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Abstract

The effective usage of energy is an important factor in our country and world. The cogeneration system is one
of the methods for the effective usage of energy. The cogeneration system in recent technology is about 30%
more effective in reducing fuel consumption and carbon footprint compared to the power and heat production
efficiency for traditional systems feeding by fossil fuels. Over the last decade, extensive research has been
undertaken on the optimization and use of low-capacity internal combustion gas engines in micro-combined
heat-power systems. Problems such as the technology used in the micro-cogeneration system, fuel type and
performance, efficiency of the system, utilization of different fuel types, noise, emission, maintenance problems
have not been solved yet. In recent years, intensive studies have been carried out on the fuel cells that are
being used for the cogeneration system, but the cost and the low life span of fuel cell cogeneration systems are
preventing it from becoming widespread. With the proposed system, it will be easily applied in small scale places
such as houses, offices, campuses, hospitals, shopping malls, and electricity and heat production efficiency will
be used effectively for low CO, emission. In this paper, the integration of an internal combustion engine which
has 9.8kW and 1500 revolutions per minute (rpm) properties, a synchronous generator and grid connection
have been successfully achieved. The simulated engine specifications are that three-cylinder and 4-stroke otto
cycle. Also, injection type and fuel oil specifications of this engine are carburization and natural gas respectively.
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The performance results of the proposed system have been obtained by using MATLAB/Simulink.
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1.INTRODUCTION

The increasing demand for energy has led to environmen-

tal damages in our world and threaten human health and

the ecological balance of the world with the industrial re-
volution. The cogeneration system, called the combined he-

at-power system, is an important tool for the effective usage

of limited energy resources and reducing carbon emissions.
If it is thought that the nearly 35% consumed energy in the

world consists of residential applications, every approach
for the effective usage of energy is obviously a contribution

to the reduction of these problems and at the same time the
improvement of living conditions. Today, there is a com-

bined heat-power system with many different powers that

are presented to the market for use in residential, workp-
lace and industrial applications. A cogeneration (composite

heat-power) system is hardware consisting of a generator, a

heat exchanger, additional equipment and automation units.
In a cogeneration system, the aim is to efficiently consume
the energy produced while generating electricity and heat si-
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multaneously. Generally, combined heat and power systems
used in residential and business applications are capable
of generating between 1 and 10 kWe of electricity, which
is about the size of a refrigerator. According to European
Union legislation electricity energy power is 50kWe or less
called cogeneration. In general, the use of small (50-1,000
kW), medium (> 1,000 kW) scaled cogeneration systems is
widespread in industrial plants.

The eco-friendly micro-cogeneration system can be easily
applied especially in homes, workplaces, campuses, hospi-
tals, shopping centers. For instance, in the world, there are
1kWe of power generation micro cogeneration systems in
the houses. In addition to being environmentally and finan-
cially beneficial in electricity generation, the micro-com-
bined heat-power system used to meet waste heat or hot
water needs and to reduce carbon emissions is an efficient
system [1]. Day by day, investigation in micro cogeneration
systems is increasing in the world and especially in Euro-
pe. Micro cogeneration systems provide electrical energy
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and heat from a single source of energy at the same time. In
conventional systems, while the waste heat utilization rate
in power generation is low, cogeneration systems benefit
from waste heat maximum. Thus, the total efficiency of the
system is much higher than conventional power generati-
on systems. Along with increased system efficiency, energy
consumption, carbon emissions, and energy costs have im-
proved considerably. Technological products developed in
this field have been transformed into commercial products.
It is planned to design and realize a micro-cogeneration sys-
tem based on internal combustion engine in this paper so
the realization of micro-cogeneration in our country will be
beneficial both from economic and environmental aspects,
as shown for the purpose of this paper.

Micro cogeneration is the simultaneous generation of ener-
gy from the same system in both electricity and heat for-
ms as shown in Figure 1. It is an indisputable fact that this
system is more economical than systems in which the two
forms of energy are produced separately. Working principle
of micro-cogeneration as follows:

+ The air taken from the atmosphere is passed through
a filter system, then the gas enters the compressor
section of the turbine, where it is compressed and de-
livered to the combustion chamber. The fuel injected
into the combustion chamber is mixed with the com-
pressed air and burns.

+ The high-pressure gas on the burning-out 1000 - 1100
° C temperature passes through the turbine blades and
rotates the turbine and generates electricity from the
turbine generator.

