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Abstract
Coal-fired power operators continue to look for ways to increase the efficiency and extend the working lives 
of their plants by improving operational flexibility and reducing environmental impact. Two possible options 
are explored here: combining solar energy with coal-fired power generation, and cofiring natural gas in coal-
fired plants. Both techniques show potential. Depending on the individual circumstances, both can increase 
the flexibility of a power plant whilst reducing its emissions. In some cases, plant costs could also be reduced. 
Clearly, any solar-based system is limited geographically to locations that receive consistently high levels of solar 
radiation. Similarly, although many coal-fired plants already burn limited amounts of gas alongside their coal 
feed, for cofiring at a significant level, a reliable, affordable supply of natural gas is needed. This is not the case 
everywhere. But for each technology, there are niche and mainstream locations where the criteria can be met. The 
need for good solar radiation means that the uptake of coal-solar hybrids will be limited. Cofiring natural gas has 
wider potential: currently, the largest near-term market appears to be for application to existing coal-fired plants 
in the USA. However, where gas is available and affordable, potential markets also exist in some other countries.
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Introduction
Around the world, interest is growing in the sustain-
able provision of reliable, low-cost sources of energy. 
Increasingly, this has prompted utilities to examine alter-
natives to the fossil fuels that have traditionally provided 
the bulk of their electricity output. However, many devel-
oped and emerging economies continue to rely on coal for 
much of their electricity. In some, coal-fired power pro-
duction is operating in an increasingly uncertain market-
place and faces intense competition from other forms 
of generation such as natural gas, nuclear and renewa-
bles. Set against this background, operators of coal-fired 
plants continue to look for ways to increase the efficiency 
and extend the working lives of their plants, often by 

improving operational flexibility and reducing environ-
mental impact [1].

There are various ways that this might be achieved, 
two of which are explored in this article: combining solar 
energy with coal-fired power generation and cofiring nat-
ural gas in coal-fired power plants. The pairing of coal and 
solar energy may seem an unlikely combination, but under 
the appropriate circumstances, could offer an elegant 
solution to combining the reliability and cost-effectiveness 
of large-scale coal-fired generation with an emissions-free 
form of renewable energy. Coal and natural gas seem a 
more ‘natural’ partnership, and again, there is potential 
for some coal-fired plants to enhance their flexibility and 
improve their performance.
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Fossil fuels such as coal and gas are still vitally import-
ant in generating much of the world’s electricity, con-
tinuing to provide reliable, low-cost supplies. Electricity 
generated by renewables such as wind and solar is more 
expensive. Renewables are often heavily subsidized, with 
costs passed on to the end-user. The other major draw-
back is that most are weather dependent. Hence output is 
intermittent and can vary widely and in a short space of 
time [2]. Consequently, other generation systems (such as 
coal- and gas-fired plants) are needed to provide backup 
when supply is inadequate or unavailable. Based on data 
from 26 OECD countries (1993–2013) an estimated 8 MW of 
backup capacity is required for each 10 MW of intermittent 
renewables capacity added to a system [3, 4].

Despite these reservations, there are clear incentives to 
explore options for combining renewables with conven-
tional thermal power plants so that each provides advan-
tages to the other, in the process, creating a cleaner, more 
efficient generating system. One possible option is to com-
bine solar thermal power with coal-fired generating cap-
acity—so-called coal-solar hybridization.

1 Coal-solar hybrids
The media sometimes reports on the development of 
‘hybrid’ power projects, although in reality these are often 
merely co-located generation facilities. For example, photo-
voltaic (PV) solar cells might be added to a combined-cycle 
gas turbine (CCGT) plant. Clearly, these solar assets gener-
ate electricity, but this is fed into the grid independently 
of the gas-fired plant. Under this type of arrangement, the 
solar facility may serve to diversify the economic interests 
of the plant’s owner or reduce the overall environmental 
footprint of the site, but the PV and CCGT are not as tightly 
integrated as they might first appear. India plans to install 
a significant amount of solar PV generating capacity, with 
some new facilities being located at existing coal-fired 
power plants. Both will generate electricity that will be fed 
to the grid independently of the other. Although these two 

technologies will share a site and some assets such as grid 
connection, they will operate largely as independent units 
and not as integrated hybrids.

A limited number of coal-solar projects are true hybrids. 
These operate under an entirely cooperative arrangement 
where the two sources of energy are harnessed to create 
separate but parallel steam paths. These paths later con-
verge to feed a shared steam-driven turbine and generate 
electricity as a combined force. This form of hybrid tech-
nology integrates these two disparate forms of power so 
that they combine the individual benefits of each.

This approach can replace a portion of coal demand by 
substituting its energy contribution via input from a solar 
field. During daylight operation, solar energy can be used 
to reduce coal consumption (coal-reducing mode). As solar 
radiation decreases during the latter part of the day, the 
coal contribution can be increased, allowing the plant’s 
boiler to always operate at full load. When solar radiation 
increases again, the process is reversed, with solar input 
gradually reducing that of coal. Alternatively, input from 
the solar field can be used to produce additional steam that 
can be fed through the turbine, increasing electricity out-
put (solar boost). Whichever mode is adopted, the design 
and integration of the solar field into the conventional sys-
tem is critical for the proper functioning of a hybrid plant. 
In principle, this form of hybrid technology can be applied 
to any form of conventional thermal (coal-, gas-, oil- or bio-
mass-fired) power plant, either existing or new build.

Solar energy is usually harvested in one of two ways. 
The first is via conventional PV cells that convert solar 
radiation directly into electricity. The second is solar ther-
mal, usually in the form of concentrated solar power (CSP), 
where radiation is used to produce heat (Fig. 1). These sys-
tems generally rely on a series of lenses or mirrors that 
automatically track the movement of the sun. They focus 
a large area of sunlight into a small concentrated beam 
that can be used as a heat source for a conventional ther-
mal power plant. In all types of systems, a working fluid 
(such as high-temperature oil or, increasingly, molten 

Solar
collecter
field

Hot
tank

Cold
tank

Storage

HTF
pump

Feedwater
pump

Cooling
towerEconomizer

Condenser

Vapourizer

Turbine Generator

Grid

Reheater

Superheater

Fig. 1 Solar thermal trough power plant with thermal storage

2 | Clean Energy, 2018, Vol. 2, No. 1



salts) is heated by the concentrated sunlight, then used 
to raise steam that is fed into a conventional steam tur-
bine/generator. In addition to the solar collection system, 
a stand-alone CSP plant (not hybridized) will also require 
many of the systems and components, such as steam tur-
bine/generator, found in a conventional power plant. For 
a coal-solar hybrid, most of these will already be in place 
and available as part of the coal-fired plant, greatly reduc-
ing the cost of each unit of electricity generated.

A number of solar collection systems are available com-
mercially, some more effective than others. Systems that 
use two-axis tracking to concentrate sunlight onto a single 
point receiver (tower and dish systems) are usually more 
efficient than linear focus systems. Where they form part 
of a CSP plant, they can operate at higher temperatures 
and hence generate power more efficiently. However, they 
are also more complex to construct. The four main types of 
solar collection systems are as follows:

• Parabolic trough systems—solar energy is concentrated 
using sun-tracking parabolically curved, trough-shaped 
reflectors onto a receiver pipe that runs along the inside 
of the curved surface;

• Linear Fresnel systems—an alternative system that 
relies on the use of segmented mirrors instead of 
troughs;

• Power Tower systems (or central receiver systems)—
these utilize sun-tracking mirrors (heliostats) to focus 
sunlight onto a receiver at the top of a tower (Fig.  2). 
A  heat transfer fluid is heated in the receiver up to 
~600°C and used to generate steam that is then fed to a 
conventional turbine-generator; and

• Parabolic dishes—these reflect solar radiation onto a 
receiver mounted at the focal point. They usually use 
two-axis tracking systems to follow the sun.

1.1 The first coal-solar hybrids

Coal-solar technology has been under consideration and 
development for some years. The world’s first true coal-
solar hybrid power project was located at the Cameo 
Generating Station in Colorado, USA—the Colorado 
Integrated Solar Project (CISP). It was undertaken as part 
of the state’s Innovative Clean Technology Program, an ini-
tiative designed to test promising new technologies that 
had the potential to reduce greenhouse gas emissions and 
produce other environmental improvements. The system 
at the Cameo plant was put into operation in 2010.

Xcel Energy and Abengoa Solar partnered on this US$4.5 
million demonstration that used sun-tracking parabolic 
trough technology to supplement the use of coal. The main 
aim was to demonstrate the potential for integrating solar 
power into large-scale coal-fired power plants to increase 
plant efficiency, reduce the amount of coal required and 
hence reduce conventional plant emissions and CO2. It was 
also to test the commercial viability of combining the two 
technologies.

A 2.6-ha solar field housed eight rows of 150-m-long 
parabolic solar troughs (Figs. 3 and 4). In operation, this 
arrangement concentrated solar radiation onto a line of 
receiver heat-collecting elements filled with a mineral oil-
based heat transfer fluid. This was heated to ~300°C before 
feeding to a heat exchanger where it preheated feedwa-
ter (to ~200oC) supplied to one of the Cameo plant’s two 
49-MW coal-fired units.

The Cameo plant undertook a 7-month pilot/demon-
stration programme after which the station was retired 
and the CSP plant decommissioned. Overall, the results 
were considered positive. The addition of solar energy 
increased overall plant efficiency by >1%, and during the 
test period, coal demand and air emissions were reduced 
(~600 tCO2, >900  kg NOx, and 2450  kg SO2). The project 

Fig.  2 Tower-based solar thermal steam generator (photograph cour-
tesy of Foster Wheeler Power Group)

Fig. 3 Solar collection system at the Cameo Generating Station (photo-
graph courtesy of Xcel Energy)
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confirmed that this type of supplemental application to an 
existing coal-fired boiler is feasible and would not interfere 
with normal generation operations. Integration and oper-
ation of the solar system with the existing coal-fired unit 
was deemed a success [5, 6].

For a time, several Australian utilities also showed 
interest in coal-solar hybrids and more than 20 coal-fired 
power plants were identified as having adequate solar 
resources. The potential capacity for incorporating solar 
energy with moderate-high prospects of proceeding were 
estimated at ~460 MWe, or ~1% of total Australian installed 
generating capacity. But not all power plant sites were 
considered suitable. Limiting factors included the lack of 
available land, low coal costs, and the remaining lifetime 
of some plants. Factors working in the technology’s favour 
included reduced coal consumption and plant emis-
sions, and extended working life of power assets and coal 
resources. The concept of combining CSP with coal-fired 
plants was viewed fairly optimistically, although recently 
interest appears to have waned—in part because several 
major projects have failed to proceed, been abandoned or 
only operated in conjunction with coal for a limited period. 
For a variety of reasons, only one progressed to commer-
cial operation.

In Queensland, CS Energy developed plans for a 44-MW 
solar thermal add-on to its 750-MW supercritical coal-fired 
Kogan Creek plant [7]. Heat from a Fresnel-based collection 
system was to be used to produce high-pressure steam 
and fed to the steam turbines, boosting electricity output. 
An estimated 35 600 t/yr of CO2 (~0.8% of the plant’s total 
emission) could have been avoided. Construction began 
in 2011 (Fig. 5). However, unspecified technical difficulties 
and commercial issues eventually made the project eco-
nomically unviable and led to its abandonment in 2016 [8].

In New South Wales, a solar collection system was also 
built at Macquarie Generation’s 2-GW coal-fired Liddell 
Power Station (Fig. 6). The project was put into operation 
in 2013 and incorporated a solar boiler used to provide 

saturated steam for preheating boiler feedwater [9]. Coal 
consumption was reduced and CO2 emissions cut by ~5000 
t/yr. However, in 2016 the solar project was closed down, 
the operator citing technical and contractual issues that 
had resulted in lengthy delays and commercial problems.

Coal-solar hybrid technology has also been investigated 
in a number of other countries that maintain major coal-
fired power sectors, and significant work has been under-
taken in, for example, South Africa, China and several 
European countries. Recent years have seen a number of 
feasibility studies and small-scale projects although none 
have yet led to large-scale, commercial deployment.

However, an interesting project is currently being 
developed in Chile. The country is experiencing rapid eco-
nomic growth, and interest in the use of solar power has 
increased. As part of this, the potential of hybrid coal-solar 
plants has been assessed. Chile operates several electri-
city grids: the central grid has variable hourly demand, 
whereas the northern one experiences almost constant 
demand, mostly from the sizable mining industry located 
predominantly in the north.

Fig. 5 Part of the Kogan Creek solar installation (photograph courtesy 
of CS Energy)

Fig. 6 Novatec solar boiler and solar field at the Liddell Power Station, 
New South Wales (photograph courtesy of Novatech)

Fig. 4 Abengoa Solar sun-tracking parabolic trough technology installed 
at the Cameo Generating Station (photograph courtesy of Xcel Energy)
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Parts of Chile have significant potential for the applica-
tion of solar power. Yearly total direct normal irradiation 
(DNI) levels are >3000 kWh/m2 in most of the country, with 
>3500 kWh/m2 to the north in the Atacama Desert, close to 
much of the mining sector. As part of increasing electricity 
supply in the region, a 5-MW coal-solar hybrid project is 
being developed by Engie and Solar Power at the existing 
320-MW Mejillones coal-fired power plant. It is anticipated 
that the incorporation of solar power will boost plant 
output and reduce coal consumption (and hence plant 
emissions).

A second new coal-solar project is also underway 
in India. In a recent development, NTPC (formerly the 
National Thermal Power Corporation Limited) announced 
the start of a coal-solar hybrid project (the Integrated Solar 
Thermal Hybrid Plant – ISTHP) to be developed at its Dadri 
power plant. This will be the first Indian project to use solar 
energy to heat boiler feedwater with the aim of increasing 
plant efficiency and reducing coal demand. To save costs 
and manpower, the project will feature the robotic dry 
cleaning of the solar panels.

1.2 Challenges

Conventional thermal power plants and intermittent 
renewables such as solar power lie at different ends of the 
technological spectrum. Consequently, the combination 
of such disparate systems will inevitably throw up tech-
nical issues. Nevertheless, a number of system developers 
and power utilities believe that, with further development, 
coal-solar hybridization could hold considerable poten-
tial. Various challenges, however, remain for large-scale 
deployment—these may be political, technical or finan-
cial. Although the concept of hybridized power plants has 
existed for some time, its application, and hence bank of 
operational experience, remains somewhat limited.

From a purely practical point of view, any solar-based 
system needs a consistent source of sunlight of adequate 
intensity, which clearly limits possible locations. Although 
arguably less important for PV systems, it is crucial for 
those based on solar thermal technology. A solar collection 
system will require land close to the existing power plant, 
possibly up to several thousand hectares. Furthermore, 
coal-fired plants are usually located near a source of cool-
ing water, meaning that they are rarely located in the 
arid high desert locations well suited to solar thermal 
applications.

A major challenge is to increase the solar share of 
coal-solar hybrids. To date, input from the solar compo-
nent has tended to be limited, often as a consequence of 
their application to retrofit applications on ageing plants 
as opposed to new build. There is some consensus that 
the sector needs bigger hybrid projects based on highly 
efficient, newly built coal-fired plants; this would provide 
more scope for improved efficiency and better econom-
ics. Furthermore, the addition of thermal storage could 

improve dispatchability and help minimize the cost of 
electricity. Alongside economic issues, as every project is 
essentially unique, each will bring its own combination 
of technological issues that have to be resolved. However, 
it is anticipated that the ‘live’ projects being developed in 
countries such as Chile and India will provide useful data 
and operational experience, hopefully encouraging further 
uptake of the technology.

1.3 Future developments

As with any generating technology, a system based on solar 
energy must make economic sense. Thus, it is important 
to keep capital and operating costs at acceptable levels. 
In some locations, recent development has focused on 
stand-alone CSP systems (i.e. not hybrids). However, the 
cost reductions these are achieving will also have a posi-
tive impact where they form part of a coal-solar hybrid. 
The opportunities for reducing the cost of CSP plant are 
encouraging. The commercial deployment of the tech-
nology is still at a relatively early stage, but as develop-
ment proceeds and plants increase in size, costs are likely 
to fall as components benefit from mass production and 
increased competition between vendors.

Technology development continues, aimed at reduc-
ing system costs, increasing the efficiency of solar-to-
electricity conversion and minimizing the environmental 
footprint. Further refinement and research is gradually 
improving plant components and systems. Several key 
areas have been identified where cost savings would be 
particularly beneficial. These include reducing the cost of 
the solar field through improved designs, mass produc-
tion, cheaper components and the introduction of new 
heat transfer fluids capable of operating at higher tem-
peratures. Improved thermal storage systems also have an 
important role to play.

A number of major technology developers are continu-
ing to pursue these goals. Some suggest that if a new power 
plant was designed and built based on the hybrid concept 
from the outset, a much greater solar share (possibly up 
to 30–40%) could be realistic. So far, input from the solar 
system has tended to be somewhat on the low side. This 
has largely resulted because projects have been based on 
the retrofitting of, sometimes outdated, coal-fired plants. 
As a result, practical issues have tended to limit the solar 
contribution to perhaps around 5% or less.

2 Coal-natural gas cofiring
Another option attracting the interest of some power utili-
ties is that of cofiring natural gas in coal-fired boilers. This 
technique can be instrumental in improving operational 
flexibility and reducing emissions. It avoids the intermit-
tency issues of renewables such as solar power, but clearly 
retains some of the disadvantages associated with fossil 
fuels in general.
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Both coal- and gas-based generation are vital in power-
ing many of the world’s developed and emerging econo-
mies. Both are used to provide a secure and uninterrupted 
supply of electricity, needed to ensure that economies 
and societies can develop and prosper. In some countries, 
coal provides much of the power, whereas in others gas 
dominates. However, there are many instances where the 
national energy mix includes combinations of the two. 
Each brings its own well-documented advantages and dis-
advantages, but recent years have seen a growing interest 
in means by which these two fuels might be combined in 
an environmentally-friendly and cost-effective way.

Although coal-fired power plants in many countries 
already use natural gas for start-up and warming opera-
tions, the amounts used are often quite limited. But why 
would a plant operator want to cofire gas in larger amounts? 
What sort of benefits might it provide? As noted earlier, 
changing market conditions are increasingly forcing many 
plants to find new means of operating so as to keep them 
clean, efficient and economically viable. Replacing part of 
the coal feed with gas and burning the two together in the 
plant’s steam generator can help enhance both fuel and 
operational flexibility, vital in today’s often challenging 
electricity markets.

In many countries, environmental legislation continues 
to be introduced to reduce levels of SO2, NOx, particulates, 
mercury and, more recently, CO2, and increasingly opera-
tors face the dilemma of what to do with their plants. 
To avoid investing in upgraded emissions control equip-
ment, they may decide to simply close the plant on eco-
nomic grounds. Many plants in the USA, for example, are 
currently in this situation. If finances allow, the operator 
could possibly opt for complete conversion to 100% nat-
ural gas firing, but this may be too expensive or imprac-
tical. Alternatively, it may be possible to modify the plant 
so that natural gas can be added, helping to keep it in 
service. Cofiring with gas seems a promising option for 
at least some existing coal-fired plants, and a number of 
utilities are considering (or are even in the process of) con-
verting their coal plants for cofiring, enabling them to con-
tinue operating using a mix of coal and natural gas (Fig. 7). 
Importantly, some conversions allow the ratio of coal-to-
gas to be varied, providing a useful degree of flexibility in 
terms of fuel supply and plant operation.

Potentially, gas can be added to an existing system in a 
number of ways. Some replace a portion of the main coal 
feed, whereas others use gas as a means for minimizing 
emissions of species such as NOx. The amount of gas used 
for some types of application will normally be less than 
if the plant is converted to actually cofire gas in the true 
sense. This allows much greater volumes to be fed dir-
ectly into a boiler and burned simultaneously with the 
coal feed. Depending on the individual plant and oper-
ational requirements, the existing unit can be configured 
in a number of ways so that cofiring becomes a practical 
proposition. It may be a case of replacing oil-fired ignit-
ers or warm-up guns with gas-fired equivalents, one of the 

simplest options. But should a plant operator wish to con-
sistently put even more gas through his plant, it is likely 
that gas firing will need to be incorporated into the main 
burner system; there are dual or multi-fuel burners suit-
able for this, available commercially from a number of sup-
pliers [10].

As with solar addition, there can be various pluses and 
minuses involved. Some of the main attractions of cofiring 
include:

• possible adaptation/reuse of existing infrastructure and 
control systems. Many coal-fired power plants already 
use natural gas as a start-up or back-up fuel, so the 
necessary infrastructure and control systems for feed-
ing gas to the boiler may already be in place;

• enhanced fuel flexibility. Cofiring removes total reliance 
on a single source of fuel, creating fuel flexibility. If a 
problem arises with availability of one fuel, the plant 
has the ability to maintain operations by switching to 
the other. Similarly, increases in the price of either fuel 
can be countered by changing the cofiring ratio such 
that the cheaper fuel predominates;

• cost savings can be achieved by switching to the cheap-
est fuel at the time. It may also be possible to switch to 
lower-cost coals without the risk of lost capacity;

• some emission control upgrades may be reduced in 
scope, delayed, or avoided, depending on the coal qual-
ity, level of gas cofiring intended, and the regulatory 
environment;

• improved operational flexibility. Cofiring can reduce 
warm-up times, allowing the unit to be brought on line 
faster than an unmodified equivalent, as well as ena-
bling faster ramp-up. A  faster start-up can help min-
imize higher emissions sometimes experienced during 
this phase. This technique allows some US power plants 
to comply with the federal Mercury and Air Toxins 
Standards;

Fig. 7 Alabama Power’s Gaston power plant in the USA. One unit now 
starts up on gas and regularly cofires gas up to two-thirds of its rated 
capacity (photograph courtesy Alabama Power)
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• cofiring can provide a significant reduction in the mini-
mum unit load achievable, an important factor for 
many coal-fired power plants. Also, by cofiring a signifi-
cant amount of gas when in low-load conditions, the 
minimum operating temperature of a plant’s select-
ive catalytic reduction (SCR) unit (where fitted) can be 
maintained;

• less coal throughput will reduce wear and tear on pul-
verizers and coal handling systems, as well as reduce 
associated operation and maintenance (O&M) costs;

• reduced coal throughput generates fewer solid and 
liquid plant wastes. Bottom ash, fly ash, FGD scrubber 
sludge or gypsum, mill rejects, and various other waste 
products will be reduced as well as handling and dis-
posal costs; and

• emissions to air will be proportionately lower. O&M 
costs of environmental control systems such as FGD, 
SCR units, and ESP or bag filters are likely to be lower. 
In the case of SCR systems, ammonia use will be less 
and extended catalyst life is likely. Where mercury con-
trol systems are in place, less activated carbon will be 
required.

As with any technology, there will be drawbacks. An 
obvious requirement is that the coal-fired plant has an 
adequate source of natural gas available at an acceptable 
price. If the plant already uses gas in some way, existing 
infrastructure may be adequate. If not, additional supply 
and control equipment may be required. Depending on the 
overall length and any local constraints, costs for a new gas 
pipeline can be considerable. A major attraction often cited 
for cofiring is the low price of natural gas. Although this is 
currently the case in the USA, gas is much more expensive 
and less readily available in some other economies. Even 
in the USA, there are concerns that prices could increase 
significantly in the future as political and environmental 
pressures on hydraulic fracturing and investments in gas 
export facilities could drive up the price of gas, closer to 
those seen in Europe. Higher gas prices could cancel out 
any advantages and cost savings provided by cofiring.

In the USA, the Environmental Protection Agency (EPA) 
has suggested that, under some circumstances, cofiring 
could be an alternative to applying partial carbon cap-
ture and storage (CCS) to coal-fired power plants. The EPA 
has advised that new emissions standards could be met 
by cofiring ~40% natural gas in highly efficient supercrit-
ical pulverized coal power plants. However, some industry 
observers think that more than this level would be needed 
and that, for this to be achievable, the boiler would need to 
be specifically designed to operate in this manner.

Various technical issues will need to be considered 
when a switch to cofiring is contemplated. For example, 
there can be significant impacts on heat transfer within 
the boiler. The heat transfer characteristics of natural gas 
and coal flames are markedly different and, in some cases, 
original heat transfer surfaces may be inadequate for 
increased natural gas firing. If appropriate measures are 

not taken, problems with metallurgy can arise and major 
plant components run the risk of becoming unreliable. 
Gas supply may also be an issue. In some locations, sup-
ply restrictions may limit the maximum amount available. 
Furthermore, seasonal restrictions may apply, giving prior-
ity to other applications such as home heating.

2.1 Future prospects

The cost of generating electricity from coal or gas can be 
similar. Even slight changes in fuel price can result in sig-
nificant swings in production costs, and this can create 
market opportunities for utilities that have both gas- and 
coal-fired assets. Cofiring can be a possible option, allow-
ing pricing and market conditions to drive the fuel choice 
and mix. Substituting some coal input with gas is con-
sidered to be a low-risk option, allowing utilities to better 
meet changing market requirements.

In the coming years, natural gas is forecast to con-
tinue partially replacing coal for power generation in some 
major economies. The operating advantage is expected to 
go to utilities with diversified fleets capable of switching 
between the two as the market price of each fluctuates. 
This will be of particular advantage during periods of flat 
electricity growth, such as that experienced in the USA in 
recent years.

A number of utilities have already adopted gas cofiring 
and others are considering converting some of their coal 
plants such that they can operate on a mix of the two. In 
the USA, a number of plant operators are currently inves-
tigating the test firing of natural gas to determine the 
long-term feasibility of either full conversion or dual-fuel 
firing. Some are engaged in feasibility studies to evaluate 
the possible ramifications of cofiring. Others have already 
switched.

Adding gas to coal-fired plants offers utilities the pos-
sibility of rapid response to changes in load demand and 
deep cycling capability, but retains the ability to fire low-
cost coal. In economies where electricity demand fluctu-
ates, a power plant that can cycle quickly to meet peaks 
and troughs, and also ramp down during periods of low 
demand, is more likely to be profitable. However, most 
coal-fired units can only operate as low as 30–35% load and 
still sustain good combustion, restricting the plant’s ability 
to cycle. Furthermore, coal plants can be slow to cycle up 
to full load: it can take 12 hours or more to ramp up to load 
from a cold start. A plant capable of switching to gas at low 
loads and taking load down even farther, then switch back 
to coal at higher loads, could have a significant advantage 
over the competition.

Cofiring can offer increased fuel flexibility and poten-
tially this can provide significant fuel and operational 
savings. Many coal-fired plants were built in an era when 
coal was cheap, environmental pressures were low and 
competition from other generating sources was limited. 
Increasingly, many of these plants are now expected to 
operate in non-baseload modes, for which they were not 
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designed. They need to adapt and evolve to survive in the 
longer term, and the ability to operate on fuels that they 
were not originally designed for will be an important factor. 
Hence, increased fuel flexibility is growing in importance.

The biggest near-term potential market for cofiring 
appears to be the USA, where a number of utilities are 
looking to extend the working lives of their plants whilst 
simultaneously reducing their environmental footprint. 
Cofiring can help reduce emissions, improve operational 
flexibility and allow faster start-ups, bringing plants on 
line more quickly and cleanly. Elsewhere, the overrid-
ing factor is likely to be the price and availability of gas. 
Although this is currently inexpensive in the USA, it is 
much more costly or unavailable in many other locations. 
Furthermore, in some countries, exporting natural gas is 
a more lucrative option than using it in domestic power 
plants—exports may take priority. Thus, the viability of an 
individual project will depend on the particular set of cir-
cumstances prevailing.

Apart from the USA, there are a limited number of plants 
in countries such as Indonesia and Malaysia that cofire 
coal and gas (Fig. 8) and also new projects in development. 
However, a major factor is the availability of a reliable sup-
ply of gas at a suitable price. In some locations, although 
affordable for limited application, gas is too expensive for 
bulk use. Coal is often cheaper and more easily available. 
For any new potential project, as with coal-solar hybrids, 
various economic, operational and environmental factors 
need to be considered on a case-by-case basis. But, com-
pared to solar, opportunities for cofiring are less restricted 
as there are many more locations where both coal and nat-
ural gas are readily available.

