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Power plants face today, and will continue so in the future, a variety of challeng-
es, along with many uncertainties as well. Overshadowed by an inevitable and 
burdensome transition to a low carbon economy as the most exploited subject, 
there are also numerous issues, often overseen or even neglected, that may make 
position of power plants critical with respect to the security of supply, particular-
ly when considering a massive move of mobility towards electric drives or a high 
penetration of intermittent renewables, for example. Exposed to a brutal and of-
ten unfair competition with subsidized players on the open market, some power 
plants are being economically and/or politically disqualified by ones based on 
another kind of primary energy sources. Addressed briefly are the above and 
some other issues, including water-energy nexus, energy storage, clean coal and 
CCS technologies, decentralized generation, role of virtual power plants, smart 
networking, cyber threats, as well as energy price volatility, global recession, ge-
opolitical concerns, cross-border cooperation, climate deal, strong or smart so-
lutions for security of energy supply, and some other dilemmas, challenges 
and/or uncertainties attributed to power plants in the times to come. 
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INTRODUCTION 

Each stage of economic development has been accompanied by a characteristic energy transition from one 
major fuel source to another. Historically, as supplies of firewood and other biomass energy proved insufficient to 
support growing economies, people turned to hydropower, then to coal during the 19th century, and then to oil and 
natural gas during the 20th century. Today’s energy system is undergoing an unprecedented transition, which is the 
most challenging for power plants due to a change in energy sources away from fossil fuels towards renewable 
energy sources (RES). This transition is motivated by a combination of many factors, including concerns about 
environmental impacts (particularly climate change), limits on fossil fuel supplies, prices, and technological change. 
One key trend that emerges is the significant decline in the cost of renewable generation as a result of the use of 
improved technologies and continued governmental support in recent years. 

The energy transition has the potential to change the way in which the energy is produced and to impact 
operating models and the economic foundation of power systems. Open energy markets are further increasing in 
complexity, accelerated by a fast moving technological innovation, and shifting consumer expectations. Particularly 
high growth in the renewable energies market, as well as the new capacities and high growth rates in developing 
countries have changed the landscape for the energy sector. This has contributed to falling prices and increased 
decoupling of economic growth and emissions. There is also a significant need to balance between environmental 
impacts, social equity considerations and increased needs for resilience and security of power supply. 

Greater self-sufficiency and diversity of supply, necessary to counteract the risks associated with the 
dependence on imports from other countries which leaves the energy system vulnerable to changes that are 
beyond the control at national level, resulted in a more diversified energy mix as the nations are increasingly 
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concerned with the issue of energy security. Resilience to external shocks can be improved through diversity of 
supply, a balance between local production and imported energy, and participation in regional networks. 

The aim of this paper is to investigate major challenges faced by the energy sector with focus on the power 
plants and to highlight the key trends and the implications for the energy policy, which are crucial to understand the 
new realities for the energy sector as a whole and for the power plants in particular. Addressed are challenges for 
power plants posed by the current focus on sources of primary energy, both renewable and conventional, as well 
as on the fast developing technologies that have an impact on competitiveness and operation of the power plants. 
Environmental and climate change issues are also addressed, followed by a review of the economic challenges as 
the major driver of the current transition in the power sector. 

CHALLENGIES RELATED TO SOURCES OF PRIMARY ENERGY 

Renewable energy sources 

Renewable energy sources are unlimited, as supplies are continually replenished through natural processes. 
Every world region has some renewable energy resources, though availability and cost of using these vary. Most 
renewable energy is ultimately solar energy. Also, biomass, wind, and hydropower are just secondary sources of 
solar energy. Hydro power comes from falling water, which occurs because solar energy evaporates water at low 
elevations that later rains on high elevations. The Sun creates wind through differential heating of the Earth’s sur-
face. Biomass energy comes from plant produced in the photosynthesis process, which is driven by the Sun. Non- 
solar renewable energy sources include geothermal energy, which comes from the Earth’s core, in some combina-
tion of energy left from the origin and decay of nuclear materials there.  

Global consumption of renewable energy sources has increased greatly during the last decade, Table 1, [1]. 
Variability and average low equivalent 
hours of operation per year of solar PV and 
wind, pose challenges to their large-scale 
development. The RES regulation and poli-
cies present differences in particular coun-
tries, but RES enjoy priority of dispatch in 
most of them. The use of various support 
and incentive schemes had a strong impact 
on the world RES development. Financial 
incentives have been widely used for pro-
motion of RES. The most popular form is 
‘feed-in tariffs’ that are in use in many 
countries and are fixed for specified time 
periods. Solar and wind power continue 
their rapid growth in Europe and worldwide, 

Table 2, [2].  
 World Energy Council 

(WEC) predicts that by 2060 
percentage of electricity in to-
tal final energy production 
could reach penetration levels 
as high as 30%, with up to 
98% coming from non-CO2 
emitting technologies, a 3-fold 
increase over the current 
share with 40% coming from 
solar and wind technologies 
alone, representing a 10-fold 
increase over current share, [3]. Faced with the fast change on all fronts, utilities are working to deploy the new 
power generation and energy storage technologies and to integrate real-time forecasting, and an advanced visuali-
zation to better manage a growing penetration of the distributed intermittent as well as weather dependent renewa-
ble energy sources. 

Table 1: Global Share of Primary Energy Sources 

Primary Energy 2005 2010 2015 

Renewables 6.82% 7.83% 9.57% 

Hydro 6.05% 6.44% 6.79% 

Wind 0.22% 0.63% 1.44% 

Solar 0.01% 0.06% 0.45% 

Other 0.54% 0.70% 0.89% 

Fossil Fuels 87.45% 87.03% 85.99% 

Oil 35.96% 33.49% 32.94% 

Gas 22.88% 23.70% 23.85% 

Coal 28.61% 29.84% 29.20% 

Nuclear 5.73% 5.14% 4.44% 

Total 100.0% 100.0% 100.0% 

Table 2: RES capacity development in the last five years 

RES Region 2011 2012 2013 2014 2015 

Solar PV 

World, GW 69 100 139 181 222 

Europe, GW 52 70 81 88 96 

Europe, % 75% 70% 58% 49% 43% 

Wind 

World, GW 239 283 318 370 432 

Europe, GW 95 108 119 131 144 

Europe, % 40% 38% 37% 35% 33% 

Total 

World, GW 308 383 457 551 654 

Europe, GW 147 178 200 219 240 

Europe, % 48% 46% 44% 40% 37% 
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Hydro Power 

Hydropower is the leading renewable source for electricity generation globally, supplying 71% of all renewa-
ble electricity at the end of 2015, while still undeveloped potentials amount approximately to 10,000 TWh/year 
worldwide, [1]. Hydroelectric power could be regarded as intermittent due to its unpredictable nature. It is partially 
true for run-off-the river hydro, even if large rivers allow long duration anticipation and precise prediction. The hydro 
with reservoirs is storable energy which gives flexibility and stability to the electricity grid. The volume of water 
available in the reservoirs can be anticipated about a year in advance so that the capacity may be guaranteed. 

An estimated 62,500 power plants are operating around the world, with a total installed generating capacity 
of more than 6,000 GW in 2015, [4]. The nine largest operating power plants in the world by capacity are all hydro 
electric power plants. The global hydropower capacity increased by more than 30% between 2007 and 2015 ac-
counting to a total of 1209 GW in 2015, of which 145 GW is pumped storage. Four of the world’s ten largest power 
plants are located in China, and all four of those plants began operating in the past 13 years, Figure 1, [4]. 

 

Several countries are building large power plants to meet growing electricity demand. Some of the soon-to-
be-largest power plants in the world are hydroelectric plants under construction in countries such as China and 
Brazil. The world’s largest dam, Three Gorges in China, has a capacity of 22.5 GW. Hydroelectric power is the se-
cond-largest source of electricity in China, after coal, and accounted for 20% of the country’s total generation in 
2015. South America is home to three of the world’s largest power plants. Brazil’s Itaipu dam is the second-largest 
power plant in terms of capacity (14 GW), but ranked first in the world in generation, producing 89.5 TWh in 2015, 
compared to Three Gorges output of 87 TWh, [4]. Differences in seasonal flows of the Yangtze and Parana rivers 
account for differences in the output of the Three Gorges and Itaipu dams, respectively. The Kashiwazaki-Kariwa 
nuclear power plant in Japan is the largest nuclear plant in the world and the sixth-largest power plant of any type 
in the world. The Sayano-Shushenskaya dam in Russia is the tenth-largest power plant in the world, but it is the 
largest power plant in Russia, with a capacity of 6.4 GW, [4]. 

Hydropower can be generated when needed to meet rapid or unexpected fluctuations in demand due to the 
storage reservoir of water, [5]. There are, however, limited possibilities for new sites and environmental impacts 
through land use and conversion. Hydroelectric dams and micro hydropower plants are competitive in the energy 
market, but environmental concerns have slowed their adoption. Harmonization and modification of market rules 
and subsidy systems is important to fully exploit the balancing capability of hydropower, and its support for stabili-
zation of the grid. Integration of electricity markets generally improves the business case for interconnections but 
different market rules such as having a capacity market connected to energy only markets create suboptimal busi-
ness cases. When increasing the renewable electricity production in Europe, interconnections between countries 
will be more important. Large wind power capacities in countries like Germany and Denmark need to be balanced 
with storage capacities in hydro power in countries like Norway, or mountain regions as Alps, for example. 

