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Abstract: The combustion characteristics of co-firing bio-oil produced from the fast pyrolysis process
of coffee bean residue and diesel in a 300-kWy, oil-fired furnace are investigated. Using bio-oil
to completely replace fossil fuels has limitations since bio-oil has undesirable properties, such as
high water and oxygen contents, high viscosity, and low heating value. However, a low blend
ratio of bio-oil used as a substitute for petroleum-derived oil has advantages; i.e., it can be easily
combusted in existing furnaces without modifications. Thus, a promising solution is the partial
substitution of diesel with bio-oil, rather than completely replacing it. A furnace test is performed
for diesel alone and bio-oil/diesel blends with 5 vol % bio-oil. The results show that excellent stable
combustion is observed during the co-firing test. Compared with diesel, with 5 vol % bio-oil content
in the blends, both the wall temperature and gas temperature drop only slightly and exhibit similar
furnace temperature distribution; meanwhile, comparable NO emissions (smaller than 57 ppm)
are obtained, and lower CO, emissions are achieved because biomass is both carbon neutral and
renewable. Moreover, SO, and CO emissions under these two burning conditions are very low;
SO, and CO emissions are smaller than 6 and 35 ppm, respectively.
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1. Introduction

Biomass is one of the most commonly used forms of renewable energy around the world. It is
a C-based organic material that primarily comes from plants such as crops and wood and also from
byproducts such as agricultural waste. Biomass absorbs carbon dioxide from the atmosphere during
growth in the process of photosynthesis and emits the same amount of carbon dioxide into the
atmosphere during combustion. The utilization of biomass energy provides a number of benefits
compared to fossil fuels, especially those related to environmental aspects, since biomass is a renewable
and CO,-neutral fuel [1]. Replacing fossil fuels with sustainably-produced biomass has the potential
to significantly reduce SO, and NO, emissions, which are acid rain precursors, because most biomass
fuels have low levels of sulphur and nitrogen content [2].

Pyrolysis is a thermal decomposition process of organic materials that occurs through the
application of intense heat in the absence of oxygen, leading to the production of biogas, bio-oil,
and biochar. Thermochemical conversion of lignocellulosic biomass into bio-o0il through fast pyrolysis
process is considered one of the promising routes to replace conventional fossil oil [3]. Fast pyrolysis
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bio-oil (FPBO) is produced through rapid heating of organic material to temperatures of 500-600 °C to
achieve decomposition in the absence of oxygen [4]. FPBO is a black-brownish organic liquid obtained
by the condensation of gaseous pyrolysis products during the fast pyrolysis of biomass. It can be
used as a fuel directly or can be upgraded to form a higher-energy-density liquid for transportation,
heating, and power generation [5-8]. Currently, FPBOs are being developed as potential substitutes
for conventional fossil fuel to generate heat and power in diesel engines, gas turbines, and boilers,
as well as in power generation and industrial processes [9].

Much attention has been paid to the use of biodiesel in diesel engines [10-14]. However, relatively
few studies have been carried out on the performance and pollutant emissions of diesel engines [15]
or industrial applications [16] using bio-oil as fuel. In particular, research on liquid biofuels for use
in furnaces or boilers is quite rare [17]. Zeb et al. [18] performed a computational fluid dynamics
(CFD) analysis on the combustion behavior of a bio-oil derived from macroalgae (Saccharina japonica)
in a commercial 100 MW, generation plant. The thermal efficiency of the bio-oil (86.0%) was found
to be quite similar to that of heavy fuel oil (HFO) (87.1%), suggesting that the HFO could be fully
replaced by the bio-oil. Lee et al. [19] investigated the combustion performance of a residential-scale
hot water boiler fueled with a blend with 20% soy bean methyl ester (SOME) in No. 2 fuel oil. It was
concluded that the NO, emissions were quite similar, and an approximately 20% reduction in SO,
emissions was observed when compared to the use of the pure No. 2 fuel. Zheng et al. [9] explored the
combustion characteristics of fast pyrolysis bio-oil produced from rice husk in a 43.5 kWy,-capacity
(thermal power) combustion chamber. They reported that the CO concentration decreased with
the equivalence ratio (the ratio of the fed air to the required air for complete combustion), that the
NOy concentration slightly increased with the equivalence ratio, and that the SO, concentration
was very low (smaller than 30 ppm). Daho et al. [20] investigated the combustion characteristics of
heating fuel oil and cottonseed oil in a modified burner. They found that the CO, O,, CO;, NOy,
SO,, and PAHs (polycyclic aromatic hydrocarbons) emissions were similar for these two fuels under
optimized atomization and granulometry conditions. Park et al. [2] conducted a CFD analysis to
investigate the combustion characteristics of heavy fuel oil (HFO) and a palm-based bioliquid (BL)
in a 100 MWe-capacity boiler. They reported that the BL-firing case exhibited lower radiation and
more uniform temperature in the combustion zone when compared with the HFO-firing case. Also,
a significant reduction in NO, and SO, emissions was achieved owing to the inherently low sulphur
and nitrogen content. More recently, Park et al. [21] performed a CFD analysis on BL co-firing with
HFO in a 400 MW, power plant with a wall-firing boiler. They used a BL blend of palm oil, its residue,
and animal fat at a 20% co-firing ratio and reported that lower soot formation decreased radiation on
the furnace wall in the BL co-firing.

