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Abstract— Distributed power generation is the latest
field because of the ability to accommodate various
types of Renewable/alternative energy sources, its
hidden potential to improve the energy efficiency and
power system capability, and its promise for power
reliability and security. Many distributed energy sources
exists such solar energy, fuel cell, micro turbine, and
wind energy. Distributed power generation concept has
been implemented in various places with various degree
of complexity. A comprehensive review on the
distributed power generation is presented in this paper.
Index Terms— Distributed generation, renewable
energy sources
I.

INTRODUCTION

Distributed Generation (DG), when fully implemented,
can provide reliable, high-quality, and low-cost electric
power. As a modular electric power generation close to
the end user, it offers savings in the cost of grid
expansion and line losses. If connected to the power grid,
the bi-directional transactions between the grid and the
local generation result in grid capacity enhancement,
virtually uninterrupted power supply, and optimum
energy cost due to the availability of use/buy/sell
options. Distributed power is a concept that covers a
wide spectrum of schemes used for local electric power
generation from renewable and non-renewable sources
of energy in an environmentally responsible way. Main
schemes are mainly based on solar energy, wind energy,
fuel cells, and micro turbine engines. Twenty years ago,
almost all the electric power was generated at large
central power stations; twenty years from now, a good
part of this power it is expected to be generated by small
power units that will be distributed throughout the
service grid. Since such units are located close to the
customer, they are expected to better meet the customers
needs. In parallel to the introduction of distributed
generation, the legislative framework for the electricity
sector is undergoing major changes in many industrial
countries. These changes are driven by a moving towards
more liberalization in order to create a competitive
market
environment.
Within this
competitive
environment, decentralized power generation has to
compete with centralized power generation. It is,
however, often argued that electricity market regulations
for competitive electricity markets do not provide an
equal treatment of centralized and distributed generation.
In order to become more familiar with the concept of
DG, its definitions in some different countries are given

here for comparison. Swedish legislation gives special
treatment to small generation capacity of up to 1500 kW.
Under wedish law, a wind farm with one hundred 1500
kW wind turbines is still considered DG, as the rating of
each wind energy unit, and not the total wind farm
rating, is relevant for the law. But for hydro units, in
comparison, it is the total rating of the power station that
is relevant. In the English and Welsh power market, DG
plants with a capacity of less than 100 MW are not
centrally dispatched and if the capacity is less than 50
MW, the power output does not have to be traded via the
wholesale market. In New Zealand, DG is often
considered generation of up to 5 MW. According to new
electricity market regulations, distribution network
owners/operators use 5 MW as a guideline for
determining whether approval should be sought by the
distribution network owner/operator from the national
grid operator for the generation to be connected to a
distribution network. There is no special definition for
DG in many countries, such as California and Norway.
Different definitions of DG are, however, not only used
within different electricity market regulations, but also in
the relevant literature. To avoid confusion by different
definitions, a general definition for distributed generation
is suggested: “Distributed generation is an electric power
source connected directly to the distribution network or
on the customer side of the meter” [1]. In the following
sections, different sources of the distributed generation
will be introduced and the application of each of them
will be discussed.
II.

FUEL CELL

Fuel Cells (FC) are electrochemical devices converting
the chemical energy content of a fuel directly to
electrical energy. Fuel cells should be supplied with the
fuel to the anode and oxidant (e.g., air) to the cathode.
They perform a conversion equivalent to the different
stages of traditional extraction of energy in the form of
combustion heat, conversion of heat energy to
mechanical energy (as with a turbine), and finally
turning the mechanical energy into electricity (as with a
dynamo or a synchronous generator) in one shot. They
combine the molecules of a fuel and oxidizer without
burning, dispensing with some of the inefficiencies and
pollution of traditional combustion. Their output is a dc
voltage that can be converted to an ac voltage by using
an inverter and used locally or fed to the network. A Fuel
cell is potentially the most efficient and modern
approach to electric power generation. The efficiency of
the conversion, i.e., the ratio of the electrical output to
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the heat content of the fuel, could be as high as 65-70%.
In fact, its electrical efficiency could be greater than 70%
in theory. The current technology has only been capable
of reaching efficiencies of around 45%. Combined
cycles are envisaged to bring the electrical efficiency of
plants based on high temperature cells up to around 60%
[2]. The different types are: polymer electrolyte
membrane, phosphoric acid, molten carbonate, solid
oxide, alkaline, direct methanol fuel cell and
regenerative fuel cell [3].
III.