3 Closing thoughts
Nearly all major economies rely on coal to some extent 
and many emerging ones do likewise. Despite competition 

from natural gas, nuclear power and renewable forms 
of energy, coal will continue to be used widely for many 
years and in considerable quantities. However, coal use in 
general is coming under increasing scrutiny, with power 
generation often singled out as a major source of pollu-
tion. In many countries, policies and legislation have been 
introduced to encourage the greater uptake of alternative 
systems that include gas-fired generation and renewables 
such as wind and solar power. Renewables are often pro-
moted strongly via emission reduction targets, obligatory 
renewables mandates, air quality directives and emissions 
trading schemes. Financial incentives or various forms of 
subsidy are usually involved.

The biggest drawback with wind and solar power is 
their inherent intermittency and the relatively high 
cost per unit of electricity generated. This variability 
impacts negatively on the operation of coal-fired power 
plants feeding into the same grid. Many of these were 
designed to work on steady-state baseload, but to accom-
modate input from renewables, are now forced to oper-
ate on a much more flexible or cyclical basis. Repeated 
start-stops, cycling or load-following inevitably increases 
wear and tear on major plant components and decreases 
overall efficiency. However, this mode of operation has 
increasingly become the norm, and cost-effective ways 
to enhance their performance in terms of operating flexi-
bility, environmental impact and economics are being 
sought.

These goals could be achieved in a number of ways. 
In the case of improving plant flexibility, these include 
combining coal with solar energy or natural gas. 
Although both techniques are already (or have been) 
used on a commercial basis, neither is currently used 
widely. Under the appropriate conditions, incorporation 
of either form of technology offers a number of advan-
tages to coal-fired power plants. But, clearly, both have 
their limitations. Solar-based projects will only make 
sense in locations that receive consistently high solar 
radiation. Similarly, cofiring with natural gas will only 
be possible where there is a reliable, affordable supply 
of gas.

Both systems have the potential to improve operational 
flexibility, moderate plant costs and reduce emissions. Each 
can provide benefits when retrofitted to existing coal-fired 
power plants, although their greatest potential appears to 
lie in new-build units, where each can be integrated fully 
at the design stage. Enhancing flexibility and efficiency, 
and reducing the associated environmental footprint, will 
become increasingly important in maintaining an afford-
able and effective coal-fired power sector.

How are these two technologies likely to influence the 
amount of coal consumed around the world? On a global 
basis, coal-solar combinations are unlikely to have a major 
impact, although they could be of much greater signifi-
cance in some niche markets. If solar power was used to 
replace a significant amount of coal fed to a power plant 

Fig. 8 The 4-GW Suralaya plant, Indonesia’s largest coal-fired station. 
The newest unit is capable of cofiring differing amounts of pipeline nat-
ural gas or LNG, as well as fuel oil or biomass (photograph courtesy of 
Indonesia Power)
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(operating in ‘coal saver’ mode), the overall amount could 
actually decrease, although this would not be the case with 
plants operating in ‘solar boost’ configuration. However, 
hybridization can offer other benefits such as lower coal 
costs, reduced plant O&M requirements and a lower envir-
onmental impact. These may be enough to keep certain 
plants in service.

The second technique considered is the cofiring of 
natural gas in power plants that currently rely on coal 
as their main fuel. Many such plants already use rela-
tively small amounts of gas alongside their coal feed, 
although only a limited number can be considered as 
true cofiring. The addition of greater volumes of gas can 
offer significant benefits in terms of operational flexi-
bility, economics and environmental impact and could 
offer a possible lifeline to some plants struggling to meet 
increasingly stringent environmental limits. Compared 
to solar hybridization, opportunities for cofiring are 
much less restricted as there are many locations where 
both coal and natural gas are available. However, as with 
coal-solar hybrids, cofiring projects need to be evaluated 
on a case-by-case basis to ensure that the relevant fac-
tors are addressed.
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Abstract
The main objective of this article is to provide a comprehensive picture of existing wave technologies being used 
for wave energy extraction. The overview will explain their potential and also the challenges wave technologies 
face. The article will also briefly discuss the benefits of combined offshore wind-wave projects, also known as 
hybrids. Key factors and impacts on relevant existing wave technologies will be outlined, including capacity factor 
and capture width. Finally the levelized cost of energy (LCOE) targets for the most promising technologies will be 
discussed.
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Introduction
In order to reduce greenhouse gas emissions and to secure 
a sustainable future for all countries, it is clear that renew-
able energy sources will play a key role. According to the 
Renewables 2016 Global Status Report [1], globally, fossil fuel 
consumption is ~78.3% of the total share of energy con-
sumption, followed by renewable energy sources with 
19.2%. Traditional biomass accounts for 8.9%, while modern 
renewable energy has a percentage of 10.3%, dominated by 
solar and wind. The gap between fossil fuel consumption 
and the renewable market can be closed in the near future 
if we take into account recent progress from the renewable 
energy sector. Globally, the renewable energy sector between 
2004 and 2013 (excluding hydropower) increased from 85 to 
~560 GW. Leading the sector was the wind industry with 
growth from 48 to 318 GW, followed by the photovoltaic sec-
tor from 2.6 to 139 GW. The growth in the renewable sector 
was due to a number of factors including politicial support, 
financial incentives and reduction in the costs of technol-
ogy making renewable energy cost competitive [2].

Marine energy technology is at an early stage of devel-
opment, especially in the case of wave power. Wave power 
needs specific environmental conditions to be created. The 
energy is equally divided between: (i) the potential energy 
component, where the water is forced against gravity from 
the wave trough and crests and (ii) the kinetic energy com-
ponent, that is, thewater oscillating velocity [3]. To use this 
power it is important to design a structure that can effi-
ciently capture and harvest the energy transmitted by the 
waves. A  further key factor is that the structure must be 
able to survive the marine environment, in particular, storm 
events wherein the wave power significantly increases. One 
means to convert the wave energy into mechanical energy 
is by using a generator that is fixed (on the sea bottom 
or shoreline) with parts of this system in motion. During 
recent decades, floating systems were introduced that are 
capable of being deployed offshore. The systems can be 
designed and targeted to take advantage of both potential 
and kinetic energy, individually or at the same time [4].
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The potential of the Global Ocean’s resources is signifi-
cant when considering the combinations possible between 
large water surfaces and marine natural resource diver-
sity. There are a wide variety of energy extraction options, 
including waves, tidal and ocean currents, ocean thermal 
energy, salinity gradients, marine biomass and submarine 
geothermal energy [5]. A successful example of using the 
marine environment is the offshore wind industry. The 
European wind market currently has 81 offshore grid-con-
nected projects shared by 10 European countries capable 
of generating a total of 12.6 GW [6]. Under current trends, 
we estimate that by 2020 the total capacity will be close 
to 24.6 GW, based on statistics reported for 2016. Several 
technological developments have contributed to this pre-
diction: the average offshore wind turbine is 4.8 MW; the 
first 8-MW turbine has been connected to the grid; the 
average size of a wind farm is 380 MW (+12% from 2015); 
the average water depth is 29 m; and the average distance 
to shore is 44 km. The offshore wind energy sector has con-
tinually expanded since 2000 with larger size wind farms, 
turbines and distances from shore. In 2015 almost €18bn 
was invested in transmission assets and new offshore 
wind projects [6, 7].

The wave energy sector could potentially equal and even 
exceed the offshore wind sector, if we take into account 
that waves are a concentrated form of wind energy capable 
of travelling large distances with minimal losses. There 
are two categories of waves: wind seas (waves generated 
locally) and swell (waves generated by distant winds). The 
swell wave is more important for the wave energy converter 
(WEC) industry as the energy density is more consistent. 
The worldwide potential of wave power is around 29 500 
TWh/yr, from which currently only a small fraction is effi-
ciently extracted near ocean coastlines, islands or semi-
enclosed basins defined by local ‘hotspots’ [8, 9]. In general, 
a hotspot is a site that reveals the best balance between 
wave energy potential and other relevant factors, such as 
distance to the shore, water depth or investment costs. In 
recent years, various onshore and offshore projects have 
been developed, including the Islay plant (Scotland) and 
the Pico Island plant (Portugal). The Islay project involved 
the construction and testing of the LIMPET (Land Installed 
Marine Power Energy Transmitter) system, which has a 
generating capacity of 500 kW. This unit was installed in 
2000 on an island off the western coast of Scotland, and 
includes three water columns made from concrete and 
inclined horizontally at 40o. The water columns’ motion is 
converted into electricity throughout two counter-rotating 
Wells turbines operating at 700–1500 rpm [10].

The Pico plant is located in the Azores, with an installed 
capacity of 400 kW and was built between 1995 and 1998, 
under the supervision of the Instituto Superior Técnico 
(IST), Lisbon. Various problems emerged during this time 
due to the plant configuration and equipment. In 2005 
the project was redesigned, and in 2009 project develop-
ers reported a full operating time of 265 hours [11]. Most 
of the systems are still in the early stage of development 

(small-scale systems) and only a few generators are being 
tested in marine environments (sea trials). These tests are 
to assess the efficiency of the systems in terms of electric-
ity generation and survival issues.

Because there are no large-scale wave farms, it is 
difficult to predict the future of this industry, although 
opportunities are expanding as the technology evolves 
[12]. The successful development of wave technology in 
the European wave market could generate 188 GW (10%) 
of Europe’s electricity needs by 2050. However, for this 
to happen would mean the successful development and 
operation of new wave generation systems planned for 
2022–2040. Research and development (R&D) on current 
projects has provided knowledge on how to cut the costs 
for future wave technologies. Improvements in the next 
generation of wave technology could reduce the costs 
of power take-off (by 22%), installation (18%), operation 
and maintenance (17%), foundation and mooring (6%) or 
grid connection (5%) [13]. A promising option to cut costs 
is the combination of WECs with existing offshore wind 
parks by sharing the same infrastructure. This could 
assist in the acceleration and development of the wave 
industry in areas with moderate wave energy potential 
[14–18].

Since a renewable marine project is designed to be 
a sustainable project, it is important to understand its 
impact on the local marine ecosystem. In general, this 
seems to be beneficial for the fish population, since 
there will be exclusion zones prohibiting fishing around 
the generators. In addition, because the wave energy 
converters will work similar to a breakwater, they will 
calm the sea, thus providing a nesting area for local bird 
 species [19].

1 Wave energy potential
The energy profile of a wave is directly related to the inten-
sity and persistence of the wind speed, taking into account 
also the scale of the fetch area where the wind blows. From 
the energy aspect, the most attractive areas are found 
between 30–60o in both hemispheres, with the total the-
oretical energy potential around 32 000 TWh/yr [5]. Over 
the last few decades numerous monitoring systems have 
become operational to better measure wave energy poten-
tial. The in situ instruments still remain the best source 
of information, but since they are operating only in a few 
locations it is impossible to provide a complete picture of 
the wave energy potential from a particular area. Another 
important source of measurements is by satellites orbit-
ing on a predefined track, sometimes combining several 
missions into a multi-mission project, which assemble a 
homogeneous data set defined by a good temporal and 
spatial resolution [20, 21]. Note that the accuracy of the 
beam signal is influenced by the coastal and island con-
tamination (presence of land), and as a result the data set 
may include missing values, which are gaps in the time 
series, usually denoted with NaN (not a number) [22, 23]. 
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New, more powerful computers bring new opportunities 
to gather data for wave prediction. It is now possible to 
develop numerical models on global and regional scales. 
These include projects maintained by the European Center 
for Medium-Range Weather Forecasts (ECMWF) [24] and 
the US National Centers for Environmental Prediction 
(NCEP) [25] that are capable of providing data and informa-
tion on a global scale. Recent research has highlighted that 
a more accurate description of wave conditions is gener-
ated from a wave model focused on a particular area in 
combination with data assimilation systems [26].

Fig.  1 illustrates the total wave power distribution 
(expressed in gigawatts) for various coastal environ-
ments based on the National Oceanic and Atmospheric 
Administration’s WaveWatch III data [27]. Note that the 
index results are from the wave power density, which shows 
the amount of energy flux per meter of wave crest (kW/m). 
According to this data, sites located in North America have 
more significant resources compared to Europe, which is 
less attractive, although most of the WEC research comes 
from this region. According to these values, if we focus 

on the regional scale we can see that the wave power is 
more consistent around Australia, followed by the USA and 
Chile, while Portugal and France show much lower values. 
A possible explanation for these results may be that, for 
this work, the entire coastal area was considered, which 
in the case of Australia or North America is much greater 
compared to other regions such as Portugal.

Fig. 2 depicts an assessment of the wave power density 
from various sites around the world. The results reported, 
according to the point position to the center of the targeted 
region (e.g. NW: Northwest; SE: Southeast), are indicated in 
terms of the total and winter time. As expected, the val-
ues reported during winter are more significant, where the 
total time values (from January to December) at some sites 
appear to be more consistent, such as in the Southwest 
Asia region.

2 Wave energy converters
Historically, the first WEC system was developed in France, 
with the first WEC patent granted in 1799. The forerunner 
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of modern wave energy systems was developed in Japan 
by Yoshio Masuda in 1940 with the first floating oscillat-
ing water column incorporated into a navigation buoy. 
Since then, more than 1000 patents have been issued, 
with each project being defined by a particular design and 
power take-off system (air, hydraulic, electrical, mechan-
ical), which represent the mechanism absorbing the wave 
energy and transforming it into electricity [29, 30].

Fig.  3 illustrates the main types of WECs, according 
to their working principle or whether they are installed 
onshore, nearshore or offshore. In the onshore area the 
most common systems are based on an oscillating water 
column, where the air is trapped in a semi-submerged 
chamber and is compressed and decompressed to rotate a 
turbine and to generate electricity. In a nearshore environ-
ment, which is defined by shallow water areas, one type of 
WEC system solution is to install an oscillating wave surge 
converter that acts as a pendulum under the wave action. 
Lastly, in offshore regions, the most promising results 
come from the attenuator, point absorber and terminator 
devices.

Over 50% of the WECs are found in from Europe with 
most R&D focused on the point absorber system. Other 
countries undertaking important wave power research are 
the USA, New Zealand and Chile [28]. Table 1 and Table 2 
present in detail the main WEC technologies. Systems may 
be fixed, submerged or floating. The systems can be used 
as independent generators or as part of breakwaters or 
harbor infrastructure. Most of the systems are still in the 
R&D stage, and the rated capacity may vary from 15 kW 
to 5900 kW; some point absorbers appear underrated and 
they could be developed into wave farms in the future.

A point absorber system used widely is the CETO 6, a 
buoyant generator defined by a diameter of 20 m, which 
was gradually increased in capacity from 80 kW (in 2011) to 
240 kW (in 2015). This project is implemented in various 
coastal environments, including the Mauritian island of 
Rodrigues (project of €667 000), Garden Island, Western 

Australia (€9.1m) and the CETO 6 Wave Hub Project in 
Cornwall, southwestern England (€16m) [33]. In terms of 
generating capacity, the Wave Dragon is one of the larg-
est WECs being designed for the offshore environment. 
The first prototype was developed at Nissum Bredning 
(Denmark) in 2003 with a 237-tonne version costing 
approximately €4.35m. Another Wave Dragon project was 
developed off Milford Haven (in 2007) on the southwestern 
coast of Wales, and deployed in an area of 0.25 km2 [34].

WECs are similar to wind turbines, wherein the per-
formance of a particular generator takes into account a 
power curve. In the case of WEC devices, the manufacturer 
uses a power matrix that shows various power outputs 
according to a particular sea state (wave heights and wave 
periods). The power output results are calculated from the 
following equation [32]:

 P P pWEC
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ij

T H

= ⋅ ⋅
= =
∑ ∑1
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 (1)

where Pij is the energy percentage corresponding to the 
bin defined by the column j and the line i and pij is the 
electric power provided in the power matrix of the WEC 
for the same bin. As an example, Fig. 4 presents the power 
matrix of a WEC system, rated at a maximum 250 kW, and 
the bivariate distribution of the wave parameters Hs (sig-
nificant wave height, in meters) and Te (wave period, in 
seconds).

Various indicators are used to identify the wave energy 
potential and the efficiency of a WEC. A common way to 
show the energy level of a site is through the wave power 
density (PW), expressed as [32]:

 P
g
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ρ
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64
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where PW is the energy flux per meter of the wave crest 
(kW/m), ρ = 1025 kg/m3 is the density of the seawater and 
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Fig. 3 Main categories of WECs [Reproduced from Ref. 31 with permission from the European Marine Energy Centre LTD]
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g is gravity acceleration. Note that Equation 2 is used to 
describe the wave power only from the deep-water areas, 
this being also the case of the present work where some 
offshore references sites were considered for assessment. 
For a particular water depth, the wave energy flux can be 
calculated by using the formula presented in Venugopal 
and Reddy [36]:

 P g S f C f dfdg= ⋅∫ ∫
∞

ρ θ θ θ
π

0

2

0

( , ) ( , )  (3)

where S f( , )θ is the directional energy spectral density at 
frequency f and wave propagation angle θ,  and C fg( , )θ is 
the resultant wave group velocity.

The capacity factor (Cf) is frequently used to define the 
WEC performances. This indicator can be defined as

 C
P
Rf

E

P

= ⋅100 ,  (4)

where PE is the the electric power extracted by a WEC and 
RP represents the rated power of each system. The portion 

of the wavefront from which a WEC will extract energy is 
associated with the capture width (in meters), as follows:

 C
P
PW

E

W

= ,  (5)

Table  3 lists some common values reported by scien-
tists from some state-of-the-art WECs for various coastal 
environments.

3 Hybrid wind-wave projects
Wind and wave action are closely linked. Therefore, the 
next step in the development of the marine renewable 
sector will be development of co-located hybrid or island 
systems [37]. Hybrid projects combine floating wind tur-
bines (e.g. WindFloat system) with wave energy convert-
ers in order to capture the energy from the offshore area 
and reduce the initial investments. In this category, new 
or existing harbor infrastructure could develop hybrid sys-
tems combining electricity production with harbor pro-
tection [38, 39].

Table 1 Wave energy converter technologies [13]

Technology System Principle Project

Oscillating water column Fixed Isolated; in breakwaters; nearshore Pico; LIMPET; Sakata
Floating — Mighty Whale; Oceanlinx

Oscillating bodies Fixed-shoreline — Eco Wave Power
Floating Translation (heave) AquaBuoy; Wavebob

Rotation Pelamis; SEAREV
Submerged Translation (heave) AWS

Rotation Oyster; WaveRoller
Overtopping Fixed Shoreline TAPCHAN; SSG

Floating — Wave Dragon

Table 2 Main features of commercial WEC systems [28, 32] 

Category Device Dimensions Capacity (kW) Projects to Date

Point absorber Pontoon Power Converter (PPC) 80 m 3619 R&D phase
Ocean Energy buoy (OE) 50 m 2880 R&D phase (1:4 scale model)
Wavebob 20 m 1000 R&D phase (1:4 scale model)
CETO 7 m 260  Garden Island, Western 

Australia
   Wave Hub, Cornwall, UK
   Pre-consented (3 MW each 

project)
Seabased AB 3 m 15 Sotenäs, Sweden

   Pre-consented, 10-MW demon-
stration plant

Attenuator Sea Power 16.75 m 3587 Galway Bay, Ireland, test site
Wave Star 70 m 2709 Hanstholm, Denmark (1:2 scale 

model, 600-kW machine)
Pelamis 150 m 750    Aguҫadoura, Portugal (2.25- 

MW project)
 Company – Financial problems

Oceantec 52 m 500 Sea trials – 1:4 scale model
Terminator Wave Dragon – 5900 Nissum Bredning, Denmark, 

prototype testing
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The attractiveness of such projects is given by the mixed 
energy output defined by a higher density power and a 
smooth integration into the grid network, which will be 
less influenced by the variability of a single resource. For 
example, if the wind is not blowing the waves could be used 
to generate electricity. If the generators share the same infra-
structure, it will be possible to cut the initial installation cost, 
especially in the case of the wave systems. Consequently it 
could be possible to accelerate the WEC’s transition from 
the R&D stage to a full operational wave farm. The use of 
this integration approach allows one site to generate energy 
from two types of technology wind and wave. The WECs inte-
grated into the existing offshore wind project, will generate 
a shadow effect by reducing the wave height and extend-
ing in this way the time interval allocated for operation and 
maintenance activities [40–42]. In this case, the number of 
suitable sites will significantly increase using areas with 
moderate resources, such as enclosed sea basins [43, 44].

Fig. 5 presents two types of hybrid wind-wave systems 
that are capable of exceeding R&D levels. The Wave Treader 
is designed for offshore wind turbines and also available 
in a moored version. The Floating Power Plant is another 

interesting design that involves several pontoons and 
wind turbines working on a ship platform. In general, the 
hybrid systems developed currently are based on modified 
versions of these two concepts.

There are currently no operational large-scale wave 
farms, so most of the research on this topic is focused on 
various hypothetical scenarios. One option being focused 
on is the development of a large-scale wave farm in unison 
with wind turbines.

An advantage of using WECs to extract energy from 
waves is that an operational wave farm will protect the 
beach sectors against erosion induced by the wave and 
longshore currents. On a local scale it is expected that 
the changes in the water velocities and sediment rate will 
be significant. The erosion patterns may change along a 
particular coastline (positively or negatively) and will 
depend on local wave conditions and coastline features 
[19]. Experiments carried out in the Lews Castle College lab 
facilities highlighted that a farm of WECs can be efficiently 
used as a coastal protection system [47].

Fig. 6 highlights two case studies in which an assess-
ment was made of the impact of different wind-wave 

Table 3 Average values of the capacity factor (%) and the capture width (m) reported during the winter [28]

WEC

Region

Iceland Azores Islands Madeira Archipelago Canary Islands

Wave Dragon Cf 43.4 42 28.8 21.7
CW 62.1 49.4 50.2 66.4

Pontoon Power Converter 9.45 5.58 4.23 3.48
10.1 4.32 4.76 7.06

Sea Power 17.1 15.4 10.1 7.08
13.7 10.2 10.2 12.1

OE 11.7 10.4 6.25 4.06
8.51 5.48 5 5.5

Wave Star 13.8 12.5 7.57 4.84
9.41 6.27 5.69 6.27

AWS 23.6 23.2 16.9 11
9.68 10.3 11.1 11.5
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Fig. 4 The power matrix of the Aqua Buoy system (a) and the bivariate distribution of the sea states (b) reported for the Leixoes area (Portugal) [35]
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projects on the local wave field. The results indicated 
that the shadow effect may depend on factors such as 
the wave direction, the spatial orientation of the marine 
farm, shoreline, wave intensity and the absorption prop-
erty of the farm. In order to protect a particular beach 
sector, it is important to identify first the local wave pat-
tern and then to identify an optimal WEC configuration, 
taking into account the domino effects that may occur in 
the neighboring coastal sectors. Table 4 illustrates analysis 
for the Leixoes area (Portugal, near the city of Porto), with 
consideration of various wave conditions and absorption 
scenarios.

4 Wave energy cost prediction
In comparison to other sources of renewable energy, wave 
energy is still too expensive. However, the potential of wave 
energy is the best option to accelerate the use of wave 
technology. Research on reducing the costs is a key ele-
ment in encouraging the development of wave energy. In 

general, it is estimated that the main costs of a wave pro-
ject are related to initial investments (34.68%), operation 
and maintenance (O&M; 40.19%), replacement (24.81%) 
and preoperating costs/decommissioning (0.33%), respect-
ively [37]. Examples of wave energy converters prices are 
Wave Dragon (rated power 7000 kW), €14 238 652/unit; 
Pelamis (750 kW), €21 188 470/unit; and AquaBuoy (250 
kW), €169 507/unit [37].

The levelized cost of electricity (LCOE) index shows 
the competitiveness of a generating technology by taking 
into account all costs that may occur during the lifetime 
of a particular project. If we consider that the O&M costs 
and the power generated are constant, the LCOE has the 
expression [49]:

 LCOE
SCI SLD

LF
r r

r
OM

LF

n

n=
+

⋅
⋅

⋅ +
+ −

+
⋅87 6

1
1 1 87 6.

( )
( ) .

 (6)

where SCI is the capital cost of the power plant (€/kW), SLD 
is the specific levelized decommissioning cost (€/kW), LF is 
the load factor of the facility, r is the discount rate, n is the 

Wave Treader Floating Power Plant

A B

Fig. 5 Hybrid wind-wave platforms: (a) Wave treader [45], (b) Floating power plant [46]
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facility lifetime (year) and OM is the annualized O&M cost 
(€/kW). This expression includes:

LF
AEP

R
=

87 6.

 SLD
SDC

r n=
+( )1

 (7)

where AEP, the annual energy production (in kWh), is 
reported for a system at rated power R (in MW) and SDC is the 
specific decommissioning cost at the end of a lifetime (€/kW).

Without large operational wave farms there is no viable 
source of data that could be used for a cost analysis, and 
therefore most existing studies are based on various “what 
if” scenarios [50–52]. Similar to other renewable sources, the 
methodology used to assess economic performance comes 
from other areas, such as the oil and gas industry [53].

Onshore wind industry analysts estimated that the LCOE 
may have values in the range of 40–115 €/MWh, which cor-
respond to capacity factors of 15–46%. Europe has an average 
value of 80 €/MWh compared to the USA, where an average 
value of 83 €/MWh is reported. The offshore industry operat-
ing in the Western Europe has an average LCOE of 218 €/MWh 
corresponding to a capacity factor of 32–42%. In the case of 
solar PV, we expect LCOE values in the range 67–372 €/MWh 
obtained for capacity factors of 11–21%. In terms of geother-
mal systems, a maximum LCOE of 234 €/MWh may cover a 
capacity factor of 95% [54]. For hydroelectricity, a small sys-
tem can be expected to obtain values in the range of 16–266  
€/MWh compared to a larger system where the values are 
20–256  €/MWh. The tidal and wave energy sectors reveal 
similar trends, being divided between high-, medium- and 
low-cost scenarios. The following numbers give an esti-
mated cost, from high to low, of generating wave energy: 
high cost, €14/MW (CAPEX), €127 130/MW/yr (OPEX), 
25% (capacity factor), €897/MWh (LCOE); medium cost,  
€7.44/MW, €127 130/MW/yr, 30%, €420/MWh; low cost, €4.64/
MW, €127 130/MW/yr, 35%, €241/MWh [54].

5 Conclusion
To succeed, wave energy R&D projects need to identify 
ways to reduce the cost of electricity and to find a suitable 
protection mechanism for the WECs in order to survive 

the weather and the harsh, corrosive marine environment. 
Most studies investigate these problems only on a theoret-
ical level. The current pre-commercial systems (e.g. Wave 
Dragon, PowerBuoy, Pelamis, Wave Roller, Archimedes 
Waveswing [AWS]) are the result of collaboration between 
industry and the academic sector [55]. However, this is not 
a guarantee of the success of a particular design with most 
WECs reporting both negative and positive aspects.

The attractiveness of a particular site depends on fac-
tors such as the wave height and direction and it is also 
restricted by whether the site is in a protected area or 
near shipping routes. Since the WEC generator is still in 
its infancy, a practical solution is to utilize other marine 
projects (e.g. wind farms) to accelerate industry develop-
ment. In the case of a wind-wave project, this may com-
pensate for the wind variability, which is considerably 
higher than in the case of the waves and more difficult 
to predict.
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Abstract
Combustible agricultural waste is a potential source of energy because of its high organic content and heating 
value. As China’s economy develops, energy demand increases while environmental protection becomes more 
stringent. These competing demands make it urgent to find environmentally acceptable ways to extract energy 
from agricultural wastes. In this study, a liquid catalyst flow fuel cell (FFC) directly powered by combustible 
agricultural waste is investigated. This type of flow fuel cell can directly convert combustible agricultural waste 
at atmospheric pressure to electricity at 80–150℃ and it is environmentally friendly. Polyoxometalates act as 
catalysts and charge carriers to drive the FFC. Wheat straw and wine residues were used to represent the main 
components of combustible agricultural waste. Experiment results indicated that the power density reached as 
high as 111 mW/cm2, hundreds of times higher than the output of a microbial cell.