The development of renewable bio-energy has recently attracted a lot of attention, where especially,
biowaste conversion to energy has been of great interest [22-26] due to the depletion of fossil fuels
and the associated negative environmental impacts. A large amount of a byproduct called spent
coffee grounds is generated after brewing coffee. Spent coffee grounds are the primary waste product
generated by thermal water extraction from roasted coffee beans [27]. In Taiwan, coffee consumption
is gradually growing. Currently, the Taiwanese population consumes 2.85 billion cups of coffee
(which generate about 34,200 tons of coffee ground residue) every year. It is estimated that 14,275 kL
of bio-oil can be derived from the above coffee ground residue per year. Coffee grounds are expected
to be an essential energy source due to consumption growth and the fact that this product has a higher
heating value than woody biomass [28].

The use of FPBO to completely replace fossil fuels has some limitations since it has negative
properties including higher water and oxygen contents, higher viscosity, poor volatility, and a low
heating value. However, a low blend ratio of bio-oil to substitute for petroleum-derived oil has
advantages. For instance, it can be easily combusted in existing industrial boilers and furnaces without
modifications. Moreover, biofuels like biodiesel, ethanol and butanol are made from agricultural crops,
leading to food security issues and an increase in energy costs. On the other hand, bio-oil derived
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from fast pyrolysis of non-edible feedstocks (e.g., coffee bean residue) does not cause the problem of
food security and an increase in energy prices. Thus, a promising solution is the partial substitution of
conventional diesel fuel with bio-oil, rather than completely replacing it. However, there is still limited
amount of data in the literature regarding the combustion characteristics of co-firing FPBO and diesel
for application in furnaces. This study is aimed at investigating the combustion characteristics and
pollutant emissions of co-combustion bio-o0il (produced from the fast pyrolysis process of coffee bean
residue) and diesel at a co-firing ratio of 5 vol % FPBO in an oil-fired furnace.

2. Experimental

2.1. Preparation of Test Fuel

The fast pyrolysis bio-oil (FPBO) was produced from the fast pyrolysis of a bio-waste source (coffee
bean residue) in a fluidized bed reactor system using CO; as the fluidized gas [29]. Two phases of FPBO
were produced, i.e., an oily-phase (Figure 1a) and an aqueous-phase (Figure 1b), depending on the
condensation collection temperature. More specifically, the oily phase was collected mainly at higher
condensation temperatures (380-400 K), whereas the aqueous phase required lower condensation
temperatures (300-330 K). The FPBO was prepared by blending the oily-phase o0il and aqueous-phase
oil at a ratio of 50:50 by vol %. Emulsification was necessary because bio-oil produced from a cellulosic
biomass cannot be directly mixed with diesel. Surfactants were added to support the mixing stability.
A surfactant molecule has two parts: one has affinity for water and the other has affinity for oil.
The HLB (hydrophilic-lipophilic balance) of a surfactant is a measure of the degree to which it is
hydrophilic or lipophilic, and it is determined by calculating values for the different regions of the
molecule. Surfactants are classified according to their HLB value, which affects their usage. An optimal
value of HLB is necessary for the stabilization of emulsion [30]. Span 80 (sorbitan monooleate;
C24H440¢; HLB value of 4.3) is a lipophilic emulsifier, whereas Tween 80 (polyoxyethylene sorbitan
monoleate; C3;HgpO19; HLB value of 15) is a hydrophilic emulsifier. According to well established
emulsification principles, a combination of a high and low emulsifier is more effective than the use of
a single emulsifier. In this study, we found that the emulsion of FPBO/diesel with HLB 9.9 results in
the highest stability when using Span 80 and Tween 80 together. Therefore, Span 80 and Tween 80
were added to the diesel and bio-oil, respectively. Firstly, a 1.5 vol % of Span 80 was blended with the
diesel, and a 1.5 vol % Tween 80 was blended with the FPBO (prepared by blending the oily-phase oil
and aqueous-phase oil at a ratio of 50:50 by vol %). Then, emulsification (Figure 1c) was subsequently
conducted to produce superior emulsified fuels based on the mixing ratio, which in this case was set at
5 vol % FPBO in the blend.

