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Increased global warming due to the vehicular and industrial emissions has led to the
development novel carbon sequestration technologies. In this investigation, exhaust gas
from an internal combustion (IC) engine was used to grow microalgae. For this purpose, a
twin cylinder, four stroke, water cooled direct injection (DI) developing power of 7.36 kW
at a constant speed of 1500 rpm was used. The test engine was fuelled with diesel and
operated at four different injection pressures, and subsequently with five different injection
timings. The optimum injection pressure and injection timings were determined based on
the results obtained from the performance and emission parameters of the test engine,
resulting maximum carbon dioxide (CO,) exhaust of 3% v/v. A shell and tube heat
exchanger was developed and designed to cool the exhaust gas of the engine. Then, the
cooled exhaust gas was supplied to an algae reactor for growing microalgae. The algae
growth before and after CO, supply was determined and the results indicated higher growth
rate in the algal media supplemented with CO, compared to the control without CO»
addition. Such studies would aid in reducing the cost of algal cultivation and would further
mitigate the greenhouse gas emissions (GHG).

1. Introduction

externally supplied CO, as the major source of nutrients;
accumulating more carbon into the biomass resulting in a

Microalgae are recognized as one of the promising
sources of bioenergy with the advantages of being capable of
growing on non-arable lands and waste resources. Another
attractive advantage of microalgae involves the capacity to
sequester large amount of CO, from the atmosphere. The
carbon fixed into biomass can be processed as

biofuel/biodiesel (Behera et al., 2018).

The mode of nutrition utilized by microalgae can be
either autotrophic, heterotrophic and mixotrophic mode
depending on the source of nutrients (Rangabhashiyam et al.,
2017; Behera et al., 2019a). Heterotrophic mode is a
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higher productivity. Many researchers have carried out
research works utilizing the waste resources as a source of
carbon to cultivate microalgae under heterotrophic mode
(Lizzul et al., 2014; Cuellar-Bermudez et al., 2015). The
conversion of CO, into the lipid, carbohydrates, proteins and
other metabolites is regarded as one of the most favourable
methods for CO, fixation from the exhaust gases of different
power plants.

Several microalgae species like Chlorella sp.,
Scenedesmus sp., Nannochloropsis sp. and Botryococcus  sp.
represent significant capacity to trap the flue gases. The
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growth of microalgae in the presence of CO, from the flue gas
is comparable to that of the growth rate of microalgae cultured
in the presence of an external carbon source (Jacob et al.,
2015; daSilva et al., 2016). Jhiang et al. (2013) reported that
S. dimorphus is capable of tolerating very high concentration of
CO; ranging from 2-20%, along with SO (100-200 ppm) and
NO (150-500 ppm). Numerous studies suggest the purging of
flue gases into an algae reactor can improve the overall yield,
oil productivity and CO, sequestration (Cheah et al., 2015;
Aly and Balasubramanian, 2016; 2017; Ou-Yang et al., 2018;
Behera et al., 2019b,c).

Malek et al. (2015) studied the modelling and
optimization of CO, supply and waste heat recovery
integrated with the open pond photobioreactors, and
projected that the process economics of the entire cultivation
can be reduced significantly by employing waste CO, exhaust
injection scenarios compared to the pure CO, injection
modes. It is reported that, the low level of SO and NO, do
not inhibit the microalgae growth rate and most species are
well tolerant towards substantial level of SO and NO (Chiu et
al., 2011; Kao et al., 2014). Further, maintaining an optimal
pH can further negate the effects of acidic oxides. Crude
utilisation requires injection of the exhaust gases involves
cooling it down below its dew point (137 °F) using corrosion
resistant heat exchanger as the gases like CO,, NO and SO
may combine with water making the media acidic. Chiu et al.,
(2011) reported that, the CO, uptake and utilization rate by
microalgae depends on several environmental factors like pH,
temperature, presence of heavy metals in addition to the
microalgae species under study. De Godos et al. (2014) have
stated that the maintenance of optimum pH and the flow rate
of exhaust gas influence the maximal biomass yield.

