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The continuous growth in global electricity demand to sustain the ever-growing economy and
electrification programs has put pressure on fossil fuels as convenient means of generating
electricity. More energy is needed to meet growing industrial energy needs and automotive
application in transport with diesel and petrol being the main fuel options. In this study, an
operating diesel engine power plant of capacity 119.7 MWe is analysed for potential conversion
to a to a natural gas-powered plant with whose main objectives are to reduce total emissions
and cost of electricity by substitution of more polluting heavy fuel oil and industrial diesel with
cleaner natural gas as fuel. The study showed that the use of natural gas simultaneously reduces
the cost of generation per kWh and total emissions. The conversion process involves modification
of the fuel injection system to cope with new fuel injection and ignition requirements, new
control for fuel injection and reduced air to fuel ratio and lowering of the engines’ compression
ratios by increasing the clearance volume for the engine cylinder. The conversion requires
provision for natural gas storage facilities and supply system where natural gas can be stored
as compressed natural gas(CNG) or liquefies natural gas (LNG). The dual fuel mode proposed
a diesel/natural gas ratio of 1:4, which reduced the diesel specific fuel consumption (sfc) for
diesel by 81.2% with natural gas consumption rate of 2196.72kg/h leading to annual fuel saving
of USD 4.5 million computed at power plant load factor of 0.5. © 2023 Journal of Energy Management
and Technology
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NOMENCLATURE
CI Compression ignition.
CR Compression ratio.
DDF diesel dual fuel.
DG Diesel generators.
HCCI Homogeneous charge compression ignition.
Hp Horse power.
HF O Heavy fuel oil.
HP DI High-pressure direct injection.
IDO Industrial diesel fuel.
KES Kenya shilling.
kW h Kilowatt-hour.
LNG Liquefied natural gas.
LP G Liquefied petroleum gas.

NOx Nitrogen oxide.
pm particulate matter.
sfc Specific fuel consumption.
SI Spark ignition.
USD US dollar.

1. INTRODUCTION
The changing climatic conditions, strict environmental regula-
tions, high cost of diesel power generation and general sustain-
ability concerns have created need for cleaner and cheaper fuels
for diesel power plants [1]. Power generation stations where
diesel engines are the prime movers for generators are known
as diesel power plant [2]. Diesel engines remain competitive
for power generation because of their high full load and partial
load brake thermal efficiency compared to many other prime
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movers [3]. Conventional diesel power plants are quick to start
and stop and have got capacity to burn different types of fuels
other than heavy fuel oil and diesel [4–6]. The engine market
is large with over 20 manufacturers of piston diesel engines for
power generation generally between 10 hp to 140 hp in capacity
[7]. For a long time, many developing countries like Kenya rely
on hydropower for its bulk electricity generation for grid elec-
tricity to meet both base load and peak load power needs[8, 9].
This comes with low power system reliability due to seasonal
variability of rainfall hence low hydro power plants availability.
The need to meet the deficit occasioned by low rains or drought
conditions create demand for thermal power plants [10]. It
is because of this challenge that Kenya decided to build the
largest diesel engine power plant in East and Central Africa,
named Kipevu III in Mombasa, Kenya. The main challenge of
diesel power generation is high and fluctuating fuel cost and
high cost of plant operation and maintenance per unit power
output[11].
Diesel engines, also called compression ignition (CI) engines
have wide applications in industrial, transportation and power
generation because of their intrinsic fuel efficiency, robustness,
and fuel flexibility. However, since most diesel engines run
on fossil fuels particularly diesel or heavy fuel oil, they are
associated with significant environmental pollution with many
countries not allowing diesel power plants due to strict envi-
ronmental regulations and high cost of power [12, 13]. This
has forced manufacturers to look for alternative fuels for higher
efficiency, less environmental impact and relatively low costs.
Among many options, the conversion of conventional CI engines
to dual-fuel (DF) operations using is one of the most measures.
The conversion does not need a completely new engine design,
except for few modifications like installation of a r gas mixing
and injection system on the fuel intake and reduction of com-
pression ratio. [14–17].
Therefore, natural gas has emerged as a leading alternative for
power generation as the global community looks for a cheaper,
cleaner and sustainable energy options [18]. Natural gas power
generation per kWh is significantly lower than the that of indus-
trial diesel (IDO) and heavy fuel oil (HFO), hence its preferred
use as an alternative or substitute of oil will significantly reduce
the high cost of diesel power plant electricity generation[19]. It
also offers a much cleaner power production process since it
produces around 20% less pollutants compared to diesel [20]. In
the case of Kipevu III power station, power is generated purely
using diesel engines running on heavy fuel oil or industrial
diesel [21]. Full or partial conversion of these diesel engines
ran on natural gas will play a big role in reducing cost of elec-
tricity per kWh of the power station and significant reduction
of environmental pollution. The use of natural gas (NG) as
a fuel for diesel engines with higher Hydrogen/Carbon ratio
of 4, theoretically decreases the carbon dioxide emissions by
25% compared to diesel oil which has H/C of about 1.87. With
biogas, a high of about 75% reduction can be realised. On
the use of natural gas in a compression-ignition (CI) engine
as compared to spark ignition leads to higher thermodynamic
conversion efficiencies. With high octane number of methane,
there is reduced risk of engine knock for higher compression
ratio (CR)[22, 23]. Therefore, theoretically, natural gas is a
superior fuel for diesel fuel as energy for diesel engines. Natural
gas generators are more reliable than diesel generators mainly
on the account of higher reliability of natural gas fuel supply
compared to diesel[24]. Natural gas can be supplied through
pipelines as opposed to diesel which has to be transported and

