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Abstract. The statistics for world energy consumption and electricity production in the last decade are
presented to highlight the increment of the electricity share, compared to thermal usages and transportation,
in the energy sector. The main technologies for electricity production from fossil fuels and nuclear power
are summarised, indicating their characteristics, current plants, and emerging trends. Finally, the state of the
art, regarding the technical applications of photovoltaic (PV) generators and wind turbines (WT), is

presented.

1 Statistics of energy production and
consumption

There is general concern about climate change and
general agreement on its causes. The use of fossil fuels
for electricity production, road transportation, and
heating buildings is by far the most important of these
causes. COP 21 in Paris (2015, [1]) for the first time
described a general agreement and paved the way for
concrete actions which should be undertaken to mitigate
climate change.

While we are still waiting for such actions to become
real, it might be useful to examine the trends in energy
consumption during the past decennium (2007-2017),
the most recent for which reliable statistical data set is
available, with a special focus on electricity production.
The following data set (Fig.s 1 through 5) has been
extracted and re-elaborated from Enerdata (2019, [2]).

Global energy consumption has grown from 11.7 to
13.6 billion tons of oil equivalent (toe), showing a
+16.2% growth (Fig. 1 CO2 emissions have
consequently also grown, from 28,300 to 32,600 Gt, an
increase of 15.2%, slightly lower than the global
consumption increase (Fig. 2).

The reduction of emissions in Europe, CIS and the
Americas (-6%, from 14.6 to 13.7 Gt) has been largely
offset by the 38% growth in Asia, from 11.1 to 15.3 Gt.

In the same decennium, global electricity production
has grown from 17,100 to 22,000 TWh, a rate of 29.8%,
almost double that of global energy consumption (Fig.
3).

The increasing electrification of the world economy
has been accompanied by a growing contribution from
renewable sources, which is one of the key actions in
reducing carbon emissions. In the 2007-2017 decennium
the installed capacity increased from about 1000 to 2195
GW (+120%), mainly thanks to the so-called “new RES”
(renewable energy sources, i.e., photovoltaics and wind),
which increased their capacity from 100 to 942 GW

E3
Corresponding author: filippo.spertino@polito.it

(REN21, 2018, [3]). Accordingly, the estimated
electricity produced by renewables has grown from 3500
to over 6200 TWh, as seen in Fig. 4, which distinguishes
hydroelectricity, geothermal and biomass, solar and wind
energies. The share of renewables in electricity
production has increased from 17.7% to 24.3%. Almost
half of the electricity production increase is due to
renewables.
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Fig. 1. Total energy consumption per area (2007-2017).
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Fig. 2. Total CO2 production per area (2007-2017).
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Fig. 3. Electricity production per area (2007-2017).
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Fig. 4. Electricity production from RES according to
technology (2007-2017).

A closer examination of RES production is provided
in BP statistics [4], which include a more detailed list of
countries than [1]. It is worth noting that BP statistics do
not include municipal solid waste and pumped hydro.
Furthermore, in the last decade PV and WT generators
have increased their production eight-fold, from slightly
below 200 TWh to almost 1600 TWh (Fig. 5). In 2007
their share of the overall electricity production was only
0.9% (and 5.0% of renewables), in 2017 they had
reached 6.1% of the overall electricity production and
25.2% of the renewables.

PV + wind production (TWh)
1600
1400 B
1200 fa—
1000 I
800 I I
600 | l

|

400

~ g0 R ARRER
O-llll

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

M Europe | CIS m North America i Latin America B Asia B Pacific B Africa B Middle-East

Fig. 5. Electricity production from PV and wind generators
(2007-2017).

At a country level, Fig. 6 shows the top 20 countries
according to the share of RES. It should be noted that the
two top countries (Norway and Colombia) owe their
position in this ranking almost exclusively to
hydroelectricity. Then, more than half of the RES share
in Denmark, Portugal, Germany, Spain, the UK and

Belgium is due to PV and WT generators. Under the
point of view of PV and WT, the top 20 countries are
shown in Fig. 7. Denmark is by far #1, with almost 45%
of its electricity generated by wind (and a negligible
contribution from PV). The countries following
Denmark in this ranking (New Zealand, Spain, Germany
and Portugal), hardly reach half of its share.
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Fig. 6. Top 20 countries according to RES share in electricity
production (2017).
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Fig. 7. Top 20 countries according to (PV + WT) share in
electricity production (2017).