 

Figure 1: World’s largest hydropower plants by capacity (left) and by reservoir volume (right) 

Source: 
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Solar Power Plants 

Solar power systems are the fastest growing renewable energy source worldwide. There are two major types 
of solar power plants: concentrated solar power plants (CSP), and photovoltaic (PV) solar installation, Figure 2. 

 

Figure 2: Solar power plants (left: Concentrating Solar CSP; right: Photovoltaic PV) 

Global installed capacity for solar-powered electricity has seen an exponential growth, reaching around 227 
GW at the end of 2015, producing 1% of all electricity used globally. The total capacity for solar heating and cooling 
in operation in 2015 is estimated at 435 GW thermal, [1]. Roughly 70 GW of solar capacity will be built in the US by 
2020, most of it from distributed resources such as residential and rooftop solar PVs. As a point of reference, Ger-
many currently has roughly 35 GW of solar capacity, [6]. 

The solar PV module prices have declined around 80% since 2007 (from ~ $4/W in 2007 to $1.8/W in 2015), 
[7]. Much of the cost reduction has come from declining module costs, inverter and so-called soft cost. While the 
big solar had a steady decline in average cost from 2014 to 2015 ending at a level of $1.33/W, the rooftop solar 
costs have remained around $3.50/W over the same period, [7]. Although the rooftop solar has enjoyed a decline 
in module cost, an increase in soft costs is offsetting much of this decline. In 2015, soft costs have actually risen by 
7%, primarily due to rising customer acquisition costs, which means that rooftop solar companies are spending 
more to convince people to put solar on their roofs. 

Looking to the future, big solar companies are focused on reducing costs to prepare for the expected demise 
of the incentives and along the way creating more demand for their generation, which may mean that the incen-
tives become irrelevant to their future plans, expecting that they would install solar on trackers for less than $1 per 
watt by 2017, which may be the case, [7]. On the other hand, given the cost structure of rooftop solar and the fero-
cious battles that rooftop companies wage when threatened by the elimination of net metering incentives, it would 
appear that incentives are not only relevant but critical to the ongoing progress of the rooftop industry. So, it would 
seem that, without incentives, the scales would clearly tip in favor of big solar. It would additionally seem that, big 
carbon-reduction goals, the big solar is needed to keep the price of electricity reasonable. 

Wind Power Plants 

The wind power plants are present today in more than 80 countries worldwide, of which 28 countries have 
more than 1,000 MW installed, including 17 countries in Europe, 4 in Asia-Pacific (China, India, Japan & Australia), 
3 in North America (Canada, Mexico, US), 3 in Latin America (Brazil, Chile and Uruguay), and 1 in Africa (South 
Africa). At the end of 2015, 8 countries had more than 10 GW installed, including China (145,362 MW), the US 
(74,471 MW), Germany (44,947 MW), India (25,088 MW), Spain (23,025 MW), UK (13,603 MW), Canada (11,205 
MW), and France (10,358 MW), [8]. In 2016 Brazil joined the ’10 GW club’, [1]. 

At the end of 2015 global wind power generation capacity reached 435 GW (420 GW onshore, 15 GW off-
shore), which is 7% of total world power generation capacity, [1]. To push this figure higher, governments are im-
plementing a range of measures and support schemes like feed in tariffs. As shares of wind continue to increase, 
countries take steps to create power systems that can integrate large amounts of variable wind energy, exploring 
smart grids, storage technologies and other grid management mechanisms. 
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However, challenges still remain for wind farms development on many regional markets. In Europe a cocktail 
of policy changes, economic crises and austerity measures is viewed as likely to produce difficulties, although a 
shift away from fossil fuel-fired power could provide a boost. The worldwide wind capacity could reach 2,110 GW 
by 2030, and even 5,800 GW by 2050, [8]. Continuing growth is predicted for North America, where the US is ex-
periencing a ‘wind rush’ due to unwonted policy stability. With new markets developing rapidly across Africa, Asia 
and Latin America, and policy stability in the US market, as well as strong and continued commitment from India 
and China, the prices for wind power, both on- and off-shore, are dropping rapidly. 

As the offshore wind farms are becoming more financially, aesthetically and environmentally viable, they are 
turning to floating supports to enable wind turbines to move into deeper waters farther from the coast, Figure 3. 

The use of floating power plants could help to overcome some obstacles that have deterred offshore wind farms. 
Right now, almost all offshore wind turbines require fixed platforms built into the seafloor, but floating turbines, with 
anchors, would mean new flexibility in where wind farms could be placed, with potentially less impact on marine life 
and less opposition from the human neighbors on shore, [9]. 

Conventional offshore wind developments, with foundations deep beneath the ocean floor, are increasingly 
common in Europe. But, partly because of public opposition, fixed offshore turbines are just starting in the US, with 
more than half of the offshore wind potential in deeper waters in parallel with floating technologies adapted from 
deepwater oil and gas drilling rigs, which use tethers and anchors to moor platforms to the seabed. The wind farms 
can be located farther out at sea, where they would not be visible from land, and their anchoring mechanisms have 
a smaller, more flexible footprint than the embedded foundations of conventional wind turbines. Floating platforms 
could open deeper waters to wind energy development. The floating platforms could result in less environmental 
disturbance and easier transportation and installation, so that floating power plants may come to outnumber fixed-
foundation installations. However, cost is an obstacle that must be overcome, because the floating farms are more 
expensive to build than land-based ones, and probably would cost even more than fixed offshore installations, [9]. 

Geothermal Power Plants 

Geothermal power generation is concentrated in a small number of countries which have the geothermal en-
ergy resources. There are two types of geothermal systems: hydrothermal systems and enhanced geothermal sys-
tems. A naturally occurring hydrothermal system consists of a hot spring, while an enhanced geothermal system 
(EGS) is a man-made reservoir in areas of hot rocks by transferring heat from the fractured hot rocks, and trans-
porting the energy to the surface to generate electricity. The geothermal potential makes it possible to extract en-
ergy by drilling wells into reservoirs down to several kilometers depth, and from the high-temperature water, heated 
by the Earth’s magma there, superheated steam can be brought to the surface at 400-500°C and used in steam 
turbines for efficient electricity production, [10]. 

The process may involve injecting water and chemical mixtures at high pressures into the ground, and break-
ing open cracks in the rock below the surface. A number of subsurface technologies utilized by oil and gas indus-
tries can be utilized by geothermal industry for EGS, so that technological advances in either sector accrue benefits 
to both, as subsurface challenges and needs facing both the oil and gas and EGS industries are similar. An innova-
tive technology may be used to produce electricity needed by an oil and gas field, when geothermal power can be 

     Large wind turbines fixed on seabed off shore                 Small wind turbines on a floating platform  
Figure 3: Off shore wind power generation plants 
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generated from hot water that flows from wells and thus offset the need for costly transmission construction and 
reduces energy costs at remote oil fields. 

The high temperature drilling tools with operating parameters that allow those tools to be deployed in ex-
tremely hot subsurface conditions, can be utilized by the oil and gas industry as they expand to deeper and hotter 
commodity extraction, as well as the EGS industry as they develop hot geothermal reservoirs. Similarly, stimulation 
and drilling technologies are used by both industries, so advancements in this area benefit both sectors. Once 
demonstrated, these advancements may enable the recovery of resources from the produced fluids from oil and 
gas. A research program is also conducting an evaluation of elevated temperature fluids to assess the potential for 
these dissolved minerals within geo-fluids and oil and gas fluids to establish a resource estimate, [11]. 

Bio-energy 

Many of the coal fired boilers can be fired with a part or fully with biomass. It is easy to burn wooden biomass 
in a coal fired boiler if it is milled down to typical sawdust size. Moisture content does not matter much. The use of 
solid and gaseous biomass for electricity generation can provide multiple environmental and socio-economic op-
portunities and benefits. Biomass, unlike most other RES, can be stored relatively easily and can provide energy to 
dispatch as needed, [12]. On the other side, the production, extraction, processing, transport and conversion of bi-
omass into final energy can sometimes have adverse impacts for biodiversity, natural habitats and ecosystem ser-
vices, and soil and water quality. 

The challenge in developing renewable energy sources not only needs to focus on making the relevant tech-
nologies more attractive and cost-efficient, but also to ensure that their entire life-cycle remains sustainable. In this 
context, the co-firing of biomass might be a low cost and efficient way to reduce emissions of greenhouse gases 
(GHGs) from electric power production, but should be viewed critical from resource efficiency and energy efficiency 
perspectives, particularly if this implies long distance transports of biomass and inefficient conversion processes 
with no or limited use of surplus heat. Yet at the same time, efficient utilization of surplus heat in small to medium 
scale dedicated biomass power plants and cogeneration processes can contribute to the decarbonisation of both, 
heat and electricity generation, sectors, [12]. 