SOLAR ENERGY

Photovoltaic (PV) cells are devices that convert sunlight
to electricity, bypassing thermodynamic cycles and
mechanical generators: sunlight photons free electrons
from common silicon generating e.f.m vat the PV
terminals. The phenomenon was first discovered in the
18th century and the early photovoltaic cells were
developed at Bell Labs in 1950, primarily for space
applications. Solar cells have proved to be cost effective.
Other than space satellites, the photovoltaic cells are
being used in rural health clinics for refrigeration, water
pumps for irrigation and for small-scale power
generation. Since the output power of the solar cell
depends upon the insolation level, and also at a specific
insolation level, the I-V characteristic of a solar cell is a
nonlinear relationship, different methods have been
developed to locate the maximum power point of the
cell, i.e., the operating point at which maximum power
can be obtained from the cells [4]. One drawback of
photovoltaic generation systems is the large area that is
required to produce a considerable amount of electrical
energy. The other drawback is that on some days, the
insolation level is not high enough to produce the
expected energy. This lowers the reliability of the system
[5]-[6]. Photovoltaic generation systems need to be
connected to the grid that acts as a pool of energy that
can be taken from or added to, depending on the
insolation level and the level of local consumption. In
stand-alone mode of operation, some type of energy
storage, such as a battery or a supercapacitor, This has to
be used to store the extra energy in or to get the
necessary energy from, when the local generation is not
enough. Conventionally, a two-stage PV energy
conversion system is employed to connect a PV array to
an electrical power system. The first stage, i.e., the
DC/DC converter is controlled so as to track the
maximum power point of PV arrays, adjust the level of
the voltage for the next stage, and transfer energy to the
batteries and the inverter. The second stage, i.e., the
inverter or DC/AC converter, is controlled to produce an
output voltage of grid quality, in stand-alone mode, or an
output current in phase with the utility grid voltage to
transfer power to the grid at unity power factor, in gridconnected mode. As the DC/DC and DC/AC converters
have independent architectures and control goals, the
controllers are easy to design. Yet, the efficiency of the
entire conversion system is compromised because of the
large number of individual devices, i.e. the DC/DC
converter, batteries and the DC/AC converter [6].

IV.

WIND ENERGY

Wind energy is another DG source, which can be
converted to electrical energy. The speed of the wind can
be quite variable. Besides, some areas are not windy
enough to extract considerable amount of energy from
the wind. The renewable energy sources such as wind,
solar, etc., play a major role as electrical and mechanical
energy supplies, not by replacing the conventional
energy sources but supplementing them. The world is
faced with a range of environmental issues that threaten
ecosystems, health, economy and way of life. With
increased public awareness of the role of the electricity
sector in these matters, and the likely future customer
choice in electricity and energy supply, industry will
come under increasing expectations to reduce gas
emissions. Preferred solutions to prevent emissions
include energy and resources conservation as well as
renewable and cleaner energy sources. The issue of
global climate change is a result of fossil fuel
combustion. In such an altered environment for the
selection
of new power plants, public attitudes will become much
more important than they have been in the past. The
public would like to protect the environment and, in
particular, takes care of the environmental problems
related to human life, such as air pollution. Also, the
population strongly prefers using a combination of
efficiency and renewable to meet energy needs [7].
Public polling information from United Kingdom shows
that wind energy primary positive points are its
environmentallyfriendly, renewable, and safe nature, as
well as the fact that it helps to conserve fossil fuels.
Surveys show that WG principal weaknesses are in that
wind is intermittent and such a kind of electric power is
more expensive than fossil-fired power. Somebody
awares for their acoustic noise. The public support for
wind has strengthened after wind plants were installed
and operated for some time. In Alberta, Canada, a small
10 MW wind power plant prevents the emission of
nearly 23 billion kg/year of sulphur oxides, nitrogen
oxides, and carbon dioxide, that would otherwise be
produced by conventional power plants [7]. Due to the
variations in the wind speed, most of the wind energy
schemes are based on induction generators, as there is no
stiff link between the rotational speed and the output
frequency in this kind of machine. Besides, the reactive
power source at the induction machines terminals plays a
role to determine the output frequency [8]. Wind energybased DG can be operated in either gridconnected or
stand-alone mode. Reference [8] proposes the scheme
shown in Fig. 1, using a wind turbine as a gridconnected
power source. The real power can be changed by
adapting the blade pitch angle, whereas the reactive
power
is changed by the reactive power source at the terminals
of the induction machine. In this figure, IG and SVC
stand for induction generator and Static Var
Compensator, respectively.
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Fig. 1. Wind turbine-based distributed generation
scheme
Researchers have come up with different methods to
track this maximum point to utilize the wind energy
most efficiently. A major problem with windmill
technology is in finding the control technique that
enables tracking of the maximum point and extracting
the largest possible amount of energy from the wind [9][11]. Another problem is that the turbine cannot rotate
beyond a specific speed. Due to the above advantages of
wind energy, todays wind industry at 2.5 billion dollars a
year, represents a global business for which countries
should prepare good strategies towards integrating wind
power in increasingly competitive electricity markets.
Unfortunately, just in a few countries, there is a solid
market for wind industry and most countries do not have
a political or economic base for this kind of industry.
To date, over 80% of the global wind capacity is
installed in Germany, USA, Denmark, and Spain, where
the electricity feed laws have been introduced to
stimulate a market for renewable energy sources. These
laws are characterized by their system of premium prices
which have proved supportive of wind power. However,
it is not easy to integrate wind energy into electricity
markets which are traditionally based on large suppliers
of thermal plants. Wind power meets some barriers when
it is compared economically with traditional power
sources. In this respect, it is important to mention the
following points: • wind has the disadvantage of being
intermittent which raises questions about grid access and
costs • in best cases, wind plants have ranged from 1MW
to 30 MW in size, while combined-cycle gas turbine
power plants (the current industry favorite) have a
capacity
between
50
and
500
MW.
The current generation of wind turbines only has a few
years or less of operation. This leads to the question on
reliability and, indirectly, makes investment risky.