2 State of the art of fossil fuel power
plants

Various studies indicate that in many scenarios the
dominant role of conventional fossil fuels will not be
modified in the near future [5]. The International Energy
Agency (IEA) presented two scenarios in the World
Energy Outlook 2018 [6]. The New Policies Scenario
(NPS) is based on existing and announced energy
policies, while the Sustainable Development Scenario
(SDS) is based on reaching objectives of climate change,
air quality and global access to energy. The main
difference between these scenarios for 2017 to 2040 is
that electricity generation from coal sources remains
almost stable in the NPS, but reduces considerably in the
SDS. Electricity production from natural gas has a
relative increase in the NPS and a slight reduction in the
SDS. The share of electricity production from oil
remains limited compared to the other sources and
decreases over time (more markedly in the SDS).

Today, coal-fired power generation has the largest
share (37%) among the electricity generation sources
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worldwide [7]. In recent years, coal-fired power
generation has increased in Asia (mainly in China and
India), but decreased in Europe and in the US. Overall,
after a reduction in 2015 and 2016 (-2% and -3%,
respectively), there was a growth of 3% in 2017. Some
countries have announced that they will phase out coal
(for example, by 2025 in the UK).
Phase-out of coal has been announced in some
countries (by 2025 in the UK).
The technologies that generate electricity from fossil
fuels are classified according to (Fig. 8):
e the type of fuel used (coal, lignite, natural gas or
oil);
e the conversion process from fuel chemical energy to
thermal energy;
o the electricity generation stage, in which different
types of turbines (gas turbine or steam turbine) are
used to drive the electrical generator [8].
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Fig. 8. Technologies that generate electricity from fossil fuels.

Table 1 presents some advantages and limitations of
power generation technologies that use coal, gas and oil
[9]. Since oil is less preferred for power generation than
coal and gas, the following sub-sections specifically
address coal and gas power plants.

Solutions aimed at enhancing the efficiency of the
thermodynamic cycles used for power generation, and
the development of carbon capture and storage units,
have to be promoted [10].

Table 1. Advantages and limitations
of power generation technologies.

Technology | Advantages Limitations

Coal Low-cost Reduced efficiency,
energy source in | high CO: emissions,
some countries suitable for baseload

power supply

Gas Flexible power Cleaner than coal
supply

Oil High energy Less preferred for
density, suitable | power generation
for mobile
applications

2.1 Coal power technologies

Pulverised coal combustion (PCC) is the most widely
used technology in coal-fired power plants worldwide.
The efficiency of a PCC plant depends on coal quality,
environmental conditions, steam conditions, plant
design, and operation and maintenance [11]. The thermal
efficiencies of power plants have increased in recent
decades by increasing the steam temperature and
pressure. Control of the combustion is very efficient in
steady-state operation, although there are some issues in
transient operation [12]. The coal fired power generation
technologies are divided into subcritical, supercritical
(SC) and ultra-supercritical (USC) technologies, based
on the differences in pressure and temperature.
Subcritical cycle plants can be divided into small-sized
(< 50 MW) and mid-sized plants (about 300 MW).
Supercritical cycle plants are large-scale technologies
(about 500 MW). Subcritical and supercritical power
plants represent more than 95% of global capacity (about
80% is subcritical technology and about 15% is
supercritical) [13].

The approximate temperature and pressure ranges,
together with the efficiencies of the coal power units, are
shown in Table 2 [14]. SC and USC technologies have
higher operational efficiency compared to subcritical
power plants leading to lower fuel consumption and CO2
emissions. In Europe, the efficiencies are based on the
lower heating value (LHV) of the fuel, while in the US
they are based on the higher heating values (HHV) of the
fuel. In general, efficiencies based on LHV are higher
than those based on HHV, and so the US efficiencies are
lower with 2 + 4% than the European efficiencies).

Table 2. Features of Subcritical, Supercritical, and Ultra-
supercritical Power Plants.

Type of Main |Main Steam| Reheat |Efficiency
plant Steam (Temperature] Steam based on
Pressure O Temperature] HHV
(bar) ({9) (%)
Subcritical | <221 |upto 565 °C|up to 565 °C| 33+39%
bar
Superecritical|221+250| 540+580 °C | 540+580 °C | 38+42%
bar
Ultra- >250 580 °C 580 °C >42%

supercritical | bar

The integrated gasification combined cycle (IGCC)
and circulating fluidised bed combustion (CFBC) are
other advanced coal-fired power generation technologies
or cleaner coal technologies (CCTs).