Biomass power generation has increased steadily by upgrading older coal plants to biomass plants. Biomass 
energy is used in conjunction with cogeneration or district heating to increase energy efficiency. However a con-
sistent source of biomass fuel continues to be a major problem to overcome. Bio-energy is the largest renewable 
energy source with 14% of 18% renewables in the energy mix, and provides 10% of global energy supply, [1]. 

Biogas for electricity generation is rising rapidly in Europe. By the end of 2012, more than 13,800 biogas 
power plants, with a total installed capacity of 7.5 GW, were in operation. The share of total EU electricity genera-
tion is still very low: biomass and waste provided around 6% of the EU's electricity generation in 2012, [13]. Bio-
mass is used primarily in countries with extensive forest industries, where residues such as branches, wood chips 
and sawdust can be used to produce electricity and heat. Countries with large agricultural industries and industries 
that produce waste products that can be used as bio-fuels also have potential to increase their use of biomass. 

The development of solid (wood), liquid (bio-fuel), and gaseous (biogas) bio-energy increase the volume of 
storable energy. Depending on their cost and the value of CO2, they can be used to produce electricity or to directly 
replace traditional fossil fuels. They are also one of the solutions to the increased storage demand. 

Waste-to-Energy 

Waste-to-Energy (WtE) or energy-from-waste is the process of generating energy in the form of electricity 
and/or heat from the incineration of waste. Waste (municipal solid waste–MSW, refuse-derived fuel–RDF, landfill 
gas–LFG) is taken as renewable energy source because it is continually replenished. The heat generated by burn-
ing wastes has other uses as well, as it can be used directly for heating, to produce steam or to generate electrici-
ty. Thermal technologies used to produce energy from waste include combustion (mass burn and RDF), while 
chemical processes include conventional and plasma-arc gasification and pyrolysis. RDF is the process of remov-
ing the recyclable and non-combustible parts from the MSW and producing combustible material. Figure 4 depicts 
the process of converting waste to energy where pollution control system is applied, [14]. Pyrolysis involves the 
change of chemical composition of waste in a complete lack of oxygen atmosphere, and the synthetic gas (syn-
gas) produced during the reaction is converted to biodiesel and other liquid fuels. Conventional gasification uses a 
fraction of the air/oxygen that is generally needed to combust a given material and thus creates syn-gas. The 
plasma-arc gasification utilizes high temperatures (2,200–11,000 °C) to create syn-gas as well as high value sen-
sible heat. An advantage of plasma gasification is a high temperature that can minimize air pollutants well below 
those of traditional WtE facilities, [15]. 
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In many parts of the world, the way in 
which the waste is disposed is coming under 
increasing care and scrutiny. In the EU, Di-
rective 2008/98/EC has provided a legal 
framework aimed at the whole waste cycle 
from generation to disposal, placing the em-
phasis on recovery and recycling, but favoring 
energy recovery over landfilling for wastes 
which cannot be recycled. In 2014 the EU 
Commission adopted a legislative proposal 
which aims at phasing out landfilling by 2025 
for recyclable waste (including plastics, paper, 
metals, glass and bio-waste) in non-
hazardous waste landfills, corresponding to a 
maximum landfilling rate of 25 %, [15]. 

There is currently a significant gap between the amount of residual waste (waste which has been through a 
recycling process to recover materials) being produced and the capacity to process that fuel domestically. Fortu-
nately, thanks to excess capacity in a number of north European countries including Sweden, Germany and the 
Netherlands, there is a buoyant export market. Despite WtE occupying less than 6% of the total waste manage-
ment market, the global WtE market is expected to reach US$ 36 billion by 2020, [1]. Most of it is expected to be 
used for power generation in combined heat and power (CHP) plants. 

Fossil Fuels 

Oil Fired Power Plants 

Oil remains the world’s leading fuel, accounting for 32.9% of global energy consumption. Roughly 63% of oil 
consumption comes from the transport sector, [1]. Oil has once been used to produce electricity on a much larger 
scale than today. In utility-scale power plants it is mainly used as a supplement to low grade coal such as lignite. 
However, the oil based distributed generation is increasing, usually combined with production of heat, particularly 
where natural gas is not available. In that respect, an interesting dependence between oil and renewable exists. 
The deployment of renewables on a large scale, which would almost certainly require subsidies, could lead to low 
oil prices, leading to the need for even higher subsidies. An alternative would be higher taxes on conventional fuels 
or on their carbon content to make renewables economic, unless there were spectacular falls in their costs. Coun-
tering the problem with higher taxes would have to be international as, otherwise, cheaper oil would flow to areas 
where fossil fuels were not taxed. 

Changes in the way how energy is produced define a risk for existing assets to end up stranded. But looking 
ahead, a growing number of primary resources, particularly coal, and possibly oil, may remain unused. Oil will still 
be needed for transportation providing over 60% of energy needs, but overall oil demand will flatten out. With stag-
nating growth potential in the oil sector and with coal likely to be of little importance by 2060, there will be a shift in 
the discussion from stranded assets (predominantly enterprise owned) to stranded resources in oil and coal (pre-
dominantly state owned), [3]. This has the potential to cause significant stress to the current global economic and 
geopolitical equilibrium and will need to be part of a broadened carbon and climate dialogue. 

Energy intensity reductions supported by primary energy substitution effects are set to increase at a faster 
rate than the demand increase. This therefore shifts the discussion from peak oil to peak demand with anticipated 
growth limited to only a 20% increase over the next 45 years, [1]. This will have significant implications for energy 
companies in terms of their ability to achieve their growth expectations, which will need to be factored into invest-
ment strategies. 

Unconventional oil recovery accounts for 30% of the global recoverable oil reserves. Oil shale contains at 
least three times as much oil as conventional crude oil reserves. However, oil substitution is not yet imminent and 
is not expected to reach more than 5% by 2020, [1]. 

Natural Gas fired Power Plants 

Natural gas is the second largest energy source in power generation, representing 22% of generated power 
globally and the only fossil fuel whose share of primary energy consumption is projected to grow. Power generation 
reflects 40% of natural gas demand and will continue to be the largest driver in natural gas demand growth, fol-

Figure 4: Waste to energy plant diagram, [14] 



Mesarovic, M.: Challenging Times for Power Plants 

TERMOTEHNIKA, vol. 43, no. 1-4, 2017, pp. 1-22 

 

8 

lowed by industrial and building use, which combined reflects 44% share of demand, [1]. In this way an increased 
use of natural gas, combined with decreased use of coal, will drive energy associated CO2 emissions from natural 
gas surpass those from coal. 

The build out of natural gas plants is not as aggressive in Europe as it is in the US because of the availability 
of shale gas there. Europe is more aggressively decarbonizing than the US based on stronger development of 
RES (primarily wind and solar). There are areas of Eastern Europe that have coal development underway, but as 
time moves forward the coal will be a decreasing part of the mix with an increase in RES and natural gas. The nat-
ural gas-fired plants have public opposition as well, but compared to coal, natural gas projects have more of an op-
portunity to move forward: they are faster to permit and faster to build than coal plants. 

Gas utilization for power generation will probably increase considerably in the future. Shale gas is one possi-
ble source of gas that is explored in parts of Europe, where exploitation is allowed. There are various deep chang-
es in the gas market. Until the recent past, gas had an undisputed reputation, but now is in the same category as 
coal and oil. The distinctive advantage of gas, being the cleanest fossil fuel, is subject to erosion in the perception, 
although this differs significantly per region. In fact, natural gas has a meaningful and beneficial role to play in the 
energy mix, also in the foreseeable future. The big challenge for the power industry is to develop a relevant propo-
sition for gas and gas infrastructure in the context of the energy transition. The impact of the current low prices has 
a more direct impact on investments in, for instance, liquefied natural gas (LNG) and shale gas, than on invest-
ments in infrastructure which tend to have a longer lead-time. 

Coal Fired Power Plants 

Coal still provides around 40% of the world’s electricity. However, climate change mitigation demands, transi-
tion to cleaner energy forms and increased competition from other resources are presenting challenges for this 
sector. The coal production declined with 0.6% in 2014 and with a further 2.8% in 2015, the first decline in global 
coal production growth since the 1990s, [1]. Asia presents the biggest market for coal and currently accounts for 
66% of global coal consumption. Failure to timely plan for replacement of decommissioned base-load power plants 
might pose a risk to energy reliability in some countries. 

In spite of a growing public sentiment against coal, heavily covered by media outlets, the number of globally 
planned new coal generating units, defined as separate generating units at power plants, is growing, with 3,019 
units planned which would deliver 1,554 GW of capacity. By comparison, 7,000 planned new units for wind will de-
liver 504 GW of capacity, while 4,174 planned solar units will be with 208 GW of capacity, 3,682 planned natural 
gas units with 568 GW, and 11,120 planned hydroelectric units would deliver 762 GW of capacity, [16]. 

While fossil fuels will continue to have a significant role in the energy mix, contributing between half and two 
third of the energy needs in 2060, coal could potentially only represent 5% in the overall mix, [3]. The European 
coal power plants that are currently in use are old and will have to be shut down or refurbished for use in the next 
few decades. The thermal power plants in 2030 will consist of old base load plants, new gas combined cycles, 
some converted and new biomass units and new peak load plants. Regardless of how the rest of the system de-
velops, large investments will have to be made in new thermal plants. The most urgent is to improve the efficiency 
of the complete chain of electricity generation from coal and lignite (methane collection, rising efficiency of genera-
tion toward very high efficiency (from ~32% to 47% efficiency, [17]). 

