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Letter from Editors-in-Chief

Clean energy: A common goal for humanity
Preface to the inaugural issue of Clean Energy

Clean Energy - a new high-end academic journal - is launch-
ing with this issue.

The journal will include significant discoveries, as well 
as the latest developments and engineering practices relat-
ing to the global energy science, technology, and engineer-
ing sectors.

Energy is the basic material needed to guarantee the 
survival of society. Many countries give significant import-
ance to energy technology and have formulated relevant 
energy policies and technical development strategies 
based on their resource endowment and technical and 
economic development levels.

The history of social development and progress of every 
major civilization is accompanied by significant revolu-
tion of energy technologies. After experiencing the ‘fire-
wood energy age’ humans entered the ‘fossil energy age’ 
by burning coal, petrol and natural gas.

In the past century, fossil energy was the basis for tech-
nology development and the main source of energy for 
humanity. However, while we enjoy the high-quality life-
style brought about by fossil energy, it also brings a series 
of challenges such as resource depletion, environmental 
deterioration and climate change. The urgent require-
ments imposed by the dual constraints of meeting the 
global energy demand and responding to global climate 
change have created huge challenges for the energy indus-
try and humanity as a whole. The Paris Agreement passed 
on Dec. 12, 2015, was an international agreement under-
taken by governments to respond to global climate change. 
The development of our society demands clean energy and 
developing clean energy is our common choice.

Fossil energy will be the main energy source for the 
foreseeable future for many countries. We must provide 
technological solutions for the regional, ecological and 
environmental problems brought about by large-scale 
development and utilization of fossil energy in response 
to global climate change caused by large amounts of CO2 
emissions. ‘Clean’ and ‘low carbon’ will inevitably be the 

two main development directions for fossil energy. Clean 
Energy is primarily concerned with these developments.

The large-scale development and utilization of coalbed 
methane has provided a new energy solution. The shale 
revolution triggered by ‘horizontal drilling’ and ‘hydraulic 
fracturing’ has provided new options for the utilization of 
un-conventional oil and gas resources; the discovery and 
development of utilization technology of combustible ice 
has also provided a new clean energy option.

In recent years, renewable energy technologies, such 
as wind energy and solar energy, with large-scale deploy-
ments and at low-cost, have been achieved. In addition, 
these renewable technologies have been used as one of the 
main energy sources in many regions and countries.

Biomass energy has also been attracting considerable 
attention due to its extensive distribution, diversified 
energy service forms and other advantages.

The commercialization and application of electric vehi-
cles and emergence of hydrogen cell electric vehicles are 
also a forerunner to the future of urban transportation.

Energy has always been a complex issue, as shown by 
the current integration of more renewable energy into 
grids designed for fossil fuels. At the present stage, no sin-
gle energy or technology can satisfy the energy demands of 
the whole of society. Different regions and countries have 
diverse energy resources, different economic and technical 
development levels and different lifestyles - therefore, 
they have different energy demands and there is no single 
uniform solution. The development of clean energy, in its 
various forms, is a common goal internationally.

We are currently experiencing ‘multi-energy coexist-
ence’, which includes fossil energy and renewable energy 
and we welcome a new energy era dominated by clean 
energy. As Yuval Noah Harari pointed out in A Brief History 
of Humankind, the core of industrial revolution is actually 
the revolution of energy transformation.

At present, the rapid development of big data, inter-
net and artificial intelligence, as well as the integration of 
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energy technology, is accelerating the global energy revo-
lution. It is against this background that we founded Clean 
Energy and we believe this is the right time for it.

This is a comprehensive academic journal for glo-
bal energy science and technology experts, scholars and 
researchers. In this journal, ‘clean energy’ includes not 
only new and renewable energy technologies but also 
includes technologies for the clean and efficient utilization 
of fossil fuels.

Topics covered by the journal include: clean coal 
technology (CCT), carbon capture and storage (CCS), 
energy chemistry and catalysis, solar energy conver-
sion and photovoltaics, wind energy technology, biofuels 
and biorefineries, wave and tidal energy, hydrogen and 
fuel cells, materials for the energy system, energy stor-
age, distributed energy, smart grid system, water treat-
ment, energy and environment, and un-conventional oil 
and gas.

We also want to encourage, support and provide young 
scientists with the opportunity to publish their work in 
clean energy research. Therefore, in early 2018 we will 
announce  on our website the guidelines for the 2018 young 
scientists best paper prize. The Editorial Board will decide 
the best paper.

Global energy science and technology has attracted 
considerable research attention over the last decade and 
this is reflected by the ongoing momentum of significant 
energy engineering. As an open access academic journal, 
Clean Energy will provide a brand new platform and chan-
nel for rapid and public release of achievements in the 
field. We will promote the spread of innovation and devel-
opments in energy science and technology worldwide.

Clean energy: a common goal for humanity.
Clean Energy: our common choice.

Dr Wen Ling and Dr Norman N. Li, Editors-in-Chief
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Editorial

Welcome to the inaugural issue of Clean 
Energy
We are launching Clean Energy to provide a platform and 
medium for scientists, researchers and engineers at all 
stages of energy science research and technology develop-
ment. Here, you can publish and discuss the latest scientific 
advances, technology breakthroughs and innovative engin-
eering practices.

We are particularly interested in contributions high-
lighting new concepts, new processes, key technologies 
and system integration in energy extraction and utilization.

Article types covered by Clean Energy are:
• Original research
• Review
• Perspectives (especially patent analysis), and
• Engineering practices

All articles will be open access (OA). The OA fees are spon-
sored by China Energy Investment Corporation Limited 
(one of the world’s largest energy corporations) and the 
National Institute of Clean-and-Low-Carbon Energy (NICE).

Clean Energy will highlight the 
importance of:

• Clean utilization of fossil energy
• Renewable energy
• Distributed energy and smart grid systems
• Hydrogen, fuel cells and materials for energy storage

All of these topics are key elements in achieving an eco-
nomic and environmentally sustainable energy future. 
In a carbon constrained world, reducing greenhouse gas 

emissions is a key issue. Energy producers and users have 
many potential global solutions that use technology-based 
climate change mitigation options.

In this issue of Clean Energy, we highlight new devel-
opments for improving the long-term maintenance of 
wind turbines and more efficient use of coal. One major 
paper presents methodologies for improving wind turbine 
condition monitoring using physics-based data analysis 
techniques. The article Experimental Study on Dense-Phase 
Pneumatic Conveying of Coal Power at High Pressures, proposes 
a new gas velocity related criterion for stable conveying of 
high-volatile bituminous coal.

We also have an article which discusses the progress 
of Germany in examining ways to achieve a closed car-
bon and circular economy for their coal and waste man-
agement sectors. There is also a research article from 
Japanese authors examining the preparation of large, 
ultra-flexible and free-standing nanomembranes of 
metal oxide/polymer composite and their gas permeation 
properties.

This issue has four review articles, including an examin-
ation of innovative power generation systems using super-
critical CO2 cycles; how Denmark is using multi-energy 
system flexibility options for high wind power penetration; 
the latest developments with circulating fluidized bed 
combustion in China, and a review on renewable hydrogen 
production from butanol.

We hope you enjoy reading the articles in the first issue 
and continue to follow, read, comment on, and contribute 
to Clean Energy.

If you have any questions, suggestions about Clean 
Energy, or would like to submit an article, we would be 
happy to hear from you.

Please contact us at: ce_office@nicenergy.com; or visit 
the Clean Energy website: https://academic.oup.com/ce

Wenhua Li, Executive Editor-in-Chief
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Research Article

Physics-based data analysis for wind turbine condition 
monitoring
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Abstract
This article presents methodologies for improving wind turbine condition monitoring using physics-based 
data analysis techniques. The unique operating conditions of the wind turbine drivetrain are described, and 
the complex kinematics of the gearbox is analyzed in detail. The pros and cons of the current wind turbine 
condition monitoring system (CMS) are evaluated. To improve the wind turbine CMS capability, it is suggested 
to use linear models with unsteady excitations, instead of using nonlinear and nonstationary process models, 
when dealing the wind turbine dynamics response model. An analysis is undertaken of the damage excitation 
mechanisms cause for various components in a gearbox, especially for those associated with lower-speed 
shafts. Physics (mechanics)-based data analysis methods are presented for different component damage 
excitation mechanisms. Validation results, using the wind farm and manufacturing floor data, are reported.

Key words:  wind turbine; drivetrain; condition monitoring; physics-based data analytics; vibration analysis; gear-
box kinematics; bearing damage detection; gear damage detection

Introduction
Wind is considered the most promising renewable energy 
source available on earth. According to the Global Wind 
Energy Council report [1], in 2016, new installations 
achieved 54.6 GW. Approximately 486.8 GW of wind power 
were installed globally by the end of 2016. Wind power sup-
plied more new power generation than that by any other 
technology in 2016. China led the world in wind energy 
growth with ~43% of the world’s new installations in 2016 
and over one third of the world’s cumulative installed cap-
acity. The Global Wind Energy Council report expected 
the growth trend in wind industry to continue in the 
medium term. It predicted that by the end of this decade, 
the total world installed wind turbine capacity will reach 

817 GW, a 67.8% increase from 2016. This kind of growth is 
sustainable.

Jacobson and Delucchi [2] estimated that only a small 
portion (<1% [3]) of accessible wind, water and solar energy 
available on earth is sufficient to supply the total world 
energy needs. Later, they further explained this feasibility 
and difficulties from technology, materials required, eco-
nomics and political policy viewpoints [4, 5]. Wind energy 
costs are decreasing significantly with the improvements 
in technology. According to the US Energy Information 
Administration, by the year 2022, the levelized cost of 
energy (LCOE) from wind turbines (with tax credits) will be 
the lowest among conventional power generation technol-
ogies [6]. In comparison to other renewable sources, only 
geothermal energy has an average lower LCOE.
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Wind turbines incur higher operation and mainten-
ance (O&M) costs than other conventional power gen-
eration technologies. Most wind turbines are designed 
to operate at variable speeds within certain wind speed 
ranges. Moreover, wind turbine structures experience 
much harsher operational conditions, depending on wea-
ther conditions. As a result, the O&M contribution to the 
LCOE can be as high as 11–30% for onshore wind [6, 7]. 
This contribution is even higher for offshore wind turbines 
because of the remote location and harsh marine environ-
ment. Historical data also indicate that O&M costs tend to 
increase with turbine service time [7].

Condition monitoring systems (CMSs) have been grad-
ually accepted by the wind energy industry as a way to 
reduce the O&M cost and optimize wind farm operation. 
Many different sensing mechanisms can be used; however, 
in real-world applications, the piezoelectric-based acceler-
ometer is considered the most technically mature, reliable 
and low-cost vibration sensing technology. Alternative 
monitoring systems use strain gauges [8], acoustic emis-
sion sensors [9], oil debris monitoring [10] and fiber optic 
sensors [11]. In addition to drivetrain monitoring, CMS can 
also use data from sensors on the tower structure, founda-
tion and blades [12, 13]. More recent overviews and infor-
mation of the CMS systems can be found in references, 
such as in [14–18].

A key enabler for CMS is a robust model to translate raw 
sensor data into actionable insight information that can 
be used within the system [19, 20]. Conventional rotating 
machinery CMSs provide good damage detection for the 
high-speed shaft (HSS)-related components for a wind tur-
bine drivetrain. However, for the medium- and low-speed 
shaft-related components, the detection results are not 
satisfactory due to complex gearbox and variable speed 
designs. One of the research trends is to introduce nonlinear 
and nonstationary models for better signature separation 
[21, 22]. Generally, in those methods, such as the wavelet 
transformation-based methods [23–25] and the empirical 
modal decomposition-based methods [26, 27], the physical 
meanings of the signal will be lost during the transforma-
tions. Those methods may find some special applications, 
but with only limited success in wind turbine applications. 
Although extensive failure mode and effects analysis [28, 
29] indicates that the wind turbine drivetrain failure rate 
is not high, the long downtime and the expensive compo-
nent cost for repair make a condition-based diagnosis of 
this failure mode particularly attractive and cost effective. 
Signals corresponding to drivetrain damage manifest in 
the low-frequency region, and an open challenge for CMS 
using general-purpose accelerometers includes low signal-
to-noise ratio in this frequency range. This article seeks to 
address this gap by showing that mechanics-based data 
analysis methods can be used for damage feature extrac-
tion from accelerometer-based vibration data.

This article is organized in the following manner: in 
Section 1, the kinematic relationships between moving 
parts for different gearbox designs are derived. A  virtual 

shaft concept is proposed in this section for better damage 
feature extraction. In Section 2, the state-of-the-art wind 
turbine drivetrain CMSs are briefly reviewed. The pros and 
cons of the current CMSs for wind turbine applications 
are summarized. In Section 3, physics-based data analysis 
methods for improving damage feature extractions, espe-
cially for those lower-frequency shaft-related component, 
are proposed and demonstrated. Finally, brief conclusions 
are given in Section 4.

1 Wind turbine drivetrain gear and 
bearing damage kinematics
The first step in improving the accuracy and precision of 
wind turbine condition monitoring is to fully understand 
the operating mechanism in the drivetrain and the kine-
matic relationship among all the rotating components.

Mechanically, a wind turbine drivetrain consists of 
the input rotor main shaft, a speed-increasing gearbox, 
a coupler and a generator. Similar to other turbine elec-
tricity conversion systems, a wind turbine converts the 
rotor rotational kinetic energy into electric energy through 
a generator. A utility-scale wind turbine rotor is designed 
to rotate at very low speed, around 1/3 Hz, to maximize 
the wind energy capture in a desired wind speed range. To 
improve the efficiency of electricity conversion, the rotor 
rotational speed usually needs to be increased through a 
gearbox. The most widely used system is the doubly fed 
induction generator with a multistage gearbox [30]. To 
improve the component reliability and energy harvesting 
efficiency, different types of drivetrain systems have been 
implemented. These include direct-drive or gearless sys-
tems and hybrid or torque-splitting systems [31–33]. The 
direct-drive system is more reliable and efficient due to the 
elimination of a gearbox, but they are larger and heavier, 
and thus more expensive in material and manufacturing 
costs. The permanent magnet synchronous generator with 
a one-stage gearbox is believed to have the highest ratio of 
energy yield to cost [32]. There are some material supply 
concerns about the security of the supply chain for rare 
earth materials used in the permanent magnets needed 
for direct-drive systems.

Geared-drive designs are expected to dominate the wind 
turbine market in the foreseeable future. The geared-drive 
wind turbine is not the most efficient system available, but 
offers advantages in less up-tower weight, low-cost and 
more mature, standardized manufacturing.

Different gearing systems have been used to optimize 
the gear system reliability and efficiency. For example, in 
the most popularly installed 1.5 MW class geared-drive 
wind turbines, the gearbox typically consists of a planet-
ary gear-set stage and two parallel gear stages. The gear-
box amplifies the rotor speed by roughly two orders of 
magnitude before feeding into the generator for electricity 
generation. For higher power rating wind turbines, mul-
tiple planetary gear-set stages are used due to their com-
pact design and higher efficiency in comparison with the 
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parallel shaft gears. From the condition monitoring view-
point, a disadvantage of the multistage planetary gearbox 
is the additional complexity associated with tracking all 
the components in a general-purpose monitoring system. 
Therefore, it is very important to understand the gearbox 
kinematics when using a CMS to analyze the responses 
from these wind turbine drivetrains. Accurate and precise 
detection of meaningful information is critical for diagno-
sis and prognosis of the drivetrain system, which is the 
basis of the insightful recommendation for optimal wind 
farm O&M.

1.1 Gearbox kinematics

The most common type of gearboxes consists of a planet-
ary gear stage and two parallel gear stages. It is widely 
used in the most deployed 1.X MW wind turbines, where 
X represents a single digit. A simplified stick graph is illus-
trated in Fig. 1.

The relationship between the gear mesh frequency 
and shaft frequencies for parallel meshing gear pairs is 
straightforward. The gear mesh frequency is simply the 
gear tooth numbers multiplied by the corresponding shaft 
speed, therefore,

 f f N f Nm G G P P= =  (1)

where fm is the gear mesh frequency, fG is the gear shaft 
speed, fP is the pinion shaft speed, NG is the gear tooth 
number and NP is the pinion tooth number.

In a planetary gear as shown in Fig.  2a, the relation-
ship is more complicated. A simple method to obtain the 
relationships between the rotation frequencies and the 

tooth meshing frequencies is to imagine that the planet 
carrier being brought to rest by adding an opposite whole-
body rotation to the complete gearbox at the carrier rota-
tion frequency fc

, as shown in Fig.  2b (adapted from ref. 
[34]). Under such transformation, the tooth meshing fre-
quency fm

 is related to the gear teeth and shaft rotation 
frequencies as

 f N f N f f N f fm r c p p c s s c= = + = −( ) ( ) (2)

Therefore, all the gearbox shaft speeds can be related to 
the input shaft speed fc  or fLSS as:
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It is also beneficial to define two imaginary shafts with 
relative shaft speeds as

 f f f
N
N

fPLTr p c
r

p
c + =  (7)

 f f f
N
N

fSUNr s c
r

s

 − = c (8)

Input
from Rotor

Stage I

Stage II Stage III

Output to
Generator

Gear mesh

Bearing

fc - Carrier shaft speed

fLSS - Main shaft speed

fp - Plant shaft absolute speed

fs - Sun shaft absolute speed

fLIS - Lower Intermediate shaft speed

fHIS - Higher Intermediate shaft speed

fHSS - High speed shaft speed

Nr - Ring gear tooth #

Np - Planet gear tooth #

Ns - Sun gear tooth #

NMG - Intermediate speed mesh gear tooth #

NMP - Intermediate speed mesh pinion tooth #

NHG - High speed mesh gear tooth #

NHP - High speed mesh pinion tooth #

fc = fLSS

Np

Ns

fs = fLIS

fp

NMP

Nr

fHIS

NMG

NHG

NHP

fHSS

Fig. 1 Stick graph of three-stage gearbox, with one stage of planetary gear
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where fPLTr
 is the relative speed of the planet, fp, with 

respect to the rotor input speed, fc , and fSUNr is the rela-
tive speed of the sun, fs, with respect to the rotor input 
speed fc

.
Other variations of gearbox design include compound 

planetary gearboxes (Fig.  3) and two or three planetary-
stage gearboxes (Figs 4 and 5). The kinematics of those 
designs is more involved, but can be derived using the 
approach described above.

1.2 Bearing and gear damage basic features

Once the shaft speed is determined, the damage signatures 
associated with the shaft components can be derived. For 

example, for an outer race fixed bearing, the bearing com-
ponent damage feature frequencies are defined as [35]:

Rolling element damage feature frequency:

 f
D
d

d
D

d
D

fRE Shaft= −





 +





2

1 1cos cosα α  (9)

Inner race damage feature frequency:

 f
n d

D
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2

1 cosα  (10)

Outer race damage feature frequency:
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n d
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1 cosα  (11)

Input
from Rotor

Stage I

Stage II

Output to
Generator

Gear mesh
Bearing

fc - Carrier shaft speed

fLSS - Main shaft speed

fp - Plant shaft absolute speed

fs - Sun shaft absolute speed

fIMS - Intermediate shaft speed

fHSS - High speed shaft speed

Nr - Ring gear tooth #

Np1 - Planet pinion tooth #

Np2 - Planet gear tooth #

Ns - Sun gear tooth #

NHG - High speed mesh gear tooth #

NHP - High speed mesh pinion tooth #

fc = fLSS

Np1

Np2

Ns

fs = fIMS

fp

NHG

Nr

NHP

fHSS

Fig. 3 Stick graph of compound planetary gearbox

Ring Gear
Fixed

(a) (b)

Ring Gear
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Sun
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fp+fc

fs–fcfp+fc

fp+fc
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Carrier
Moving fp

fs

fp
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Fig. 2 A planetary gear stage with simultaneous mesh design: (a) with normal operation; (b) with an imaginary rotation
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Fundamental train damage feature frequency:

 
f

d
D

fFTF Shaft= −







1
2

1 cosα
 

(12)

where, as shown in Fig. 6, D is the pitch diameter, d is the 
roller element diameter, n is the number of rollers and α is 
the roller contact angle.

For parallel gear mesh, the gear damage is usu-
ally expressed as gear mesh response amplitude 

modulated by the shaft rotation period. This phenom-
enon in frequency domain is expressed as the gear 
mesh frequency and its harmonics with one or mul-
tiple sidebands at the frequency interval of the corre-
sponding shaft speed.

For an epicyclic gear, the relationship between the dam-
age features and the shaft speeds are more involved. For a 
simultaneous mesh planetary gear example as shown in 
Fig.  2, with NNP  planet gears in the planetary stage, the 
gear component damage signatures are expressed as:

Input from
Rotor

Stage I Stage II Stage III Stage IV

Output to
Generator

Pump Gear

Nr1 - Stage I ring gear tooth #

fc1 - Stage I carrier shaft speed

fp1 - Stage I plant shaft absolute speed
fs1 - Stage I sun shaft absolute speed
fc2 - Stage II carrier shaft speed
fp2 - Stage II plant shaft absolute speed
fs2 - Stage II sun shaft absolute speed
fIMS - Intermediate shaft speed
fHSS - Higher speed shaft speed
fPG - Pump gear shaft speed

fLSS - Main shaft speed

Np1 - Stage I planet gear tooth #
Ns1 - Stage I sun gear tooth #
Nr2 - Stage II ring gear tooth #
Np2 - Stage II planet gear tooth #
Ns2 - Stage II sun gear tooth #
NHG - High speed mesh gear tooth #
NHP - High speed mesh pinion tooth #
NPG - Pump gear mesh gear tooth #
NPP - Pump gear mesh pinion tooth #

fc1 = fLSS fs1 = fc2

Np1

Nr1 Nr2

NHP

NHG NPG

NPP fPH

fHSS
fp1 fp2

Ns1 Ns2

Np2

fs = fIMS

Fig. 4 Stick graph of a gearbox with two planetary stages
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fc1 - Stage I carrier shaft speed

fp1 - Stage I plant shaft absolute speed

fs1 - Stage I sun shaft absolute speed

fp2 - Stage II plant shaft absolute speed

fs2 - Stage II sun shaft absolute speed

fp3 - Stage III plant shaft absolute speed

fs3 - Stage III plant shaft absolute speed

fHSS - Higher speed shaft speed

fPG - Pump gear shaft speed

Np1 - Stage I planet gear tooth #
Ns1 - Stage I sun gear tooth #
Nr2 - Stage II ring gear tooth #
Np2 - Stage II planet gear tooth #
Ns2 - Stage II sun gear tooth #
Nr3 - Stage III ring gear tooth #
Np3 - Stage III planet gear tooth #
Ns3 - Stage III sun gear tooth #
NHG - High speed mesh gear tooth #
NHP - High speed mesh pinion tooth #
NPG - Pump gear mesh gear tooth #
NPP - Pump gear mesh pinion tooth #
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Nr2 NHP
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fs3
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Np2
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Fig. 5 Stick graph of four-stage gearbox with three stages of epicyclic gear
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The ring single tooth damage frequency is expressed as:

 f N frgd NP c=  (13)

because each planet passing by the ring gear damage loca-
tion will incur an additional impulsive vibration. The planet 
single tooth damage feature frequency is expressed as:

 f f f fpgd p c PLTr= +( ) =2 2  (14)

because in the planet relative shaft, each planet gear tooth 
damage will run into the ring gear and the sun gear once 
per each planet relative rotation. Finally, the sun gear sin-
gle tooth damage feature frequency is expressed as:

 f N f f N fsgd NP s c NP SUNr= −( ) =  (15)

because in the sun relative shaft, with each rotation, a sun 
gear tooth damage will meet with each planet once.

Note that both the inner race and the outer race of the 
planet bearings are moving simultaneously during oper-
ation. The outer race is moving with the planet at planet 
absolute speed, while the inner race is moving with the 
carrier at the carrier speed. Therefore, it is much easier 
to treat those bearings as differential bearings and carry 
out all the data processing in the planet relative shaft as 
defined in Equation (7).