Key words:  biowaste; combustible agricultural waste; fuel cell; polyoxometalates

Introduction
World energy demand is growing at a rate of 1.8% per 
year [1]. Three fossil fuels—petroleum, natural gas and 
coal—have provided more than 80% of global energy con-
sumption for over 100  years. In the USA in 2015, fossil 
fuels contributed to 81.5% of total energy consumption. 
According to several studies, the overutilization of fossil 
fuels will cause two inevitable issues: dwindling of avail-
able fossil fuel resources and global environmental prob-
lems [2]. In this setting, developed and developing countries 
face challenges in providing energy security and address-
ing environmental problems created by implementation of 
fossil fuel technologies. These competing demands make 
it urgent and desirable to find environmentally acceptable 

ways to extract energy sustainably. Biomass, also known 
as zero carbon energy, is the most common form of renew-
able energy [3]. According to a report produced for the US 
Department of Energy, annual domestic production of bio-
mass from forestry and the agricultural industry is over 
1.3 billion tons [4]. Part of this biomass could be used to  
replace fossil fuels. Combustible agricultural wastes, such 
as wheat straw, wine residues and other agricultural 
residue, are an easily accessible biomass resource, due to 
the large production yield from agriculture; for example, in 
China approximately 700 million tons of combustible agri-
cultural wastes are produced annually [5].

Several technologies currently use biomass as feedstock 
to generate electricity through combustion, gasification, 
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solid oxide fuel cell (SOFC) [6–9], microbial fuel cell (MFC) 
[10, 11] and direct carbon fuel cell (DCFC) [12, 13]. Electricity 
generation from biomass is commercially produced by 
combustion or gasification using a steam turbine. Due to 
the low energy density of biomass the preferred option is 
distributed generation at a relatively small scale [14].

Biomass-energized fuel cells are classified into two 
groups: indirect and direct. The indirect biomass fuel cell 
has been intensively researched and studied in recent years 
[15, 16]. This type of fuel cell converts biomass to various 
fuel sources such as sugars (e.g. glucose and xylose), syngas, 
biogas or biochar. The fuel can then be used to generate 
electricity in fuel cells. However, these technologies have 
several disadvantages. SOFCs can require very high working 
temperatures (e.g. 500–1000°C) to gasify biomass [17, 18]. 
MFCs can work at low temperatures (15–50°C), but very low 
electric power output, rigorous reaction conditions and lim-
ited lifetime can seriously hinder their applications [19, 20].

The polymer exchange membrane fuel cell (PEMFC) is 
another promising fuel cell technology. PEMFCs powered by 
hydrogen or low molecular weight alcohols have been highly 
effective and successfully commercialized for distributed 
power resources, electric vehicles and other applications. 
However, polymeric biomasses such as starch, lignin and 
cellulose have not been directly used in PEMFC because the 
C—C bonds cannot be completely electro-oxidized to CO2 at 
low temperatures with a noble metal catalyst [21, 22]. It was 
reported that even for the simplest C—C molecules such as 
ethanol there are limitations, given that the fuel can only 
be converted to acetaldehyde (―2e−) or acetic acid (―4e−) 
with a noble metal anode because only 16.7 and 33.3% of 
the total 12 electrons can be converted to electric power 
[23, 24]. Therefore, cleavage of C—C bonds in biomass fuels 
is a major challenge in developing high-efficiency PEMFCs. 

Furthermore, noble metals such as Pt, Au and Ru are easily 
poisoned by impurities in the biomass [25, 26]. To overcome 
and solve these challenges, further research is essential to 
identify improved methods and apparatuses to produce 
electricity from sustainable energy sources.

Flow fuel cell (FFC) is a new technology that uses bio-
mass directly to generate electricity [25−28]. FFC can dir-
ectly convert polymeric natural biomass, such as trees, 
grasses, agricultural residue, algae and other biological 
material, to electricity. Ideally, the natural biomass could 
be directly used as the fuel in the cells without purification 
or chemical pretreatment. Several major research break-
throughs have been made with this new technology [25, 26, 
29, 30]: (i) raw biomass can be used directly (no purification 
is needed); (ii) the power density is high (comparable to 
pure alcohol fuel cells, and 3000 times higher than micro-
bial cellulose-based fuel cells); (iii) the technology is com-
pletely free of noble metals; (iv) the catalyst is extremely 
stable and cannot be easily contaminated, because poly-
oxometalates, tolerant to toxic inorganic and organic com-
ponents, are used as catalyst and charge carrier in FFC; (v) 
fuel cells are inexpensive (using raw biomass and no noble 
metal); (vi) fuel cells can be used in both small power units 
and large power plants; and (vii) they are sustainable.

1 Principles of FFC
The FFC developed in our previous study is completely 
free of noble metals [25, 26, 29, 30]. Two polyoxometalate 
solutions (denoted below as POM-I and POM-II) with dif-
ferent redox potentials are utilized in this fuel cell: one 
oxidizes biomass either under sunlight or heating in an 
anode tank and the other reacts with the oxygen at the 
cathode. The cell is schematically shown in Fig.  1. It is 

CO2
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H+

e
– e–

O2

Biowaste

Anode Cathode

Gas distributor

Pump Pump

Graphite electrode plate

POM-I

POM-II

Membrane End plate

Fig. 1 Schematic illustration of flow fuel cell (FFC)

Liu et al. | 21



constructed using a Nafion® 115 membrane sandwiched 
between two 3D graphite electrodes with no metal load-
ing. The POM-I (H3PMo12O40) solution, along with the 
biowaste, is stored in the anode electrolyte tank. The 
oxidation of biowaste fuel can occur in the anode elec-
trolyte solution through either sunlight irradiation or 
direct heating. The reduced POM solution cyclically flows 
through the anode by a pump. As shown on the right side 
of the figure, a non-Keggin-type H12P3Mo18V7O85 aqueous 
solution (POM-II) is stored in the cathode tank. The re-
generation of POM-II is realized by redox oxidation of 
oxygen. To enhance the reaction of O2 and POM-II at this 
point a gas distributor is introduced.

The general principle of the FFC is that PMo12 can oxi-
dize biowaste under heat irradiation while being reduced 
from POM-IOx to POM-IRe, and POM-IRe can be oxidized 
to POM-IOx again by POM-IIOx through a catalytic elec-
trochemical reaction. The reduced POM-IIRe can then be 
regenerated by oxygen without a noble-metal catalyst. 
Both POM-I and POM-II are used as catalysts rather than 
as reactants because the two solutions can be completely 
regenerated without any mass loss. Therefore the net 
reaction of the fuel cell only relates to biowastes and 
oxygen.

The entire discharge process is represented by reactions 
(1)–(5). On the anode side, biowaste is decomposed to small 
molecules and even to CO2 at an elevated temperature. 
Simultaneously, Mo(VI) is reduced to Mo(V):

 Biowaste
degrade

+ → +
+

−
−

−[ ] [ ]PMo O H PMo Mo O
CO

VI V VI
12 40

3
12 40

3

2

n n n

dd products  
 (1)

Then the reduced Mo(V) carrier releases the electrons to 
anode electrode, i.e. the discharges on electrode:

 [ ] [ ]H PMo Mo O PMo O HV VI VI
m m m me m12 40

3
12 40

3
−

− − − +→ + +  (2)

On the cathode electrode side, the charge carrier POM-II 
receives the electrons and protons that come from the 
anode side and then changes to a low valence state.

 [ ] [ ]P V Mo O H HmP V V Mo OIV V
3 7 18 85

12
3 7 18 85

12− − +
−

−+ + →me m m m
 (3)

The reduced POM-II can be regenerated by oxygen, as 
described in reaction (4), but the regeneration reaction by 
oxygen is very slow since it is a two-phase reaction. A gas 
distributor is introduced here in order to increase the 
reaction rate:

 [ ] [ ]HmP V V Mo O O P V Mo O H OIV V
3 7 18 85

12
2 3 7 18 85

12
24 2m m

n n
−

− −+ → +
 
(4)

To summarize equations (1)–(4), an overall reaction equa-
tion can be obtained:

 Biowaste degraded products+  → + +O CO H O2 2 2
heat  (5)

2 Experimental section
2.1 Materials

The raw materials used in this study were wheat straw 
and white lees (wine residue). The wheat straw (from 
Hebei Province, China) is naturally air dried and then 
mechanically comminuted over 50-mesh  (with a size 
smaller than 0.3 mm) sieves. Lees were sourced from 
Hebei Hengshui Laobaigan Liquor Co., Ltd. The samples 
are freeze dried for 48  h, and then crushed. The main 
components of wheat straw and white lees are cellu-
lose, hemicellulose, lignin, soluble sugar, protein and 
derivatives. Table 1 shows the specific compositions.

Phosphomolybdic acid (H3[PMo12O40]), H2O2, H3PO4 (85 
wt%)  and MoO3 were purchased from Aladdin. V2O5 was 
purchased from Xiya. The high-density graphite plates (bi-
polar plate) and graphite felt were purchased from Guoyao. 
Nafion® 115 (127 µm thick) was purchased from DuPont™ 
and used as a proton exchange membrane.

Anode: 0.15  mol of H3[PMo12O40] was added to 0.5  L of 
deionized (DI) water to form solutions (POM-I) with a con-
centration of 0.3 mol/L. This solution was stirred at 60℃ for 
1 h to completely dissolve the H3[PMo12O40].

Cathode: H12[P3Mo18V7O85] solution (POM-II) was used as a 
cathode electrolyte and was synthesized according to our 
previous work [25]. Briefly,

(i) Preparation of solution A: 25.48  g of V2O5 was mixed with 
1500 mL DI water at ~4℃ and 200 mL H2O2 (30%) was added to 
the mixture with magnetic stirring in an ice bath; 2.66 mL of 
H3PO4 (85 wt%) was added to decompose extra H2O2 under stir-
ring at room temperature for 4 h.

(ii) Preparation of solution B: 103.68 g of MoO3 was added into 
1000 mL DI water with 5.66 mL of H3PO4 (85 wt%) and then 
the mixture was heated to boil until a yellow solution 
formed.

(iii) Preparation of H12[P3Mo18V7O85] solution: Solution A  (~200  mL 
per time) was gradually added into Solution B and the mixture 
was boiled until a homogeneous solution formed. The water 
was then evaporated to a volume of 133.3 mL, and the concen-
tration reached 0.3 mol/L.

2.2 Assembly of fuel cell

To neutralize it, the graphite felt was soaked in a mixture 
of H2SO4 and HNO3 solution (volumetric ratio equal 3:1) 
at 50℃ for 30  min and then washed in DI water. The re-
sultant graphite felt was then put into the pre-carved flow 

Table 1 Wheat straw and wine residue composition

Substance

Amount (wt%)

Wheat straw Wine residue

Cellulose 34.92 39.81
Hemicellulose 18.75 21.14
Lignin 21.57 27.75
Soluble sugar 5.21 2.75
Protein 4.93 7.74
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channel with a geometry function area of 1 cm2 on each bi-
polar plate. The Nafion® 115 membrane was sandwiched 
between two bipolar plates. Two acrylic plastic plates were 
applied outside of the carbon plates to prevent leakage 
with polytetrafluoroethylene (PTFE) gaskets fixed to them. 
A pump connected by PTFE pipelines was used to transport 
electrolyte solutions in and out of the fuel cell at each elec-
trode. The anode electrolyte (POM-I solution) was pumped 
from the anode tank after the filtration of sludge residue 
with a 0.2-µm filter head into the anode plate at a flow rate 
of 30 mL·min−1. Simultaneously, POM-II was pumped into 
the cathode of the fuel cell from the cathode tank at the 
same flow rate (30 mL·min−1). The anode tank was kept 
at 80℃ during the discharging process. To re-oxidize the 
POM-II solution, oxygen was pumped into the cathode 
tank through a gas distributor at 80℃. I-V curves were 
obtained with a VersaSTAT Electrochemical Working Station 
(Princeton Applied Research) using the controlled potentio-
static method.

2.3 Characterization of biowaste

2.3.1 Nuclear magnetic resonance (NMR)
Solid-state 13C CP/MAS NMR spectra of wheat straw and 
wine residue were obtained through an Avance/DMX 500-
MHz NMR spectrometer with a contact time of 3 ms and a 
recycle delay of 1. The scan number was 6000.

2.3.2 Thermogravimetric analysis (TGA)
TGA was conducted by heating biowaste (~10 mg) from 30 to 
1000℃ with a heating rate of 10 ℃/min under an N2 atmosphere 
on a STA 6000 Simultaneous Thermal Analyzer (PerkinElmer).

3 Results and discussion
3.1 Redox reaction between biowaste and POM-I 
solution

3.1.1 Effects of POM concentration
The effects and results of the POM concentration were 
investigated using 0.6  g of wheat straw or wine residue 

reacted with 30-mL POM-I solutions of different concen-
trations (0.05, 0.1, 0.2 and 0.3 mol/L) at 100℃ for 2 h. The 
reduced POM-I solutions were then used on the anode of 
the FFC after filtration of the solid residue. Fig. 2 indicates 
the power density of the fuel cell grows with an increase 
of the POM-I solution. Using the wheat straw as fuel, the 
power density is 43 mW/cm2 when the POM-I concentra-
tion is 0.05 mol/L, and the power density increased to 64 
mW/cm2 when the POM-I concentration is 0.3  mol/L. In 
the case of wine residue, the power density is 37 mW/cm2 
with a POM-I concentration of 0.05 mol/L, and the power 
density reaches 65 mW/cm2 when the POM-I concentra-
tion is 0.3 mol/L.

3.1.2 Effects of temperature and reaction time
Based on previous results, higher reaction temperature and 
longer reaction time were expected to improve the redox 
reaction between POM-I and biowastes. Therefore, further 
reactions were carried out at 80, 100 and 150℃ using a Parr 
reactor. After the reaction, the solution was cooled to about 
80℃ for fuel cell tests. Wheat straw (0.6 g) was reacted with 
POM-I solution (30 mL, 0.3 mol/L) under different tempera-
tures for 2, 6, 12 and 24 h. The POM-I solution was then used 
on the anode of the fuel cell after filtration of solid residue. 
The results are shown in Fig. 3. When the reaction tempera-
ture is 80℃, the power density increases as the reaction 
time extends, with values of 40, 50, 60 and 79 mW/cm2 for 2, 
6, 12 and 24 h, respectively. Technically, the power density is 
dominated by the reduction degree of POM-I solution, which 
increases with the longer reaction time since more electrons 
transfer from biowaste to the POM-I solution. When the deg-
radation temperature is 100℃, the power density reaches  
63 mW/cm2 after 2 h of reaction and increases to 75, 80 and 
88 mW/cm2 for 6, 12 and 24 h, respectively When the tem-
perature is raised to 150℃, the power density reaches as 
high as 80 mW/cm2 after 2 h of reaction and increases to 
104 mW/cm2 after 6 h. However, as we further extended the 
reaction time, the power density failed to increase signifi-
cantly, because the reaction rate between POM-I and bio-
waste is faster when the degradation temperature is as high 
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Fig. 2 Voltage–current density and voltage–power density curves for (A) wheat straw (dry base, 0.6 g) and (B) wine residue (dry base, 0.6 g) with POM-I 
(30 mL) at 100℃ for 2 h
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as 150℃ and the reduction degree would not increase in the 
reaction.

In the case of wine residue, similar results were 
obtained, as shown in Fig. 4. When the degradation pro-
cess was carried out at 80℃, the power density was 31, 44, 
50 and 65 mW/cm2 for 2, 6, 12 and 24 h, respectively. When 
the degradation temperature was increased to 100℃, the 
power density was 75 mW/cm2 after a 2-h reaction and 
increased to 99 mW/cm2 after 24 h. Furthermore, when the 
degradation temperature was 150℃, the corresponding 
power density reached as high as 97 mW/cm2 for 2 h of re-
action. Extension of the reaction time resulted in improved 

power density, where the highest power density was 111 
mW/cm2 after 24 h.

3.2 Characterization analysis of products

3.2.1 Analysis of 13C NMR spectra
The 13C NMR spectra of wheat straw and wine residue  
before and after degradation are shown in Fig. 5. According 
to the 13C NMR spectra, raw wheat straw and wine residues 
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Fig.  3 Voltage–current density and voltage–power density curves for 
wheat straw (dry base, 0.6 g) with POM-I (50 mL, 0.3 M) at (A) 80℃, (B) 
100℃ and (C) 150℃ for 2 h
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Fig.  4 Voltage–current density and voltage–power density curves for 
wine residues (dry base, 0.6 g) with POM-I (50 mL, 0.3 M) at (A) 80℃, (B) 
100℃ and (C) 150℃ for 2 h
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have similar types of carbon atoms whereas the content 
of each carbon is different. Peaks in different regions are 
assigned to carbon atoms in different chemical environ-
ments [31−34]: (i) 0−45 ppm, aliphatic carbon; (ii) 45−60 ppm, 
methoxyl groups and N-alkyl carbons; (iii) 60−90  ppm, 
O-alkyl carbons in alcohols; (iv) 90−110 ppm, di-O-alkyl car-
bons and anomeric carbons in polysaccharides and lignin; 
(v) 110−140 ppm, aromatic carbons and olefinic carbons; (vi) 
140−160  ppm, aromatic C—O and C-N; (vii) 160−190  ppm, 
carboxyl amide and ester carbons in lipids and proteins. 
A comparison between the spectra of raw wheat straw and 
the spectra of reacted straw indicates decreased intensity 
for the peaks in the range of 45−110 ppm. This result indi-
cates the decomposition of carbohydrates and amino acids 
in the straw. Similarly, the intensity of the peaks with the 
range of 45−110 ppm in the spectra of reacted wine residue 
also decreased, suggesting the degradation of wine residue.

3.2.2 Results of TGA
TGA was also used to investigate the degradation of wheat 
straw and wine residue by the POM solution. Technically, for 

a typical biomass sample, the dominated decomposition 
under N2 atmosphere occurs in the range of 150−400℃: hemi-
cellulose decomposes at 150−350℃, cellulose decomposes 
at 275−350℃ and lignin decomposes at 250−400℃ [35]. The 
products of holocellulose decomposition are volatiles while 
most lignin is converted into fixed carbons. As shown in 
Fig. 6(A), there are three main weight-loss regions on the de-
composition curve of raw wheat straw: moisture evaporation 
occurs in the range of 35−105℃; lignocellulosic decompos-
ition happens in the range of 185−400℃, which contributes 
to >60% of wheat straw weight loss; and deep carbonization 
of lignin occurs when the temperature is >400℃. The total 
weight loss of raw wheat straw is 90% and the residue is 
assumed to be ash and porous fixed carbon. On the spectra of 
reacted wheat straw, the total weight loss is 58%. The sharp  
decrease in the range of 180−400℃ further demonstrated the 
consumption of carbons in the POM degradation process.

The TGA curves of raw wine residue and reacted wine 
residue are similar to those of wheat straw. The dominant 
weight loss happens in the range of 230−400℃, which is 
the range for decomposition of lignocellulosic compo-
nents. The weight loss in the range of 150−230℃ is caused 
by the evaporation of volatile components of small mo-
lecular weight such as glycerin, organic acids and amino 
acids—the byproducts of biomass fermentation. As shown 
in Fig. 6(B), the total weight loss of raw wine residue is 87% 
and the total weight loss of reacted wine residue is 62%. 
This also demonstrated that most organic components 
were degraded by redox reaction with POM.

A novel technology that converts biowaste into electri-
city directly was designed and reported herein. Based on 
the results, more research needs to be conducted to fur-
ther understand the system. First, the electrode chemistry 
needs further study to better understand how the redox 
reactions on the electrodes can be optimized. In addition, 
POM acts as both photocatalyst and charge carrier in the 
fuel cell. A large number of POMs with different metal com-
ponents, different structures or different redox properties 
can be synthesized and used for degradation of combust-
ible agricultural waste in FFC. The real chemical reactions 
between POM and combustible agricultural waste also 
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Fig.  5 Solid-state 13C spectra of wheat straw and wine residue with 
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need further research to be better understood. By under-
standing the reaction mechanism a higher conversion effi-
ciency of combustible agricultural waste to electric power 
could be achieved.

4 Economic analysis of FFC
4.1 System design concept

Based on the single-cell testing result, a basic 1-kW stack 
module can be achieved by following a specification de-
sign. As shown in Table  2, a 1-kW single stack will be a 
basic power generator unit and two stacks with a shared 
balance of plant components will be a single power unit 
design. The power unit can increase the stack module to 
a large kilowatt system depending on future balance of 
plants components.

4.2 Capital cost analysis

A bottom-up cost structure analysis was developed to re-
view the power unit design. A state-of-the-art and above-
specification concept design was selected using a 2-kW 
power unit as a standard manufacturing module. Using 
this first approach, we assumed 2000 power units would 
be produced annually. The capital cost for the FFC stack 
consists of the following major components: ionmer mem-
brane, graphite bipolar plate, electrode and additional 

components such as the physical frame and the mani-
folds. The DuPont Nafion® is used as the membrane. The 
cost of the membrane is assumed to be US$110−130 per 
square metre. The graphite bipolar plate is made from 
conductive plastic composites that have high electrical 
conductivity and can also tolerate the corrosive environ-
ment within the cell. The price range is ~US$90−110 per 
square metre. The electrode is made from carbon felt or 
specially pretreated paper. The carbon material is an in-
dustrial product used in applications where a very high 
surface area is desirable. The felt materials are made 
from rayon or polyacrylonitrile yarn, which is carbonized 
through pyrolysis and then converted into cloth using con-
ventional felting processes. It was assumed that felt costs 
range from US$40−60 per square metre with treatment in 
large quantities. Additional components include the phys-
ical frame used to keep the stack together, the manifolds 
that allow entry and exit of electrolytes and the electrical 
connections that allow electrical currents to pass through 
the stack. These additional components are estimated to 
comprise 10 wt% of the stack.

A 32-cell stack is composed of 33 conductive current 
collectors, 64 carbon felt electrodes and 32 ion exchange 
membranes, which form the bulk of the cost of the stack. 
Based on the 4000-stack (2000 systems) production cap-
acity per year, a prediction cost target is shown in Fig. 7.

The following key components are a major consider-
ation when scaling up the system. First, POMs are avail-
able from the chemical industry at a cost of ~US$18 per 
litre. In the system calculation, we assume 10 L of reactant 
is needed for a 1-kW stack. Second, a high-temperature 
anti-corrosion pump is designed to handle process flu-
ids similar to the reactant. Piping costs were estimated 
assuming market prices for PVC piping. Auxiliary equip-
ment costs cover items such as reactant storage tanks, 
valves, thermal couples and other equipment necessary 
for the reactant loops. Third, the electrical power system 
also includes the process control system, the transformer 
and the cabling and interconnects connecting the com-
ponents to each other. Based on all the items mentioned 
above, the cost estimate for a complete power system is 
~US$1670 per kilowatt for a 2000-unit production volume 
per year with the cost structure shown in Fig. 7. Based on 
the electricity cost (US$0.1/kWh) in China, the payback 
time for the system investment is after 20 000 hours’ op-
eration. The next stage of the research will focus on the 
system’s lifetime and reliability with continuous system 
performance improvement.

5 Conclusions
The biowaste-based flow fuel cell is novel and shows 
promising results. Using this groundbreaking tech-
nology, biowastes such as wheat straw, wine residue, 
switch grass, wood powders and algae can be directly 
converted to electricity at a relatively low temperature 

Table 2 Specification design and parameters of a 1-kW stack 
modular design

Specification design Unit Value

Single-cell performance
Open circuit voltage V 0.6
Single-cell nominal voltage V 0.3
Protection voltage V 0.1
Nominal current density mA/cm2 150
Maximum current mA/cm2 300
Rated power mW/cm2 45
Stack-module performance
Cell number Cells 32
Cell active area cm2 700
Stack OCV V 19.2
Rated voltage V 9.6
Protection voltage V 3.2
Rated current A 105
Maximum current A 210
Rated power W 1008
Single-module performance
Module stacks 2
Module OCV V 38.4
Rated voltage V 19.2
Protection voltage V 6.4
Rated current A 105
Maximum current A 210
Module power W 2016
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(80−150℃) and at atmospheric pressure. The power 
output is hundreds of times higher than that of wheat-
straw-based MFC. Since this type of fuel cell is free of 
noble metals at both anode and cathode, POM-I and 
POM-II are extremely stable without contamination. 
The experimental and economical analysis results show 
that FFC is a clean and cost-effective route for conver-
sion of combustible agricultural waste to electricity. It is 
expected that biowaste-based FFCs can be safe, low cost 
and suitable for both small power units and large power 
plants for sustainable energy production from combust-
ible agricultural waste.
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Abstract
This study is a review of hydrogen station patents using the Derwent Innovation system and also a secondary 
screening. This was undertaken by the researchers to better understand and identify hydrogen station trends. The 
review focuses on analyzing the developing trends of patent technologies associated with a hydrogen station. The 
results of the review indicated that the countries with the major distribution of patents were Japan, China, the USA 
and Europe. Japan is leading the developmental trajectory of hydrogen stations. The results of the analysis found 
the leading developers of these patented technologies are Kobe Steel, Nippon Oil, Toyota and Honda. Other active 
patent developers analyzed include Linde, Hyundai and Texaco. The review concludes with a suggestion that using 
a patent analysis methodology is a good starting point to identify, evaluate and measure the trend in hydrogen 
station commercial development.

Key words:  hydrogen station; hydrogen station patent; technological trend; patent analysis; patented technology

Introduction
Hydrogen energy is a type of clean energy produced from 
water electrolysis, natural gas/methane reforming, coal 
gasification and fermentation of biomass (e.g. sewage, 
sludge and kitchen waste) [1]. In comparison with other 
energies hydrogen has many advantages: it is renewable, 
highly efficient, can be produced from diversified sources 
and hydrogen byproducts produce no pollution. Hydrogen 
also has many disadvantages and challenges that need to 
be resolved: it is expensive, it can be highly explosive and 
lacks smell,  it has a low volumetric energy density and 
must be compressed at a high pressure to be used as a 
transport fuel. 

However, the advantages outweigh the disadvantages, 
making the utilization of hydrogen energy a key solution 
for reducing high dependence on fossil fuels and develop-
ing a sustainable energy supply in China.

Fuel cells play an important role in utilizing hydrogen [2]. 
Hydrogen fuel and an oxidant convert into electricity in fuel 
cells and generate electric power for vehicles and other elec-
tric devices [3]. To promote application of hydrogen fuel cell 
vehicles (FCV) requires a hydrogen infrastructure. Therefore 
several companies in Japan, Europe and the USA have begun 
the large-scale construction of hydrogen infrastructure with 
support from local government. At the end of 2017, more than 
95 hydrogen stations were operating in Japan, 90 in Europe 
and 50 in the USA. China has six hydrogen stations, located in 
Beijing, Shanghai, Zhengzhou, Dalian, Yunfu and Foshan; all 
are R&D demonstration stations [4]. In October 2017, a seventh 
hydrogen station was constructed by Toyota in Changshu, 
Jiangsu province.

A hydrogen station is composed of several units, includ-
ing the control system, storage tank, compressor and dis-
penser. All the units and related technologies are important 

Clean Energy, 2018, Vol. 2, No. 1, 29–36

doi: 10.1093/ce/zky006
Advance Access Publication Date: 10 May 2018
Homepage: https://academic.oup.com/ce

mailto:heguangli@nicenergy.com?subject=


for ensuring the reliability, high hydrogen utilization and 
safety of the stations [5]. Hydrogen station technologies 
have been going through a growth stage since the 1990s 
and several technological challenges still need to be solved. 
These include high-pressure hydrogen transfer from the 
storage tank to the FCV and integration of key units in the 
hydrogen station control system. The technological devel-
opment and commercial strategies in the area of hydro-
gen stations require further research and identification of 
the most relevant technologies. This work is necessary to 
achieve commercialization in the future market, since most 
companies need to ‘secure their position on R&D agendas 
through feeding and maintaining expectations’ [6].

Patents are a well-known path for studying technol-
ogy developments. In the initial stage of a technology, the 
results of application research are reflected in the patents 
[7]. Patents provide a rich source of technology improve-
ments and business information. The filing of patents is an 
important instrument to encourage innovations by providing 
protection and exclusivity. Therefore, patents play a key role 
in forecasting technology and commercialization trends by 
enhancing the exploitation of a technology [8]. Patents are a 
strategic method for potential market reservation and com-
mercial blocking through setting technological barriers [9].

