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Abstract: Coffee ground has been recently considered as a new biomass resource in relation to the
increasing coffee consumption worldwide. The bio-crude oil can be produced by fast pyrolysis of
coffee ground, and it has advantages of larger heating values in comparison with those from other
biomass. But the bio-crude oil from coffee ground has a significantly high viscosity which can hinder
the application to conventional burners. In this study, a pilot-scale burner system with a 35 kW
capacity with an air-blast atomizing nozzle was developed for the combustion of bio-crude oil from
coffee ground with a high viscosity. A downward fuel injection system was adopted to enhance the
ignition of fuel spray and the flame stabilization, and a movable block swirl generator was installed
for the combustion air. The bio-crude oil was blended with ethanol at the volumetric ratio of 9:1 to
enhance the combustion characteristics. The effect of various atomizing air pressures, swirl intensities,
and overall equivalence ratios on the flame stability and gaseous emission were investigated to find
out the optimum operating conditions for a bio-crude oil burner.
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1. Introduction

The utilization of renewable energy has been recently studied with much attention to resolve the
global environmental problems including fossil fuels and global warming. Biomass can be one of
the promising renewable energy sources because of its carbon neutrality in the combustion process.
The utilization of biomass by direct combustion could be hardly adopted in the aspects of fine dust
emissions, which can be reduced by using liquid fuel. Furthermore, the energy density is increased by
converting biomass into liquid fuel which facilitates efficient storage and transportation. Bio-crude oil
can be produced by the fast pyrolysis of various kinds of biomass. At a temperature around 500 ◦C
and in an oxygen-free environment, biomass particles are decomposed into gas phase and retained
solid phase with a short residence time of less than 2 s. The volatile in the gas phase are condensed
into the bio-crude oil [1–4].

Woody biomass and herbaceous plants have been generally studied as feedstocks for fast pyrolysis,
and the produced bio-crude oil has a complex composition depending on the biomass feedstock. It is
known that the water content of bio-crude oil ranges from 15% to 30% by weight, and the calorific
value is typically 14–18 MJ/kg which corresponds to 50%–60% of energy density of petroleum fuels [3].
Recently, the utilization of coffee ground has been attempted as a new resource because of the growth
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of coffee consumption worldwide. The coffee consumption for 2019/20 worldwide is forecasted to be
10.2 million tons per year according to the U.S. Department of Agriculture [5]. After the coffee brewing,
about 99% of the original amount is wasted as coffee ground. Some of this residue has been utilized as
compost or deodorant, but most of them become municipal waste and extra cost is needed to treat by
incineration or landfill. The advantages of utilizing coffee ground as an energy source are not only in
reducing waste but also in contributing to resolving the global warming problem.

In previous studies on the bio-crude oil from coffee ground [6,7], it was found that the bio-crude
oil from coffee ground has a considerably larger calorific value than that from woody biomass. But the
viscosity of the bio-crude oil from coffee ground is quite high and it increases with time which could
even impede its flow [7]. Combustion characteristics of bio-crude oil have been studied in thermal
and power devices including industrial boilers, gas turbines, and diesel engines [8–14]. It was found
that the direct application of bio-crude oil to conventional combustors could not be practical mainly
due to the clogging problems in the fuel injection system which originates from the high viscosity of
bio-crude oil [9].

To overcome the clogging problem in a precise fuel orifice which is generally used in conventional
combustors, air-blast nozzles have been tested with a larger diameter for liquid injection [15–17].
To further improve the spray behavior and flame stability, it has been suggested to blend bio-crude oil
with ethanol [16–19]. Although a stable combustion of bio-crude oil from woody biomass has been
achieved with up to 90% of bio-crude oil by volume [15], the combustion characteristics of bio-crude
oil from coffee ground are expected to be quite different from those from sawdust bio-crude oil due
to its considerably larger viscosity. In this study, a pilot-scale burner system was developed for the
combustion of bio-crude oil from coffee ground. The temperature distributions in the combustion
chamber and the gaseous emissions were compared at various experimental conditions including the
atomizing air pressure, swirl intensity, and overall equivalence ratio to find out the optimum condition
for flame stability and minimum gaseous emissions.