stored onsite. However, natural gas supply is vulnerable to
gas network incidents. The relative reliability of natural gas
power plants is affected by the frequency of gas disruptions,
particularly those coincident with power outages [15, 24].
Combustion of natural gas can take place over a wide range of
physical and thermodynamic conditions. They include varying
compression ratios with higher compression ratios in compres-
sion ignition engines compared to spark ignition, varying overall
fuel-air equivalence ratios, different injection strategies e.g. port
injection vs. direct injection, homogeneous vs. heterogeneous
in-cylinder fuel stratification, and wide range of in-cylinder
temperature and pressure conditions. Different ignition sys-
tems can also be used for natural gas e.g., laser ignition, spark
ignition, turbulent jet ignition with pre-chambers, diesel-ignited
dual-fuel combustion, homogeneous charge compression igni-
tion (HCCI), diesel micro-pilot ignition, high-pressure direct
injection (HPDI) and diesel leading to stratified diesel-ignited
dual-fuel combustion, and reactivity controlled compression ig-
nition (RCCI). In simple gas turbine plants used of natural gas
produces 2–3 % more power output compared to oil, its higher
hydrogen to carbon ratio (H/C ratio) hence higher specific heat
of combustion [14, 25].
Dual fuel engines also called diesel dual fuel (DDF), are engines
that work on both diesel and gas. Some pilot injection of diesel
oil is usually applied for ignition in an electronically controlled
process where a mixture of fuel and air are injected into the
intake manifold [26, 27]. An LPG–diesel dual fuel engines is an
engine that is designed to use liquefied petroleum gas (LPG)
as the primary fuel while the secondary fuel used is diesel[28].
The LPG dual fuel engines have the benefit of high thermal effi-
ciency at high power output, but also characterized by reduced
the performance during part load conditions mainly because of
poor charge utilization [29, 30].
In this study, the potential of converting a conventional diesel
power plant to a dual duel diesel engine power plant is un-
dertaken. The main aim of the conversion is to reduce power
generation costs and reduce greenhouse gas emissions from
diesel engine power plants. Specifications for converted power
plant were developed from design analysis.

2. PROBLEM STATEMENT
Diesel fuel or industrial diesel oil (IDO) is the main fuel for
use by diesel engine prime movers in industrial, transport,
and in diesel power plants; unfortunately it is polluting and
non-renewable [1]. Hence, there is a dual need to reduce
emissions and cost of power from diesel engine power plants [4].
Reliance on diesel power especially during low rains contributes
to high cost of grid electricity. The current trend of using
diesel fuel has a negative impact to consumers in terms of huge
electricity bills [10]. The environmental impact of diesel power
plants includes emission of SOx and NOX emissions, then SO2
undergoes chemical reactions with moisture in the atmosphere
to form sulfuric acid [31, 32]. The emissions also react with
the ozone layer leading to its depletion [9]. The greenhouse
gases are responsible for the global warming in addition to
other health effects to humans like chronic respiratory diseases,
lung cancer, heart diseases, and damage to brain, liver and
kidneys[3, 11, 33].
It costs about KES. 6.00 to produce 1 kWh of electricity
using natural gas [19] which is much lower compared to
diesel power generation which costs about KES. 30 [2, 10].
Therefore, conversion to natural gas will reduce the cost of
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power generation. Diesel generators (DG) are economically
cheaper to purchase, but technically more y expensive to
operate and maintain especially during partial load conditions
which are less efficient as a result of high fuel cost delivered to
the power plant from far away. Diesel engines also have many
moving parts leading to high rates of failure and increased cost
of operation and maintenance [5, 6]. As a double coincidence,
diesel fuel is often delivered to remote power station by tracks
and rail powered by diesel engines. Thus, since the price of
diesel fuel is very dependent on the of diesel is high, this further
increases the cost of diesel power produced. On the contrary
large scale gas supply is often delivered by gas pipelines which
are cheaper to operate and maintain. For cites which can only
be conveniently accessed by air instead of road or rail for fuel
delivery, the of power is higher than that power produced in
those accessible by boat or by land [30, 34].
As far as the environment is concerned, the diesel power
plants have significant environmental impacts besides the
power plants being non-optimal and expensive to operate and
maintain. Operation of diesel engines contaminates local air
and soil and emit significant amounts of greenhouse gases.
Since the use of these diesel generators is not optimal and is
additionally very expensive, there is growing need to identify
alternative fuels and means of power generation to reduce the
cost of power and mitigate environmental impact of diesel
power plants [27, 35, 36].

3. RATIONALE OF THE STUDY
As an alternative fuel, natural gas can be produced by purifica-
tion of biogas, also called bio methanation. Natural gas is also
abundant in supply, is cleaner and is cheaper than diesel and
heavy fuel oil l [1]. Conversion to dual-fuel engines also called
diesel dual fuel has an added advantage over full conversion to
natural gas since they can run on either natural gas or diesel
mode when either of the fuels is unavailable. Additionally,
natural gas is clean and leads to 20% to 30% reduction in CO2
emissions, 70% to 90% reduction in CO emissions and generally
50% to 87% reduction in NOx emissions [8, 37]. In this con-
version approach, the engine compression ratio is maintained
relatively high and hence the engine performance is retained
upon conversion [38]. Another benefit is the additional degree
of freedom needed to control combustion like the homogeneous
charge compression ignition (HCCI) and the partly premixed
compression ignition (PPCI). This means reduction in pollution
tariffs and less impact on environment. Converting the exist-
ing diesel engines through modification cost less than doing
overhaul of the plant [20]. In many countries around the world,
there is interest in converting diesel power plants mainly to
increase energy security and reduce cost of unit power [39, 40].
Engine modification and proper use of natural gas can lead to
better system efficiency, reduction in greenhouse gas emissions
and lower electricity costs leading to competitive economies
and a cleaner environment for humanity [40–42].
Conventional diesel engines produce significant amounts of
carbon dioxide, particulate matter and unburnt fuel to the
environment and Nitrogen Oxides (NOx). After treatment can
be applied to reduce both particulate (PM) and NOx emissions
making the process expensive. The diesel –LNG, diesel-CNG,
diesel-LPG engines take advantage of the diesel engines high
power density, high conversion efficiency and high power den-
sity with low emissions density of natural gas to improve the

