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Abstract—The objective of this paper is to demonstrate and
describe eight different types of power generation technologies and to
understand the history and future trends of each technology. In
addition, a comparative analysis between these technologies will be
presented with respect to their cost analysis and associated
performance.
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1. INTRODUCTION AND BACKGROUND

INCE the invention of electric power system by Tomas
Edison back in 1882, electricity has become one of the
most essential forms of energy in our daily life. Since that
time, there are many power generation technologies that were
introduced to focus on converting different forms of energy
into electricity. For example, one of the oldest generation
technologies is burning coal which converts the thermal
energy into electricity. In addition, hydroelectric power
generation is an old technology that is converting the kinetic
energy (from water flow) into electricity.
As per the IEA report [43], the total electricity generated
worldwide by fossil fuels is 64% of the total electricity (38%
coal, 3% oil and 23% gas) as shown in Fig. 1.
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II. CONVENTIONAL POWER GENERATION
A. Coal Power Generation

1. History and future trend

Coal is one of the oldest resources that humans have used
for heat since ancient history. Since the 1880s, coal has been
used to produce electricity that supplied many homes at that
time [1]. As of today, the total power capacity of coal-based
power plants in the world is more than 2,000 GW and almost
50% of this capacity is in China [2].

Despite the fact that coal power generation produces CO,
emissions, there has been a slight increase in the total power
generated by coal power plants around the world. By the end
of 2018, there had been a 3% increase worldwide, according
to IEA data, and this increase was mainly driven by Asian
countries as detailed in Fig. 2 [24]. The EnerFuture forecast
states that the world will reduce coal power plants share in
electricity generation by 10% by 2040, as shown in Fig. 3
[25].
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Fig. 3 EnerFuture forecast in Coal generation globally

2. Technology Description

Coal power plant technology is based on using coal as a
heat source (by burning) to boil water, and produce steam that
can drive the steam turbine. The steam turbine drives the
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generator that produces electricity. These components are
shown in Fig. 4 [3].
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Fig. 4 Coal Power Plant Layout
B. Natural Gas Power Generation

1. History and Future Trend

Natural gas was first used as an energy resource
(approximately 500 B.C.) by the Chinese [4]. They used
natural gas to boil sea water to make it drinkable. Starting in
the 1990s, natural gas has become one of the most important
resources for power plants around the world [5]. Today,
natural gas power plants worldwide have a total capacity of
1,600 GW, and this is expected to exceed 3,000 GW by 2050
[6] as shown in Fig. 5.
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Fig. 5 Natural Gas power plant installed capacity trend

2. Technology Description

There are two main technologies in natural gas power
plants; simple and combined cycles. The simple cycle
produces electricity by burning natural gas, using a
combustion gas turbine that can drive a generator. Because of
their quick response during the startup, the main advantage of
the simple cycle is that it can supply power during peak
demand periods. About 67% of the heat is wasted in this
process by the gas turbine. The combined cycle adds another
process by utilizing the wasted heat from the gas turbine to
produce steam from the water source, which can drive a steam
turbine to run another generator. As a result, the combined
cycle has a higher efficiency of around 60% compared to only
35% in a simple cycle. Fig. 6 shows the process diagram for
each technology [7], [8].
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Fig. 6 (b) Combined cycle process
C.Nuclear Power Generation

1. History and Future Trend

In 1954, Russia built the first nuclear power plant in history
for electricity production purposes, with a total capacity of 5
MW. After that, in 1956, a 50 MW nuclear power plant was
built in England for commercial use [9]. As of today, the USA
is leading the world’s total installed nuclear power plant
capacity by producing 100 GW of electricity from a total of
400 GW worldwide, as shown in Fig. 7 [10]. In addition, it is
expected that the total installed nuclear power plants globally
will increase to reach 536GW by 2030.

