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Abstract
Supercharging is the process of supplying air for combustion at a pressure
greater than that achieved by natural or atmospheric induction, as applied to
internal combustion engines. As a consequence of demonstrated technological, economical and energetic advantages in multiple literature evaluations
concerning the large scale wind-compressed air hybrid storage system with
gas turbines, the utilization of a hybrid wind-diesel system with compressed
air storage (HWDCAS) has been frequently explored. These will mainly have
average or small scale application such as the powering of isolated sites. It has
been proven in numerous studies that the HWDCAS combined with an additional supercharging of the diesel engines will contribute to the increase of
the power and efficiency of the diesel engine, the reduction of both fuel consumption and the emission of greenhouse gases (GHG). This article presents
the obtained results from experimental validation of the selected design with
an aim to valorize this innovative solution and become trustworthy.
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1. Introduction
Wind Energy has the largest growth rate among all renewable energies that contribute to electricity generation (more than 30% annually for the last five years
DOI: 10.4236/sgre.2019.109014
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[1]). This is due to a competitive production cost (compared to other traditional
sources), for the reduction of GHG emission, the positive impact on employment, the technological development and the creation of wealth. In Quebec, in
parallel to an effervescence of wind energy mostly as large wind farms connected
to the national grid, the distribution of electricity to isolates sites is still a major
technological and financial challenge. Apart from isolated locations, there are
countless technical, tourist, agricultural, fish farming and military facilities that
are not connected to the provincial or national energy grid. Moreover, power
transmission is very difficult due to prohibitive costs of electricity lines. In these
remote areas, diesels are used to generate electricity. This electricity production
is relatively inefficient, disadvantageous and responsible for the emission of large
amounts of GHG. With the growth of fossil fuels and the high cost of transportation, the financial losses are enormous. For example, Hydro-Quebec estimates
its losses related to the subsidies responsible for delivering electricity to 14,000
clients scattered in forty communities that are not connected to the main electric
grid to be in the order of 133 million Canadian dollars annually [2]. These deficits reflect the gap between the high cost of local electricity production and the
consistent price of electrical energy.
Furthermore, it is estimated that 140,000 tons of GHG emissions (Gases that
trap heat in the atmosphere such as carbon dioxide, methane and water vapour
are called greenhouse gases) result from the use of diesel generators by subscribers of the autonomous grid of Quebec. This is equivalent to the GHG emissions
from 35,000 vehicles that run 15,000 km annually [2]. In contrast, most of these
communities are situated in regions with high wind energy potential. Wind diesel high-penetration systems (WDS) without storage are those where the production of wind power exceeds the charge for long periods. This enables the diesel engines to stop completely during those periods, leading to a substantial decrease in fuel consumption. The use of wind-diesel hybridization (WDH) at
these autonomous grids could consequently, reduce the exploitation deficits by
encouraging the use of the wind resource as a local, free “fuel’’, instead of diesel,
which is an imported fuel [3] [4] [5]. In addition, studies have been conducted to
analyze the different constraints related to the introduction of wind power in
these isolated zones and consequently propose a technological solution, which,
on one side, will adapt to the technical and financial challenges, and on the other
side, adopted by the major stakeholders—the utilities, the government and the
local population. These studies have confirmed the profitability of the WDH will
be achieved if the penetration of wind energy is high enough. This can only be
achieved if a storage system is implemented [6]. On the other hand, the utilities
and the government, concerned about the security of power distribution to isolated sites, consider the WDH as a young and moderately reliable, whereas manufacturers, developers and researches regard it as a mature technology [7].
Hence, we have proposed a solution which replies to these technological and financial requirements while ensuring the reliability of the electricity distribution
to these isolate sites—the use of the hybrid wind-diesel with compressed air
DOI: 10.4236/sgre.2019.109014
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energy storage system (HWDCAS) [8]. Before Pneumatic-Diesel hybridization
with compressed air storage is commonly exploited, we highlight the different
storage techniques exploited in the last decade and the effect of diesel engine
boosting.

1.1. Thermal Storage
Thermal storage is used to generate electricity, even when the sun doesn’t shine.
Solar plants can concentrate heat from the sun and store energy in water, molten
salts, or other fluids. Subsequently, this stored energy is used to produce electricity, allowing even after sunset to use solar energy. Plants such as these are presently working or being suggested in California, Arizona and Nevada [9]. For
instance, the suggested Rice Solar Energy Project in Blythe, California will use a
molten salt storage system with a concentrated solar tower to supply energy to
roughly 68,000 households annually [10].