@) (b) (©)

Figure 1. (a) Oily phase; (b) aqueous phase; and (c) emulsion of 5% FPBO + 95% diesel (FPBO = 50 vol %
oily-phase oil + 50 vol % aqueous-phase oil). FPBO: fast pyrolysis bio-oil.

Table 1 shows the properties of the oily phase oil and aqueous phase oil. As illustrated in Table 1,
the oily phase differed greatly from the aqueous phase in terms of carbon content, oxygen content,
water content, lower heating value (LHV), and viscosity. The oily and aqueous phases contained
42.56 wt % and 23.54 wt % carbon, respectively. The oily-phase oil contained 46.19 wt % oxygen,
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and the aqueous phase comprised 66.31 wt % oxygen. The oily and aqueous phases contained
22.0 wt % and 87.0 wt % water content, respectively. Significant differences in heating value and
viscosity were caused by differences in oil composition. The nitrogen content of both phases was
low, while the hydrogen content of both phases was similar. Moreover, the oily phase was darker
than the aqueous phase (Figure 1). The components of oily-phase oil and aqueous-phase oil of FPBO
are also shown in Table 2. The oily phase was composed of compounds such as 2-cyclopenten-1-one
and 2,6-dimethoxy-phenol, and the aqueous phase was composed mainly of acetone, acetic acid,
propionic acid, and a substantial amount of water.

Table 1. Properties of the oily phase and aqueous phase of FPBO (Fast pyrolysis bio-oil).

Element Analysis Oily Phase Aqueous Phase
Carbon (wt %) 42.56 23.54
Hydrogen (wt %) 4.32 541
Nitrogen (wt %) 0.62 0.77
Oxygen (wt %) 46.19 66.31
Water content (wt %) 22.0 87.0
pH 3.6 3.6
Viscosity@40 °C (cP) 221.0 0.75
Lower heating value (LHV) (M]J/Kg) 21.59 8.32

Table 2. List of GC-MS (Gas Chromatography-Mass Spectrometry) area percentages of compounds in
oily phase and aqueous phase (Reproduced with permission from [29], Elsevier, 2014).

Area (%)
Peak No.  t% (min) Component -
Oily Phase Aqueous Phase
1 1.3 Water 0.61 15.29
2 1.6 Acetone 0.14 0.99
3 1.8 Hydroxy-acetaldehyde 0.08 0.27
4 1.9 Acetic acid 0.16 2.10
5 2.6 1-Hydroxy-2-propanone 0.16 1.72
6 3 Propionic acid 0.21 0.64
7 3.9 Pyridine 0.11 0.24
8 4.6 1-Hydroxy-2-butanone 0.06 0.17
9 5 2-Hydroxytetrahydrofuran 0.05 0.13
10 5.2 Cyclopentanone 0.06 0.16
11 5.4 Butyric acid 0.08 0.17
12 6.3 2-Cyclopenten-1-one 0.05 0.24
13 6.8 Furfuryl alcohol 0.23 0.88
14 7.7 Butyrolactone 0.24 0.71
15 8.4 3-Methyl-2-cyclopenten-1-one 0.17 0.32
16 8.7 Phenol 0.52 0.53
17 9.2 2-Hydroxy-3-methyl-2-cyclopenten-1-one 0.34 0.72
18 9.3 2,3-Dimethyl-2-cyclopenten-1-one 0.21 0.33
19 9.4 Cresol 0.38 0.37
20 9.8 2-Methoxyphenol 1.05 1.78
21 10.8 Pyrocatechol 1.52 2.32
22 11.3 Hydroquinone 0.35 0.47
23 11.5 Methyl benzenediol 0.92 1.07
24 11.9 2,6-Dimethoxy-phenol 0.42 0.44
25 12.5 Levoglucosan 0.39 0.61
26 15 Caffeine 1.51 1.57
27 15.1 Hexadecanenitrile 0.85 0.33
28 15.4 Palmitic acid 6.22 0.42
29 16.2 Linoleic acid 1.63 0.22

16.4 Stearic acid 1.66 0.29

(O8]
[e]
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Table 3 illustrates the properties of diesel, FPBO (50 vol % oily-phase oil + 50 vol % aqueous-phase
oil), and the emulsion of 5% FPBO + 95% diesel. The properties of the FPBO (50 vol % oily-phase oil
+ 50 vol % aqueous-phase 0il) are measured based on the test methods of ASTM (American Society
for Testing and Materials) D7544 (including gross calorific value, water content, pyrolysis solids
content, kinematic viscosity, density, sulfur content, ash content, pH, pour point and flash point).
By comparison, the FPBO had a higher oxygen content but a lower carbon and hydrogen content as
well as a lower heating value than the diesel. Moreover, the FPBO had much higher viscosity than was
the case for the diesel fuel.