performance of diesel power plants. LNG can be used as a
fuel for heavy duty commercial vehicles as well as light duty
vehicles [43]. By using a fuel with low carbon content like
natural gas which is reach in methane, either in liquid r gaseous
form leads to significant reduction of carbon dioxide emissions
as compared to use of diesel as the only fuel. With ese of
vaporization there are additional benefits in terms of engine-out
PM emissions, and thus indirectly of engine-out NOx emissions
hence less. CO2 is produced for same power output at almost
similar fuel conversion efficiency. Although LPG is liquid in
normal conditions, it vaporizes much more easily and faster
than diesel which is equally in liquid form which effectively
reduces the reduces to zero the PM emissions except for those
coming from the pilot oil used [43].
Dual fuel engines may be a good alternative for many diesel
engine applications like trucks, boats, commercial vehicles, in-
dustrial applications and power generation, off-road vehicles
and tractors, whose modification to install additional fuel sys-
tem elements is not limited by significant constraints. Some
further modifications that may be quite appealing are on after-
treatment system leading to very low concentration of soot
in the exhaust flow, and reduction in NOx reduction by un-
dertaking minor modifications. Other benefits of natural gas
substitution of diesel are lower CO2 emissions, increased plant
availability, easy of substituting natural gas with biomethane
and hydrogen which are renewable, smoother combustion hence
reduced noise and less diesel fuel injection hence reduced com-
pression needs and energy consumption [44, 45].

4. DIESEL POWER GENERATION

A. Introduction to diesel power plants
Diesel power generators vary in size and applications ranging
from centralized, decentralized, and off grid applications in
power generation [46, 47]. The power plants have a wide range
of applications which include use as peak load plants, mobile
power plants in various field applications, standby power plant
units, emergency power plants, nursery plants, black start
plants and central power plants [2, 48, 49].

B. Design and construction of Diesel Engine power plant
The overall performance of a diesel engine power plant is a
function of many factors with efficiency being influenced by the
size, load profile, state of the engine and mode of operation and
maintenance of the engine and the power plant which affect
the engine performance [2, 34]. The best design strategy for
diesel engine power plants is to have a generator whose rating
is equal to the prevailing demand. However, since the demand
is dynamic, it is recommended to select many generator sets of
varying sizes corresponding to both peak load, base load and
the load profile [7].
Diesel engines are mainly used as prime movers for the diesel
power plants where they rotate electric generators/alternators
coupled to them to generate electricity [49]. The diesel engine
drives an alternator which converts mechanical energy into
electrical energy [28]. The main components of a diesel power
plant includes, the engine, the fuel storage supply system, engine
charge air intake system, engine exhaust system, engine cooling
system, Lubricating System, Engine Starting System and speed
governing and control system, engine start system, instrument
and control air system [49]. A diesel engine can either be four-
stroke or two-stroke, V-engines or inline engines among other
designs [47]. Four-stroke engines are mostly used due to their
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higher efficiency and are more balanced compared to two stroke
engines. In diesel engines, air is compressed adiabatically in the
cylinder which causes elevation of the temperature of air before
atomized fuel is injected to the combustion chamber to initiate
combustion. The high temperatures due to the air compression
ignite the diesel spontaneously with hot expanding products
of combustion causing the movement of the piston connecting
rod and hence crank shaft rotation [48–51]. When combustion
is complete, the combustion gases expand pushing the piston
downward which then drives the crankshaft [48, 52].

B.1. Natural Gas Fuel for diesel power plants

Different types of gaseous fuels can be used in power plants as
fuels. Examples of the gaseous power plant fuels are natural
gas, oil-associated gas extracted during oil production, blast
furnace and coke oven gases released in a metallurgical pro-
cess, synthetic gases from solid fuel gasification process, biogas,
biomethane etc. Natural gas is the most dominant gaseous fuel
from the primary energy category [15, 40]. Natural gas exists
as a mixture of several gaseous carbohydrates CnH2n+2, hav-
ing methane (CH4.) as the main constituent element Natural
gas is a fossil fuel developed over the millions of years from
biomass being subjected to intense pressure and heat which
turns it to kerogen first then upon further heating kerogen first
forms oil and then turns into NGL, and followed by natural
gas formation. For this reason, natural gas is found only in the
deep underground reservoirs together with oil reserves since
they were formed basically by the same process. Natural gas
can be trapped under high pressure within the reservoir in
sedimentary rocks where it cannot easily migrate. Natural gas
can also be found in the gas-rich shale layers as shale gas, coal
as coal-bed gas, or in sand layers. The shale layers are highly
impermeable and need special production technology which for
now is not economically feasible [53].
Raw natural gas is often extracted through the vertical gas
wells located beyond one thousand meters deep in most con-
ventional reservoirs. Due to the high pressure of natural gas
underground, the gas naturally flows up to the well head, for
piping to gas processing facility where higher hydrocarbons are
extracted and purification done to remove contaminants like
carbon dioxide, hydrogen sulfide, water, SO2, mercury, and a
few others. The composition of natural gas mainly depends on
the type and location of the gas field, and the geology of the
area. The main component remains methane varying between
70 and 98% by volume. The contaminants like Sulphur dioxide
(SO2) , higher hydrocarbons, and other valuable products can
be removed and further processed in a value added products in
petrochemical plants and used in chemical production [52, 54].
Natural gas is a naturally occurring mixture of hydrocarbons
often found in petroleum, coal fields and as a hydrate on the
seabed. It is formed by composition of organic matters [55].
Liquid natural gas is formed by cooling natural gas to a tem-
perature of -162oC at atmospheric pressure [56]. Natural gas
is mainly made of methane (CH4) and smaller amounts of hy-
drogen sulfide, ethane, nitrogen propane, helium, carbon oxide
(CO2) and moisture or water vapor. The main constituent CH4
which is normally about 90% [37]. A natural gas engine is a
mechanical engine that uses natural gas as a fuel to produce
power (mechanical or electrical). There are three natural gas
engine modes based on fuel namely: Spark-ignition reciprocat-
ing internal combustion engine, Gas-fired turbines, and Dual
fuel gas engines [45, 57, 58].
The main characteristics which make natural gas attractive