1.2. Hydrogen Storage
Hydrogen can be used for generation as a zero-carbon fuel. Excess electricity can
be used to produce hydrogen that can later be stored and used in fuel cells, motors or gas turbines to produce electricity without damaging emissions [9]. The
National Renewable Energy Laboratory has researched the ability to create wind
hydrogen and store it for electricity generation in the wind turbine towers when
the wind does not blow [11].

1.3. Pumped Hydraulic Storage
Pumped hydroelectric storage, by storing surplus electricity for subsequent use,
provides a way to store energy at the transmission point of the grid. There are
two reservoirs at distinct altitudes in many hydroelectric power plants. These
crops store energy when supply exceeds demand by pumping water into the upper reservoir. When demand exceeds supply, by running downhill through turbines to produce electricity, the water is released into the reduced reservoir.

1.4. Fly-Wheels
By storing electricity in the form of a spinning mass, flywheels can provide the
grid with a multitude of advantages at either the transmission or distribution
stage. The unit is shaped like a cylinder and has inside a vacuum a big rotor. The
rotor accelerates to very elevated speeds when the flywheel draws power from
the grid, storing the electricity as rotational energy. The rotor switches to generation mode to discharge the stored energy, slows down and operates on inertial
energy, bringing electricity back to the grid [12].

1.5. Batteries
Batteries can also be used to store energy on a big scale, such as those in a flashlight or cell phone. Like flywheels, batteries can be situated anywhere so that
DOI: 10.4236/sgre.2019.109014
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they are often seen as distribution storage when a battery plant is situated close
customers to provide energy stability; or end-use, like electric vehicle batteries.
There are many distinct kinds of batteries that have the ability to store large
amounts of energy, including sodium sulfur, metal air, lithium ion, and lead acid
batteries. In wind farms, there are several battery facilities; including the Notrees
Wind Storage Demonstration Project in Texas, which utilizes a 36 MW battery
plant to make the power supply stable even when the wind is not blowing [13]
[14].

1.6. Compressed Air
The use of compressed air as a power storage agent is well implemented to both
wind and diesel generation. In fact, the compressed air stored in reservoirs during periods of excess production of wind energy (strong winds) is injected in the
diesel generators during periods of low wind energy production (light or no
wind regimes), the outcome will be energy increase or consumption decrease for
the same load [15]. Hence, this hybrid system will react in real time to assure, in
an optimized manner, the balance between the generated and consumed power
[16] as it is the case for gas turbines which will be discussed in the following paragraph.

1.7. Effects of Diesel Engine Boosting
To achieve a high energy output, the boosting systems are used to raise the intake pressure from these motors. The goal is to improve the volumetric efficiency of an engine by increasing the intake gas density (usually air). The compressor of the turbocharger brings in ambient air and compresses it at enhanced
pressure before it enters the intake manifold. This results in a higher mass of air
on each intake stroke entering the cylinders. Without raising energy, a turbocharger can also be used to boost fuel efficiency [17]. This is accomplished by
diverting fuel waste power from the process of combustion and feeding it back
into the “warm” intake side of the turbo that spins the turbine. The cold intake
turbine (the other side of the turbo) compresses new intake air and pushes it into the intake of the engine as the warm turbine side is powered by the exhaust
energy. By using this otherwise wasted energy to boost air mass, it becomes
simpler to guarantee that all fuel is burned before the exhaust phase begins to be
vented. The greater pressure temperature provides a greater Carnot efficiency
[18].

2. Why to Choose Compressed Air as Energy Storage System
for High Penetration in Wind-Diesel System?
Among all the methods for storing intermittent renewable energy, such as
pumped hydroelectric storage, batteries, flywheels and CAES (compressed air
storage), the latter has an overwhelming benefit given its low price, low effect on
the environment and high efficiency [19]. CAES is a technology that has already
DOI: 10.4236/sgre.2019.109014
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been used at large scale, in pilot projects in Germany and few states of USA such
as Alabama, Ohio and in a planned project at Texas (3000 MW project) for hybrid wind-natural gas power plants in the order of hundreds to thousands MW
(Figure 1). Combining a storage component with a high-penetration WDS
makes it possible to store the frequently occurring and otherwise dissipated surplus wind energy and then use it later when necessary. Therefore, the demand
for fuel energy is decreased. Figure 2 shows that fuel savings begin when wind
speeds exceed 4 m/s. When wind speed reaches 9 m/s, wind power is sufficient
to meet the requirement of customers without the contribution of a diesel engine. However, when a 30 percent margin is reached between consumer demand
and accessible wind power, the diesel engine is stopped. Excess wind power is
lost for wind speeds greater than 9 m/s. According to [15] [16] [19], the annual
fuel consumption for a WDS with air storage is estimated at 50% with a 38% decreases in the fluctuation of energy production.
This enables a significant increase in the penetration of wind energy, to about
90% [15]. The additional cost of the CAES, in the order of 0.01 $/KWh is largely
compensated by the reduction (around 80%) of natural gas consumption, carbon
credits and the credits related to wind energy production [15].