2. Materials and Methods

2.1. Burner System Setup

A bio-crude oil burner system was developed with a capacity of 35 kW as shown in Figure 1.
The burner system consisted of the fuel nozzle, the variable swirl generator of combustion air, the fuel
tank and preheating line, the air compressor for the fuel atomizing air, and the fan for the combustion
air. The burner system adopts a downward injection type where the fuel is supplied from the top of the
combustion chamber to the downward direction. In the downward injection burner system, the heat
transfer from the flame to the fuel spray can enhance the ignition characteristics, and the combustion
efficiency can be improved due to the longer residence time of the fuel in the combustion chamber.
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Figure 1. Bio-crude oil burner setup.
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Bio-crude oil was produced from the fast pyrolysis of coffee ground in the tilted-slide reactor [7].
The viscosity of bio-crude oil is known to be much higher than that of the petroleum fuel [1,3].
In particular, the bio-crude oil from coffee ground has a significantly high viscosity in comparison with
that from woody biomass [7]. The high viscosity of fuel can cause the clogging of the fuel supply
line and the fuel nozzle. Furthermore, the quality of fuel spray is degraded due to the increase of
the droplet size. It is known that the viscosity can be reduced by mixing alcohol or by increasing
temperature [15–20]. The fuel properties will be discussed in detail in the next subsection.

The schematic of the burner unit including the fuel nozzle and the swirl generator is shown in
Figure 2a. In this study, an external mix air-blast spray nozzle is made by arranging concentric double
tubes with different diameters. The fuel nozzle was placed on the centerline of the burner unit as
shown in Figure 2a. The outer diameter (o.d.) and inner diameter (i.d.) of the inner tube for fuel supply
are 6.35 mm and 4.57 mm, respectively. The o.d. and i.d. of the outer tube for atomizing air supply are
9.53 mm and 6.83 mm, respectively. The fuel is injected from the inner tube, and the atomizing air
flows through the rim shape slit which is formed between the inner and outer tubes. The slit width for
the air flow is 0.24 mm. The fuel column disperses into spray droplets by the surrounding air flow
with a high velocity [21]. The fuel flow rate from the reservoir to the nozzle was controlled by a rotary
piston pump. Atomizing air was supplied from an air compressor and the pressure was controlled by
an air regulator.
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Figure 2. Schematic of burner unit (a) and movable block swirl generator (b).

Swirl flow was generated for the combustion air by adopting a movable block swirl
generator [22–25] as shown in Figure 2a,b. It is known that a recirculation zone is formed by
the swirling air flow, which supports the flame stability as well as the ignition of fuel spray [26]. The
swirl intensity can be varied by the rotation angle of the movable block as shown in Figure 2b. The
swirl number S can be evaluated using the parameters such as number of swirl blocks, swirl generator
radius, depth and angle of swirl block, maximum opening angle as follows [27]:

S ≈
2π

nξm
· sinα·

cosα[1 + tanα tan(ξ/2)](ξ/ξm){
1− [1− cosα(1 + tanα tan(ξ/2))ξ/ξm]

}2 ·
R
2B
·

[
1−

(Rh

R

)2]
(1)

where the parameters for calculating the swirl number are listed in Table 1.
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The diameter of the burner unit was 10 cm, and a burner quarl was introduced with 45 expansion
angle at the combustion air exit. The diameter and the height of the combustion chamber are 40 cm
and 90 cm, respectively. The combustion chamber was surrounded by ceramic fiber (5 cm thick) for
thermal insulation. A viewport was installed near the fuel nozzle exit to observe the flame behavior.
The flame images have been obtained by a digital camera (Nikon D300).

Table 1. Parameters for evaluating the swirl number.