Even though the studies by Chiu et al. (2011); De
Godos et al. (2014) and Aslam et al. (2017) have reported the
growth of microalgae using industrial flue gases and boilers,
none of the study have reported the growth of microalgae
using the exhaust gas of an IC engine, which could reduce the
atmospheric pollution and global warming via CO, bio-
mitigation.

Thus, the main objectives of this investigation are to
(i) determine the maximum CO, emitted from a twin cylinder
diesel engine operated with different injection pressure and
injection timing, and (ii) study the algal growth when CO, is
injected from engine exhaust operated with a maximum CO,

condition.

2. Methodology

In this study, a twin cylinder, 4 stroke, water cooled
direct fuel injection engine was used for providing CO, for
algae growth. The specifications of the test engine are given in
Table 1. The schematic layout of the test engine used in this
study is shown in Figure 1. The engine was fuelled with diesel
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and run at different load conditions when it was subjected to
different injection pressures and subsequently at different
injection timings.

Nomenclature and Abbreviation

BSFC Brake specific fuel consumption
BP Brake power

IC Internal combustion

DI Direct injection

By Brake thermal efficiency

The optimum injection pressure and timing were
determined based on the engine performance and emission
parameters. Then, the exhaust gas was cooled in a shell and
tube heat exchanger to study the growth of algae in the
reactor. For applying engine load, an eddy current
dynamometer was coupled to the test engine. The cooling
method employed was water jacketed cooling in which the
cooling water was allowed to flow through the jacket provided
around the engine cylinder.

The engine was equipped with individual pump and
nozzle system, with separated pumps. An AVL 444 five gas
analyzer system was used to measure the HC, CO, CO,, NO
and O, from the engine exhaust. Since this study was focused
on utilizing the CO, for growing algae, only the values of CO,
and NO were measured at different operating conditions. An
algae tank (tubular photobioreactor) made up of acrylic was
connected to the engine exhaust with a suitable hose pipe. The
tank diameter and hcight were 150 mm and 630 mm
respectively. The total volume and the working volume of the
tank were 10 Land 6.5 L respectively.

The exhaust gas after utilization in the reactor was
released to the atmosphere. The algal reactor contained a
native mixed culture of microalgae isolated from a small water
pond called the Naga pond of NIT Rourkela. It was grown in
the control media having urea (1 g L") without CO, and the
test media with urea (0.1g L") supplemented with the engine
exhaust having the maximum CO,, when the engine was
operated at the optimum injection pressure and timing.

The growth rate in terms of biomass content and the
cell count were assessed. The pH profile of the media was also
evaluated over a time period 14 days. The results obtained
were compared with that of the control media (without

exhaust gas addition).
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Figure 1. Schematic layout of the test engine

Table 1. Specification of the IC engine used for study

No. of cylinders Vertical twin cylinder

Starting type Hand start
Bore *stroke (in mm) 87.5%110
Compression ratio 17.5:1

Cooling Water cooled
Dynamometer Eddy current dynamometer
Power 10 hp

N 1500 rpm

Fly wheel radius 175mm

Type of fuel injection Direct injection

3. Methodology
3.1 Experimental
3.1.1 Brake specific fuel combustion

Figure 2 depicts the variation of brake specific fuel
consumption (BSFC) with the brake power (BP) when the
engine was operated at different injection pressures. It can be
observed from the figure that the BSFC increases with the
increase in brake power. This may be due to the amount of
fuel consumed to produce the same power in the entire load
spectrum. The BSFC decreases with the increase in injection
pressure to 215 bar.

Increasing the fuel injection pressure increases the
penetration length and spray cone angle increases, so that at
optimum pressure, fuel air mixing and spray atomization will

be improved.

