand-alone power systems used in
Li).
large power plants. CHP systems also allow primary energy con-
servation and emission reduction and enhance supply network
reliability [2,3].

Micro-CHP can produce decentralized heat and electricity,
which can be connected to a low-voltage grid [4]. DG with green
energy can be a practical solution for achieving carbon abatement
and increasing supply security [5]. In addition, distributed green
energy generation can provide sustainable, reliable, and affordable
energy for rural regions where is a lack of power and electrical grid
infrastructure [6]. Diesel generators are the most commonly used
power-isolated microgrids because of relatively-inexpensive in-
stallment cost, sophisticated technique, and high maneuverability
to meet variable grid demand. However, diesel oil is costly,
particularly in remote locations. Specifically, in such areas, elec-
tricity generation costs are high, and their emissions are harmful to
the inhabitants. The use of generators that use renewable energy
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sources can provide or substitute fossil fuel-based electricity gen-
eration, thus alleviating or even eliminating the aforementioned
disadvantages.

Bianchi et al. [7] reported an efficient method for solving the
micro-CHP problem in the dwelling region. The authors reported a
micro-CHP unit comprising a CHP prime mover, subsidiary boiler,
and thermal storage unit. The electricity yielded by this unit can be
either depleted on-site or converged into the power grid. Bur-
agohain et al. [8] ascertained the feasibility of biomass gasification
applied in decentralized power generation. Biomass-to-energy
systems are regarded as a practical and feasible alternative for
downsized and decentralized CHP [9]. Therefore, it can overcome
the complexities of fuel supply logistics and inventory manage-
ment in large-scale units [10]. In order to reduce transport costs, it
is recommended to use locally available biomass for feeding small-
scale biomass CHP systems to supply the generated heat and
electricity to the nearby dwelling community. Compared to large-
scale systems, small-scale systems are not always capable of
satisfying the heat demand of local users [11,12]. Montuori et al.
[13] simulated a microgrid, evaluated its economic performance by
using a heuristic dispatch strategy, and concluded that biomass
gasification is considerably more convenient than conventional
energy supplied by a diesel generator. Ho et al. [14] introduced a
design method for a biomass-based microgrid and optimized
generator capacity in terms of weather variation and biomass
availability. Zabaniotou et al. [15] presented the merit of a small-
scale CHP system by conducting a chemical equilibrium model
analysis. Their experimental results revealed that the system can
subside biomass transportation costs and offer heat and power
where and when necessary. Farhad et al. [16] investigated three
layouts of SOFC micro-CHP systems proposed for dwelling appli-
cations. The results indicated that the overall electrical efficiency of
the three tested layouts spanned from 33.9% to 42.4%. Regarding
biogas application, Zeng et al. [17] studied the use of biogas-fueled
flame fuel cell units, incorporating a two-layer porous medium
burner and a microtubular SOFC, in micro-CHP applications. Chen
et al. developed a biofuel CHP system with hybrid electrical energy
storage (HES), leading to an overall energy efficiency increase to
63.10% [18]. Furthermore, the dynamic programming optimization
was applied to a biofuel micro CHP-HES system, and the system
efficiency was improved by 26.7% with the dynamic programming
and decision tree strategy [19].

Biomass is regarded as a crucial and potential renewable energy
resource [20]. The present biomass energy generation system can
convert biomass into accessible energy [21,22]. However, the sys-
tem must be improved in terms of the thermodynamic efficiency;
system technology; emission level; and influence on water, food,
and the environment. The syngas derived from biomass gasification
system mainly comprises hydrogen (H2), carbon monoxide (CO),
and methane (CH4) [23,24]. Furthermore, syngas can be synthe-
sized to liquid hydrocarbon, which can be the fuels for combustion
or a fuel cell. Syngas also can be directly used for combustion in
conventional engines and gas turbines; this combustion is more
efficient than direct feedstock combustion because syngas is
combustible at high temperatures. In the spark-ignition engine,
syngas use leads to lower CO, NOx, and SO2 emissions than does
commercial natural gas use. Thus, the commercial natural gas en-
gine can be coupled to syngas fed directly from a gasifier. Kohsri
et al. [25] designed a hybrid syngasesolar photovoltaic (PV)ebat-
tery power system in Thailand. Different fuels, such as syngas, were
combined to form a hybrid system, including rechargeable batte-
ries. Themaximum efficiency of themodified gas enginewas 28.2%.
Although the heating value of syngas (4.03 MJ/m3) is considerably
lower than that of natural gas (36 MJ/m3), several micro-combustor
and power generation applications [26,27] that only use syngas
alone or with blended fuels have been established or are being
studied [28,29]. Thus, in this study, we developed a novel power
generation method, which facilitates syngas combustion to convert
chemical energy resource into electricity, using a PV cell, particu-
larly for deployment in rural and remote areas.