Parameter Description Value

n Number of swirl blocks 8
R Swirl generator exit radius 46.8 mm

Rh Swirl generator inner radius 9.5 mm
B Depth of swirl blocks 25 mm
α Fixed swirl block angle 60◦

ξ Adjustable swirl block angle -
ξm Maximum opening angle 12.8◦

For the burner startup, the combustion chamber was preheated for approximately 30 min by using
pure ethanol to reach a sufficient temperature to ignite the bio-crude oil and ethanol mixture. K-type
thermocouples were installed in the combustion chamber as shown in Figure 3. The thermocouples
numbered 1–7 are installed at 10 cm from the top, and those numbered by 8–14, 15–21, etc. are located
at 10 cm intervals below. The thermocouples in the radial direction have a distance of 10 cm from
the center. The number (0) in Figure 3a indicates that a thermocouple is not installed because of
the viewport or exhaust as shown in Figure 3b. The temperatures in the combustion chamber were
monitored by a data logger (GL820 midi LOGGER) every minute. The accuracy of K-type thermocouple
is ±0.75%. When the temperature of each test case was stabilized after 15–20 min, the gaseous emissions
were measured at a specified location in the exhaust using a gas analyzer (MRU NOVA 2000). Before
finishing the experiment, the nozzle and the fuel supply line was flushed by supplying pure ethanol
for about 10 min.
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Figure 3. Thermocouple positions in the combustion chamber in top view (a), temperature averaging
in 2D axisymmetry (b).

2.2. Fuel Properties

In this study, bio-crude oil from coffee ground was blended with ethanol to improve its spray
behavior and flame stability. Although a higher ethanol mixing ratio could guarantee better combustion
characteristics, the extra cost of the ethanol should be taken into consideration. Therefore, it is important
not only to achieve the flame stability but also to minimize the amount of ethanol. The volumetric
mixing ratio of bio-crude oil and ethanol was selected at 90:10 (referred to as BCO90) which is based
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on the suggested value for the minimal amount of ethanol in the previous study for sawdust bio-crude
oil [15], and the ethanol mixing ratio larger than 10% (e.g., BCO85) has not been taken into account
in this study. BCO95 has been also tested although the results have not been shown in detail, and it
was found that CO emission was too large (>5000 ppm) arising from higher degree of incomplete
combustion which is undesirable in combustion devices. Therefore, the optimum mixing ratio of
ethanol could be suggested to be 10% (BCO90).

The thermophysical properties including higher heating values (HHV), viscosities, and densities
of bio-crude oil from coffee ground and its mixture with ethanol (BCO90) are listed in Table 2. The
elemental compositions are also shown. The higher heating values were measured by a bomb
calorimeter (LECO AC-350) following ASTM D2015, and the elemental compositions were measured
by an elemental analyzer (Flash EA 1112 series). The properties of sawdust bio-crude oil in the previous
study [15] are compared for reference. The BCO90 from coffee ground has larger contents of carbon
and hydrogen while it has smaller oxygen content than the sawdust bio-crude oil, which leads to
higher HHV than that of sawdust bio-crude oil by about 30%.

The volumetric fuel flow rate corresponding to burner capacity of 35 kW was determined by the
heating value and density of the fuel blend (BCO90). The lower heating value (LHV) of BCO90 can be
calculated using its higher heating value (HHV) and hydrogen content (H) as follows [15,28]:

LHVar [MJ/kg] = HHVar [MJ/kg] − 2.443 [MJ/kg] ×
8.936Har

100
(2)

where the subscript ar indicates as received material. The values of 2.443 and 8.936 correspond to the
heat of vaporization of water and the ratio of water produced by combustion to the hydrogen content
of the material in weight percent, respectively. Substituting the values of HHVar and Har of BCO90
into Equation (2), the LHVar of the BCO90 was calculated to be 20.03 MJ/kg. The volumetric LHV for
adjusting the pump flow rate was determined to be 20.63 MJ/L.

Table 2. Properties of the coffee bio-crude oil (BCO)100, 90 and sawdust BCO [15] (wet basis).

Fuel
HHV

(MJ/kg)
Viscosity

(cP at 50 ◦C)
Density
(kg/L)

Elemental Composition (wt%)

C H O 1 N S

Coffee BCO 21.14 862.3 1.06 47.12 7.72 41.08 4.08 0
Coffee BCO90 21.80 373.4 1.03 47.51 8.13 40.59 3.77 0

Sawdust BCO [15] 16.75 22.9 1.20 41.07 7.84 50.91 0.19 0
1 The oxygen content has been calculated as the difference between 100 and the sum of other elements.