as a fuel for power generation and other engine application
include affordability, wide availability, environmental friendli-
ness, compatibility with the conventional spark ignition and
compression ignition engine and low operational cost compared
to other fossil fuels [59]. The advantages of natural gas power
plants include efficient combustion, low cost, complies with
environmental regulations, high availability and supply, cleaner
power [8].
Natural gas has got wide application across industries, e.g. on
average about 38% the global consumption was used by the
industrial sector, 30% for residential applications, 7% was used
in transportation, the commercial sector used 13% while non-
energy sector like fishing and agriculture used 12% of the total
natural gas consumption which implies that the energy sector
is the largest consumer of natural gas. Storage and handling
natural gas is the main challenge natural gas application. The
gas can be stored as compressed natural gas (CNG) form at
about 3600 psig or 250 bar or as liquefied natural gas (LNG)
at t 260 ◦F or 160 ◦C)). Cryogenic natural gas storage as
LNG is technically more complicated and economically more
demanding, has the benefit of lower storage space and weight
requirements [14].
B.2. Composition of compressed natural gas
Compressed natural gas has the following typical properties
which may be slightly different from the uncompressed natural
gas. These properties are summarized in Table 1 below. From

Table 1. Typical composition of compressed natural gas in
Vol% [18]

Element Symbol/Formulae Volumetric %

1 Methane CH4 94.42

2 Ethane C2H6 2.27

3 Propane C3H8 0.03

4 Butane C4H10 0.25

5 Nitrogen N2 0.44

6 Carbon dioxide CO2 0.57

7 Others - 2

Total 100%

Table 1, it is noted that CNG as a fuel is a mixture of several
organic gases with the highest component being methane. Other
common constituents of CNG are ethane, butane, propane,
Nitrogen, and carbon dioxide.
B.3. Thermodynamic properties of natural gas
The thermodynamic properties of compressed natural gas, diesel
and gasoline are presented in Table 2 below.

From table 2, it can be noted that CNG, diesel and gasoline
have differences in thermodynamic properties with diesel being
denser and hence heavier with the highest molecular weight
among the three fuels, CHG has got higher auto ignition point
and is more flammable. With highest octane number, CNG
is more ideal for spark ignition applications than compression
ignition engines.
B.4. Converting Diesel engines to gas engines
It is possible to convert a diesel engine to a full gas engine
but for this to work, several modifications should be done [62].
They include the following changes are necessary:
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Table 2. Thermodynamic properties of compressed natural gas [18, 60, 61]
Property Unit Gasoline Diesel CNG

1 Stoichiometric Ratio Ratio 14.2 15 15.7

2 Cetane number Unit N/A 40-55 N/A

3 Octane number Unit 96 N/A 120-130

4 Lower calorific value Mj/kg 42.2 43.5 45.9

5 Higher calorific value Mj/kg 45 45.6 50.3

6 Density at 25◦C (DIN 51757) Kg/m3 749 837 2.52

7 Molecular weight Kg/kmol 106.2 186 16

8 Minimum ignition energy Mj 0.33 0.5 0.26

9 Lamilar flame speed cm/sec 30 - 37.5

10 Flammability unit Vol% in air 5.2 1 15.6

11 Adiabatic flame temp K 2227 - 2266

12 Vaporization energy Mj/m2 293 192 215-276

13 Flash point K 266 325 124

14 Combustion Energy Kj/m3 32.6 36 24.6

15 Auto ignition point K 505-755 477-533 900

i.) Remove the engine fuel injector pump and fuel injection
nozzles.

ii.) Reduce the design compression ratio to prevent fuel pre-
ignition by increasing the stroke volume.

a. Exchange the piston for one that effects a lower com-
pression ratio.

b. Cut off o material from the piston top and modify
the piston groove.

c. Machine off some material from the combustion cham-
ber side on the cylinder head.

d. The piston is modified by use of thicker cylinder gasket
[62].

iii.) Modification also involves the introduction of an ignition
system with distributor, ignition coil, and spark plugs for
ignition. The ignition system chosen is a function of the
number of cylinders for the engine. For single cylinder
engine, a transistor type system may be required and
often a magnet is installed on the flywheel. But the multi-
cylinder engines require installation an ignition distributor.
[62].

iv.) Installation of electric supply (alternator), Modification
also requires the introduction of an ignition system for
conversion to a spark ignition system with an alternator
and storages device in form of batteries with a charge
regulator. Some diesel engines already have alternators
and batteries for the stator which can serve the purpose.

v.) installation of a mixing device This is needed to mix the
air and fuel for supply to the combustion chamber. This
may consist of a venturi mixer, a simple mixing tank or
pneumatic control valve [62].

vi.) The engine speed control is achieved by variation of the
supply of the air/fuel mixture.