Patent analysis provides high-value potential informa-
tion, such as competitors, technical challenges, technology 
improvements and scope of exclusivity [10]. The biblio-
metric information is used for statistical analysis, such as 
number of patents/priority applications, application date, 
country, assignee and number of subsequent patent cita-
tions [11]. The number and growth of the patents can be 
used to analyze the commercialization trends in coun-
tries or the technical value of assignees. The number and 
growth of the priority applications can be employed to ana-
lyze productivity in countries or by assignees. The number 
of subsequent patent citations can be applied to reveal the 
importance of the patented technology [12].

This article reviews the technology development of 
hydrogen stations and provides researchers information on 
hydrogen station patent technology development. The ana-
lysis is focused on patents from countries and key compa-
nies developing hydrogen station technologies and which 
are traditionally the most productive and competitive in 
terms of patenting activity. This study aims to estimate and 
evaluate the technical and commercial situation to assist 
in the planning and decision-making process in this area.

1 Methodology
1.1 Patent search

Initially, using the Derwent Innovation system, a total of 
1036 patents/patent applications (hereinafter referred to 
as patents) related to the technologies of hydrogen stations 
were identified. This search was conducted in December 
2017, using the keywords ‘hydrogen station’, ‘hydrogen 
fuel station’ and ‘hydrogen refuel station’; only those 

technologies utilized for hydrogen station (hereinafter 
referred to as patented technologies) were considered.

1.2 Secondary screening

Based on the above data, a preliminary patent analysis was 
conducted and found that the distribution of patents in this 
area is highly concentrated in Japan, the USA, Europe and 
China. The patented technologies were mostly filed from 
Japan, the USA, Germany and South Korea. The second-
ary screening undertook a comprehensive consideration 
of the critical technology areas, IPC (International Patent 
Classification) and DWPI (Derwent World Patents Index) 
manual codes. The focus was on the patented technologies 
of China, Japan, the USA, Europe and Patent Cooperation 
Treaty (PCT) applications.

Upon completion of the patent search and second-
ary screening a total of 877 patents from 1998–2017 were 
obtained and analyzed in this study.

2 Results and discussion
2.1 Patent landscape of hydrogen station

Fig.  1 provides information on the distribution of patents 
through different applications. The first patent for a hydrogen 
station was filed by Honda Motor Company in 1998. The devel-
opment of technology was relatively slow in the following five 
years. However, since 2002, the number of patent applications 
for hydrogen station technologies has substantially increased. 
Regionally, hydrogen station patents are significantly concen-
trated in Japan, totalling 482 of the whole number.

The distribution of patents in the area reflects the 
importance and development of patented technologies in 
the target countries/regions, and how the patent allocation 
was implemented. As shown in Fig.  1, the earliest patent 
in Japan for a hydrogen station was filed in 1998, and from 
2000 to 2016 Japan ranked first every year for the number of 
patents in this area. Japan’s national development target for 
a hydrogen energy society acts as an incentive. As a result, 
Japan also ranks first in the world for hydrogen station den-
sity. This is evident with the ratio and distribution of pat-
ents for hydrogen station technologies. China, the USA and 
Europe are also among the main target countries/regions 
through the distribution of patents. China especially has 
shown steady growth in the number of patents since 2005. 
Meanwhile, PCT applications and European patents account 
for 151 of the total number of patents, reflecting that the 
ratio of key patents in the area is relatively high.

2.2 Source of hydrogen station patented 
technologies

Fig.  2 provides information on the distribution of prior-
ity countries for patented technologies. It can be shown 
that hydrogen station patent technologies are mainly from 
Japan, the USA, Germany, South Korea and China. Japan 
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and the USA were the first two countries to enter the area 
of R&D in the late 1990s, and, after entering the technical 
growth period, France and South Korea have also stepped 
into this area of research.

Figs 1 and 2 show Japan as the priority country with the 
highest number of patents, which have increased steadily 
from 2004. The number of priority patents in recent years 
has decreased in the United States. Chinese patents are 
domestic patents, and most Chinese companies have not 
yet entered the stage of patent allocation as other coun-
tries have. However, the development of domestic hydro-
gen patents in China has a strong upward trend.

2.3 Hydrogen station patented technologies

In order to understand the main target of patented tech-
nologies, the 877 hydrogen station patents are calculated 
by their IPC. The core hydrogen station technologies are the 

compressor, high-pressure storage and hydrogen charging. 
These technologies have a higher number of patents than 
other groups and are covered in the key technical fields 
(F17C 5/00 and F17C 13/00). Monitoring and controlling of 
these processes for a hydrogen station are covered using 
patent technologies in the technical fields of subgroups 
F17C 13/02 and H01M 8/04. The combination of technologies 
for in situ production of hydrogen or fuel cells with means 
for production of reactants or for treatment of residues in 
hydrogen stations are covered in 54 patents in the sub-
group C01B 3/38 and 91 patents in the subgroup H01M 8/06.

Table 1 provides an analysis of the above technical fields 
and the results.

Fig.  3 illustrates the distribution of hydrogen station 
patented technologies and indicates the primary targets 
for hydrogen station technology R&D are highly concen-
trated in the technical fields of group C01B 3/00, F17C 
5/00, F17C 13/00 and H01M 8/00. The descriptions of the 
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patented technologies in group C01B 3/00, F17C 5/00, F17C 
13/00 and H01M 8/00 are shown in Table 1.

2.4 Key assignees in Japan and their patented 
technologies

Companies attach great importance to related IP port-
folio allocation for their commercial/marketing strategy in 
order to ensure their leading position with the core hydro-
gen station  technologies. A measurement of the number 
of citations filed by countries/regions of the patented tech-
nology was undertaken to identify and assess the rank of 
the key assignee of hydrogen station patented technology. 
Table 2 using the Derwent Innovation system provides ana-
lysis of key assignees and their patented technologies in 
the area of hydrogen station patents in Japan. Kobe Steel, 
Nippon Oil, Toyota and Honda are the top four companies 

that possess the most patents and lead the development 
of important hydrogen station technologies.

2.4.1 Kobe Steel
Kobe’s first important technology in the field was dis-
closed by JP 4886229 B2 in 2005; this patent has been cited 
since by 13 subsequent patents in the area. In this patent, 
an impurity degassing device is equipped with a carbon 
monoxide removal device in the middle of the supply line, 
when ultra-high-purity hydrogen is supplied to the FCV 
through the supply line.

JP 5756356 B2 applies to technology for feeding hydro-
gen to the external hydrogen tank of a FCV. This patent 
is also filed through a PCT application in the USA, China 
and Europe. The control unit controls the rotational speed 
of the driver based on the detected internal temperature 
of the hydrogen tank. Simultaneously, Kobe filed another 

B01D0053

F17C0001 F17C0005 F17C0007 F17C0011 F17C0013 H01M0008

B60K0015 B60L0011 B60S0005 C01B0003 C22C0038 C25B0009C25B0001 F04B0039

Source:  Derwent Innovation®, www.derwentinnovation.com

Fig. 3 IPC (top 15) analysis of patented technologies

Table 1 IPC analysis of patented technologies

IPC class IPC group Further indicated subgroup

C01B C01B 3/00 (199 patents):
Hydrogen; gaseous mixtures containing 

hydrogen; separation of hydrogen from mix-
tures containing it; purification of hydrogen.

C01B 3/38 (54 patents):
Production of hydrogen or gaseous mixtures containing 

hydrogen; by reaction of gaseous or liquid organic compounds 
with gasifying agents, e.g. water, carbon dioxide, air; using 
catalysts.

F17C F17C 5/00 (248 patents):
Method or apparatus for filling pressure vessels 

with liquefied, solidified or compressed gases.

F17C 5/06 (230 patents):
For filling with compressed gases.

F17C F17C 13/00 (137 patents):
Details of vessels or of the filling or discharging 

of vessels.

F17C 13/02 (72 patents):
Special adaptations of indicating, measuring or monitoring 

equipment.
H01M H01M 8/00 (204 patents):

Fuel cells; manufacture thereof.
H01M 8/04 (109 patents):
Auxiliary arrangements, e.g. for control of pressure or for circu-

lation of fluids.
H01M 8/06 (91 patents):
Combination of fuel cells with means for production of reac-

tants or for treatment of residues.
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important patent, JP 5839546 B2, for filling hydrogen into a 
hydrogen tank mounted in a FCV. The starting unit starts 
the lubricating oil unit and hydrogen refrigeration unit by 
a signal from a sensor. The patent family of this patent has 
been cited 21 times by subsequent patents.

Compressor technology has been important at Kobe 
since 2013. The company filed several patents and their 
allocation to other countries from that year including 
JP 6060028 B2, JP 6060032 B2, JP 6087713 B2, JP 201504525 
1A, JP 201601161 8A and JP 201619689 9A. The first impor-
tant patent for compressor technology was JP 6060028 B2.  
The patent is for a reciprocation-type hydrogen gas com-
pressor with a determination unit regulating whether the 
gas flow amount measured by the flowmeter is equal to or 
larger than the predetermined threshold value.

In recent years, Kobe Steel has also stepped up the 
allocation for the  gas supply system. The technolo-
gies have been disclosed in several patents, includ-
ing JP 2015152091  A, JP 2015158213  A, JP 2015232384  A, 
JP 2016153656  A, JP 2016169824  A, JP 2017203552  A, JP 
2017032016 A and JP 2017129221 A. These are all important 
technologies for the gas supply system. The technology 
for a gas supply apparatus that has a control apparatus 
is configured so as to be capable of simultaneously pla-
cing an introduction side valve and derivation side valve 
in the open state and is disclosed in JP 2015152091 A. The 

system for supplying a hydrogen gas to vehicle has a 
pre-cool system. Part of this system, which is positioned 
above the accumulator unit in a side of the compressor 
unit, is disclosed in JP 2015158213 A, JP 2015232384 A and 
JP 2017203552 A.

2.4.2 Nippon Oil
The operating method of a hydrogen gas production 
apparatus for a fuel cell system in a hydrogen station was 
disclosed by JP 4143028 B2 in 2003 and was an important 
technology at Nippon Oil at an early stage. The patent 
involves absorbing oxygen from hydrogen produced dur-
ing production of the gas and releasing oxygen back to the 
modifier when produced oxygen is stopped.

Detection technology was a target of patent alloca-
tion in 2005 and 2006. Nippon Oil filed several patents, 
including JP 4676867 B2, JP 4845695 B2 and JP 5084591 B2. 
JP 4676867 B2 disclosed an abnormality detection appar-
atus to detect leakage of hydrogen. The monitoring unit 
assesses abnormality based on the detection results 
of acoustic and imaging sensors. Another abnormality 
detection apparatus that produces a determination value 
indicating the sound of leaking gas by using a neural 
network model, based on the frequency spectrum of 
the acoustic signal output by a sound-collection unit, is 
described in JP 4845695 B2.

Table 2 Patents of key assignees in Japan

Key assignees Patents Patented technologies focused on
Important patents (application year & 
allocation)a

Kobe (JP) 73 ‘Methods or apparatus for filling with compressed gases’;
‘Vessels or of the filling or discharging of vessels’;
‘Indicating, measuring, or monitoring equipment’;
‘Casings, cylinders, cylinder heads or fluid connections’.

JP 4886229 B2 (2005; JP)
JP 5756356 B2 (2011; JP, US, EP, CN, WO)
JP 5839546 B2 (2011; JP, US, EP, CN, WO)
JP 6060028 B2 (2013; JP, US, EP, CN)
JP 2015152091 A (2014; JP, US, EP, CN, WO)
JP 2015158213 A (2014; JP, US, EP, CN, WO)

Nippon Oil (JP) 62 ‘Methods or apparatus for filling with compressed gases’;
‘Hydrogen production system’;
‘Methods or apparatus for sampling, monitoring or 

detecting’.

JP 4143028 B2 (2003; JP)
JP 4676867 B2 (2005; JP)
JP 2013087820 A (2011; JP, US, EP, CN, WO)
JP 6077565 B2 (2013; JP, WO)
JP 2016114463 A (2014; JP, US, EP, CN, WO)

Toyota (JP) 56 ‘Methods or apparatus for filling with compressed gases’;
‘Indicating, measuring, or monitoring equipment’;
‘Auxiliary arrangements for control of temperature’.

JP 4276605 B2 (2004; JP, US, EP, CN, WO)
JP 2006312373 A (2005; JP, US, CN, WO)
JP 5332933 B2(2009; JP, US, CN, WO)
JP 5489573 B2 (2009; JP, US, CN, WO)
JP 5833808 B2 (2009; JP)
JP 5261408 B2 (2010; JP, US, CN, WO)
JP 5115565 B2 (2010; JP, US, CN, WO)
JP 5252089 B2 (2010; JP, US, CN, WO)

Honda (JP) 50 ‘Methods or apparatus for filling with compressed gases’;
‘Auxiliary arrangements for control of pressure’;
‘Indicating, measuring, or monitoring equipment’.

JP 2000128502 A (1998; JP, US, EP)
JP 4153690 B2 (2001; JP, US)
JP 5503156 B2 (2009; JP)
US 8783303 B2 (2010; US, JP, EP, CN, WO)
JP 5698210 B2 (2012; JP, US)
JP 5959463 B2 (2013; JP, US)
US 9212783 B2 (2013; US, WO)
US 9347614 B2 (2014; US, WO)

aCN China, EP Europe, JP Japan, US United States, WO PCT application.
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Between 2013 and 2017, a series of patents in hydrogen refu-
eling technology were allocated,  including JP 2013087820 A, 
JP 6077565 B2, JP 6077566 B2, JP 6114676 B2, JP 2016065567 A, 
JP 2016183684 A, JP 2016183685 A, JP 2016183686 A, JP 20161 
83074 A, JP 2016223589 A, JP 2016114463 A, JP 2017003086 A, 
JP 2017171521 A, JP 2017171522 A. Most of these patents were 
filed only in Japan. The first important hydrogen refueling 
technology was disclosed in JP 2013087820 A, which is also 
filed through PCT application to the USA, China and Europe. 
The technology concerns a hydrogen refueling system with 
a shaft power generation unit to generate shaft power and 
heat, a reactor to produce hydrogen by reacting with the 
starting material, and a compressor to compress the hydro-
gen. JP 6077565 B2 discloses a technology that controls the 
hydrogen supply of the accumulator when the temperature 
of the accumulator is more than the predetermined tem-
perature. JP 2016114463 A discloses a sampling apparatus for 
analyzing contaminants in hydrogen gas supplied as fuels; 
hydrogen gas for samples is extracted from the cylinder.

2.4.3 Toyota
Toyota is one of the most important companies in FCV 
development. Its patents focus on filling hydrogen in the 
hydrogen tanks of vehicles. Toyota’s first important tech-
nology was disclosed by JP 4276605 B2 in 2004, which was 
also filed through PCT application in the USA, China and 
Europe. The patent family of this patent has been cited 
68 times in subsequent patents. The technology for filling 
hydrogen in the vehicle tanks has a gas storage installa-
tion, a dispenser for filling the hydrogen tank with hydro-
gen gas supplied from the storage installation and an air 
blower for blowing air to the radiator.

From 2005–10, several subsequent important patents 
were allocated in Japan, the USA and China, including 
JP 2006312373 A, JP 5332933 B2, JP 5489573 B2, JP 5261408 B2 
and JP 5252089 B2; these patents and their patent families 
were cited by many other patents in this area. JP 2006312373 A 
discloses a fuel supply method that uses the fuel cell or sec-
ondary battery of a FCV to drive the compressor that cir-
culates hydrogen from the hydrogen station’s accumulator 
into the hydrogen tank of the vehicle. The hydrogen filling 
system technology described in JP 5332933 B2 has a unit to 
determine whether to fill hydrogen into a hydrogen tank, 
and a unit to regulate the temperature of a hydrogen tank. 
The patent family of this patent has been cited 38 times in 
subsequent patents. JP 5489573 B2 discloses a system for fill-
ing gas via an apparatus installed in the gas tank of FCVs. 
The technology has a flow rate controller for the flow rate 
of gas to fill the gas tank based on the temperature of gas 
detected by a sensor. In JP 5261408 B2, a fuel filling station for 
an FCV is provided that has a unit that judges whether the 
temperature information of a fuel tank is abnormal and cal-
culates whether the temperature difference exceeds a safe 
prescribed threshold. JP  05252089  B2 discloses a fuel leak 
detection apparatus that detects a fuel leak at the time of 
filling fuel into a vehicle based on the amount of flow of fuel 
and data regarding fuel filling.

As a vehicle company, Toyota is also focused on techni-
cal developments on the vehicle side. Several important 
patents have been allocated, including JP  5833808  B2 and 
JP 5115565 B2. JP 5833808 B2 discloses a fuel cell electric vehi-
cle with a communication apparatus that transmits a control 
signal to the refill apparatus to stop refill of fuel gas when the 
detection system senses a gas leakage. The patent has been 
cited 19 times in subsequent patents, although the patent 
was only filed in Japan. JP 5115565 B2 discloses technology for 
an FCV that includes a shut-off valve in one of the branch 
channels connected to the gas tank with high heat dissipa-
tion to limit the quantity of gas supplied to the same gas tank.

2.4.4 Honda
For Honda, JP 2000128502 A was the earliest patent, filed 
in 1998. It disclosed a process for filling hydrogen into a 
storage tank in an automobile, and comprises circulat-
ing a heat transfer medium from supply tank to storage 
tank and a circulating raised temperature. The company 
conducted allocations in the USA and Europe: patents 
US 6182717 B1 and EP 995944 B1. JP 2000128502 A is cited 
by 17 subsequent patents; US 6182717 B1 and EP 995944 B1 
are cited by 70 and 27 subsequent patents, respectively.

Hydrogen station patent allocations slowed down from 
2000 to 2009 with the exception of JP 4153690 B2, filed in 
2001. That patent disclosed a loading control server tech-
nology with a main control unit receiving residual hydro-
gen volume from hydrogen vehicles and prepared a loading 
unit plan based on residual hydrogen volume information.

The patents for supplying FCV hydrogen tanks have 
accelerated since 2010 at Honda and include US 8783303 B2, 
US 9222620 B2, US 9212783 B2, US 9347614 B2, JP 2017053459 A 
and JP  2017053458  A. The main targets of patent alloca-
tion for several important patents were Japan and the USA. 
US 8783303 B2 discloses a method for filling the hydrogen 
tank of an FCV. The patent involves predicting target pressure 
to produce a state of charge within the tank, delivering gas 
to a tank at a pressure ramp rate that achieves a projected fill 
time. This patent was filed first in the USA and then in Japan 
with the request of priority right of the US patent and is cited 
by 42 subsequent patents in the area. In 2013, US 9212783 B2 
also disclosed a method of filling a compressed gas vehicle 
tank at a hydrogen filling station and involves delivering gas 
to a tank at a pressure ramp rate that achieves projected fill 
time. In 2014, US 9347614 B2 described a method of filling a 
compressed gas tank that involves delivering gas to a com-
pressed gas tank using a dispenser at a pressure ramp rate 
that achieves final pressure at the conclusion of fill time. 
Furthermore, Honda recently filed several patents, including 
JP 2017053459 A and JP 2017053458 A, which are allocated 
both in Japan and the USA. JP 2017053459 A discloses a tech-
nology that involves obtaining pressure at a detection point 
at a specified time using pressure variation; JP 2017053458 A 
describes a technology that involves estimating pressure 
loss generated in piping at the time of gas supply and stop-
ping the gas supply so that tank pressure conforms to a pre-
determined target pressure.
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Honda has also focused on vehicle-side technical devel-
opments since 2009 and filed several patents, including 
JP 5503156 B2, JP 5698210 B2, JP 5959463 B2 and JP 6150839 B2. 
JP 5503156 B2 discloses an FCV technology that has a unit to 
control the cut-off valve in the hydrogen supply flow path and 
a unit to prohibit operation in the halt condition. This patent 
has been cited 18 times by subsequent patents although 
the patent was only filed in Japan. JP 5698210 B2 discloses a 
vehicle-side communication device for supplying fuel gas to 
an FCV, and JP 5959463 B2 describes an FCV communicative 
filling system control unit inhibiting start of communication 
with the filling device by ensuring the transmitter valve oper-
ates only when open. In 2015, the company filed JP 6150839 B2, 
which disclosed a fuel refueling method for vehicles. The 
patent using control law is a method and system to validate 
and calculate the fuel level using an indicator in a vehicle. The 
patent is filed both in Japan and the USA.

2.5 Key assignees in other countries and their 
patented technologies

Table  3 provides analysis of the patents from Linde, 
Hyundai and Texaco.

2.5.1 Linde
As shown in Table 3, Linde has allocated several patents in 
Japan, the USA, China and some European countries through 
PCT applications with the priority request of patents in 
Germany. The search method used in this study screened 
out 21 patents that belonged to five patented technolo-
gies. EP 1602541 A1 describes the technology for a refueling 
device; the device corresponds to receiving devices in vehi-
cles, and the refueling device is movable over or under the 
vehicle to be refueled. WO 2007012384 A1 discloses a piston 
compressor for compressing gas that has compensating vol-
ume with adjustable dead volume connected upstream of the 
high-pressure gauge. WO 2007019948 A1 provides a control 
unit energized by a fuel cell and serving to control the cryo 

supercharger and gaseous and liquid hydrogen delivery units. 
In WO 2012038039 A1, a method for filling storage container is 
disclosed that provides compressed hydrogen or compressed 
helium to storage containers from other storage containers. 
US 20160230931 A1 discloses a method for operating a hydro-
gen filling station that involves providing a storage container 
for liquid hydrogen, where the boil-off gas temporarily accu-
mulates in the storage container.

2.5.2 Hyundai
This study analyzed 10 hydrogen station technology 
patents for vehicle-side technologies from Hyundai. 
US 8197988 B2 describes a hydrogen supply system for a 
fuel cell that has solenoid valves that open to discharge 
hydrogen from the metal hydride tank to the buffer tank 
from which hydrogen is supplied to a fuel cell stack. 
US  9450258  B2 discloses a hydrogen concentration con-
trol device for a fuel cell system that controls the purge of 
gases in the anode channel. JP 2013117301 A describes the 
technology of a system for monitoring real-time expan-
sion with a station-side control unit that stops hydrogen 
supply when a wireless expansion value signal indicates 
an unsafe degree of tank expansion. US 9789775 B2 dis-
closes a method of communicating the requirement for 
refueling of a vehicle by monitoring the position of the 
hydrogen station to the user, and involves the control-
ler issuing a warning over the requirement for hydrogen 
refueling. US  20170021726  A1 provides a refueling state 
display system for an FCV; the system has a fuel-charging 
interface unit that transmits information between the 
hydrogen fuel tank controller and the hydrogen fuel sup-
ply controller through infrared communication.

2.5.3 Texaco
Texaco filed 16 patents, as shown in Table 3, with patent 
family allocations in Japan, China and Europe through 
PCT applications and a priority request for the patents 

Table 3  Patents of key assignees in other countriesa

Key assignees Patents Patent numbers (priority number/year & allocation)

Linde (DE) 21 EP 1602541 A1 (DE 102004026981 A/2004; EP, CN, JP, US)
WO 2007012384 A1 (DE 102005034907 A/2005; CN, EP, JP, US, WO)
WO 2007019948 A1 (DE 102005039202 A/2005; EP, JP, CN, US, WO)
WO 2012038039 A1 (DE 102010046120 A/2010; EP, JP, US, WO)
US 20160230931 A1 (DE 102014015987 A /2014; US, JP, CN)

Hyundai (KR) 10 US 8197988 B2 (KR 200774871 A/2007; US, JP, CN)
US 9450258 B2 (KR 2011126961 A/2011; US, CN)
JP 2013117301 A (KR 2011127488 A/2011; JP, US, CN)
US 9789775 B2 (KR 2014157817 A/2014; US)
US 20170021726 A1 (KR 2015103534 A/2015; US)

Texaco (US) 16 US 7763087 B2 (US 200415054 A/2004; US, CN, EP, JP, WO)
US20090151809 A1 (US 20090151809 A1/2007; US)
US 8061392 B2 (US 2008342775 A/2008; US, CN, EP, JP, WO)
US 20110274492 A1 (US 20110274492 A1/2011; US, CN, EP, JP, WO)

aCN China, EP Europe, JP Japan, US United States, WO PCT application.
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in the USA. US  7763087  B2 discloses an apparatus that 
has a hydrogen generator, compression unit, storage unit 
and/or dispensing unit, and a system controller capable 
of monitoring operation of the hydrogen generator and 
units. US  20090151809  A1 provides a hydrogen cascade 
storage technology method for FCVs, which involves 
refilling gaseous hydrogen storage tanks with residual 
gaseous hydrogen, and introducing additional gaseous 
hydrogen to the cascade storage system to refill stor-
age tanks. US 8061392 B2 describes a gaseous hydrogen 
storing method that involves displacing volume in a 
hydrogen storage tank with an ionic liquid from a ionic 
liquid storage tank via a pump while gaseous hydrogen 
is dispensed to the vehicle. US 20110274492 A1 discloses 
a drilled underground gaseous storage system that has 
a storage tube inserted below the ground surface for  
storage of gases. The system can also provide sufficient 
storage capacity for the hydrogen fuel and can be oper-
ated safely with the storage tubes able to provide an inher-
ent safety barrier against tampering, accidental collision  
and fire.

3 Conclusions
Hydrogen station technology has made great progress in 
recent years. Patent analysis in the key areas is meaning-
ful for companies and institutes, providing insights for 
setting technology development and commercial strat-
egies. The results from the patent landscape of hydro-
gen station technology indicated that Japan, China, the 
USA and Europe are the main target countries/regions 
through the distribution of patents. Japan plays a lead-
ing role in the developmental trajectory of hydrogen sta-
tion patents. The leading companies and key assignees 
with patented technologies that play the main role in 
the commercialization and solving of hydrogen station 
technical barriers were Kobe Steel, Nippon oil, Toyota and 

Honda. Other active assignees such as Linde, Hyundai 
and Texaco are also analyzed. This review identifies and 
evaluates the current technical and commercial status of 
hydrogen station patents.
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Abstract
The growth of renewable energy has accelerated globally toward a low-carbon economy since the Paris 
Agreement entered into force in 2016. As a result of the increase of variable renewable energy (VRE), namely solar 
PV and wind, power systems require more flexibility from conventional power plants with less power generation 
to regulate increased variability. There are sources of flexibility other than conventional power plants, including 
enhanced power networks, storage capacity and demand response. To maximize economic utilization of VRE 
power generation, it is necessary to use the flexibility potential from all these sources. In Japan, the share of VRE 
has increased since the introduction of a feed-in tariff (FIT) and, in parallel, power market reform is underway. 
Japan has a unique power system of nine grids connected like a fish bone, making the uptake of an increasing 
share of VRE challenging. This paper assesses the value of flexibility by source in Japan’s power system in 2030. 
An analysis of different VRE scenarios is undertaken based on a newly developed production cost model. The 
result of the simulation shows the quantitative impact of each source of flexibility to the generation cost and VRE 
curtailment and demonstrates the mechanism by which flexibility works to impact VRE curtailment.

Key words:  component; power demand and supply; renewable energy; flexibility; Japan’s power system; produc-
tion cost model analysis

Introduction
According to the International Energy Agency’s World 
Energy Outlook 2017 [1], the share of global renewable energy 
in power generation reached 24% in 2016. The annual 
increase of renewable energy power generation in 2016 
recorded a historical high of 426 TWh, supported by the 
Paris Agreement reached at the 21st Conference of Parties 
(COP21) on climate change in late 2015. The growth was 
remarkable in variable renewable energy (VRE)—namely 

solar PV and wind—with an annual growth rate in 2016 
of 23% and 17% respectively. A new trend in VRE growth 
was observed as China was the country that recorded the 
largest VRE growth (77 GW) in 2016, more than double that 
in all of Europe, which had led global VRE deployment for 
a long time. The increased share of VRE has led to power 
systems facing new challenges. In particular, the require-
ment of more flexibility from conventional power plants to 
regulate increased variability while power generation from 
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conventional power plants is reduced by more VRE. There 
are sources of flexibility other than conventional power 
plant operation: grid expansion by interconnection lines, 
storage, demand response and control of VRE.