It is known that the viscosity of bio-crude oil is quite sensitive to the temperature [3,7,15], and the
viscosities of BCO90 at various temperatures were compared in Figure 4. The viscosity was measured
by a viscometer (Brookfield, Model DV-II+ Pro). The viscosity of BCO90 was significantly reduced by
increasing its temperature and it decreases by a factor of almost two in every 10 degrees over the range
of 30–40 ◦C and 50–70 ◦C. Therefore, the fuel blend (BCO90) was preheated up to 70 ◦C prior to the
fuel nozzle. The bottom of the fuel reservoir was heated by a plate heater, and the temperature in the
fuel reservoir was evened by using an agitator. The fuel supply line was heated by heating tapes with
temperature controllers.
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Figure 4. Viscosity of bio-crude oil and ethanol blend (BCO90) at various temperatures.

3. Results and Discussion

The flame images of pure ethanol and BCO90 are shown in Figure 5a,b, respectively. The atomizing
air pressure (p), the swirl number (S), and the combustion air flow rate (Q) are same for both cases. The
flow rate of Q = 655 LPM corresponds to the overall equivalence ratio (φ) of 0.8 for BCO90. The ethanol
flame shows a light color and a blue chemiluminescence region was observed near the fuel nozzle
although not shown directly through the viewport in Figure 5a. On the other hand, the BCO90 flame
shows a deep yellow color with a strong radiation as shown in Figure 5b. We note that this radiation
contributes to heating which can have advantages in boiler applications. The flame temperature and
the gaseous emission are compared for various atomizing air pressures, swirl numbers, and the overall
equivalence ratios and the effects of these parameters are investigated.
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Figure 5. Direct photos of ethanol flame (a) and BCO90 flame (b) at p = 100 kPa, S = 4.56, Q = 655 LPM.

The temperature distribution inside the combustion chamber is represented in a 2D axisymmetric
manner by averaging the values at the same radial distance from the axis. The centerline temperatures
(thermocouple numbers 1, 8, 15, 22, 29, 37, 45, 52 in Figure 3a) are kept, while the values on the radial
distance of 10 cm (thermocouple numbers 2–7, 9–14, etc.) at the specified axial distance are averaged
as shown in Figure 3b.
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The O2, CO, and NO concentrations were measured in the exhaust duct after the flame was
stabilized. The average value was used during the continuous measurement for about 3 min. The
accuracy of O2 concentration is ±0.2 vol%, and the accuracy of CO and NO concentrations is ±5%
reading. The concentrations CO and NO were normalized as follows:

C[ppm] = Ca[ppm]·
21−Os[%]

21−Oa[%]
(3)

where C, Ca, Os, and Oa indicate normalized concentration of pollutant, measured concentration
of pollutant, standard oxygen concentration, and measured oxygen concentration, respectively.
The standard oxygen concentration (Os) was set at 4% in this study.

3.1. Effect of Atomizing Air Pressure

Figure 6 shows the temperature distribution which is represented in 2D axisymmetry at various
atomizing air pressures. The swirl number and the overall equivalence ratio are fixed at S = 4.56 and
φ = 0.8. The temperature indicated in each cell represents the average value in radial direction or the
centerline temperature as shown in Figure 3b. The temperature contour shows a distinct “Λ” shape at
the atomizing air pressure of p = 100 kPa. The combustion model of spray burning in swirl flows which
has been suggested previously [26] can provide a reasonable description of this flame shape. Near the
centerline of the atomized jet spray, a low-temperature spray core is formed due to a fuel-rich mixture
condition coupled with the quenching effect of the liquid, and the chemical reaction is not significant
in this region. The main reaction is placed at the outer periphery of the spray where the air–fuel
ratio is near stoichiometry [26]. This flame shape can be observed up to p = 200 kPa, but is no longer
observed at the largest pressure of p = 250 kPa where the centerline temperature becomes larger than
the periphery. It can be deduced that at high atomizing air pressure, the characteristic flow timescale is
shortened due to the high velocity, which can lead to incomplete chemical reaction. Furthermore, an
excessive axial velocity can cause a flame liftoff which can hinder flame stabilization. At p = 250 kPa,
the temperature near the fuel nozzle sharply decreased to 726 from 939 ◦C in comparison with the case
of p = 200 kPa, and it can be observed that the overall temperature level in the combustion chamber
declined. Therefore, in this study it can be suggested that the atomizing air pressure should be less
than 250 kPa to achieve combustion efficiency and flame stability. Nevertheless, it should be noted
that when the air pressure is too low, the fuel droplet size becomes larger which can lead to a poor
spray quality. The empirical formula of the Sauter mean diameter (SMD) in air-blast atomizer can be
expressed as follows [21]:

SMD = 0.95

 (σLWL)
0.33

URρ
0.37
L ρ0.30

A

[1 + WL

WA

]1.70

+ 0.13µL

[
D0

σLρL

]0.5[
1 +

WL

WA

]1.70

(4)

where σL, ρL, ρA, UR, WL, WA, µL, D0 are surface tension of liquid, density of liquid, density of air,
relative velocity of air to liquid, mass flow rate of liquid, mass flow rate of air, dynamic viscosity of
liquid, and the liquid orifice diameter, respectively. From this expression, it can be known that the
mean droplet size decreases when the relative velocity of air to liquid (UR) and the mass flow rate of
air (WA) increases which is directly related to the atomizing air pressure. Although not shown, when
the atomizing air pressure was reduced to less than 100 kPa it was observed that some of the unburned
fuel droplets attached on the viewport inner surface.

The O2 concentration generally increases with pressure except for the range of 150–200 kPa as
shown in Figure 7. The normalized CO concentration decreases with the atomizing air pressure
whereas the normalized NO concentration increases. The NO emission is much larger than the case of
sawdust bio-crude oil [17] which was slightly larger than 100 ppm. We note that there is a considerable
amount of nitrogen in the bio-crude oil from coffee ground (3.77%) as shown in Table 2, which can be a
source of Fuel NO. Because there is a trade-off between CO and NO emissions with the atomizing air
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pressure, the optimum range of the atomizing air pressure for minimizing the gaseous emissions can
be suggested to be p = 150–200 kPa.Energies 2020, 13, 2882 8 of 12 
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Figure 6. Temperature distributions for various atomizing air pressures at S = 4.56 and φ = 0.8.
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Figure 7. O2 concentration (%), normalized CO and NO concentrations (ppm) for various atomizing
air pressures at S = 4.56 and φ = 0.8.

3.2. Effect of Swirl Number

The temperature distributions for various swirl numbers are shown in Figure 8. The atomizing
air pressure and the overall equivalence ratio are fixed at p = 150 kPa and φ = 0.8. When there is no
swirl in the combustion air (S = 0), the high temperature region is concentrated far from the nozzle. As
the swirl number increases, the high temperature region moves upstream. This transition is clearly
observed from S = 1.25 to S = 2.53. It is interesting to note that the temperature contour resembles
“U” shape at S = 2.53, ant it is transformed into “Λ” shape at S = 4.56 due to the shift of the high
temperature region toward the upstream direction as the swirl number increases.
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Figure 8. Temperature distributions for various swirl numbers at p = 150 kPa and φ = 0.8.

When there is enough swirl motion, the recirculation zone is created where the hot combustion
products are circulated back toward the fuel nozzle. This effect can greatly enhance the flame
stabilization in comparison with no swirl case. Furthermore, the recirculation zone with high
temperature can also promote the ignition of the fuel spray.

The O2 concentration does not vary much with the swirl number as shown in Figure 9. For CO
emission, there cannot be observed a consistent tendency in the range from S = 0.46 to 4.56 but the CO
level increases sharply in the zero swirl case. The large CO concentration indicates that an incomplete
combustion is more significant when there is no swirl in the combustion air. The NO concentration
is largest at zero swirl and decreases continuously with increasing swirl number. The results of
temperature and NO concentration suggests that the maximum swirl intensity is optimum not only
for the flame stabilization but also for reducing NO emission in the combustion of bio-crude oil from
coffee ground.
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Figure 9. O2 concentration (%), normalized CO and NO concentrations (ppm) for various swirl
numbers at p = 150 kPa and φ = 0.8.