Table 3. Properties of diesel, FPBO (50 vol % oily-phase oil + 50 vol % aqueous-phase oil), and the
emulsion of 5% FPBO + 95% diesel.

Properties Diesel FPBO 5% FPBO + 95% Diesel
Density (@20 °C) 1.15g/cm3 0.849 g/cm?
Density (@15 °C) 0.8334 g/cm3
Flash point 74 °C 79 °C 75°C
Pour point -9°C —-8°C -9°C
Boiling point 85-90 °C
Pyrolysis solids content 1.15 wt %
Kinematic viscosity (@40 °C) 2.763 cSt 48 ¢St 4.98 cSt
Water content 0.0 wt % 54.5 wt % 3.69 wt %
Water and sediment 0.005 vol %
Ash content 0.0 wt % 1.21 wt % 0.083 wt %
Carbon 85.41 wt % 33.05 wt % 81.86 wt %
Hydrogen 13.58 wt % 4.87 wt % 12.99 wt %
Oxygen 0wt % 56.31 wt % 3.81 wt %
Nitrogen 0.45 wt % 0.695 wt % 0.47 wt %
Sulfur 5.5 ppmw 0.11 wt % 0.008 wt %
Carbon residue 0.08 wt %
pH 3.6
Lower heating value (LHV) 43.13M] /kg 14.41 M] /kg 41.19MJ /kg
Higher heating value (HHV) 46.01 MJ/kg 16.40 M] /kg 44.00 M] /kg

2.2. Furnace

Figure 2 shows a schematic of the multi-fuel combustion system with a vertically down-fired
furnace and a maximum thermal loading of 300-kWy, [17]. The overall structure of the combustion
system can be divided into three parts: radiative, convective, and flue gas sections. The vertical
refractory-lined radiant chamber in the furnace has an inner diameter of 0.56 m and a length of 3.05 m
and can be supplied with various types of fuel, such as diesel, HFO, emulsion fuel, pulverized coal,
solid /liquid biofuel, etc. The radiative section (the vertical combustion chamber) is composed of 5
sub-sections, each of which is equipped with an R-type thermocouple to measure the wall temperature
of the chamber, and an observation window to facilitate observation of the flame appearance and
combustion stability. The set of two burners for burning solid and liquid fuels installed on top of
the vertical furnace were designed and manufactured by C&C Engineering, Inc. (Taipei, Taiwan),
with each one having a maximum thermal loading of 300-kWy,. Both burners are equipped with a pilot
flame, flame detector and pressure gauge for igniting the flame and monitoring its behavior.
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Stack Burner
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Figure 2. Schematic of the 300-kWy, multi-fuel combustion system.

In the present study, the vertical combustion chamber was utilized to conduct the experiments.
Diesel alone and FPBO/diesel blends with 5 vol % FPBO were used as the fuels. A low-pressure
air-assisted atomizer was employed for oil atomization [17]. The fuel stream was injected from the
center of the nozzle with primary air (atomizing air), and the annular secondary air stream (combustion
air) was injected into the combustion chamber. The primary air used to atomize the oil in the spray
nozzle was kept at a constant value throughout the experiments. The secondary air was introduced by
the tangential injection in a circumferential direction, thereby establishing a swirling-flow field in the
centerline. The tubular oil spray flame was initially ignited by a pilot flame of liquid petroleum gas,
which in turn led to a stabilized spray flame in the combustion chamber.

In the horizontal convective section, both water-cooled and air-cooled heat exchangers were
installed to remove heat from the high-temperature flue gas. The flue gas zone was located next to the
convective section. Prior to the stack, there was a 11.2 kW induced-draft fan, which was employed to
remove the flue gas from the furnace and force the flue gas out through the stack. The induced draft
fan could also be used to adjust the operating pressure.

2.3. Experimental Procedure

The combustion experiments were conducted using the vertical furnace, as shown schematically
in Figure 2. Three experimental processes were carried out. Firstly, diesel was used as the fuel in
the preheating procedure, which took around 22 h to ensure that every sub-section of the vertical
furnace had reached a steady temperature distribution. After the pre-heating process, the diesel fuel
was switched to the test fuels (diesel alone and the FPBO/diesel blends with 5 vol % FPBO) to perform
combustion tuning. Finally, the optimum operating conditions (which met the minimum residual
oxygen in the flue gas required for complete combustion) obtained from the combustion-tuning
procedures were adopted for the stable combustion experiments.