2. Technology Description

The current installed nuclear power plants around the world
are mainly divided into two technologies; pressurized water
(PWR) and boiling water (BWR) reactors. PWR reactor is
more commonly used which represents around 75% of the
installed reactors. Fig. 8 shows the main principle behind the
PWR, which is putting the primary water under high pressure,
to hold the water from boiling under high temperature that is
caused by fuel elements (nuclear reaction). After that, the
pressurized primary water is going to heat up the secondary
water through a heat exchanger (sometimes called steam
generator). This results in producing steam that can power the
steam turbine. We can notice from this process that the steam
is not mixed with radioactive elements because they are
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separated. Fig. 8 also shows that BWR is boiling the water
directly, using the nuclear reaction, which results in
contaminating the produced steam with the radioactive
material [11].
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Fig. 7 (a) Nuclear power plant future trend
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III. RENEWABLE ENERGY POWER GENERATION
A.Solar
1. History and Future Trend

It was documented that solar energy has been used since the
7th century B.C.E., when people were using sunlight to start
fires, using glass. In 1873 it was discovered that solar energy
can be converted into electricity using selenium [12]. After
that, the solar PV industry started to grow up slowly in the
19th and 20th centuries. By the start of the 21st century, and
due to the development of PV technology, the total installed
capacity has reached around 500 GW globally by the end of
2018, as shown in Fig. 9. This figure also shows that the solar
capacity will exceed 1 TW by 2023 in the low scenario [26].
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Fig. 9 Solar Power installed capacity trend

2. Technology Description

There are two main technologies where solar energy can be
harvested and converted into electricity; Solar Photovoltaics
(PV), and concentrated solar power (CSP). Solar PV is the
most common and advanced technology in solar energy
industry. The concept behind this technology is to convert
sunlight into electricity, using a semi-conductor material, such
as silicon. Nowadays, solar PV is one of the fastest growing
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technologies in renewable energy. Concentrated solar power Navigate through i e S newabie energy
(CSP) uses solar energy as a heat source by concentrating s00x Show by
sunlight using mirrors to generate hot steam that will power a . L.
steam turbine. Fig. 10 shows the current growth trend in the Fountry/ares
installed capacity of both technologies globally, in which it Technology

can be noticed that the growth in solar PV is much higher, due
to the maturity of the technology and its feasibility [14].
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Furthermore, it is expected that the wind power industry will
become one of the main electricity resources around the
world, and it is forecasted to exceed 9 TW of installed
capacity by 2050, as shown in Fig. 11 [27].

Technology
aK Slar

Sub-technology
=

Installed Cagacity [MW)

2. Technology Description

A wind turbine captures wind energy using blades, and
converts the kinetic energy into electricity, by rotating a
generator. Wind turbines can be categorized as vertical or w
horizontal axis turbines, as shown in Fig. 12 [16].
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Fig. 11 Forecasted trend in the installed capacity of wind power plants

C.Biomass utilizing biomass. The most popular method is to burn
biomass materials such as wood or agricultural waste to
produce electricity [18]. Fig. 13 shows the process in any
biomass power plant in which it starts from storing the
biomass material, such as wood, and then burns it to heat up
the water, to generate steam, which will drive a steam turbine
to run a generator.

1. History, Technology Overview and Future Trend

The use of biomass can go back in history to the cavemen
who utilized wood as a raw material to light a fire for heating
purposes [17]. Today, biomass is considered one of the
renewable energy resources that can be used to produce
electricity. There are different methods to produce electricity
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Fig. 12 Horizontal vs. Vertical Axis Wind Turbines
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Fig. 13 Biomass power generation process

In the last decade, there has been a steady increase in the
total installed capacity of biomass power plants globally, and
by the end of 2018, the total electricity generated has reached
592.2 TWh, and it is forecasted to exceed 764 TWh by 2023,
as shown in Fig. 14 [28].