Utilization of the flexibility potential from all sources is 
necessary to maximize economic utilization of VRE power 
generation. In Japan, the value of flexibility is not recog-
nized as there has been no necessity due to the low share of 
VRE. This situation has been changing as the share of VRE 
has grown since the introduction of a feed-in tariff (FIT) in 
2012, and further growth is expected. Unlike many other 
countries that have a meshed network, such as in Europe, 
Japan has a unique power system of nine grids connected 
like a fish bone. The grids are connected through inter-
connection lines and frequency converters with limited 
capacity. These unique characteristics make the full util-
ization of growing VRE more challenging. In parallel with 
the increase of VRE, the government has been conducting 
power market reforms. Currently four different markets 
are being designed—intra-day, baseload, zero-emission 
credit and capacity—with the aim for them to be oper-
ational by 2020. The value of flexibility is to be reflected 
in the intra-day market. This will require the market to be 
designed correctly and necessitate quantitative evaluation 
during the design process.

The objective of this study is to conduct a quantitative 
analysis on the value of flexibility by comparing the impact 
of the share of VRE and the source of flexibility. This was car-
ried out to understand the implications for the market de-
sign to monetize the value of the flexibility. The analysis is 
based on a newly developed production cost model that can 
simulate Japan’s power system in 2030. Section 1 provides 
background information on Japan’s current power system. 
Section 2 describes the methodology and assumptions and 
results of the analysis are covered in Sections 3 and 4.

1 Power generation in Japan
Japan’s 2030 target for its power generation portfolio is 
set out in the “Long term plan for energy supply and de-
mand” [2] adopted by the cabinet in July 2015. The plan also 
underpins Japan’s greenhouse gas (GHG) reduction target 
stated in the Nationally Determined Contribution (NDC) 
submitted to the United Nations Framework Convention 
on Climate Change (UNFCCC). The targeted share of each 
energy source is respectively oil 3%, LNG 27%, coal 26%, 
nuclear 20–22% and renewable energy 22–24%. This target 
reflects historical energy policy goals of improving energy 
security by reducing oil dependency and development of 
a low-carbon economy. The new challenge set by the gov-
ernment is to achieve 44% share of non-fossil power gen-
eration using nuclear and renewable energy. The delay in 
restarting nuclear power generation due to the time-con-
suming safety assessment process makes this challenge 
difficult. Fig.  1 depicts the historical trend of the power 
generation portfolio in 1990–2015 and the 2030 target [2, 3].

The power generation capacity portfolio in Japan has 
also changed over time. Table 1 shows power generation 
capacity by type in 1990, 2000 and 2015 [3, 4].

With the exception of hydro, between 1990 and 2015 the 
installed capacity of renewable energy increased from <1 
GW to 40 GW. A unique feature of Japan’s power generation 
capacity is 28 GW of pumped storage hydro (PSH).

Fig.  2 depicts the growth of renewable energy, mostly 
in solar PV. Japan’s VRE promotion policy started as the 
Renewable Portfolio Standard in 2003 supplemented by 
the Excess Electricity Purchasing Scheme in 2009. However, 
both policies failed to effectively boost renewable energy 
deployment. The replacement of these policies with the 
FIT in 2012 resulted in a surge in the construction of util-
ity-scale solar PV due to the attractive purchase price. In 
the latest data, as of the end of March 2017, the total cap-
acity of solar PV in operation reached 42 GW of which 33 
GW is certified for FIT.

Japan’s power system consists of 10 local grids divided 
between East (50 Hz) and West (60 Hz) in frequency and 
connected with interconnection lines and frequency con-
verters (FC). There are nine grids going through the four 
main islands connected similarly to a fish bone, that is, 
one grid is only connected to its neighboring grid(s). This 
is entirely different from the meshed network used in the 
US or Europe, where one grid is normally connected with 
more than four surrounding grids. Fig.  3 shows Japan’s 
power system and the operational capacity of interconnec-
tion lines and FC capacity and type.

The interconnection lines between grids vary in num-
ber and depend on the size of power demand. To illustrate, 
Hokkaido at the north end of Japan has only one DC inter-
connection line of 600 MW, and Kyushu at the south end of 
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Table 1 Power generation capacity by type in Japan (GW)

1990 2000 2015

Nuclear 31 45 42
Coal 12 29 40
LNG 38 57 73
Oil 53 52 40
Hydro 19 20 21
Pumped storage hydro 17 25 28
Other renewables <1 9 40
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the four main islands has only one AC interconnection line 
of 2530 MW. Between Tokyo and Chubu, there are three FCs 
with a total capacity of 1200 MW. The numbers under each 
grid name in Fig.  3 show the average of the three largest 

hourly peak demands in 2016 in each grid. Those numbers 
indicate the necessary capacity of power generation in each 
grid. Tokyo has the largest power demand followed by Kansai 
(surrounding Osaka) and Chubu (surrounding Nagoya). The 
larger the power demand in the grid, the more flexibility pro-
vided by fossil-fired power plants is available, and thus more 
VRE is acceptable. VRE deployment in the grids is propor-
tional to the demand size. Consequently, VRE power genera-
tion is efficiently used without a large curtailment. However, 
the actual deployment of VREs is not proportional to the 
demand size but concentrated in some areas. Fig. 4 depicts 
the capacity of installed and FIT-certified and installed solar 
PV, and the minimum daytime load in each grid. It shows 
that solar PV is intensively deployed in the Kyushu area 
regarding the demand size as the installed capacity is close 
to the minimum daytime load; the hourly share of solar PV 
to the demand recorded 73% on 30 April 2017.
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2 Methodology
The objective of this analysis is to minimize the system 
cost for interconnected grids, taking multiple limiting con-
ditions into account for one year or more. It is important 
to calculate complex problems at high speed. Therefore, 
we developed a model to achieve this objective by sepa-
rating the optimization process into two parts: “optimiza-
tion of energy interchange in interconnected grids” and 
“optimization of pumping operation of pumped storage 
hydro in each grid” [6]. The rationale to develop this model 
is Japan’s unique power grid, as explained above. To cal-
culate maximum available flexibility, we incorporated the 
balancing capacity interchange and/or ramping capacity 
interchange through interconnection lines. Commercial 
production cost models are available in the market, but 
they do not consider flexibility interchange.

The authors carried out several analyses on Japan’s 
power system with increased VRE in 2030 from several 
aspects, including marginal cost, storage capacity and 
demand response, based on this model [7–9]. The flow of the 
method is shown in Fig. 5. To optimize the model we used 
the numerical optimization solver Gurobi Optimizer 6.5.1 
[10]. Flexibility evaluation analysis for Japan’s power sys-
tem in 2030 was carried out with the production cost simu-
lation model. One of the characteristics of the model is its 
ability to consider balance between variability and balanc-
ing capacity (BC), and BC interchange through intercon-
nection lines and frequency converters.

The objective function of the model is to minimize gen-
eration cost (consisting of fuel and start-up costs) of the 
total power system of nine interconnected power grids and 
one isolated grid for 8760 hr. By its nature, the model does 
not take fixed cost into account: 
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The limiting conditions are balance between demand and 
supply, balance between required variability and available 
load frequency control (LFC) capacity, upper and lower 

limit of hourly output in each power generation unit and 
capacity of interconnection lines for energy interchange. 
We also added the capacity of interconnection lines for 
LFC capacity interchange to the limiting conditions for the 
relevant case. Priority dispatch of VRE regulated by the cur-
rent FIT law in Japan is not assumed in this study.

3 Calculation condition
3.1 Power supply and VRE scenario

Japan’s power generation capacity by energy resource in 
2030 is assumed based on the governmental power gen-
eration target [2] and existing power plants and projects. 
For nuclear, we assumed all units at Fukushima Daiichi 
and Fukushima Daini power plants are not available. We 
assumed that all existing coal and gas units are abolished 
after a 40-year lifetime, that new projects already under 
environmental impact assessment are built and that oil 
remains as it is. Two scenarios were assumed for VRE, 
solar PV and wind. The PV64 Scenario is consistent with 
the government’s 2030 target. As the target is given only in 
power generation by type, generation capacity of solar PV 
and wind were assumed by back calculation using average 
capacity factor. The PV103 Scenario is assumed for large-
scale VRE deployment based on several studies [11, 12]. The 
distribution of solar PV and wind in grids reflects the cur-
rent patchiness in both scenarios. For fossil and nuclear, 
rated capacity, minimum capacity, auxiliary rate, energy 
efficiency considering partial load characteristics and peri-
odic repair days were set for each unit. For hydropower, 
average generated electric power by month is set for the 
run-of-the-river, and possible output by month is set for 
regulating reservoir. For pumped storage hydro, rated cap-
acity, minimum output, efficiency and types (constant/
variable speed), are set by unit. Table 2 shows VRE installed 
capacity by grid and Fig. 6 depicts total installed capacity 
by energy source in each scenario.
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3.2 Demand and VRE generation pattern

To calculate the total electricity demand in 2030, the num-
ber in the “Long-Term Energy Demand Supply Plan” [2] is 
used and is allocated to each grid proportional to the share 
in 2013. Based on the published hourly demand record in 
2013 and the annual electricity demand by each utility, the 
hourly demand curve in 2030 in each area is assumed.

The generation curve for wind in 2030 in each area 
is assumed based on the hourly wind generation record 
in 2013 as proportional to the capacity deployed in 2030. 
The generation curve for solar PV in 2030 in each area is 
assumed based on the hourly record of solar radiation and 
temperature in 2013 and the capacity of solar PV deployed 
in 2030.

3.3 Variability and balancing capacity

The flexibility we analyze is the balancing capacity in the 
LFC time zone; for conventional generators, LFC capacity 
is a total of ±5% of the rated capacity of coal, oil and LNG 
power plants in operation at partial load between a mini-
mum +5% and maximum −5%, ±20% of hydro power plant 
in operation, ±20% of pumped storage hydro at power gen-
eration and ±20% of pumped storage hydro with variable 
speed pump during pumping.

Demand variability in the LFC time zone is assumed as 
±2% of the hourly value according to the assumption made 
by the Power System Working Group government committee. 
The variability of VRE for PV power generation is assumed as 
±10% of the corresponding output and the variability of wind 
power is assumed as ±5% of the installed capacity. In the 
area where the output is 0–15% of installed capacity, vari-
ability is assumed to rising from ±0 to ± 5% linearly to 15%.

3.4 Case studies to evaluate flexibility

Availability of sources of flexibility and their impact 
was analyzed: energy interchange through interconnec-
tion lines and FCs, coal-fired power plants’ LFC capacity, 
pumped storage hydro and LFC capacity interchange 
through interconnection lines and FCs (limited to 10% of 
their operational capacity).

Table 3 shows the case studies and current situation in 
Japan. Recent governmental committee discussions on the 
grid’s stability for increased VRE identified that power utili-
ties do not fully utilize the LFC capacity of coal-fired power 
plants. One possible reason is that the plants can balance 
variability and flexibility without LFC. In the Base case in 
2030, however, we assumed coal-fired power plants’ full 
utilization of LFC capacity.

4 Results of analysis
Fig. 7 depicts the result of the model calculation of total 
annual VRE curtailment by case study and scenario. Table 4 
shows the VRE curtailment ratio to VRE power generation 
before curtailment. The number shown under the scen-
ario name in Table 4 is the VRE power generation before 
curtailment. In comparison to the Base case, absence of 

Table 2 Solar PV and wind capacity by grid by scenario

Scenario
GRID

PV64 Scenario PV103 Scenario

PV (GW) Wind (GW) PV (GW) Wind (GW)

A Hokkaido 2.5 1.1 4.5 2.7
B Tohoku 7.5 3.3 13.5 10.9
C Tokyo 17.0 1.6 27.4 5.9
D Chubu 8.6 1.1 12.9 3.7
E Hokuriku 1.1 0.2 1.8 0.8
F Kansai 8.7 0.9 14.2 2.1
G Chugoku 4.8 0.6 7.5 2.1
H Shikoku 2.4 0.6 3.6 1.1
I Kyushu 11.2 1.2 17.3 2.4
J Okinawa 0.5 0.1 0.6 0.4

Total 64.3 10.6 103.4 32.2
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Table 3 Available source of flexibility by case

Case name

Flexibility availability

Energy interchange Coal LFC PSH BC inter-change

Current situation in Japan Yes Not fully Yes No
Base (regular case in 2030) Yes Yes Yes No
I: No energy interchange No Yes Yes No
II: No coal LFC Yes No Yes No
III: No PSH Yes Yes No No
IV: No PSH & no Coal LFC No No No No
V: BC Interchange available Yes Yes Yes Yes
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energy interchange (Case I), coal LFC (Case II), PSH (Case III) 
and coal LFC/PSH (Case IV) increase VRE curtailment. The 
availability of BC interchange (Case V) reduces VRE curtail-
ment. Therefore all the sources of flexibility are effective 
in reduction of VRE curtailment. VRE curtailment is signifi-
cantly higher when neither coal LFC nor PSH is available.

The Base case of PV64 shows a small VRE curtailment 
ratio. Thus the government’s 2030 power generation port-
folio target is reasonable even considering the balance 
between variability and flexibility, if coal LFC is fully uti-
lized. However, in the PV103 scenario, VRE curtailment is 
14% even in the Base case and more than 55% in Case V 
(neither coal LFC nor PSH). If all the sources of flexibility 
are available, including BC interchange, the curtailment 
ratio can be reduced to 9%. This means that the import-
ance of flexibility is increased to utilize VRE power gener-
ation in case of increased VRE deployment.

Due to larger VRE power generation, the absolute cost 
(fuel and start-up costs) of the PV103 scenario is smaller than 
PV64 in all cases, as more VRE power generation displaces 
conventional power generation. We examined the ratio 
of cost difference between each case and the Base case to 
analyze the impact of unavailability of flexibility to the cost 
for power generation. Fig. 8 depicts the cost ratio increase 
in comparison to the Base case and scenario. Absence of 
energy interchange (Case I), coal LFC (Case II), PSH (Case III) 
and coal LFC & PSH (Case IV) increases the cost, and avail-
ability of BC interchange (Case V) reduces the cost compared 
to the Base case. Therefore, all the sources of flexibility are 
effective in reducing the cost of power generation. This is 
because the absence of flexibility increases VRE curtailment; 
thus fossil-fired power generation is increased to meet the 
demand. The comparison between PV64 scenario and PV103 
scenario shows that the larger share of VRE provides the 
larger impact to cost as the cost ratio increase of the PV103 
scenario is larger than PV64. This analysis demonstrates that 
the value of flexibility can be evaluated economically.

Fig.  9 depicts VRE curtailment by grid by case in the 
PV103 scenario. It shows that the impact of unavailabil-
ity of a flexibility source differs by grid. When we look at 
Grid-B, where VRE curtailment is the largest among all 
cases, unavailability of coal-LFC has the largest impact 
to increase VRE curtailment. However, when we look at 
Grid-C, the VRE curtailment is significant in Case III (no 
PSH) and Case IV (no coal-LFC & no PSH), so PSH is the most 
influential source of flexibility for Grid-C. It is considered 
that such a difference in the impact of flexibility is due to 
the difference in generation capacity portfolio by grid. In 
Grid-B, the share of coal-fired power plant is relatively high 
(16%) and the share of PSH is low (2%). In contrast, Grid-C 
owns 12 GW of PSH out of 29 GW in Japan, so its share of 
PSH is high (9%) while the share of coal is low (8%).

We also analyzed the mechanism for how the availabil-
ity of coal-LFC works in Grid-B and the availability of PSH 
works in Grid-C.

Fig.  10a depicts the hourly profile of residual power 
demand (green line), residual power demand minus (plus) 
exported (imported) power (red line) and power supply by 
source (bars); Fig. 10b depicts the required balancing cap-
acity before curtailment (blue line, main axis), required bal-
ancing capacity after curtailment (red line, main axis) and 
supplied balancing capacity by source (standing bars, main 
axis), VRE curtailment by type (hanging bars, right axis) in 
Grid-B in the Base case on 29 April. This date is selected as 
a typical day with large solar PV and wind power gener-
ation against low power demand. Fig. 11 depicts the same 
information in Case II (no coal-LFC).

In the Base case in Fig. 10, solar PV generation covers a 
share of total power generation from 0700 to 1700 hours 
(Fig.  10a). LNG power is not in operation throughout the 
day. Grid-B is an energy exporter except between 1100 and 
1300 hours, as the marginal cost set by coal is lower than 
Grid-C where LNG set its marginal cost. Balancing capacity 
is constantly provided by coal (Fig. 10b), although it is not 
sufficient to meet required BC and thus VRE curtailment 
occurs between 0000 and 1800.

But in Case II in Fig.  11 where no coal-LFC is avail-
able, PV power is not used for power supply (i.e. curtailed) 
between 0900 and 1500; during those hours Grid-B imports 
power from neighboring grids and operates LNG to sup-
ply power throughout the day (Fig. 11a). VRE curtailment is 
larger than the Base case due to the lack of balancing cap-
acity, as supplied BC is smaller (Fig. 11b) while use of LNG 
results in cost increases compared to the Base case.

This analysis shows how the availability of coal-
LFC effectively works to reduce VRE curtailment and 
fuel costs.
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Table 4 Annual VRE curtailment ratio

Base Case I Case II Case III Case IV Case V

PV64 (91 TWh) 2.8% 4.3% 8.6% 23.5% 42.6% 0.7%
PV103 (211 TWh) 13.9% 16.8% 24.2% 39.9% 55.4% 9.0%
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Fig.  12a depicts the hourly profile of residual power 
demand (green line), residual power demand minus (plus) 
exported (imported) power (red line), and power supply by 
source (bars); Fig. 12b depicts the required balancing capac-
ity before curtailment (blue line, main axis), required bal-
ancing capacity after curtailment (red line, main axis) and 
supplied balancing capacity by source (standing bars, main 
axis) in Grid-C in the Base case on 29 April. Fig. 13 depicts the 
same information in Case III (no PSH).

In the Base case in Fig. 12, necessary balancing capac-
ity is mostly provided by PSH (Fig.  12b) and PV power 
generation covers a large share of total power generation 
with little curtailment (Fig. 12a). Due to more PV power 
generation, LNG power is not necessary during daytime 
and only supplies power in the evening for a short time.

In Case III in Fig.  13 where PSH is not available, large 
curtailment of PV occurs due to a lack of balancing capac-
ity (Fig.  13b) while PV power generation is displaced by 
LNG power generation (Fig. 13a). This displacement of PV 
by LNG results in a fuel cost increase.
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This analysis shows how availability of PHS works 
effectively to reduce VRE curtailment and fuel cost.

5 Conclusions
The findings of our study on the value of flexibility for 
Japan’s power system in 2030 using the cost generation 
model are as follows:

−  Unavailability of each source of flexibility—energy 
interchange through interconnections and FCs, 
LFC capacity, pumped storage hydro and BC capac-
ity interchange through interconnections and FCs, 
respectively—impacts VRE curtailment and genera-
tion cost.

−  Unavailability of a source of flexibility increases VRE 
curtailment and generation cost. Consequently, una-
vailability of flexibility results in economic losses in the 
power system.

−  The impact becomes more significant when the share of VRE 
is larger and/or multiple sources of flexibility are unavailable.

−  The source of flexibility that has the largest impact by 
grid differs according to the grid’s portfolio of power 
generation capacity.

−  Availability of coal-LFC is effective to provide bal-
ancing capacity and thus reduce VRE curtailment in 
Grid-B, while availability of PSH is effective to provide 
balancing capacity and thus reduce VRE curtailment in 
Grid-C.

−  Maximum utilization of flexibility potential is essential 
to minimize VRE curtailment in terms of both the eco-
nomics aspect and lowering carbon dioxide emissions 
from the power sector.

These results imply that to sufficiently utilize flexibility 
potential such flexibility is properly monetized in accord-
ance with the value requires market design, regulation and 
implementation. Our study demonstrates that the produc-
tion cost model can evaluate economic value of flexibility 
supplied by existing facilities.

To achieve a more accurate evaluation of flexibility it 
would be necessary to evaluate flexibility supplied by the 
demand side. To evaluate flexibility in the longer time zone, 
i.e. tertiary control, the ramp-up and ramp-down speeds 
should be taken into account. To evaluate flexibility supplied 
by a new facility such as a new fossil-fired power plant or a 
new interconnection line, it is necessary to take the construc-
tion cost into account. These are future research challenges.
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Aperiodic tidal data resource assessment and LCOE 
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Abstract
Renewable energy is plentiful; we need only develop the technology to harness and distribute it efficiently 
and economically. The conversion of energy to electricity continues to be an area of interest for engineers and 
researchers. Tidal energy has been classified as one of five energy innovations that could transform our world—
the others being fuel cells, lithium–air batteries, the smart grid, and space-based solar power (http://oilprice.
com/Alternative-Energy/Renewable-Energy/5-Clean-Energy-Innovations-That-Could-Transform-Our-World.html). 
Resource engineering assessment constitutes the first step to the effective utilization of any resource. There are 
various candidate sites for tidal stream energy in Nigeria. The objective of this research is to examine the tidal 
stream resource potential of seven coastal sites using the modified continuous wavelet transform (CWT) method 
with a levelized cost of energy (LCOE) analysis. Foster’s method is newly applied to the aperiodic tidal series data. 
The results indicate that meaningful power is viable and could be economically extracted at each respective site, 
with peak mean approximate velocities at each site of ~10 m/s, and the LCOE estimate was found to be lower 
than that of the International Renewable Energy Agency (IRENA). This work represents the culmination of a series 
of papers exploring tidal energy resources in tropical Nigeria.

Key words:  tidal energy; renewable energy; continuous wavelet transform (CWT); LCOE; Nigeria

Introduction
All forms of energy are limited due to resource and environ-
mental constraint factors. Fossil fuel forms of energy are pro-
duced from decayed fossils in the earth’s core over centuries, 
and the continued cause for concern over these energy forms 
is simply that the rate of human use of energy resources is 
much greater than the rate of resource formation. As such, 
a natural evolution and transition to renewable energy is 
underway. The debate over when and how to transition to 
renewable and clean forms of energy is perhaps a foregone 
conclusion, at least in some parts of the world. The debate 
now is around how quickly the world can arrest rising tem-
peratures and the consequent effects of climate change.

Tidal energy is a type of hydropower (similar to wind 
energy but submerged and driven by water rather than by 
air) that is more reliable than either wind or solar power. 
While more predictable than other renewable energy 
forms, tidal energy is equally intermittent. Tidal cycles, 
which provide a consistent source of kinetic energy, are 
driven by phases of the moon [1]. The World Energy Council 
estimates that approximately 1000 GW of marine energy 
could be generated by the middle of this century [2]. Tides 
provide an abundant supply of clean energy. The concept 
of tidal stream energy is very similar to wind energy; the 
kinetic energy of the streaming fluid is employed to rotate 
an electromechanical energy converter and subsequently 
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generate electricity [3]. Water is 800 times denser than air, 
and this density difference between air (1.225 kg/m3) and 
water (1000 kg/m3) suggests that tidal turbines can be sig-
nificantly smaller than their wind turbine counterparts. 
This density difference also means tidal blades will rotate 
more slowly than those of wind turbines. Water also has 
the added benefits of less surface roughness than land 
(where most wind turbines operate) and more thermal 
inertia. Based on 2014 data, 76% of tidal turbines are hori-
zontal axis turbines while 12% are vertical axis turbines 
[4]. Also, approximately 80% of research and development 
investments into tidal current and stream technologies are 
in horizontal-axis turbines, with 4% in enclosed turbines, 
and 2% in vertical-axis turbines [5], indicating a preference 
for horizontal-axis turbines. Several large engineering firms 
such as Atlantis, tidal turbine manufacturers and large util-
ities companies continue to come together to demonstrate 
and prove the value of tidal current technologies. Tides are 
an energy resource that are consistent and reliable.

The purpose of this research is to demonstrate the 
potential of tidal resources for electrical energy gener-
ation at a commercially viable unit energy cost. Exploiting 
the tidal energy resource base of Nigeria would help the 
nation save several million metric tons (Mt) of CO2. With 
significant marine resources and its expertise in oil and 
gas exploration, Nigeria is in a unique position to bene-
fit from this renewable energy and to develop tidal stream 
technology through further research that best determines 
how to exploit the resource.

The world is currently in a state of growing energy 
demand, dwindling natural resources and an ongoing cli-
mate change debate. Recently, the Climate Science Special 
Report from the USA revealed that humans are the primary 
cause of climate change [6]. Therefore the need for new and 
sustainable energy technologies is very important. The mod-
ern economy is built on energy, and energy forms the core of 
the sustainability challenge. There continues to be a reliance 
on technology to improve our energy system by reducing 
carbon footprints, improving energy efficiency, promoting 
energy conservation, designing and developing less energy-
intensive processes and systems and accelerating the tran-
sition to a carbon-neutral energy environment, most notably 
by advancing alternative, clean forms of energy. It is becom-
ing more apparent that a transition to renewable forms of 
energy must eventually occur. Political institutions are being 
challenged in both the developed and the developing world 
to put scientific knowledge and studies into practice con-
cerning the wider adoption of renewable forms of energy. 
The world’s strong dependence on fossil energy must end to 
develop long-term sustainable economies [7, 8].

There are many events occurring in the field of renew-
able energy. Countries such as Denmark, Germany and 
Spain have led the shift toward renewable energy and the 
decarbonization of the global economy [9]. Between 2006 
and 2015, global wind power capacity increased by 600% 
and solar energy capacity increased by 3500%. For the first 

time in the USA, wind power is now the largest source of 
renewable electricity capacity, according to a study by the 
American Wind Energy Association [10]. In fact, wind has 
surpassed conventional hydropower dams to become the 
largest source of renewable electricity capacity and fourth 
largest energy source overall. Furthermore, for the first 
time, wind power is providing half of the electricity on the 
US grid [11]. Wind energy costs have fallen in the USA by 
almost 70% since 2009 [12]. Together with sustained nat-
ural gas consumption, low oil prices and rapid deploy-
ment of energy-efficiency measures, energy costs were at 
their lowest in the USA in 2016 [13]. Bloomberg Energy also 
reported that wind energy surpassed coal power in Europe 
in terms of capacity, growing 8% to 153.7 GW, and com-
prising 16.7% of installed capacity. In fact, wind energy 
is now the continent’s second largest potential source of 
energy [14]. It is also notable that solar energy is the least 
expensive type of new energy [15]. 

Other notable developments include storage technol-
ogy for wind energy in batteries [16]. In 2016, 55% of new 
electrical energy generating capacity in the world came 
from clean energy [17]. Diversifying renewable energy, 
other forms of renewable energy technologies are emerg-
ing, such as energy from waves and ocean-thermal energy. 
One notable technology is from the Australian company 
Wave Swell Energy, which harnesses energy from waves 
at an estimated cost of approximately US$0.07 per kWh 
[18]. The United Nations estimates that the rapidly growing 
clean energy industry will be worth an estimate of US$8 
trillion by 2030 [19].

Many studies continue to emerge that assess the poten-
tial of tidal energy. Jacobs [20] has calculated an asymp-
totic solution of tidal equations using boundary layer 
theory. Laplace tidal equations that form the basis of the 
dynamic theory of tides are presented in [21]. A  math-
ematical discussion of energy dissipation rate limits for 
tidal flow is presented in [22]. Tidal energy resource assess-
ments can be found in [23–26]. Environmental and impact 
studies of marine energy have been considered in [27, 28], 
the results indicating both positive and negative impacts 
on marine life.

The production and use of energy cannot be discussed 
independently of climate change. Climate change has a 
strong correlation to our consumption of fossil energy that 
poses real and evident dangers in many parts of the world. 
CO2 emissions remain the primary cause of climate change. 
The National Aeronautics and Space Administration and 
the National Oceanic and Atmospheric Administration 
have indicated that 2016 was the hottest year on record 
and the third consecutive year that this planet has experi-
enced record-high temperatures; it was also the 40th con-
secutive year that global temperatures were above average 
in more than a century of record-keeping [29]. Companies 
such as Goldman Sachs and Bloomberg Energy continue to 
alter their risk forecast based on climate change models. 
Energy continues to be the most important technological 
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challenge for the future of our civilization. A  climate 
change study on Nigeria’s infrastructure, for example, was 
presented by Fagbenle [30].