2 State-of-the-art signal processing for 
drivetrain condition monitoring
Vibration-based rotating machinery condition monitoring 
is the most commonly used method in the industry [36–38]. 
A vibration sensor, usually an accelerometer, is attached 

to a stationary location, such as the bearing housing, to 
pick up the vibration signal. In early interpretations of the 
vibration signal, the quantitative time domain features 
such as the mean value, the root mean square value and 
the peak-to-peak value were used as major monitoring 
variables. Subsequently, after the fast Fourier transform 
(FFT) was introduced into computer-based analyzers, the 
time domain signal can be easily converted into the fre-
quency domain spectrum. Therefore, frequency features, 
such as shaft speed and its harmonics, bearing compo-
nent damage features as shown in Equations (9–12) and 
gear damage feature as shown in Equations (13–15) may be 
used as monitoring features.

The introduction of the vibration frequency spectrum 
improved machinery condition monitoring significantly; 
however, in complex rotational machinery systems, the 
damage frequency features are small and buried in oper-
ational response frequency features. A lot of research work 
has been conducted to extract these damage features. 
Successful techniques including the acceleration envel-
oping analysis (AEA) for bearing damage early detection 
and time synchronous averaging (TSA) for gear damage 
detection.

AEA, originally called the high-frequency resonance 
technique, was discovered, almost accidentally, in the 
early 1970s through a NASA-funded project [39]. The AEA 
assumes that the bearing operating with a defect gen-
erates repetitive impacts. These kinds of impacts are a 
broadband excitation, but usually low in response ampli-
tude. Therefore, the impact responses are small compared 
with rotation system operational responses. However, the 
impact responses become dominant in high frequency 
range, where the system operational responses are dimin-
ished and the impact response is amplified by the struc-
ture resonance. The key to the AEA technique is to capture 
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Fig. 6 A ball bearing
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the low-amplitude response caused by bearing defect 
excitation without including the high amplitude rotational 
vibration responses. This is accomplished by a band-pass 
filter to isolate the high-frequency signal. Once the high-
frequency damage response is captured, the signal goes 
through a rectification device and the envelope of the sig-
nal is detected from the rectified signal. Applying FFT to 
the envelope signal will reveal the frequency and ampli-
tude, which is uniquely associated with the damaged bear-
ing component.

The TSA technique is one of the most powerful tools 
in gear damage detection. With the shaft synchronously 
sampled data, the TSA enhances the vibration signal com-
ponents synchronous with the shaft [40]. Any signal non-
synchronous with the shaft, including the random noise, 
will be averaged out with a sufficient number of averages. 
It acts as a comb filter [41], which filters out shaft response 
and its harmonics.

Nowadays, commercially available wind turbine vibra-
tion-based CMSs are usually equipped with both time 
and frequency analysis capabilities. Some of the CMSs 
also have the AEA and TSA techniques developed from 
conventional rotating machinery CMSs [21]. Both time 
and frequency domain analysis methods are derived 
from conventional rotating machinery condition moni-
toring with or without modifications. However, due to the 
unique configuration of the wind turbine drivetrain, the 
frequency increases from rotor speed to the third-order 
harmonics of the high-speed gear mesh frequency over 
approximately four orders of magnitude (two orders of 
magnitude from the rotor to the HSS and another two 
orders of magnitude from the HSS to the third order of 
the gear mesh harmonics, with an assumption of 33 
tooth in the high-speed pinion gear). Some CMSs must 

compromise between the data storage requirements and 
the analysis resolution. In addition, the wind turbine is 
operated at variable speeds and variable loading condi-
tions. This makes the vibration analysis more challeng-
ing, especially for those components associated with 
lower-speed shafts. Recent wind farm field experience 
has shown that current state-of-the-art CMS does a rea-
sonable job of detecting damage in components associ-
ated with HSSs, but is not as good for those components 
associated with lower-speed shafts.

Taking a typical three-stage gearbox as an example, as 
shown in Fig.  7, the damage detection capability can be 
categorized as high, medium and low grades, as colored 
in green, yellow and red, respectively. In the high detect-
ability region, the components are all associated with HSS, 
including the high-speed gear mesh, the HSS bearings, the 
generator bearings and the coupler. Since the wind turbine 
HSS is rotating at ~25 Hz, conventional rotation machin-
ery damage detection methods apply and the detectability 
is usually high. The medium detectability region includes 
two intermediate-speed shafts, and their speeds are usu-
ally in single digit in Hertz. The vibration responses gen-
erated by component damage are not high enough to 
exceed all the gearbox operational responses and their 
harmonics. In addition, both shaft speeds are not directly 
accessible, which makes accurate damage detection more 
 difficult in the variable speed operations. The low detect-
ability region includes components related to the planet-
ary gear set, the carrier and the main shaft. In this region, 
some of the shaft speeds are in sub-Hertz range, while the 
rest are usually <2 Hz. To get sufficient frequency reso-
lution, the data acquisition requires a longer time; thus, 
the speed variation is inevitable. In addition, the planetary 
gear set and the low-speed partially loaded main bearing 
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Coupler

Generatorfc = fLSS
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Fig. 7 Damage detection confidence regions
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add another layer of difficulty in damage feature extrac-
tion and interpretation.

To improve CMS detectability many researchers in 
recent years have tried different ways to improve the sig-
nal analysis results. Considerable effort has been focused 
on nonlinear and/or nonstationary signal processing 
techniques [21, 22]. In strictly mathematical terms, the 
wind turbine drivetrain system must exhibit nonlinear-
ity between the rotor shaft excitations and the acceler-
ation responses. However, for the purpose of condition 
monitoring, a linear system assumption is sufficient. For 
variable wind conditions, changes in the rotor speeds 
and loading conditions lead to a dynamic sensor accel-
eration response change in amplitude and frequency. In 
most CMSs, the shaft speed (usually detected from the 
high-speed side for measurement accuracy) and the gen-
erator power output (reflecting excitation change) are 
closely monitored. Therefore, the excitation level and fre-
quency are known, and thus, the acceleration response 
is more appropriately considered as the non-steady 
state response from a linear system, instead of using a 
nonlinear system response. Consequently, the author 
of the article strongly believes that using physics-based 
data analysis in extracting drivetrain component dam-
age information will be more effective and reliable than 
using nonlinear/nonstationary analysis approaches.

3 Physics-based damage signature 
analysis in wind turbine drivetrain
The justification for using state-of-the-art CMSs to improve 
wind turbine operations and reduce electricity production 
cost has been demonstrated for both onshore and offshore 
wind turbines [19–21]. To continuously reduce the cost of the 
wind energy and make it comparable or even lower than 
that from conventional technologies, the wind industry calls 
for CMSs with more accurate diagnosis and prognosis, ear-
lier damage initiation detection and lower-cost CMSs. The 
following considerations are helpful in achieving the goal.

3.1 Low-frequency nature in lower-speed shaft 
components damage features

In many CMSs, it is assumed that both the gear and bear-
ing damage will introduce a narrow time impulse exci-
tation when the damaged gear in mesh or the damaged 
bearing component rolling over through the contact zone. 
As a result, a broadband frequency excitation will apply to 
the structure and high-frequency modes will be excited. 
In the high frequency region, the component operation 
responses and their harmonics are diminished due to the 
lack of operational excitation energy. Thus, the damage 
excitation response becomes dominant in the high fre-
quency region. This assumption is the foundation for the 
AEA technique.

However, in wind turbine operations, many of the rotat-
ing shafts are operated at very low speeds. For example, in 
a typical three-stage gearbox, there are a planetary stage 
and two parallel stages. At the intermediate speed gear 
mesh stage, the gear mesh tooth number ratio is ~89:22. 
At nominal full power operations, the higher intermedi-
ate-speed shaft rotates at ~6.6 Hz and the lower inter-
mediate-speed shaft rotates at ~1.6 Hz (all numbers are 
approximate and only for illustrative purposes). Thus, the 
passing time for a whole damaged tooth is at 7-ms range 
(≈1/shaft frequency/gear tooth number ≈ 0.007  s). This 
duration is even longer in the helical gear designs, which 
is the case in contemporary parallel gear mesh designs.

In the Fourier transform, if we idealize the time domain 
excitation as a sinc function, then the frequency domain is 
a rectangle function, and vice versa:
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The corresponding graphics of Equations (16) and (17) are 
illustrated in Fig. 8a and b, respectively. For an intermedi-
ate stage gear mesh case as mentioned above, the tooth 
damage excitation frequency bandwidth will be around 150 
Hz. Although partial tooth chip damage may contain higher 
excitation frequency component due to lesser contact 
time period, the result excitation frequency components 
should be still within the gearbox operational response fre-
quency range (generally up to 1500 Hz). Similarly, the gear 
and bearing damage excitation frequency bands from the 
planetary stage are expected to be even lower because the 
shaft speeds in that stage are also lower.

A set of data from a wind farm turbine gearbox with 
known gear tooth damage at the intermediate gear mesh 
stage was collected and analyzed to evaluate the above 
hypothesis. The gearbox is a three-stage one, similar to 
Fig. 1, with the first stage is planetary stage and the rest 
two stages are parallel gears. A  general-purpose accel-
erometer SENTHER 315A-80 was used as the vibration 
pickup. The wind turbine operational condition was close 
to the rated power speed; however, in a wind farm, it is 
rare that the turbine maintains the exact constant speed 
for a long time. The turbine HSS speed is expected to be 
changed in a long period of time, such as a 30-s time period 
in this case. The HSS once-per-revolution pulse train data 
were also digitized simultaneously with the acceleration 
response.

The acceleration response detected from a bearing hous-
ing of the HSS is shown in Fig. 9, where 30 s of data were 
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recorded at 51.2 kHz analysis bandwidth. The identified HSS 
speed is shown in Fig. 10, where the HSS speed variation is 
obvious. There is no obvious impulse-like response in the 
time history, indicating the tooth damage response is not the 
dominant response relative to the operational responses. To 
investigate the damage information, the original response 

signal was first processed using a high pass filter with cut-
off frequency of 4000 Hz. The filtered signal was then con-
verted to the higher intermediate shaft (HIS) synchronous 
sampling and then the TSA technique was applied. The 
realization of the synchronous sampling with respect to 
HIS is achieved by a synthesized synchronous sampling 
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technique similar to the one stated in ref. [42]. The result 
is displayed in Fig.  11. No gear damage signature can be 
identified from the figure, demonstrating the damage sig-
nature is not in the frequency region higher than 4000 Hz. 
However, a different result emerged after the original signal 
was passed through a low pass filter with a cutoff frequency 
of 4000 Hz, and then the HIS shaft synchronously sampled 
and TSA analyzed. The final results show a clear damage 
signal and are displayed in Fig. 12. The once-per-revolution 
impulsive response about the HIS shaft indicates the impul-
sive event caused by a tooth damage from the gear attached 
to the HIS shaft. Further detailed analyses indicated the 
damage response is mainly from frequency contents below 
2000 Hz. This clearly demonstrates evidence that the com-
ponent damage features associated with the lower-speed 
shafts, such as the HIS, the lower intermediate shaft (LIS) 
and planetary shaft, are unlikely to be extracted by conven-
tional high pass filtering and other high-frequency-based 
methods. Low-frequency-based methods are required for 
accurate detection of such damages.

3.2 Planetary gear and bearing differential-
shaft-based feature extraction

The planetary gear stage is one of the most vulnerable 
parts in the wind turbine drivetrain due to large torque 
loading from the rotor. Detecting the damage signature 
from the planetary stage is difficult. In addition to its low 
operational speed, the complex kinematics makes the 
detection of the damage signature more complicated. For 
a simultaneously meshing planetary gear stage, it might 
be clearer to introduce the relative shaft concepts in dam-
age feature extraction. The simultaneous mesh design is 
a design that in a planetary gear set, all the planets mesh 
with the ring gear and the sun gear in exactly the same 
fashion. This is different from the sequential mesh design, 
which will be introduced in detail in the next section. In 
a sequential mesh design, the underlying kinematics and 
dynamic response will be completely different, and thus, 
the feature extraction methods have to be significantly dif-
ferent as well.

A planetary gear set with simultaneous mesh design 
consists of a fixed ring gear, moving planets connected 
to the carrier, and a rotating sun gear. In a wind turbine 
application, the carrier is attached to the rotor through the 
main shaft. The sun drives the next stage in the gearbox. 
The gear mesh frequency can then be described as (refer 
to Fig. 2):
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where fPLTr and fSUNr, are speeds of two imaginary or vir-
tual shafts, the planet relative shaft and the sun relative 
shaft, respectively, as defined in Equations (7) and (8). In 
this imaginary system, single tooth damage at the ring 
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gear, the planet gear and the sun gear can be expressed as 
in Equations (13–15).

With the introduction of the planetary relative shaft 
and the sun relative shaft, the planet gear and the sun 
gear damage features with respect to those relative shafts 
become simple and easy to understand. The accelerom-
eter attached to the physically stationary casing of the 
gearbox, both the planet gear damage feature and the sun 
damage gear feature will be modulated by fc  along with its 
harmonics since the planets are moving around the sun 
gear at the speed of carrier, fc . Ring gear damage would not 
have this feature.

It is also convenient to analyze the planet bearing dam-
age in the relative shaft. As seen in Fig.  2a, the planet 
bearing has the inner race attached to the carrier which 
is moving at the carrier speed of fc , while its outer race 
is moving with the planet absolute speed of fp. Therefore, 
the planet bearing operates as a differential bearing used 
in the aircraft engine [42]. In an aircraft engine, the differ-
ential bearing supports the low-pressure turbine shaft and 
the high-pressure turbine shaft, where both shafts operate 
at different speeds. The planet bearing component dam-
age features are expressed in the redefined planet relative 
shaft speed, except the bearing cage damage feature:

Rolling element frequency:
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The planet bearing signatures, as expressed in Equations 
(19–21), are much easier on the planet relative shaft 
expressions. The same precaution needs to be taken when 
the sensor is at a fixed location on the gearbox casing; the 
bearing features will be modulated by the carrier speed, fc ,  
and its harmonics.

A field example, using data from ref. [43] and the wind 
turbine configuration shown in Fig. 3, is used in the dem-
onstration below. The diagram for the compound planet-
ary gear set is shown in Fig. 13. The reader may refer to ref. 
[43] for more details about this example. The gearbox had 
multiple damages in the planetary stage, including dam-
age to multiple teeth on the planets, as shown in Fig. 14.

An accelerometer response picked up from the planet-
ary ring gear location is shown in Fig. 15. The signal has 
been converted into the low-speed shaft (LSS) cycle domain. 
Although there are spikey response components in the 
data, it is hard to interpret these in physical terms. When 
the data were converted to the planetary relative shaft, PLTr

, as shown in Fig. 16, the physical drivers become clearer. 
The highest three impulsive responses are in synch with 
four PLTr cycles apart. A careful examination of the data in 
Fig. 16 indicates that the three high-impulse responses are 
a part of the impulsive response series with one PLTr cycle 
apart. Therefore, this impulsive response is probably due 
to the planet damage. Since this is a compound planetary 
gear set, any single damage on the planet pinion or planet 
gear will generate an impulsive response once for each 
relative revolution because the planet pinion is in contact 
only with the ring gear and the planet gear only is only in 
contact with the sun gear. The impulsive response amp-
litude variation is created by the carrier rotation modula-
tion. In this particular gearbox configuration, the carrier 
shaft speed is 3.9454 order of the PLTr; thus, those impul-
sive peaks are not at the same height with respect to PLTr 
revolutions. In Fig. 17, the carrier fundamental modulation 
is simulated as a sine wave and superimposed onto the 
accelerometer response in the PLTr shaft cycles domain. 
It clearly illustrates the modulation phenomenon of those 
impulsive responses created by damage to the planet gear.

3.3 Sequential meshing in the planetary gear set

Planetary gear sets are commonly used in large wind tur-
bine gearboxes because they enable high power density, 
power transmission effectiveness, compactness and even 
load distribution. Unfortunately, the design complexity 
makes component damage detection more difficult.

Many planetary gears in wind turbine applications are 
configured as sequential mesh designs to alleviate torsional 
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Fig. 13 A diagram of the compound planetary gear set
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gear mesh excitation. In a sequential mesh design, the ring 
gear tooth number and the sun gear tooth number are not 
divisible by the number of the planets in the configuration. 
This seemingly minor difference makes a big difference in 
gear mesh vibration responses. McFadden and Smith [44] 
were the first to recognize that this effect was due to the 
varying phase angles of the vibration produced by each of 
the planet gears. They used phasor sums to identify the 
dominant spectral components, but were unable to pre-
dict the relative amplitudes of the dominant components. 
McNames [45] generalized work using continuous-time 
Fourier analysis. This provides a more thorough and intui-
tive explanation of the observed spectrum and leads to a 
number of insights that could not be gained from phasor 
sums alone. Recently, using amplitude modulation and trig-
onometric function manipulations, Luo et al. [46] analyzed 
the property of planetary gear vibration response for any 
order of gear mesh and any order of modulation. With the 
unified approach provided in reference [46], they were able 
to predict the cancellation and enhancement structures 
in any order of harmonics of the gear meshing frequency, 
modulated by any order of harmonics of the carrier rota-
tion frequency, and with any planetary gear configurations.

For the purpose of illustration, let us take the example 
of a planetary gear set with three planets shown in Fig. 18a. 
For the simultaneous mesh case, the example assumes a 
24-tooth ring gear and three identical planets with even 
meshing between the ring and sun gears. The tooth num-
ber is divisible by the number of planets. Fig.  18b shows 
an equivalent system where the ring gear is cut near the 
sensor location and flattened. By neglecting the phase lag 
induced by different transmission paths, it is clear that the 
meshing vibrations introduced by each planet are in phase 
with each other. However, in the sequential mesh design, 
the scenario is different. As shown in the flattened view in 
Fig. 18c, where the ring gear tooth number is assumed to 
be 25, which is not divisible by the number of planets, the 
meshing vibrations generated by each identical planet will 
be at a different phase at any moment.

In the most general case, the mth mesh harmonics mod-
ulated by the nth carrier harmonics from the ith planet is 
expressed as (for details, please refer to ref. [46])

 

A

A nf t
i n

N

mf t
i

m

i c
p

m

i =

+ +
−





















+
−

1 2
2 1

2
2 1

β π π

π

cos
( )

cos
( ))

cos
( )

cos (

mM
N

A mf t
i mM

N

A
mf

p

i m
p

i
m

π

π π

β π











= +
−









+ −

2
2 1

2
2 nnf t

i mM n
N

A
mf nf t

i

c
p

i
m c

)
( )( )

cos ( )
( )(

+
− −











+ + +
−

2 1

2
2

2 1

π

β π mmM n
Np

+











)π

 

(23)

where Np is the number of equally spaced planets; Nr is 
the number of teeth on the ring gear; m is the mth har-
monics of the gear meshing frequency fm (the carrier); n 
is the nth harmonics of the carrier rotational frequency fc  
(the modulation); Ai is the amplitude of the ith planet gear 
meshing vibration response; β  is the modulation ampli-
tude; M is the remainder of Nr modulo Np, 0 < <M Np.

Thus, the total response is

Fig. 14 Planet gear chipped teeth
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where
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If all the planets generate identical mesh vibration amp-
litude, i.e., A A A A Ai Np1 2= = = = =  , then Equations (25–
27) can be simplified as
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Therefore, we know that:

1. B1 0≠  only when MOD( , ) ;mM Np = 0
2. B2 0≠  only when MOD[( ), ] ;mM n Np− = 0
3. B3 0≠  only when MOD[( ), ]mM n Np+ = 0 .

To further explain the sequential mesh effect, consider an 
example with ring gear tooth number of 113. This number 
is not divisible by three and the remainder is two. According 
to the analysis above, the fundamental gear meshing order 
113 will be completely cancelled out under the identical 
planet assumption (B1 0=  because m = 1, M = 2, Np = 3, there-
fore, MOD( , )mM Np− ≠ 0 ). The highest enhanced sideband 
will be at the 114th order. The second highest sideband is 

at the 111th order. The sideband structure is not symmet-
ric anymore, with intervals of three orders (planet passing) 
instead of one order (which is the planet carrier rotation 
speed or the main shaft order). The spectrum structure 
around the second harmonic of the gear mesh frequency 
is slightly different. In this case, the gear mesh component 
at the 226th order is cancelled out and the sideband struc-
ture is also asymmetric, but the highest sideband is at the 
225th order, below the gear mesh harmonic location at the 
226th order. The sideband intervals remain three orders. At 
the third harmonic of the gear mesh frequency, the spec-
trum returns to symmetric. The highest peak is at the 339th 
order, which is exactly three times the gear mesh order. The 
sidebands are symmetric, and the sideband intervals are 
three orders. This cancellation and enhancement phenom-
enon has been demonstrated in the numerical simulation 
(Fig. 19), as well as in a field wind turbine case (Fig. 20). In 
the field case, the planetary gear had been inspected and 
considered as healthy.
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The gear mesh sideband structure in the sequential 
mesh planetary gears is significantly different from those 
in the parallel gear designs. In addition, as analyzed in 
Section 3.1, the planetary gear tooth damage will gener-
ate impulsive response without high-frequency contents. 
Conventional gear damage detection algorithms based on 
high-frequency contents and gear mesh sideband structure 
will not work in the wind turbine planetary gear damage 
detection because of this cancellation and enhancement 
phenomenon in the sequentially mesh planetary gear 
design. New detection algorithms need to be used.

3.4 Arbitrary shaft synchronous sampling

In Section 1.1, it was shown that all the internal shaft 
speeds are related to the input shaft speed (and thus to 
the gearbox output shaft and generator shaft speed). The 
bearing and gear damage features are related to the speed 
of the associated shaft. Any speed fluctuation in the wind 
turbine rotor will cause a smearing effect at the damage 
feature frequencies. This smearing effect, at least, will 
cause inaccuracy in the damage feature extractions. In 
some cases with severe speed variation, or at early damage 
stages, the damage signatures may completely disperse in 
the noise floor. To accurately extract damage features of 
any component associated with any shaft in a wind tur-
bine drivetrain, it is necessary to introduce the arbitrary 
shaft synchronous sampling technique with respect to any 
physical or virtual shaft defined in the previous sections.

Synchronous resampling is a process that converts 
equal time interval discretization to equal shaft angle 
discretization. In the conventional shaft synchronous 
sampling, phase markers, such as tachometers, encod-
ers or synchrophasers, are used to help perform the shaft 
synchronous sampling. The key to performing the syn-
chronous sampling is to have access to the shaft speed of 
interest. In the past, tacholess speed tracking has been the 
subject of studies [47, 48]. Two approaches have found suc-
cessful applications: the first one is based on the phase 

demodulation technique. In this approach, a strong vibra-
tion component is identified and isolated through a narrow 
band-pass filter. Then, Hilbert transform is applied to the 
isolated signal to formulate an analytic signal. The phase 
of the analytic signal is then converted to the shaft phase 
angle for synchronous sampling. The second approach is 
based on the spectrogram analysis, such as the short-time 
Fourier transform [49] and the Chirplet transform [50]. 
The edge detection technique is then used to identify the 
local maxima, and thus, the variable frequency profile is 
extracted for further analysis.

Although the tacholess vibration analysis in CMS can 
give certain benefits such as the reduced hardware cost 
and easy installation and measurement arrangement, a 
few hurdles are not easily overcome in wind turbine appli-
cations. In addition to the speed overlap caused by large 
speed variations in practical wind turbine operations, the 
reference response (usually the gear mesh response) may 
change due to the introduction of damage during the ser-
vices. For automatic condition monitoring, it is not prac-
tical to carry out tacholess vibration analysis. In fact, for 
wind turbine operation control purposes, there is already 
speed signal available in the nacelle. We can always take 
advantage of this piece of information for synchronous 
sampling.

When selecting a speed signal for CMS, it is better to 
use the speed signal from the HSS side. This is because any 
numerical error in the LSS shaft will be amplified by the 
same gear up ratio in deducing the speed of a shaft in the 
gearbox, while any error from the HSS will be minimized 
during the speed propagation from the higher-speed side 
to the lower-speed side. A  field data verified process for 
arbitrary shaft synchronous sampling is shown in Fig. 21. 
The HSS speed together with the gearbox kinematics is 
used to evaluate an arbitrary shaft speed profile, which is 
time synchronized with the vibration response. The speed 
profile is then used to generate a synthesized tachometer. 
The synthesized tachometer is then used to resample 
the vibration response to convert the equal time interval 
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sampling to the equal shaft angle sampling in digital 
domain.