The fact of the matter remains that, until research can overcome the energy density and storage challenge 
that haunts renewable energy generation, it will continue to struggle to gain ground against the use of fossil fuel, 
unless the latter is hampered by law and regulation so as to make it unaffordable. Renewable enthusiasts often 
point to Germany as the great success story for renewables. However, at their power generation portfolio for 2014, 
wind and solar still accounted for less than 15% of the energy production, Figure 5, [18]. In 2014, the gross electric 
power generation in Germany was 639.6 TWh, and total proportion of the electricity supply based on renewables 
(wind, PV, water, biomass, waste) accounted for 26.2%, on lignite 25.4%, on hard coal 17.8%, on nuclear energy 
15.8%, and on natural gas 9.5%, [18]. It appears that power generation from traditional sources (coal, gas, nuclear) 
was almost 70%, of which 43.2% from coal alone. 

Nuclear Power 

Nuclear energy provides, after hydroelectric power, most of the world's carbon-free electricity. As of February 
2016, in 31 countries 442 nuclear power plant units, with an installed electric net capacity of about 384 GW, are in 
operation and 66 plants, with an installed capacity of 65 GW, are now under construction in 16 countries. Two-
thirds (44) of the new nuclear power units currently under construction are located in three large countries: China, 
India and Russia, [1]. 
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Currently, there are more than 45 
small modular reactors (SMR) designs 
under development and four SMRs un-
der construction, [19]. The situation of 
nuclear power has changed following 
the earthquake and tsunami in Japan in 
2011. Instead of being globally regar-
ded as an acceptable technology option 
for the future, nuclear has faced early 
shutdown and been questioned in some 
countries. 

The US EIA projects that total 
global nuclear generation will increase 
by 73% through 2040, from 2,600 TWh 

in 2015 to 4,500 TWh in 2040. Figure 6 shows the projected nuclear generation by 2040, [20]. The non-OECD 
countries account for 86% of this increase, with China alone making up more than 54% of total growth.  

As of 2015, China has 
34 operating nuclear reac-
tors, with a total capacity of 
27 GW and additional 22 
GW (20 reactors) under 
construction, [20]. China is 
expected to increase nu-
clear capacity to nearly 90 
GW by 2025 and, by 2032, 
to surpass the USA (the 
country with the most elec-
tricity generation from nu-
clear) and produce more 
than 1.2 thousand TWh of 
electricity annually by 2040, 
[21]. The nuclear genera-
tion in the non-OECD Asia 

(specifically China and India) surpassed OECD-Asia (Japan and South Korea) in 2012. Although South Korea is 
expected to increase its use of nuclear power and Japan is expected to restore some nuclear capacity, few capaci-
ty changes in those countries are anticipated after 2020. Meanwhile, nuclear power growth in China and India is 
expected to continue through 2040, with China dominating growth in the region. Both OECD Europe and OECD 
Americas (including the USA) are expected to maintain current nuclear generation levels through 2040. By 2028, 
nuclear generation in non-OECD Asia is expected to exceed both OECD Europe and OECD Americas. 

TECHNOLOGICAL CHALLENGES 

Energy Storage 

Distributed energy storage is the next step in reducing the need for centralized dispatchable fossil fuel plants, 
which are currently required to balance the intermittent supply from renewables. Energy storage technology is par-
ticularly coupled to the wind and solar technologies. The various technologies of electricity storage are character-
ized by their power output, but also by the amount of energy that can be stored. On a grid scale, electricity storage 
is most frequently accomplished with pumped water storage, [22]. When excess electricity is available from the 
grid, water is pumped from a lower reservoir to a higher reservoir, and allowed to flow back down and generate 
electricity. However, the most commercial interest is shown in battery storage technology. 

Renewable energy is driving opportunities for energy storage across all global markets, [23]. The costs of 
new storage technologies will fall as production volumes increase so that, with the cost of capturing and storing 
energy coming down, their deployment across the world will increase. However, the surge in demand required to 
ramp up battery cell production and bring down costs may not take place as rapidly as anticipated because costs 

Figure 5: Electricity production by energy sources, Germany 

Figure 6: Projected nuclear electricity generation in selected regions 
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remain too high for mainstream adoption. Further, because the power industry is anticipating lower costs in the fu-
ture, large scale investment in storage technology is relatively limited. 

Energy storage has been characterized by rapid change, driven by reduced costs (especially batteries) and 
increased industry requirement to manage system volatility. At the end of 2015, the global installed storage capaci-
ty was 146 GW, consisting of 944 projects. There are already around 25000 residential-scale units in Germany 
alone. The projections suggest a global storage market of 1.4 GW/y by 2020, with strong growth in electro-
mechanical technologies in particular, [1]. 

The majority of the electrical (capacity) or chemical storage may store for a few hours with a maximum of 7 
hours. It is the same for most pumped hydro storages, with some exceptions of up to 20 hours, [24]. A low wind pe-
riod may last several days and sometimes more than one week. The low solar production in winter lasts for several 
weeks. For such longer need of storage, it is possible to use more bio-fuels and to develop power to gas technolo-
gy to produce hydrogen and then methane in combination with CO2, [23]. 

Although the energy storage benefits the grid system in terms of the intermittency of the power supply and 
provides greater control of the network, their integration significantly increases the total lifetime cost of power pro-
jects. Additionally, energy storage typically has round-trip efficiencies of between 70% and 95%, so will discharge 
less energy back into the system than it can absorb, [23]. Limited utility-scale experience of energy storage in re-
newable energy applications also raises uncertainties and risks, such as system failure causing loss of revenue for 
power plants. 

Carbon Capture and Storage 

Carbon capture and storage (CCS) technologies remove CO2 gas from the emissions and sequester it in the 
ground or ponds. CCS has a potential to substantially decrease the impact of fossil fuel combustion for the elec-
tricity system. The Paris Agreement of December 2015 has identified an ambitious goal to limit emissions of CO2 
and other ‘greenhouse’ gases in order to keep global warming below 2 ºC. As it currently stands, 41% of global 
CO2 emissions are produced by the energy sector, followed by transport with 23%, so that many countries are 
working towards decarbonizing energy supply with more environmentally friendly means of energy production, [25]. 

CCS is central to prospects for the continued use of coal if international commitments to a lower-carbon fu-
ture are to be met. However, several factors may constrain the rate of deployment of CCS. As the world tackles the 
challenges of global warming, fossil fuel companies can and must acknowledge the global political consensus and 
act to preserve climate change. A substantial transport and storage infrastructure will need to be created and the 
public perception will impact the permitting process of CCS development. There is also a need to develop confi-
dence in the geological processes that will determine the long-term security of the stored CO2. In addition, cost, ef-
ficiency and water consumption of the CCS technology needs to be improved. 

The future of CCS crucially depends on public understanding and agreement and adequate carbon prices. 
There are 22 large-scale CCS projects currently in operation or under construction around the world, with the ca-
pacity to capture up to 40 million tons of CO2 per year, [1]. The world’s first large-scale application of CO2 capture 
technology in the power sector commenced operation in 2014 in Canada. Some new CCS approaches, such as an 
enzyme-based carbon capture process, continue to advance. When applied at large scale, it would reduce cost of 
carbon capture to below $40 per ton (including compression) or below $30 per ton (without compression), [26]. 

Therefore, CCS is considered to be an essential element of any low carbon energy future. Unfortunately, 
some major fossil fuel companies still neither make a break from climate denial or disinformation, nor are planning 
for a world free of global warming pollution, [27]. In order to succeed, CCS needs more institutional support, be-
cause policy is the main issue, not technology. 

Combined Heat and Power Generation 

Traditionally, combined heat and power (CHP) plants have been owned and operated by industrial and insti-
tutional owners who have enjoyed the efficiency benefits of onsite CHP. With lessons learned from the power sup-
ply security issues, industrial and institutional owners are more focused on distributed generation, including CHPs, 
as means of obtaining a reliable, resilient and efficient source of energy. CHP generation (cogeneration) gets today 
an impetus from both energy efficiency and environmental considerations. Making good use of the heat generated, 
and otherwise discarded, at thermal power generation is the basis for CHP technology. CHP plants maximize fuel-
use efficiency by feeding that heat to supply the needs of buildings, district heating systems or industrial processes. 
The heat customers that are also able to self-produce electricity can help to balance intermittent generation. 

Inherently high efficiency of CHP delivers economic and power system benefits to users and grid operators. 
Much of today’s innovation around cogeneration, which was traditionally fuelled by coal and latter by natural gas, is 
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about identifying waste heat sources and renewable fuels, even for large industrial applications. Slightly different, 
and usually smaller in scale, is technology used to generate electricity from a range of industrial sources of ‘waste’ 
heat, or from renewable heat sources. Devices such as the organic Rankine cycle turbo-generators are used in 
more than 300 installations in 34 countries, [28]. Recently developed installations make use of geothermal heat 
sources for steam and power production. An interesting solution, called ‘green machine’ as presented in Figure 7, 
is based on the organic Rankine cycle (ORC) and the use of waste heat, [29]. 