1 A brief on the state of energy in Nigeria
Nigeria is well endowed with primary energy sources. 
However, the question of the present day is how the 
nation will survive without oil. As outlined by the Energy 
Commission of Nigeria, energy plans for 2016–25 are fully 
based on non-fossil energy [31]. The poor energy situation 
in Nigeria has been precipitated by calls to diversify its 
energy generation into increased use of renewable energy 
sources. The major renewable energy sources (wind, solar, 
biomass and hydro) have noticeably received more elabor-
ate research assessments in Nigeria [31 and refs. therein] 
than other renewable sources such as tidal. However, for a 
robust approach, all forms of renewable and clean energy 
must be considered. The nation has high solar insolation, 
onshore and offshore wind energy in the northern and 
littoral states, small hydropower, favorable tidal energy 
resources, biofuel energy resources and more that may yet 
be discovered. Indifference to and inaction regarding the 
many energy problems in the nation continue to be evident. 
With the correct combination of policies in place, Nigeria 
could become a renewable energy superpower, much as it 
has been and continues to be a major oil and gas producer.

Nigeria’s energy system is considered to be a fragmented 
and outdated grid poorly suited to renewable energy. The 
situation is further compounded because the total amount 
of funds contributing to cutting-edge energy research in 
developing nations such as Nigeria is very low. There con-
tinues to be a lack of knowledge among policymakers on 
existing scientific research and data on Nigeria’s renew-
able energy potential and a disregard for the facts [31 and 
refs. therein]. Notable aspects of Nigeria’s energy system 
have been thoroughly discussed in numerous works [31 
and refs. therein]. Of course, politics and policy are never 
simple, rational or even effective—indeed are often char-
acterized by a messy, gradual and difficult process. The 
focus of policy should be on creating an enabling environ-
ment for renewable energy and sustainable alternatives for 
economic growth. New technologies for renewable energy 
should be promoted and tailored to replace the old tech-
nology of fossil fuels. Just as automobiles replaced horses, 
cell phones replaced landlines, steam engines replaced 
water wheels and as, someday soon, electric vehicles will 
replace gasoline engines, so too will renewable energy 
replace fossil energy. This is what is referred to as the nat-
ural evolution of things [32]. It is inevitable.

There are notable developments in the generation of 
renewable energy, such as solar power in Nigeria [33]. 
In 2016, the nation signed its first solar power purchase 
agreement (PPA), worth US$146 million, with plans to 
sell the power at a fixed rate of US$0.12 cents/kWh [34]. 
The 10-MW Katsina wind farm in northern Nigeria is 
being constructed, consisting of 37 wind turbines with 

a rated power of 275 kW each situated at a site with an 
annual mean wind speed of 6.044 m/s. Upon completion, 
this will be Nigeria’s first wind farm. Considering the 
magnitude of the energy generation deficit in the coun-
try, significant new efforts toward renewable energy are 
warranted [31].

2 Data sources
Nigeria is a tropical sub-Saharan West African country that 
lies between latitudes 4° N and 13° 9ʹ N of the equator and lon-
gitudes 2° 2ʹ E and 14° 30ʹ E with a standard atmospheric tem-
perature of ~25°C and P0 = 1 bar atmospheric pressure, wet 
and dry seasons, and periodic rainfall throughout the year.

The two-dimensional data used in this work were col-
lected from the Hydrography Office of the Nigerian Navy 
(HONN) [35]. Most tidal data analysis in the literature is 
based on periodic tidal data. However, data encountered 
in engineering are sometimes aperiodic. For reasons 
unknown to the author, Nigeria’s tidal data are aperiodic. 
From the perspective of computational analysis, aperi-
odic data present challenges, as discussed later in Section 
3. According to the HONN database, there are 19 sites in 
total. However, it is important to note that there are other 
sites as well (see Table  1), which are not accounted for 
at the Nigerian office but are on record, according to the 
United Kingdom Hydrographic Office (UKHO; personal 
communication with the author, 8 April 2015). There are 
no recent data obtainable on these sites from the HONN, 
and they are excluded from this study, but tabulated in 
Table A1 of Appendix A for reference. Also, EasyTide, 

Table 1 Candidate tidal sites in Nigeria and their geographical 
coordinates, obtained from HONNa

No. Sites/Station Latitude/Longitude 

1 Benin River 5° 43.0' N/ 5° 02.0' E
2 Lagos Bar 6° 24.0' N/ 3° 23.9' E
3 Apapa, Lagos 6° 27.0' N/ 3° 23.0' E
4 Escravos Bar 5° 34.0' N/ 5° 11.0' E
5 Warri Port 5° 31.0' N/ 5° 44.0' E
6 Forcados 5° 23.0' N/ 5° 13.0' E
7 Akassa Nun River 4° 19.0' N/ 6° 04.0' E
8 Brass River Entrance 4° 19.0' N/ 6° 15.0' E
9 Sambreiro River 4° 47.0' N/ 6° 47.0' E
10 Bakana, New Calabar River 4° 44.0' N/ 6° 58.0' E
11 New Calabar River Bar 4° 20.9' N/ 7° 02.0' E
12 Port Harcourt 4° 46.0' N/ 7° 00.0' E
13 Bonny Town 4° 27.0' N/ 7° 10.0' E
14 Bonny River Bar 4° 20.0' N/ 7° 05.0' E
15 Opobo River Entrance (Sandy 

Point)
4° 29.0' N/ 7° 35.0' E

16 Calabar Port 4° 58.0' N/ 8° 19.0' E
17 Akpa Yafe River 4° 41.0' N/ 8° 32.0' E
18 Tom Shot Point, Calabar River 4° 35.9' N/ 8° 20.0' E
19 Calabar River Approach 4° 20.0' N/ 8° 22.0' E

aSites in bold font are considered in this work.
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a UKHO website that provides tidal data on over 7000 
ports across the world, has 37 published sites on Nigeria. 
However, in private communications with the author, the 
UKHO could not ascertain whether previous years’ data 
on Nigeria could be recovered from physical archives, had 
limited staff resources to thoroughly investigate, and thus 
referred us to the HONN. Our observation in attempting 
to rationalize the difference in number of sites among 
the UKHO, EasyTide and HONN is that perhaps, over the 
years (and perhaps due to climate changes), some of these 
sites were consolidated, resulting in the 19 sites main-
tained by HONN today. In the data collected from HONN, 
for example, it was indicated that “the signal station at 
Ogidigbe is now closed.” Fig. 1 shows the 19 locations on 
the map of Nigeria. Fig. 2 provides some perspective of the 
location of the candidate sites on the map of Africa. It is 
evident that these are coastal locations where energy flux 
is concentrated, and tidal energy extraction may thus be 
economically feasible there. This concentrated energy flux 
results from the amplitude of the tides being larger near 
the coast due to the narrowing of a channel or estuary or 
constructive interference between incoming and reflected 
components of the tide. We noted that the as-received 
data (sample shown in Appendix B) had new-moon and 
full-moon markers, and we therefore deemed it useful to 
consider these markers in our analysis. More is said on 
the significance of this later.

3 Wavelet analysis
As mentioned in Section 1, the Nigerian tidal data 
gathered by HONN are aperiodic. In many fields of 
applied sciences, and for several reasons, data and 

measurements cannot always be characterized by 
regular time intervals, that is, with equally spaced time 
frames. Though we can transform such nonstationary 
data into equally spaced data, there will undoubtedly 
be information loss or dilution. For instance, we can 
interpolate data using Lagrange polynomials then fill 
in missing data by using corresponding values of the 
interpolating function.

Suppose there is a collection of data f1, f2,…, fn at points 
in time t1, t2,…, tn and that a function f(t) is required that 
fits the observed data, that is, f(t1) = f1, f(t2) = f2, …, f(tn) = fn. 
To do this, the Lagrange interpolation formula can be used, 
which is given by
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Depending on the required accuracy, Lagrange poly-

nomials can be substituted with splines or other more 
efficient interpolators. However, this approach has signifi-
cant drawbacks: if observation moments are close but not 
equally spaced, then many data are omitted, and when 
they are so far apart that data must be added, some of the 
most significant quantities are biased.

Fig. 1 The 19 candidate tidal sites on Nigeria’s coastline
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Such drawbacks can be overcome by using other meth-
ods of time series analysis, for instance, spectral methods. 
Well-known approaches are Fourier analysis and wavelet 
analysis with corresponding transforms. Whereas Fourier 
analysis is ideal for analyzing periodic time series with 
constant amplitude and phase, wavelet analysis can detect 
and quantify the evolution of the parameters over time. 
Wavelet transforms expand a time series into the time–
frequency domain and detect localized signals, peaks and 
periodicities. Similar to Fourier transforms, there are two 
types of wavelet transforms: discrete and continuous. The 
first is a compact representation of the data and is particu-
larly useful for noise reduction and data compression; the 
second is better, for instance, for extracting a low signal-to-
noise ratio in time series, forecasting, etc. However, discrete 
and continuous wavelet transforms are well established in 
their use in analyzing only equally spaced time series.

A modification of wavelet shrinkage methods, origin-
ally developed for analysis of equally spaced time series, 

is suggested in [36]. Under the specific assumption about 
the form that a time series must have, a Haar-like wavelet 
shrinkage estimator was constructed to analyze unequally 
spaced data with noise. In [37], wavelet methods were used 
for curve estimation of unequally sampled data by keep-
ing or eliminating all wavelet coefficients on a given scale. 
In [38], unequally sampled data were replaced by averages 
over regularly spaced bins and then the usual wavelet 
transform was applied to the binned data. A  prominent 
mathematical tool for irregular data analysis is Foster’s 
method, which is explained in detail and illustrated 
through examples in [39] (for astronomical data). The 
author modified the wavelet analysis, or more specifically, 
the continuous wavelet transform, calling it the weighted 
wavelet Z-transform that is applied to analyze irregularly 
measured astronomical data.

In the remainder of this work, we apply Foster’s 
Z-transform to analyze tidal data that are unevenly spaced 
in the time domain. Note that even in [40], which contains 

Fig. 2 Location of the 19 candidate tidal sites on Nigeria’s coastline relative to the map of Africa
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an elementary introduction to wavelets and continu-
ous wavelet transform analysis of tidal data, only equally 
spaced time series were considered, significantly simpli-
fying the analysis and making this undertaking toward 
aperiodic tidal data meaningful.

We define the continuous wavelet transform on our 
function f(t) as
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A positive σ is often called the dilation, which allows us 
to set the width of the wavelet, thus making it possible to 
focus on a part of the signal, the time shift τ. This allows 
us to search through the time points on the signal and the 
complex conjugate of the mother wavelet ψ, which is the 
envelope by which we encase the signal. The continuous 
wavelet transform (CWT) maps the function from the time 
domain onto the (τ, σ) domain, which is essentially a time 
and frequency domain. This is similar to a Fourier trans-
form, except that the Fourier transform maps the func-
tion onto only a frequency domain. This would give us an 
analysis of the frequencies in the signal, but we would lose 
the position of the frequencies, that is, any information 
on when a particular frequency occurs would be lost. In 
addition, since signals often have transient components, 
a Fourier transform would destroy the information about 
the position of the transient component. However, with the 
CWT, the location of all transient frequencies is preserved.

The most widely used mother wavelet is the Morlet 
wavelet represented by
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with frequency w, usually set to 2π, and decay α. The Morlet 
wavelet is frequently used for acoustic signal analysis.

In computational calculations, the integral of the wave-
let transform is replaced by a finite sum
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However, for unequally spaced data this is a very rough 
approximation, making this approximation undesirable. 
Therefore, the Morlet wavelet is modified into the abbrevi-
ated Morlet wavelet as

 ψ αt( ) = −exp( )it t2  (6)

In this case, we must fit the function by using a trial func-
tion ϕ, according to
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which best fits the data record. To actually compute the 
coefficients of ϕ , we must define the inner product of two 
functions u and v as
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where wi is the weight assigned to ϕ given by

 w i
t

i =
−





exp
τ

σ
 (9)

The best-fit coefficients of the trial function can then be 
determined by multiplying the inverse of the S matrix, 
Sij = <ϕi |ϕj>, by the inner products of the trial function with 
the set of data collected f, as
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where <ϕi | f> is the projection of f onto ϕi,, that is, the part 
of f that is on ϕi, and f is the function in Eq. (2). This results 
in the best fit, as it minimizes the sum of the square of 
residuals in the same way as the ordinary least square 
method in regression analysis. For unevenly spaced data, 
Foster suggests using three trial functions:
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Using the data, we construct the function f(t) according to 
Eq. (7) and analyze it with the wavelet transform (Eq. [5]). It 
is important to note that Foster’s method allows for some 
periodicity analysis of unequally sampled time series. 
After an average period is derived from the given time 
series, it can be periodically continued for t > tn, and predic-
tions can be made. The parameters of statistical weights 
wk defined earlier can be changed to make the predictions 
more accurate.

3.1 A note on the methodology

Essentially Foster’s approach introduces a new trial func-
tion ϕ1  in the previous equations, since other researchers 
use the ordinary wavelet transforms. The author of this 
article [11] then multiplies the data f j1  by the results of 
the new trial function, which is the characteristic func-
tion of positive time, and represents the wavelet signal 
in terms of this product. In other words, to a signal, the 
Foster method creates a correspondence between a signal 
and a time-varying matrix, which is zero for negative time 
and the matrix of aperiodic data for positive time, and fur-
ther manipulates the matrix. This then leads to a situation 
wherein, working in an hourly scale (as is the case with 
the as-received data from HONN), some information may 
be ignored or lost. We do not wish to lose any informa-
tion from the as-received data, as that would compromise 
the effective characterization of the tidal resource. Thus, 
for convenience, hours within one day are converted into 
minutes. For example, if the tidal measurement is taken at 
16:43, it is converted as 16 60 43 1003.× + =  Furthermore, in 
the transformed scale ϕ2  and ϕ3  are no longer needed, as 
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shown in the equations, since, as shown later in Section 4, 
the plots of the signal are dense enough, that is, ϕ1  is suf-
ficient. It can be argued that we could reconstruct the sig-
nal into a scale using seconds, but this would not further 
improve the results.

3.2 Energy production and LCOE analysis

In this section, the representative equations and levelized 
cost of energy (LCOE) metrics used in this study are dis-
cussed. The kinetic energy of a fluid with mass m and mov-
ing at velocity v is given by

 K E mv. =
1
2

2  (12)

Power is the rate of change of the kinetic energy, which 
gives us
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where dm/dt is the mass flux given by

d
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where ρ is the density of water and A is the turbine aper-
ture. Therefore, given v(t), which is the instantaneous 
water velocity at time t, the power density must be inte-
grated over the desired time scale, represented as
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This demonstrates that the power density is proportional 
to the cube of the velocity. From the obtained 5-year, two-
dimensional data, the velocity is approximated via the 
time derivative of the signal from the data. We applied the 
modified CWT to obtain the z component of the tidal wave 
in continuous time, and thus the velocity was approxi-
mated as its derivative in time. It was then substituted into 
the annual energy resource or ATR formula from [41], and 
the integral was also approximated. Thus, the amount of 
electricity generated in a year, αt, can be written with the 
appropriate constants as
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where Ci is the index of energy alterations due to device 
interactions and is usually set to 1, and Cp is the product of 
the turbine and power equipment efficiencies, or the power 
coefficient of tidal stream turbines, which is in the range 
of 0.35–0.50 [42]. For tidal stream energy technologies, an 
operational year of 340 days is assumed. Such reductions 
account for operational and maintenance downtime.

With these assumptions, we can calculate the cost of 
electricity PE in a year as
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where r is the discount rate, βt is the capital expenditure 
for year t, γt is the operating and maintenance costs for 
year t and T is the lifespan of the tidal stream generator. 
The equation demonstrates that the sum of the operating 
and maintenance costs and the capital expenditure over 
T years (where the (1  + r)–1 term denotes the discounted 
rate of r) divided by the amount of electricity produced 
in T years is equal to the cost of running the tidal stream 
generator for the duration of its lifespan, T. For this study, 
T  =  5 (2011–15). The corresponding capital expenditure 
rate βt used in this study is approximately equal to US$5.6  
m/MWe, while operation and maintenance costs are equal 
to γ t   =  US$0.08 m/MWe. The discount rate most often 
used in LCOE assessments is 10% [41]. The International 
Renewable Energy Agency (IRENA) estimates for tidal 
energy range from US$0.20/kWh to US$0.27/kWh [4].

4 Results
The wavelet analysis algorithm extended to study 
unevenly (irregularly) spaced tidal data was implemented 
in MATLAB. Observations were made three or four times 
per day at selected sites. New-moon and full-moon con-
straints were considered, as mentioned earlier. What fol-
lows is a discussion of the detailed findings from each site. 
Further, the reader may observe similarities in the numer-
ous yearly figures of each site. However, there are distinct 
and significant differences determined to be necessary 
and which we endeavor to elucidate. For the sake of brev-
ity and limited publication space, the reader is referred to 
the online Supplementary Data for this article, which pro-
vides more in-depth results on the time series characteris-
tics and velocity plots for each site considered in this work. 
(The supplementary figures are numbered as Figs 3–72.) In 
what follows, we simply show results comparing the tidal 
heights and velocities of each site considered. Fig. 3 shows 
a comparison of tidal highs and lows of each site over the 
5-year period. Calabar Port is shown to have the highest 
tidal height of ~3.1 m. Table 2 populates the approximate 
mean of the peak flood and ebb velocities of each year and 
of each site, and Fig. 4 is a plot of Table 2 showing the com-
parison of the peak flood and ebb velocities. The velocity 
mainly indicates ebb dominance over flood dominance.

5 LCOE results
The profitability and competitiveness of a tidal resource 
cannot be fully understood by considering the tidal 
resource alone, and thus a LCOE was performed. For LCOE 
estimates, Table 3 shows the results for the sites in US$/
kWh. Summarily, LCOE is computed for the entire period 
of the functionality of the tidal sites, that is, 5 years. Given 
the notable periodicity of data from all sites, LCOE would 
ideally be the same for the next 5, 10 or 15 years. Compared 
to IRENA estimates [4], the estimates for the sites consid-
ered here are notably lower. It is reasonable to expect that 
there will be secondary costs not captured in the LCOE 
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methodology or estimates that would bring the cost of 
the seven sites close to or within the range of the IRENA 
estimates. An LCOE sensitivity study has been performed 
in the work of [13], and their findings would also apply to 
this work, within reason. Also, at this level of initial ana-
lysis, we defer performing a more robust sensitivity and 
uncertainty analysis to other researchers or future work by 
the present author, considering local conditions, whereby 
better data and/or higher order hydrodynamic or compu-
tational fluid dynamics (CFD) models might be performed.

6 Discussion
In this research study, we have adapted a modified CWT 
method originally applied to nonstationary astronom-
ical data to nonstationary tidal data with the objective of 
characterizing the tidal dynamics of seven candidate sites 
for tidal stream energy in Nigeria. The sites in this study 
have relatively similar characteristics. Among all sites, 

potential power generation from both flood and ebb tides 
are approximately equal. Establishing a row or multiple 
rows of turbines in these coastal sites suggests that mean-
ingful power can be extracted. To further establish some 
context, using the Atlantis AR1500 tidal turbine, with a tur-
bine rotor diameter of 18 m, a swept area of 254.47 m2, and 
a modest velocity estimate of 2 m/s, the annual energy out-
put would be 391 MWh. Further, assuming a deployment of 
40 tidal turbines at any of the respective sites, the annual 
total tidal energy output by all turbines would be ~15.6 GW. 
These sites thus have the potential to deliver enormous 
amounts of energy.

The results of this work and others [31, 43] indicate that 
the 19 coastal sites in Nigeria may have high tidal current 
velocities. We caution, however, that this study and others 
[31, 43] are based on two-dimensional data and represent 
an initial analysis of the resource. Notably, it is possible 
that some level of uncertainty could upset the apparent 
accuracy of the data itself, such as meteorological effects 
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Table 2 Peak flood and ebb velocities over the 5-year period of each site

Year
Sambreiro 
River

Tom Shot 
Point, Calabar 
River Warri Port

Opobo River 
Entrance 
(Sandy Point) Port Harcourt Calabar Port

Brass River 
Entrance

Flood 
(m/s)

Ebb 
(m/s)

Flood 
(m/s)

Ebb 
(m/s)

Flood 
(m/s)

Ebb 
(m/s)

Flood 
(m/s)

Ebb 
(m/s)

Flood 
(m/s)

Ebb 
(m/s)

Flood 
(m/s)

Ebb 
(m/s)

Flood 
(m/s)

Ebb 
(m/s)

2011 10 10 10 17 10 11 10 17 10 16 10 18 10 15
2012 10 10 10 17 10 11 10 17 10 16 10 18 10 15
2013 10 14 10 16 10 11 10 16 10 17 10 19 10 18
2014 10 10 10 16 10 11 10 17 10 16 10 19 10 15
2015 10 10 10 18 10 11 10 17 10 16 10 19 10 15
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and time and height corrections for smaller ports, hence 
the rather high velocities relative to other known sites of 
the world. Thus denser or three-dimensional data com-
bined with advanced methodologies and techniques are 
required to fully characterize the resource. It is nonethe-
less noted elsewhere that the coastal sites of nations bor-
dered by the Atlantic coast (Nigeria, Côte d’Ivoire, Ghana 
and Cameroon) are particularly good candidate sites with 
large potential for tidal power [44].

Detailed results have been provided from this work on 
the seven candidate sites. Notable findings from this work 
are as follows:

- Tides in Nigeria appear to be mixed semidiurnal.
- The tidal velocity dynamics of the sites take the form 

of progressive waves traveling from west to east, with 
high tides toward the west and east, and low tides at 
approximately mid-point/mid-year of the tide.

- The variability of new-moon and full-moon markers 
indicates which of the two is more dominant at a par-
ticular time of a given year.

- A still body of water implies a low capacity factor. 
However, the velocity profiles presented in this work 
show significant motion, and thus a high capacity fac-
tor favorable for the use of tidal energy resources in 
Nigeria.

- The velocity profiles mainly indicate ebb dominance over 
flood dominance (see the online Supplementary Data).

- The relatively high capacity factor also reveals itself in 
the low LCOE estimates for each respective site, dem-
onstrating economic viability.

Furthermore, similarly to wind turbines, tidal turbines 
operate in turbulent shear flow necessitating the need for 
more fidelity in analysis through better data collection 
techniques (e.g. acoustic doppler current profilers [ADCP]) 
and high-order CFD techniques (e.g. discontinuous Galerkin 
finite element method [DG-FEM]) to provide better insights 
on the tidal energy potential of Nigeria’s coastal tidal sites. 
Field measurements using ADCP are recommended for nec-
essary verification and eliminating any uncertainty. A more 
robust and complete data set or database of each site 
would aid comparison with computational and analytical 
models. Theoretically, DG-FEM is the well-established high-
order CFD approach for tidal energy resource assessment 
according to the literature. Further, the development of the 
wake in tidal turbines would depend on factors such as the 
turbulence intensity of the inflow, where overall resource 
characterization would consider the x, y and z components 
of the measured data (using ADCP, for example). We note, 
however, that two-dimensional DG-FEM would also suffice 
in the absence of denser data.

7 Conclusion
The object of this work has been, and that of future work 
will be, to demonstrate that electrical energy can be 
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Table  3 LCOE estimates of each site compared to IRENA  
estimates for tidal energy

Sites/Station
LCOE (US¢/
kWh)

IRENA [4]  
LCOE (US¢/kWh)

Sambreiro River 5.0 0.20 to 0.27
Tom Shot Point, Calabar  

River
8.0

Warri Port 2.0
Opobo River Entrance (Sandy 

Point)
4.0

Port Harcourt 2.0
Calabar Port 5.0
Brass River Entrance 3.0
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generated at a commercially viable unit energy cost. Grid 
connection of tidal current will often be an array of 33-kV 
cables. Because most of the sites studied here are coastal 
offshore sites, and considering the well-established glo-
bal experience from wind energy parks offshore, there is 
considerable experience to leverage in developing both off-
shore alternating current (AC) and direct current (DC) grid 
infrastructure. As a developing nation intersected with 
numerous sites carrying significant kinetic energy (vol-
ume of water around the year) on its coasts, an effective 
and low-cost tidal stream mechanism of harvesting tidal 
energy will undoubtedly revolutionize rural power electrifi-
cation. Widening the tidal renewable energy resource base 
must have a high priority on the energy agenda and policy 
of Nigeria. The potential for tidal current energy with low 
environmental impact in Nigeria appears to be vast. The 
analyses of the tidal data collected and presented here will 
allow for policies to be based on more information.

The effects of climate change continue to be a threat 
to the security and livelihood of billions of people around 
the world. Engineers continue to develop better and 
cost  effective   technologies to aid the wide-scale adop-
tion of alternative-energy technologies. The wider adop-
tion of sustainable technologies remains vital to achieving 
sustainable economies, improved quality of life and pro-
tection of the environment. We envisage that this work 
serves as a platform for the actualization of tidal stream 
power projects. The respective sites could produce a sig-
nificant amount of clean and renewable power to be added 
to the overall mix of energy sources in Nigeria. The adop-
tion of renewable energy technologies in general, and tidal 
energy in particular, would support sustainable growth 
with reduced negative environmental impact while also 
remaining ecologically friendly. A rational, bold and attain-
able mix of energy sources must be sought and achieved 
expediently and holistically, while considering all effects 
to the economy and environment.

Supplementary data
Supplementary data is available at Clean Energy online.
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Appendix A

Table A1 Notable Nigerian tidal sites with no recent or verifiable data records [obtained via private communications with UKHO]

No. Port number Port name Lat-Long UK hydrographer notes

1 3635A BADAGRY CREEK 6°26'N 3°21'E Last noted record was 7X, 30-day data in 1975
2 3640 YOUNGTOWN 5°55'N 5°18'E Last noted record was 30-day data in 1962 
3 3641 KOKO 6°00'N 5°28'E Last noted record was 30-day data in 1962 
4 3642 SAPELE 5°54'N 5°41'E Last noted record was 1-year data in 1963 
5 3643 OGIDIGBE 5°34'N 5°11'E Last noted record was 3X, 29-day data in 1951 
6 3644 MADAGHO 5°36'N 5°12'E Last noted record was 2X, 30-day data in 1975. 
7 3647 RUGGED POINT 5°35'N 5°22'E Last noted record was 3X, 30-day data in 1975 
8 3651 BURUTU 5°21'N 5°31'E No harmonic contituents
9 3655 BRASS 4°19'N 6°15'E No harmonic contituents
10 3658 PERCIVAL POINT 4°36'N 7°00'E No harmonic contituents
11 3660 BUGUMA 4°45'N 6°52'E No harmonic contituents
12 3663 FORD POINT 4°36'N 7°10'E Last noted record was 1-year data for 1966–7 
13 3667 QUA IBOE RIVER ENTRANCE 4°32'N 7°58'E Last noted record was 30-day data for 1969 
14 3668A BAKASSI BANK 4°27'N 8°24'E No harmonic contituents
15 3669 JAMESTOWN 4°39'N 8°19'E Last noted record was 4X, 30-day data in 1975
16 3671 JAMES ISLAND 4°52'N 8°17'E Last noted record was 5X, 30-day data in 1976
17 3675 INIKOI ISLAND 4°41'N 8°32'E No harmonic contituents
18 3676 ESU ERRORUP 5°01'N 8°40'E No harmonic contituents
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Abstract
This article introduces a portable wind turbine condition monitoring system (CMS) and its applications in wind 
turbine drivetrain damage detection. The portable CMS based on vibration detection and analysis has a long 
application history in conventional rotating machineries, but it is not widely used in wind turbines. There are 
several reasons why it is not used, including the labor- and knowledge-intensive requirements for test setup 
and result interpretation. There are also reasons specific to wind turbines, such as the structural diversity of 
drivetrains, the uncertainty of operational conditions, and the complexity of the damage mechanism of different 
parts that make the conventional vibration-based CMS inefficient and not cost-effective. All these factors affect 
the wide application of the portable system. The portable wind turbine CMS discussed in this article is integrated 
using advanced vibration measurement and analysis methodology. Fault detection for the acquired acceleration 
response and high-speed shaft speed signal is carried out by a suite of data analysis techniques specifically 
designed for a wind turbine gearbox. Using these techniques, damage detection accuracy for all the components 
inside a gearbox is improved significantly, especially for those related to medium- and low-speed shafts. The new 
data processing techniques also are briefly described with the developed methodologies verified by three wind 
turbines with typical low-speed shaft-related component damages. These damage assessments include the low- 
and medium-speed planetary stage ring gear, the low-speed planetary stage planet gear and damage to the main 
bearing.