3.5 Time synchronous averaging and 
synchronous analysis

The arbitrary shaft TSA technique is the most powerful 
tool in variable speed wind turbine gear damage identifi-
cation. In Section 3.1, it was shown that in the lower-speed 
gear damage response, it is not likely that the damaged 
gear mesh will generate high-frequency response compo-
nents. The arbitrary shaft TSA acts as a comb filter extract-
ing the gear mesh component among all other operational 
response components. Fig. 14 is a good example showing 
the capability of this technique. The results after applying 
the TSA method to the data from a planetary gear damage 

example, given in Section 3.2, are shown in Fig. 22. Since 
this is a compound planetary gear set, the planet pinions 
are in mesh with the ring gear only, while the planet gears 
are meshing with the sun gear only; thus, we are able to 
identify four planet damage locations from Fig. 22.

Many researchers assume that the damaged compo-
nent associated with the HSS can be identified directly by 
using the equal time interval sampling data. While this 
is true for most of the wind farms with mild wind gusts, 
there are some cases where the synchronous analysis is 
required to extract the damage information. Fig. 23 shows 
an example of a variable speed wind turbine with the 
HSS speed profile was recorded ~20 s. Between 4 and 15 s, 
the speed variation rate is ~0.5 Hz/s. Under such speed 
variations, the conventional spectrum analysis leads to 
a severely smeared spectrum as seen in the upper por-
tion of Fig.  24, while the order spectrum reveals clean 
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and concise order information as seen the lower portion 
of Fig. 24. Clearly, the order spectrum after synchronous 
sampling has a clear advantage in acquiring signature 
accuracy and precision. This is even better visualized in 
the zoomed view as shown in Fig. 25.

A misconception in the wind turbine condition moni-
toring community is that for steady-state operation con-
ditions, the damage features extracted from spectrum 
analysis and order analysis are the same. This is not true 
unless the speed control is mathematically accurate and 
the shaft speed is right at the FFT bin resolution. In real-
world applications, both aforementioned conditions are 
rarely satisfied. Any small variation from the perfect con-
dition will cause variations in the extracted feature fre-
quencies, while any incomplete full-cycle sampling will 
cause energy leakage in the frequency domain.

An advantage of using synchronous sampling and syn-
chronous analysis is improving precision and accuracy of 
the damage feature extraction. This capability provides 
better information for decision-making on the diagnosis 
and on the prognosis, which could be critical for better 
wind farm O&M. Interested readers are recommended to 
refer ref. [51] for more information and examples on prac-
tical turbine gearbox analyses.

3.6 Main rotor bearing damage detection

The main rotor in a wind turbine is supported by one or 
two main bearings and the gearbox torque arms. The main 
shaft is operated at ~1/3 Hz at the nominal full power oper-
ation condition. This is the lowest speed shaft in the drive-
train. In the past, the condition monitoring of the main 
bearing was largely relied on the offline methods such as 
visual inspections, endoscopy and grease analysis. Online 
methods using the bearing temperature data obtained 
from wind farm supervisory control and data acquisition 

system are useful but only for detecting the latter stages 
of bearing damage. Usually, temperature-based monitor-
ing is not effective in detecting incipient bearing damages. 
Generally, the main bearings in wind turbines are also 
instrumented with accelerometers, there is an opportun-
ity to analyze the vibration data to look for signs of early 
damage. The primary limitation has been the lack of spe-
cialized data processing methodologies.

In addition to the low operation speed, the main bear-
ing is heavily loaded by the dead weight of the rotor and 
the gearbox. Moreover, the main bearing may also be sub-
ject to large axial loading during operations. This leads to 
rolling of the bearing rollers at the loaded region and slid-
ing in the unloaded region. Furthermore, when transition-
ing from the loaded region to the unloaded region, or vice 
versa, a roller will create an impulsive response, which is 
usually overwhelming in amplitude. Because the bearing 
is operated at very low speed, the bearing normal oper-
ation vibration response amplitude is very low in compari-
son with those impulsive responses. This makes it difficult 
for conventional bearing damage analysis algorithms to 
detect damage on the bearing. Physics-based algorithms 
have the potential to improve the capability for main bear-
ing damage feature extractions.

4 Concluding remarks
With the improvements in technology, the LCOE of wind 
energy will continue to decline. However, the O&M cost will 
remain a significant portion of the overall LCOE. To further 
reduce wind energy, LCOE, an accurate, effective and low-
cost CMS is critical. Current state-of-the-art wind turbine 
CMS is not sufficient. The current wind CMSs are largely 
based on the conventional technology developed for con-
ventional rotating machinery condition monitoring. Wind 
turbine operational conditions are different from conven-
tional rotating machinery in many aspects. For example, 
the operational speed varies dynamically. The frequency 
span that needs to be covered by the wind turbine CMS 
is large, ranging from as low as sub-Hertz to several thou-
sand Hertz. Many of the components to be monitored are 
internal to the gearbox with no direct access to the shafts. 
The gearbox kinematics are complicated and with many 
variations designed by different manufacturers. The cur-
rent CMS are not designed to handle these issues raised 
from wind turbine operations.

While minor nonlinearity exists in the real world, the 
wind turbine gearbox response is mainly a linear system. 
To improve the damage detection capabilities, research 
efforts are focused on modeling of the gearbox response 
with nonlinear and nonstationary processes. For CMS pur-
pose, a linear model is sufficient. Due to variable speed 
operation triggered by unsteady wind gusts, the vibration 
response shall be modeled as an unsteady response from 
a linear system.

Physics-based data processing is the key to improving 
the current CMS performance. Under the assumption of 

Averaged Power Spectrum

Freq, Hz

HSS Order Spectrum

Stage II Gear mesh order
and harmonics

HSS Gear Mesh

0

HSS Order

0 5

0.1

0.08

0.06

0.04

0.02

0
10 15 20

0.012
0.01

0.008
0.006

A
cc

., 
g

A
cc

., 
g

0.004
0.002

0
100 200 300 400 500 600

Fig. 25 Zoomed power spectrum and order spectrum

20 | Clean Energy, 2017, Vol. 1, No. 1



the linear mechanical model with unsteady excitations, 
algorithms developed based on the understanding of the 
damage excitation mechanisms and gearbox kinematics 
can greatly improve the damage detection results in two 
ways. First, it can reveal damage features that conventional 
methods cannot identify. This is especially true for those 
damages associated with the lower shaft speed in the gear-
box. Second, it can significantly improve the accuracy and 
precision of the damage feature extractions. This will sig-
nificantly improve the diagnosis and prognosis and thus 
further reduce the O&M costs for wind turbine operations.

Conflict of interest statement. None declared.
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Abstract
The current status of wind power and the energy infrastructure in Denmark is reviewed in this paper. The reasons 
for why Denmark is a world leader in wind power are outlined. The Danish government is aiming to achieve 100% 
renewable energy generation by 2050. A major challenge is balancing load and generation. In addition, the current 
and future solutions of enhancing wind power penetration through optimal use of cross-energy sector flexibility, 
so-called indirect electric energy storage options, are investigated. A conclusion is drawn with a summary of 
experiences and lessons learned in Denmark related to wind power development.
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1 Current status of Danish wind power 
and energy system
Denmark is an international leader in the implementa-
tion of a renewable, secure and cost-efficient energy sys-
tem using a high share of wind power. In 2016, Denmark 
achieved a wind power penetration of 38%; while supply-
ing 99.996% of domestic electrical power throughout the 
year, resulting in one of the highest energy security lev-
els in Europe [1]. The Danish economy since the 1980s has 
grown by around 80% while maintaining constant energy 
consumption and, at the same time, decreasing CO2 emis-
sion by 34% [2]. Danish knowledge and development of 
green energy has also attracted foreign economic invest-
ment in renewable energy. In 2017, Apple announced the 
establishment of one of the largest international data 
centers in Western Denmark. The Apple data center will be 
powered by renewable energy and its surplus heating will 
be injected into the local district heating system [3].

In Denmark, the first commercial 30 kW wind turbine was 
installed in 1979. The first offshore wind farm in the world, 11 
turbines of 450 kW each, was built near Vindeby, Denmark, 
in 1991, and recently retired [4]. In 2015, Denmark broke the 
world wind power production record and achieved around 14 
TWh, providing 42.1% of the Danish gross electricity consump-
tion. Denmark is the only European country that consists of 
two synchronous areas, Western Denmark (DK1) and Eastern 
Denmark (DK2), which are connected through the Great Belt 
Power Link (see Fig. 10). In 2015, DK1 and DK2 achieved a wind 
power penetration of 55 and 23%, respectively. Fig. 1 shows 
the Danish onshore and offshore wind power capacity and 
the penetration level of wind power in Danish electricity con-
sumption between 2009 and 2016. The average capacity factor 
of Danish offshore wind turbines can achieve up to 48% [5].

Onshore wind farms still constitute a major percentage 
of the total wind farm installations; however, new onshore 
wind farms are limited in Denmark due to a lack of land. 
New onshore installations are now typically associated 
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with an upgrade of old installations. The higher wind speed, 
more stable wind conditions on the sea and the relatively 
shallow water around Denmark make it more economi-
cally attractive to build offshore wind farms. In 2016, there 
were 13 offshore wind farms with a total capacity of 1.27 
GW in Denmark [6]. Three new offshore wind farms are 
planned to be commissioned by 2021, namely Horns Rev3 
with 406.7 MW, Nearshore 350 MW and Kriegers Flak 600 
MW [4]. The power transmission from offshore to main-
land options are being investigated due to the increasing 
installation capacity of offshore wind farms and the longer 
distance between the wind farms and the grid. One option 
being considered is providing voltage support to the grid 
through high-voltage direct current (HVDC) technology [7].

In 1981, Denmark introduced subsidies for the con-
struction and operation of wind turbines to increase the 
competitiveness of renewable energy plants during the 
oil crisis [10]. The support schemes since then have been 
restructured several times to encourage the investment 
and operation of wind power with a lower levelized cost of 
energy (LCOE). In 2014, the Danish subsidy scheme for new 
onshore wind power was renewed. A nominal feed-in pre-
mium of 250 DKK/MWh is added to the spot price for the 
full load operation of the first 22 000 h [11].

New wind turbine concepts are currently being tested 
in Denmark in order to further reduce the LCOE of wind 
turbines. In 2012, a 3.6-MW two-bladed offshore wind tur-
bine owned by a Chinese green energy company, Envision 
Energy, was built in Denmark for testing [12]. By having only 
two blades, the turbine is cheaper to transport and install 
in comparison with three-bladed turbines. The two-bladed 
wind turbine development by Envision Energy reduces the 
construction cost by 20% and increases operation reliabil-
ity by using segmented blades and carbon fiber main shaft 
technologies [13]. Additionally, the segment design allows 
for customization of the blade length by changing the tip 
length to match the prevailing wind speed at specific sites. 
The transformers and converters are also located at the 

tower base which enables easier maintenance of offshore 
wind turbines [14]. Envision Energy in cooperation with the 
Technical University of Denmark (DTU) is also developing 
a superconducting wind generator which was successfully 
tested at DTU and is expected to be installed in Thyborøn, 
Denmark, by 2019 [15, 16]. The consequent-pole rotor with 
superconducting coils is capable of conducting electricity 
more efficiently in comparison with conventional copper 
coil, resulting in a higher torque density and 50% reduction 
in the number of windings. Therefore, a reduced generator 
volume and mass with the same power can be achieved 
resulting in a lower cost of transportation, installation and 
foundation of large wind turbines [17].

In 2016, the Danish wind turbine manufacture company, 
Vestas, installed a multi-rotor wind turbine prototype with 
four 225 kW nacelles on one tower at the Risø campus of DTU, 
as shown in Fig. 2 [18]. The aim of the prototype is to increase 
the wind power output with smaller and lighter size rotors. 
This new prototype, if successful, could reduce the cost of 
transport and installation of wind turbines. In addition, new 
technologies such as the rotor arm structure and turbine 
control system were tested with the Vestas multi-rotor tur-
bine. The rotor arms are linked with steel cables in order to 
make the multi-rotor structure more stable. The wind turbine 
exhibits variable speed operation with a full-power converter 
and control mechanism for each turbine [19].

In 2016, a 9-MW offshore turbine was tested at the 
Danish national test center in Østerild for large wind tur-
bines. The 9-MW turbine produced 216 MWh in 24  h, a 
new world record [20]. Large and powerful offshore wind 
turbines with optimized rotor-to-generator ratio enables 
less turbines with the same power output and higher 
energy efficiency, therefore decreasing the operational 
and maintenance costs. The Østerild large wind turbine 
test center is a DTU facility and annually receives 50 000 
visitors [21]. Another element of Danish wind farms is 
community ownership with the Middelgrunden offshore 
wind farm; 50% is owned by 8700 Danish local residents 
[22] and the other 50% is owned by the local distribution 
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grid operator (DSO). The close collaborations between 
research and product, universities and companies, and 
the awareness and support from citizens provide strong 
incentives for wind power technology development in 
Denmark.

Wind power is characterized by its uncertainty and lim-
ited prediction, which leads to the inadequacy of generation 
and imbalance between power generation and consump-
tion in the grid. In order to integrate more wind power into 
the power system Denmark has developed efficient meas-
ures to ensure it is secured and balanced. Flexibility allows 
the management of a power system to maintain a reliable 
operation and power balance on different time scales, even 
with variable and uncertain generation and consumption 
[23]. In order to significantly increase wind power produc-
tion, further flexibility to keep the system secure and bal-
anced all the time will be required.

The flexibility provided by interconnectors to neighbor-
ing countries helps Denmark to integrate a high penetra-
tion of wind power. Fig. 3 shows the current capacities of 
interconnectors between DK1 and DK2 to Norway, Sweden 
and Germany, respectively. DK1 has a higher capacity of 
interconnectors than DK2 for more wind power penetra-
tion. Due to the annual peak load of less than 6.5 GW in 
Denmark, the capacity of the interconnectors is sufficient 
to allow for a high fluctuation in wind power and to enable 
the system to balance.

The flexible power generation from conventional power 
plants is another important way of balancing wind power. 
High wind power fluctuations require high ramp rates and 
low minimum loads by conventional power plants in order 
to balance the sudden surplus or deficit of power gener-
ation, i.e. the net load, which defines the demand minus 
the renewable power generation [24]. A  typical Danish 
coal-fired or biomass fuel power plant can currently pro-
vide a ramp rate of 4%/min (percentage of full capacity in 

a minute) and a minimum load of 18% (percentage of full 
capacity) [25].

The Danish power system also has a close connection 
with the heating sector through combined heat and power 
(CHP) plants. The use of CHP plants offers a potential option 
for flexibility in integrating wind power in the power sys-
tem by coupling to the heating system. Furthermore, CHP 
plays an important role in the Danish district heating (DH) 
network, where around 70% of DH generation is from CHP. 
Together with heat storage, CHP can provide optimal dis-
patch of their cogeneration of electricity and heat into the 
electricity market, e.g. during a period of high wind power 
and low electricity prices. CHP can decrease the need for 
power generation and meet heat demand through heat 
storage [26]. Additionally, in 2013, the electricity tax was 
significantly reduced, resulting in an incentive to gener-
ate heat through electric boilers and heat pumps (HPs) [27]. 
The increasing flexibility from the heating sector provides a 
good opportunity for Denmark to accommodate more wind 
power [28]. In 2017, the new highly energy efficient waste-to-
energy plant Amager Bakke (Amager Hill/Slope) began oper-
ation. The plant can provide 310-MW power and heat with 
low emissions. The unique architecture of the power plant 
follows a long Danish tradition attempting to create esthetic 
integration with local landmarks. The new waste-to-energy 
power plant is shown in Fig. 4 [29]. Other examples are the 
Avedøre power plant south of Copenhagen and the Energy 
tower (waste-to-energy plant) near the city of Roskilde.

High wind power penetration is driven economically by 
the mature electricity market, Nord Pool, and ancillary ser-
vices procured by the Danish Transmission System Operator 
(TSO). The day-ahead spot market Elspot offers electricity  
trading in Nordic and Baltic countries and prioritizes power 
generation at the lowest cost [30]. Therefore, when there 
is an excess of wind power, Denmark is able to sell the 
electricity to neighboring countries via interconnectors. 
Similarly, when the wind speed is low, inexpensive hydro 
power can be imported from Norway to ensure a reliable 
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operation of the Danish grid. Ancillary services are procured 
by the Danish TSO in order to keep the grid balanced, e.g. 
reserves which drive the flexibility provided by intercon-
nectors and voltage control which drives the flexibility 
provided by central power plants [31, 32]. Furthermore, as 
wind power generation is increasing so are ancillary ser-
vices from wind turbines through control strategies [33]. 
In Denmark, the ongoing project RePlan aims for integra-
tion of more wind power into the future Danish power 
system. The RePlan project researchers are investigating 
the coordination of ancillary services provided by wind 
power, such as frequency reserve and voltage control [34]. 
The provision of ancillary services from wind power could 
benefit both the TSO with a more secure energy supply  
and the wind farm owner/operators economically [33].

The success of Danish high wind power penetration 
depends on the accurate forecast of power generation. An 
accurate forecast can help the generation units to offer prof-
itable bids in the day-ahead market and also help the TSO 
to schedule reserves to balance the power system. Forecast 
methodology was studied in Denmark from the early 1990s 
and an ‘Operational Planning Tool’ was developed by the 
Danish TSO to forecast wind power generation, as well as CHP 
generation and heat demand [36, 37]. A wind resource simu-
lation tool, WasP, was also developed at the planning stage 
by DTU for estimating the potential wind power resources of 
prospective new wind turbine installations [38]. Additionally, 
using the two-price regulation in the balancing market penal-
izes the forecast error, which can result in a system imbalance 
[39]. All these measures work as incentives to keep the power 
system balanced with high wind power generation.

2 Potential challenges of wind power in 
Denmark
The ongoing development of the Danish wind power sector 
is challenging. An increasing share of wind power potentially 
may increase the imbalance between power generation and 
consumption with the result of lower electricity prices. The 
Danish government energy strategy aims to achieve 50% of 
electricity consumption by wind power in 2020; coal and oil 
burners phased out of the power system by 2030 and electri-
city and heat supply from renewable energy sources by 2035. 
If all these steps are accomplished, the Danish government 
expects to have a secure, stable and affordable energy system 
completely independent from fossil fuels by 2050 [40].

The increasing wind power penetration in the power 
system may lead to increasing challenges in three cases, 
namely lower wind power than consumption (e.g. deficit 
shown in Fig. 5), higher wind power than consumption (e.g. 
surplus shown in Fig. 5) and system balancing during real 
time (e.g. up- and down-regulating power shown in Fig. 5).

The first challenge is to ensure enough production 
when there is little wind. Fig. 1 shows that 2016 wind power 
capacity increased while the wind power penetration was 
the lowest since 2014, because 2016 was a low wind speed 

year. During the low wind power period, power balanc-
ing from interconnectors and conventional power plants 
is of great importance. Fig. 6 shows the peak generation 
of power plants in Denmark between 2009 and 2016. The 
weak wind resources in 2016 resulted in peak power gen-
eration from conventional power plants operating at their 
maximum level since 2014. As a result, the lowest cost 
dispatch in the electricity market  also pushes the con-
ventional power plant from a base load to intermediate  
or peak load generation resulting in lower revenues for the 
conventional power plants [28]. An enhanced flexibility  
from conventional power plants, interconnectors and 
demand response measures can be used to ensure suf-
ficient generation as a response to a low wind power 
period.

Another challenge is to ensure wind power profitability 
during higher wind speed periods. Factors influencing prof-
itability include the increasing installation capacity of wind 
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power in North Germany and the resulting internal conges-
tion problem in the German grid. Electricity exports from DK1 
to Germany via the interconnector decreased to an average 
of around 200 MW in 2016 [9, 41]. Fig. 7 shows periods with 
export power less than half of the transmission capacity.

The excess of electricity is a technical and economic 
problem which can result in low or negative spot prices 
for electricity. The spot price could be decreased by the 
increased production of renewable power which has a low 
marginal price, e.g. wind power [42]. Fig. 8 illustrates the 
wind power and power plant generation, consumption and 
spot price during two typical days in Denmark (25 and 26 
December in 2016) with a minimum negative spot price of 
−47.03 USD/MWh. The main reasons for the negative spot 
price were the high wind speed, low power consumption 
and higher cost for conventional power plants to stop oper-
ation or change to heat-only production [43]. The current 
regulation and market for CHP plants limit its flexibility by 
first requiring CHP plants to meet the primary heat demand 
with electricity considered as a byproduct [44]. Therefore, it 
is challenging to make wind power profitable during high 
wind speed and low consumption periods.

The last challenge of increasing wind power penetration 
is fast system balancing during real time, i.e. ancillary ser-
vices. Wind power forecasts are well studied in Denmark; 
however, the wind power production is still variable in real 
time. The load and generation imbalance may result in fre-
quency deviations and consequently system insecurity. 
A faster ramp rate from conventional power plants, increas-
ing capacity of interconnectors, flexible power consumption 
and ancillary services from wind farms can further provide 
real-time balancing for the grid.

3 Current flexibility measures of the 
Danish energy system
In recent years, the investigation of the flexibility from the 
cross-sectoral energy system, also known as indirect electric 

energy storage, was undertaken to meet the above-men-
tioned challenges. The forecast error and fluctuation of wind 
power require the flexibility to accommodate a larger share of 
wind power. The current measures have been implemented 
to ensure flexibility at a high level from interconnectors, con-
ventional power plants and integration of the heating sec-
tor, and are discussed below. The current Danish solution 
includes the flexibility from both cross-sectoral energy sys-
tems and power generation of neighboring countries.

3.1 Flexibility from interconnectors

One major reason for successful large scale integration of 
wind power in Denmark is the grid connection to neighboring 
countries, i.e. interconnectors, which provides adequate cap-
acity to meet Danish energy needs. Denmark’s key advantage 
is flexibility with its location between other Nordic countries 
and continental Europe, where DK1 and DK2 are connected, 
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respectively. Fig. 9 shows that, from 2014, the total capacity of 
interconnectors has exceeded the Danish peak load, leading 
to adequate capacity for the Danish load.

The link to neighboring power systems provides 
Denmark with more energy security and contributes to a 
cost-effective utilization of excess wind power through the 
electricity market Nord Pool [45]. As illustrated in Fig. 10, 
there are six interconnectors currently used for electricity 
exchange between Denmark and its neighbors, i.e. Norway 
(1), Sweden (3) and Germany (2). The six interconnectors are 
controlled by TSOs in these countries, namely Energinet.
dk (Denmark), Statnett SF (Norway), Svenska Kraftnät 

(Sweden), TenneT TSO GmbH and 50 Hertz (Germany) [46, 
47]. Further information about the live power exchange 
between Denmark and other countries through the inter-
connectors is available in reference [48].

The physical exchange across the interconnectors is 
driven by market integration, i.e. Nord Pool. DK1 and DK2 
joined Nord Pool in 1999 and 2000, respectively [49]. The 
cross-border tariff between Sweden and Denmark ended 
in 2002. Since then, there has been a free electricity market 
between Nordic countries [50].

The interconnectors between Denmark, Germany and 
Sweden utilize both HVDC and high-voltage alternat-
ing current (HVAC) technologies; between Denmark and 
Norway, only HVDC technology is used. Several technolo-
gies are deployed to increase the interconnector’s capacity 
to provide a more flexible transmission system, including 
voltage source converter (VSC)-based HVDC lines. These 
technologies can independently control voltage and power 
as well as reduce the harmonics [51]. The cost of insulated-
gate bipolar transistors, which is the key component of 
VSC, has decreased by 67% during the last 9  years [52]. 
Skagerrak 4, the most recently installed interconnector 
between DK1 and Norway, uses the VSC-based HVDC tech-
nology and is also capable of performing black starts.

3.2 Flexibility from conventional power plants

The increasing Danish wind power penetration requires a 
more flexible backup generation from conventional power 
plants to keep a consistent load generation balance with 
the power surplus and deficit. The flexibility of Danish 
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power plants has been optimized for more than 20 years, 
e.g. ramp rate and minimum load. This flexibility is a result 
of responding to the increasing wind power penetration 
and to the different market regulations. As a result of the 
100% renewable energy goal, fossil fuel is being replaced 
by renewable fuels such as biomass for power plants. An 
example of this is the largest Danish coal fired power plant 
Avedøre Power Station which has converted from coal to 
sustainable wood pellets. It has a total generation capacity 
of 797 MW electric power and 932 MJ/s heat [53].