B.5. Conversion of Diesel Engine to Dual-Fuel Engine

By 31 July 2019, the world had 27,765,376 natural gas vehicles
using engines running on natural gas as compression ignition or
spark ignition engine modes. The compression ignition natural
gas engines are more popular because of their higher reliability
and fuel efficiency [56]. In the conversion of a diesel engine to
dual engine, the main engine components and systems that
should be modified include the fuel system, its fuel injection
system, the fuel gas system, air intake or charging system,
the engine exhaust System, the combustion chamber, and
Control System. Overall, the air fuel ration has to be reduced
[39]. On engine performance, the efficiency varies with the
power required for gas compression, hence the more the power
requirement, the less the engine efficiency. For a gas engine
optimum shaft thermal efficiency of 49.6% in gas operation at
about 85% to 90% loading can be realized upon conversion.
The compression energy is about 2.5% of shaft power shaft
power output, at inlet pressure of 16 bar. If the gas is delivered
as a liquid, the compression work consumes about 0.8% of
engine shaft power output.
In a study at the gas powered Ringgold Cogen power station,
the plant heat rate is about 9300 kJ/kWh which corresponds
to an efficiency of around 39% with plant availability of about
90.1% over five years (12 months) of operation [63]. In this
plant, the diesel engines ran on natural gas compressed to
250 bars. The injection was with pilot oil amount of about
5% of total fuel intake. The Ringgold Cogen Power plant’s
average specific lubricating oil consumption was about 0.8
g/kWh [4].The main limitation with gas engines is higher NOx
emissions compared to 100% diesel engine fuel mode. As a
control measure, a catalytic exhaust purification system may
be is recommended to reduce NOx emissions from a realized
level of 1300 mg/MJ(fuel) to a desirable level of 200 mg/MJ or
less as in a case of existing natural gas power plant in Finland
[4].
The conversion of diesel engine to dual-fuel engine using
natural gas in this study involves the following proposed
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modifications to the diesel engines in Kipevu III power station.

i.) Introduction of Dual-Fuel Electronic Control Unit (ECU).
The role of the ECU is to send high speed pulse-modulated
signals to natural gas and diesel fuel injectors and hence
control amount of fuel injected. This control unit deter-
mines and controls the supply of dual fuel to the engine
ensuring optimum fuel control which is usually 8% diesel
combined with 92% natural gas under steady conditions.

ii.) Turbo-Charger Air Bypass (TAB). This controls the
amount of air provided by the turbocharger by use of
bypass valve usually of a butterfly design.

iii.) Pistons and combustion chamber modification The overall
objective is to change the compression ratio and are re-
designed the combustion chamber to influence combustion
characteristics including flame flow. The piston groove
may be modified as well as the bowl while the length of
the connecting rod may also need modification [64].

The conversion to CNG for CIE (compression ignition engines)
leads to better engine performance with reduction in engine
emissions which are mainly in the form of nitrogen oxides
(NOx), (HC) hydrocarbons, and carbon dioxide (CO2). How-
ever, other studies have shown that the use of CNG diesel
engines ultimately leads to an increase in NOx emissions in the
engine exhaust [65]. In another study, a performance analysis
was done for a diesel-CNG (dual fuel) engine of specifications
2.5-liter (cc) cylinder with 4-cylinders and a common rail direct
injection diesel engine. The engine performance and exhaust
gas emissions of several diesel-CNG dual fuel blend ratios, i.e.,
100:0, 90:10, 80:20, 70:30, 60:40 and 50:50 was analyzed. In this
study, it was observed that for engine loading of 100%, 75%,
50%, the engine brake torque and brake power at engine at a
speed between 2000 and 3000 rpm was higher compared with
100% diesel only engine mode. However, it was at 50:50 diesel-
CNG ration that the highest brake torque and brake power
were achieved but with the highest brake specific fuel consump-
tion, meaning that more fuel was consumed. Emissions for the
dual fuel mode in this study showed that as more and more
CNG was added to the dual fuel mode, there was an increase
in the unburned hydrocarbons and carbon dioxide emission,
but CO emission decreased. The study further showed that
NOx emission concentration is generally remains unaffected by
the changes in the natural gas-diesel fuel ratio in the engine
[30, 44, 65]. Therefore, this implies that the conversion to CNG
leads to increase in power output and reduction in emissions
except for NOx.

5. MATERIALS AND METHODS

A. Introduction
This study targeted the largest diesel power plant in East
and Central Africa, namely Kipevu III 120 MW power plant
which is equipped with 7 Wärtsilä W18V46 of capacity 17.1
MW running on heavy fuel oil. The engine specifications are
specified in Table 3 below. From Table 3, it is established
that the power plant has got seven V-engines of weight 237
tones and run at a constant 500 revolutions per minute (RPM).
Figure 1 below illustrates the external appearance of Kipevu
III 120 MW power station. Figure 1 above shows Kipevu III
power station at final stage of construction with main features

Table 3. Engine Technical Specifications [21]
PARAMETER SPECIFICATIONS

1 Configuration V-Engine

2 Number of Cylinders 18

3 Cylinder bore 460 mm

4 Stroke 500 mm

5 Speed 500 rpm

6 Mean piston speed 9.67 m/s

7 Mean Effective Pressure 24.3 Bar

9 Swept Volume per cylinder 96.4 dm3

10 Number of Inlet Valves 2 Per cylinder

11 Number of outlet Valves 2 per Cylinder

12 Direction of Rotation Clockwise

13 Engine Length 13.580 m

14 Width 5.347 m

15 Height 5.488 m

16 Weight 237,000 Kg

1. Kipevu III 120 MW diesel engine power plant (Photo taken by 1st Author During Plant 
Construction)Fig. 1. Kipevu III 120 MW diesel engine power plant (Photo
taken by 1st Author During Plant Construction).

being the power plant structure, chimneys, fuel tanks and other
equipment with the Indian Ocean at the background.

B. Methods and Procedure
For a successful conversion of a diesel engine power plant to a
dual-fuel natural gas the following procedure is applied:

i. Obtain existing design specifications of the diesel engine.

ii. Modification and addition of parts of the engine.

iii. Reduction of the compression ratio.

iv. Identify the appropriate Gas Storage and Gas Supply Sys-
tem.

v. Draw a layout design of the Dual-Fuel Power Plant.

C. Overview of the Design
In the design of a dual-fuel engine power plant, the following
modifications and additions need to be done on the existing
diesel power plant.
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Fig. 2. Additional Plate to Increase Clearance Volume
Fig. 2. Additional Plate to Increase Clearance Volume [61].