This journal is © School of Renewable Energy, Maejo University 2019

vl
(=)

——@—[P=215 bar

~40
s
g e [P=205 bar
2z 30
<
20 IP=195 bar
~20
Q
H IP=185 bar
/= 10

0

0 2 4 6

Brake Power (kW)
Figure 2. Variation of brake specific fuel consumption with

brake power at different injection pressure

3.1.2 Brake thermal efficiency

Figure 3 shows the variation of brake thermal efficiency
(Bry) with brake power (BP) when the engine was operated
with diesel at different injection pressures. By increases with
the increase in BP due to the reduced heat loss with the
increase in power and the increase in load. In the entire engine
operation, the efficiency is low at lower injection pressure
which is due to poor atomization and mixture formation.
With the increase in injection pressure, the Byy increases in
the entire load spectrum. This may be due to the reduction in
the viscosity, improved atomization and better combustion.
The maximum efficiency for all fuels tested is obtained at 215
bar injection pressure which is due to fine spray formed during
injection and improved atomization, which reduces the

physical delay period resulting in better combustion of fuel air

mixture.
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Figure 3. Variation of brake thermal efficiency with brake

power at different injection pressure

3.1.3 Nitric oxide (NO) emission

Figure 4 depicts the variation of nitric oxide emission
with BP, when engine was operated at different injection
pressures. NO emission is resulted from the oxidation of

atmospheric nitrogen  at high temperature inside the
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combustion chamber of an engine. NO emission increases
with the increase in BP, for the entire load spectrum. With
the increase in load, the temperature of combustion chamber
increases, and since the NO formation is strongly temperature

dependent, the emissions are found to gradually increase.
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Figure 4. Variation of NO emission with brake power at

different injection pressure

3.1.4 Carbon dioxide (CO>) emission

Figure 5 depicts the CO, emission with the variation in
BP when the engine is operated at different injection
pressures. CO, and H,O are the products of combustion that
will appear in the exhaust under an ideal combustion process.
The emission of CO, is therefore, a measure of combustion
efficiency of the system. It is desirable to have high CO, and
less HC emissions under any operating condition. It is found
that with the increase in injection pressure, there is an increase
in CO, emission, over the entire load spectrum which may be
attributed to efficient mixing of air fuel mixture and good

diffusion flame combustion.

1.6
1.4 —@— [P=215 bar
12
? 1 —@— [P=205 bar
X
- 0.8 IP=195 bar
S 06
@]
0.4 === [P=185 bar
0.2
0
0 2 4 6 8

Brake power (kW)
Figure 5. Variation of CO, emission with brake power at

different injection pressure

3.2 Injection timing

3.2.1 Brake thermal efficiency
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Figure 6 depicts the variation of By with BP when
the engine was operated at different injection timings.
Advanced injection timing leads to better mixing, which
results in better combustion leading to maximum By at that
timing, in the entire load spectrum. However, for the diesel
operation the rated injection timing is in the optimum value.
The advancement or retardation from the optimum value of
injection timing resulted in early combustion during advanced
injection timing and late combustion during retarded injection

timing thus affecting the brake thermal efficiency.
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Figure 6. Variation of brake thermal efficiency with brake

power at different injection timing

3.2.2 Brake specific fuel consumption

Figure 7 shows the variation in BSFC with the BP when
the engine is working at different injection timings. It is
apparent from the figure that, as the injection timing is
advanced, there is a decrease in BSFC whereas with the

decrease in injection timing there is an increase in BSFC.
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Figure 7. Variation of brake specific fuel consumption with

brake power at different injection timing
This may be due to the fact that, at advanced injection

timing fuel air mixing is improved due to longer ignition delay

resulting in an efficient combustion. By retarding the injection
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timing the efficiency of the engine decreases because the

maximum pressure obtained in the cylinder is shifted away.