Figure 1. Illustration of the Wind-CAES hybrid system on a large scale.

Figure 2. A high-penetration wind-diesel generator’s power contribution and fuel
consumption [19].
DOI: 10.4236/sgre.2019.109014
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The compressed air storage energy-to-power ratio could be freely selected.
The tank size, a standard industrial product, determines the energy content and
the size of the engine/generator [15]. Compressed air is generally used to produce electricity by driving a compressed air motor or gas turbine [15]. In our
project, we are exploring another option of using the already installed Diesel engine to exploit the stored compressed air. This method is called diesel engine
pneumatic hybridization. CAES would make the diesel engine operate at some
working points with less fuel consumption or even no fuel injection.

3. Description of the Hybrid Wind-Diesel Compressed Air
Energy Storage System (HWDCAS)
The stored compressed air is used in the HWDCAS scheme to overload the diesel engines which consequently increases the wind energy penetration rate
(WEPR). Supercharging is a method consisting of a preliminary compression
with the aim of increasing motors’ air intake density to boost their specific power (energy by swept volume) [15]. Thus, during periods of powerful wind, the
wind power surplus (when the wind power penetration rate defined as the quotient between the wind power generated and the charge exceeds 1, WPPR > 1) is
used to compress and store the air via a compressor. The compressed air is then
used to overload the diesel engine with a double benefit of enhancing its energy
and reducing fuel consumption. The diesel generator operates during periods of
low wind speed when there is insufficient wind power for the load [15] [16] [19].
Figure 3 illustrates the principle of such operation.
Pneumatic diesel engine hybridization involves using the stored compressed
air to overload the diesel engine. This could be performed using multiple techniques to enhance diesel engine filling through the additional overload associated with the current turbo compressor. Seven systems have been explored
among which, at least four demonstrate originality in the design of the diesel engines. These methods are: 1) the use of an air turbine in series with the axis of
the turbo compressor (Figure 4); 2) the double stage turbocharging; 3) upstream
admission in the compressor; 4) the hyperbar supercharging (Figure 5); 5) direct injection in the engine via the intake valve; 6) supercharging using the
pressurized LENOIR cycle [20] and 7) supercharging with downsizing.

4. Technical Benefits of Diesel Engine Pneumatic
Hybridization
Due to their efficiency, reliability, versatility and low price, diesel engines are
merely the most economical solution in the range of energy requirements up to
300 MW of the multiple ideas available for power supply in independent grids
[15]. To provide a reaction to pollutants and laws on greenhouse emissions,
much research is being performed globally to enhance the diesel engine’s vigorous efficiency. Over the past decade, the efficiency of the direct injection diesel
motor has risen significantly, primarily owing to turbo charging and reduction
DOI: 10.4236/sgre.2019.109014
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techniques [15]. A typical diesel engine’s worldwide efficiency is actually around
40% [16].
On the other hand, the majority of diesel generators used in distant regions
are already fitted with turbochargers. However, during low regime operation,
this sort of scheme loses its benefits because its effectiveness is directly linked to
the exhaust gas amount. To understand the advantage of an additional turbocharging of diesel engine and the operation limits of a turbocharger, we present
in Figure 6 an example which compares a diesel engine in two functioning
modes: atmospheric (without turbocharger) and turbocharged.

Figure 3. Illustration of the HWDCAS system.

Figure 4. Illustration of the series use of an air turbine with a turbocharger [8].
DOI: 10.4236/sgre.2019.109014
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Figure 5. Illustration of the hyperbar supercharger [8].

Figure 6. Possibility of extra 300 kW supercharging, 1500 rpm diesel engine
by compressed air stored.