The increasing flexibility from power plants is shown 
in Table 1. The table compares operational characteristics 
of central power plants of DK1 in 2010 and 2016. During 
that period, there was a decrease in total base load gen-
eration, a lower total peak generation, a shorter total base 
load period, a lower total minimum generation, a longer 
total minimum generation period and a lower total annual 
generation. Additionally, a steep negative ramp rate is 
required when a sudden surplus of wind power occurs; 
while also requiring a steep positive ramp rate when a def-
icit in power occurs as shown in Fig. 5. The current Danish 
standard ramp rate for coal fired power plants is 4% (per-
centage of full capacity in a minute), for open cycle gas 
turbines 3% and for gas fired power plants 9% [54].

Danish coal fired power plants reduce the minimum 
load by decreasing supplemental firing that is associated 
with using expensive auxiliary fuel to stabilize the flame in 
the boiler during the start up [55]. Typically, the boiler max-
imum continuous rating (BMCR) can be as low as 15–25%. 
The high ramp rate is often limited by the combustion 
dynamics that can damage equipment. The ramp rate can 
be improved through control systems that control the rate 
of change of energy and vary fuel-to-air ratio [55].

3.3 Flexibility from integration with the 
heating sector

The flexibility from the heating sector is currently related 
to the cogeneration of heat and power in CHP plants. The 
capacity of centralized CHP plants covers around 85% of 
the centralized power plants [56]. Additionally, both the 
electrical and heating sectors are aiming at transferring to 
renewable energy based fuel by 2035. The strong coupling 
between the electric power and the heating sector offers a 
good opportunity to increase wind power penetration.

The flexible production from CHP plants can be achieved 
by optimization of cogeneration through the utilization of 
heat storage. One challenge from increasing wind power 
penetration is the surplus of production as shown in Fig. 5. 
Electricity production can be decreased while the heating 
demand can be satisfied with heat-only production from 

heat storage. During a period when there is a higher heat 
production than demand, heat accumulation can occur. 
Danish CHP plants currently in the central and decentral-
ized DH areas are equipped with a total heat storage of 65 
GWh [57, 58]. The heat storage can only operate for a short 
period of up to 8 h of demand in winter due to its limited 
size [28]. An alternative to cogeneration could be the use of 
seasonal heat storage from solar collectors that has been 
used in four DH plants in Denmark [59].

In 1992, a subsidy was implemented for electricity pro-
duction from natural gas and renewable fueled CHP plants, 
which resulted in more investment in renewable power in the 
heat and electric power system [60]. However, the fixed feed-
in tariffs discourage CHP plants generating electricity as they 
must first meet heat demand. The regulatory framework for 
CHP generation will change in 2018 from being supported by 
feed-in tariffs to reliance solely on the electricity market. All 
centralized CHP plants and most decentralized CHP plants 
are currently part of the electricity market, Nord Pool and can 
sell their electricity generation. This incentive stimulates CHP 
plants to optimize their power and heat dispatch according 
to the variation on the spot price [61]. Additionally, in 2013, 
the electricity tax was significantly reduced, which encour-
aged the electrification of DH generation, i.e. replacing oil and 
natural gas boilers with HPs and electric boilers [62]. Denmark 
currently integrates only around 400 MW electric boilers and 
20 MW HPs for DH supply with the main economic driver 
being the ancillary services for the Danish TSO. The capacities 
of electric boilers and HPs are expected to be 1500 and 900 
MW, respectively, in 2020 [54, 63].

Danish CHP plants are built with separate high pressure 
and intermediate pressure casings with individual bear-
ings and designed for short startup time and quick ramp 
rate. Additionally, the CHP plants are equipped with asym-
metric intermediate-pressure (IP) turbine sections in order 
to extract heat that enables some decoupling of heat and 
power generation with a wide output range [28].

4 Future flexibility measures of the 
energy system
Wind power will continue to increase in the short term and 
cover 50% of domestic electricity consumption in order 
to achieve the long-term goal of 100% renewable energy. 
The increasing fluctuation of wind power generation will 
 challenge the system balancing and security. Therefore, it 
is important to enhance the current and future flexibil-
ity of the power system. Denmark is undertaking several 
studies and implementing projects to improve power sys-
tem flexibility.

Table 1 Comparison of operational characteristics of central power plants (data from [9])

Year
Base load  
generation [GW]

Base load 
period [h]

Peak generation 
[GW]

Minimum  
generation [GW]

Minimum  
generation period [h]

Annual  
generation [GWh]

2010 1.5 416 2.98 0.33 16 13062
2016 0.91 409 2 0.023 28 5502
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The EnergyLab Nordhavn project started to test the 
flexibility of the electric power system through electrical 
energy storage as a demand response in 2017. The project 
includes a 460-kWh (630 kW converter) grid connected 
battery with a goal of providing balancing services for a 
Danish residential area in the future [64].

The vehicle to grid (V2G) of electric vehicles (EVs) has also 
been studied [65–67]. In 2016, the world’s first real live test 
of V2G was achieved by using 10 grid-connected EVs in the 
Frederiksberg municipality in Copenhagen. The EVs were 
able to inject back power from the battery of the cars to the 
grid and provided balancing support to the grid, which was 
demonstrated in the ongoing Parker project [68, 69].

4.1 Enhancing flexibility from interconnectors

To respond to the increasing fluctuation from wind power, 
there is an investigation into increasing the capacity of 
interconnectors to neighboring countries. The Danish TSO, 
Energinet, is planning to build new interconnectors to the 
Netherlands, the UK and Germany together with the TSOs 
in each country [70]. The COBRAcable, a 325-km-long 0.7 
GW interconnector between DK1 and the Netherlands, is 
expected to be completed in 2018. The new transmission 
line will contribute to a stronger grid connection between 
DK1 and continental Europe. It will balance the variable 
supply of wind power, provide a backup power in case of 
the failure of other interconnectors and further integrate 
the European electricity market [71]. The Viking Link, a 
760-km-long 1.4 GW interconnector between Denmark 
and the UK, is expected to be operational by 2022. This 
will improve the security and balancing capability of the 
Danish grid and benefit the UK grid by connecting it to 
cheaper electricity production in Nordic countries [72]. 
Options are also being developed to overcome the decreas-
ing power exchange between Germany and DK1. By 2020, 
the minimum capacity of its power exchange in a day-
ahead market will be raised to 1.1 GW and the current 
interconnector will be extended further inside Northern 
Germany [73]. Thus, the total capacity of interconnec-
tors to neighboring countries is planned to be expanded 
by around 3.2 GW in the near future. This expansion will 
further reinforce the ability to absorb and integrate more 
wind power in the Danish grid.

The demand for HVDC transmission lines will increase 
in the near future. In comparison to HVAC, HVDC has no 
problem with reactive power or synchronization of volt-
age and frequency. The cost of an HVDC link is also lower 
than an HVAC link. Based on current technologies, the cost 
of HVDC is lower when the distance is longer than 600 
km [74], such as the Viking Link. The HVDC system tends 
to become more cost-effective with higher voltage and 
capacities [75]. The Krigers Flak multi-terminal VSC tech-
nology is currently under development as a pilot project 
utilizing multi-terminal VSC-based HVDC link to connect 
the asynchronous area between DK2 and Germany with 
offshore wind power integration [76].

4.2 Enhancing flexibility from conventional 
power plants

Due to the increased amount of wind power, conventional 
power plants will be required to further improve on param-
eters such as minimum load and ramp rate. According to 
DONG Energy, a Danish energy company, the lower mini-
mum load and quicker ramp rate can be achieved by a 
stepwise optimization approach. The load is reduced 
slowly stepwise until the technical limitation is reached. 
It will require that the power plant is completely protected 
by alarms and warning sensors [77]. The operation of con-
ventional power plants tends to shift from base load to 
intermediate and peak load.

4.3 Enhancing flexibility from the heating and 
power sector

In order to meet the year-round heat demand covering both 
the space heating and the domestic hot water sector, CHP 
plants may lead to inflexible power production, especially 
during the surplus period as shown in Fig. 5. In this situ-
ation, the utilization and bypassing of power turbines will 
enable CHP plants to work at a heat-only mode. Increasing 
energy capacity of heat storage at CHP plants will enable 
flexible power generation and increase flexibility into the 
power system. In addition to the CHP plants, electrical-
driven heating, such as electric boilers, electric heaters and 
HPs, will all play a more important role in the future DH sys-
tem. In this manner, a significant amount of future heating 
supply will come from wind power and in return address 
the challenge of surplus wind power generation [61].

The electrification of heating is also being studied in 
Denmark. Zong et al. [78] investigated and tested an economic 
model predictive control strategy for electrical heaters in 
Danish residential buildings [79]. The results indicated 
that as a flexible demand, control of electrical heaters 
could enable wind power integration. Cai et  al. [80] pro-
posed a framework for integration of electric heaters in 
the demand side of the electric power and heating sectors. 
Examples of different situations that can be addressed 
by this framework are frequency excursion and volatile 
electricity market prices caused by renewable generation. 
A  coordinated optimization of heat and power through 
HPs and CHP plants has demonstrated a reduction in wind 
power curtailment [81]. The electrification of domestic 
consumption during a surplus period technically provides 
flexibility and also increases the value of wind power, e.g. 
decrease the period with a low electricity price [82].

4.4 Enhancing flexibility from the gas and 
power sector

The main focus of this section is on the potential flexibility 
of a power system, including power to gas (P2G) technol-
ogy and gas storage. P2G is an emerging technology that 
converts electricity into hydrogen by means of electrolysis. 
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The hydrogen generated could be further converted to 
methane by using methanation reaction and gas upgrade. 
Electricity supplied from renewable energy, such as wind 
power, could be converted into methane through this pro-
cess with the product considered as a biomethane equiva-
lent in quality to natural gas. The biogas can be further 
stored in gas storage in the long term. The P2G technology 
has a large potential in helping to absorb the surplus wind 
power generation and providing long-term indirect elec-
trical energy storage. This multi-energy system is where 
the electric power sector, the heating sector and natural 
gas system is coupled. Li et al. [83] conducted a study on 
optimal power dispatch of P2G in combination with CHP 
plants and storage in a multi-energy system. The CO2 for 
methanation is recycled from the CHP plant and used to 
generate biogas together with the P2G technology. The 
results show that the P2G system can operate during a low 
consumption period with surplus wind power, e.g. 0–7 h, 
and decrease the CO2 emission level by capturing the emis-
sions from CHP plants.

In Denmark, the newly finished BioCat project demon-
strated the generation of biogas as well as injection into a 
local gas distribution and storage network. The electrolyzer 
is capable of drawing electricity during the low spot price 
periods, which indicates a surplus of wind power. Moreover, 
it provides an ancillary service through frequency regula-
tion to the power system due to its fast response time [84]. 
The ongoing European QualyGridS project is also expected 
to establish a standard test for electrolyzer to perform elec-
trical grid services such as frequency regulation and volt-
age support for both TSO and DSO [85].

4.5 Ongoing Danish projects for cross-energy 
sector flexibility

Table  2 highlights selected Danish projects enhancing 
wind power penetration through using flexibility from an 
integrated multi-energy system.

The EnergyLab Nordhavn project aims to establish a 
real-life integrated energy laboratory in the Copenhagen 
Nordhavn, a city development area. The project includes 
a large share of renewable energy and an optimal inte-
gration of district heating and power through the utiliza-
tion of centralized and decentralized HPs, heat storage 
and heat boosters [86, 89]. DTU as part of this project has 
developed prototypes of heat boosters, HPs and heat stor-
ages which serve as sampled measurements transferred 
to a data warehouse. The EcoGrid 2.0 project demonstrates 

an electricity market for flexible power consumption in 
private homes. It will control 1000 HPs and electric radia-
tors to optimize the electricity consumption on the Danish 
island of Bornholm. It will demonstrate aggregators to link 
the flexibility provided by residential electrical heating. 
The project also aims at coupling the demand response to 
the electricity market to keep the load and generation bal-
anced at all times [90]. The EPIMES (Enhancing wind Power 
Integration through optimal use of cross-sectoral flexibil-
ity in an integrated multi-energy system) project is a joint 
bilateral research project between China and Denmark. The 
aim of the research was to utilize cross-sectoral flexibility 
to address wind power integration challenges in China 
through strong academia–industry collaboration. These 
activities include the development of P2G solutions for the 
city of Zhangjiakou where the 2022 winter Olympics will be 
hosted. The research project will also address local ‘wind 
energy curtailment’ issues, and develop power to heat solu-
tions in an existing smart grid demo site near Beijing [91].

5 Conclusion
Internationally, wind power integration in Denmark is 
recognized as world-class with further research ensur-
ing that status continues. Danish wind power technol-
ogy development has received considerable support over 
many years from local government, industries, research 
institutes and the wider community. The increased 
uncertainty and limited predictability of wind power has 
induced new requirements and challenges with power 
system flexibility. The current flexibility solutions rely 
on a combination of adequate capacity of interconnec-
tors, optimal dispatch from the heating and power sec-
tor, flexible operation of conventional power plants and 
a mature electricity market. To achieve the 100% renew-
able energy goal, the current flexibility from integrated 
multi-energy systems will need further development 
and research advances. A  stronger connection with 
neighboring countries is being developed. The flexibil-
ity of conventional power plants such as the minimum 
load and the ramp rate need to be further improved. 
The electrification of heat generation will also play an 
important role in balancing wind power fluctuation and 
realizing the 100% green target for the power and heat-
ing systems. Emerging technology with gas systems 
will establish in the long-term electrical energy storage 
and future ancillary services provide power balancing. 
The Danish experience and lessons from their past and  

Table 2 Ongoing Danish projects on enhancing wind power penetration through system flexibility [86–88]

Project name EnergyLab Nordhavn EcoGrid 2.0 EPIMES

Flexibility provider HPs, electric boilers and DH system HPs, electric radiators and  
electricity market

P2G and DH system

Demonstration location Copenhagen Nordhavn Danish island Bornholm Zhangjiakou and  
Beijing, China
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current research projects can be applied elsewhere and 
further improve the development and utilization of 
wind power.
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Abstract
Circulating fluidized bed (CFB) technology plays an important role in the utilization of low-grade coal in China. This 
article reviews CFB combustion technology development in China and summarizes recent achievements. Since 1990 
Chinese engineers and researchers have been undertaking work to improve CFB boiler technology. A completely novel 
CFB boiler design theory was developed and used in the domestic manufacturing of CFB boilers with various capacities. 
China is the largest supplier and customer of CFB boilers in the world due to the widespread use of CFB boilers. In 
2007, the lower energy consumption CFB technology was successfully developed by re-specifying the fluidization 
state, which reduced the power consumption of forced fans and solved the potential erosion problems on the water 
wall. Afterwards, in order to increase the electric power generation efficiency, the supercritical CFB (SCCFB) boiler 
was developed and the first 600 MW SCCFB boiler was demonstrated and put into commercial operation in 2013. 
The success of the technology is evident with over 80 SCCFB boilers on order with capacities of 350 MW to 660 MW. 
Chinese scientists and engineers are also developing technology to lower the emissions of CFB combustion to meet the 
requirements of China’s strict emission regulations. This emission reduction is through high-efficiency desulfurization 
by limestone injection into the furnace and low NOx combustion, ultra-low emission of SO2 and NOx in the furnace can 
be realized by improving the bed quality and increasing the solid circulation rate. There is currently further research 
and design development being undertaken to develop a 660 MW ultra-supercritical CFB (USCCFB) boiler. The new boiler 
is expected to be operational before 2020 resulting in higher efficiency and lower energy consumption and emissions.

Key words:  circulating fluidized bed (CFB); progress; supercritical; low electric consumption; ultra-low emission; 
supercritical CFB (SCCFB)

Introduction
Coal is the major energy resource in China and this is 
unlikely to change for the foreseeable future. China has a 
wide variety of coals and among them are low-grade coals 
with a high ash content, which is mainly produced in the 
coal washing process resulting in coal gangue, middling 
and coal slurry. Circulating fluidized bed (CFB) technology 

has developed rapidly in recent decades due to its fuel 
flexibility, effective NOx formation control and high-sulfur 
capture efficiency. As a result, CFB technology is regarded 
as the best option to utilize low-quality coal [1]. By 2016, 
over 3000 CFB boilers were in commercial operation with 
a total installed capacity of over 90000 MW among which 
over 100 units are 300 MW.
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China started research on bubbling fluidized bed 
(BFB) in the 1960s. A  series of BFB boilers with small 
capacities of 4–130 t/h steam were developed and the 
theory of BFB boiler design was established. During that 
period researchers invented fly ash recirculation com-
bustion technology to solve the problems of severe ero-
sion on immersed tubes and low boiler efficiency in BFB 
boilers. Chinese researchers have continued their work 
on CFB combustion technology. There have been mis-
takes with BFB boilers from 1980s designed under the 
misapprehension that a CFB boiler was a combination 
of the BFB furnace and a separator [2]. Research showed 
that the gas–solid flow pattern, or the fluidization state 
in CFB and BFB is completely different. This misunder-
standing led to many problems including insufficient 
boiler load and severe erosion on the heating surfaces 
after separators. Therefore, China in the 1990s under-
took more fundamental research to investigate the 
mechanisms of CFB combustion. This research led to a 
better understanding and design theory for CFB boiler 
technology and was put into practice with the domes-
tic manufacturing of various capacities of CFB boil-
ers. As a result of this novel design theory a new lower 
energy consumption CFB technology was developed by  
re-specifying the fluidization state, and successfully 
applied to over 200 CFB boilers. The energy saving from 
the design with the CFB boilers resulted in a reduction of 
the power consumption of forced fans and the potential 
erosion of water walls [3].

In order to increase and demonstrate power gener-
ation efficiency Chinese researchers developed a new 600 
MW supercritical CFB (SCCFB) boiler. The boiler went into 
commercial operation in the Sichuan Province in 2013. 
The SCCFB boiler technology was applied to about 80 
CFB boilers with capacities of 350–660 MW and exported 
overseas. In 2011, the National Emission Regulation was 
introduced, where both SO2 and NOx emissions must be 
less than 100 mg/m3. In 2014, the Clean Air Action Plan 
was introduced with stricter emission requirements for 
coal fired power plants. The Plan and ultra-low emis-
sions raised further challenges for CFB boilers in China, 
with SO2 required to be less than 35 mg/m3 and NOx to 
be less than 50  mg/m3. Chinese scientific researchers 
are investigating how to lower emissions of CFB com-
bustion to meet the new National Emission Regulations 
and ultra-low emission requirements. One option is high 
efficiency desulfurization by limestone injection into the 
furnace and lower NOx combustion. This has been suc-
cessfully tested in two demonstration units resulting 
in ultra-low emission of SO2 and NOx in a CFB furnace 
by improving the bed quality and increasing the solid 
circulation rate.

This article will review the scientific research and 
industrial applications of CFB combustion technology in 
ultra-low power consumption, ultra-supercritical param-
eters and ultra-low emission.

1 Lowering energy consumption of CFB 
using fluidization state specification 
design theory
1.1 Fluidization state theory analysis

Traditional CFB boilers use the design theory of CFB chem-
ical reactors [4], and require the particle density in the 
upper furnace to be higher than 15 kg/m3 [5]. Accordingly, a 
bed pressure drop of around 8–12 kPa should be kept in the 
fast bed to achieve a higher particle density. The high par-
ticle concentration in the dense phase enhanced the air 
penetration resistance, which resulted in the higher power 
consumption of draft fans [6]. The power consumption of 
fans accounts for over 60% of the auxiliary power of CFB 
power plants, which is 2–3% higher than that of pulverized 
coal (PC) boilers. In addition, coarse particles can result in 
the severe erosion on membrane walls in the lower fur-
nace [7].

Chinese scientific researchers using the basic mecha-
nisms of fast fluidization have proposed a fluidization 
state map. Engineers can reduce the bed inventory and the 
power consumption of draft fans, as well as the erosion on 
water walls by re-specifying the fluidization state of CFB 
boilers [8].

The feedstock, as well as the bed material, has a wide 
size distribution in CFB boilers. As shown in Fig. 1, the flow 
pattern in the furnace is composed of the bubbling or tur-
bulent bed formed by large particles at the bottom and the 
fast bed formed by fine particles in the freeboard [9]. In the 
light of the gas–solid flow and heat transfer in the furnace, 
the bed material can be divided into two groups, effective 
material and ineffective material. The effective material 
consists of fine particles, which can be entrained into the 
freeboard by the fluidizing air and directly affect the heat 
transfer in the dilute zone. The ineffective material refers 
to those larges particles, which can only stay at the bot-
tom of the furnace and makes a minor contribution to the 
heat transfer [10]. It provides the ignition energy for fuel 
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particle ignition, and ensures enough residence time of 
large fuel particles for burnout. However, too much inef-
fective material also causes some negative effects, includ-
ing intensifying the erosion on membrane water walls, 
increasing the pressure head and energy consumption 
of forced fans, and enhancing the penetration resistance 
of secondary air. As a result, the inventory of ineffective 
material should be properly controlled.

The gas–solid flow above the dense bed is known as 
fast fluidization [11]. Previous studies have shown that 
the axial profile of particle concentration is influenced 
by many factors, including the superficial gas velocity, 
the bed inventory, the solid circulation rate and the bed 
geometric structure [12–14]. As the flow resistance is rela-
tively small in loop seals and the furnace height is usually 
higher than the transport disengaging height (TDH), the 
geometric structure usually has a minor impact on the 
gas–solid flow in CFB boilers. The superficial gas velocity 
and the bed inventory are the major influencing factors 
on axial voidage profile. The effect of bed inventory on the 
axial voidage profile can be seen in Fig. 1 [13]. In the fast 
fluidized bed, the increasing of bed inventory only leads to 
the increasing of height of the dense zone. Only the solid 
voidage in transition zone is affected, while voidages in 
the dense zone and dilute zone remain unchanged [14]. Lu 
et al. [15] found that the further increase of bed inventory 
after a critical value had a minor impact on heat trans-
fer. The effects of furnace pressure drop on heat trans-
fer in a 135 MW CFB boiler were also modeled by Liu et 
al. [16]. The results showed that when the total pressure 
drop decreased by 1 kPa from the traditional one, the heat 
transfer coefficient was expected to decrease approxi-
mately by 2%. Consequently, it is feasible to reduce the 
bed pressure without affecting the heat transfer in the 
furnace.

Unlike fan energy consumption and erosion, the effect 
of bed pressure drop on the combustion efficiency is 
twofold. On the one hand, at a certain air velocity, the 
higher bed inventory increases the solid concentration in 
the transition zone and intensifies the particle agglom-
eration. As the terminal velocity of particle clusters is 
larger than that of a single particle, intensive back mix-
ing of the clusters takes place along the furnace height. 
The clusters collapse and reform periodically in the gas–
solid flow stream [17], prolonging the residence time of 
fine particles in the furnace, and increasing the burnout 
rate. On the other hand, the increasing solid density in 
the transition zone increases the pressure head of sec-
ondary air, reduces the penetration depth of second-
ary air and exacerbates the gas–solid mixing [18]. These 
problems lead to the oxygen-lean atmosphere in the core 
area of the furnace [19, 20], which are adverse to the coal 
combustion. As a result of the double-edged effect of the 
bed pressure drop on the combustion efficiency, there 
exists an optimal bed pressure drop, which can achieve 
the highest combustion efficiency, schematically shown 
in Fig. 2.

1.2 Lower energy consumption CFB boiler 
industrial practice

The lower energy consumption CFB technology based on 
state specification design theory can be clearly illustrated 
with the fluidization state map proposed by Yue et al. [9], as 
shown in Fig. 3. In order to simultaneously realize the lower 
pressure drop in the furnace and the sufficient particle dens-
ity in the dilute zone, the bed quality should be improved to 
increase the proportion of effective material, shown in Fig. 4. 
In the engineering boiler design, the state specification the-
ory is used to optimize the bed inventory of the effective 
material. Both the mass balance model and residence time 
model are used to optimize the bed inventory of the ineffect-
ive material. At the same time, in order to reconstruct the 
fluidization state, it is necessary to optimize the performance 
of the circulating system, such as: (i) improving the cyclone 
efficiency; (ii) modifying the loopseal; (iii) controlling the feed 
coal size; (iv) redesigning the heating surface.