6. MODIFICATION OF THE FUEL INJECTION SYS-
TEM

For successful conversion of the injection system, a D-GID®
Electronic Control Unit is introduced before the natural gas and
diesel are supplied to the combustion chamber or the cylinder.
In this study, a D-GID® control unit is used. This is the system
is the first technological platform developed by Ecomotive
Solutions. The control units allow proper and adequate mixing
of the fuel based on the engine condition and need. D-GID®
Control Unit helps to determine correct amount of diesel fuel
injected and air/gas mixture dosage dynamically, modifying it
in real time based on determined need [66]. Overall performance
of a converted engine is a function of the load conditions, fuel
mixture homogeneity, and combustion chamber design which
affects flame speed and fuel mixing [67, 68].

A. Reduction of the Compression Ratio
Natural gas use as a fuel for diesel engines requires a lower
compression ratio (CR) as compared to pure diesel fuel.
Therefore, the engine design must be modified to enable it
to have a lower compression engine than designed [64]. For
this, a plate is added s added between the piston head and
the engine cylinder block just like a seal between the engine
block and the piston head to increase the clearance volume
between the piston top dead center (TDC) and the cylinder
head. The plate shape should be similar to the shape of the
top face of the engine piston head [66]. The plate added as in
form of gasket plate which normally exists for all engine blocks
and acts as a seal between the piston head and the engine
block. In the cylinder assembly, a gasket is placed between
the top of the engine block and piston acts as a seal between
the piston head and the engine block [61, 66]. Figure 2 below
demonstrates the place for the extra plate to added in the
modification Figure 2 demonstrates the proposed modifications
for the combustion chamber aimed at reducing compression
ratio. An additional gasket is introduced effectively reducing
the clearance volume along the cylinder axis.
For one cylinder:
Swept volume Vs = π×b2×l

4
b- bore diameter.
l- stroke length
Vc − Clearancevolume
CompressionratioC, R=Vs + Vc Vc

Additional plate creates an extra volume Vplate
Vplate = π

4 × b2 × t
Where t – plate thickness
The new C, R =

Vs+Vc+Vplate

Vc+Vplate

B. Gas Piping and Supply System
A gas supply system is required to supply natural gas from
storage tank to the dual-fuel engine [1, 60, 66]. It includes: an
industrial gas filter, a pressure regulator, a gas shut-off valve
and pipes.

C. Gas Storage System
Natural gas is typically stored in underground or above ground
based on quantities, state, and application. Where the gas
is stored above the ground, specially fabricated tanks that
limit access is used. Transportable or mobile tanks can also
be used for natural gas storage. This system makes loading
and transportation easy and cheaper in many applications
[55]. Natural gas can be stored as CNG (Compressed Natural
Gas) or LNG (Liquefied Natural Gas). LNG takes up about
1/600th the volume of natural gas in the gaseous state. The
natural gas liquefaction process involves removal of certain
undesirable components, such as dust, acid gases, helium, water,
and heavy hydrocarbons. The natural gas is then condensed
upon cooling to form a liquid. This is at approximately -162◦C
and maximum pressure about 25kPa. The choice of the storage
facilities depends on the consumption rate of the fuel. For
large volumes of natural gas, it is easier and convenient to
store natural gas in liquid state. Other equipment is needed
for the process of regasification of LNG, which converts LNG
from liquid state to gaseous state before use. This needs a heat
exchanger using ambient air or sea water as the source of heat.
Other required equipment includes an LNG pump, vaporizer,
and a compressor. On the other hand, in selecting CNG tanks,
the most important parameter is the storage pressure for the
natural gas [55, 56].

D. Conversion of injection system
There is need to convert the injection system to handle both
natural gas and diesel fuel. In this study, a D-GID® Electronic
Control Unit is installed, as shown in Figure 3 just before
the natural gas and diesel are injected into the engine. The
D-GID® system was a developed of Ecomotive Solutions. It
facilitates the injection of both diesel oil and natural gas in
form CNG, liquefied natural gas (LNG), Syngas, bio-methane,
and other gases to the engine cylinder. The D-GID® Control
Unit establishes the quantity of diesel oil and natural gas to
inject and air/gas mixture dosage through modification in real
time based on engine load conditions and requirements [69, 70].
Figure 3 below illustrates the new injection system to facilitate
dual fuel operation of the power plant engines Figure 3 above
illustrates the injection system for the proposed dual fuel system
with related elements like the CAN-BUS systems, LNG storage
and injection dynamic adjuster.
The control system manages and controls the quantity of diesel
fuel injected, which can be reduced to as high 80-90% during in
steady conditions. However, the average diesel oil substitution
rate under dynamic load conditions is generally 40-50%. This
D-GID® ECU manipulates the fuel ratios to maintain engine
proper performance under dual fuel mode.
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Fig. 3. D-gid® electronic control unit  injection system 
Fig. 3. D-gid® electronic control unit injection system [69,
70].
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E. Converted system
Figure 4 below illustrates the proposed dual diesel-CNG system
for conversion of the diesel power plant to dual fuel power plant.
From figure 4 above, the main elements of the proposed system
are the D-Gid ECU unit, natural gas storage and handling
facilities, and engine prime mover with all the necessary systems
charge air system, fuel system, generator, engine units, and
cooling system.

7. RESULTS AND DISCUSSION
A. Parameters before and after conversion
Table 4 highlights the before and after conversion of the pa-
rameters From table 4, it is noted that the conversion involves
reduced compression ratio from 22:1 to 17:1, the specific fuel
consumption reduced by 15.3% and fuel cost per unit reduced by
27.9% while load factor was maintained at 0.5 for the purpose
of performance analysis.

B. Cost Analysis
Table 5 the estimated cost of investment, savings and payback
period for the project. From table 5, the annual cost of savings
is higher than the cost of investment meaing that the payback
period is less than a year, i.e. 4.06 months.
The relationship between savings in fuel cost and time duration
is presented in figure 5 below. Figure 5 shows a graph of
cumulative fuel cost savings against period in months with the
payback being about 4.06 months. This is very encouraging and
attractive payback period for potential investors and financiers.