Although biomass is a plausible solution for developing
renewable energy microgrids in rural areas, the variation in
biomass feedstock is an inevitable challenge that should be
consideredwhen designing a reliable and stable micro-CHP system.
The consistency of biofuel properties can be improved by con-
ducting thermal degradation of various biomass feedstocks [30,31];
thus, the constituents of the resulting bio-syngas would differ.
Designing a fuel-flexible combustor is presumably crucial for
micro-CHP. Based on our previous studies [32,33], the catalytic
combustion of the methane-air mixture can be sustained inside a
micro-combustor by conducting catalytic combustion of the
hydrogen-air mixture. Several researchers have proposed that CH4
can be sustained inside a microreactor with [34,35] or without
[36,37] the use of platinumwhenH2 is added. H2 addition promotes
the catalytic combustion of CH4 compared with the addition of
platinum; however, the presence of CO can deteriorate the catalytic
CH4 combustion by contaminating the active catalyst surface,
because compared with methane, CO has an inherently high
sticking coefficient for the platinum surface. Li et al. [38] designed
segmented catalytic interlacing with cavities that can reduce CO
contamination on the platinum surface. With an increase in CO
addition, H2 tends to approach total conversion at higher temper-
atures. By contrast, a low amount of H2 can promote catalytic CO
oxidation, which can be oriented from the enhancement of the
carboxyl pathway. Hydroxyl groups will react with CO adsorbed on
the platinum surface, resulting in the formation of carbon dioxide.
The additional kinetic interaction of H2 and CO on the platinum
surface was investigated by Mantzaras [39,40]. Their experimental
results were in agreement with their numerical results; this can
firmly explain the detailed reactions occurring between the
oxidation of CO and H2 for the promotion and inhibition reactions.
By contrast, the quenching distance of CH4 is considerably higher
than that of H2, which increases the difficulty in igniting within a
small region. The numerical results showed that when H2 or COwas
premixed, the combustion of CH4 on the platinum surface could be
sustained within a specific mixing range. Li et al. [38] simulated a
catalyst segmentation method with cavities to investigate the
interaction among H2, CO, and CH4. Their results revealed that a
heterogeneous reaction in the previous catalyst segment generates
reactive radicals and induce exothermicity. Moreover, CH4 can be
conversed completely in a short distance with blended CO or H2.
Unlike the competition found in the conventional catalyst reactor,
the processes of multifuel catalytic combustion are related to
mutually assisted coupling between heterogeneous and homoge-
neous reactions.

The current micro-CHP system comprises a thermophotovoltaic
(TPV) system and Stirling engine for power generation. The TPV
system can straightly convert heat into electrical energy through a
PV array, which is responsible for converting photons into elec-
tricity. A micro-TPV system, with a size of 0.113 cm3, was developed
in Singapore in 2002 [41]. As the system did not have any moving
components, it could be comprehensively employed in commercial
electronics, rather than conventional cells. In 2003, Nielsen et al.
[42] proposed a micro-TPV system with a high surface area-to-
volume ratio for achieving high power density. Although the po-
wer output and efficiency of the system were relatively low, they
demonstrated the potential for further improvement in device
operation, particularly that pertaining to basic modifications. The
output power of the micro-TPV system increases while the package
size decreasesdthe most notable finding among the micro-TPV



Fig. 1. Microscale combustion system.
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system studies [43,44].
Although the TPV system is a clean method of producing power,

where energy is converted from photons to electricity, a consider-
able amount of heat is exhausted at the end of the combustion. This
wasted energy can be reused by other thermal or external heat
engines. A Stirling engine can produce mechanical work when it
receives thermal energy from the heating chamber [45]. By
combining the TPV system with a Stirling engine unit, higher total
efficiency can be obtained.

A study indicated that H2 and CH4 can be sustained in the micro
platinum tubular combustor [46]. The simulation results implied
that the presence of a perforated gap can provide a space zone with
lower velocity flow, which will slow down the flow velocity in
localized spaces; this gap also served as a channel for trade and
collection of the fuels and radicals between both two sides. Despite
the inherently weak coupling in hybrid heterogeneous and ho-
mogeneous system for methane, it can efficiently induce methane
catalytic combustion sustained in a small space. Accordingly, a
micro platinum tubular combustor is an appropriate candidate to
mitigate fuel variability and flame instability. Different ratios of H2
and CO, which represent different compositions of syngas because
of its production, were tested in the micro-combustor. The
combustor phenomenon and operational characteristics of the
micro-combustor system were determined by observing the flame
behavior and measuring the luminous light intensity of the
combustor. To verify the concept of the bio-syngas
combustionedriven micro-CHP system, a thermophotovoltaic cell
array, and a Stirling engine were integrated with a micro-
combustor system fueled with bio-syngas. The GaSb TPV array,
coaxially mounted with the micro-combustor, was used to convert
the luminous light from the combustion surface to electricity. In the
meantime, the Stirling engine, with a power generator, was con-
nected on top of the micro-TPV system, and the engine was oper-
ated using the flue gas of the micro-combustor, with the water tank
being used to store thermal energy for hot water supply. Further-
more, the power performance and overall efficiency of bio-syngas
combustionedriven micro-CHP were assessed with regard to
various hydrogen-to-carbon monoxide ratios. The final task of
developing a micro-CHP system is to deploy and integrate the unit
into a small grid and then reuse the waste heat from the combus-
tion system to maximize the power output.