The first lower energy consumption CFB boiler based 
on the re-specification of the fluidization state began 
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commercial operational in 2007. As shown in Fig.  5, the 
field test results [10] showed that with the pressure drop 
decrease from 7.3 to 3.2 kPa, the solid suspension den-
sity in the dilute zone was barely influenced due to the 
higher collection efficiency of the cyclones. The average 
heat transfer coefficient in the furnace was kept nearly the 
same and the furnace temperature decreased less than 
17°C. The optimum bed pressure was around 5.7 kPa for 
this boiler based on this analysis. The electric power con-
sumption of the unit reduced by 2.5%, and the availability 
reached 95%. Some operation data is shown in Table 1.

The lower energy consumption technology was success-
fully applied in over 200 CFB boilers with various capaci-
ties [8]. The electric power consumption of 135 MW and 
300 MW energy saving CFB boilers is significantly lower 

than other CFB boilers in China and abroad. Moreover, the 
electric power consumption of a 300 WM subcritical CFB 
boiler is close to that of 300 MW subcritical PC boilers. This 
improvement greatly enhances the competitiveness of 
CFB boilers [21].

2 Supercritical and ultra-supercritical 
CFB boiler technology
CFB boilers have excellent advantages in fuel flexibility 
and cost-effectiveness in emission control. But compared 
with supercritical or ultra-supercritical PC boilers, the 
power plant efficiency is not sufficient because of the lower 
steam parameters. Supercritical and ultra-supercritical CFB 
(USCCFB) combustion technology combines the advantages 
of CFB combustion and the supercritical or ultra-supercrit-
ical steam cycle, which can achieve high-efficiency cleaner 
coal combustion. Therefore, there is an urgent requirement 
to increase the steam parameters of CFB boilers to super-
critical or even ultra-supercritical parameters. CFB com-
bustion technology is more suitable for combining with 
supercritical and ultra-supercritical steam cycle for its rela-
tively uniform heat flux [22, 23]. With the support of the 
National High-Tech Research and Development Program of 
China, Chinese scientists and engineers initiated a study 
on the key issues of the SCCFB boiler in 2002 resulting in a 
demonstration CFB boiler in 2013 [3].

2.1 Fundamental investigation of supercritical 
and USCCFB boiler technology

Hydrodynamic safety of water walls is the key issue of 
supercritical and ultra-supercritical boilers. Spiral tube 
is usually used to increase the mass flux of supercritical 
water in tubes to solve the heat transfer deterioration. In 
contrast to PC boilers, CFB boilers can only use vertical 
tubes for avoiding erosion on water walls. As a result, the 
mass flux in the tubes of CFB boilers is smaller than PC 
boilers. The hydrodynamic characteristics of supercrit-
ical water in supercritical PC boilers, cannot be applied to 
SCCFB boilers. Therefore, hydrodynamic safety of water 
walls, especially the characteristics of heat transfer in 
CFB boilers need to be first comprehensively studied. Heat 
transfer to water walls in a CFB boiler depends on the gas–
solid two-phase flow. Before the development of the first 
600 MW SCCFB boiler, further research of the gas–solid 
flow in an ultra-large furnace was needed as it has not 
been studied in detail. For instance, the riser height of a 
600 MW SCCFB boiler is more than 50 m, which exceeds 
all the laboratory scale and industrial scale CFB, as well as 
the bed area.

2.1.1 Solid suspension density of an ultra large CFB 
furnace
The difference of solid suspension density between  
38 m and 54 m riser were experimentally studied in a cool 
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CFB test rig with a 240 mm cross-section diameter [24]. 
Experimental results showed that when fluidization vel-
ocity exceeded the transport velocity, an S-shaped voidage 
profile characterized by fast fluidization was established in 
the riser, shown in Fig. 6. In such circumstance, the void-
age at the top dilute zone remained unchanged, and the 
solid circulation rate Gs reached the saturated carrying 
capacity, which changed little with riser height and bed 
inventory. Measured Gs

* equaled to 9–10 kg/(m2•s), which 
was consistent with the calculated value by the correl-
ation proposed by Xu et al. [25]. Moreover, the critical bed 
inventory for saturated carrying capacity increased from 
40 to 50  kg when the riser height increased from 38 to  
54 m. The results indicated that even for the 54 m high fur-
nace, only a modest increase of bed inventory and power 
of forced draft fans is needed to obtain high enough Gs to 
meet the requirements of heat transfer in the furnace and 
circulation loop.

A model for predicting solid suspension density distri-
bution was established based on the measurement of the 
horizontal and vertical voidage distribution of CFB boilers 
with different cross-sectional areas and different heights 
[26]. X, Y are dimensionless variables in x, y directions, 
respectively, which can be defined by X x x= / o , Y y y= / o, 
where xo is the furnace width and yo is the furnace depth.
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Table 1 Influence of energy saving CFB technology on operation parameters in 75 t/h CFBs

Parameters Classical CFB Novel CFB

Windbox pressure (kPa) 11.5–12 5.8–6.2
Primary air flow rate (m3/h) 47 000–48 000 43 000–44 000
Primary air fan electric current (A) 19–20 11–12
Induced air fan electric current (A) 21–22 16–17
Bottom ash discharge interval (min) 20–25 35–40
Loop seal pressure (kPa) ~12 (Primary air) ~11.5 (Roots fan 7.5 kW)
Qnet (kcal/kg) 14 654–15 910 14 654–15 910
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 f P p p p P( ) exp( )o 1 2∆ = + ∆  (5)

The comparison of solid suspension density distribution 
between measurement and model prediction is shown in 
Fig. 7. Among all the measured points, 75.7% of data were 
within ±10% error, 93.4% of data were within ±20% error, 
and over 96.9% was within ±40% error range. Thus, the 
model is reliable enough for engineering CFB design.

2.1.2 Uniformity and stability of solid–gas two-phase flow 
between multi-circulating loops
A heavier separation load of cyclones results with the 
increasing of boiler capacity and the gradual increase of 
the fluidizing air and solid circulation rate. Cyclone per-
formance deteriorates with the increasing of cyclone 
diameter, and too larger size of a cyclone brings difficulties 
for the arrangement and installation of a CFB boiler. As 
a result,  multiple cyclones, rather than a single cyclone, 
are widely used in large scale CFB boilers. Three or four 
cyclones are used in 300 MW CFB boilers and four or six 
cyclones are used in 600 MW CFB boilers. For a CFB boiler 
with multi cyclones arranged in parallel, hypothetically 
the furnace can be divided into several parallel sections 
according to the number of cyclones. Each cyclone and its 
corresponding downcomer, loopseal, and the furnace form 
an independent circulation loop. The arrangement brings 
the non- uniform gas–solid flow among the circulation 
loops, and the solid concentration, the bed pressure drop, 
and the solid or gas flow rate in one circulation loop differ 
from the others. This non-uniform flow is a threat to the 
safe operation of CFB boilers. It was found that the dis-
tribution of bed material in the circulation loops was sig-
nificantly non-uniform. The solid circulation rate in each 
circulation loop can be controlled within 10% deviation by 
adjusting the aeration rate in loop seals [27, 28]. Based on 

the pressure drop constraint and an empirical correlation 
for cyclone pressure drop, Mo et  al. [29] investigated the 
mal-distribution of gas–solid flow in two identical paral-
lel cyclones, and proposed theoretical methods to limit 
the non-uniform in solid flow through parallel cyclones. 
Due to the effects of wall friction and solid acceleration, 
the variation of cyclone pressure drop showed non-linear 
characteristics, which resulted in the multi-value of the 
gas–solid flow model in two cyclones. As a result, the driv-
ing source in the multi-cyclone system can cause the flow 
rate oscillation of different circulation loops.

2.1.3 Bed inventory overturn for twin beds and bed 
surface wave for large bed section area
In order to improve gas–solid mixing and reduce the car-
bon content of fly ash in the large cross-sectional furnace 
the twin bed is widely used in furnace design of large-scale 
CFB boilers. However, in industrial practice, two independ-
ent distributors at the bottom of the pant legs will easily 
cause the bed inventory imbalance between two legs, or 
even result in the bed inventory overturn [30]. When bed 
inventory overturn occurs, bed inventory in one leg is 
blown out and transferred into the other leg, causing bed 
material in one side to empty and the other side to become 
packed. Modeling and experimental results showed that 
the asymmetric flow between both sides of the furnace 
led to the lateral solid flow in the upper furnace, which 
was the essential cause of bed inventory overturn [31, 32]. 
A  characteristic time pressure drop difference between 
double furnaces changed from zero to the stable state at 
the largest value, was used to describe the intensity of 
lateral mass transfer from one leg to the other. The zero 
pressure drop difference represented the balance state. 
As shown in Fig.  8, the characteristic time of bed inven-
tory overturn was positively correlated with the height of 
branch point and negatively correlated with the air vel-
ocity. In other words, increasing the branch point height 
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and decreasing the fluidizing air will reduce the intensity 
of the bed inventory overturn.

The fluidization uniformity should be carefully consid-
ered for the large sectional furnace, because the bed sur-
face wave occurs in some conditions [33, 34]. The model 
prediction, as shown in Fig.  9, discovered that the wave 
resulted from the bed size, the fluidization velocity, as well 
as the bed inventory. All of the studies mentioned above 
form the fundamental theories on the water wall safety of 
the SCCFB boiler.

2.1.4 Local heat transfer model and the heat flux 
distribution
Although the mechanisms of heat transfer between heat-
ing surfaces and gas–solid flow have been intensively stud-
ied by chemical engineering researchers, CFB combustion 
engineers are more concerned about heat transfer on the 
water wall [35]. As the heat capacity of solid is far larger 
than that of gas, the mechanisms of heat transfer in CFB 
furnace can be simplified into particle convection and 
radiation [36]. Chinese researchers have developed vari-
ous methods to measure the heat transfer coefficients of 
these two mechanisms. Field tests were carried out of CFB 
boilers with different capacities. This resulted in a pro-
posal for a semi-empirical correlation for calculating the 
heat transfer coefficients in a CFB furnace [15]. As shown 
in Fig.  10, the correlation considered the effect of many 
factors, including the bed temperature, the local particle 
density, the geometry of the membrane wall, the working 
fluid temperature and the medium-side heat transfer. The 
field test and experimental results reported in the litera-
ture agree well with this semi-empirical correlation.

The advantage of the model is that local heat transfer 
coefficients can be calculated by local suspension particle 
density. Coupling this model with the suspension density 
model mentioned above, the heat flux distribution of water 
walls can be obtained [37, 38]. This method was verified in 
field tests of the 15, 25, 50, 135 and 300 MW CFB boilers [26, 
39, 40]. Temperatures were measured by thermocouples 

welded in membrane walls, and then heat flux profiles 
were calculated by means of the finite element method. 
A typical result of heat flux distribution in the 135 MW CFB 
boiler is shown in Fig. 11. The local heat transfer coefficient 
decreased with increasing height, and the heat flux and 
the heat transfer coefficients were lower in the center than 
those near the corner.

A mechanism heat transfer model based on the mem-
brane walls configuration was proposed and validated by 
the heat flux profile in the 300 MW CFB boiler, which is 
shown in Fig.  12. The model provides good accuracy for 
correlating 85% of the data within ±10%.

2.1.5 Hydrodynamic model prediction
The medium side heat transfer should be used in the heat 
flux model. As mentioned above, low-mass-flux vertical 
tube is widely used in SCCFB boilers, however it is not 
studied in detail in the literature. Li et al. [41, 42] investi-
gated the hydrodynamics of low-mass-flux vertical tube, 
proposed relevant correlations, and established a compre-
hensive model to evaluate the hydrodynamic security at 
different conditions. As shown in Fig. 13, the model pre-
diction agreed with the operation data of the 600 MW CFB 
boiler, validating the fundamental studies on heat trans-
fer [43].

2.2 SCCFB boiler demonstration

2.2.1 600 MW SCCFB boiler
The first 600 MW SCCFB boiler was designed and built in 
Baima Town, Sichuan Province, China, based on the tech-
nologies mentioned above. The plant became operational 
on 14 April 2013. Vertical smooth tube with low mass flow 
rate was used for water walls in the lower part of the fur-
nace, while internally ribbed tube was used in the upper 
part of the furnace [44]. As shown in Fig. 14, twin furnaces 
and twin distributors were designed in the furnace, and 
a discontinuous membrane water wall panel which was 
heated in double sides was located at the combined wall 
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position. Six steam-cooled cyclones, six EHEs and six 
loopseals were arranged in two sides of the furnace, with 
three setting on each side. Two intermediate temperature 

superheaters and a high-temperature reheater (HTR) are 
immersed in three EHEs, respectively [45], while the final 
platen superheater is hung in the upper furnace. The 
fuel gas out of cyclones is collected, and introduced from 
a two-side pass into the backpass. From the top down, 
low temperature superheaters, low-temperature reheats, 
economizers and air heaters are arranged in the backpass, 
respectively.

The design coal for the 600 MW SCCFB is a high-ash-
content, high-sulfur and low-grade lean coal. The ash con-
tent is 43.82%, the sulfur content is 3.3% and the LHVar is 
15173 kJ/kg. These coal features create stringent challenge 
for the boiler design. The Baima 600 MW SCCFB boiler per-
formance test was conducted and all the design parameters 
achieved their target with some key indicators exceeding 
expectations. The performance test results are shown in 
Table 2. The desulfurization efficiency reached 97.12%, and 
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Fig. 11 Heat flux distribution along horizontal direction in CFB furnace
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the NOx emission concentration was 111.94 mg/Nm3. Due 
to the high accuracy of the thermal calculation, the bed 
temperature was in complete agreement with the design 
value. The 600 MW SCCFB boiler show that Chinese CFB 
boiler technology is world class.

2.2.2 350 MW SCCFB boiler
The key technologies of the 600 MW SCCFB boiler were 
applied in the design of the 350 MW SCCFB boiler. In 
September, 2015, the first 350 MW SCCFB boiler was put 
into commercial operation in Shanxi Guojin Power Plant. 
By the end of 2016, the number of 350 MW SCCFB reached 
11 with a further 70 units on order.

There is one air distributor in a 350 MW SCCFB boiler 
with a single furnace without external heat exchangers. 
Fourteen superheater wingwalls and six reheater wingwalls 
were hung in the upper furnace near the front wall. Three 
steam-cooled cyclones, as well as three loop seals under 
them were installed beside the rear wall. Parallel passes 
were arranged in the secondary pass, the low- temperature 
reheater in the front pass with low temperature super-
heaters in the rear pass. The flue gas from two-side paral-
lel passes combined and passed through the economizer 
and air preheater [46]. The main design parameters of the 
350 MW SCCFB are shown in Table 3. The coal in this boiler 
includes lignite, lean coal, bituminous, anthracite, coal 
gangue and coal slurry. The performance test results indi-
cated that the temperature of gas and steam as well as 
the boiler efficiency were very close to that of the design 
values. The pollutant concentration in flue gas was lower 
than the ultra-low emission limit. The water wall safety 
and project economy worked satisfactorily.

2.2.3 660 MW USCCFB boiler
The success of the Baima SCCFB boiler encouraged the 
development of the UCCFB boiler [47]. The Ministry of 
Science and Technology of China has provided support to 
design and demonstrate the 660 MW UCCFB boiler during 

China’s 13th Five-Year Plan. The main design parameters 
of the 660 MW UCCFB are shown in Table  4. The design 
thermal efficiency should be higher than 92% (converted to 
LHVar = 14.65 MJ/kg), desired power supply coal consump-
tion should be lower than 290 gce/(kW·h), and the pollu-
tant emission concentration should achieve the ultra-low 
legislative emission requirements [48].

Table 3 The main design parameters of the 350 MW SCCFB

Design parameters Unit BMCR BRL

Main steam pressure MPa 25.40 25.26
Main steam temperature °C 571 571
Main steam flow rate t/h 1110 1045.9
Inlet/Outlet pressure  
of reheat steam

MPa 4.49/4.3 4.24/4.07

Inlet/Outlet temperature  
of reheat steam

°C 320/569 315/569

Reheat steam flow rate t/h 928.31 880.82
Feed water temperature °C 281 277

Table 4 The main design parameters of the 660 MW UCCFB

Design parameters Unit Design value

Main steam pressure MPa 29.40
Main steam temperature °C 605
Main steam flow rate t/h 1980
Inlet/Outlet pressure of  
reheat steam

MPa 6.16/5.96

Inlet/Outlet temperature  
of reheat steam

°C 361/623

Reheat steam flow rate t/h 1655.7
Feed water temperature °C 297
Boiler efficiency % ≥92.5
Coal consumption  
rate of power supply

gce/kW·h <290

NOx emission mg/Nm3 <50
SO2 emission mg/Nm3 <35
Particulate emission mg/Nm3 <10

Table 2 The performance test results of the 600 MW CFB boiler in Baima

Operation parameters Unit Design value Measured value

Power load MW 600 620.05
Main steam pressure MPa 25.39 24.64
Main steam temperature °C 571 570.02
Steam flow rate t/h 1819.1 1823.01
Reheat steam pressure MPa 4.149 3.98
Reheat steam temperature °C 569 567.64
Total attemperation flow rate t/h 142 109.2
Bed temperature °C 890 890
Flue gas temperature °C 128 141.47
Boiler efficiency % 91.01 91.52
SO2 emission mg/Nm3 <380 192.04
Calcium/sulfur ratio 2.1 2.07
Desulfurization efficiency % 96.7 97.12
NO2 emission mg/Nm3 <160 111.94
Particulate emission mg/Nm3 <30 9.34

44 | Clean Energy, 2017, Vol. 1, No. 1



3 Ultra-low emission CFB boiler 
technology
3.1 Background of ultra-low emission CFB boiler 
technology

NOx emission from a CFB boiler is lower than PC boilers due 
to its lower combustion temperature. The NOx emission 
from a CFB boiler is less than 200  mg/m3, and the sulfur 
retention efficiency by limestone injection into the furnace 
reaches 90–95% [49, 50]. The pollutant emissions can meet 
the emission standards of most countries in the world, 
such as Australia, Japan, Canada, Switzerland, Indonesia 
and the Philippines. NOx and SO2 emission concentrations 
are limited to less than 100 mg/m3 in the National Emission 
Regulation for a Power Station Boiler, which results in some 
challenges for CFB boilers [51]. The heavy haze in parts of 
China resulted in the Clean Air Action Plan, which requires 
ultra-low emission of NOx less than 50 mg/m3 and SO2 less 
than 35 mg/m3. It is difficult for traditional CFB boilers to 
achieve the ultra-low emission requirements. CFB boilers 
have to be equipped with expensive gas clean systems 
including a flue gas desulphurization (FGD) tower and a 
selective catalytic reduction (SCR) reactor, which leads to 
higher investment and operation costs. The additional costs 
mean traditional CFB boilers no longer have the advantage 
of lower cost pollution control [52].

Chinese engineers after considering the mechanisms of 
CFB combustion have proposed a technological roadmap 
for ultra-low emission control of SO2 and NOx based on the 
high efficiency desulfurization by limestone injection into 
furnaces and low NOx combustion technology [53].

3.2 Formation and reduction of NOx in CFB 
combustion

NOx emission from CFB combustion are well studied in the 
literature [54, 55]. Various factors, such as coal type, bed 
temperature, air staging, and limestone, can affect the NOx 
emission from CFB. Due to the low temperature combustion, 
thermal-NOx is hardly found in CFB boilers [56]. The fuel-NOx 

plays the dominant role and should be well controlled in CFB 
boilers [57, 58]. As mentioned above, the flow pattern in the 
furnace is composed of the dense bubbling or turbulent bed 
at the bottom and the fast bed in the freeboard. The dense 
bed consists of the almost non-solid bubble phase and the 
emulsion phase which is approximately in the minimum flu-
idization state, as shown in Fig. 15. The coarse fuel particles, 
whose terminal velocity is larger than the superficial gas vel-
ocity, tend to sink into the dense bed and complete the devol-
atilization and combustion. In contrast, the fine particles will 
be entrained into the dilute zone by the fluidizing gas, and 
cluster with circulating materials [59].

As shown in Fig. 15a, fuel particles are surrounded by 
inert materials in the emulsion phase of the dense zone. 
The gas velocity inside the emulsion phase is close to 
the minimum fluidization velocity, and extra gas passes 
through the bed as bubbles. The decreasing of particle size 
leads to a decrease in minimum fluidization velocity, so 
the amount of gas flow passing directly by the particle sur-
faces decreases. Moreover, the mass transfer resistance 
increases between the bubble phase and fuel particle sur-
faces [60], which leads to an oxygen-lean condition for the 
fuel combustion. The intensified reducing atmosphere will 
restrain the transformation of char-nitrogen and volatile 
nitrogen of coarse fuel particle into NOx [9, 61]. As shown in 
Fig. 16, the conversion rate of char-nitrogen, as well as the 
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NO emission concentration, increased with the increasing 
of the size of the bed material [62].

As shown in Fig. 15b, in the upper furnace, it is fast bed, 
and in the fast bed the gas phase and emulsion phase inver-
sion occurs in contrast to the bubbling bed in the lower fur-
nace [63]. The cluster is the discrete phase and the gas is the 
continuous phase. The heat and mass transfer behavior of 
fuel particles in clusters  can still be analogous to that in the 
emulsion phase of dense bed. As the cluster tendency of par-
ticles is higher than that of coarse particles, and the increas-
ing solid circulation rate leads to the larger size of clusters [64, 
65], the mass transfer between the gas and clusters is reduced 
when the bed material size is smaller. The reducing atmos-
phere in the upper furnace reduces the generation of NOx [66].

The intensified reducing atmosphere will inevitably gen-
erate a large amount of CO. CO, as well as char, will con-
tinue to reduce the NOx [67], especially in the CFB furnace. 
The large quantities of ash in the circulating loops will sig-
nificantly catalyze the CO–NO reaction. A  large amount of 
char reaction surfaces is needed to intensify the combustion 
process due to the low bed temperature and reaction rate in 
CFB boilers. These surfaces are also active for NOx reduction. 
Surface area is relevant to the char reactivity. As the com-
bustion reactivity is low for the low-volatile high-rank coal, 
more surfaces are needed in combustion. As a result, the NOx 
reduction process is intensified for low-volatile high-rank 
coals. The high concentration of CO in the furnace flows into 
the cyclones to be burnt out. The swirling flow in cyclones 
improves the mixing of CO and O2, intensifies the oxidation 
rate of CO, and ensure the combustion efficiency of CFB boil-
ers. Therefore, the ultra-low emission of NOx can be realized 
in following several methods. In order to reconcile NOx emis-
sion and combustion efficiency, the bed temperature should 
be kept at around 850°C. The overall collection efficiency for 
fine materials should be improved to reduce the bed material 
size and increase the solid circulation rate. The height of the 
secondary air nozzle is heightened to delay the secondary air 
entering time. Combination of these methods can expand 
the reducing zone to control the NOx emission [53].

3.3 Capture of SO2 by limestone during CFB 
combustion

The fundamental process of absorption of sulfur dioxide 
by sorbents in CFB boilers is shown in Fig. 17. SO2 and other 

sulfides are generated from the combustion of sulfur con-
tent in coal. The calcination reaction releases the CO2 and 
enlarges many pores in the limestone. In the oxygen-rich 
atmosphere, the sulfation reaction captures the SO2 and 
generates the CaSO4, which results in the external pores 
blocked by CaSO4 and prohibit the SO2 from continuing 
reacting with the inner part of limestone [50, 68, 69].