+ Low-pressure gas, which is released from the gas tur-
bine, is used in many areas such as industrial or do-
mestic heating systems after the necessary heat treat-
ment.

+ In gas engines, about 1/3 of waste heat is emitted as
exhaust gas, while 2/3 is recovered from the cooling
system of engine.
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Figure 1. Working principle of the micro-cogeneration system

Advantages of Micro-cogeneration System as follows:

+ Minimization of electrical energy transmission and
distribution losses

+ Startupping short time and easy installation of the

system

+ The short maintenance period of the system and long
life of the equipments used in the system

The different micro-cogeneration structures which shown
Figure 2 is observed when the literature is examined in deta-
il. Combined heat power (CHP) cogeneration system using
a Stirling engine is presented in a laboratory stand. Further-
more, thermographic images are shown the transfer of heat
from the heat source to the radiator through the regenerator
[2]. In another paper is presented the laboratory cogenera-
tion thermal power plant based on the air-cooled internal
combustion engine [3]. Mathematical modeling and simula-
tion studies of cogeneration units which are a diesel engine,
heat exchanger, synchronous generator and gas turbine are
examined in detail [4]. In recent years, micro-cogeneration
systems have also begun to operate using renewable resour-
ces. Researchers have worked to integrate eco-friendly, high
performance and low-maintenance sources of maintenance.
These integrated systems are referred to in the literature as
renewable energy sources based on micro-cogeneration sys-
tems. In these systems, the source is sometimes used as solar
energy or sometimes as biomass. A micro-cogeneration sys-
tem with solar parabolic collector and direct steam genera-
tion is investigated with a prototype [5]. Thermal-economic
optimization with generalized pattern search optimization
method of a micro-cogeneration system with consisting a
parabolic solar collector and stirling engine is proposed in
another micro cogeneration structure [6].

Nafursl Gas / Elec!ricity%
Coal Micro-Cogeneration
Hydrogen — System
Heat 28?

Renewable Energy Sources
Figure 2. The different structures of the cogeneration system

The micro-cogeneration system based on the internal com-
bustion engine in this study is proposed due to easy the
maintenance of internal combustion engines according to
other systems, being known its technology for a long time
and being the system long. The fact that internal combusti-
on engines work with different fuel types such as hydrogen,
biomass, etc. increases the importance and usage of this
engine [7-8]. The analysis results of the diesel engine whi-
ch on a three-cylinder, four-stroke, and direct-injection CI
engine operated with terebinth oil biodiesel are examined
in detail [9]. Increasing the performance of the engine has
been experimentally observed by adding hydrogen fuel to
the biodiesel fuel produced from waste frying oil. It’s presen-
ted that decrease CO and CO, emissions when hydrogen gas
is supplied to engine cylinders [10]. The performance of the
engine are analyzed at a variable compression ratio under
partial load conditions. Diesel, waste cooking oil biodiesel
and diesel-WCO biodiesel blend (B20) were used as fuel in
this engine [11].
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2. MODELING OF THE PROPOSED MICRO
COGENERATION SYSTEM

The total annual amount of electrical or mechanical power
to be generated by the cogeneration system is determined
according to the calculations in equation 1 below.

(£) x (€)

Where P, is total annual electrical or mechanical power
generated from cogeneration, P, is the total annual amount

P =

e

(1)

of useful heat energy from cogeneration, C  is the ratio of !

total annual electrical or mechanical power energy to total
annual useful heat energy. In addition, the efficiency of the
cogeneration system is calculated as in equation 2.

no=(RIB) + (BIR)or() + ()x100 (3

Where 77, is total cycle efficiency of cogeneration, P, is
total annual electrical or mechanical power generated from
cogeneration, P, is total annual amount of useful heat ener-
gy from cogeneration, Pg is total amount of energy equiva-
lent to annual primary energy source entering cogeneration,
1, is electrical efficiency which is calculated by dividing the
total annual amount of electrical or mechanical power ener-
gy obtained from cogeneration by the total amount of ener-
gy corresponding to the total primary energy source used
to generate the annual total electrical or mechanical power
energy and the total annual useful heat energy of cogene-
ration plant, 77, is thermal efficiency which is calculated
by dividing the total annual amount of useful heat energy
obtained from cogeneration by the total amount of energy
corresponding to the total annual energy or electrical power

Discrete
0.0001 s.

and the total primary energy source used to generate the to-
tal annual useful heat energy of cogeneration plant.