3.3. Effect of Overall Equivalence Ratio

Figure 10 shows the temperature distribution for various overall equivalence ratios at p = 150 kPa
and S = 4.56. The average temperature level is lowest at φ = 0.5 although a high temperature region
is locally observed near the fuel nozzle (T = 1012 ◦C at x = 10 cm, r = 0 cm). The lower temperature
at smaller φ is due to higher dilution of the fuel-air mixture. The temperature level increases when
the overall equivalence ratio becomes closer to stoichiometry. The contour of high temperature is
more concentrated in the downstream region at the condition of φ = 0.5, which indicates that the
primary reaction zone is pushed away from the fuel nozzle because of the large air velocity. The high
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temperature region migrates upstream as increasing overall equivalence ratio. It is interesting to note
that the local maximum near the fuel nozzle (x = 10 cm, r = 0 cm) at φ = 0.5 disappears at larger φ,
and the temperature at this point becomes smaller with increasing φ. It might be thought that there
can be formed a small but strong recirculation zone near the fuel nozzle a when the swirling air flow
rate is excessively high, which can form a local strong reaction zone near the fuel jet core. A further
investigation would be useful for a future study.
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Figure 10. Temperature distributions for various overall equivalence ratios at p = 150 kPa and S = 4.56.

The O2 concentration does not vary much with the overall equivalence ratio as shown in Figure 11.
The normalized CO concentration is similar at φ = 0.5 and 0.6, and is reduced sharply at φ = 0.7 while is
increased at φ = 0.7. The normalized NO concentration is also similar at φ = 0.5 and 0.6 but it decreases
from φ = 0.6 to 0.8. On the aspect of minimizing the pollutant emission, the optimum condition for the
overall equivalence ratio is suggested to be in the range of φ = 0.7–0.8 in this study.
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Figure 11. O2 concentration (%), normalized CO and NO concentrations (ppm) for various overall
equivalence ratios at p = 150 kPa and S = 4.56.

Through the results of temperature distributions and gaseous emissions at various atomizing
air pressures, swirl numbers, and overall equivalence ratios, the best operating conditions for the
bio-crude oil burner can be suggested as follows. When the atomizing air pressure is too high, the
flame can be unstable due to the incomplete chemical reaction and flame liftoff. But too low pressure
can lead to an excessively larger droplet size and a poor spray quality. The best condition of atomizing
air pressure ranges from 150 kPa to 200 kPa. In case of swirl number, a higher swirl intensity can
enhance the flame stability by promoting the recirculation zone of the hot combustion products. NO
emission was also decreased with a higher swirl number. The effect of overall equivalence ratio can
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be summarized that when the equivalence ratio is too low, the flame temperature in the combustion
chamber is reduced due to higher dilution which can degrade the burner performance. An excessively
large flow rate of the combustion air can also lead to an unstable combustion and lager NO emission.
The overall equivalence ratio from 0.7 to 0.8 is suggested for the best operating condition in this study.

4. Conclusions

A spray burner system with capacity of 35 kW was developed for the combustion of bio-crude
from coffee ground. The bio-crude oil was blended with ethanol at the volumetric ratio of bio-crude oil
to ethanol of 9:1, and the fuel was supplied through an air-blast spray nozzle which has a relatively large
nozzle diameter which is suitable for large viscosity fuels. A burner system with downward injection
type was adopted to enhance the spray and ignition characteristics, and swirl flow was introduced to
the combustion air to promote the combustion stability. The temperature distributions and the gaseous
emissions are investigated at various atomizing air pressure, swirl number, and overall equivalence
ratios. The results for the effect of atomizing air pressure suggests that the air pressure should be in the
range of 150 kPa to 200 kPa to achieve a flame stability and minimum gaseous emissions. The higher
swirl motion in the combustion air is found to be better not only for the flame stabilization and smaller
gaseous emissions. The optimum overall equivalence ratio could be suggested between 0.7 and 0.8 to
minimize the gaseous emissions in this study.
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