Figure 6 shows that as compared to an atmospheric 300 kW, 1500 rpm diesel
engine, with a compression ratio of 16.3:1 and capacity of 10 L, supercharging
can improve the specified engine efficiency values (maximum efficiency = 45
percent) and extend the high efficiency working variety thanks to the big permissible amount of air in the motor. The supercharged engine’s effectiveness is
about 38 percent for a load of 600 N.m compared to the atmospheric engine’s
effectiveness (14 percent), i.e. an increase of about 170 percent. Increasing the
load applied to the engine, on the other side, causes a degradation of the diesel
efficiency owing to the turbocharger’s operating boundaries and increased heat
loss through the cylinder walls. However, this does not exclude the fact that the
effectiveness of elevated loads is greater than the effectiveness achieved with the
atmospheric engine by supercharging (a rise of about 64 percent for a load of
1200 N.m).
Figure 6 also shows that the compression ratio reaches its maximal value only
for the highest loads (this corresponds to high flow and pressure of exhaust gas).
This delay in achieving the maximum compressed air pressure at engine intake
will delay the accomplishment of the turbocharged engine’s maximum energy.
DOI: 10.4236/sgre.2019.109014
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The objective of the additional supercharging via the stored compressed air is,
then, to maximize the overall efficiency of the diesel engine (Figure 6), by Improving meaning, Reducing-meaning and Incrasing-meaning:
• Improving the effectiveness of combustion by always running the motor with
an optimum air/fuel ratio that does not enable the turbocharger to function
alone.
• Reducing pumping losses for the low-pressure loop of the diesel engine
thermodynamic cycle to increase the work supplied for the same burned fuel
quantity.
• Increasing the specific power (power per swept volume unit) of the diesel engine and its performance.
• Increase the intake pressure at the point allowing a reduction in the injected
fuel amount while keeping the same maximum pressure in the motor cylinder. This enables mechanical and thermal limitations to be reduced owing to
the overload.

5. Experimental Validation
Numerical modeling and simulations demonstrated the possibility of fuel
economy by 30% - 50% as a function of the wind potential, size of the engine
and the used forced induction system [8] [15] [20] [21]. In order to valorize the
design and make it more convincing and enable validation with obtained theoretical results, an experimental validation was necessary. For this reason, a test
bench has been set up at the Université du Québec à Chicoutimi (UQAC). This
bench includes a prototype of an atmospheric diesel engine (non-forced induced) with a 5 kW rating. This engine has been modified: a turbo compressor,
as well as a forced induction system directly connected to the collector of the
engine admission (using the compressed air circuit of UQAC), was installed.
Several tests have been performed for different loads. The obtained results have
proven the energetic, economic and ecologic potential of the new design. The
new supercharging system has enabled the engine to operate with an efficiency
of around 56% with the least possible fossil fuel so as to save around 35% of
consumed fuel while perfectly ensuring the electrical demand without disturbing
the quality of the electrical current (constant frequency and voltage). The losses
are 9% under low load and 17% under a high load.

5.1. Global Description of the Test Bench
Recommendations from preliminary studies lead to the acquisition of a generator driven by an atmospheric non-forced induced diesel engine. This has enabled
us to use a number of resistive loads connected to the generator as an applied
load on the diesel engine and avoid the application of an external mechanical
load (such as hydraulic brakes) on the shaft of the engine. The chosen diesel generator, a KCG-5000DES model from King Canada that has a power rating of
5.0 kW and a 7.35 kW thermal rating with an electrical starting system with a no
load speed of 3600 rpm.
DOI: 10.4236/sgre.2019.109014
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Initially, the engine is not equipped with a turbo compressor. For this, a test
bench has been set up to tolerate the conditions of the anticipated experience
protocol while determining the size and type of the turbocharger which could be
adapted for the admission and exhaust of the engine. An advantage of this option is its possibility to perform different trials: operate the engine as 1) an atmospheric engine; 2) a turbocharged engine via a turbo compressor; 3) or as a
forced supercharged engine with pre-stored compressed air (supplementary supercharging). This test bench (Figure 7) includes an engine connected to a generator, a turbo compressor installed on the engine, engine monitoring sensors
and a rapid data acquisition system. For logistics and financial reasons, the test
bench did not include sensors to monitor pollutants. The installation is equipped
with instrumentation ensuring: the secured operation of a test bench, the measurements in stationary and transitory regimes.
The engine is experimented in a cell which ensures the following functions:
exhaust, cooling, fuel alimentation to the engine in fuel and security of the
bench. The engine is completely instrumented and the entire signals are recorded on a calculator by the means of an acquisition card. The details of the sensors
and measurements are presented later.
The used sensors, as well as the measured parameters are represented in the
synoptic illustration of the test bench in Figure 8, while Figure 9 embodies the
test bench (sensors, regulator, compressed air circuits, etc.).
On the other hand, we used an industrial combustion analyzer (Testo 350
with ±5% of accuracy) in order to analyze the Nitrogen Oxide (NOx), Sulfur
dioxide (SO2) and Carbon dioxide (CO2) effect of supercharging. Figure 10
shows the combustion analyzer connected to the exhaust engine.