The simulation study for the proposed micro-cogeneration
system is carried out using the Simulink module of MAT-
LAB. In the proposed system, the internal combustion en-
gine, a synchronous generator and grid connection are pro-
vided integration. The internal combustion engine power
which is the most important element of the cogeneration
system is 9.8kW and its speed is determined as 1500 rpm.
The proposed system is shown in Figure 3. Also, engine spe-
cifications are in Table 1.

Table 1. The proposed engine specifications
9.8 kW
1500 rpm

Rated power
Rated engine speed

Engine type 4-stroke Otto Cycle
Injection Type Carburization
Number of cylinders 3
Fuel Oil Specifications Natural Gas

The electrical and mechanical equations of permanent mag-
net machine expressed in rotor reference frame dq are as
following [12].

Electrical equations:
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<Stator current>
e

i

Output active power Peo (pu)> |

.
o
4

Internal Combustion Engine

s

>

<Stator valtage vd (pu)>
<Stator voltage vq (pu)>

Output reactive power Qea (pu)> ‘
¢ cLosdangle dolta (deg)> g
| |

Vref
Vid
Va

Vstab

[

iid ZLVd _iid +—pw,i 3)
et L, oL,
dz'—lv R, Ldpwi Apw,
T T Ty T T rta 4
a’ L' L " I, L, (4)
Te=1.5p(/1iq+(Ld—Lq)idQ) (5)
e :J A ap—=a
= =g
wijermanenl Magn(;t - e
Synchronous
Generator
=

Figure 3. Simulink model of the proposed micro-cogeneration system
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Figure 4. Modeling of the internal combustion engine Performance Results of the Proposed Cogeneration System
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Mechanical equations:

d 1

Zw =—(T -Fw —T,

dtwr J(e wr M) (6)
a0,

Where R is the resistance of stator windings, A is flux in-
duced by the permanent magnet, W, is the angular velocity
of the rotor, L, and Lq are d and q axis inductances, Vv,
and V,
is electromagnet torque, F' is viscous friction of rotor, J is
inertia of rotor. Also, the modeling of the internal combusti-

on engine is as shown in Figure 4.

(i, and i q) are d and q axis voltages(currents), Te

The power of the internal combustion engine used in the
micro-cogeneration system is adjusted to the desired power
level and the torque-speed and power-speed graphs at the
output of the internal combustion engine are shown in Fi-
gure 5.
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Figure 5. The graph (a) torque-engine speed and (b) power-engine speed
of the internal combustion engine
In the proposed micro-cogeneration system, the output of
the internal combustion engine is integrated into the syn-
chronous generator and grid and then the results of the sys-
tem output graphs are observed rotor speed, stator current,
output active power, output reactive power in per unit value

(pu) and load angle as shown in Figure 6.

CONCLUSION

In this paper, the connection of a synchronous generator,
grid connection and an internal combustion engine with
1500 rpm and 9.8 kW properties are carried out in MAT-
LAB/Simulink software. The internal combustion engine
is mathematically modeled to operation in synchronous
together with the generator. In line with the simulation
results, detailed modeling studies have been realized on a
high cogeneration system that can be used in homes, hos-
pitals, and schools and has commercialization potential.
With the establishment of the modeled cogeneration sys-
tem in places such as homes, universities, and hospitals,
energy efficiency will be increased and thanks to this mic-
ro-cogeneration system carbon emission will be reduced.

List of Abbreviations/Nomenclature

CHP Combined heat power

P Total annual electrical or mechanical

e

power generated from cogeneration

P, Total annual amount of useful heat energy

from cogeneration

C The ratio of total annual electrical or mechanical
power energy to total annual useful heat energy

Y

Total cycle efficiency of cogeneration

P Total amount of energy equivalent to annual pri-
mary energy source entering cogeneration

n, Electrical efficiency
n, Thermal efficiency
P R The resistance of stator windings
A Flux induced by the permanent magnet
w, The angular velocity of the rotor
P L 4 d-axis inductance
Lq g-axis inductance
v .
d d-axis voltage
Vv .
q q-axis voltage
i .
d d-axis current
J ,
9 g-axis current
1, Electromagnet torque
F Viscous friction of rotor
J Inertia of rotor
9, Magnetic Flux

' D Stator Inner Diameter
L

Length of the Stator
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Figure 6. The performance results of the proposed micro-cogeneration system in terms of per unit (pu): (a) rotor speed (b) stator current (c) output active
power (d) output reactive power and (e) load angle delta
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