1 2 3 4 5 6 7 8 9 10 11 12
0

50000000

100000000

150000000

200000000

250000000

300000000

350000000

400000000

450000000

500000000

A graph of Fuel Savings vs. Time(Months)

Fuel cost savings
Months

Time (Months)

F
u
e
l 
C

o
s
t 

S
a
v
in

g
s
 (

K
e
s
)

Fig. 5: A graph of Fuel Savings vs. Time (Months).Fig. 5. A graph of Fuel Savings vs. Time (Months).

C. Discussion
C.1. Global trend
Growing world population, economic growth, industrialization,
electrification of industrial and commercial operations, rural
electrification, and modernization have combined to accelerate
energy demand particularly in form of electricity [71–73]. En-
ergy consumption is further expected to increase significantly
while the energy diversity is also widening. Global energy
consumption is expected to grow from about 575 quadrillion
British Thermal Units (BTUs) in 2015 to 739 quadrillion BTU
by the year 2040, with natural gas expected to account for a
significant portion. Natural gas is stored mainly in form of
LNG which is technically more complicated and economically
more demanding, but has less space requirements for storage.

C.2. Benefits of conversion
Notable advantages of dual fuel engines over standard diesel
combustion include elimination of smoke, 25% reduction of
carbon dioxide emissions, from 40 to 80% reduction in carbon
monoxide emissions, improved fuel economy by over 8% im-
provement, elimination or reduction of chances of engine knock
even at high loads and high compression ratios of 17.5 and even
more [25].
Natural gas is increasingly being attractive for use as a trans-
portation and power generation fuel with many benefits like
high resistance to auto ignition due to high octane number, that
allows use of higher compression ratios, it has lower carbon-
to-hydrogen ratio (hence less post-combustion carbon dioxide
emissions, the gas is suitable for lean combustion (leading to
higher combustion efficiency and with well-established infras-
tructure for production and in many countries globally com-
pared to diesel [14, 45, 74]. The many advantages of natural
gas make it an ideal fuel for transportation, industrial power
generation, and residential applications. Therefore, the use of
natural gas as a combustion fuel for internal combustion (IC)
engines will remain an attractive energy conversion strategy
within foreseeable future [14, 28, 75].

C.3. Challenges of conversion
On the negative side, the conversion requires that the charge
composition is carefully controlled, to avoid misfiring or knock-
ing. Injection must be optimized to achieve the best trade-off
between engine performance and pollutant emissions; hence ox-
idation catalyst must be designed from scratch for the exhaust
gas recirculation system as a result of higher concentration
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Table 4. Parameters before and after conversion
Parameter Units Original parameter Parameter after conversion

1 Compression ratio Ratio 22:01 17.1

2 Specific fuel consumption Ratio 3,400 2,878.70

3 Fuel cost per hour KES 189,190.50 134,164.00

4 Load factor Ratio 0.5 0.5

5 Fuel cost per kWh KES 11 7.9

Table 5. Cost Analysis Table.
Item Cost (KES)

1 Total cost of investment 153, 492,500.0

2 Annual savings in fuel cost 453,407,867.6

3 Payback period 4.06 months

of HC and CO, and presence of traces of methane gas in the
exhaust flow [14–16].// With the use of natural gas as the fuel,
generators can fail to start, or in some cases fail to run a result
of lack of fuel supply leading to lower system reliability. Start
failure has highest impact on short outages, but failure to run
and failure of fuel supply strongly effect on long outages. Nat-
ural gas power plants face the risk of gas pressure loss, while
diesel engine power plants are affected by the greater risk of
running out of fuel supply. Many power outages are generally
short, but long outages do happen especially for areas prone
to natural disasters like tornados, hurricanes, and wildfires.
With respect to long outages, the natural gas supply has higher
reliability compared to that of diesel fuel making natural gas
power plants more reliable than diesel power plants based on
estimates from small data sets and significant assumptions. For
regions prone to long outages, natural gas power plants have
higher reliability than diesel power plants [24, 40–42].
Limitations of dual fuel engines include poor utilization of
the fuel at low and intermediate loads leading to poor engine
performance and efficiency reduction. Other are high levels
of hydrocarbon (HC), carbon monoxide (CO) emissions and
higher incidents misfiring at higher gas inducted levels. The
main reason for poor part load performance of natural gas en-
gines is incomplete combustion leading to low thermal efficiency
and higher unburnt hydrocarbons engine exhaust [15, 42, 74].
The main challenge with use of LNG, CNG and LPG is the
high octane rating and low cetane rating making it difficult
apply it alone in a compression a compression ignition engine
hence the need for dual fuel operation or use of a pilot fuel
to initiate combustion and application for low loads. Under
this arrangement, the LNG, CNG or LPG is injected prior or
after the diesel injection and ignition which may then burn
premixed or gas supplied by diffusion. The initial combustion
phase generates a rapid pressure build-up hence the rate of
combustion of the second phase is highly influenced by the
rate of injection of LNG, CNG, or LPG with the objective of
maintaining pressure during the expansion stroke [43, 76].
Another issue with LNG or CNG is the high specific volume of
the fuel, hence low fuel density at normal operating conditions
which necessitates use of injectors with larger cross-sectional
areas making it difficult for fast actuation, limit multiple in-

jection capabilities, and need for non-standardized injectors
which complicate and make designs expensive. The low density
also means that fuel storage space requirements are increased
and hence higher storage and handling costs. Although LNG
has hire volumetric density, it requires a cryogenic system to
maintain low temperature of the fuel. The CNG also has lower
volumetric density and additionally needs pressurized tanks
which increases handling and storage costs [43].