Although CHP efficiency benefits are widely understood, power utilities are not fully embracing CHPs due to 
concerns associated with realizing economic benefits, restructuring of the billing and tariff structures, as well as 

honoring existing agreements with their re-
gional transmission organizations. When the 
power utility is the owner/operator, the CHP 
costs should be compared to the potential 
revenue streams from the sale of market-
based power and thermal energy to the cus-
tomer(s). From this comparison, the overall 
economic return on investment should be 
determined. 

Projects with adequate net present 
values of free cash flows will be identified as 
potential CHP sites that would then require 
a detailed financial analysis for final selec-
tion. In the electric utility industry, common 
ratemaking approaches associated with 
CHP services center around the transac-
tional arrangement where the utility owns 
and operates the CHP facility. If compensa-

tion for power is based on actual avoided costs, no margin impacts are expected. However, for a utility with excess 
capacity over the near and longer term, the avoided costs are based on energy costs alone and the margin poten-
tial depends on the heat rate differentials between avoided costs at system marginal heat rates and the CHP facili-
ty heat rate times any difference in fuel costs per unit of heat energy. 

Distributed Generation 

Distributed generation (DG) is an approach that employs small-scale technologies to produce electricity 
close to the end users of power. DG technologies often consist of modular (and sometimes renewable-energy) 
generators, and they offer a number of potential benefits. In many cases, distributed generators can provide lower-
cost electricity and higher power reliability and security with fewer environmental consequences than can traditional 
power generators. Local energy generation offers significant advantages over centralized generation. Market-
based DG structure would provide customers with energy choices and enable multiple DG technologies to offer the 
greatest competitive value possible to the grid, such that non-participant customers may benefit from distributed 
energy deployment. 

Several factors differentiate distributed energy technologies from their utility-scale counterparts, and provide 
the justification for incremental compensation beyond utility-scale project competitive pricing levels. While many 
utilities are embracing the shift to renewable energy, others are slow to change due to significant investments in 
conventional generation resources and a concern that over-reliance on intermittent renewable generators such as 
solar photovoltaic and wind could jeopardize reliability, [30]. 

Smart Grids 

Community Micro-Grids 

The Internet and networked technologies have changed many aspects of the power sector. Increased digiti-
zation, through devices such as smart meters, continues to create efficiencies and offers operators the opportunity 
to improve management of production. Upstream, digital technologies are used for production optimization, reliabil-
ity and preventive maintenance, and supply chain planning analytics. Downstream, the shift to digital is being real-
ized through supply-demand matching smart grids and new approaches to networking operational systems. Appli-
cations of digital technologies further downstream include trading activities and marketing and business insights. 

Figure 7: A ‘green machine’ - CHP plant based 
                               on ORC technology and waste heat 
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The power system, built on century-old technology and approaches, was designed to deliver electricity from 
large, remote power plants across significant distances to places where electricity is actually used. Although locally 
sited renewable energy generation has become economically competitive with such centralized generation and of-
fers a superior approach for a vastly improved power system, utility executives and policymakers remain reluctant 
to embrace local renewables due to fears that the existing power system cannot reliably integrate distributed ener-
gy generation. These grid reliability concerns have effectively limited local renewables to providing no more than 
10% -15% of peak power needs. To overcome this reluctance, the community micro-grid demonstrates the tech-
nical and economic feasibility of higher penetrations of local renewables. 

The re-engineering process from current networks to smart energy networks encompasses a complex range 
of issues covering market design, organizational, regulatory and technical issues. Community micro-grids prove lo-
cal renewables provide a reliable and cost-effective foundation for a modern grid. A community micro-grid is a co-
ordinated local grid area served by one or more distribution substations and supported by high penetrations of local 
renewables and other distributed energy resources (DERs) such as energy storage and demand response, Figure 
8, [31]. Such community micro-grids represent a new approach for designing and operating the electric grid. They 

rely heavily on DERs to 
achieve a mo-re sus-
tainable, secure, and 
cost effective power 
generation while ge-
nerally providing rene-
wable energy - driven 
power backup for the 
prioritized loads over 
an indefinite duration. 
Substation - level foun-
dation of a community 
micro-grid ensures that 
the approach can be 
readily extended thro-
ughout a utility’s ser-
vice territory and repli-
cated across utilities. 

Community micro 
- grid leverages high 
penetrations of local 
renewables and other 
DERs to achieve desi-

red level of grid reliability, power quality and resilience, as well as creates a more sustainable, reliable, secure grid. 
It reduces dependence on vulnerable, inefficient, and expensive remote generation and associated transmission in-
frastructure. For some time, computing, data processing and storage have been migrating to the ‘cloud’, and now 
people are talking about the ‘energy cloud’, where DERs, making use of intelligent devices, storage and a smart 
grid, connect all manner of distributed loads and resources to meet customers’ energy service needs. As a con-
cept, the ‘energy cloud’ represents a wide range of technical, commercial, environmental, and regulatory changes 
that are transforming the traditional utility model for energy provision. 

Virtual Power Plants 

On-site renewable power has many different alternatives depending on the company’s goals from rooftop so-
lar energy and micro wind turbines to biomass cogeneration plants. The temporary power that can plug the gaps in 
renewable energy intermittency and disruptive technologies has revolutionized many power industries, creating 
new business models built around customers. One of such models is the concept of virtual power plant (VPP). The 
VPP is a modularly designed software suite which connects, coordinates and monitors decentralized power plants, 
energy storage facilities and controllable loads via a common intelligent control center, Figure 9, [32]. In doing so, it 
can act within various energy markets as would a conventional power plant. 

Figure 8: A community micro grid architecture 
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The VPP offers a variety of services to power 
plant operators, industrial consumers, public services, 
electricity suppliers, power brokers and power grid op-
erators. Embedded hardware and software will form the 
glue that binds the ‘energy cloud’ together and enable 
its operability. VPP, as a network of decentralized, me-
dium-scale power generating units such as biomass 
plants, CHP units, the wind farms and solar parks, as 
well as flexible power consumers, relieves the load on 
the grid by smartly distributing the power generated by 
the individual units during periods of peak load.  

VPPs, as the system within the ‘energy cloud’ 
landscape, proves to be a reliable source of electricity 
that can be very competitive to the central power plants 
operating at the utility level, [33]. In a VPP the power in-
flux from decentralized and fluctuating renewable ener-
gies into power grids that were built for traditional power 
plants poses a challenge. But renewables can address  
this challenge themselves thanks to smart grids and re-
sponding to energy consumers’ demand, so that a 
world in which 100% of the energy comes from renew-
ables may no longer be a daydream. 

The combined power generation of the units in 
the VPP is sold by a single trader on the energy ex-
change. As the result, VPPs gradually take over the 
role of traditional power plants by selling their output on 

the wholesale markets and assuming responsibility for the balanced grid. The interconnected units are partly oper-
ated through the central control room of the VPP, but remain independent in their operation and ownership. 

In the burgeoning decentralized model, companies create a platform so individuals can own the valued 
goods or services that are produced and potentially sold. As with the famous Uber and Airbnb shared economy 
concept for lodging outside hotels, and for private transportation without taxis ([34]), many clean energy technolo-
gies, such as micro-grids and solar PV, are forcing a previously entrenched industry to pivot, placing customers at 
the center. An upswing of community micro-grids and rooftop solar panels is catalyzing the electricity sector’s trend 
toward decentralization. VPPs makes decentralized generation to offer possibility for people to have more choice in 
terms of investment and potential profitability, as it creates a platform that enables owners to directly sell electricity 
and generate profits. As micro-grid and solar PV technology already exist and operate successfully, VPPs are ena-
bling ways to take better advantage of these resources and empowering people to veer from the traditional provid-
er of services, as well as allow them to make money in ways that did not exist until recently. 

Cyber Security Concerns 

Cyber risk presents a unique concern in the power sector because an attack on the infrastructure has the po-
tential to cause a massive operational failure of an energy asset. Large centralized infrastructures are especially at 
risk due to the potential ‘domino effect’ damage that an attack on a nuclear, coal, or oil plant could cause. The 
changing energy architecture, including the expansion of decentralized renewable generation assets and the smart 
grids to improve the management of electricity, create an increased number of entry points for cyber intruders. 
Therefore, introduction of ‘smart’ solutions will require cyber security and power system communication systems to 
be dealt with simultaneously, [35].  

While remote control is intended only for authorized operators and third party suppliers, it can just as easily 
be accessed and exploited by unauthorized users with malicious intentions unless safeguards are imposed. Ever 
increasing levels of cyber threat are contributing to a new reality for the power plants. With increasing systems in-
tegration, resilience is no longer just about building systems stronger and returning single assets to full operation 
after a disruptive event. When interdependent systems are blacked out by cyber attack, the system as a whole is at 
risk of being deadlocked. Black-starting capability, decentralized decision autonomy and local empowerment have 
become key concepts of a new ‘soft resilience’ approach as opposed to the traditional ‘hard resilience’ practice of 
simply building systems stronger. 