The measurement configuration of the test furnace is shown in Figure 2. The wall temperatures
and gas temperatures were measured with R-type and K-type thermocouples, respectively.
More specifically, five R-type thermocouples (T to Ty5) were placed from top to bottom in the
radiative section to measure the wall temperature of each section in the vertical furnace. Meanwhile,
five K-type thermocouples (Tg; to Tgs) placed from upstream to downstream were employed to
measure the gas temperatures at various positions along the convective section. Moreover, Fuji Electric
Analytical Analyzers (Fuji Electric Co., Ltd., Tokyo, Japan) were employed to analyze the flue-gas
emissions, including O,, CO, CO,, NO, and SO,. The gas samples were conditioned using a flue-gas
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sample conditioning system through cooling, drying, and filtering before entering the analyzers. Thus,
the emissions were expressed as a volume concentration on a dry basis in this study.

2.4. Furnace Preheating Process

The combustion test furnace facility is lined with refractory bricks, which acts as a source of heat
absorption. In order to avoid the influence of temperature variations on the combustion characteristics,
it is necessary to provide a steady-state high-temperature environment. Accordingly, the furnace
must be heated first until the wall temperature reaches a quasi-steady state before doing subsequent
experiments. Diesel was employed as the fuel to preheat the furnace. The preheating process was
performed step by step. Initially, during Step 1, a diesel flow rate of 13 L/h and an airflow rate of
230 Nm?/h were fixed for 3 h of burning. Secondly, during Step 2, the diesel flow rate was increased
to 16 L/h, with an airflow rate of 240 Nm?3/h for another 4 h of burning. Finally, during Step 3,
the diesel flow rate was maintained at 20 L/h with an airflow rate of 260 Nm? /h for the last preheating
period until the wall temperature did not change substantially over time, indicating the achievement of
a quasi-steady state. As shown in Figure 3, all measured temperatures increased with time. After a long
burning period (about 16 h), the temperature change was small. The preheating process took around
20 h to ensure that every sub-section of the vertical furnace had reached a steady temperature
distribution. Meanwhile, the gas temperatures (Tg1-Tgs5) in the horizontal convective section were
nearly constant. Figure 3 also shows the variations in the emission composition of the flue gas in the
exhaust with time during the preheating process. As can be seen, nearly constant concentrations of
03, CO, CO,, NO, and SO, emissions were obtained after 8 h. The preheating process took about 20 h
prior to conducting the combustion tuning and stable complete-combustion experiments.

o) T
1600 100% Diesel
T S[ep 3 .Twl .TWZ ATWS ’Tw4 *TWS
1200 Step 2 )/././.,l——l—I
800 — Step 1 % l “
1 % Step 1: O, — 13 L/h, O, — 230 Nm¥h
400 — Step 2: Q; = 16 L/h, Q, = 240 Nm*h
o 0 i Step 3: Qp =20 L/h, Q, =260 Nm’/h
= ] OT, T, A Ty OT,, #Tys
1200 —
800 —
400 — oA
0 H% 400 ~
| 20, 0CO, OCO ©NO #S0,| g
Q 300 &
S 20+ I 9
« @)
o . —200 A
© - 85885585 LTS
1 | Z
o) 100 &
] As—t—t—t—t—s—n L o
0 Lo ©
W kil S kid W—ﬁ—v—
0 240 480 720 960 1200 1440
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Figure 3. Variations in wall temperature, gas temperature and emissions with burning time using
diesel as the fuel during the preheating process.

After completing the preheating process, the next step was combustion tuning. The purpose of
combustion tuning was to reduce the airflow rate to achieve the minimum residual oxygen in the flue
exhaust required for complete combustion of the fuel. In both cases (diesel alone and the FPBO/diesel
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blend with 5 vol % FPBO) during combustion tuning, stable combustion was maintained for at least
thirty minutes before taking data.

3. Results and Discussion

3.1. Combustion Tuning

During combustion, the carbon content of the fuel burns in oxygen to form carbon dioxide.
When oxygen appears in the flue exhaust, this indicates that more combustion air (excess air or
excess oxygen) was supplied than was needed for complete combustion. However, when a supply of
combustion air is inadequate, the fuel cannot get enough oxygen to burn completely, and incomplete
combustion occurs, leading to CO formation. When the excess oxygen is reduced below a critical excess
oxygen amount (critical point, e.g., point E in Figure 4a), CO formation increases rapidly. Therefore,
to achieve a complete combustion situation, the excess oxygen amount must be adjusted above this
critical point, below which incomplete combustion occurs, and CO increases significantly, leading to
possible smoke generation because the amount of excess oxygen is too low.