2. Experimental setup

2.1. Microscale combustor and measurement system

A platinum tubular micro-combustor was used for cogenerating
incandescent radiation and high-temperature exhaust gas for the
CHP system. Tomitigate the fuel variability of the bio-syngas supply
system and sustain a flamelet in a small space, a platinum reactor
was used for inducing the catalytic combustion and achieving high
fuel conversion. Studies have reported that the presence of H2 can
facilitate the onset of catalytic combustion of CO/H2 syngas [38] and
induce methane catalytic combustion in the parallel chamber by
providing heat and radicals from CO/H2 catalytic combustion [45].
The microscale combustion system constitutes a platinum tubular
reactor (5.3 [inner diameter (ID)] � 6 [outer diameter
(OD)] � 40 mm [length (L)] mm3) and a quartz tube [8 (ID) � 10
(OD) � 70 (L) mm3]. The platinum tube includes eight perforations
with a diameter of 1 mm. These perforations are equidistantly
placed at 5 mm from the bottom of the tube. The platinum tube and
a stainless-steel tube [4 (ID)� 5.3 (OD) mm2] are mounted together
by a flange. In the connection section, the flange presents a
backward-facing step (L: 5 mm). The quartz tube was fabricated to
encompass the platinum tube, and the transparency of the quartz
tube aids incandescent emission from the platinum tubular reactor
passing and reaching to a thermophotovoltaic array. In addition, the
quartz tube can direct high-temperature flue gas to the hot side of
the Stirling engine. Fig. 1 shows a schematic of the microscale
combustion system.

H2, CO, and air were fueled to simulate various bio-syngas
compositions for the inner combustion chamber, and CH4-air was
fueled to simulate the natural gas supply system for the outer
combustion chamber. H2, CO, CH4, and air from pressurized bottles
were measured by digital mass flowmeters (Brooks 5850E). The H2
content of syngas varied from 90% to 10%, and accordingly, the
resulting CO content of syngas varied from 10% to 90%. By contrast,
the CH4eair mixture for the outer combustion chamber and the
flow velocity were fixed at the stoichiometric condition and 5 m/s,
respectively. A digital camera (Nikon D80) captured the combustion
characteristics of the micro-combustor under various fuel-air
conditions. The aperture and the exposure time were set at f5.6
and 4000�1s, respectively, for all photographs. The outlet of the
experimental apparatus is displayed in Fig. 2. The wall temperature
of platinum combustor was measured using an infrared thermal
imaging camera (AVIO, Japan, model TVS-200EX Series) with 2%
uncertainty. Gas chromatography was used for analyzing the
chemical composition of the exhausted gas and calculating its
combustion efficiency, and this flue gas was collected downstream
of the quartz tube by using an elongated needle and then stored in a
1-L sampling bag. The irradiance of the micro-combustor was
measured using amagnesium oxide-coated integrating spherewith



Fig. 2. Experimental apparatus and the corresponding measurement system.
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a 15-cm diameter. The coating thickness of the integrating sphere is
from 5 mm to 6 mm thick. When the irradiance measurement was
conducted, the platinum combustor was assembled installed which
was located in the center of the integrating sphere; and the emitted
radiation from the surface of platinum combustor could scatter
homogeneously onto its inner surface of the integrating sphere. A
spectrometer (Ocean optic Inc., FL, USA) with a spectral wavelength
of 200e1050 nmwas linked to the integrating sphere to receive the
radiation flux. The total irradiationwas obtained bymultiplying the
radiation flux and the surface area of the platinum combustor. The
overall radiant efficiency of the platinum micro-combustor is
equivalent to the ratio of measured total irradiation from the
emitting surface of the platinum combustor to the overall energy
input of H2/CO/CH4 fuels. In order to evaluate the output power of
the micro platinum combustion system, a PV cell array (Crystal
Company) was placed such that it surrounded the reactor.

2.2. Thermophotovoltaic cell array

The emitting radiation performed the maximal spectrum in-
tensity between 1100 nm and 1400 nm [45]. Thus, rather than
silicon-based PV cells, a GaSb cell (JX Crystal, WA, USA), the ab-
sorption spectrum of which is 400e1800 nm, was used for energy
conversion. Besides, the micro-combustor system encompassed a
PV cell array, comprising single 2 � 12 GaSb cells. The PV cell array
shows the specifications of open-circuit voltage (Voc) at 23.023 V,
short-circuit current (Isc) density at 2.9875 A/cm2, and resulting fill
factor of 0.733. The maximum Voc and Isc were 17.769 V and 2.5754
A/cm2, respectively; consequently, the maximum power density
was 45.763 W/cm2. For determining the power of the TPV power
system, an electric load device (331D; Prodigit, New Taipei City,
Taiwan) was employed to evaluate the performance of the power
output. The electric load was commanded using a computer
equipped with GPID and RS232 via four modes, including constant
voltage, constant resistance, constant power, and short circuit,
detected five components. The electric load device revealed the
corresponding information of current, voltage, and power. Here,
the IeV curve is obtained by tuning diverse resistances between
0.5 U and 101.35 U, with the total selective resistance being 90 U.