3.2.3 Nitric oxide (NO) emission

Figure 8 shows the variation of NO emission with the
BP when the engine was operated at different injection
timings. It can be observed that with the advancing injection
timing there is a gradual increase in NO emission in the entire
engine operation. At advanced injection timing, there is an
efficient combustion of fuel so there is a rise in temperature of

the combustion chamber.
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Figure 8. Variation of NO emission with brake power at
different injection timing

Since the NO formation depends upon cylinder
temperature and oxygen available for combustion, there is a
rise in NO emission. Similarly, at retarded injection timing
there is inefficient burning due to shifting of fuel injected
resulting in less combustion chamber temperature; hence

there less NO emissions.

3.2.4 Carbon dioxide (CO») emission

Figure 9 depicts the variation in the CO, emissions
with BP, when the engine is operated at different injection
timings. Increase in injection timing results in a lower
CO, emission over the entire load spectrum. The highest
CO, concentration in the exhaust is recorded at retarded
injection timings. Standard injection timing at both speeds
offered a net reduction in CO, emission compared to the

results obtained when running on diesel fuel.
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3.3 Algae growth

The profile of microalgal growth in terms of the
biomass content and cell count, with respect to time are
plotted in Figure 10. The growth rate of microalgae increases
with the supplementation of media with the exhaust emission.
The biomass productivity of microalgae with CO, from engine
exhaust was found to be about 0.075 ¢ L' d"' whereas the
biomass productivity in the control was 0.036 g L'd". The
specific growth rate in the case of the media supplemented
with CO, is found to be 0.19 d"' compared to 0.13 d™! in case
of the control.

The biomass content and the microalgal cell count are
found to be almost doubled in the case of the media supplied
with CO,, as evident from the gap in the profile for both the
conditions. This implies that the microalgae adapted and grew
well utilizing the CO, from the engine exhaust; thus
facilitating carbon capture and conversion into biomass. The
higher microalgal biomass content and cell count obtained
might be attributed to the presence of NO which serves as the
additional source of nitrogen. Researchers like Chiu et al.
(2011) and Aslam et al. (2017) have reported the increase in
the growth rate of microalgae as well as the biomass

productivity with the use of flue gas from the industries.
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engine exhaust

Figure 11 shows the pH profile of microalgae over a
time period of 14 days in the media with CO, and without
CO,. It is apparent that, when the CO, is purged from the
engine exhaust into the reactor, immediately after aeration for
a period of 30 mins, the pH declines to 5.5-6 due to the
dissolution of CO, and NO. However, with the increase in
utilization of dissolved CO,, and gradual increase in
microalgal biomass concentration, the pH of the media
increases significantly compared to the control, as evident
from the gap in Figure 11. Maintaining an optimum pH can
help to achieve the desired yield (Malek etal., 2015). The pH
of the media remains at 7.5-8.5 thus providing optimal algal

growth on supplementation with engine exhaust.
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4. Conclusion

A twin cylinder, four stroke, water cooled diesel
engine developing a power of 7.36 kW at a constant speed
of 1500 rpm was used in this investigation to study the effect
of CO, obtained from the engine exhaust on the microalgal
growth rate. Optimum injection pressure and injection
timing were found to be 205 bar and 18 °CA respectively,
which produced the maximum CO, emission of 3% v/v.
The microalgae grew successfully with the engine exhaust
emission resulting in the biomass productivity of 0.075 g L-
"d'. The amount of microalgal biomass accumulated as well
as the cell count also increased with the addition of CO,.
The growth rate of microalgae with exhaust emissions was
31.5% higher compared to the media without emissions
thus proving that the NO and other gases did not have any
inhibitory effect over rather acted as a complementary
nutrient source enhancing the biomass content and the cell
count. The innovation of integrating microalgae based CO,
capture for growing algac using the engine exhaust is
required to bring significant advancement in CO, bio-
mitigation aiming towards minimizing the greenhouse

effects providing global warming solution.
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