Figure 4a,b show the variations in the emissions with residual oxygen measured in the flue
exhaust during the combustion tuning process for burning pure diesel and the blend (5% FPBO
+ 95% diesel), respectively. The fuel flow rate (Q r) was fixed at 20 L/h in both the combustion
tuning and stable combustion processes. Therefore, to determine the minimum oxygen required for
complete combustion, the airflow rate was gradually adjusted from high to low levels, but the QF was
maintained a constant value of 20 L/h. As shown in Figure 4a, points A, B, C, D, E, F, and G correspond
to the airflow rates (Q 4) of 265, 261, 256, 251, 246, 241, and 236 Nm?3/h, respectively. The residual
oxygen concentration decreased with decreases in the airflow rate from point A (265 Nm?/h) to point
G (236 Nm? /h). For the airflow rate greater than the critical point (point E, 246 Nm? /h) for complete
combustion, the CO emission was nearly 0 ppm. However, when the air flow rate was smaller than
the critical point, the CO emission increased gradually, and consequently, a large amount of CO was
generated, e.g., at point F and point G. Increases in the amount of combustion air corresponding
to increases in excess oxygen thus in turn led to increases in the residual oxygen concentration.
NO formation was found to increase with increases in the amount of excess oxygen from point G to
point E, and then NO emission was nearly maintained at a slightly lower level from point D to point A.
Formation of SO; is directly related to the sulfur content of the fuel. Thus, when burning the same fuel,
the SO, emissions remain nearly at a constant value. A better adjustment of combustion air was found
to at point E. With an airflow rate of 246 Nm?/h, both CO and NO emissions were low. Therefore,
point E was taken as the optimum air-supply rate for the minimum excess-oxygen requirement with
low CO emission and flue-gas heat loss. This operating condition was adopted for the subsequent
stable complete-combustion diesel experiment.

Similarly, for the blend of 5% FPBO + 95% diesel, point C Q 4 =256 Nm?/h) was the optimum
operating condition (which met the minimum residual oxygen in the flue gas required for complete
combustion) obtained from the combustion-tuning procedures, as shown in Figure 4b. This optimum
operating condition was also adopted for the subsequent stable complete-combustion experiment.

From the results of Figure 4a,b, the air-feed rates for the minimum excess-oxygen requirements
were 246 and 256 Nm? /h for diesel alone and the blend of 5% FPBO + 95% diesel, respectively. That is,
the airflow rate of the blend of 5% FPBO + 95% diesel at the critical point was slightly greater than that
of diesel alone. More specifically, the theoretical air-to-fuel ratios (A/F ratios) for diesel and FPBO are
14.44 and 3.06, respectively, whereas the theoretical A/F ratio for the bio-oil/diesel blend with 5 vol %
bio-oil is 13.67. The experimental A /F ratios for diesel alone and the bio-oil/diesel blend with 5 vol %
bio-oil are 19.04 and 19.44, respectively. These experimental A /F ratios correspond to 31.85% and 42.2%
excess air for diesel alone and the bio-oil/diesel blends with 5 vol % bio-oil, respectively. This indicates
that the amount of excess oxygen for burning diesel alone is smaller than that for burning the blend.
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It was verified that the residual oxygen concentration (3.9%) in the flue gas for burning diesel alone is
smaller than that (5.2%) for burning the blend, as shown in Figure 4.

100% Diesel 5% FPBO + 95% Diesel

400 - 20 400 20
Q.=20L/h Q;=20L/h
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= C:256 = C:256
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Figure 4. Combustion tuning process for burning (a) diesel alone; and (b) the blend of 5% FPBO + 95%
diesel. The optimal air flows are point E for diesel alone and point C for the blend.