2.3. Stirling engine

The Stirling engine played a crucial role in the current CHP
system. The exhausted gas exiting from the downstream of the
micro-combustor contained heat energy. In order to retrieve the
waste heat of the exhausted gas, the external heat engine was sit-
uated on the top of the micro-combustor system. Therefore, the
heat energy of the exhausted gas can be transformed into me-
chanical work, and hot water can be obtained because of the design
of the engine-cooling system.

A small g-type Stirling engine was designed in this study. Fig. 3
illustrates the layout and geometric parameters of the current
Stirling engine, as well as the dimensions of the parameters shown
in the right-hand table. This engine comprises two cylinders (po-
wer and a displacer cylinder), a displacer, and a power piston. The
motions of the displacer and the power piston are governed by a
crank that maintains a 90� phase angle between the displacer and
the power piston. The power piston functions to deliver work
produced by the engine, whereas the displacer shuttles working
gas forwards and backward between hot and cold ends to facilitate
the heat-transfer processes within the Stirling cycle. The engine’s
regenerator is housed inside the displacer, forming a so-called
“moving regenerator” [47,48], which comprises several copper
mesh layers stacked vertically to promote heat transfer between
copper and working gas through efficient impingement heat
transfer mechanism. This regenerator design eliminates the need to
construct an additional regenerator chamber, making the engine
more compact and easier to build. The engine is water-cooled. Fig. 4
shows the water tank at the cold end and illustrates the hot end’s
insulation shield which reduces heat loss to the ambient. As shown
in Fig. 5, the cooling water is circulated between the cold-endwater
tank and an external water reservoir. The water reservoir is located
slightly higher than the cold-end water tank; hence, the cooling
water can be circulated naturally thought thermosiphon mecha-
nism, and no extra power is needed to drive water circulation. The
coolingwater also serves to recycle some of thewaste heat from the
engine, increasing the overall energy efficiency even further.

The power generated by the Stirling engine is used to drive a DC
generator, and the generated current and voltage are measured to
calculate the electric power. The Stirling engine’s power is then
added to the power of the GaSb PV to determine the total power of
the device.

3. Efficiency assessment

In this study, the CHP system comprised a GaSb PV cell array and
a Stirling engine. Therefore, the power efficiency of the GaSb PV cell
array and the Stirling engine must be determined individually to
estimate the overall efficiency of the micro-CHP system. GaSb PV
cell array was used to absorb the luminous light energy and
generate electricity. The effective power efficiency (hr) could be
identified as the ratio of output electrical power to incident radi-
ating power, and the overall efficiency with regard to GaSb PV cell
array (ht,PV) is determined as the ratio of output power generated
by GaSb PV cell array to the heat-release rate of the fuels. In general,
the heating values of CH4, H2, and CO were 36.408, 12.744, and
11.578 J/m3, respectively.

hr ¼
Output electrical power
Incident radiating power

(1)

ht;PV ¼Output power generated by PV cell
Heat release rate of the fuels

(2)

The Stirling engine can simultaneously yield electricity and hot
water; thus, the overall generated energy can be categorized into
two energy forms: heat and electricity. For the water heating sys-
tem, the initial temperature of water filled in the water tank was



Fig. 3. Layout and geometric parameters of the Stirling engine.

Fig. 4. Cooling tank and hot-end insulation shield.

Fig. 5. Cooling water circulation.
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295 K. The temperature of the water increased to 316 K when the
entire system was operated for 10 min, as measured using a ther-
mometer. The energy generated from the water tank in a steady
stae condition can be defined by:

H¼McDT; (3)
where H (in J) is the total energy obtained by water, M (in kg) is the
total mass, c (in J/kg K) is the specific heat of water, and DT (in K) is
the variation in the temperature of water between heated and
initial conditions. The overall efficiency with regard to Stirling en-
gine (ht,SE) is designated as the ratio of output power generated by
the combination of Stirling engine and power generator to heat
release rate of the fuels.



ht;CHP ¼
Output power generated by Stirling engine� driven power system

Heat release rate of the fuels
(4)
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To maximize the electrical output of the platinum micro-
combustion system, the electric power efficiency (he), identified
as the ratio of electricity generated by GaSb PV cells and Stirling
engine-driven power system, is pivotal to evaluate the conversion
rate of chemical to electrical energy. Finally, to assess the overall
efficiency of the micro-CHP system fed by bio-syngas and natural
gas, the overall efficiency (ht,CHP) is designated as the ratio of heat
and power output generated by the micro-CHP system to heat
release rate provided by the fuels.

ht;CHP¼
Heat andpower output generatedbymicro�CHP system

Heat release rate of the fuels
(5)
he ¼
Output power generated by PV cell and Stirling engine� driven power system