5.2. Classification of Tests
The performance trials are grouped into three categories:
1) Diesel engine without turbocharger with no additional supercharging (atmospheric mode), where fuel injection is automatically controlled by the engine.
2) Turbocharged engine with automatic control of the fuel injection.
3) Supercharged diesel engine only with the compressed air network of
UQAC, where the amount of injected fuel in the combustion chamber is controlled by a manual system. The compressed air is injected straight into the intake manifold and transferred through the poppet valve (Figure 4) into the cylinder.
In each category, several tests have been performed by varying the applied
load on the generator. It is important to mention that the regime of the turbocharger, the torque of the engine and the temperature of the cylinder have not
been installed due to logistical, technical and budgetary constraints. However,
the ambient temperature has been measured with the help of a numerical thermometer (the frequency of air temperature variation is not significant in a small
time period). The atmospheric pressure is assumed constant and equal to 1 bar.
DOI: 10.4236/sgre.2019.109014
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Figure 7. Different components of the test bench.

Figure 8. Synoptic illustration of the test bench. Pressure sensor accuracy: ±2%;
Temperature sensor accuracy: ±1%; Flow meter accuracy: ±1%; Rotational speed sensor
accuracy: ±1%; Torque meter accuracy: ±0.5%.
DOI: 10.4236/sgre.2019.109014
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Figure 9. Different sensors and manual injection regulators installed on the engine.

Figure 10. Illustration of the Testo 350 with the probe connected to the exhasut DE.

6. Results and Discussions
The results obtained from the tests performed on the diesel engine in atmospheric mode, with turbocharging and with additional supercharging are represented in Figures 11-19.
DOI: 10.4236/sgre.2019.109014
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Figure 11. Consumption variation of diesel engine.

Figure 12. Maximum pressure variation in the cylinder.

Figure 13. Variation of the exhaust gases.
DOI: 10.4236/sgre.2019.109014
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Figure 14. Air/Fuel ratio variation.

Figure 15. Variation of the indicated effciency function of load.

Figure 16. Variation of the effciency in function of air/fuel ratio.
DOI: 10.4236/sgre.2019.109014
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Figure 17. Illustration of the damage (engine is melted) due to the
high pressure (3.11 bars > 2.83 bars) applied in supercharging.

Figure 18. Efficiency gain due to hybrid forced induction in
comparison to atmospheric mode operation.

Figure 19. Fuel saving due to hybrid forced induction in
comparison to atmospheric mode operation.

6.1. Comparison According to Fuel Consumption
Figure 11, which characterizes the fuel consumption, shows that regardless the
DOI: 10.4236/sgre.2019.109014
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operating mode of the engine (atmospheric, turbocharged by the turbo compressor alone or with the compressed air alone), the consumption of fuel increases with the increase of the load for the same pressure of admission in the
engine. It is easy to see that for the whole operating range of the engine (0 kW to
4.5 kW), the turbocharging of the engine by the turbo compressor triggers an
increase of fuel consumption by about 11% compared to the quantity consumed
by the engine in atmospheric mode. This is due to the fact that the turbo compressor increases the admitted air flow by the engine while forcing the latter to
operate with a constant air/fuel ratio close to the stoichiometry.
Furthermore, the engine supercharged by compressed air from the network of
UQAC consumes less fuel as the forced induced pressure increases. The rate of
such decrease quenches with the growth of the admitted pressure as it is limited
by constraints linked to the stability and homogeneity of the combustion.
Moreover, this rate is virtually fixed, between two pressure levels, on the whole,
operation range of the engine. By supercharging the engine with compressed air
at 2.83 bars as admission pressure instead of 2.3 bars, the engine consumes, on
average, 10% less fuel. However, if the additional supercharging is done at 3.11
bars, the engine consumes only 3.7% less fuel than it would, had it been alimented at 2.83 bars pressure. In a conclusion, 12% saving on fuel is made by
forced inducing the engine at 3.11 bars instead of 2.3 bars.