C.4. Impact of the conversion of operating power plant

Kipevu III diesel power plant is the largest diesel power plant
in East and central Africa. The power plant is equipped with
seven Wartsila W18V46 engines used in the power plant have a
compression ratio of 22:1 is ideal for use with diesel and heavy
fuel oil. The compression ratio of the dual fuel engine must be
reduced for the engine to run on gas as the fuel by increasing
the clearance volume. Two thicknesses of 10mm and 5mm are
used for analysis, which give compression ratios of 13.4 and
17.1, respectively. For a dual-fuel engine, a compression ratio
of 16-18 is required. Therefore, the 5mm thickness is chosen for
these engines. The specific fuel consumption (sfc) of Kipevu
III is 3400 kg/h. From this sfc, for one engine unit the cost
of diesel fuel is calculated per hour. A diesel to natural gas
ratio of 1:4 is chosen in our conversion. This ratio reduces the
amount of diesel fuel used significantly and replacing it with
natural gas. Natural gas has a higher calorific value of 52,000
kJ/kg compared to diesel 42,000 kJ/kg, which means it takes
less natural gas to produce same power with diesel [15, 17].
Using the diesel to natural gas ratio and the specific fuel con-
sumption (sfc), the volume of diesel consumed after conversion
is calculated and using the prevailing average cost of diesel per
liter, the cost of diesel fuel (after conversion) is determined.
For natural gas, the consumption and cost of natural gas is
used to determine costs involved. Therefore, very important
for analysis of both fuels is the ratios and their calorific value
which helps in quantifying consumption in form of, the mass
of natural gas consumed is calculated and the diesel oil used.
The total cost of the dual fuel is calculated based on diesel cost
of ksh 46/liter (US$0.46/liter) of oil and natural gas cost of
$605/ton. Using a diesel/natural gas ratio of 1:4, the diesel
sfc reduces to 640kg/h from 3400kg/h and the sfc of natural
gas is 2196.72kg/h. The total sfc reduces to 2,836.72kg/h of
natural gas based on the analytical calorific value of 52,000
kJ/kg of natural gas with average cost of natural gas taken as
$605/ton. This fuel combination leads to lower cost of the dual
fuel compared to the cost of diesel oil when used alone. For the
7 engines, a total of ksh 453,407,867.60 (US$ 4,534,079.00) in
savings at average load factor of 0.5 is realized. Considering
all the additions to the existing design and all costs incurred
during conversion, the total direct cost of investment amounts
to ksh 153,492,500.00 (US$ 1, 534,925.00). The actual project
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cost is expected to be more than this value.
Based on the total annual fuel cost savings and the cost of
investment, the payback period for the whole project is esti-
mated at 4.06 months. This payback period looks too short
and too attractive, but the analysis is based on prevailing price
of oil and natural gas not actual costs which must capture the
indirect costs like handling, transport, and storage costs as well
as initial capital investment costs which will have a bearing
on total cost of the conversion as well as the cost of system
operation and maintenance.
The proposed partial conversion to dual fuel mode is faster,
cheaper, and more feasible as it requires less modifications and
allows for more fuel diversity and flexibility in the diesel power
plant operation and maintenance. Modification of the injection
system proposed involved introduction of a D-GID® Electronic
Unit which controls the amount and ratios of diesel and natural
gas injected in the engines while compression ratio was also
reduced to cope with new fuel characteristics. The conversion
will reduce specific fuel consumption reduces by 523.28kg/h
which influences the cost of fuel. The two values of fuel cost i.e.,
before and after were compared, to get the fuel savings after
converting to dual-fuel engines which was very important to
this research. These savings show that it is cheaper to produce
power using a dual-fuel power plant using diesel and natural
gas instead of diesel or heavy fuel oil alone. Fuel cost influences
unit cost of power generation and is a major factor in the power
purchase agreement between the power plant and the utility
company. Reduction of fuel cost, therefore, will greatly reduce
the purchase price of electricity from Kipevu III power station.

8. CONCLUSION
Several approaches can be applied to improve the performance
of a gas engines at idling and low loads which are associated
with low efficiency. Performance can be enhanced optimizing
engine parameters like engine load, speed, pilot fuel quantity,
intake manifold condition, modification of injection timing and
control of fuel quality. The conversion of conventional diesel
power plants to gas and dual fuel engines promise to improve
the performance of diesel power plants in terms of higher
fuel conversion efficiencies and much lower greenhouse gas
emissions. However, the main threat includes cyclic combustion
variations and high hydrocarbon and carbon monoxide as a
result the cyclic variations being the inconsistent local diesel
fuel–air mixing hence inconsistent ignition quality from one
cycle to another.
This study demonstrated that diesel power plants can be
converted to dual fuel engine power plants running on both
natural gas and diesel or heavy fuel oil with better power
plant performance indicators in terms of engine specific
fuel consumption, engine brake thermal efficiency, diesel
engine indicated thermal efficiency, the power plant electricity
generating unit cost of power, the total engine emissions and
hence leading to less environmental impact. The conversion
from conventional diesel power plant to dual fuel will lead
to reduced cost of power generation, reduction in total
emissions and total amount of other pollutants associated
with conventional diesel power generation. Economically, the
conversion will lead to better return on investment of the plant
because of reduction in fuel related costs and overall unit cost
of power. Conversion from diesel fuel powered engines to full
gas and dual fuel mode is both technically and financially
feasible whole eventual impact will be reflected in reduced

electricity bills for the consumers. However, the actual project
costs may be higher due to indirect and direct execution costs
hence increasing the payback period. The plant usage will also
increase due to lower cost of power hence more revenue and
profits for investors. Therefore, conversion from pure diesel
to due fuel diesel engine power plants is a sustainable way
of generating electricity for sustained economic growth and
development in a cleaner environment.

RECOMMENDATIONS
This study considered conversion of diesel engine power plants to
dual fuel plants which shows an undertaking that is technically
feasible, full conversion of the power plant to a full gas power
plant. With the average load factor of the power plant being
just 0.5, about 50% of the total capacity remains un-utilized as
the utility limits generation from of expensive power to cushion
consumers from high electricity bills. Therefore, conversion to
dual fuel will reduce cost and increase power plant demand
leading to higher load factor and power plant utilization which
translates to higher revenue and efficiency of operations and
thus reduction in unit cost of power. Since the research targeted
Kipevu III power station alone, it is recommended that similar
studies be carried out for other diesel power plants to facilitate
a possible industry wide policy shift and conversions to gas as
a fuel.
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