Figure 9: Virtual power plant scheme 
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Innovative Power Generation Schemes 

Fuel Cell Power Plants 

Contrary to conventional power plants, a fuel cell (FC) power plant generates power in a non-combustion 
process and delivers heat and electricity virtually absent of pollutants, making it a milestone for the green energy of 
the future. Today the capacity ranges from kilowatt to over megawatt sizes. In terms of technology and environ-
mental protection, fuel cells represent a promising alternative to conventional combined heat and power plants. In 
comparison with other decentralized technologies such as gas turbines, they use fuel sources far more efficiently. 

For demonstration of confidence in the FC technology, a US company has received government funding to 
develop a fuel cell-driven on-site power plant, Figure 10, [36]. The facility is intended to demonstrate the 

trigeneration capabilities of 
the FC technology for in-
dustrial ap-plications. This 
sub-MW trigeneration FC 
power plant located at a 
manufacturing facility gen-
erates around 135 kg of 
hydrogen per day for manu-
facturing process-ses, as 
well as electricity and heat, 
thus replacing both hydro-
gen that was purchased 
and delivered by truck, and 
power that was taken from 

the power grid. 
Once commercially available, the FC power plant technology is expected to produce hydrogen that will be priced 
competitively, from $5-$7/kg, or lower with increased production volumes. In addition, on-site hydrogen generation 
avoids the costs and pollutants associated with transportation while enhancing the reliability of supply, [36]. 

The first European FC power plant of 1.4 MW size is operating in Germany, where it provides clean energy 
for a materials production industry, Figure 10. While operating, this FC power plant is able to avoid CO2 emissions 
by approximately 3,000 tons per year, which corresponds to the CO2 emissions of approximately 250,000 family 
cars per 100 kilometers, [37]. This FC power plant, as the only one of its kind in Europe to date, was installed in on-
ly nine months as a joint project by a power utility and a manufacturing industry. They have entered into a long-
term energy partnership to offer high-performing clean FC technology to customers in energy-intensive sectors. 

The distributed generation by the use of the FC power plants in a non-combustion process is meant to re-
place heat and electricity from conventional heat and power plants, thus avoiding harmful pollution from these 
plants. Together with RES, fuel cells are expected to offer a carbon free future. 

Hybrid Power Plants 

Hybrid power generation systems provide a source of power that is both clean and consistent. They offer so-
lutions to many problems and concerns faced by power producers, grid managers and consumers. Hybrid power 
plants can provide power on demand and be an effective tool in integrating more renewable resources into the grid 
while providing firm capacity to back up those variable resources. 

For example, in a hybrid system, clean but intermittent solar power can be paired with a reliable generator 
fueled with natural gas. Also, waste wood can be co-fired with waste coal to lower emissions. Wind power can be 
coupled with compressed air to create a reliable source of power for remote areas with limited transmission. Some 
hybrid projects combine diesel generator sets with solar PV technology. Hybrid power plant may use geothermal 
power and solar power, both PV and solar thermal, to produce electricity, [38]. There is a concept that combines 
coal gasification and fuel cells, where the syn-gas produced from coal would react with oxygen to produce electrici-
ty, being twice as fuel efficient as a conventional coal-fired power plant because combining them in a single plant 
would allow the two components to exchange heat with minimal energy losses. 

Despite the obvious benefits, there are several drawbacks that create a concerning level of risk for hybrid 
power projects. The benefits of renewable systems coupled with either a generator or energy storage depends 
greatly on the value of the firm capacity. If renewable power represents a small percentage of a system’s load, oth-
er generators in the system can easily make up the difference when the wind does not blow or the Sun does not 

Demonstration FC Power Plant in US     Commercial FC Power plant in Germany  
 

Figure 10: Fuel Cell Power Plants 
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shine. Under such situations, the firm capacity provided by the hybrid system is usually poorly valued. Also, in re-
mote locations, the power cannot be easily sold due to a limited number of potential buyers.  

ENERGY AND WATER NEXUS 

Water for Energy 

There is a critical linkage between water and energy and the impact of both on climate change. Water is 
used in energy production and supply, and, in turn, energy is used for producing (e.g., by seawater desalination), 
pumping, moving and treating water. In recent decades, the combination of more users with more uses of water, 
has transformed the traditional linkages between both energy and water systems, which have grown more complex 
and interdependent, so that water must be viewed as a complex vulnerability of the energy system and vice versa. 

Water is needed throughout the energy sector. It is used in energy production and conversion, as well as in 
other processes, such as the refining of energy source products. The water use in a range of energy processes, in-
cluding crude oil, natural gas, coal, uranium, and biomass, vary considerably. Although oil presently accounts for 
as much as 34% of the global primary production, and decreasing to 22% by 2050, it accounts for only 10% of wa-
ter consumption in primary energy production now, rising to 18% in 2050. This is mainly due to the increasing 
share of nonconventional oil in total oil production, from 1% now to 12% in 2050 and its higher water consumption, 
[39]. Today almost 90% of freshwater used to produce primary energy is for the production of biomass, which ac-
counts for not even 10% of total primary energy production. This relationship will change over time. In 40 years, the 
share of freshwater used to produce biomass will decrease to less than 80%, while at the same time the share of 
biomass in the total primary energy production will diminish to less than 5%. Water consumption to generate elec-
tricity will more than double over the next 40 years, [40]. 

The future water needs of energy production and conversion can probably be met. However, other uses, in 
particular for agriculture, are already stressing the supply of useable water now, and this is likely to increase in the 
future, so that water must be available for all these uses, including energy production and conversion. As energy 
resources are stretched, increasingly unconventional sources become attractive, and many of these (e.g., oil shale) 
require large amounts of water, thus further stressing the current and projected systems. 

Water Recovery 

Recovering heat and water from flue gas can reduce water usage and boost power plant performance. How-
ever, until now, there has been no practical commercial technology available for recovering both waste heat and 
water from the power plant flue gas. Heat is removed from the flue gas through the use of economizers and air pre-
heaters, but condensing water remains a limitation in how low the temperature can be taken. Condensing flue gas 
moisture by simply removing heat in a heat exchanger 
is a problem because a large surface area is required 
and equipment corrosion often occurs because of the 
acidic condensate. The recovered water needs further 
treatment before it can be used for any other pro-
cesses due to the high acidity and other contaminants 
that may present in the water. 

 A promising technology condenses water and re-
covers heat from flue gas. An innovation, called the 
transport membrane condenser (TMC), based on a 
nano-porous ceramic membrane device, condenses 
water and recovers heat from flue gas, Figure 11. The 
TMC technology can be particularly beneficial for coal 
fired power plants that use high moisture coals and/or 
a wet flue gas desulfurization (FGD) for flue gas 
cleanup. For a coal fired power plant equipped with a 
wet FGD unit, flue gas exits at up to about 80 °C, with 
nearly 100% relative humidity and contains up to 
about 40% in volume of water vapor. If 40 to 60 % of 
this water vapor and its latent heat could be recovered 
and reused, the plant thermal efficiency could be sig-
nificantly improved while providing a water recovery 

Figure 11: The TMC concept for water recovery 

Source: Carney, 2016 
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benefit. The TMC technology for power plant application is aimed at optimizing heat and water recovery in a two 
stage design, Figure 11, [41]. For the first stage, TMC will use condensed steam from the steam turbine in the 
tubes. The condensed steam is at 70°C to 90°C, which is sufficiently cool to provide a driving force for water 
transport across the membrane. The recovered water and heat are entered back into the steam cycle downstream 
of the first low-pressure feed-water heater, thus requiring less steam to heat. For the second stage, the TMC will 
recover a larger part of water from the flue gas and add it into the plant cooling water stream.  

The efficiency improvement achieved by the TMC technology is about 0.7-0.8 and about 2% of makeup cool-
ing water is saved, [41]. Challenges to more widespread use of this technology are the current low cost of energy 
and water. Even with these low prices, several applications of the TMC are already cost competitive with a quick 
return on investment of less than two years. When/if the TMC technology is commercialized, thick clouds of con-
densing water exiting a power plant stack will become a less common feature at thermal power plants because the 
majority of heat and water that create them will no longer escape into the atmosphere. Instead, they will be used to 
reduce water consumption, increase plant efficiency, and lower the costs. 

ECONOMIC CHALLENGES 

Investments in the Energy Sector 

Investments in the energy sector face major challenges. They fell globally by 8 % in 2015, but robust invest-
ment continued in renewables, electricity networks and energy efficiency. Energy investment worldwide in 2015 
amounted to $1,800 billion (of which 30% in RES and energy efficiency), down from $2,000 billion in 2014, largely 
due to a 25 % drop in oil and gas investments which resulted from cost reductions triggered by lower oil prices, 
[42]. The year 2015 had been the lowest in history for new oil and gas sector projects, and discoveries of new oil 
reserves had been the lowest in 60 years. China topped the list of energy-investing countries, spending $315 billion 
in 2015. Next is the US with investment of $280 billion, followed by Europe ($140billion), Russia ($85 billion) and 
India ($65 billion), [43]. 