Heat release rate of the fuels
(6)
4. Results and discussion

4.1. Combustion characteristics

Derivative syngas from coal or biomass attracts numerous
attention. The main components of syngas are carbon monoxide
(CO) and hydrogen (H2). The concentration ratios of CO and H2 are
usually 0.5e2 [49]. While the ratio of syngas constituents is
different, combustion characteristics will be different, including
flame speeds as well as flammability limits. For combustion, H2 is
critical to improving lean-flame stability and extending the flam-
mability limit. Nevertheless, it shows some inherent disadvantages
for syngas combustion, such as low calorific (BTU) value as well as
low energy density, leading to narrow flammability limits, low
flame temperature, and low combustion efficiencies. The literature
[50,51] proves that catalytic combustion may efficiently improve
the stability during the fuel-lean combustion, diminish exhausting
pollution, and expand BTU flammability limits. Thus, the use of
catalysts exhibits the potential for syngas-based fuel combustion
that operates at low BTU conditions.

In addition, an intermittent supply and fuel variability of the
bio-syngas mixture are an inevitable challenge in the development
of a bio-syngasefueled micro-CHP power system. Consequently,
bio-syngas cofired with natural gas (i.e., methane) is a plausible
fashion to tackle the aforementioned challenge. In this study, a
CH4eair mixture was used to mimic natural gas supply from the
grid, and a stoichiometric CH4eair mixture was delivered into the
outer combustion chamber of the platinum micro-combustor with
a fixed flow velocity of 5 m/s. Nevertheless, compared to H2 and CO,
CH4 showed much lower reactivity and sticking coefficient on
platinum. This implies that it is not easy to ignite CH4 on platinum.
In order to convert CH4 completely, high wall temperature and
large surface area of catalytic platinum were necessary. Hence,
CH4eair mixture was delivered into the outer chamber and com-
busted successfully, while the heat of the H2/COeair mixture in the
inner chamber was released during combustion. The effects of fuel
composition and equivalent ratio of the H2/COeair mixture on the
inception of CH4eair catalytic combustion were tested experi-
mentally. Fig. 6 exhibits the photographies of the micro platinum
combustion system during combustion under various inner
equivalence ratios (ERin) of the H2/COeair mixture with the given
outer equivalence ratios of the CH4eair mixture (ERout ¼ 1.0). Five
fuel compositions of the H2/COeair mixture were compared: 90%
H2þ10%CO, 70%H2þ30%CO, 50%H2þ50%CO, 30%H2þ70%CO and 10%
H2þ90%CO, respectively. When ERin ¼ 0.6, the luminosities were
orange in the middle and red in the end sections of the micro-
combustor. The luminous light distribution was nonuniform.
Although the luminosities of the micro-combustor slightly
increased with an increase in CO content in the H2/COeair mixture,
the luminous intensities for all the cases of ERin ¼ 0.6 were
<12,000W/m2. When the fuel compositionwas 90%H2þ10%CO, the
luminous light intensity of the micro-combustor was weak with an
irradiance of 7204W/m2, but the resulting fuel conversion rates for
H2 and CH4 measured using a gas analyzer indicated near
completion. Essentially, the heat release from inner H2/COeair re-
action seemed to induce sufficiently the catalytic combustion of
outer CH4; even the unburnt hydrocarbon fuel could be further
consumed in post flames. When the fuel composition reached 50%
H2þ50%CO and 10%H2þ90%CO, the luminosities of the micro-
combustor apparently increased and became orange, with the
corresponding irradiance reaching 9185 and 11,166 W/m2, respec-
tively. While ERin increased to 0.8, the light irradiance of the micro-
combustor increased and the luminous light transited from orange
to bright yellow, with an increase in CO content in the H2/COeair
mixture. The fuel conversion rates of H2 and CH4 in all cases were
completed. In the case of 90%H2þ10%CO, the resulting irradiance of
the micro-combustor is 19,127 W/m2. Furthermore, in the cases of
50%H2þ50%CO and 10%H2þ90%CO, the micro-combustor achieved
irradiance of 22,914 and 27,456 W/m2, respectively. The thermal
energy produced from the H2/COeair exothermic reaction sur-
passed the energy required that can sustain the catalytic combus-
tion of outer methane. The luminous light became bright yellow,
with a uniform luminous light distribution, leading to the corre-
sponding irradiance exceeding 15,000 W/m2 on average. When the
ERin increased to 1.0, the luminous intensity of the micro-
combustor increased with increases in the CO content in the H2/
COeair mixture, with the luminous light becoming bright white.
The corresponding irradiance for all cases exceeded 30,000 W/
m2dfor example, they are 41,978, 46,991, and 57,084W/m2 for 90%
H2þ10%CO, 50%H2þ50%CO, and 90%H2þ10%CO, respectively. The
heating value of H2 was 12.744 J/m3, larger than that of CO (11.578 J/
m3). The total heating value of the H2/COeair mixture may slightly



Fig. 8. Combustion of the micro-TPV reactor under various fuel composition of the H2/
COeair mixture, with stoichiometric conditions for CH4eair and H2/COeair mixtures.