6.2. Comparison According to the Pressure in the Cylinder
The variation of the maximum gas pressure in the cylinder is represented in
Figure 14. First of all, we can easily see that as the power demand to the engine
increases, the pressure in the cylinder increases more for all modes of operation.
As an effect of the increased fuel consumption in turbo mode, it is clear that the
pressure at the end of the combustion during this operation mode will be superior to that obtained for the atmospheric mode. An average increase of 30% can
be seen in Figure 12.
However, the maximum pressure in the cylinder remains nearly constant (41
bars on average) in the working range between 0 kW and 3 kW for an induced
pressure of 2.3 bars. However, an approximate increase of around 58% occurs
for the maximum pressure when the engine operates between 3 kW and 4.5 kW.
This can be explained due to the fuel combustion performance which was better
under 60% of load (3 kW), while under a weak load (30%), the compressed air
injected into the engine compensated for the lack of fuel (weak ratio A/F) allowing for a close pressure between low load and medium load. When the engine is
supercharged with compressed air at 2.83 and 3.11 bars pressure, the curves
show an increase with respect to the load. By varying the pressure of admitted
air in the engine between 2.3 bars 2.83 bars and 3.11 bars, respectively, the average increase in the maximum pressure in the cylinder due to forced induction at
2.83 bars is around 22% as compared to 2.3 bars. The same percentage is obtained when the supercharging is done at 3.11 bars instead of 2.83 bars.
DOI: 10.4236/sgre.2019.109014
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It is easily noted, according to Figure 12, that even with a high forced induction at 3.11 bars, a pressure twice as that produced by the turbocharger, the
maximum pressure in the cylinder always remains in the acceptable limits of the
engine even in the critical zone of operation of the engine (important loads).
However, by operating without any load, the maximum pressure in the cylinder
due to a forced induction at 3.11 bars is the same as that obtained for a forced
induction via the turbo compressor but always remains superior to that obtained
with the atmospheric engine. This enables us to conclude that the mechanical
and thermal constraints that could limit the operation of the engine or even
damage it have no more importance due to the fact that the choice of the turbocharger has accounted for all the constraints and that the supplementary forced
induction has not exceeded the operation limits of the engine with a turbocharger.
In fact, the maximum pressure obtained for high loads is around 90 bars for
both cases whereas the temperature of the exhaust gases is very much lower
when the engine is forced-induced at 3.11 bars (225˚C) instead of using a turbocharger (550˚C) (Figure 13). The thermal and mechanical constraints can
then be neglected given that the maximum pressure in the cylinder is still far
from the limit of the acceptable value of the engine (120 bars).

6.3. Comparison According to the Air-Fuel Ratio
Figure 14 represents the variations of the air/fuel ratio for a diesel engine, operating at different modes with respect to the charge. This Figure illustrates that
the air/fuel ratio decreases with an increase in the load. However, this decrease
becomes more and more significant with a secondary forced induction via the
compressed air from the network of UQAC but the ratio always remains superior to that obtained with an atmospheric engine or that of a forced induced by a
turbo compressor irrespective of the applied load.
It is important to notice that by forced induction the engine at 2.3 bars pressure, the air/fuel ratio decreases from 42 to 41 in a range situated between 0 and
1.5 kW and stabilizes at 41 for the rest of the operating range (from 1.5 to 4.5
kW) whereas, in the case where the forced induction is done at 2.83 bars, the
air/fuel ratio remains nearly constant around 70 when the load varies between 0
and 1.5 kW and it diminishes afterwards to reach a value of 61 when the engine
drives a 4.5 kW load, an average drop of 11%. However, by adopting 3.11 bars as
pressure at the engine admission, the air/fuel ratio is subjected to a continuous
drop with respect to the load where it passes through a value of 100 when the
engine operates without load and reaches 82 for maximum operating load, a
drop of around 18%.