Actual spending on renewables remained flat. The RES, led by wind, constitute around 70% of all power in-
vestments today. Even though investment in RES in the last years has been more or less flat, generation from re-
newable power sources increased substantially, more than 30%, which means RES are becoming more and more 
economic, and the returns more strong. In 2015, RES generated more power than the total amount that the world 
consumed. But challenges remain, chiefly around intermittency and grid integration. Investment in energy storage, 
which could accelerate RES integration, has increased by a factor of 10 over the past years, but while the storage 
sector is strong and promising, it still makes up only 0.4 % of total energy sector investment, [42]. 

Investment in gas-fired power generation capacity fell by 40% in 2015, while investment in coal-fired capacity 
grew by 25 %, largely in Asia. In China, where the government is pushing strongly for renewable energy, nuclear 
power and energy efficiency, a significant part of the nation’s coal-fired power capacity may remain unused. In In-
dia and Indonesia, however, the International Energy Agency (IEA) expects coal power capacity to become a larg-
er part of the generation mix. In 2015 a record number of nuclear power capacity additions amounted to a total of 
10 GW, the highest number in 10 years and totaling more than $20 billion in investment, [43]. Nuclear power was 
added largely in China, but also in Russia and Korea. The main challenges of high up-front costs and public con-
cerns continue to affect this sector. 

Levelised Costs of Electricity 

To fairly compare renewable to conventional power generation, the levelised costs for both base-load fossil 
fuel thermal and nuclear power stations, and a range of renewable power generation, including variable wind and 
solar sources, must be calculated. The levelised cost of electricity (LCOE) calculations is based on a levelised av-
erage lifetime cost approach, using the discounted cash flow method. The LCOE calculations use a combination of 
generic, country- and technology-specific assumptions for the various technical and economic parameters, [22]. 

Figure 12 shows a comparison of the discounted electricity generation costs (EGC) calculated by the IEA 
([43]) at 10% discount rate by using data for 181 plants in 22 countries. This total includes 17 natural gas-fired 
generators (13 combined-cycle gas turbines and 4 open-cycle gas turbines), 14 coal plants, 411 nuclear power 
plants, 38 solar PV power plants (12 residential scale, 14 commercial scale, and 12 large, ground-mounted) and 4 
concentrated solar thermal plants, 21 onshore wind plants, 12 offshore wind plants, 28 hydro plants, 6 geothermal 
plants, 11 biomass and biogas plants and 19 CHP plants of varying types. This data set contains a marked shift in 
favor of renewables in 2015 compared to the 2010, indicating an increased interest in low-carbon technologies. 
LCOE values are calculated at the plant level (bus-bar), and therefore do not include transmission and distribution 
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costs. Similarly, calcula-
tion of LCOE does not 
capture other systemic 
costs or externalities be- 
yond CO2 emissions at a 
cost of 30$/ton, [43]. 

A wide range of 
LCOE variations in Fig-
ure 12 comes from dif-
ferent conditions in each 
of 22 countries consid-
ered, [43]. As the dis-
count rate of 10% may 
be considered high, par-
ticularly so for the most 

capital-intensive technologies, calculation of LCOE was done also for 3% and 7%. To demonstrate the impact of 
discount rate on the LCOE values for renewable technologies in a single country (Austria), as well as the LCOE 
components (construction, operation and maintenance, fuel and CHP credit where applicable, as well as decom-
missioning costs), calculation was made for solid biomass and biogas CHP, onshore wind, commercial rooftop PV 
solar, and run-of-river small hydro power plant technologies, using all three (3%, 7% and 10%) discount rates. Fig-
ure 13 shows to what extent the LCOE for these technologies depends on the cost of capital they require, [43]. 

New realities are 
increasingly characteri-
zed by growing zero 
marginal cost supply, low 
entry barriers, greater fo-
cus on decentralization 
and local empowerment, 
digitalization of technolo-
gy, more flexible and rap-
id pay back solutions, in-
creasingly active invest-
ors and servicing of 
emancipated consumers. 
These may change the 
relative LCOE values for 
different technologies in 
the future. For example, 
IEA shows that by 2030 
onshore wind will be the 

second cheapest, while LCOE for offshore wind finds itself as the most expensive of all power generating technol-
ogies, even if its load factor is far better than on shore wind, [43]. 

Cost Competitiveness 

Electricity is the fastest growing final form of energy, and yet, despite its increasing relevance to decarboni-
sation efforts, the future composition of the power sector remains uncertain. As policy makers work to ensure that 
the power sector is reliable and affordable, while making it increasingly clean and sustainable, it is ever more cru-
cial that they understand what determines the relative cost of electricity generation using fossil fuel, nuclear or re-
newable technologies. The world currently gets about 80% of its energy supplies from fossil fuels because these 
sources generally provide energy at the lowest cost, [44]. However, the cost advantage of fossil fuels over RES 
has been decreasing in recent years, and certain renewables can already compete with fossil fuels solely on finan-
cial terms. Renewable energy costs are expected to decline further in the future, while fossil fuel prices will likely 
rise. Thus, even without policies to promote a transition toward renewables, economic factors are moving world in 
that direction. 

Renewable solar and wind energy sources have low operating costs: once generating facilities are built, 
there is little additional cost for producing energy each year. While this is an operating advantage over fossil fuels, 

Figure 12: A comparison of the five years evolution of LCOEs  
for major power plant technologies 

Figure 13: The LCOE calculated for RES in Austria at  
(a) 3%, (b) 7% and (c) 10% discount rates 
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it comes at the cost of higher capital expenditure. Building a renewable energy plant is similar to building a fossil 
energy plant plus buying all the fuel that the fossil plant will use over its lifetime. Also, various studies of energy ex-
ternalities suggest that, if the price of all energy sources included externality costs, a transition toward renewables 
would already be much further along, [45]. So, while fossil fuels may currently have a cost advantage over renewa-
bles based solely on market prices, if externalities were included, several renewables would likely become the 
most affordable energy sources, in particular on-shore wind, geothermal, and biomass energy. Similarly, the cost 
advantage of oil in transportation would likely disappear if externalities were fully accounted for in the price. These 
facts imply that there are good economic reasons to promote a transition towards renewables. 

The costs of generating electricity from renewables, particularly from PV solar, are falling from these in 2010, 
Figure 14, [1]. Recently, several US utilities have announced solar power purchase agreements for 4 US cents per 
kWh, while 25-year power purchase agreement reportedly coming in as low as 3.7 US cents per kWh with an op-
tion to extend the agreement to 40 years, [7]. Wind turbine prices have fallen by almost a third since 2009 (wind is 
now one of the most competitive sources of electricity available with some projects now delivering electricity for as 
little as 4 US cents per kWh), and wind power 
costs are expected to decline even further, [7]. 

International renewable energy agency 
(IRENA) declares that the average electricity 
costs could fall by 35% for offshore wind and 
26% for onshore wind by 2025, [46]. The fact 
remains that wind is one of the least-cost options 
in many markets for new power generation, and 
this is even before factoring fossils in envi-
ronmental and health costs. IRENA estimates 
that doubling the global share of renewables by 
2030 would save up to $4,200 billion annually by 
avoided expenditures on air pollution and climate 
change, [46]. 

While further cost decreases are likely, the 
future costs will decline more slowly than in the 
past. Besides decreasing in cost, solar PV and wind cost variation will decrease. Thus the future prices for renew-
able energy are expected to be more predictable, which is not the case for fossil fuels. While renewable energy 
costs are decreasing, future market prices for renewable energy will not necessarily be less than historic fossil fuel 
prices. Current market designs and business models are unable to cope with these new realities, and will require 
entirely new skills-sets, business models and financing solutions. 

Cost challenges for producing electricity based on renewable energy include their intermittency and capital 
intensity. By their nature, most renewable energy supplies cannot be matched to demand as easily as fossil fuels. 
To some extent, demand is predictable and fossil fuel plants can be scheduled to start and stop at times of the an-
ticipated demand change. Also, hydropower may be regulated to accommodate demand, and biomass is available 
to burn on demand, while geothermal energy is the most constant RES and can be started and stopped on de-
mand. However, solar and wind power do not have this character, and a complete transition from fossil fuels to re-
newable energy is likely to take many years. 

ENVIRONMENTAL CHALLENGES 

If the only issue were fossil fuel availability, it would not necessarily be a problem for society to take a long 
time transitioning to renewable energy. However, the combustion of fossil fuels causes environmental pollution and 
climate change, and waiting until fossil fuels are exhausted to deploy renewable energy sources might be cata-
strophic for civilization, [19]. This is an argument for internalizing the expected costs of pollution and climate 
change into the price of fossil fuels. Addressing climate change issue suggests that this needs to happen sooner 
rather than later, [45]. 

Climate Change Mitigation 

The ambitious agreement reached at COP 21 in Paris has increased the momentum behind the global transi-
tion to low-carbon energy. Meeting the COP 21 climate goals will require a clear path to a meaningful carbon price 
signal and changes beyond the energy sector across the economy. Most countries have commitments to increase 
their renewable energy generation to improve energy security and decrease CO2 emissions. To achieve this ambi-

Figure 14: Five year evolution of generation costs from RES 
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tious goal, a huge investment worldwide will be necessary. Also, as the scientists estimate, as much as three-
quarters of the world’s coal, oil and gas reserves should remain in the ground if the world has to keep carbon emis-
sions under levels set by the climate accord unless there is a technological breakthrough in capturing CO2 and 
keeping it out of the atmosphere. 