Key words:  wind power generation; drivetrain; portable detector; vibration analysis; fault detection; condition 
monitoring system (CMS); wind field test case

Introduction
The advancement of technology has resulted in the reduc-
tion of wind energy development costs. According to the US 
Energy Information Administration, by 2022 the levelized 
cost of energy (LCOE) from wind turbines (including tax 
credits) will be the lowest among all conventional power 
generation technologies [1]. Wind turbines do not have 

resource energy costs compared to conventional power 
generation methods. However, their operation and main-
tenance (O&M) costs are high. Typically, the O&M cost can 
be as high as 11 or even 30% in the LCOE of onshore wind 
power [1, 2], and this ratio is higher with offshore wind tur-
bines. Reducing O&M cost is the key to continue the trend 

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License  
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any  
medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Clean Energy, 2018, Vol. 2, No. 1, 58–71

doi: 10.1093/ce/zky008
Advance Access Publication Date: 17 May 2018
Homepage: https://academic.oup.com/ce

mailto:luohuageng@nicenergy.com?subject=


to lower wind energy LCOE and make wind energy more 
competitive with conventional power generation.

The wind turbine condition monitoring system (CMS) 
is used as a tool for reducing O&M costs and improv-
ing wind farm electricity production by the wind power 
industry. Traditionally, the anomalies of rotating machin-
ery components are analyzed and detected through sens-
ing of vibration, acoustics, temperature and oil quality 
[3–7]. Temperature sensors are reported to be used as the 
fault detection of the wind turbines [8]. The basic princi-
ple behind fault detection is that during turbine operation 
any failure in rotating parts will produce additional heat 
caused by mechanical friction, rubbing and deformation. 
However, this method lacks sensitivity and makes it diffi-
cult for early detection of faults. In addition, environmen-
tal temperature changes will also introduce a number of 
uncertainty factors, such as changes in the nacelle cir-
culation and weather conditions. The measurement of 
metal and nonmetallic particle counts in gearbox lubri-
cants by oil testing can provide a useful reference for the 
health status of the whole gearbox. However, the applica-
tion cost of this technology is usually high and the dam-
age-level severity of specific parts cannot be determined.

Vibration sensing technology based on piezoelectric 
sensor theory is considered one of the most mature, relia-
ble and low-cost sensing technologies for rotating machin-
ery fault detection. The research and development of fault 
diagnosis of rotating machinery has made substantial 
progress over the last few decades. Several effective detec-
tion methods for rotating machinery condition monitor-
ing have been formulated from conventional time domain 
analysis [9, 10] and frequency domain analysis [11], to syn-
chronization acquisition, order analysis [12, 13] and enve-
lope spectral analysis [14]. However, it is difficult to obtain 
satisfactory detection results by using these conventional 
methods, especially for the parts connected to the lower 
speed shaft in the gearbox. This is due to the structural 
diversity and complexity of the wind turbine drivetrain 
system, as well as the unsteady and uncontrollable condi-
tion of wind turbine operations.

The key to a successful wind turbine fault detection sys-
tem is to have a model that can convert the sensor raw data 
into the physical health status of all the key components 
being monitored. This article uses a condition monitoring 
system developed by the National Institute of Clean-and-
Low-Carbon Energy (hereinafter referred to as NiceCMS) for 
wind turbine drivetrain data acquisition, data analysis and 
damage detection. Acceleration sensors and high-speed 
shaft speed sensors are used for raw data acquisition. 
In the data analysis, the kinematics relationship of the 
drive chain system and the unsteadiness of wind turbine 
operation conditions are taken into account. The damage 
response of different parts is effectively separated by incor-
porating the corresponding dynamic characteristics.

In this article, the main features of the NiceCMS are 
briefly introduced. Then the planetary gear imaginary 
shaft concept and the technique of synchronous sampling 
and analysis with respect to an arbitrary shaft within a 

gearbox are described in more detail. Three wind farm tur-
bines case study results are analyzed, together with the 
borescope inspection results discussed in the final section.

1 Portable wind turbine drivetrain CMS 
Due to the distributed nature of wind farms, ideally a wind 
turbine CMS should be developed and integrated into a wind 
turbine. The wind turbine condition data should be automat-
ically collected and processed; the wind turbine component 
faults should be identified precisely and accurately; and the 
remaining life of the component should be predicted accu-
rately. However, although there are many CMSs on the mar-
ket, the functionality of the current CMSs are far from ideal. 
A  successful portable system can be complementary to a 
distributed CMS and help to achieve optimal fault detection 
for large wind farms as well as for smaller. The portable sys-
tem can provide the following tools and detailed mapping.

(1) A quick response tool: In response to the wind farm 
field requests, a portable system that can be quickly 
reconfigured and deployed;

(2) An on-site diagnosis and analysis tool: a portable sys-
tem must be able to provide accurate real-time analy-
sis on-site, thus improving O&M efficiency;

(3) Replace the borescope: borescope inspection provides 
a direct visualization of the fault once it is located, 
but in wind turbines many parts are not directly 
accessible to the optical probe. In addition, com-
plete mapping of fault detection is heavily reliant on 
the experience of the borescope operators. On the 
other hand, the vibration signal is limited to only the 
mechanical transmission path. The vibration-based 
CMS is able to provide a complete mapping of the 
wind turbine drivetrain health conditions;

(4) A wind turbine vibration and noise analysis tool: in 
addition to condition monitoring, a wind turbine may 
encounter other vibration and noise issues. The port-
able system provides vibration and noise analysis 
solutions for a wind turbine.

To develop the above tools, it is necessary to solve some 
practical problems in wind turbine vibration analysis and 
fault diagnosis, including the variable speed operational 
in the wind turbines, the low detectability of low-speed 
shaft-related components in the drivetrain, the frequency 
overlapping from different component damage vibration 
response and fault detection for the differential bear-
ing and gear. A  series of data processing methods was 
designed, developed and integrated into the NiceCMS to 
resolve the above-mentioned challenges, including:

(1) Gear box kinematics automatic integration technique;
(2) Synchronous resampling technique with respect to 

(w.r.t.) an arbitrary shaft within the gearbox;
(3) Synchronous averaging and synchronous analysis 

technique of arbitrary shaft within the gearbox;
(4) Frequency component suppression technique based 

on damage dynamic characteristics;
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(5) Fault diagnosis techniques of gears and bearings, 
which differ from the conventional amplitude modu-
lation and demodulation techniques;

(6) Imaginary shaft concept and corresponding analysis 
technique for the planetary gears and bearings.

Fault detection of the wind turbines is improved by using 
these signal processing techniques [15]: the fault detection 
of the high-speed shaft (HSS) related parts is more accu-
rate while fault detection of the low-speed shaft-related 
parts becomes feasible. In the following two sections, 
two of these techniques are introduced and described in 
more detail: the imaginary shaft concept and its appli-
cations in planetary gear and bearing damage detection; 
and synchronous resampling with respect to an arbitrary 
shaft within the gearbox. Readers interested in more detail 
about other analytical techniques may refer to the litera-
ture [14].

1.1 Planetary gear stage imaginary shaft

In a planetary gear stage, as shown in Fig. 1(a), the kine-
matic relationship is more complex than that of a parallel 
gear. An easy way to simplify the relationship between the 
rotational frequencies of each shaft and the meshing fre-
quency of gears is to make the entire planetary gear set 
rotate at the same rotational speed as that of the planet-
ary carrier but in the opposite direction. This transform-
ation can also be interpreted as the observer is anchored to 
the planetary carrier and sees the movements of the other 
parts from the carrier, as shown in Fig.  1(b). Under this 
transformation, the relationships among the gear mesh-
ing frequency fm

, the tooth number of each gear and the 
rotation frequency of each shaft are:

 f N f N f f N f fm r c p p c s s c= = +( ) = −( )  (1)

Therefore, the absolute shaft speed of the planet gear fp
 

can be expressed in terms of the input shaft speed fc:

 f
N
N

fp
r

p
c= −









1  (2)

To facilitate planetary gear fault diagnosis analysis, here 
we define an imaginary shaft PLTr. With this imaginary 
shaft, the planet gear rotates relative to the planetary car-
rier, and its relative speed is defined as fPLTr :

 f f f
N
N

fPLTr p c
r

p
c + =  (3)

Typically, fp
, fPLTr

 are not integral multiples of fc
; there-

fore, the planet damage signature cannot be enhanced by 
the popular time synchronous averaging (TSA) in terms of 

fp
 or fc

. But under the imaginary shaft concept (see Eq. 
(3) and Fig. 1), when the planet gear rotates once, a planet 
single tooth damage will be in contact with the ring gear 
and the sun gear once each. The single tooth damage fre-
quency fpgd of planetary gears can be simply expressed as:

 f f f fpgd p c PLTr= +( ) =2 2  (4)

In other words, the planet gear damage response is syn-
chronous with the imaginary shaft defined and is not syn-
chronous with any physical shaft in the gearbox. Therefore, 
using the concept of the imaginary shaft, we are able to 
enhance the planet gear damage signature by means of 
conventional TSA techniques.

Similarly, the planet shaft bearing damage features can 
also be simply expressed in terms of the above imaginary 
shaft as:

Roller damage feature frequency fRE:

 f
D
d

d
D

d
D

fRE PLTr= −





+



2

1 1cos cosα α  (5)
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Fig. 1 Planetary stage gear sets
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Inner race damage feature frequency fBPFI:

 f
n d

D
fBPFI PLTr= +



2

1 cosα  (6)

Outer race damage feature frequency fBPFO:
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2

1 cosα  (7)

Fundamental train damage feature frequency fFTF:
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1
2

1 1cos cosθ θ  (8)

The planet gear and bearing damage features (except the 
damage feature of the roller frame) are intuitive in terms 
of planet imaginary shaft. It is worth noting that the accel-
eration sensor is often placed in a stationary position of 
the gearbox housing, so the damage response of the planet 
bearing and the planet gear will be modulated by the speed 
of planet carrier fc  and its harmonics.

1.2 Synchronous resampling w.r.t. an 
arbitrary shaft

In industrial applications, often there is no direct access 
to the shaft of interest. Therefore, direct synchronous 
sampling is not feasible. For example, in fault diagnosis 
of differential bearings, the fault characteristic frequency 
is proportional to the speed difference between the inner 
race and the outer race. It is not physically feasible to have 
a device that can directly collect this kind of speed differ-
ence. Similarly, in a wind turbine gearbox, not all shaft 
speed information can be obtained through direct data 
acquisition. However, when the speed of the high-speed 
shaft (output shaft) or low-speed shaft (input shaft) is 
known, the speed profile of any shaft inside the gearbox 
can be obtained by the kinematic relationship of the gear-
box. A method of synchronous sampling w.r.t. the arbitrary 
shaft described in this article is carried out in a digital 
domain. The acceleration response is simultaneously sam-
pled with the accessible shaft speed, then the acceleration 
signal is resampled with respect to an arbitrary shaft cir-
cumferential angles.

The data processing procedure is shown in Fig. 2 and 
each step is explained as follows:

(1) Equal time discretization. It is assumed that the equal 
time interval discrete-time histories of the vibration 
signal and shaft speed are obtained. The speed rela-
tionship between the sampled shaft and any physical 
or imaginary shaft of the gearbox can be obtained 
from the given kinematic relations.

(2) Numerical integration. The time function of the rela-
tive rotation angle of the shaft is obtained from the 

integration: θ ω τ τt d
t

( ) = ( )∫
0

, where ω is the shaft speed 

in circular frequency and θ  is the relative rotation of 
the shaft, which usually sets zero at time zero.

(3) Period identification. In the shaft angle time function, 
as shown in Fig. 3, identify the relative time positions 
of full cycles of shaft rotation, marked as ti. Note that 
when the shaft is running at a speed that is not uni-
form, the period of the shaft is not constant, that is, 
T t ti i i= − −1 is not a constant.

(4) Synchronous sampling clock formulation. Once the time 
positions of full cycles are determined, the syn-
chronous sampling clock can also be generated by a 
numerical method. For example, for a given shaft cycle, 
the synchronous sampling clock can be determined 
according to the shaft speed condition at that moment: 
if the change of the shaft speed is small, the method 
of constant interpolation can be applied, that is, that 
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Fig. 2 Data processing flow chart
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the sampling clock within this period is uniform; if the 
shaft speed changes significantly, the sampling clock 
can be interpolated by using the speed information of 
the previous period and the following period.

(5) Synchronous resampling. The equal time discretized 
vibration response is resampled with the sampled 
clock formulated in step 4 to obtain the shaft-cycle 
synchronous waveform. In order to avoid sampling 
aliasing, an appropriate low-pass filtering should be 
applied before resampling.

(6) Synchronous averaging and synchronous analysis. 
Synchronous averaging and synchronous analysis 
techniques are applied in this step to the resampled 
signal to enhance the damage signatures of the bear-
ings and gears associated with the specified shaft.

2 Wind farm applications
The three-stage gearbox is a typical design of multi-
stage gears used in current wind turbines. Fig.  4 shows 
a diagram of a three-stage gearbox with two planetary 
gears and one parallel gear. All the field cases used in 
this article are of this type of gearbox. All sensor chan-
nels are simultaneously digitized at 51.2-kHz sampling 
rate. The analog-to-digital (A/D) conversion resolution is 
24-bit. Each segment of data acquisition time length is 60 
seconds.

2.1 Ring gear tooth damage detection

In the first case, a wind turbine gearbox has been in ser-
vice for several years and the annual borescope inspec-
tion revealed several problems. The critical damages 
include severe pitting and spalling of the ring gear tooth 
surface from the first and the second planetary stages 
(see Figs 5 and 6).

As mentioned above, using conventional time-domain 
analysis and spectral analysis, it is difficult to identify the 
ring gear tooth damage in the first planetary stage and 
the second planetary stage. The main reason is that the 
damaged parts are located in the low-speed section of the 
gearbox. Thus the vibration signal induced by the fault 
component is small in amplitude and the frequency con-
tents of the damage response signal are mixed with that of 
the gearbox operational response. In addition, a long data 
acquisition time is required to obtain sufficient frequency 
resolution for the analysis of low-speed signals. The vari-
able speed operation of the wind turbine will inevitably 
lead to frequency dispersion in spectral analysis, thus 
further increasing the difficulty for such damage feature 
extractions.

Fig. 7 shows the time history of the HSS speed within 
1 minute when the turbine is operated at near the 
rated power speed. The HSS speed has about 2-Hz vari-
ation during this 60-second time span. Although the 
HSS speed variation is relatively small, the frequency 
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dispersion caused by this speed variation can be severe. 
For example, if the vibration data are analyzed by a con-
ventional spectrum analysis method, as seen in Fig. 8, it 
is difficult to determine the position of the meshing fre-
quencies in the figure due to the speed variation. Fig. 9 
shows a zoomed view of the spectrum in the frequency 
range of 0–400 Hz. According to the gearbox kinematics, 
in this frequency range, it should include the meshing 
frequency of the second planetary stage (rated at 154 Hz) 
and its harmonics (~300 Hz). However, these meshing 

frequencies have been severely dispersed due to changes 
in the shaft speed. The modulation sideband, which is an 
indicator of gear damage information, is unable to iden-
tify damage in Fig. 9.

Similarly, in the zoomed spectrum with a frequency 
range of 0–120 Hz (Fig. 10), the frequency spectrum should 
contain the meshing frequency of the first planetary stage 
(rated at about 29 Hz) and their harmonics. Another set 
of frequencies is the HSS speed (rated at 30 Hz) and its 
harmonics. Although the degree of dispersion of the first 

Fig. 6 Ring gear tooth pitting and spalling from the second planetary stage
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Fig. 5 Ring gear tooth pitting and spalling from the first planetary stage
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planetary stage is lower, it is still difficult to identify the 
ring gear tooth damage directly by spectrum analysis 
because the damage indicator frequency, or the modula-
tion sideband frequency, at this stage is also lower (0.3 and 
0.9 Hz).

Using arbitrary shaft synchronous sampling and the 
synchronization analysis technology described above, the 
acquired vibration signal is first converted into the second 
planetary stage carrier shaft synchronous waveform. The 
TSA technique is then applied to the shaft synchronous 
waveform to enhance the damage signature; the results 
are shown in Fig.  11. Since the meshing frequency of the 
second planetary gear stage is relatively low, it is necessary 
to filter out the high-frequency components, such as the 
meshing frequencies and harmonics of high-speed parallel 
gears, before implementing the TSA technique. The impact 
response pattern shown in Fig. 11 is a typical single damage 
to the ring teeth of a planetary gear stage with three planet 
gears. There are three impulse responses in each planet car-
rier shaft cycle. The three pulses per cycle correspond to the 
fact that within a planet carrier shaft cycle, each planet will 
be meshing with the ring gear teeth damage once. The TSA 
results are best expressed in a circular plot where the ring 
damage phenomenon can be better visualized. As shown 
in Fig.  12, the number marked on the circumference rep-
resents the angle of rotation of the second- stage planet 
carrier shaft and the waveform is the vibration response of 
the TSA result. When the second-stage planet carrier shaft 
rotates 30° from a reference point, the ring tooth damage 
is meshing with the first planet gear. The meshing mis-
match caused by the ring gear tooth damage induced the 
first group of impulsive vibration responses. When the car-
rier shaft continued to rotate to 120°, the second planet 
gear was meshing with the ring tooth damage, resulting in 
a second impulsive response at 150° due to meshing mis-
matches. Finally, when the third planet gear is engaged with 
the ring gear tooth damage, the resulting additional vibra-
tion is displayed at 270°.

The ring teeth damage identification of the first-stage 
planetary gear is more difficult than that of the second stage, 
because the gear meshing frequency and modulation fre-
quency of the first stage are lower. The algorithms developed 
in the NiceCMS make it still feasible for successful damage 
detection. The original signal is first passed through a low-
pass filter to filter out the high-frequency operation response 
such as the second-stage gear meshing response and the 
HSS-stage gear meshing response. The signal is then con-
verted into the first-stage carrier shaft (or the low-speed 
shaft, LSS) synchronous resampling. Finally, the TSA tech-
nique is applied to the synchronously sampled data and the 
results are shown in Fig. 13. As seen in Fig. 13, the obtained 
LSS synchronous response is similar to the results from the 
previous case of the second-stage planetary gear with ring 
gear tooth damage. The gear meshing response waveform in 
the LSS cycle domain is modulated by one-third of the LSS 
cycle. The envelope spectrum analysis of the TSA waveform 
revealed a strong third order of the LSS, which further verified 
the ring tooth damage in the first planetary stage (Fig. 14).
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2.2 First-stage planet gear damage detection

In this case, an annual borescope examination of a wind 
turbine gearbox identified planet gear damages at the first 
planetary gear stage as shown in Fig. 15.

The detection of planet gear damage and planet gear 
bearing damage in the first planetary gear stage of a wind 
turbine drivetrain is a difficult problem in vibration-based 
condition monitoring, because the shaft speed of the 
planet is low and the vibration transmission path from the 
planet to the casing-mounted accelerometer is long and 
complex. In addition, the complexity of the kinematic rela-
tionship in the planet increased the difficulty of damage 
detection. For example, in a gearbox as shown in Fig. 4, at 
the rated power speed, the absolute speed of planet gear 
is less than 0.5 Hz. The planet gear engages with the ring 
gear and the sun gear simultaneously and revolves with 
the planet shaft, thus the transmission path of damage-
induced vibration is some distance from the stationary 
vibration sensor. The rotation of a planet gear includes 
the rotation along with the planet carrier frame and the 

relative rotation of the planet gear with respect to the 
planet carrier frame.

Using the NiceCMS, data acquisition and data analysis 
were carried out with the same sensor configuration and 
data acquisition parameters as described in Section 2.1. 
The HSS speed is identified from the speed sensor signal 
and is shown in Fig. 16. The HSS speed is very close to the 
rated-power speed of 30 Hz. In order to detect this kind 
of damage effectively, the concept of the imaginary shaft, 
PLTr1 , is introduced for the first planetary gear stage. The 
definition of this imaginary shaft speed, fPLTr1, is similar to 
what is described in Eq. (3).

Fig.  17 shows the results of the TSA analysis w.r.t. the 
imaginary shaft PLTr1 . As can be seen, there are two sets 
of impulsive vibration responses within each rotation of the 
imaginary shaft, which is aligned with the characteristics of 
planet gear damage described in Section 1.1; that is, under the 
imaginary shaft concept, after each imaginary shaft cycle the 
planet gear damage meshes with the ring gear and the sun 
gear once. In Fig. 18, which is the envelope order spectrum of 
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Fig. 17, the second harmonic of the imaginary shaft response 
is the dominating response component, also indicating the 
planet damage meshing phenomenon described above.

Fig. 19 is the order spectrum of the TSA analysis w.r.t. 
the imaginary shaft PLTr1 . The meshing frequency of the 
first planetary gear stage in terms of the imaginary shaft 

order is 39 for the gearbox analysis. The gear meshing fun-
damental order (39) and its harmonics (e.g. 78, 117)  can 
be clearly identified in the figure. Near those gear mesh-
ing order and harmonics, there are a series of sidebands 
with two order of the imaginary shaft. This means that the 
planetary gear meshing vibration is modulated twice by 
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the imaginary shaft. This phenomenon is also in accord-
ance with the characteristics of planetary gear damage.

2.3 Main bearing damage detection

In the third case, the annual inspection of a wind turbine 
drivetrain found a serious failure. In order to verify the reli-
ability of NiceCMS, the inspection report was not shared 
in advance with the fault detection engineer. Sensor con-
figuration and data acquisition parameters are similar to 
the previous two cases. Due to weather conditions, during 
the data acquisition, the wind turbine does not reach the 
rated-power speed. The HSS speed is identified from the 
collected data and is shown in Fig. 20.

One of the damages identified by using the NiceCMS 
was the main bearing damage. Fig.  21 shows the main 
shaft (or LSS) cycle domain synchronous signal after the 
high-frequency components are suppressed by the low-
pass filtering. The figure illustrates a series of impulsive 

responses modulated by the main shaft cycle. A rough esti-
mate of the pulse period is about 0.063 of the main shaft 
cycle, or 1/0.063≅15.87 main shaft order. The order spec-
trum analysis of the envelope of the LSS synchronously 
sampled signal (Fig.  22) shows that the impulsive vibra-
tion has 15.57 LSS order and its high-order harmonics. 
The sidebands around those responses indicate the exist-
ence of the LSS shaft modulation phenomenon. Combined 
with the results of Figs 21 and 22, it can be concluded that 
the inner race of the main shaft bearing is damaged. This 
conclusion was later verified by the borescope inspection 
report, as shown in Fig. 23.

It is worth noting that the fault diagnosis of the main 
bearing using acceleration response is traditionally difficult 
to achieve. It usually cannot be identified by the conven-
tional fault diagnosis method used in higher speed shaft 
bearings. As in the gearbox examples used in this article, 
even at rated power, the main shaft speed is less than 0.3 
Hz. When the bearing rolling element is in contact with the 
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bearing damage, the speeds of the roller roll-in and roll-
out of the damaged zone are very small, thus the impulsive 
excitation time pulse is wide. Therefore, the main bearing 
damage is not likely to excite any responses with frequency 
contents exceeding the gearbox higher speed shaft-related 
operational responses, such as the second-stage planetary 
gear meshing frequency response and the third-stage par-
allel gear meshing frequency response. Moreover, accel-
erometers are naturally less sensitive at low frequencies; 
hence in the conventional time-domain (Fig.  24) and the 
frequency domain (Fig. 25), it is hard to find a trace of the 
main bearing damage signatures. In the NiceCMS main 
bearing damage analysis, several signal processing tech-
niques were used, such as synchronous resampling, high-
frequency component suppression and synchronous 
analysis. Using these techniques enhances the bearing 
damage signal-to-noise ratio and resolves the frequency 
dispersion due to speed variation. Therefore it effectively 
improves the main bearing damage detection success rate.

3 Conclusions
Condition monitoring for a wind turbine drivetrain, espe-
cially for a wind turbine with a double-fed induction gen-
erator, is significantly different from that for conventional 

rotating machinery. The key differences are that, in wind 
turbines, the frequency span of interest is large, the opera-
tional speed is not controlled, the low-speed components 
are subjected to high mechanical loadings and the design 
becomes more variable and complicated in kinematics. 
Due to these characteristics, direct use of conventional 
rotating machinery fault detection methods often cannot 
achieve the intended results. Data processing techniques 
developed for wind turbine characteristics—gearbox kine-
matics automatic integration, arbitrary shaft synchronous 
resampling, arbitrary shaft synchronous averaging and 
synchronous analysis, imaginary shaft concept, differen-
tial bearing analysis, selective frequency component sup-
pression etc.—have effectively improved the accuracy and 
precision of wind turbine condition monitoring, in par-
ticular, for those components associated with low-speed 
shafts.

The portable rotating machinery CMS is widely 
used for conventional rotating machinery, but it is not 
as widely used in wind turbines, for the reasons listed 
above. Consequently, the borescope is used for annual 
inspection of many wind farms. Borescope inspection 
has the advantage of intuitive visualization. However, 
in a wind turbine gearbox, many rotating parts are not 
directly accessible by borescope probes. The continuous 

Fig. 23 Main bearing inner race spalling
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improvement of vibration-based analysis and detection 
technology could provide an alternative to borescope 
inspections.

To fully replace borescope inspection with vibration-
based CMS, more field case studies with drivetrain anoma-
lies must be identified. Vibration data from the field cases 
need to be collected and analyzed by the NiceCMS with a 
comparison made with analysis results from other meth-
ods used to assess anomalies, such as borescope inspec-
tion or drivetrain disassembly inspection. Data processing 
algorithm improvements could be designed and validated 
to reduce the discrepancies between the vibration analysis 
and the inspection results. By undertaking this research, 
the wind turbine fault detection system based on vibration 
analysis is expected to be further improved. In the future it 
could potentially replace the borescope inspection system 
and provide more comprehensive and accurate condition 
monitoring for wind turbines.
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Abstract
This article discusses the market potential estimation results at different stages of second-generation oxy-fuel 
technology for carbon capture and storage, where oxygen content is increased in order to increase efficiency 
and product life cycle. The article highlights the challenges to commercializing an energy technology with long 
development lead times. Challenges related to external market environment, regulations and market price for 
carbon dioxide (CO2) also need to be resolved. The study is based on a second-generation oxy-CFB technology 
evaluation, SWOT analysis and product life-cycle estimation. The commercialization of second-generation 
oxy-fuel technology, estimated as a basis of oxy-CFB technology, is largely found to be dependent on technical, 
sociological and economical aspects related to the energy market environment. The CO2 price in European Union 
(EU) emissions trading is currently below 10 €/ton, which does not favour investment in CCS. CO2 storage also 
faces public opposition and EU directive limitations. The CO2 price needs to be in the range of 30 €/ton by 2030, 
the estimated time of commercialization. Technological development or subsidies would also be required for 
the second-generation oxy-CFB power production concept to become viable. This is one of the critical factors 
in market deployment as the price development is influenced by several external factors, including the EU’s 
environmental policy, politics and public acceptance.

Key words: Second generation oxyfuel technology; market deployment; CFB technology; tackling boundary of CCS 

Introduction
Carbon capture and storage (CCS) technologies have been 
developed as a solution for CO2 mitigation from solid fuel 
combustion plants. CO2 capture technologies are tech-
nically available, but are costly and contribute to around 
70–80% of the total cost of a full CCS system including 
capture, transport and storage [1]. Therefore, significant 
research and development (R&D) efforts are focused on 

reducing the operating costs and energy penalty with the 
three main CO2 capture systems: post-combustion, pre-
combustion and oxy-fuel combustion [2]. Considered one 
of the leading technologies for capturing CO2 from power 
plants with CCS, oxy-fuel combustion involves the process 
of burning the fuel with a mixture of nearly pure oxygen 
and recycled flue gas instead of air [3]. However, the energy 
penalty associated mostly with additional auxiliary power 
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of the gas systems (air separation unit [ASU], carbon pro-
cessing unit [CPU]) is one of the main drawbacks inhibiting 
oxy-fuel CCS technology deployment [4]. Further develop-
ments of ASU technologies are not discussed here.