IGCC is the most advanced precombustion
technology and includes a combination of two different
technologies (coal gasification and combined cycle)
[15]. IGCC operates with efficient high-temperature gas
turbines and is highly efficient [14].

CFBC is the prevalent type of FBC for power
generation. CFBC plants use bed materials (e.g. silica
sand) for the pulverised coal combustion or solid fuels
(at temperatures of about 900°C) to produce heat. The
steam produced inside the combustor is used to generate
power in steam turbines [16]. CFBC offers specific
advantages over PCC, due to the mixture of coal with
other fuels, including waste and reduced quality coals.
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One of the current proposals is to develop carbon
capture and storage (CCS) as a new ‘“clean coal”
technology. CCS has environmental benefits, but has an
impact on the efficiency of the thermal power plants.
The methods used to capture CO2 in power plants are
post-combustion,  pre-combustion and  oxy-fuel
combustion [17].

2.2 Gas power technologies

The gas power plants based on F-class heavy-duty gas
turbines (HDGT) are the most diffuse today at large
scale (about 170-300 MW in the simple cycle, and about
450 MW in combined cycles). These turbines have firing
temperatures of 1300-1400 °C. In spite of their good
availability and reliability, in the period from 2010 to
2015 the increase in their diffusion has been lower than
for advanced G-, H- and J-class gas turbines [18].

The most effective solution for large-scale electricity
generation is the natural gas combined cycle (NGCC)
power plant, in which a gas turbine “topping” cycle
provides the heat to supply a steam “bottoming” Rankine
cycle. NGCC solutions can achieve combined cycle
efficiencies of over 60% with respect to the LHV.

Supercritical CO2-based power cycles (sCO2) are
being studied for power generation applications with
combined cycles. The sCO2 power cycle can be used as
a “topping” cycle in fossil fuels power plants, or as a
“bottoming” cycle in gas combined cycle power plants.

Aero-derivative gas turbines have been effectively
used in single cycles for small-scale applications,
although their application in combined cycles has not
found acceptable convenience yet.

For small-scale applications, combined heat and
power solutions wuse natural gas-fired internal
combustion engines and microturbines.

4 State of the art of PV and wind power
plants

The technical progress of photovoltaic (PV) technologies
can be summarised in terms of conversion efficiencies of
the commercial unit, that is, the PV module, which
incorporates dozens of solar cells encapsulated to
prevent damage from environmental agents (snow, hail,
wind, UV rays and dust). Technical improvement in the
wind turbine (WT) technologies is represented by
enlargement in the diameters of turbines with three-blade
horizontal-axis rotors.

The current situation regarding the conversion
efficiencies of the PV modules for applications at ground
level (satellite applications are not considered here) is
discussed in the following. The innovative mono-
crystalline silicon technologies have the highest
efficiency (about 22%) with an improvement of 30% in
the last 9-10 years. On the other hand, the thin films of
cadmium telluride and copper-indium-gallium-diselenide
reach efficiencies of 15%, with improvements of about
50%. The most widespread technology 1is poly-
crystalline silicon technology with efficiencies of 16—
17%. The values of efficiency are almost constant for a

wide range of solar irradiance, from 0.2 kW/m2 to 1
kW/m2. A specific property of the PV technology is its
modularity, which permits the rated power of a PV
module (360 W) to scale up to the rated power of PV
generators of several hundreds of kilowatt that feed the
input of the power conditioning units (DC-AC
converters or inverters).

In ten years (from 2005 to 2015) the typical
diameters of commercial wind turbines increased by
40%, from 125 m to 180 m, with a remarkable increment
in hub height. The corresponding rated powers increased
from 5 MW to 10 MW for typical offshore applications.
The conversion efficiencies are strongly variable
according to the wind speed values. WT efficiencies,
around 45-50%, at relatively low wind speeds of 5-10
m/s can be much higher than PV generator efficiencies.
Nevertheless, the same efficiencies become relatively
low (< 10%) at high wind speeds of 20-25 m/s.

5 State of the art of PV and wind power
plants

This article presents statistics regarding world energy
consumption and electricity production in the last
decade, focusing on electricity production, which tends
to be prevalent in the energy sector, with respect to heat
and transportation usages, because electricity is easy to
manage and transmit over long distances. Various
technologies, based on fossil (coal and gas power plants)
and nuclear (that is carbon-free) fuels, were described in
terms of configurations, sizes, performance and future
trends.  Solar photovoltaic and wind generators are
making significant contributions to electricity production
globally.
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