Several studies were undertaken to investigate the influ-
encing factors on the sulfation process. The calcination 
reaction can significantly increase the surface porosity of 
limestone, but a too high temperature enhances the sin-
tering of sorbent particles and results in the lower porosity 
and surface area [70, 71]. As the molar volume of CaSO4 (52 
m3/kmol) is much larger than that of CaO (17 m3/kmol), the 
production blocks the surface pores and prohibits the reac-
tion of inner CaO. Previous studies found that an effective 
SO2 penetration depth is lower than tens of micrometers or 
even smaller, while the specific surface area of fine particles 
is larger than that of coarser particles [69, 71]. As a result, 
although the fragment and attrition of sorbent particles can 
enhance the utilization of the inner part of limestone, the 
utilization of coarser sorbent particles is still lower than that 
of fine particles. In addition, the particle residence time is 
another key factor for limestone utilization. Due to the limi-
tation of cyclone collection efficiency, extremely small parti-
cles cannot be captured and will escape from the circulation 
loops within a short period of time. As shown in Fig.  18, 
coarser limestone particles ranging from 0 to 1000  μm, or 
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even coarser, is adopted for the desulfurization in the trad-
itional CFB boilers due to the low cyclone collection effi-
ciency. With the increasing of cyclone collection efficiency, 
finer sorbent particles can be used for SO2 capture because 
of the increasing residence time. This method increases the 
utilization of limestone, reduces the Ca/S molar ratio, and 
weakens the catalytic effect of sorbent particles on NOx [72]. 
Chinese scientists recently made progress in higher effi-
ciency sulfur capture. It is suggested that the fine sorbent 
particle ranges from 0 to 200  μm, whose cut size is 25 to 
50 μm. The desulfurization efficiency in a furnace can reach 
over 99% with the Ca/S molar ratio smaller than 2.

Bed temperature is another key factor for SO2 capture 
and the recommended temperature is around 850°C. The 
sulfation process should be under oxidizing condition as 
the gas atmosphere also affects the SO2 capture.

3.4 Ultra-low emission CFB boiler technology 
practices

Two 220 t/h CFB boilers in Changzhi and Linqing have 
achieved the goal of ultra-low emission of NOx and SO2 by 
improving the cyclone efficiency to increase the bed quality, 
reducing the average bed material size and increasing the 
solid circulation rate [52]. The fuel of these two projects is 
shown in Table 5, the main operation parameters are shown 
in Table 6, with the cut size of fly ash particle decreasing 
from 22 μm to 12 μm. The desulfurization efficiency in the 
two boilers was higher than 99.5% with Ca/S molar ratio 
less than 2. The SO2 emission concentration was lower than 
35 mg/Nm3 by limestone injection into furnace for desulfur-
ization. Without the SCR or SNCR, the initial NOx emission 
concentration was lower than 50 mg/Nm3.

4 Conclusion
CFB combustion technology plays an important role in China 
in providing energy. Due to the wide use of CFB boilers, China 

is the largest supplier and customer of CFB boilers in the 
world. Chinese researchers have over 30 years experienced 
both failure and success in establishing a comprehensive 
design theory on CFB boilers. Successful research projects 
based on design theory have further advanced internation-
ally CFB combustion technology. Some of the advances in 
CFB technology include lower energy consumption for CFB 
boilers based on the reconstruction of the fluidization state. 
The research and development of SCCFB boiler technology 
has resulted in ultra-low emission CFB boilers based on 
limestone injection into the furnace for desulfurization and 
low-NOx combustion. The recent development and demon-
stration of the 660 MW USCCFB boiler will further result in 
better integration of CFB combustion technology. The suc-
cessful research resulting in increasing ultra-high parame-
ters, ultra-low power consumption and ultra-low emissions 
will ensure a future role for CFB technology in China.
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Abstract
Clean utilization and conversion of coal resources is significant to China’s energy sustainable development. 
Entrained-flow coal gasification technology is an important method used for clean and efficient conversion of 
coal. The characteristics and stability of high-pressure dense-phase pneumatic conveying of pulverized coal 
is crucial to the safe and stable operation of dry-feed entrained-flow coal gasifiers. Dense-phase pneumatic 
conveying experiments were carried out using a high-volatile bituminous coal in pipes with diameters of 25, 
15 and 10 mm, respectively, and at back pressures of 1.0–4.0 MPag. The conveying characteristics and effects of 
operating and structure parameters were studied. Pressure drop models were established for horizontal and 
vertical upward conveying. The prediction uncertainty was within ±30% for the horizontal conveying and ±20% 
for the vertical upward conveying. The relative standard deviation of solid flow rate was proposed to explain 
conveying stability. The effect of operating parameters on conveying stability was systematically analyzed. The 
gas velocity-related criterion was proposed for stable conveying.

Key words:  dense-phase pneumatic conveying; pulverized coal; high pressure; pressure drop; stability

Introduction
Coal is the main energy resource of China, but pollutants 
such as SO2, NOx and fine dust can be produced when 
coal is combusted. The clean utilization and conversion 
of coal resources is of strategic significance to China’s 
sustainable energy development. Coal gasification is an 
important process for the clean and efficient conversion 
of coal and is the key technology for industrial processes 
such as coal-to-chemicals, coal-to-liquid fuels, coal-to- 
synthetic-natural-gas and integrated gasification com-
bined cycle. The three major coal gasification technologies 
are fixed bed coal gasification, fluidized bed coal gasification 

and entrained-flow coal gasification. The prevailing tech-
nology in the coal chemical industry is entrained-flow 
gasification due to its large production capacity, high car-
bon conversion and flexible coal feeds. The feedstock of 
entrained-flow coal gasifiers can be coal–water slurry or 
dry pulverized coal. Commercial entrained-flow gasifiers 
with coal–water slurry feed include the GE Energy gasifier, 
ECUST’s (East China University of Science and Technology) 
opposed multi-burner gasifier and Tsinghua’s water mem-
brane wall gasifier. Commercial entrained-flow gasifiers 
with dry pulverized coal feed include the Shell gasifier, 
the GSP gasifier and the HT-L gasifier. The preparation 
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and pumping of coal–water slurry is a simple and proven 
technology. In contrast, conveying dry pulverized coal to 
gasifiers is more complicated and has a higher capital 
cost. However, gasifiers with dry pulverized coal feed have 
advantages. The gasifiers can produce a higher content of 
CO and H2 in raw syngas with lower consumption of coal 
and oxygen and longer service life of burners due to less 
erosion caused by the pulverized coal.

In dry pulverized coal-fed gasification processes, coal 
is pneumatically transported by N2 or CO2 from high-
pressure feeding vessels to gasifiers. A  stable conveying 
of the feedstock with minimum transport gas is import-
ant to increase the content of CO and H2 in raw syngas 
and ensure the stable operation of the gasifier. Therefore, 
high-pressure and dense-phase pneumatic transport of 
pulverized coal is a key technology for dry-feed entrained-
flow coal gasification. Pulverized coal conveying technol-
ogy is used in engineering applications such as the Shell 
[1] and the GSP gasification processes [2, 3]; however, there 
remain many problems. The design of a conveying system 
is mostly reliant on limited empirical correlations with 
fundamental research insufficient for the scale-up princi-
ples. For example, due to limited knowledge on the con-
veying stability and reliability in larger pipes, the diameter 
of the conveying pipeline is limited to 50–60 mm in current 
industrial applications. The lack of reliable methods to 
accurately measure the coal mass flow rate makes it diffi-
cult to accurately control the oxygen-to-coal ratio resulting 
in fluctuating gasification operation. The dense-phase con-
veying limit can also influence the gasifier operation. The 
coal–water slurry fed gasifiers can be operated at pressures 
up to ~8.7 MPa or even higher, while dry pulverized coal-
fed gasifiers are limited at pressures up to ~4 MPa, partly 
because systems of dense-phase conveying at higher pres-
sures are not yet tested or verified.

Pneumatic conveying of coal powder is a very compli-
cated gas–solid two-phase flow process. Suspension flow, 
dune flow, slug flow, plug flow and fluidized dense-phase 
flow phenomena may be observed as gas and solid flow 
through horizontal pipes [4], and suspension flow, annu-
lar flow, turbulent fluidization flow, bubbly flow, slug flow 
and separated plug flow can be found as gas and solid flow 
through vertical upward pipes [5]. The flow pattern transi-
tions are complicated with large differences in flow mech-
anisms between different flow patterns. There is currently 
no matured theory to guide the design and operation of 
dense-phase pneumatic conveying systems. Therefore, 
many researchers have built experimental facilities to 
study the dense-phase pneumatic conveying process  
[6–16]; however, only a few facilities operate at high pres-
sures [6, 7, 10–13]. The characteristics of dense-phase 
pneumatic conveying may differ from dilute-phase char-
acteristics due to increased gas density and enhanced 
gas–solid interactions. The influence of pressure on 
dense-phase pneumatic conveying needs further study. 
The experimental results of Liang et al. showed that mass 
flow rate of coal particles and concentration increased 

with pressure at constant total differential pressure and 
fluidizing gas [17]. The experimental results of Lu et  al. 
also showed that the mass flow rate of coal particles and 
concentration increased at high pressures [18]. The past 
research mainly focused on macroscopic characteristics at 
high pressures with particle flow and mechanism research 
seldom reported.

The pipeline pressure drop is one of the most important 
parameters of pneumatic conveying, and the additional 
pressure drop model developed by Barth [19] was widely 
used:
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where, ΔPT/L is the pressure drop of the gas and solid mix-
ture, ΔPg/L is the pressure drop of the gas phase, and ΔPs/L 
is the additional pressure drop due to the presence of the 
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coefficient of additional pressure drop. μ is solid loading 
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where, e is the roughness of pipe wall, Re (= ρgUgD/μg) is 
Reynolds number.

Determination of the coefficient of the additional pressure 
drop λz is key to calculate the total pressure drop of two-
phase flow. To calculate λz some researchers [20] used power 
functions with several nondimensional parameters derived 
from experimental data. For the suspension flow in horizon-
tal pipes, the additional pressure drop of the particle clusters 
can be expressed as the sum of pressure drop caused by par-
ticle friction and that caused by keeping the particles sus-
pended and then was applied to dense-phase conveying [21, 
22]. Based on Yang’s unified theory [23], Wang [16] put for-
ward implicit equations to calculate λz. The gas–solid flow for 
dense-phase flow of fine powder in horizontal pipes tends to 
be stratified. Setia et al. [24] used a ‘two-layer’ model (two dif-
ferent models) that showed good prediction performance for 
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Table 1 Coefficient of the additional pressure drop in horizontal pipes
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fly ash at atmospheric pressure and account for the upper 
suspension flow and the lower non-suspension flow. Tables 
1 and 2 list coefficients of the additional pressure drop in 
horizontal pipes and vertical upward pipes, respectively. 
There are many formulae in the literature for calculating the 
coefficients of the additional pressure drop. However, the 
formulae are quite different from each other and whether 
those formulae can be applied to other pneumatic convey-
ing conditions is yet to be studied.

A constant supply of feedstock is important for the sta-
ble operation of gasifiers. Mallick and Wypych [30] stated 
that Fr = 5.7 predicted the boundary for stable conveying of 
coal powder, regarding fluctuating and ‘non-linear’ flow of 
material into the receiving bin as unstable conditions. Cong 
[4] used the relative standard deviation (RSD) of pressure 
signals to characterize the stability of pneumatic convey-
ing. According to his experimental data, dense-phase flow 
is stable at the Fr > 10 when the RSD of the pressure signal is 
<0.1. Xie et al. [31] used peak value of power spectral density 
and RSD of pressure signals and found that the gas–solid 
flow was stable at gas velocities 1–1.5 m/s lower than the 
gas velocity at minimum pressure drop. He et al. [32] used 
the Hurst index of differential pressure signals and found 
that the stability of pneumatic conveying decreased when 
the superficial gas velocity was lower than 1.5 times the 
saltation velocity. Liang et al. [12] used the RSD of solid flow 
rate signals and analyzed the influence of total differen-
tial pressure on the stability of pneumatic conveying. Ma et 
al. [33] believed that it was stable when the solid flow rate 
fluctuated within the range of 5% for GSP gasifiers. Lin et al. 
[1] showed fluctuation of solid flow rate during stable oper-
ation of a Shell gasifier and the RSD of solid flow rate was 
2–3% and the maximum fluctuation range (FR) was 14–17%.

There has been considerable attention paid to the fluc-
tuation of solid flow rate in the industry. Statistical ana-
lysis of signals was used in laboratory investigations. Most 
researchers use pressure signals and differential pressure 
signals for accuracy, and they are also less expensive to 
obtain. The signals are used to do statistical analysis and 
propose qualitative or quantitative indicators and criteria 
of stable conveying. The criterions of stable conveying are 
mostly related to gas velocity or Froude number. However, 

the published indicators of stable conveying are different. 
Researchers have not yet analyzed the differences between 
indicators and criterions of stable conveying.

These experiments systematically investigated the char-
acteristics of dense-phase pneumatic conveying of coal 
powder at back pressures of 1.0–4.0 MPag, as well as the 
effect of operating parameters and structure parameters on 
the characteristics. The influencing mechanism of pressure 
on dense-phase pneumatic conveying was studied using 
the conveying diagram and flow behavior of coal powder. 
Based on the experimental data, the prediction capabilities 
of published pressure drop models were analyzed, and new 
pressure drop models for horizontal and vertical upward 
conveying were developed. The fluctuations of different sig-
nals of pneumatic conveying were analyzed, and an indica-
tor and criterion for stable conveying were proposed.

1 Experimental system
1.1 Experimental facility and material property

The experimental facility of high-pressure dense-phase 
pneumatic conveying of coal powder is shown in Fig. 1. It 
consists of a nitrogen supply system, screw feeder system, 

Fig. 1 Photograph of the dense-phase conveying system

Table 2 Coefficient of the additional pressure drop in vertical upward pipes
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coal delivery system, conveying and measurement system, 
coal receiving system and data acquisition and control sys-
tem. The flow diagram of the dense-phase conveying sys-
tem is shown in Fig. 2, and the layout of the conveying line 
is depicted in Fig.  3. High-pressure nitrogen flows from a 
nitrogen tank installed in a truck to a storage vessel through 
pressure-reducing valves and is then fed into a delivery ves-
sel (receiving vessel). Pressurizing gas is used to pressurize 
the vessels, fluidizing gas is used to fluidize coal powder 
for easier transportation and supplementary gas is used 

to suppress solid deposition and to adjust gas velocity and 
particle concentration in the pipe. The pressure of vessels is 
controlled by electric control valves installed at the pressur-
izing gas pipe and relieving gas pipe. The volume flow rate of 
fluidizing gas is adjusted as the pressure of the vessel varies 
until coal powder inside the bottom of the vessel reaches 
the optimal fluidization status. The fluidized coal powder is 
discharged from the bottom of the delivery vessel, mixing 
with the supplementary gas, and flows into the conveying 
line through a coal distributor. The conveying line consists of 
three parallel branches of different pipe diameters. Several 
valves are installed at the entrance and exit of the branches 
for switching between these branches. Conveying distance 
can be changed by altering the length of the horizontal con-
veying line using a set of valves, as shown in Fig. 3. The three 
parallel branches join together through another coal distrib-
utor, following which is a solid mass flowmeter installed in 
a vertical downward pipe. The gas–solid mixture eventually 
flows into the receiving vessel, where gas and solid particles 
are separated, and carrier gas is vented after passing through 
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Fig. 2 Flow diagram of the dense-phase conveying system. 1, nitrogen tank; 2, pressure reducing valve; 3, storage vessel; 4, delivery vessel; 5, receiv-
ing vessel; 6, conveying pipeline; 7, dust collector; 8, pressurizing gas; 9, fluidizing gas; 10, supplementary gas; 11, relieving gas; 12, load cell; 13, 
pressure transducer; 14, differential pressure transducer; 15, solid mass flowmeter; 16, gas flowmeter; 17, regulating valve
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Fig. 3 Layout of the conveying line. 1, inlet of conveying line; 2, coal dis-
tributor; 3, valves for changing conveying distance; 4,solid mass flow-
meter; 5, outlet of conveying line; 6, pressure transducer; 7, differential 
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Table 3 Parameters of the experimental facility

Item Value

Volume of the delivery  
or receiving vessel, V

5 m3

Maximum operating pressure of  
the delivery or receiving vessel, P

6 MPag

Inner diameter of the conveying  
pipeline, D

10 mm, 15 mm, 25 mm

Conveying  
distance

Horizontal 152 m 63 m
Vertical upward 25 m 25 m
Vertical downward 20 m 20 m
Number of bends 30 26
Total length, L 197 m 108 m

Pipe material 20# carbon steel
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a bag filter. The delivery vessel and receiving vessel are inter-
changeable, and coal powder is circulated inside the convey-
ing system. New coal material is fed into the delivery vessel 
by the screw feeder system, and used coal material can be 
discharged from the bottom of the bag filter. Parameters of 
the experimental facility are shown in Table 3.

The flow rate of supplementary gas is measured by vor-
tex flowmeters, and the flow rates of pressurizing gas and 
fluidizing gas are measured by mass flowmeters. Seven 
pressure transducers and eight differential pressure trans-
ducers are installed along the conveying line, as shown in 
Fig.  3. The weights of vessels are measured by load cells 
and are used to calculate the average solid flow rate during 
a period of time. The instantaneous solid flow rate is meas-
ured by the solid mass flowmeter of Thermo Ramsey, which 
consists of a velocity sensor, a concentration sensor and 
an integrator. The output signals of measuring instruments 
are converted by A/D converters and then recorded by a PLC 
control system at a frequency of 2 Hz. Main parameters of 
measuring instruments are shown in Table 4.

The conveying material is a high-volatile bituminous coal 
from China, as shown in Table 5. Properties of coal particles 
and parameters of flowability are shown in Table 6. Fig. 4 
shows the particle size distribution of coal particles. The 
particles are cohesive [34–36] since the compressibility is 
between 30 and 50%, the angle of repose is between 45° and 
55° and the flow function is between 4 and 10. According to 
Geldart’s classification [37], the particles are A-type particles 
and are suitable for dense-phase pneumatic conveying [35]. 
According to Pan’s classification [38], the particles are PC1-
type particles and can be transported smoothly and gently 
from dilute phase to fluidized dense phase.

1.2 Data processing

The slopes of weight loss curves and weight gain curves of 
the vessels were calculated as average solid flow rate and 
were used to calibrate the instantaneous mass flow rate Ms 
and concentration C, which were measured by the solid mass 
flowmeter. The solid mass flux was calculated by Equation (3):

 G
M
A

M
Ds

s s= =
0 25 2. π  (3)

where the volume flow rate of carrier gas (Qg) and superfi-
cial gas velocity (Ug) are as follows:

 Q Q Q Q M
g p f s s s= + + − / ρ  (4)

 U
Q

A

Q

Dg
g g= =

0 25 2. π
 (5)

Where Qp is volume flow rate of pressurizing gas, Qf is vol-
ume flow rate of fluidizing gas, Qs is volume flow rate of 
supplementary gas, ρs is particle density. 

It is worth noting that Qg and Ug are dependent on local 
pressure and thus changed at different positions. The solid 
loading ratio µ was calculated by Equation (6):

 µ
ρ

=
M
Q

s

g g
 (6)

There is currently no common definition for dense phase. 
The solid loading ratio is widely used. For example, µ > 
10 was used by Klinzing and Mathur [39] as an indica-
tor for dense phase. However, the solid loading ratio is 
influenced by properties of solid particles and carrier 
gas. Gas density changed greatly as the pressure varied 
in the experiments, so solid loading ratio alone was not 
suitable. Many researchers regarded the region of super-
ficial gas velocity larger than the saltation velocity as the 
dense-phase region based on Zenz’s diagram [40], which 
was inconvenient for use. The particle concentration of 
dense-phase conveying of coal powder is 400 and 300–
500  kg/m3 for Shell gasifiers [41] and GSP gasifiers [33], 
respectively. Therefore, in this article, dense-phase region 
is considered where particle concentration is larger than 
300 kg/m3.

Table 7 lists the experimental range of pneumatic con-
veying. Most of the experiments were in the dense-phase 
region for 25 and 15 mm pipes, while experiments were in 
dilute-phase region for 10 mm pipe.

Table 4 Main parameters of measuring instruments

Instrument Manufacturer Measurement range Accuracy

Gas vortex flowmeter Emerson Process Management 0–20 m3/h ±1%
Gas mass flowmeter Emerson Process Management 0–100 Nm3/h ±0.5%
Pressure transducer Emerson Process Management 0–10 MPa ±0.05%
Differential pressure transducer Emerson Process Management 0–30 kPa, 0–60 kPa ±0.05%
Load cell Yuyao Pacific Weighing Engineering Co. Ltd 0–4 t ±0.03%
Solid mass flowmeter Thermo Fisher Scientific Velocity: 0–15 m/s,  

concentration: 0–700 kg/m3

±2%

Table 5 Proximate and ultimate analysis of Shanbei coal

Parameter Value Parameter Value

Mar (%) 6.44 Cdaf (%) 82.46
Vdaf (%) 39.48 Hdaf (%) 4.78
FCd (%) 55.66 Odaf (%) 11.49
Ad (%) 8.03 Ndaf (%) 0.96
Qnet, ar (MJ/kg) 25.96 Sdaf (%) 0.30
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2 Results and discussion
2.1 Characteristics of high-pressure dense-phase 
conveying

Diagram of conveying was widely used to investigate the 
characteristics of high-pressure dense-phase conveying. In 
the diagram, the pressure drop per unit length was plotted 
against the superficial gas velocity with the solid flow rate 
as a parameter, or the solid flow rate was plotted against 
the superficial gas velocity with the total differential pres-
sure as a parameter. The latter method was chosen in this 
article because it is convenient to control the pressure dif-
ference between the delivery vessel and receiving vessel in 
the experimental facility.

Fig.  5 showed the effect of operating parameters on 
conveying characteristics. At a constant back pressure and 
total differential pressure, the solid flow rate increased to 
a maximum and decreased as the superficial gas velocity 
decreased, as shown in Fig. 5a. The superficial gas velocity 
at the maximum solid flow rate was a critical velocity. When 
superficial gas velocity was high, the flow was in a dilute-
phase region with low solid concentrations, and the pres-
sure drop of the gas phase was the main part of the total 
pressure drop. As the gas velocity decreased, the pressure 
drop of the gas phase decreased and the solid flow rate 
increased. As gas velocity decreased further, solid concen-
tration increased rapidly and the inter-particles and par-
ticle–wall friction resistance, which resulted in an increased 
pressure drop due to particles and decreased solid flow rate.

Total differential pressure was the main driver for con-
veying coal particles. At a constant back pressure and gas 
velocity, solid flow rate and solid concentration increased 

with total differential pressure, as shown in Fig. 5a and b. 
It is worth noting that critical velocity increased with solid 
flow rate (total differential pressure), which is the same as 
the conclusion of former researcher [42].

At back pressures of 2.5 and 4.0 MPag, no remarkable 
effects of back pressure on solid mass flux curves and solid 
concentration curves were found in the region of low gas vel-
ocity, and back pressure hardly affected the value of critical 
velocity, as shown in Fig. 5a and b. However, in the region of 
high gas velocity, solid flow rate was lower at high back pres-
sures, which was due to higher pressure drops of gas phase 
as gas density increased at high back pressures, as shown in 
Fig. 5a. Thus, conveying of coal powder would be affected by 
pressure through gas density, especially in the dilute-phase 
region.

At back pressure of 1.0 MPag, first of all, the trend of 
a slow increase followed by a rapid increase of solid con-
centration with decreasing gas velocity was more notice-
able, as shown in Fig. 5b; second, solid mass flux was lower 
for 1.0 MPag at the region of low gas velocity, as shown 
in Fig.  5a. One possible explanation was that coal parti-
cles were more likely to deposit in the bottom of hori-
zontal pipes at 1.0 MPag, due to larger density differences 
between solid particles and gas. Therefore, the transition 
of flow patterns from dilute-phase suspension flow to non-
uniform stratified flow gave rise to more sharp transitions 
of solid concentration curves. Moreover, the effective sec-
tional area of pipes decreased as coal particles deposited, 
which resulted in lower solid mass fluxes at 1 MPag.