6.4. Comparison According to Indicated Efficiency
Figure 15 and Figure 16 illustrate for different operating modes, the variations
of the indicated efficiency of the diesel engine with respect to the applied charge
DOI: 10.4236/sgre.2019.109014
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and the air/fuel ratio respectively. It is interesting to note that the efficiency diminishes with an increase of the load when the engine operates in atmospheric
or turbo mode. However, by supercharging the engine by compressed air from
the network of UQAC, the indicated efficiency of the diesel increases with increasing load and is much better and more stable for lower pressures at admission but superior to those produced by the turbo compressor.
Figure 15 shows that by forced induction of the engine with compressed air at
2.3 bars of pressure, the obtained efficiency is around 50% but increases to 54%
if the admission pressure becomes 2.83 bars for both cases and for the whole
range of engine operation. However, if the admission pressure increases further
to reach a 3.11 bars pressure level, the efficiency increases with the load but does
not exceed 40%. Moreover, at this pressure level, the efficiency is too low,
around 17%, and when the engine is in free operation the efficiency is 28% with
a connected load of 1.5 kW. This can be explained by the unstable combustion
process in a cylinder given that a large mass of air is admitted (air/fuel ratio
being around 80 to 100), which has as consequence the degradation of the combustion and engine efficiency.
To conclude, it can be noticed that, according to Figure 15 and Figure 16,
despite the advantages related to efficiency obtained by forced induction at high
pressures, this method can lead to a poor operating mode of the engine and in
consequence a degradation of the indicated efficiency. For these reasons, this
type of forced induction is limited by:
• A maximum pressure level at admission should not exceed 2.83 bars in the
case of an engine using this test bench. If this condition is not respected, the
engine becomes inefficient mostly for average and small loads and/or damaged. It should be noted here that the engine was damaged when a pressure
of 3.11 bars was applied to 4.5 kW (90%) of the load after 5 minutes of testing. This happened because the pressure in the cylinder exceeds the recommended limit for which the cylinder is designed for. Figure 17 shows the
damage to the diesel engine.
• An air/fuel ratio ranging from 50 to 60. If this ratio is smaller than this interval, the engine approaches stoichiometric operation and its efficiency will not
exceed 35%. If the air/fuel ratio is greater than this range, the engine will then
operate in the combustion instability zone with an efficiency which does not
exceed 40% even at full load.

6.5. Efficiency Gain
Figure 18 illustrates the obtained gain in efficiency as a consequence of compressed air at high pressure admitted in the cylinder as compared to atmospheric
mode operation.
It is easy to notice that the forced induction engine at a pressure varying between 2.3 and 2.93 bars offers greater efficiency improvement for the whole
range of operation and mostly for significant loads, thus, confirming the numerical demonstration. In this pressure interval, the engine efficiency can increase
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by about 50% if it is in free run operation as compared to atmospheric operating
mode. This gain becomes remarkable at full load where it reaches a 130% level.
This level has never been achieved in the past. However, the forced induction at
3.11 bars pressure, brings no gain in efficiency when the engine works with small
loads (0 to 1.5 kW), whereas the gain for significant loads (4.5 kW) does not exceed the 78% as compared to an atmospheric engine.

6.6. Fuel Saving
The evolution of fuel saving due to hybrid forced induction as compared to an
atmospheric mode operating engine is illustrates in Figure 19.
It is clear that as the load increases, the fuel economy becomes more significant. Similarly, as the admission pressure increases, fuel saving increases. For a
load of 4.5 kW and a 2.3 bars admission pressure, the engine saves 17% of fuel,
around 24% for a 2.83 bars admission pressure and 27% economy for a 3.11 bars
admitted pressure.
Furthermore, it can be noticed that the fuel economy decreases as the admitted air pressure increases. This is explained by the fact that the engine will operate in a zone where the efficiency of the combustion process will undergo degradation, thereby, making fuel economy difficult due to the quality and homogeneity of the combustion. Figure 20 illustrates another point: during free
running mode, only forced induction at 3.11 bars enables a fuel economy of
around 4%. Moreover, the economic advantage of a forced induced engine at 2.3
bars as compared to an atmospheric mode operating engine appears only for
loads of 1.5 kW power rating and higher.