has
a
frequency
directly proportional to the angular speed of the micro
turbines shaft. It has been proven that using a micro
turbine- based power generation in parallel with the
utility grid can effectively improve the reliability and
minimize peak loads, and also may eliminate the need
for reserve margin (standby) and may or may not sell
back excess generation [12]. The prime mover of the
generators in the above schemes can also be a diesel
engine. Reference [11] suggests a combination of diesel
engine and permanent magnet generator. This scheme
has been designed to work in stand-alone mode. Since
the diesel engine is not operating at a very high speed,
the output frequency does not need to be changed and
the output voltage can be directly applied to the load. In
order to keep the voltage of the generator terminals
constant a reactive power compensator has been placed
across the terminals of the machine. One of the schemes
that has been used before, includes a turbine or highspeed engine, as the prime mover, and a gearbox to
reduce the output speed and regulate it so that the output
frequency of the synchronous machine is equal to the
grid frequency. In this scheme the gearbox is a
mechanical component and mechanical systems show
longer time response compared to electrical systems.
Besides, the system will be lossy, heavy, and bulky.
Reference [12] suggests a system using a cycloconverter
to convert the frequency. The block diagram is shown in
Fig. 2.A 6-pulse non-circulating current cycloconverter
(833 Hz to 50 Hz) is used as the frequency changer for a
high frequency permanent magnet generator. This
generator-converter unit is driven by a high-efficiency,
high-speed gas turbine in the power range of 250 kW to
870 kW. This system is intended for use in total energy
systems or hybrid systems in vehicles and high-speed
vessels.
If a high-speed gas turbine (75000 rpm) is used, lowvolume and high efficiency power generation results.
However, a highratio gearbox is required to adjust the
turbine speed to the generator speed which is dictated by
the grid frequency. This scheme cannot attain a high
efficiency due to the presence of gearbox and
unavoidable mechanical losses.

Figure 2: The scheme proposed by [12]
V.

MICROTURBINE-BASED ENERGY

There are some distributed power schemes based on the
micro turbines as the prime mover for the generator. In
these schemes the generator connected to the micro
turbine is a synchronous machine whose output voltage
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Figure 3: Demand side DG configurations with utility
services
VI.

DGS OPPORTUNITIES AND
CHALLENGES

Opportunities
Given the potential and probable application of
interconnecting the dispersed DG “stand-by generating
systems”, generating capabilities provide several benefits
to both utility and consumers. The consumer will have
consumption choices; they can reduce their energy
expenditures by incorporating DGs that are powered by
cheaper fuel sources, for example, the use of methane
gas fueled turbine-generating units. Methane gas can be
produced in a nearby landfill. Heat can also be produced
through the burning of waste in incinerators; otherwise it
will be produced using electricity. Using local or near by
fuel sources that could be generated from large amounts
of municipal waste that otherwise need vast landfill sites
adds to cities’ energy supply chain. As for the utility, it
can use the DG power to enforce its distribution network
voltage stability, as well as to increase its peaking
capacity without suffering financial costs. Fig. 3 shows a
typical demand-side DG system that is configured to
supply both the consuming side as well as
feeding the utility during the peak demand period or as a
coordinated power quality system enhancement. By
allowing consumers’ own DG units to provide electricity
during high electricity rate and short-term supply
interruptions, continuous productivity is ensured and the
reliability and power quality of the consumed electricity
is increased. DG owners or operators could also receive
a new source of revenue from electricity sales to the
hosting electricity provider. Employing renewable
energy sources on a large scale will have a positive
impact. For instance, solar power stations are nonpolluting and can provide electricity economically in
suitable locations. In many large cities, photovoltaic
units are incorporated into new buildings, either on the
roof or in the cladding, and supply up to 30 percent of
the household demand for electricity.
Challenges
For successful integration of DG with Utilities, clear
interconnection requirements must be formulated. A
broad range of industry representatives have been
participating in the development of a new standard for
DG/Utility interconnection. An example of this activity
is the undergoing IEEE standard P1547, which is meant
to provide a uniform standard for interconnection of
distributed resources with electric power systems. Since
the introduction of DG provides an unwanted source for
re-distribution of both load and fault current, as well as
possible source of over voltage and islanded operation
[13], the investigated requirements are looking at issues
such as performance, operation, testing, safety and
maintenance of the interconnection. The current
engineering practice for DG/Utility interconnected
systems is to revert the utility systems to its original