Fig. 6. Combustion of the micro-TPV reactor in various ERin of the H2/COeair mixtures
for five fuel composition ratios.
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decrease with an increase in the CO content in the H2/COeair
mixture. However, it is entirely distinct for the characteristics of H2
reaction on the catalyst surface and those of CO. H2 has a tendency
to react with catalytic bed and hence release heat earlier, whereas
CO reacts later at the tail of the catalytic tube. Increasing CO con-
centration in the H2/COeair mixture may improve the dominance
of homogeneous reaction in H2/COeair catalytic combustion,
leading to the extension of the luminous region toward the
downstream section of the micro-combustor.

From the irradiance, the luminous light intensities of the micro-
combustor can be assorted into Levels 1 (<12,000 W/m2), 2
(12,000e30,000 W/m2), and 3 (>30,000 W/m2). Theoretically, the
luminous light intensities of Levels 1, 2, and 3 are advisable for
converting light energy into electrical energy by using the TPV cell
array. However, when the micro-combustor operates in Level 3, the
micro-combustor probably runs with a tremendously high wall
temperature, leading to the structural degradation of the platinum
tube. Fig. 7 exhibits that the luminous emissions of the micro-TPV
Fig. 7. Different range of luminous emissions of the micro-combustors under various fuel co
reactor are operated under various fuel compositions and flow-
rates of the H2/COeair mixture. The CH4eair mixture for the outer
chamber was fixed in a stoichiometric condition, whereas the H2/
COeair mixture for the inner chamber operated with various
equivalence ratios of 0.6, 0.8, and 1.0. Spanning from fuel-lean to
stoichiometric conditions, the increase of flow velocity of the H2/
COeair mixture may have increased fuel input, leading to an in-
crease in the luminous light intensity of the micro-combustor.
Moreover, the increase in the CO content in the H2/COeair
mixture may increase the luminous light intensity of the micro-
combustor. As shown in Fig. 7a, when ERin of the H2/COeair
mixture¼ 0.6, most luminous light intensities were <12,000W/m2,
unless the total flow velocity of the H2/COeair mixture or carbon
monoxide content in the H2/COeair mixture increased, in which
case, the luminous light intensity of themicro-combustor increased
to Level 2 (>12,000 W/m2). As shown in Fig. 7b and c, the equiva-
lence ratios of the H2/COeair mixture were 0.8 and 1.0 and the
operational ranges for the two conditions were similar. A flow ve-
locity of the H2/COeair mixture �3 m/s was potentially inappro-
priate for power generation by using a TPV cell array due to the low
luminous light intensity of the micro-combustor. By contrast, the
H2/COeair mixture with a flow velocity above 6 m/s may be
dangerous to themicro-combustor because of thewall temperature
exceeding the temperature tolerance of platinum material. Thus,
when the equivalence ratio of the H2/COeair mixture is 0.8e1.0, the
mpositions and flowrates of the H2/COeair mixture; ERout ¼ (a) 0.6, (b) 0.8, and (c) 1.0.



Fig. 9. Surface temperature distribution along the micro-TPV under various fuel
composition of the H2/COeair mixture, with stoichiometric conditions for CH4eair and
H2/COeair mixtures.

Fig. 10. Micro-CHP system assembled with a TPV cell array, Stirling engine, and power
generator.

Table 1
Measured radiation intensity for the micro-combustor.

H2:CO 70%:30% 50%:50% 30%:70%

Irradiation (W/m2) 43,619 46,991 49,663
Radiation energy (W) 32.89 35.43 37.45
Input energy (W) 785.06 777.44 769.83
Effective power efficiency (hr, %) 4.19 4.55 4.86

W.-L. Chen et al. / Energy 194 (2020) 1168628
fuel composition of the H2/COeair mixture is irrelevant to the lu-
minous irradiation of the micro-combustor.