7. Impact of the Supercharging on Greenhouse Gases
Emissions from diesel generators (DGs) such as PM, CO2, NOx, SO2 and CO
contribute to diver’s cardiovascular and respiratory diseases and cancer, in addition to water and soil pollution, visibility reductions and global climates changes
[5] [16] [17] [18] [19] [22] [23] [24] [25].
In this context, we have evaluated and compared the emission of exhaust gases
emitted by the DG before and after the supercharging mode using number 2
diesel fuel type B-ULS with maximum fuel sulfur of 15 mg/kg. An industrial gas
combustion analyzer (Testo 350) is used to evaluate carbon dioxide (CO2), nitrogen oxide (NOx), sulfur dioxide (SO2) and carbon monoxide (CO) levels.
Figure 20 illustrates the carbon dioxide level, while Figures 21-23 illustrate the
nitrogen oxide, sulfur dioxide and carbon monoxide levels.
According to Figure 20, it is clear to notice that the forced induction of compressed air at a 2.25 bars pressure offers the best reduction of carbon dioxide by
an amount of 41% approximately and this for the different levels of applied
loads. This can be explained by the homogeneous charge compression ignition
and fuel saving due to the supercharging resulting in high peak pressure but
relatively lower peak temperature at 2.25 bars.
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Figure 20. Carbon dioxide reduction due to hybrid forced induction in comparison
to atmospheric mode operation.
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Figure 21. Nitrogen Oxyde reduction due to hybrid forced induction in comparison to atmospheric mode operation.
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Figure 22. Illustration of the sulfur dioxide reduction due to hybrid forced
induction in comparison to atmospheric mode operation.
DOI: 10.4236/sgre.2019.109014

232

Smart Grid and Renewable Energy

H. Ibrahim et al.
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Figure 23. Illustration of the carbon monoxide reduction due to hybrid forced
induction in comparison to atmospheric mode operation.

Figure 21 illustrates the evolution of the nitrogen oxide due to hybrid forced
induction as compared to an atmospheric mode operating engine. It has been
found that the NOx rate has decreased by an amount of 20% under low loads
(≤30%) and continue to drop further to reach 50% - 55% approximately under
60% and 90% of applied loads due to the increase in combustion temperature
associated with higher engine load. In addition, like carbon dioxide, the best
NOx drop was observed at a 2.25 bars pressure and this for the different applied
loads.
The characteristics of SO2 emission are shown in Figure 22. There is a decrease of sulfur dioxide emission on increase in the engine load. As shown in
Figure 22, the SO2 decrease by 18% approximately under low loads (≤30%) at
2.25 bars before to decrease further under medium (60%) and high loads (90%)
by an amount of 22% - 24%. The higher combustion temperature at higher engine load combined with the reduction in fuel consumption due to the supercharging mode contributes the general decreasing trend. It can also be seen that
the lowest recorded gas emission is below 2.3 bars due to the best ratio of
Air/Fuel, efficiency of the system and combustion temperature. The increasing
of the emission under high loads can be related to the efficiency of the system on
the one hand, and to the quantity of fuel injected on the other hand.
It has been noted that losses increase as the load increases, while the efficiency
diminishes with an increase of the load. Finally, Figure 23 shows the variation of
carbon monoxide emission with engine load due to hybrid forced induction in
comparison to atmospheric mode operation. It has been found that the CO
emission during the atmospheric mode operation is highest at low loads (≤30%)
due to incomplete combustion of air-fuel mixture. On the other hand, supercharging with compressed air at 2.25 bars pressure reduces CO emissions by an
amount of 45% under a medium and high load (60% - 90%) and up to 65% under low loads (0% - 30%). According to [20] and [21], it is possible that the
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excess oxygen contained in the fuel due to the supercharging enhances complete
combustion in the cylinder and reduces further the CO emission.

8. Conclusions
The hybrid wind-diesel-compressed air system represents an innovative, ecological and very promising concept. The technical, economical and commercial
potential of this system is very important for isolated regions in Quebec and
elsewhere in the world as it is designed to eliminate most constraints that wind
energy development encounters [7].
The test bench at UQAC has enabled us to experimentally validate the gain in
power, efficiency, fuel economy and greenhouse gases emissions that a supplementary forced induction can offer to a 7.5 kW thermal power/4.5kW electrical
power diesel engine. The obtained results have shown that in an interval between 2.25 and 2.83 bars, the efficiency of the engine can increase to approximately 50% if it is in free run mode as compared to an atmospheric engine. This
gain becomes significant at full load where it reaches a 130% level. Furthermore,
application of supercharging of diesel engine with compressed air energy has
shown a positive impact on GHGs reduction for CO2, NOx, SO2, and CO by an
average of 40%, 35%, 21% and 50% respectively. This has never been achieved
before. In our future work, we will carry out extra tests by maintaining comparable lambda circumstances and further researching PM emissions.
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