3.2. Temperature Distribution

During the stable complete-combustion process, data retrieval was conducted once every 15 min
by recording the temperatures in the radiative and convective sections of the furnace and the emission
concentrations in the flue gas. Combustion instability did not occur in either case (diesel alone and
the blend of 5% FPBO + 95% diesel). Figure 5a,b show the temperature distributions with time for
the pure diesel (with an air flow rate of 246 N m3/h) and the blend of 5% FPBO + 95% diesel (with
an air flow rate of 256 Nm? /h), respectively, at a fixed amount of liquid fuel supply rate of 20 L/h.
As shown in Figure 5a,b, due to the fact that the wall temperature of the combustion chamber had
reached a near-steady state, the temperature change was very small during stable combustion under
the optimum operating conditions (which met the minimum residual oxygen in the flue gas required
for complete combustion). In other words, all the temperatures (Tw1-Tws and Tg1-Tgs5) remained at
almost constant values during the stable combustion processes.
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Figure 5. Temperature distributions with time for burning (a) diesel alone; and (b) the blend of 5%
FPBO + 95% diesel.
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As shown in Table 3, the FPBO had a high oxygen content of 56.31 wt % and a smaller heating
value (LHV: 14.41 M]/kg) than the diesel fuel (LHV: 43.13 M] /kg). Therefore, at a fixed fuel flow rate
(20 L/h), the wall temperatures (Tw1-Tys) in the radiative section and the gas temperatures (Tg1-Tg5)
in the flue gas section dropped slightly when burning the blend of 5% FPBO + 95% diesel as compared
with burning diesel alone, as illustrated in Figure 6a,b as well as Table 4. More specifically, in the
primary combustion zone, when firing the blend of 5% FPBO + 95% diesel a lower T, (1188.0 °C) was
obtained as compared to when firing diesel alone (1279.2 °C). Figure 6b also demonstrates that the flue
gas temperature decreased gradually from Ty to Tgs. This tendency is related to the measurement
positions and the effects of cooling by using a heat exchanger.

1600 1600
[] 100% Diesel [] 100% Diesel
4 |:| 5% FPBO + 95% Diesel J \:I 5% FPBO + 95% Diesel
1200 — = 1200 —
S 0 o]
2 ] ] p -
£ 800 2 800 | [
5 5
3 &
e £
400 — 400 —
0 0
Twl Twl 1 w3 vl-w4 T T T T l

w5 gl 22 23 g4 &5

(a) (b)

Figure 6. Comparison of average temperatures for burning diesel alone and the blend of 5% FPBO
+ 95% diesel: (a) the wall temperatures (Ty,1—-Tys5) in the radiative section; and (b) gas temperatures
(Tg1-Tgs) in the flue gas section.

3.3. Emissions

Figure 7a,b show the concentration of flue gas composition versus time for burning the pure
diesel and the blend of 5% FPBO + 95% diesel, respectively, at a constant fuel supply rate of 20 L/h
under the minimum residual oxygen in the flue exhaust required for complete combustion of the
fuel. The values of CO, CO,, SO; and NO reported in this study were all corrected to 6% O, [17].
It was found that the variations in the O, and CO, concentrations with time for these two liquid
fuels were very small. Figure 7 also indicates that the CO emissions for firing 5% FPBO have larger
fluctuations than those for firing pure diesel. This may be due to the higher viscosity of FPBO than
diesel. The higher viscosity of FPBO led to poorer atomization of the fuel spray, which linked to
incomplete combustion (corresponding to higher CO emissions [16]) and larger fluctuations observed
in the CO emissions.

Figure 8 and Table 4 show that the average O, concentration appearing in the flue exhaust for
firing the blend of 5% FPBO + 95% diesel was 5.2%, while that for firing diesel alone was 4.1%.
Meanwhile, the average CO, emissions for firing the blend of 5% FPBO + 95% diesel and diesel alone
were 11.2% and 12.0%, respectively, which were comparable.



Appl. Sci. 2017, 7, 1085

100% Diesel
Q, = 246 Nm*h
Q;=20L/h AO:2
ICO2
HEEEEEEEEgEnO0aea

120 180
Time (min)

(a)

240

0 60

5% FPBO + 95% Diesel

11 0f 14

Q, =256 Nm*h
1Q,=20L/M

AQ2

. 10 PEEEBgEEEREEEEEEE
At Ap pBA A pEAATE A AN

ICO2

—

w

<
|

i
fe=]
Ly L

<

CO,NO, SO, (ppm)
=
fan]
|

300

0

180
Time (min)

(b)

60 120 240 300

Figure 7. Emissions versus time: (a) when burning diesel alone; and (b) when burning the blend of 5%
FPBO + 95% diesel.