In order to determine the combustion efficiency, five fuel
composition conditions were selected for further estimation: 90%
H2þ10%CO, 70%H2þ30%CO, 50%H2þ50%CO, 30%H2þ70%CO, and
10%H2þ90%CO for the micro-TPV reactor; these were with consis-
tent ERin, CH4 ¼ ERout, H2/CO ¼ 1.0 and flow velocity ¼ 5 m/s. Fig. 8
illustrates combustion in the micro-TPV reactor under five condi-
tions. Except for the luminous feature on the micro-combustor,
there was post-flame tailing from the inner and outer chambers
of the micro-combustor. In the case of 0.9 mol fraction of H2 (90%
H2þ10%CO), it had a blue annular flame anchored on the outer
chamber and a jet flame tailing from the inner chamber. Thus, the
catalytic combustion of the H2/COeair, and CH4eair mixtures can
be sustained in the micro-combustor in these five conditions. As
the CO content in the H2/COeair mixture increases, the jet flame
tailing from the inner chamber becomes significant and intense.
Unburned carbon monoxide may further react in the downstream
jet flame. Furthermore, the tail flame color changed to bright white
because of the increase in the CO content in the H2/COeair mixture;
thus, increasing CO content attributes the dominant transition of
catalytic combustion from a heterogeneous to a homogeneous re-
action. The surface temperature distribution for three conditions
was shown in Fig. 9, and the maximal surface temperatures ob-
tained by the infrared thermal imaging camerawere approximately
1200 K, concentrated in section 20e35 cm away from the base of
the micro-combustor. With an increase in the CO content in the H2/
COeair mixture, the surface temperature increased, and the
maximum temperature distribution moved towards the down-
stream section of the micro-combustor. Besides, the residual CH4
and H2 content in the exhausted gas was obtained using the gas
analyzer to evaluate the consequences of catalytic combustion;
therefore, the conversion rate of fuel could be defined. The
hydrogen and methane converted completely since H2 and CH4
were not detected in the exhausted gas. Based on the results of the
previous studies [33,38], H2 is prone to react on the catalyst, facil-
itating the subsequent CO catalytic combustion. Additionally,
methane may flow through the perforated holes to the outer
chamber and further induce the catalytic gas-phase reaction in the
presence of the inward-diffused radicals from H2/COeair mixture
reaction. The exothermic heat derived from the induced catalytic
gas-phase reaction leads to a high surface temperature of the
micro-combustor, and the complete fuel conversion for the
CH4eair and H2/COeair mixtures can be achieved. The improved
combustion strength eventually promotes that the irradiance of the
TPV combustor increases and provides high flue temperature for
the Stirling engine-driven power system. In addition, the platinum
tubular reactor is qualified to overcome the fuel variability from
bio-syngas supply system and provide stable combustion for the
micro-CHP power system.

4.2. Demonstration of micro-CHP power system

In this study, the bio-syngas combustionedriven micro-CHP
system was prototyped as shown in Fig. 10. A GaSb PV cell array,
placed around the micro-combustor, was implemented to convert
the radiant energy from the micro-combustor to electricity. The
Stirling engine, placed on the top of the micro-combustor, was
engaged to convert the thermal energy of flue gas to electricity by
using a generator and store thermal energy in a water tank. The
micro-CHP system apparently functioned stably and reliably under
various bio-syngas fuel supply conditions. The repeatability and
maneuverability of the micro-CHP system were also considerable.

This section describes the operation of the micro-CHP system
stoichiometric CH4eair and H2/COeair conditions, but there are
only three H2/CO fuel compositions, 70%H2þ30%CO, 50%H2þ50%
CO, and 30%H2þ70%CO.

First, to assess the contribution of electric power generation in
the GaSb TPV cell array, measuring the power output of radiation



Table 2
Various TPV electrical output for the micro-combustor.

H2:CO 70%:30% 50%:50% 30%::70%

TPV cell array
Max. actual power

output (W)
3.2 3.5 4.1

Overall efficiency
(ht,PV, %)

0.41 0.45 0.53

Stirling engine with power generator
Power output (W) 2.45 2.70 2.76
Overall efficiency

(ht,SE, %)
0.31 0.35 0.36

Micro CHP system
Electric power

efficiency (he)
0.52 0.58 0.63

Water temperature
(�C)

25 26 29

Energy gained by
water (W)

261.6 272.1 303.5

Overall efficiency
(ht,CHP, %)

33.3 35.0 39.4
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from the micro-combustor is necessary. Therefore, the micro-
combustor was situated in the center of the integrating sphere to
evaluate the light radiation generated from the emission of
combustor. An optical fiber was also employed to deliver the ra-
diation to a spectral meter for measuring the irradiance. With
multiplying the irradiance and surface area of the combustor (7.54
� 10�4 m2), the power output of radiation can be determined
subsequently. The actual conversion of fuels was also evaluated by
the energy input of fuels. Therefore, Table 1 presents the results of
irradiation and radiation efficiency of the micro-combustor for 70%
H2þ30%CO, 50%H2þ50%CO, and 30%H2þ70%CO, all with the given
velocity of 5 m/s and stoichiometric condition for the CH4eair and
H2/COeair mixtures. The irradiance for 70%H2þ30%CO, 50%H2þ50%
CO, and 30%H2þ70%CO was 43,619, 46,991, and 49,663 W/m2,
respectively. Multiplying with the effective surface area of the
micro-combustor, the resulting radiation energy was 32.89, 35.43,
and 37.45 W for 70%H2þ30%CO, 50%H2þ50%CO, and 30%H2þ70%
CO, respectively. Consequently, the hr (the ratio of output power to
radiation power) was 4.19%, 4.55%, and 4.86% for 70%H2þ30%CO,
50%H2þ50%CO, and 30%H2þ70%CO, respectively.