Fig.  6 showed the effect of operating parameters on 
particle velocity. The results showed that the particle vel-
ocity decreased with decreasing local superficial gas vel-
ocity, and the particle velocity was lower than the local 
superficial gas velocity. The variation of velocity differ-
ence between local superficial gas velocity and particle 

Table 6 Properties of coal particles and parameters of flowability

Parameter Value Parameter Value

External moisture content (%) 4.84 Median particle diameter (µm) 35.3
Internal moisture content (%) 1.60 Compressibility (%) 39.2
Particle density (kg/m3) 1449 Angle of repose (°) 48
Tap density (kg/m3) 852 Angle of wall friction (°) 27
Loosely packed density (kg/m3) 518 Flow function 3.1
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Fig. 4 Particle size distributions of coal particles

Table 7 Experimental range

Diameter of pipe mm 25 15 10
Back pressure MPag 1–4 1–4 1–4
Solid flow rate kg/h 448–4718 171–1757 96–586
Solid mass flux kg/(m2·s) 254–2670 268–2761 338–2072
Particle concentrationa kg/m3 46–641 20–437 18–180
Solid loading ratio kg/kg 1–25 1–15 1–7
Superficial gas velocityb m/s 1.5–11.2 4.3–20.5 8.8–22.6

aAt local pressure and temperature where the solid mass flowmeter 
installed.
bAverage superficial gas velocity.
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velocity with average superficial gas velocity is shown in 
Fig.  7. At higher gas velocities, the particle–wall friction 
force was larger because of larger particle velocities, and 
the gas–solid drag force was also larger according to the 
force balance of particles in the dilute phase; therefore, the 
velocity difference between gas and solid should be larger 
to drive the particles. That trend was similar to the results 
predicted by the correlation developed by Arastoopour and 
Gidaspow [43], namely the velocity difference between gas 
and solid was proportional to the superficial gas velocity, 
as shown in Equation (7):

 u U d Ds g p s g= − − −( . ). . . .1 0 68 0 92 0 5 0 2 0 54ρ ρ  (7)

or

 U u d D Ug s p s g g− = − −0 68 0 92 0 5 0 2 0 54. . . . .ρ ρ  (8)

As gas velocity decreased, the slope of variation of the vel-
ocity difference with superficial gas velocity changed at a 
certain gas velocity, which might indicate a transition of flow 
patterns, as shown in Fig. 7. For conveying at back pressures 

of 2.5 and 4.0 MPag, the transition took place at critical vel-
ocity, whereas at a lower back pressure and lower solid flow 
rate, the transition was more obvious and took place at a gas 
velocity near, which solid concentration changed rapidly (as 
shown in Fig. 5b) and was higher than the critical velocity.

The effect of conveying distance on solid mass flux is 
shown in Fig. 8. It was shown that solid mass flux increased 
by ~40% as the conveying distance decreased from 197 
to 108 m (by decreasing the length of horizontal convey-
ing line) at constant total differential pressures. That was 
because the pressure drop per unit length increased as the 
conveying distance decreased, and the driving force for 
conveying coal powder increased. It could be observed that 
the effect of conveying distance was very similar to that of 
total differential pressure.

The effect of pipe diameter on solid flow rate is shown 
in Fig. 9. It was shown that the solid flow rate was larger for 
larger pipes at the same superficial gas velocity. Compared 
with pipe of 10 mm diameter, the solid flow rate increased 
approximately four times and nine times to that of the solid 
flow rate in pipes of 15 and 25 mm diameter, respectively. 
That was because resistance was smaller for pipes of larger 
diameters, and more coal particles can be transported.

2.2 Pressure drop through straight pipes

Comparisons of pressure drop per unit length between 
experimental data and model calculations from Table 1 for 
horizontal pipes are shown in Fig. 10. It was shown that in 
most cases both Stegmaier and Weber’s model and Wang’s 
and He et al.’s model overpredicted the pressure drop. In 
contrast, Geldart and Ling’s, Pan’s and Zhou et al.’s model 
underpredicted the pressure drop. It was interesting that 
the prediction results were very similar for Geldart and 
Ling’s, Pan’s and Zhou et al.’s model, while the three mod-
els were in quite different forms, as shown in Table 1.

Model predictions by Guo et  al., Mittal et  al. and Setia 
et al. were in agreement with experimental data within the 
deviation of ±50%, which are the best among all the models 
investigated, despite that they were developed from very 
different experimental conditions from this article. Guo et al. 
used air as the carrier gas and carried out experiments at 
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near atmospheric pressures, while in this article, the carrier 
gas was nitrogen and conveying pressure exceeded 1 MPa. 
It should be noted that pipe diameters were in the range of 
15–26 mm in Guo et al.’s experiments, which was very simi-
lar to those in this article. In addition, in Mittal et al.’s and 
Setia et al.’s experiments, carrier gas was also air, conveying 
material was fly ash, conveying pressure was near atmos-
pheric pressure and pipe diameter was 69 and 105  mm. 
While the experimental conditions were very different from 
those in this article, those models still gave better results.

Comparisons of pressure drop per unit length between 
experimental data and model calculations from Table 2 for 
vertical upward pipes are shown in Fig. 11. It was shown that 
Zhou et al.’s and Wang et al.’s model underpredicted the pres-
sure drop, while predictions of Pu et al.’s and He et al.’s model 
diverged for pipes of different diameters. Guo’s model was 
in agreement with experimental data within the deviation 
of ±50%, which is the best among all the models investigated 
although it was developed from very different experimental 
conditions from this article, as shown in Table 2.

Since the predictive ability of existing models was not yet 
adequate for engineering applications, a new additional pres-
sure drop model was developed in this article. Several non-
dimensional parameters were analyzed, including the solid 

loading ratio (µ), the density ratio of solid to gas ( ρ ρs g/ ), the 
Reynolds number (Re), the Froude number (Fr) and the diam-
eter ratio ( d Dp / ). The solid loading ratio was correlated with 
the solid concentration: a higher solid loading ratio indicated 
a higher solid concentration, and thus higher frequencies of 
particle–particle and particle–wall inelastic collisions, which 
would result in larger momentum losses. The density ratio of 
solid to gas was used to represent the particle-carrying cap-
acity in dilute suspension flow [44]. The Reynolds number rep-
resented the ratio of inertia forces to viscous forces and could 
be used to represent the change of turbulent kinetic energy 
of the carrier gas as operating parameters varied. The Froude 
number represented the ratio of inertia forces to gravity and 
could be used to represent the effect of gravity on conveying. 
The effect of gravity was larger at lower gas velocities; thus, 
solid particles were more likely to deposit on the bottom of 
horizontal pipes and flow backward along the wall of vertical 
upward pipes, which could affect the pressure drop of the gas–
solid mixture. The diameter ratio in fact represented merely 
the effect of pipe diameter, such as those due to wall rough-
ness of different pipes, since the particle size was constant in 
this article.

The coefficient of the additional pressure drop was 
regressed with experimental data using the power 
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functions of the above-mentioned nondimensional 
parameters. Preliminary studies showed that power num-
bers of solid loading ratio, density ratio of solid to gas and 
Reynolds number were small, and thus, the three non-
dimensional parameters were removed from the fitting 
formula to ignore their effect on the coefficient of the add-
itional pressure drop. The formula is shown in Equation (9):

 λz p= x d Dy zFr ( / )  (9)

The experimental coefficient of addition pressure drop 
was calculated according to Equations (1) and (2) and was 
then fitted by Equation (9) in Excel using multiple regres-
sion analysis. The resultant formulae of coefficient of 
the additional pressure drop are shown as Equations (10) 
and (11).
For horizontal conveying:

 λz p= × − − −2 990 10 3 0 946 0 637. ( / ). .Fr d D  (10)

For vertical upward conveying:

 λz p= × − − −2 047 10 4 1 095 1 233. ( / ). .Fr d D  (11)

The experimental and calculated coefficients of additional 

pressure drop were plotted against the Froude number in 

Fig. 12. It was shown that the coefficient of additional pres-

sure drop increased as the Froude number decreased, and it 

increased rapidly when the Froude number was lower than 

10–15 for horizontal pipes and 15–20 for vertical upward 

pipes. Pressure had minor impacts on the coefficient of 

additional pressure drop, which was also proved by Figs. 10 

and 11 where models derived from conveying at near atmos-

pheric pressures could be used to predict pressure drop of 
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Fig. 10 Comparisons of pressure drop per unit length between experimental data and model calculations from Table 1 for horizontal pipes
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high-pressure conveying. It was likely that pressure could 
influence the pressure drop of gas–solid two-phase flow 
only through gas density and dynamic head. Comparisons 
of pressure drop per unit length between experimental 
data and model calculations are shown in Fig.  13. It was 
shown that the developed models from this article agreed 
with experimental data within ±30% for horizontal pipes 
and ±20% for vertical upward pipes, which showed better 
performance than previous models.

In horizontal pipes, additional pressure drop was 
mainly solid frictional pressure drop, while in vertical 
upward pipes, additional pressure drop also included solid 
gravitational pressure drop. Thus, solid frictional pressure 
drop could be calculated from total pressure drop as in 
Equations (12) and (13):

 ∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆P L P L P L P Lsf
H

s T g/ / / /= = −  (12)

18

15

12

9

6

3

0
0 3 6 9 12 15 18

25mm
15mm
10mm

+50%

-50%

Experimental measurement (kPa/m)

(a) Zhou et al. (b) Pu et al.

(d) Wang et al. (e) He et al.

(c) Guo

M
od

el
 c

al
cu

la
tio

n 
(k

Pa
/m

)

18

15

12

9

6

3

0
0 3 6 9 12 15 18

25mm
15mm
10mm

+50%

-50%

Experimental measurement (kPa/m)

M
od

el
 c

al
cu

la
tio

n 
(k

Pa
/m

)

18

15

12

9

6

3

0
0 3 6 9 12 15 18

25mm
15mm
10mm

+50%

-50%

Experimental measurement (kPa/m)

M
od

el
 c

al
cu

la
tio

n 
(k

Pa
/m

)

18

15

12

9

6

3

0
0 3 6 9 12 15 18

25mm
15mm
10mm

+50%

-50%

Experimental measurement (kPa/m)

M
od

el
 c

al
cu

la
tio

n 
(k

Pa
/m

)

18

15

12

9

6

3

0
0 3 6 9 12 15 18

25mm
15mm
10mm

+50%

-50%

Experimental measurement (kPa/m)

M
od

el
 c

al
cu

la
tio

n 
(k

Pa
/m

)

Fig. 11 Comparisons of pressure drop per unit length between experimental data and model calculations from Table 2 for vertical upward pipes
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V
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 (13)

where solid gravitational pressure drop was calculated by 
Equation (14)

 ∆ ∆P L
M g
A u

G g
Usg

s

s

s

g

/ = ≈
1

 (14)

Comparisons of solid frictional pressure drop between 
horizontal and vertical upward pipes are shown in 
Fig. 14, where solid frictional pressure drop of horizontal 
pipes was calculated from Equation (10) and that of verti-
cal upward pipes was calculated from Equations (13) and 
(14). It was shown that solid frictional pressure drop of 
horizontal pipes was larger than that of vertical upwards 
pipes, except for some data from 25 mm pipeline. That 
was because the deposition of coal particles on the bot-
tom of horizontal pipes increased particle–wall friction 

due to the increased normal stress resulted from grav-
ity. In addition, the difference of solid frictional pres-
sure drop between horizontal pipes and vertical upward 
pipes was larger at a lower Froude number as shown in 
Fig. 14b due to more coal particles tending to deposition. 
When the Froude number was very low, negative values 
occurred for the solid frictional pressure drop in vertical 
upward pipes, as shown in Fig. 14a. That was considered 
to be the result of a change of the direction of the shear 
force due to the backflow of particles in vertical upward 
flow when gas velocity was very low [15]. The phenom-
enon had been observed during experiments [45].

2.3 Conveying stability

Unstable conveying of coal powder always occurred 
with simultaneous signal fluctuations. For discrete sig-
nal data series ( , , )y y yN1 2  , the average fluctuation 
amplitude was represented by its RSD as calculated by 
Equation (15), and its maximum FR was calculated by 

30

25

20

15

10

5

0
0 5 10 15 20 25 30

Experimental measurement (kPa/m)

(a) horizontal

M
od

el
 c

al
cu

la
tio

n 
(k

Pa
/m

) 25mm
15mm
10mm

+30%

-30%

15

12

9

6

3

0
0 3 6 9 12 15

Experimental measurement (kPa/m)

(b) vertical upward

M
od

el
 c

al
cu

la
tio

n 
(k

Pa
/m

)

25mm
15mm
10mm

+20%

-20%

Fig. 13 Comparisons of pressure drop per unit length between experimental data and model calculations

(a) (b)15

12

9

6

3

0
−3 0 10 20 30 40 50 60

−0.5

0

25mm
15mm
10mm

25mm
15mm
10mm

0.5

1.0

1.5

2.0

2.5

3.0

0 3 6
∆PV

sf/∆L (kPa/m)

∆P
H sf

/∆
L 

(k
Pa

/m
)

(∆
P

H sf
/∆

L 
-  

∆P
V sf

/∆
L)

/(
∆P

V sf
/∆

L)

9

Fr

12 15

Fig. 14 Comparisons of solid frictional pressure drop between horizontal and vertical upward pipes

Guan et al. | 61



Equation (16). RSD and FR were used to represent the 
fluctuation of signals.
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Three representative signals were investigated to study 
the conveying stability, including the pressure of a hori-
zontal pipe (Ph), the pressure drop per unit length of a hori-
zontal pipe (ΔPh/ΔL) and solid flow rate (Ms). Comparisons 
of fluctuation calculated from the three signals are shown 
in Fig.  15. It was shown that RSD(Ph) was the smallest and 
was one magnitude smaller than RSD(ΔPh/ΔL) and RSD(Ms). 
The value of pressure fluctuations was small compared 
with the value of the pressure itself. The fluctuation of pres-
sure drop and solid flow rate was in the same order of 
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magnitude. In addition, the correlation coefficients for RSD(Ph) 
and RSD(Ms), RSD(ΔPh/ΔL) and RSD(Ms), FR(Ms) and RSD(Ms) 
were 0.23, 0.16 and 0.92, respectively, as shown in Fig. 15a–c.  
It could be seen that no strong correlations were found between 
RSD(Ph) and RSD(Ms) or between RSD(ΔPh/ΔL) and RSD(Ms), 
while RSD(Ms) was substantially correlated with FR(Ms). The 
value of FR(Ms) was ~5.9 times that of RSD(Ms), as shown in 
Fig. 15c, which was similar to the case in Shell gasifiers [1].

The stable supply of feedstock in industrial gasifiers 
required that the solid flow rate of coal was stable, so 
as to match with the flow rate of oxygen and keep the  
oxygen-to-coal ratio stable. The average fluctuation ampli-
tude could be used to denote the operating stability of gas-
ifiers in long-term runs, while the maximum FR could be 
used to denote the possibility of triggering the interlocks 
and causing unplanned shutdown. Based on the above- 
mentioned analysis, RSD of the solid flow rate signal was 
used as an indicator for conveying stability in this article.

Signal fluctuations of two experiments with similar 
conditions are shown in Figs 16 and 17. In the experiments, 
the pressure of the delivery vessel and the receiving vessel 
was controlled by control valves. When the vessel pressure 
was not well controlled, periodic fluctuations occurred, 
which led to similar periodic fluctuations of signals in the 
conveying pipeline, as shown in Fig.  16. The conveying 
instability induced by fluctuations of the vessel pressure 
had been observed by many researchers [33]. Fluctuations 
of the vessel pressure would result in fluctuations of the 
total differential pressure, which had a direct impact on 
the solid flow rate. After the pressure control strategy was 
improved and periodic fluctuations of vessel pressure were 
diminished, no obvious periodic fluctuations of signals in 
the conveying pipeline could be observed, as shown in 
Fig. 17. The conveying stability improved since RSDs of all 
the signals investigated decreased, as shown in Table 8.

Comparisons of RSDs of solid flow rate, particle velocity 
and solid concentration are shown in Fig. 18. It was shown 
that RSD(Ms), RSD(us) and RSD(C) were in the same order 
of magnitude, and generally, RSD(us) < RSD(Ms) < RSD(C). 
Besides, RSD(C) was in a stronger correlation with RSD(Ms) 
than RSD(us) was in with RSD(Ms), which demonstrated that 
the fluctuation of solid flow rate was mainly caused by the 
fluctuation of solid concentration. That was possible when 
cross-sectional solid concentration fluctuated dramatically 
in dense-phase plug flow or dune flow at horizontal pipes.

The effect of solid loading ratio on conveying stability 
for 25 mm pipes is shown in Fig. 19. It was shown that at 
the same gas velocity, the solid loading ratio was higher 
for a conveying distance of 108 m, compared with that 
for a conveying distance of 197 m.  Whereas no obvious 

differences were found for the RSD of solid flow rate, indi-
cating that there were minor effects of solid loading ratio 
on conveying stability for 25 mm pipes in this article.

The effect of back pressure on conveying stability for 
25 mm pipes is shown in Fig. 20. It was shown that at the 
same gas velocity, there were no big differences in solid con-
centrations between different back pressures, although solid 
concentration was a little bit lower at 1.0 MPag. When solid 
concentration was high, such as those higher than 300 kg/m3,  
there were no obvious differences in conveying stability 
between different back pressures. While when solid concen-
tration was low, more stable conveying could be achieved at 
higher back pressures. That was because gas density was 
higher and particle-carrying capacity of gas was larger at 
higher back pressures, making it easier for suspending the 
particles and thus enhancing the conveying stability.

Variations in RSD(Ms) with superficial gas velocity for 
pipes of different diameters are shown in Fig. 21. There 
was a trend that RSD(Ms) increased as superficial gas vel-
ocity decreased. It was shown that when superficial gas 
velocity was lower than ~6 m/s for 25 mm pipes and 8 m/s 
for 15  mm pipes, RSD(Ms) increased rapidly and might 
exceed 7%, which was regarded as unstable conveying in 
this article. It should be noted that when superficial gas 
velocity was lower than above-mentioned values, stable 
conveying with RSD(Ms) less than 7% still might appear.

3 Conclusions
Dense-phase pneumatic conveying of a high-volatile bitu-
minous coal powder was carried out in an experimental 

Table 8 Signal RSDs of two experiments of similar conditions

Condition RSD(P1) RSD(P2) RSD(Ph) RSD(ΔPh/ΔL) RSD(us) RSD(C) RSD(Ms)

A 7.1 × 10−4 2.8 × 10−3 2.0 × 10−3 0.09 0.06 0.14 0.12
B 4.8 × 10−4 2.2 × 10−4 1.3 × 10−3 0.06 0.03 0.10 0.08
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facility using 25, 15, and 10 mm pipes and at back pres-
sures of 1.0–4.0 MPag. The conveying characteristics and 
the influencing mechanism of operating parameters 

and structure parameters were studied. Pressure drop 
models for horizontal pipes and vertical upward pipes 
were established. The indicator and criterion for stable 
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conveying were proposed, and the effect of operating 
parameters on the conveying stability was systematic-
ally analyzed.

(1) At constant total differential pressures, solid flow rate 
reached the maximum when superficial gas velocity 
reached the critical velocity. As superficial gas velocity 
decreased, initially the solid concentration increased 
slowly while the velocity difference between gas and solid 
decreased rapidly, then the solid concentration increased 
rapidly while the velocity difference between gas and solid 
slowly decreased. The shift between the two processes 
took place at a superficial gas velocity equaled to or larger 
than the critical gas velocity, which indicated a transform-
ation of flow patterns inside the pipeline (such as particle 
deposition in horizontal pipes). The shift was more obvious 
at lower back pressure and lower solid flow rate.

(2) In dense-phase region, no remarkable effects of back 
pressure on solid mass flux and solid concentration 
were found at back pressures of 2.5 and 4.0 MPag, while 
solid mass flux and solid concentration were lower at 
back pressure of 1.0 MPag.

(3) Solid flow rate improved with increasing total differential 
pressure or decreasing conveying distance since pressure 
drop per unit length increased. Solid flow rate increased 
with pipe diameter at a constant total differential pressure.
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(4) Experimental data of pressure drop from horizontal 
and vertical upward conveying of coal powder were 
obtained. The previous models calculate pressure drop 
of dense two-phase flow with prediction deviations no 
better than ±50%, while the additional pressure drop 
model developed in this paper through dimensional 
analysis yielded prediction deviations within ±30% for 
horizontal conveying and ±20% for vertical upward con-
veying. Solid frictional pressure drop was larger in hori-
zontal pipes than that in vertical upward pipes, and the 
difference between them increased as the Froude num-
ber decreased.

(5) The value of pressure signal fluctuations was one mag-
nitude smaller than that of pressure drop and solid flow 
rate. The fluctuation of pressure and pressure drop was 
barely correlated with the fluctuation of solid flow rate. 
The maximum FR was ~5.9 times that of the average 
fluctuation amplitude for solid flow rate. In this article, 
the RSD of solid flow rate was used as an indicator for 
conveying stability.

(6) The stability of vessel pressure could affect the stabil-
ity of conveying. The fluctuation of solid flow rate was 
mainly caused by the fluctuation of solid concentra-
tion. No obvious effects of solid loading ration and back 
pressure on conveying stability were observed. There 
was a trend that conveying stability increased as super-
ficial gas velocity decreased. When superficial gas vel-
ocity was lower than ~6 m/s for 25 mm pipes or 8 m/s 
for 15 mm pipes, unstable conveying might occur with 
average fluctuation amplitude of solid flow rate larger 
than 7%.
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Abstract
Supercritical carbon dioxide (sCO2) power cycle is an innovative concept for converting thermal energy to electrical 
energy. It uses sCO2 as the working fluid medium in a closed or semi-closed Brayton thermodynamic cycle. The sCO2 
power cycles have several benefits such as high cycle efficiency, small equipment size and plant footprint (and therefore 
lower capital cost) and the potential for full carbon capture. Achieving the full benefits of the sCO2 cycle depends on 
overcoming a number of engineering and materials science challenges that impact both the technical feasibility of the 
cycle and its economic viability. For example, the design and construction methods of turbomachinery, recuperator 
and high-pressure oxy-combustor pose significant technical challenges. Other R&D needs include material selection 
and testing, and optimized power cycle configuration. Over the years, particularly in the last decade, R&D efforts have 
been growing worldwide to develop sCO2 cycle technologies for power generation. Significant progress has been made 
in developing sCO2 cycle power systems. Some small, low-temperature sCO2 Brayton cycle power systems are starting 
to emerge in the commercial market, and a natural gas-fired demonstration power plant using a sCO2 cycle called the 
Allam Cycle is under construction. This article describes the sCO2 cycles for applications in power generation from fossil 
fuels and reviews the recent developments in sCO2 power cycle technologies.

Key words: supercritical CO2 cycle; Brayton cycle; power generation; energy efficiency; CO2 capture

Introduction
Supercritical carbon dioxide (sCO2) power cycle uses sCO2 
as the working fluid medium in a Brayton thermodynamic 
cycle. The Brayton cycle is the same cycle run by natural 
gas turbines. In an sCO2 Brayton cycle, the CO2 is kept at 
supercritical conditions throughout the cycle. Therefore, 
unlike a Rankine cycle, a Brayton cycle operates in a sin-
gle phase and no condensation or phase change occurs. 
sCO2 has many unique properties that make it an ideal 
working fluid. CO2 is non-explosive, non-flammable, non-
toxic, thermally stable and readily available at low cost. 
CO2 has a relatively low critical pressure of 7.4 MPa and 
critical temperature of 31°C. Consequently, CO2 can be 
compressed directly to supercritical pressures and heated 

to supercritical state at moderate conditions. In a heat 
engine, this can facilitate obtaining a good thermal match 
with the heat source in a wide temperature range such as 
high-temperature fossil fuel combustion and low-temper-
ature geothermal energy. On the other hand, the critical 
temperature is not too low to make it difficult to cool the 
working fluid sufficiently because of the lower limit set by 
the terrestrial ambient temperature. Therefore, an sCO2 
Brayton cycle has a great potential for high efficiency since 
a large temperature difference is available and it is com-
patible with air cooling. CO2 near its critical point becomes 
more incompressible, and hence, the compression work 
can be decreased substantially leading to high cycle effi-
ciency. In its supercritical state, CO2 is also nearly twice 
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as dense as steam. The high density and volumetric heat 
capacity of sCO2 with respect to other working fluids make 
it more energy dense. Consequently, the size of all the sys-
tem components such as the turbine and heat exchang-
ers can be considerably reduced, which leads to a smaller 
plant footprint. An sCO2 cycle operates in a single phase, 
reducing the complexity of the system. As a result, an sCO2 
power cycle could require lower capital investments, lower 
operation and maintenance costs and therefore result in 
cheaper electricity.