D.Geothermal

1. History and Future Trend

10,000 years ago, Indians in North America discovered
geothermal energy by using hot springs, coming from
underground, in their daily life activities, such as cooking and
cleaning. Later in the 18th century, Italy became the first
country that used geothermal energy in the industrial sector,
by utilizing the hot underground steam for extracting boric
acid. In 1904, the first geothermal power plant in history was

commissioned by an Italian scientist called Piero Ginori Conti,
who used the geothermal hot steam for electricity generation
[19]. Over the years, geothermal power plant capacity has
grown steadily, and the United States has a total installed
capacity of 3.7 GW compared to 13.3 GW installed globally
[13]. Furthermore, this trend is expected to continue and reach
17 GW by 2023 as shown in Fig. 15 [29].
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Fig. 14 Biomass electricity generated trend
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Fig. 16 Different Types of Geothermal Power plants

2. Technology Description

Geothermal power plant technology mainly utilizes
hydrothermal energy, which consists of water and heat, to
generate electricity by running the steam turbine. Fig. 16
illustrates the process of the main three types of geothermal
power plants [20]:

* A Dry Steam Power Plant (DSPP) is the simplest design
for a geothermal power plant. A DSPP takes the hot steam
directly from underground to power a steam turbine.

* A Flash Steam Power Plant is the most common type and
takes the hot steam mixed with water, and use a flash tank
to fully convert the input into steam — before going to the
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steam turbine.

* A Binary Cycle Power plant extracts the geothermal hot
water and runs it through a heat exchanger, to heat up a
separate water source and convert it into steam. This type
of technology avoids the direct contact of the geothermal
water, to ensure the cleanliness of the steam going
through the turbine.

E. Hydropower

1. History and Future Trend

Over 2,000 years ago, the Greeks used the energy generated
by the moving water to rotate wheels to grind grain [21]. In
1882, hydropower was first used to generate electricity by
commissioning the Fox River hydroelectric power plant in the
United States [22]. This technology is considered one of the
oldest technologies for generating electricity, and it has been
growing over the last two centuries in which the overall
installed capacity worldwide has reached to approximately
1,200 GW. Due to the maturity of this technology, the world
will continue to install more hydropower generation plants,
and it is forecasted to reach 1,325 GW by 2023, as illustrated
in Fig. 17 [30].
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Fig. 17 Installed Capacity Trend of Hydropower Generation

2. Technology Description

Hydropower plants generate electricity by converting the
kinetic energy from the water flow into electricity, utilizing
water turbines. There are three main types of hydropower
plant technologies [23]:

* Run-of-River Hydropower plant: The main concept
behind this type of plant is to divert part of the route of a
river into a canal that captures the energy using turbines,
as illustrated in Fig. 18. Since this type does not use dams
or any storage facility, the output power depends on the
flow of water, and hence it is considered as intermittent
electricity generation.

+  Storage Hydropower plant: This is the most common type
in hydroelectric power plants, where it uses dams to store
and control the flow of water that passes through the
turbines. Therefore, it is considered a dispatchable
generation source because of its ability to control the
output electricity.

*  Pump Storage Hydropower plant: This type is similar to

the storage hydropower plant, but it has a reversible water
turbine that can pump the water back to the reservoir
during the low demand period (when the electricity is
cheaper) to increase the water head. Then, during the peak
demand period (when electricity is more expensive), the
water from the reservoir is released to generate electricity.

Pumped Storage Plant

Fig. 18 Run of River vs. Pumped Storage Plant

IV. COMPARATIVE ANALYSIS

In this chapter, different types of power generation
technologies will be compared and analyzed based on two
major aspects; technology performance, and economic
analysis. Table I summarizes the comparative analysis done,
with respect to the following:

*  The technology performance in each generation type was
evaluated based on the energy efficiency, as well as the
average capacity factor of the power plants. The capacity
factor is equal to the actual electrical energy generated,
over the maximum electrical energy that can be generated,
based on the installed capacity over a specific period.

« The cost aspect of different power generation
technologies is compared based on two parameters; the
installed cost (or capital cost) and the levelized cost of
energy (LCOE). The LCOE is the best parameter to
economically assess different types of power generation
resources, because it considers the total lifetime cost —
including installation, operation, and maintenance — over
the total energy produced in the lifecycle ($/KWh).
Therefore, LCOE is used to determine the average cost of
producing electricity per KWh.
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* The environmental impacts are measured based on the
quantity of CO, emitted from the power generation over

TABLEI

100-year period taking into account the CO, emissions
resulted from the whole lifecycle of the plant [42].