Table 2 lists the experimental results of the electrical output
generated by the TPV cell array system and its corresponding
overall efficiency with regard to the TPV cell array (ht,PV)ddefined
as the ratio of output power generated by TPV cells to the heat
release rate of the fuels. Under the condition of 70%H2þ30%CO, the
power output was 3.2 W, corresponding to an overall efficiency
(ht,PV) of 0.41%. When the CO content increased, the power output
(ht,PV) under 50%H2þ50%CO and 30%H2þ70%CO improved to 3.5 W
(0.45%) and 4.1 W (0.53%), respectively. Thus, the overall efficiency
with regard to the TPV cell array was proportional to the irradiance
intensity and luminous uniformity of the micro-combustor; in
other words, increasing CO content in the H2/CO mixture contrib-
uted toward the enhancement of the ht,PV.

Regarding the power output of the Stirling engine with the
power generator, the electrical output was 2.45, 2.70, and 2.76 W
for 70%H2þ30%CO, 50%H2þ50%CO, and 30%H2þ70%CO, respec-
tively. The overall efficiencywith regard to the Stirling engine (ht,SE)
is designated as the ratio of output power generated by the com-
bination of Stirling engine and power generator to heat release rate
of the fuels; the resulting ht,SE was 0.31%, 0.35%, and 0.37% for 70%
H2þ30%CO, 50%H2þ50%CO, and 30%H2þ70%CO, respectively.
However, the he of the micro-CHP systemdthe ratio of electricity
generated by the TPV cell array and Stirling engineedriven power
systemdis 0.52%, 0.56%, and 0.63% for 70%H2þ30%CO, 50%H2þ50%
CO, and 30%H2þ70%CO, respectively.
For measuring the thermal energy of heating water, the micro-

CHP system was operated for 10 min, and then, the water tem-
perature in the water tank was measured. As listed in Table 2, the
destinationwater temperatureswere 25 �C, 26 �C, and 29 �C for 70%
H2þ30%CO, 50%H2þ50%CO, and 30%H2þ70%CO, respectively. The
thermal energy gained by water was 261.6, 272.1, and 303.5 W for
70%H2þ30%CO, 50%H2þ50%CO, and 30%H2þ70%CO, respectively.
The overall efficiency (ht,CHP), designated as the ratio of heat and
power output generated by the micro-CHP system to heat release
rate of the fuels, is 33.3%, 35.0%, and 39.4% for 70%H2þ30%CO, 50%
H2þ50%CO, and 30%H2þ70%CO, respectively. Although its overall
efficiency was less than 40%, the feasibility and maneuverability of
the bio-syngas combustion-driven micro-CHP system with a plat-
inum tubular combustor were high. Primary thermal energy retains
in the flue gas. The overall efficiency improvement of bio-syngas
combustion-driven micro-CHP system can be realized by opti-
mizing the thermal management of this proposed system,
achieving to increase systematic efficiencies individually.
5. Conclusion

Tomitigate fuel variability and supply intermittency to biomass-
based combustionedriven power systems, a platinum tube with
perforated holes was used in the micro-CHP system and cofired
with natural gas. A methane-air mixture was considered the nat-
ural gas and delivered into the outer chamber of the micro-
combustor, whereas an H2/CO-air mixture with various fuel com-
positions was simulated as bio-syngas and delivered to the inner
chamber of the micro-combustor. The combustion characteristics
and operating envelope of the micro-combustor were analyzed
systematically. By fabricating the micro-combustor within a TPV
cell array and a Stirling engine, the effective power efficiency and
overall efficiency of the micro-CHP power system were evaluated
under different fuel compositions. The feasibility and maneuver-
ability of bio-syngas combustionedriven micro-CHP systemwith a
platinum tubular combustor were thus demonstrated. Some high-
lights are shown below:

1. H2 is prone to react on the catalyst and facilitate the subsequent
CO catalytic combustion. CH4 may flow through the perforated
holes to the outer chamber and induced a catalytic gas-phase
reaction in the presence of inward-diffused radicals from the
H2/COeair mixture reaction. The exothermic heat of the induced
catalytic gas-phase reaction leads to the high surface tempera-
ture of the micro-combustor and achieves complete fuel con-
version for the CH4eair and H2/COeair mixtures.

2. The prototype of micro-combustion integrated with a TPV cell
array and a Stirling engine was tested with various fuel com-
positions. The micro-CHP system is apparently stable and reli-
able for various bio-syngas fuel supply conditions. The
repeatability and maneuverability of the micro-CHP system are
also considerable.

3. The he of the micro-CHP system considered the ratio of elec-
tricity generated by the TPV cell array and Stirling engine-driven
power system, is 0.52%, 0.58%, and 0.63% for 70%H2þ30%CO, 50%
H2þ50%CO, and 30%H2þ70%CO, respectively. When the thermal
energy of the heating water is considered, the overall efficiency
(ht,CHP) increases to 33.3%, 35.0%, and 39.4% for 70%H2þ30%CO,
50%H2þ50%CO, and 30%H2þ70%CO, respectively. Despite veri-
fying the concept of bio-syngas combustionedriven micro-CHP,
optimizing the component performance of micro-CHP system
remains a priority.
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