configuration (radial or meshed distribution system) with
all interconnected DG units de-energized whenever an
unexpected disturbance occurs in the system. Since most
distribution systems comprise radial feeders, this practice
leads to the discontinuation of the supply for all the
downstream customers. Thus, the system reliability stays
at the same level as it was before integrating the DG with
the system [14]-[16]. At the same time, there exist in the
system some unsupplied loads and unutilized DG
capacity. If interconnected DGs are permitted to supply
loads during utility outages, the system reliability will be
much better and the customers will not experience any
discontinuity of their supply. This goal can be achieved
by simply coordinating intention islanding of DG units
[17].
VII.

DISTRIBUTED GENERATION
ATTRIBUTES

For successful matching of the renewable energy sources
as the prime fuel and distributed generation, it is
worthwhile looking at the sources attributes and measure
how the system will be apply to meet the continuous rise
in electricity demand. DG fuelled by RES is emerging
technologies using continuously replenished energy
sources. Various sized of DG systems are increasingly
being adopted and integrated in various countries to meet
the increasing demand for heat and electricity. Electricity
from RES has proved to be viable, and can meet up to 20
percent of electricity needs, in the case of wind energy in
Germany and Denmark [18]. A schematic diagram
illustrating the main components of a grid tie wind
energy generation system is shown in Fig. 4. Here, the
wind power is converted into mechanical power that
drives the generator. For utility integration, the generator
system requires an electronic regulator to control the
electrical voltage output, as it varies with the wind
intensity, to the level and standards for integration with
the existing utility network voltage. Energy attributes
address the investment as well as the sustainability issues
for providing electricity. It is difficult to merge RES
without defining their attributes against well known
sources such as coal. The National Renewable Energy
Laboratory, NREL, defines the attributes listed below.
NREL is the principal research laboratory for the
Department of Energy (DOE) Office of Energy
Efficiency and Renewable Energy in the USA. Some of
the listed attributes are quantitative

Figure 4: Main stages of integrating wind energy
renewable source for power generation in nature, such as
capability, capacity and cost, while others can only be
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considered in a qualitative way, such as indirect benefits
and risk diversity.
The attributes are:













Capability: A measure of the capability of the power
plant to deliver its designed full load capacity in a
given period under normal conditions.
Availability: A measure of how long power will be
available.
Routine
maintenance,
unplanned
maintenance (i.e., breakdowns), refuelling, and
modifications are prime causes of unavailability in
conventional power sources.
Dispatchability: A measure of the degree of control
that the power plant/utility could exercise over the
hour-byhour and minute-by-minute system output.
Modularity: Modularity has implications for
installation, increased capacity, availability, and
capital investment risk. Using modular generating
units allows expansion, when it is required, by
adding more units of the same design and size.
Location: Some power plants are built very close to
the energy source, which is not necessarily the
optimal location for consumers.
Cost: Refers to the cost of capital investment,
operation and management, and costs incurred or
avoided as the result of employing a technology.
Incentives: The subsidies provided by the
government to promote the development of a
technology.
External costs and indirect benefits: The costs and
benefits, theoretically borne by others, of operating a
technology for which the others receive no
compensation or make no payment. For example,
there are many property owners who have installed
solar thermal and photovoltaic (PV) systems on their
property. The installed PV system is in many cases
supplying almost 30% of the required energy to that
household, which otherwise would be provided by
centralized power plants through the grid. The
benefits are shared, but not the costs, which are
borne directly by the owner and indirectly by the
provider. The provider is relieved from his
commitment to increasing capacity and the related
financial burden. These external factors may also
include environmental and regional economic
impacts.
Risk diversity: Risk describes any unanticipated,
unfavourable condition, including unpredicted
availability problems with a technology, adverse
changes in market conditions, and unexpected
changes in legislation.
CONCLUSION

In this paper, a short introduction about all different
sources of distributed generation was given. Fuel Cell,
Solar Energy, Wind Energy, Micro turbine were named
as the main sources for distributed generation. Each one
was discussed and briefly compared to each other. It is
worth noting that most sources available for DG are

renewable. The use of different technology depends on
several factors including plant location and system
specification; somewhere a combination of them is a
good choice. It is expected that in the future a good part
of the electrical energy will come from DG. A more
detailed discussion about these different sources will be
given in the following papers.
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