GENERATIONS RESOURCES COMPARATIVE ANALYSIS SUMMARY

Power Generation

Technology Performance

Economic Analysis

Environmental impact

Total installed cost

g-CO2/Kwh over 100 years

Type Efficiency Capacity factor (S/KW) Levelized cost of electricity ($/KWh) [42]
Coal 33% [39] 54% 10 85% [38] 4,600 to 5,200 [41] 0.088 t0 0.16 [38] 282-1,011
Natural Gas CC 60% [8] 51% to 87% [38] 900 to 1,200 [41] 0.033 t0 0.039 [38] 230-481
Natural Gas CT 35% [7] 7% to 30% [38] 1,100 to 1,600 [41] 0.066 to 0.155 [38] 230-481
Nuclear 33% [40] 92% [38] 5,700 to 6,500 [41] 0.07 [38] 78-178
Solar PV 15% to 22% [32] 18% [31] 1,210 [31] 0.09 [31] 7.85-26.9
Cor[l,ffvrvlga(tecds%’lar up to 25% [33] 45% [31] 5,204 [31] 0.19 [31] 6.43-25.2
Onshore Wind 35% to 45% [34] 34% [31] 1,497 [31] 0.06 [31] 4.8-8.6
Offshore Wind  35% to 45% [34] 43% [31] 4353 [31] 0.13[31] 6.8-14.8
Hydropower Up to 90% [35] 47% [31] 1,492 [31] 0.05 [31] 61-109
Geothermal 12% [36] 84% [31] 3,976 [31] 0.07 [31] 29-79
Biomass 20% to 40% [37] 78% [31] 2,105 [31] 0.06 [31] 86-1,788
V.CONCLUSION [4] Naturalgas.org. 2013. » History Naturalgas.Org. (online) Available at:
. o <http://naturalgas.org/overview/history/>.
Based on the previous analysis, it can be shown that [5] Naturalgas.org. 2013. » Electrical Uses Naturalgas.Org. (online)
renewable resources technologies have become more feasible. Available at: <http:/naturalgas.org/overview/uses-electrical/>.
Based on the current trend, the world could replace coal [6] Statista. 2021. I‘nstalled Natural Ga‘s Generation Capaf:lty Globally 2059
X X K | Statista. (online) Available at:
generation power plants with alternative sources of energy, <https://www.statista.com/statistics/217252/global-installed-power-
since these new technologies are able to compete, as shown in generation-capacity-of-natural-gas/>.
the previous table. Many studies have been conducted that (71 Afework, B., Hanania, J., Stenhouse, K. and Donev, J., 2018. Simple
. R R Cycle Gas Plant - Energy Education. (online) Energyeducation.ca.
forecast renewable energy resources will comprise a major Available at:
share pf the overall energy resources for electricity generation. <https://energyeducation.ca/encyclopedia/Simple_cycle_gas_plant>.
For example, according to BP Energy Outlook report, it is [8] Brian Williams. 2020. Cf)mbined Cyc}e Power Pk‘mts - Power
. ) . Generation Technologies. (online) Available at:
forecasted that the renewables will overtake coal’s share in <https://www briangwilliams.us/power-generation-
electricity generation by 2040, as shown in Fig. 19 [44]. technologies/combined-cycle-power-plants.html>.
[91 World Nuclear Association. Outline History of Nuclear Energy (online)
Fuel shares in power Available at: < https://www.world-nuclear.org/information-
library/current-and-future-generation/outline-history-of-nuclear-
energy.aspx>.
50% [10] Power Technology. Global nuclear power capacity expected to reach
e Coal 536GW by 2030 (online) Available at: <https://www.power-
Hydro & Nuclesr technology.com/comment/global-nuclear-power-capacity-expected-
20% G reach-536gw-2030/>. ‘ '
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