Both firing cases were adjusted to meet the minimum excess oxygen conditions required for

complete combustion. Consequently, the combustion was almost complete, resulting in low CO
emissions (less than 35 ppm). The average CO emissions for firing the blend of 5% FPBO + 95%
diesel and diesel alone were 20 and 34 ppm, respectively. Additionally, NO emissions were very
low (smaller than 57 ppm) and were comparable for these two firing cases. It should be noted that
when the wall temperature of a furnace reaches a near-steady state, the factor affecting NOx emission
is only the gas temperature [31], not the wall temperature. Thus, the formation of nitrogen oxides
has a clear dependence on excess oxygen, temperature in combustion and fuel-nitrogen (fuel-N).
During firing, the blend of 5% FPBO + 95% diesel exhibited a lower temperature but higher excess
oxygen (or higher residual O, in the flue gas) and slightly higher fuel-N than was the case when firing
diesel alone. The combined effects of temperature, excess oxygen and fuel-N resulted in slightly higher
NOgx emissions (56.1 ppm) for burning the blend as compared with burning diesel alone (45.9 ppm).
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Figure 8. Average emissions when burning diesel alone and the blend of 5% FPBO + 95% diesel.
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Table 4. Variations in average temperature distribution and gas emissions for diesel alone and the
blend of 5% FPBO + 95% diesel under stable combustion conditions.

Fuel 100% Diesel 5% FPBO + 95% Diesel
Tw1 (°C) 985.6 925.1
Tw2 (°C) 1279.2 1188.0
Tws (°C) 1120.9 1076.5
Twa (°C) 1094.8 1060.2
Tws (°C) 979.2 949.2
Tg1 (°C) 875.7 848.1
Ter (°C) 607.9 589.1
T3 (°C) 495.5 479.6
Tea (°C) 4624 448.7
Tg5 (°C) 436.4 4241

O, (%) 41 52
CO (ppm) 20 34
CO, (%) 12.0 11.2
NO (ppm) 459 56.1
SO; (ppm) 5.2 49

The amount of SO, emissions significantly depends on the sulfur content in the fuel. Both FPBO
and diesel have a very low sulfur content. As expected, the SO, emissions for burning the blend of 5%
FPBO + 95% diesel and the diesel alone were nearly zero.

In view of the emissions results, it can be summarized that the use of 5% FPBO in the blends
produces comparable emission levels of CO, NO and SO, when compared to pristine diesel.

3.4. Combustion Efficiency

According to the experimental results, the average CO concentration was maintained at a low-level
(<35 ppm) in both cases. The combustion efficiency is defined as follows [16,32,33]:

[CO,)

5, & [0 100% 1)

Combustion efficiency =
where [CO,] is volume concentration on a dry basis of CO,, and [CO] is volume concentration on a dry
basis of CO. Based on Equation (1), the combustion efficiencies could be obtained above 99.9% in this
study. This revealed that excellent combustion efficiency was achieved.

4. Conclusions

In the present study, the combustion characteristics and pollutant emissions associated with firing
fast pyrolysis bio-oil/diesel blends in a 300-kWy, furnace were investigated. The following conclusions
are drawn:

(1) The air supply rates necessary to meet the minimum excess oxygen requirement were 246 and
256 Nm?3/h, respectively, for pure diesel and the blend of 5% bio-oil + 95% diesel.

(2) Combustion instability did not occur during the co-firing test without any modifications to the
combustion system.

(3) At a fixed fuel flow rate (20 L/h), burning the blend of 5% bio-oil + 95% diesel resulted in
a slightly lower temperature in the combustion chamber than burning pure diesel, since the fast
pyrolysis bio-oil has a lower calorific value and a high oxygen content of as much as 56.31 wt %.
This indicates that similar furnace temperature distributions, and thus heating characteristics,
were obtained during the co-firing test.

(4) Compared with burning pure diesel, comparable NO emissions (smaller than 57 ppm) were
obtained for burning the blend of 5% bio-oil + 95% diesel, and lower net CO, emissions were
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achieved because biomass is both carbon neutral and renewable. Moreover, the CO concentrations
under these two burning conditions were very low (less than 35 ppm) because of the minimum
excess oxygen operating conditions required to achieve complete combustion.

(5) The SO, emissions for burning the blend of 5% bio-oil + 95% diesel and diesel alone were nearly
zero (smaller than 6 ppm) since both the bio-oil and diesel have a low sulfur content.

This paper is the first report on the combustion characteristics and emitted pollutants of co-firing
bio-oil produced from the fast pyrolysis process of coffee bean residue and diesel in a 300-kWy, oil-fired
furnace without any modifications to the system. It emphasizes the feasibility of using the blend as
a substitute for diesel in industrial applications. Even though many interesting results are obtained,
we realize that additional parametric studies are of significance and worth further study. For instance,
the analysis of the effect of higher blend ratio, fuel pressure and atomizing-gas velocity on combustion
characteristics and emissions is necessary. Furthermore, a study on reduction of PM (particulate matter)
emissions is needed. These will be addressed in a separate study in the near future.
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