The energy sector (electricity and heat) currently accounts for 41% of the global CO2 emissions and 
transport accounts for 23% and, to limit global warming to 2°C or less above preindustrial levels, energy-sector 
CO2 emissions will need to decline at an annual rate of 3.8% compared with a business as usual projected annual 
increase of 1.9%, [47]. Governments and corporations are beginning to wrestle with the cost of climate change on 
their policies and many utilities are including a coming carbon tax into their long term power generation planning. 
Already, a shift in the global energy landscape, partly due a surge in drilling in oil and gas shale fields, has brought 
about a slump in fuel prices, calling into question the viability of future oil projects in far-flung places like the Arctic 
and deepwater oceans. 

Fossil-based power generation is particularly hit by the above mentioned climate goal. IEA already calculates 
with 30 $/ton of CO2 emitted, [43], while the expected costs of avoiding emissions by the use of CCS are about 50 
$/ton and by some other means even 100 $ /ton of CO2. Although the fossil fuel companies face the biggest cli-
mate change risks, the need for financial disclosure stretches to other industries as well. The recent estimates are 
that there are significant climate change risks for most industries. Many risks are quantifiable, but some companies 
claim that climate change is not among them. Yet, some agricultural companies reported that drought had reduced 
yields for corn and soybean harvest by as much as 31%, and warned that the occurrence of severe adverse 
weather conditions, especially droughts, hail, floods or frost or diseases are unpredictable and may have a poten-
tially devastating impact on the future agricultural production. A recent study on global financial assets put a price 
in terms of population. Even under a plan that would limit global warming to 2ºC, climate change could wipe out 
$1,700 billion of global financial assets, which is $229.73 for each man, woman and child on the Earth, [48]. 

New Environmental Challenges 

New Impacts of Renewable Energy Sources 

Solar energy is often hailed as the most environmentally benign source of electricity, and once a solar plant 
is in place, this is arguably true. But getting there has more environmental impacts. It starts with the silicon that 
forms the substrate of the most common types of solar PV cells. The most common method for producing polycrys-
talline silicon involves converting elemental silicon into gaseous form and then growing the silicon crystals through 
chemical vapor deposition. This process requires hydrochloric acid, and the resulting gas, trichlorosilane, is toxic, 
explosive, and corrosive. However,  a US company has developed a completely different, much more environmen-
tally friendly method of producing solar silicon that has the added benefit of costing half as much as traditional pro-
cesses and using one-third the energy, [49]. 

Unlike solar PV cells, wind turbine manufacturing is relatively benign, or at least little different in impact from 
traditional turbine generators, since many of the same components are used. Wind turbines using permanent mag-
nets require rare earth elements such as neodymium, the extraction of which can have serious environmental con-
sequences because of the acids used in refining, and the frequent occurrence of uranium and thorium in the ores. 
Much more controversial has been the issue of bird mortality at operating wind farms. Though the scope of the im-
pact has been heavily studied so far, the reported ranges are quite large, so that the estimates of bird mortality 
vary by an order of magnitude. 

There is no tangible difference between geothermal and conventional fracking in terms of environmental im-
pact. EGS can trigger earthquakes, most of which are very small and virtually unnoticeable, except when initiated 
on a seismic fault. Therefore, every project must be carefully monitored by seismometers in an attempt to assuage 
the concerns of environmental advocates. Nevertheless, critics continue to assert that acidic mixtures used for 
EGS may leak, contaminating surrounding soil and groundwater. As a result, local ecosystems may be severely 
compromised. 

There are a number of environmental sustainability risks associated with increasing energy uses of biomass 
from forestry and agriculture. Growing demand for bio-energy has raised serious concerns about negative long 
term effects of removing forest residues for soil fertility, soil organic carbon, water quality and habitat. Increased 
harvesting and removal of forest residues and stumps for bio-energy are expected to have a greater impact on soil, 
water and habitat than conventional forest practices, [50]. The production of dedicated energy crops can also lead 
to negative developments like, for instance, increased emissions of GHGs or biodiversity losses through fertilizer 
use, or conversion of forest and carbon rich land into arable land. 
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New Impacts of Fossil Fired Power Plants 

Besides sulphur dioxide (SO2), nitrogen oxides (NOx) and particles, there is a number of polluting agents 
coming out of chimney of power plants that are not yet the subject of environmental limits. It is expected that the 
potential new findings of their negative impact on human health could result in new limits of their emissions estab-
lished by law. Figure 15 shows the share of some of these polluting agents coming from power plants in the total 

pollution in the USA, [51]. 
Mercury, a heavy polluting agent is found in flue gases from fossil 

fired power plants, but, unlike the US, Europe currently has no set 
standard for mercury emissions. European environmental regulations for 
power plants are expected to be finalized and come into force by 2020 
as part of the Industrial Emissions Directive, along with establishing 
stricter limits for SOx, NOx and particulate emissions. The regulations, 
known as the best available technology reference document will likely 
set standards for mercury emissions from power plants. The future mer-
cury emissions limits being considered for plants over 300 MW range be-
tween 0.2 g/m3 and 10 g/m3, [52]. 

Oil fired power plants, as well as dual fuel (oil and gas) fired or 
even low grade coal fired with addition of oil, are all responsible for 
emissions of nickel. The range of nickel emissions in the US is from 
23.86 mg/GJ to over 1024.03 mg/GJ, [51]. Interestingly, both of these 
data points are from units equipped with electrostatic precipitators. How-
ever, the lack of data on nickel concentration in oil that reflects such an 

extreme variability, and of information on the risks presented from nickel emissions, still pose a significant obstacle. 
Nevertheless, it is reasonable to expect adequate standards to be enforced soon in the US, Europe, and elsewhere 
to limit nickel emissions. 

CONCLUSION 

The past years have seen unprecedented change in the consumption of energy resources with an unexpect-
edly high growth in the renewables market and growth of unconventional resources (oil shales, waste). More diver-
sified energy mix achieved required considerable improvements in power technology for all the resources resulted 
in a decrease in energy prices. This energy transition requires a global response and an intensive pressure on the 
three dimensions of the so called ‘energy trilemma’ as individual countries aspire to improve energy security, ex-
pand energy equity and reduce carbon emissions. 

The major challenge is to attract/arrange investment for energy infrastructure projects. Over the past dec-
ades, it has become clear that transforming centrally controlled energy systems into liberalized markets can create 
the right conditions to direct investment and facilitate competition. Therefore, energy must be priced appropriately 
to cover the full cost of supply, yet access to it should not be limited. Adjustments of pricing may be necessary to 
ensure that all consumers can afford to realize the benefits of energy. In the commercial sectors, energy pricing di-
rectly influences the competitiveness of goods and services, both locally and internationally. 

The future electricity generation system is expected to be composed of a combination of central power 
plants, fueled with gas (natural gas in transition to biogas), biomass, nuclear power and large hydropower plants, 
as well as of numerous small decentralized plants based on renewable energy like wind, solar and biomass. The 
intermittency, which characterizes solar and wind power, is one of the central challenges in designing the new elec-
tricity system. However, although they cause challenges with regards to balancing electricity supply and demand in 
the current energy system, wind and solar power will be necessary for developing a sustainable energy system in 
the future. Energy storage needs to be a field of its own right, not just an add-on to renewable. It is further im-
portant to work on the market-terms and provide incentives for building storage energy systems. 

Whichever scenario the future European energy system will follow, it will consist of a mixture of intermittent 
power and dispatchable power. Fossil fuels and nuclear power will dominate the European electricity system for 
the next 20-30 years at least. Even with the renewable proportion expanding massively, a large part of the power 
generation in Europe will be based on fossil fuels in the first half of this century. Gas is likely to play an important 
role in all possible scenarios of the future, especially if the EU Emissions Trading Scheme (ETS) would be estab-
lished to work correctly (above 30 €/ton of CO2). 

Figure 15: Share of emissions from 
power plants in total pollution in USA 
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The electricity system is changing, on both the generation and user sides. The role of decentralized energy is 
growing faster than that of conventional, central generation. Both generator and customer behavior is changing and 
these changes are inevitably altering the way how utilities operate, with electricity storage coming to the fore. The 
growth of the various distributed energy resources will force a major shift in utility business models. By far the most 
prevalent of these distributed resources will be new solar PV generation. Scaling-up renewable energy and storage 
with smart markets is challenging. The progress made with new renewable generation adding ‘smart’ electricity re-
forms and energy storage have the potential to further accelerate the energy transition. 

There are new challenges in terms of ensuring the sustainability and reliability of energy supplies. Digitization 
is providing new insights into power plant operations and uncovering hidden opportunities to boost performance 
and availability. For some time, people are talking about the ‘energy cloud’, where distributed energy resources, 
making use of intelligent devices, storage and a smart grid, connect all manner of distributed loads and resources 
to meet customers’ energy service needs. This results in higher availability and improved predictability of asset per-
formance for power plant owners/operators. At the same time, however, it becomes a target for cyber attacks and 
therefore an increasing resilience to cyber risk is critical to current and future energy security. 
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