This article estimates the market potential in different 
stages of the life cycle of an oxy-fuel circulating fluidized 
bed (hereinafter oxy-CFB) power plant, focusing mainly on 
oxy-CFB second-generation (2G) technology, and is based 
on research from the EU’s Seventh Framework Programme 
project: Optimisation of Oxygen-based CFBC Technology 
with CO2 Capture (O2GEN). The study presents a new tech-
nical 2G oxy-fuel boiler concept, recognizing that some 
technical risks still exist in oxy-fuel technology. The first-
generation (1G) oxy-fuel technology is technically feasible 
and ready for large-scale demonstration [5]. However, in 
Spain the outcome of the Final Investment Decision (FID) 
process carried out for 1G technology in 2013 was nega-
tive, due to factors such as its economic feasibility, over-
capacity in Spain’s electricity generation and regulatory 
issues [5]. The aim of this study is to demonstrate that, 
despite progress in technology development, the situation 
would be similar for 2G technology, primarily due to the 
lack of changes in external market conditions, the regula-
tory environment and general public acceptance. The study 
introduces 2G oxy-CFB technology, compares it to existing 
1G technology, provides an estimate of the boundaries for 
commercialization of 2G technology and how they differ 
from 1G technology and further clarifies the factors hinder-
ing commercialization of 2G oxy-fuel technology for CCS.

The large-scale application of CCS in combination with 
increased energy efficiency is recognized as a key miti-
gation option to reduce CO2 emissions in the short term 
[3]. Future power systems would also require large shares 
of low-carbon generators such as renewables and power 
plants with CCS to keep global warming below 2°C [6]. 
CCS facilities coupled with energy-efficient power plants 
would provide a climate change mitigation strategy that 
potentially permits the continued use of fossil fuels whilst 
reducing CO2 emissions. This process involves three basic 
stages: capture and compression of CO2 from power sta-
tions, transport of CO2 and storage away from the atmos-
phere for hundreds to thousands of years [7].

Retrofitting a power plant for carbon capture, how-
ever, increases the unit power cost due both to parasitic 
power losses and to as capital outlays for additional pro-
cess equipment [8]. CCS technologies may play a major 
role in reaching ambitious emissions reduction targets, 
presupposing that the remaining technical challenges 
are successfully solved and that future costs will fall in 
line with current projections of CO2 price reaching 30 €/
ton in the long run [9]. Open questions remain as to 
what extent the technology-neutral abatement policies 
(e.g. carbon taxes or tradable quotas) will be sufficient 
to encourage widespread deployment of CCS. Based on 
a broad review of CCS cost projections and using the 
detailed multi-market model of the European energy 
market, a tax of 26  €/ton of CO2 would be sufficient to 

make CCS the profit-maximizing choice for all new coal 
plants, although installing CCS in existing plants would 
remain unprofitable [10]. According to recent studies, 
CCS integration in older power plants can be profitable if 
the price of allowances can reach values exceeding 50 €/
ton [11]. The expansion of renewable energy, improved 
energy productivity and combined heat and power could 
limit the demand for CCS power plants [12].

CCS is also seen as an effective way to reduce future 
emissions outside Europe, for example in China where 
the government is supporting R&D of CCS technologies. 
Promoting CCS technology adoption will still require the 
relevant departments to coordinate and strengthen eco-
nomic and policy support [13]. In the industrial sector, CCS 
is the only technology that can reduce emissions from 
steel production, gas processing, oil refining, paper and 
pulp and cement production. One major benefit of using 
CCS technology is with biomass. CCS could become ‘CO2 
negative’ and extract CO2 from the atmosphere—the only 
technology that can achieve this [14].

Potentially, oxy-fuel combustion—the fuel is burned 
with an oxidant that consists of nearly pure oxygen and 
recycled flue gas [15]—is one of the leading technologies 
for capturing CO2 at power plants with CCS. There are, 
however, several environmental policy issues to consider.

One concern is whether the large-scale use of CCS is 
consistent with the existing EU and international legal 
frameworks established to address climate change and 
environmental pollution [16]. No single international 
regulatory framework exists that would be applicable for 
CCS to serve the purpose of greenhouse gas mitigation 
[17]. It is also not fully clear whether CCS activities fall 
within or outside the scope of the defined regulatory ter-
minologies, and thus inside or outside the national and 
international regulations. This creates regulatory uncer-
tainty for entities undertaking, or wishing to consider, 
using CCS [16].

As with all CCS technologies in Europe, 2G oxy-fuel com-
bustion is directly subject to, or affected by, the European 
Commission’s Emission Trading Directive (2009/29/EC) and 
CCS Directive (2009/31/EC) on the geological storage of car-
bon dioxide. The legal situation is driven largely by pub-
lic acceptance issues, mainly the NIMBY (‘not in my back 
yard’) syndrome defined in the Oxford English Dictionary as 
‘‘an attitude ascribed to persons who object to the siting 
of something they regard as detrimental or hazardous in 
their own neighbourhood, while by implication raising no 
such objections to similar developments elsewhere’’ [18]. 
Attitudes on CCS are currently based on concepts and 
perceptions instead of actual past events, which makes 
development of CCS projects challenging [19]. An example 
of a CCS project that was abandoned due to public pres-
sure is the Barendrecht onshore storage site project in 
the Netherlands. Initially delayed due to increasing local 
opposition, it was eventually cancelled due to lack of com-
munication between the project developers and commu-
nity stakeholders [20].
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The CO2 price in EU emissions trading is as of this writ-
ing trading at 5–10 €/ton, too low to incentivize the devel-
opment of CCS. The development of CCS depends on other 
support mechanisms, such as government support. This 
may enable the power plant cost economics of CCS to con-
verge with the long-term estimates of the carbon price, 
mid case estimated to be above 30 €/ton by 2030 [21].

Several market condition factors influence the deploy-
ment of products based on 2G oxy-fuel technology, 
including coal utilization, CO2 price and regulatory devel-
opments. Coal is abundant and its supply is secure; never-
theless, the future use of coal is constrained by measures 
to reduce pollution and CO2 emissions [22]. According to 
the International Energy Agency (IEA), global coal demand 
is estimated to grow by 15% by 2040 with almost two-thirds 
of the increase occurring over the next 10 years. A differ-
ent investment landscape is needed for the world to move 
on to a path to limit the climate warming to within the 
desired 2°C target and scenario projections for CO2 miti-
gation. Without CCS technologies that target is unlikely to 
be met [22].

Public acceptance of CCS technologies is important for 
their successful introduction into society [23]. Although 
many potential CO2 storage sites are available, the pos-
sibility of CO2 leaking from the sites has influenced pub-
lic opinion toward the technology. Correct geological 
characterization and selection of storage sites mean the 
likelihood of a sudden escape of all CO2 stored in an under-
ground reservoir is minimal [24]. Techno-economic aspects 
favour CCS technology market deployment on a large scale 
for near zero CO2 power production in the medium term 
(10–20 years). However, public opposition has limited CCS 
market deployment and delayed construction of commer-
cial size demonstration plants [25]. This delay is strongly 
linked to public acceptance and also to political decision-
making issues.

Information has been made available and communica-
tion about CCS technologies has occurred throughout the 
history of their development, beginning in early 2000 [26]. In 
recent years studies on public perceptions of CCS together 
with efforts to translate such knowledge into toolkits for 
public engagement and communication have been devel-
oped. However, both literature and toolkits have paid lim-
ited attention to the organizational dynamics and views 
of project implementers with regard to public engagement 
[27]. Improved understanding of the global capacity and 
applicability of CCS can potentially strengthen global trust, 
awareness and public confidence in CCS [28]. A US-based 
study found that both CCS and biomass are perceived 
generally as beneficial for energy development by the 
news media, but they are not often mentioned in com-
bination. Feldpausch-Parker et al [29]. consider their com-
bination as valuable for climate change mitigation and as 
an alternative to fossil fuels. There exist earlier examples 
of failed technology commercialization, such as pressur-
ized combustion, and in consumer products Segway [30], 

which indicate that social/consumer acceptance is often a 
decisive factor for successful implementation of new tech-
nologies. The general public acceptance of CCS technology 
is essential for its early adoption [26].

The research discussed here is based on evaluation of 
both technological and commercial aspects of second-gen-
eration oxyfuel technology that was created by Sumitomo 
SHI FW and its project partners during the O2GEN project. 
The study undertook a literature review on the general 
technology features, market and legislation status. The 
oxy-CFB technology development and commercialization 
roadmaps were created based on both planned and oper-
ational smaller scale demonstration plants. To create the 
2G concept, the basic general design principles and tools 
of the energy industry were used. The general CCS tech-
nology evaluation was summarized with the aid of pro-
ject partner Endesa and is based on a questionnaire sent 
to project partners during the O2GEN project. Table 1 lists 
the parameters used for the technical evaluation based 
on a comparison of 2G oxy-fuel design details with exist-
ing boiler designs. The potential of oxy-fuel technology in 
CO2 abatement is based on power plant case studies with 
extrapolations to include biomass shares. Furnace scale-
up of the 1G and 2G technology is based on both exist-
ing and calculated furnace designs: Case 1 is based on 
the existing CIUDEN demonstration plant furnace, Case 2 
on the Compostilla Flexi-Burn® 300-MWe design (not yet 
built), Case 3 on the operating supercritical Łagisza plant, 
all of which are compared to Case 4, a conceptual 600-MWe 
2G oxy-fuel design.

The 2G oxy-fuel furnace design developed by the 
O2GEN participants assumed that the 2G oxy-CFB would 
not require any significant furnace scale-up. The presented 
commercial market deployment estimates includes life-
cycle estimates, which are directional, and are based on 
assumptions of some key events, such as the first com-
mercial-scale demo going online. No exact values were 
used as the basis of this estimate. Product life-cycle esti-
mations are drawn to illustrate potential references for the 
life cycle, and finally an estimation of the revenue stream. 
The SWOT (strengths, weaknesses, opportunities, threats) 
analysis is made by summarizing key points from technol-
ogy estimations and the market environment, thus utiliz-
ing both based on results from the O2GEN project and the 
literature.

1 Challenges in commercialization of 2G 
oxy-fuel technology
The focus of 2G oxy-fuel CFB technology research efforts 
in Europe has been in organizations such as VTT and 
Lappeenranta University of Technology in Finland and 
CIRCE in Spain. In 2G technology the oxygen content in 
the combustion is higher and the furnace size smaller, 
which results in potential cost savings. This section will 
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discuss the challenges in technology market deployment 
by presenting the 2G oxy-fuel CFB technology concept and 
estimating its commercialization potential by using the 
technical concept evaluation, SWOT analysis, life-cycle 
estimation and revenue analysis. All the results are based 
on the technology development work and market poten-
tial analysis in the O2GEN project.

The general technical concept evaluation for 1G and 2G 
oxy-fuel technology was summarized during the project 
by Endesa [4]. The main technical advantage of the tech-
nology identified is environmental sustainability. The tech-
nology also reduces CO2, as well as significantly reducing 
SOx and NOx pollutants. Other benefits include better fuel 
flexibility, avoidance of the introduction of new chemicals 
in the plant and higher efficiency compared with other 
CCS alternatives. The technology is competitive (e.g. sev-
eral companies can provide the ASU unit).

The drawbacks and limitations include the high CAPEX 
(capital expenditure) required for deployment of the tech-
nology in the current market. Other, less capital-intensive 
options can be more attractive. Investment in the infra-
structure is also lacking. With other economic issues in 
Europe, such as the weakened investment environment 
due to the general long downturn in the economy, the 
deployment of CCS is likely to be limited. Other limiting 
factors include developed countries’ renewable energy tar-
gets, lower power loads and focusing on technologies with 
more efficiency.

Most of the limitations for deployment of the tech-
nology relate to external CCS development conditions 
and economic constraints. In contrast, most of the 

tecnology’s strong features come from the technical 
advantages of using oxy-CFB compared to other low-CO2 
generation solutions.

Fig. 1 depicts the extensive development of 1G and 2G 
oxy-CFB technologies during the last seven years.

Extensive research efforts were carried out to develop 
the 1G (Flexi-Burn® CFB) oxy-CFB boiler during 2009–2013. 
In 2G development for higher oxygen conditions and opti-
mized power plant cycle, pilot tests have been conducted, 
resulting in preliminary data and process performance 
predictions for the conceptual design and development 
of a 600-MWe high-oxygen CFB. The roadmap for devel-
opment of a 2G commercial oxy-CFB power plant is pre-
sented in Fig. 2.

In the roadmap for oxy-CFB commercialization (Fig. 2), 
a crucial question is how realistic is the target of commer-
cialization by 2020. If this does not take place, technology 
development will likely gradually decrease, resulting in 
sunk costs for developers and the EU.

Oxy-fuel technology enables capturing and seques-
trating CO2 during solid fuel power generation, while pro-
viding benefits in terms of emission reductions and less 
use of chemicals in comparison with pre-combustion or 
post-combustion capture. Fig. 3 presents the potential of 
1G oxy-fuel technology in CO2 abatement. The 2G oxy-fuel 
technology is currently under development; its CO2 abate-
ment profile is similar to the 1G, with the main benefit 
being an estimated lower CAPEX.

The data are based on different power plant case stud-
ies and include the typical CO2 emissions based on fuel use 
and plant efficiency for different combustion technologies. 

Table 1 Furnace scale-up of 1G and 2G technology

Parameter Unit 1) CIUDEN
2) OXY-CFB-300  
Flexi-Burn CFB

3) Lagisza  
460 MWe, gr.

4) 600-MWe  
High-O2 CFB

Furnace dimensions
 Height m 20 37 48 52
 Width m 2,9 28 27,6 29,7
 Depth m 1,7 7 10,6 9,5
Number of separators - 1 4 8 6
Thermal powera

 Oxy mode (max.) MW 30 708 -- 1439
 Air mode MW 14,5 647 966 --
Steam parametersb

 SH steam flow t/h 47,5 845 1300 1919
 SH steam temperature °C 250c 600 560 600
 SH steam pressure bar 30 279 275 257
 RH steam flow t/h -- 745 1101 1633
 RH steam 

temperature
°C -- 601 580 607

 RH steam pressure bar -- 56,5 50,3 52
 Feedwater 

temperature
°C 170 290 290 298

Notes:
aAt CIUDEN fuel input; in others heat to steam
bSteam parameters in Lagisza at turbine inlet
cAfter spraying
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The average European plants use old pulverized coal boil-
ers with low efficiency. If an average European coal-fired 
power plant with an approximate efficiency of 30% is 
replaced with a modern supercritical CFB power plant that 
has an efficiency of 45%, using carbon-neutral fuels such 
as biomass, a 21% decrease is achieved. Furthermore, if 
20% biomass fuel is added to combustion then a 37% CO2 
decrease can be achieved. When applying CCS technology, 
a 91% decrease in CO2 emissions is achievable, resulting in 
a near carbon-neutral power plant. The most interesting 
case for legislators, however, is if 20% biomass is added as 

fuel for combustion. The plant’s carbon balance would be 
negative and the plant could be considered a carbon sink. 
However, legislation does not currently allow for this sce-
nario. The creation of a carbon sink is also a possible future 
revenue stream for 2G oxy-fuel technology. The biomass 
CO2 reduction potential is also subject to biomass avail-
ability and the global pellet market development.

Table 1 and Fig. 4 describe the furnace scale-up for 1G 
and 2G furnace designs, respectively. Note that the furnace 
size in 2G technology is not significantly scaled up from 
the Łagisza furnace.

FLEXIBURN CFB

0, 1MWt 1MWt
CIUDEN
20MW

CIUDEN
30MW

FIRST GENERATION

2008 2010 2012 2013 2014 2015

SECOND GENERATION

The Compotilla Project

Fig. 1 Oxy-CFB technology development (reprinted with permission of Sánchez-Biezma [31])
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Fig. 2 Roadmap of oxy-CFB commercialization (reprinted with permission of IEAGHG [24])
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Table 1 describes the technical parameters of 1G and 2G 
technology with a comparison of the physical dimensions, 
especially furnace size scale-up. This is achieved using the 
following case study examples: 1) CIUDEN pilot plant, 2) 1G 
300-MWe Flexi-Burn® oxy-CFB and 4)  2G 600-MWe high-
oxygen CFB. They are compared to the 3) air-fired super-
critical 460-MWe Łagisza plant. The main conclusion from 
this comparison is that the dimensions of 1G technology 
do not include any scale-up compared to Łagisza, and in 
2G technology the scale-up is only minor compared to the 
dimensions in the Łagisza plant.

The O2GEN project (2012–2015) provided the platform 
for continuing the development of 2G oxy-CFB technol-
ogy for high-oxygen conditions. To provide the necessary 
process data for developing the models and design tools, 
tests were carried out on different scales, including bench, 
pilot and demonstration. The data and the models were 
used to predict the boiler performance. Simulation tools 
were used to optimize the boiler concept and integrate it 
with other systems at plant level. The viable concept of 

an oxy-CFB boiler was achieved, but to increase indus-
try interest in CCS and facilitate the economic feasibility 
of the processes, the energy penalty must be reduced as 
much as possible. One way forward is a 2G oxy-fuel CFB 
power plant that aims at using a high oxygen concentra-
tion in the boiler (up to 40% vol.) to increase its efficiency 
[4]. The combination of both technologies, high oxygen 
level and CFB, increases the heat integration possibilities 
between subsystems and the use of new heater network 
design arrangements [4].

In O2GEN, significant progress was achieved in plant 
integration, the final CFB oxy-fuel power plant concept 
was modelled and the energy penalty was reduced from 
10.5 to 7.3 efficiency points. The new power plant layout 
avoids technical restrictions in the use of complex heat 
exchangers and facilitates the operational flexibility of the 
system. In addition, the new ASU configuration net power 
consumption was reduced by 23% in comparison to the 
reference configuration [4]. Table 2 summarizes the main 
optimization results for 2G oxy-fuel technology.

As a result of this development work, 2G technology 
has lower CAPEX and OPEX (operating expenditure) than 
1G technology. In the concept, the generated heat per vol-
ume (kW/m3) and the adiabatic combustion temperature 
increase, resulting in a relative decrease in furnace size 
dimensions. This would result in a slimmer furnace and 
heat recovery area design with less material and weight. 
Auxiliary power consumption is also less, backpass com-
ponents (ducts, backhouse etc.) are smaller and recycled 
gas is hotter due to less and simpler preheating of the oxi-
dant (Fig. 4). Efficiency of the concept is also higher. The 
overall exact benefit compared to 1G technology is difficult 
to estimate before the demonstration phase, but would be 
greater with an existing CO2 transport and storage infra-
structure, if this can be established for the 1G technology.

Based on the concept developed for the 2G oxy-fuel tech-
nology, the main technological risk involves the operational 
flexibility of 1G oxy-fuel combustion. The capability to prod-
uce power without CO2 capture in an economically viable 
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Fig. 4 Comparison of 1G (24% O2) and 2G (40% O2) oxy-fuel concepts.
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way may be lost due to different process configurations. As 
a result, the risk in 2G technology is greater than in the 1G 
concept. This is partially compensated by higher efficiency 
and assumption of a higher CO2 price when the 2G tech-
nology is deployed. Therefore, the main commercializa-
tion boundaries are not purely technical, although concept 
development is needed to bring down CAPEX and OPEX.

1.1 SWOT: product commercialization 
perspective

The SWOT analysis in Table  3 summarizes the factors 
related to 2G oxy-CFB technology commercialization, 
including those of the external market environment and 
technology development. External market factors are 
based on the literature and on information about poten-
tial substitute options. Note that because the most critical 
product commercialization factors are external, most of 
the factors in this SWOT apply also to 1G oxy-fuel technol-
ogy, as well as other CCS technologies.

The general strength of the 2G technology involves the 
strong global coal production base [22], which in the short-to-
medium term would favour its development. The substitute 
development in terms of renewables is also subject to some 
uncertainties. However, successful development in renew-
able energy storage technologies could slow down the alter-
native 2G CCS technology deployment. A key strength for CCS 
compared to renewables is its capability to produce power 
according to demand and its utilization of existing transmis-
sion and distribution networks. A key technical strength of 
2G oxy-fuel technology is reduction of the efficiency penalty.

The weaknesses are the uncertainty in CO2 price devel-
opment [9] and the regulatory framework development. 
All CCS technologies would require new infrastructure for 
CO2 transport and storage. In addition, oxy-fuel combus-
tion’s integrated process has not yet been demonstrated at 
a commercial scale [25].

The opportunities for technology commercialization are 
related to possible slowdowns in substitute deployment, 
mainly renewable energy, energy storage and nuclear 
fusion power development, (renewables + storage/nuclear 
fission/fusion development), accompanied by a high elec-
tricity consumption growth rate and increasing CO2 price. 
In the external market, these factors could result in accel-
erated demand for CCS.

The threats to technology commercialization include 
the continuation of public/legal opposition towards CO2 
end-storage, as public acceptance can influence regula-
tions. The lack of appropriate regulations favouring market 
deployment also could be an obstacle for CCS. Increasing 
the price of CO2—and better regulations—would improve 
competitiveness between different CCS technologies in 
different types of projects.

1.2 Product life-cycle estimation

Product life cycles were generated by estimating the time of 
commercialization of oxy-fuel technology using boundary 
conditions from the literature. Life cycles of both 1G and 2G 
oxy-CFB are subject to various uncertainties that relate to 
the external market conditions, namely CO2 price develop-
ment, development of substitutes (renewable + storage) and 

Table 2 Summary of changes between 1G and 2G oxy-fuel technologies

Change from 1G technology 2G technology

Efficiency penalty Reduced with plant integration by approximately 3 points.
Higher adiabatic combustion temperature Boiler furnace size decrease, less material, lower CAPEX
Loss in flexibility Loss of operational flexibility/air/oxy firing switching

Table 3 SWOT analysis, oxy-CFB for CCS

Strengths Weaknesses

• Strong global coal production base support [22]
•  Substitute development (renewables/fusion) is subject to 

uncertainties.
• Capability to produce power according to demand
• Utilization of existing transmission and distribution networks
• 2G oxy-fuel technology efficiency penalty reduction with CCS

• Uncertainties in CO2 price development [9]
•  Uncertainties in regulatory framework development
•  Requires new infrastructure for CO2 transport and 

storage
•  Oxy-fuel combustion and the integrated process 

have not been demonstrated at commercial scale 
[25]

Opportunities
•  Slowdowns in substitute deployment (renewable + transmission 

and storage/fusion development) accompanied by high electricity 
consumption growth rate and increasing CO2 price can result in 
accelerated demand for CCS

Threats
•  Public/legal opposition toward end-storage 

continues
•  Public opinion against CCS
•  Competitiveness of other CCS/CCU technologies in 

some applications
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the regulatory framework. The 1G plant concept is currently 
technically ready and waiting for a first commercial-scale 
demonstration plant to materialize; this will influence the 
further development of the 2G oxy-CFB concept (Fig. 5).

Fig. 5 depicts qualitatively the possible revenue poten-
tials of 1G and 2G oxy-fuel technologies. Due to the high level 
of uncertainty, this estimate is based on several assump-
tions in the commercialization timeline, as described in 
Fig. 5. If the 1G oxy-CFB demonstration project came online 
after 2020, together with favourable infrastructure, regula-
tory environment, market conditions and additional R&D, 
2G deployment could occur around 2030. Building on the 
efforts of 1G development, which took ~20 years, 2G devel-
opment would be faster, ~10 years, with smaller R&D costs 
and a much higher estimated cash flow—based on invest-
ments already made in CO2 transportation and storage 
infrastructure. In addition, there would be higher efficiency 
and power plant availability as a result of previous develop-
ment and testing activities. The estimated CO2 price at the 
time of commercialization would be ~30 €/ton.

Commercialization of the 2G oxy-CFB power plant at this 
stage is dependent on several external factors. However, 
it should be noted that product life-cycle estimations are 
highly uncertain, and subject to change over time.

1.3 Estimated revenue stream over life-cycle/
boundary conditions

Generally, it is difficult to estimate the revenue stream 
of commercializing technology, as commercialization is 
subject to many external factors and possible scenarios. 
These include factors such as CO2 price and legislation 
development.

Assuming CCS technology market deployment take 
place on a large scale, significant revenue potential would 
exist. However, without market deployment, the cost of 
investment in the research may be wasted. Considering 
the uncertainties, at this point it is not reasonable to 

calculate any monetary figures, as the variation of pos-
sible revenues is either negative or positive by several 
billion.

2 Conclusions
Market deployment of 2G oxy-CFB power plants appears 
to be affected mainly by external market conditions and 
the general level of public acceptance as was the first gen-
eration and other CCS technologies. Public acceptance is 
more challenging to address than are technical issues.

To promote the market deployment of 2G oxy-fuel tech-
nology, the following issues must be addressed:

• To enable 2G oxy-CFB technology to be commercially 
feasible, the CO2 price needs to rise above the level of 
30 €/ton. In Europe, this could be influenced by political 
EU decisions and by implementation of a policy modify-
ing the level of credits to be given/auctioned to EU ETS 
stakeholders.

• A robust regulatory environment for CCS should be cre-
ated to support underground storage of CO2. Currently 
a strong NIMBY syndrome exists toward CO2 under-
ground storage. This issue could be resolved through 
better engagement and consultation with public stake-
holders by political decision-makers and CCS project 
developers through better communication, information 
and education activities to better inform the public and 
environmental groups about the minimum risk around 
storing CO2.

• As to technology development, new innovations are 
needed to lower the price of oxy-fuel technology. There 
are currently practical limitations in boiler, material, 
and turbine technologies. Research and development 
is currently targeted at improvements in materials 
and turbines for commercial power plants. The R&D 
priority is not development toward a higher efficiency 
power plant solely for CCS purposes. New advanced 
boiler and turbine materials need to become commer-
cially available in order to achieve steam values over 
700°C for higher efficiency and better plant economy. 
These advancements are likely to be first implemented 
in conventional power plants, as they have wider mar-
ket potential in the short term, and are facing the same 
challenge in their progress toward higher energy effi-
ciency. The further development of oxygen production 
technology could lower the power plant CAPEX through 
the substitution of the conventional power consuming 
cryogenic air separation systems. The development of 
gas separation technologies such as membranes also 
could provide solutions for oxygen separation.

The managerial implications of this article relate mainly to 
the R&D decision-making process. Our results indicate that 
investments in CCS technology currently are unfavourable 
due to uncertainties in both the market and regulatory con-
ditions. This study also presents some potentially beneficial 
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Fig. 5 Life-cycle estimations for 1G and 2G oxy-CFB power plant.
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methods for evaluating market deployment of R&D invest-
ments. In addition, the difficulties of investing in long-term 
R&D projects that are subject to changes in market, legis-
lation, and technological development are highlighted. As 
a practical implication, this study emphasizes the need for 
more versatile methods for assessing the viability of long-
term R&D investment, ones that would consider changes in 
the market and legislation environment.

The results of this study are in line with previous stud-
ies reported by Stanger et  al. [15] and Brouwer et  al. [6] 
and provide some insights into development of 2G oxy-
fuel technology, providing an interesting new viewpoint 
of what currently is not a commercially feasible CCS con-
cept. This study agrees with Brouwer et  al. that 2G oxy-
fuel technology would provide means for large-scale CO2 
abatement. In addition to the technologies summarized 
by Stanger et al., this study further strengthens the CCS 
technology base, and provides some discussion on how to 
lower the plant CAPEX The next stage will require a com-
mercial-scale demonstration plant to verify conceptual 
designs and details related to plant operation.

The limitations of the study include both general 
uncertainties related to product commercialization time-
line estimations, market conditions and other external 
factors that are subject to change. The methods also used 
for product life-cycle estimation are not based on calcu-
lated figures, and are only hypothetical. The engineered 2G 
oxy-fuel concept would also need to be tested with a com-
mercial-scale demonstration plant to confirm certainty on 
several factors. In addition, future research should further 
investigate the technical concept development and the 
methods used to evaluate long-term R&D investments. If 
the market deployment of oxy-fuel technology does not 
advance, it could result in abandoning the technology, and 
create sunk costs for investors and developers, thus leav-
ing no room for further study.
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Corrigendum

Hydrogen station technology development review 
through patent analysis
Chengyu Wen and Guangli He

This is a correction notice for article zky006 (DOI: https://
doi.org/10.1093/ce/zky006), published on 10 May 2018. Due 
to an error, the images for figures 1, 2, and 3 were swapped 
over. These have now been corrected in the published 
article.
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Fig. 1 Tendency of patent activity in the area of hydrogen station
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Fig. 3 IPC (Top 15) analysis of patented technologies
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Fig. 2 Hydrogen station patent technology activity in priority countries
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