There are two types of Brayton cycles: the open cycle 
that is heated directly using a combustor and the closed 
cycle that is heated indirectly using a heat exchanger (or 
heater). In the closed cycle, working fluid is circulated in a 
closed loop and is heated indirectly with an external heat 
source, similar to the operation of a steam Rankine cycle. 
Gas turbines usually operate on an open cycle in which 
the fuel gas and air mixture enter the compressor at the 
beginning. Heat is generated by combustion of fuel gas 
in air and the combustion gas leaving the turbine is dis-
charged. The sCO2 power cycle operates in a manner simi-
lar to other turbine cycles, but it uses CO2 as the working 
fluid in the turbomachinery. Two primary approaches to 
electricity generation power cycles using sCO2 as the work-
ing fluid have been investigated: indirectly heated, closed-
loop sCO2 cycle and semi-closed, directly fired, oxy-fuel 
cycle. In a simple closed-loop Brayton cycle, CO2 (the work-
ing fluid) is heated indirectly from a heat source through a 
heat exchanger (heater), similar to the way steam would be 
heated in a conventional boiler. Energy is extracted from 
the CO2 as it is expanded in the turbine. The CO2 exiting 
the turbine is then cooled in a heat exchanger (cooler) to 
the desired compressor inlet temperature. After compres-
sion to the required pressure, the CO2 is sent back to the 
heater to complete the cycle. In an improved version of the 
simple cycle, a recuperator is added between the turbine 

exhaust and the compressor exhaust as shown in Fig.  1. 
Introducing a recuperator in the cycle improves the cycle 
efficiency because a portion of the sensible heat in the 
turbine exhaust is recuperated and used to preheat the 
working fluid prior to entering the heat source and there-
fore, reduces the amount of heat loss in the CO2 cooler. For 
high-temperature applications, a recompression sCO2 cycle 
is generally selected. Fig.  2 shows a recompression cycle. 
The differences between the recompression and recuper-
ated cycle lie downstream of point H. In the recompression 
cycle configuration, the low-pressure CO2 stream exiting 
the recuperator is split into two. One  portion is cooled in 
the CO2 cooler and is then compressed in the main com-
pressor before being heated in the low-temperature recu-
perator. The other stream bypasses the CO2 cooler and is 
compressed in the re-compressor to the maximum cycle 
pressure. It is then mixed with the stream exiting the low-
temperature recuperator and the mixture passes through 
a high-temperature recuperator and the CO2 heater. With 
this cycle layout, the heat capacity between the hot and 
cold sides of the recuperator is better matched and hence, 
the overall efficiency of the recuperator is improved. It is 
claimed that at the optimal pressure ratio for maximum 
cycle efficiency, the efficiency of the recompression cycle is 
over 5% points higher than the recuperated cycle [1]. There 
are many other variations of indirectly heated, closed sCO2 
power cycles using different compression, reheating and 
other cycle configurations such as pre-compression, inter-
cooling and split expansion to increase the efficiency of the 
cycle or to adapt to particular applications. However, it may 
be that the optimum cycle configuration for power genera-
tion has not yet been identified.

Fig. 3 shows the configuration of a directly heated oxy-
fuel combustion sCO2 cycle proposed by US DOE’s NETL [2]. 
Fuel is burned in relatively pure and near stoichiometric 
oxygen in the combustor, and the resulting stream that 
contains mainly CO2 and H2O is used to drive the turbine. 
The remaining heat in the stream exiting the turbine is 
recuperated, and the stream is then further cooled to con-
dense the water out, leaving a stream of high concentration 
CO2. A portion of the CO2 is compressed to the desired pres-
sure. The cooled and compressed CO2 passes through the 
recuperator to be preheated, and it is then recycled back 
to the combustor as combustion diluent. The remainder of 
the CO2 is ready to be compressed for storage.

The range of potential applications for the indirectly 
heated, closed sCO2 cycle is broad since it can be used in 
essentially any application that currently uses a Rankine 
cycle including nuclear, solar, thermal power, geothermal, 
waste heat and fossil fuel combustion. Semi-closed, dir-
ectly fired, oxy-fuel Brayton cycles are well suited to natural 
gas or coal-derived syngas oxy-combustion applications 
and have the additional benefit of facilitating CO2 capture. 
Semi-closed, directly fired oxy-fuel sCO2 cycles can poten-
tially achieve significantly higher cycle efficiencies than 
the indirectly heated cycles as a much higher turbine inlet 
temperature can be attained in a directly fired cycle.
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1 Technical challenges
Components used in sCO2 power cycles are radically dif-
ferent from those used in steam Rankine and gas Brayton 
cycles, but they are considered to be well within the capa-
bilities of existing engineering and manufacturing pro-
cesses. In general, components such as power generation 
subsystem, heat rejection subsystem, plant control sys-
tems and instrumentation are considered mature tech-
nologies. However, the development of control methods 
and design optimization of these components for a given 
application may be required. Equipment for compression  
and pumping of sCO2 is already used in the oil and gas 
industry for other applications, and so the compres-
sion technology required for the sCO2 cycle is considered 
mature and presents little risk. However, several aspects 
of the sCO2 cycle still require significant R&D. For example, 

although the fundamentals of, and engineering tools for, 
turbine design are mature and reliable, there is limited 
operational experience of sCO2 power turbines and asso-
ciated turbomachinery at any scale or under conditions 
relevant to commercial operation. The high density, high 
pressure and rapidly changing properties of CO2 near the 
critical point, such as density, viscosity and acoustic prop-
erties, represent a relatively new and different regime 
for turbomachinery design. Particular challenges include 
materials and coatings, seals, bearings, corrosion, erosion 
and blade cooling, especially in applications with an ele-
vated turbine inlet temperature.

Another major technical challenge in the development 
of sCO2 power cycles is the designs of low-cost and compact 
recuperators. Recuperator designs must account for high 
temperatures and high pressures (with inlet temperature 
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in excess of 700°C and pressure up to 30 MPa) as well as 
high-pressure differentials between streams. A major con-
straint is to design a heat exchanger with minimal pres-
sure drop across the system while pursuing effective high 
heat transfer. Due to the heavy heat duty required, com-
pact heat exchangers (CHE) are selected for recuperators 
because of their relatively high surface area to volume 
ratio (typically >700 m2/m3). Work is needed to develop 
and improve the designs and metallurgical and fabrication 
processes in a cost-effective manner. Some specific issues 
for directly fired systems also need to be addressed, such 
as corrosion and erosion due to the presence of water and 
other pollutants from the combustion products [1, 3].

Perhaps a more significant challenge is developing the 
oxy-combustor for high-pressure operation. A  directly 
fired sCO2 combustor resembles a conventional gas tur-
bine combustor, but the pressure will be much higher than 
in conventional gas turbines. With pressures of the order 
of 30 MPa and high energy densities, issues such as injec-
tor design, wall heat transfer and combustion dynamics 
will play a challenging role in combustor design for which 
there is little current experience. Tests and computer mod-
elling are needed to develop oxy-combustor designs for 
natural gas and syngas (from coal gasification) that ensure 
complete combustion and uniform wall temperatures and 
minimize hot spots in the combustor [1, 4].

Material selection for components such as turbines 
and heat exchangers is challenging as they are exposed 
to sCO2 at high temperature and pressure, and materials 
have not commonly been tested under these conditions. 
The temperature and pressure can be up to 700°C and 
30 MPa, respectively, for the proposed indirectly heated, 
closed sCO2 power cycles and 1150°C and 30 MPa for dir-
ectly fired, semi-closed sCO2 power cycles. The effects of 
material interactions with sCO2 under particular operat-
ing conditions and environments with respect to specific 
applications can affect the design, reliability and life-
time of essentially all system components. Uncertainties 
about materials reliability include carburization and sen-
sitization, high-temperature corrosion, erosion, creep 
and thermal fatigue. While pure, dry CO2 is virtually inert 
at temperatures of <500°C, previous studies have shown 
corrosion and internal carburization of steels and nickel 
alloys occurred in CO2 environments at high tempera-
tures, particularly in the presence of even small quanti-
ties of water (ppm levels) and/or other contaminants [5–7]. 
R&D is needed on the long-term corrosion and carburiza-
tion behaviour and maximum use temperature of these 
alloys to identify degradation mechanisms and to predict 
the useful life. For directly fired, semi-closed sCO2 cycles, 
the impurities such as H2O, O2 and SOx resulted from com-
bustion of fuel will present in the working fluid and may 
affect corrosion rates, and thus, oxidation/corrosion data 
in these conditions are needed.

Other R&D needs include identifying the optimum cycle 
configuration and design, system integration and new con-
trol methods. Fundamental studies, computer modelling 

and assessment of the performance and cost of the sCO2 
cycles and individual components are also essential.

2 Recent developments
2.1 Turbomachinery

Over the years and particularly in the last decade, there 
have been increasing R&D efforts worldwide on sCO2 
power cycles. There have been a large number of R&D 
programmes in which many companies, universities and 
research institutes have participated to develop sCO2 cycle 
technologies for power generation. Several small-scale 
closed-loop sCO2 test facilities (up to 1 MW in size) have 
been built, and tests are conducted to determine the feasi-
bility of sCO2 power conversion systems and the perform-
ance of turbomachinery components and heat exchanger 
[8–13]. The designs and fabrication of laboratory-scale sCO2 
turbomachinery including the bearings, seals and alterna-
tor have been developed and validated. The sCO2 turbines 
and compressors have performed close to the design value 
and have operated effectively above and below the critical 
temperature [8–13]. Therefore, it is anticipated that there 
will not be major surprises in the turbomachinery design 
and operating efficiency as the technology is scaled up to 
higher power levels.

In October 2016, the US DOE awarded up to US$80 mil-
lion for a 6-year project to design, build and operate a 
10-MWe sCO2 pilot test facility. The test facility is sched-
uled to be operational in 2020, and the project participants 
include the Gas Technology Institute (project lead), the 
Southwest Research Institute (SWRI) and General Electric 
Global Research (GE-GR). GE-GR has been working on the 
turbomachinery design and fabrication. Following detailed 
studies and analyses of the system-level impacts of each 
configuration, the researchers at GE-GR identified the best 
design to be pursued. The studies included detailed aero-
design, generator selection, gearbox selection, compres-
sor wheel selection (off-the-shelf), sealing system designs, 
rotor-dynamics and bearing designs for each design as well 
as overall costs. A  second option has been selected as a 
back-up, which has not only a significantly lower technical 
risk but also lower scores on the criteria list. The design 
team primarily focused on the axial turbine design with 
shaft speed, mass flow rate, leakage requirements and effi-
ciency targets as boundary conditions [14]. The complete 
design of the 10-MWe high-pressure, high-temperature 
sCO2 turbine is shown in Fig. 4.

Since 2012, Toshiba (Japan) has been developing an sCO2 
turbine and combustor for NET Power’s Allam Cycle dem-
onstration plant. The Allam Cycle is a semi-closed, recuper-
ated, oxy-combustion trans-critical sCO2 power cycle. The 
design essentially combines gas turbine and steam turbine 
technologies. The turbine has an inlet pressure of 30 MPa 
and an inlet temperature range of 1100–1200°C. This tur-
bine inlet temperature is not high for gas turbines, but it is 
very high for steam turbines. Similarly, the pressure of this 

Zhu | 71



cycle does not surpass that of advanced steam turbines, 
but it is extremely high for gas turbines. The sCO2 turbine 
operates at a low-pressure ratio (between 6 and 12), and 
the pressure at the turbine exit is 3 MPa. Therefore, only a 
single high pressure (HP) turbine is needed compared to a 
steam turbine that consists of HP, intermediate pressure 
(IP) and low pressure (LP) sections. To cope with the high 
turbine inlet temperature, cooling designs and thermal 
barrier coatings adopted from gas turbine technology were 
used. Toshiba, in cooperation with NET Power, has also 
developed a proprietary turbine control system [15, 16]. 
This turbine was built and delivered to the construction 
site of the demonstration plant in November 2016. The tur-
bomachinery and key sub-components such as seals, bear-
ings, rotors and shafts for application in sCO2 power cycles 
are also being developed and tested by other companies 
and research institutes around the world.

2.2 Heat exchangers

Several types of CHE are developed for operating in high- 
temperature, high-pressure petroleum and chemical pro-
cesses, and some innovative CHE designs are identified as 
good candidates and are being investigated for use in sCO2 
power cycles. The Printed Circuit Heat Exchanger (PCHE) has 
been in operation in very high-pressure oil, gas and chemical 
processes for decades, and it has been the most widely used 
recuperative type of heat exchanger for testing sCO2 power 
cycle development. They are able to withstand pressures of 
over 60  MPa, and temperatures ranging from cryogenic to 
900°C with close temperature approach (www.heatric.com). 
PCHEs are plate-type CHE in which flow channels are chem-
ically etched into thin, flat metal plates. The etched plates are 
stacked together with a prescribed arrangement configuration 
and diffusion bonded to create a high-integrity solid block. 
Headers, nozzles and flanges welded to the block constitute 
the whole of the heat exchanger. PCHEs can adopt various 
configurations taking advantages of the etching and diffusion 
bonding process to create geometries for optimal perform-
ance for a given application [17]. PCHEs are used in SNL’s sCO2 
test loop for the cooler and recuperators applications and in 
Echogen’s EPS100 heat engine as well as in NET Power’s Allam 

Cycle demonstration power plant. While robust PCHE can be 
produced for sCO2 recuperator applications, this type of heat 
exchanger (HE) is expensive. Also, it has been reported that a 
typical PCHE could fail in 300–800 complete thermal cycles or 
fail closer to 200 cycles if operating under severe thermal tran-
sient conditions [18]. Work is ongoing to understand how to 
design for, and how to predict, thermal fatigue in these units 
and to improve designs and fabrication methods of PCHE to 
optimize efficiency and reduce cost.

Another CHE under development is the plate-fin heat 
exchanger (PFHE). The traditional brazed PFHEs have been 
widely used as gas turbine recuperators and have proved 
their integrity in the extreme environment of a gas tur-
bine. They can withstand high-temperature and high-tem-
perature differentials (higher than those of sCO2 cycles), 
rapid thermal transients but moderately high pressures 
and moderate differential pressures (<1.5 MPa). PFHE can 
be made with relatively large channels to provide a low 
pressure drop in viscous fluids like liquid sodium [19]. In 
the last decade, extensive development of recuperators for 
advanced nuclear reactors and helium Brayton cycles pro-
jects have resulted in an expanded design for higher pres-
sures and pressure differentials.

A different plate-fin design approach has been taken, 
which can adapt both brazed and diffusion bonding meth-
ods. This concept is being considered for application in the 
sCO2 power cycle and for the sCO2 heaters. A conceptual 
design for these applications has been developed [19], but 
it needs to be tested and verified.

Funded by the US DOE under the SunShot Initiative, 
Brayton Energy has developed a design of an sCO2 solar 
receiver for use in a 10-MWe concentrated solar power rec-
ompression sCO2 cycle. The receiver design incorporates 
several innovative and unique characteristics such as a cell 
with a dense matrix of extended heat-transfer surfaces in 
the form of densely packed folded fins brazed within an 
external shell. The high-density folded fins encapsulated 
in a hermetic boundary surface also provide tensile struc-
tural support to the high-pressure working fluid. The sCO2 
receiver is designed to operate under conditions of 25 MPa 
pressure, an outlet temperature of 750°C and an efficiency 
of 54% [20]. Brayton Energy has been working to develop a 
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manufacturing plan for producing the required absorber 
cells and receiver components that are robust, reliable, 
repeatable and cost-effective.

Other types of CHE such as cast metal heat exchang-
ers (CMHE) and ceramic, microchannel heat exchangers 
are also under development. The CMHE concept is based 
on the interconnectivity of the flow channels proposed for 
advanced PCHE surfaces with new construction methods 
[18]. Casting has long been used to reduce the cost of a com-
ponent by reducing the number and complexity of the fab-
rication steps involved. The developers believe that CMHE 
hold great potential for sCO2 HE and HE components as they 
could offer a performance similar to, or better than, PCHE 
but at less than a fifth of the cost while allowing for greater 
flexibility in options for materials and channel geometries. 
Constructing the highly interconnected channel spaces of 
these surfaces produces a casting core more like a perfo-
rated plate with manageable aspect ratios between each 
interconnection. This type of casting core can be slotted 
into polymer-bound sand or investment casting moulds 
to produce a heat exchanger in a single casting operation. 
However, there is limited industrial experience with similar 
fabrication techniques, and therefore, more work is needed. 
The most critical challenge to be addressed in develop-
ing CMHEs will be in finding methods and techniques for 
removing casting core material from the finished block. The 
next major challenge will be the castability of various HE 
channel geometries, which is highly dependent on the spe-
cific design of the unit and material involved [18].

The ceramic-based HEs can withstand operating tem-
peratures that far exceed those of conventional metallic 
alloys. The main advantages of ceramic materials over 
traditional metallic materials in CHE construction are their 
extremely high-temperature stability, low material cost 
and excellent resistance to corrosion and chemical ero-
sion. A US company has recently developed microchannel 
designs and manufacturing methods to produce scalable 
ceramic HEs that the developer claims are cost-effective 
and highly reliable with a high heat-transfer efficiency, low 
pressure drop and are suitable for large-scale power cycle 
applications [21]. The major obstacles to the improvement 
of ceramic HEs mainly lie in their intrinsic brittleness in 
tension, difficulties in shaping and sealing and thus high 
manufacturing costs. They cannot withstand large ther-
mal gradients and are susceptible to thermal shock failure 
except silicon carbide and silicon nitride. Therefore, major 
researches are focused on less brittle ceramics forms such 
as composite ceramics. Work is also needed to test and 
analyse the performance, reliability, durability and envir-
onmental effects of sCO2 on materials.

2.3 Combustor

Toshiba has been developing an oxy-fuel combustor for 
NET Power’s 25-MWe Allam Cycle demonstration power 
plant. The Allam Cycle requires oxy-fuel combustion at 
~30  MPa and 1150°C turbine inlet temperature. A  5-MWt 

test rig was built to test high-pressure combustion. Due 
to the use of oxygen instead of air, NOx formation is not 
a concern and hence, flame temperatures can be selected 
for best performance, operability and durability. Initial 
tests show that the combustor has a good operability over 
a wide range of O2/CO2 ratios (15–40% O2 by mass) and the 
metal temperatures of the combustor are close to their 
predicted values, proving the feasibility of the design con-
cept. With successful testing, Toshiba developed a high-
pressure combustor, which attained the required pressure 
of 30  MPa in 2013. The scaled demonstration combustor 
will be tested using the facilities of the demonstration 
plant before being commissioned as an integrated part of 
the complete combustion turbine assembly [22].

Other developers are also working on a supercritical 
oxy-combustor. Researchers at the University of Texas 
(USA) have developed a conceptual design for a natural 
gas-fuelled, oxy-fuel combustor for a 300-MWe turbine. 
The design is based on a liquid oxygen (LOX)/methane 
rocket engine and has two major advantages: (i) the use 
of existing and established LOX/methane engine technolo-
gies and (ii) a modular design that can be modified to be 
compatible with current or similar power turbine layouts. 
The analysis conducted by the researchers showed that 
with this design, uniform mixing of the working fluids and 
stable combustion could be achieved in the combustor [23].

SWRI, in partnership with Thar Energy, LLC, has been 
working to develop a high inlet temperature supercritical 
oxy-combustor suitable for a natural gas- or syngas-fuelled 
sCO2 power cycle with a target plant efficiency of 52% (LHV, 
low heating value). System design and thermodynamic 
analyses have been conducted to determine the optimum 
cycle configuration and combustor design parameters 
such as inlet temperature, pressure and mass flow. A kin-
etic model has been developed, and initial evaluation of the 
combustion kinetics at combustor inlet conditions was car-
ried out. An auto-ignition-based combustor design has been 
developed, and bench-scale testing is being performed. 
Further design studies using parametric computational 
fluid dynamics (CFD) simulation, cooling flow simulation 
and structural simulation will be carried out, and a demon-
stration scale oxy-combustor will be designed [24].

A swirl-type supercritical oxy-combustor for solid fuel 
was also designed and developed at SWRI. The combus-
tor development focused on flow path and combustion 
optimization using computer models to simulate the flow 
through the combustor and to provide initial assessment 
of the coal combustion reactions in the flow path. The 
design effort included the initial combustor mechanical 
layout, initial pressure vessel design and the conceptual 
layout of a pilot-scale test loop [25]. Tests are needed to 
validate the feasibility of these designs.

2.4 Materials

Extensive tests have been conducted worldwide to 
identify materials compatible with high-temperature, 
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high-pressure sCO2 operation and the performance 
requirements of individual components. A  large number 
of studies are available on creep, corrosion, oxidation and 
carburization behaviours of alloys [26–38]. These tests were 
typically conducted in pure CO2 and generally in a tem-
perature range of 400–750°C and pressure up to 20–25 MPa 
with exposure time ranging from a few hundred to 8000 h. 
Many of the tests were carried out on Cr-containing iron-
based alloys, but tests on, for instance, Ni-based alloys 
and Fe- or Ni-based alumina-forming alloys were also 
performed. Studies on welding of superalloys and coating 
techniques for material applications in sCO2 power sys-
tems are also underway. Results from these studies indi-
cate that, in general,

• the degradation due to corrosion, oxidation and carbur-
ization of the tested materials in sCO2 is insignificant at 
temperatures < 500°C;

• the corrosion/oxidation rate of the tested materials 
increases with increasing temperature whereas the 
sCO2 pressure has minimal effects;

• high concentrations of chromium and nickel signifi-
cantly increase the corrosion resistance of steel alloys 
and higher-alloyed materials perform better than lower-
alloyed materials in high-temperature sCO2. The corro-
sion/oxidation rate generally decreases with increasing 
Cr concentration of the alloy, and austenitic steels are 
more resistant to sCO2-induced corrosion than ferritic-
martensitic steels within the test temperature range.

Previous R&D work were mainly focused on closed sCO2 
cycles for applications such as nuclear and solar power, and 
hence, most material testing was carried out in pure CO2. 
However, in both closed and semi-closed, oxy-combustion 
sCO2 cycles, it is expected that some low levels of impurities 
such as O2, H2O, hydrocarbons and NOx/SOx (fossil-fuelled, 
semi-closed cycles) will be present. Studies are currently 
ongoing to investigate the impact of the impurities on the 
stability, creep and corrosion properties of the structural 
materials. Initial results from laboratory tests show that the 
tested materials exhibit higher corrosion resistance when 
low levels of O2 and H2O are present. This may be attributed 
to the higher oxygen partial pressure that promotes the for-
mation of protective oxide scales [39, 40]. Additional work is 
needed to understand better the material interactions with 
sCO2 under operating conditions and their compatibility in 
sCO2 power systems and to generate data needed for the 
design and construction of key components.

2.5 Other developments

Progress has also been made in areas such as computer 
modelling and piping configuration. A number of compu-
tational models have been developed around the world 
for fundamental studies and analyses such as the chem-
ical kinetics of sCO2 combustion, thermal dynamics of 
heat transfer, development and refinement of cycle con-
trol strategies, performance and economic analysis and 

comparison of sCO2 cycles. These models provide useful 
tools for studying and designing sCO2 power cycles and the 
individual components.

3 Commercial and emerging sCO2 
power cycles
The selection and design of the optimum sCO2 power cycle 
configuration depend on the given application. Two path-
ways have been explored for power generation from coal: 
directly heated close Brayton cycle and indirectly heated 
semi-closed sCO2 cycles.

3.1 Echogen heat engine

The first commercial 8 MWe closed sCO2 Brayton cycle heat 
engine EP100, developed by Echogen Energy Systems, was 
brought to the market in 2014. It turns waste heat from 
various industrial processes to electricity and operates at 
relatively low temperatures.

A recuperated closed condensing Brayton cycle with 
multiple stages of recuperation and heat extraction from 
the primary heat source is employed by EPS100. The 
EPS100 uses two separate turbines. One, the ‘drive turbine’ 
is connected directly to the compressor, while the other 
‘power turbine’ is coupled to a generator for power gen-
eration. The power turbine operates at a constant speed. 
The turbo-compressor speed can be varied independently 
over a wide range to maintain the optimal flow rate for 
the fluid loop for the given heat source and coolant condi-
tions. Fig. 5 shows a simplified cycle layout of the EPS100. 
The heat energy of the exhaust stream from industrial pro-
cesses or gas turbines is recovered through a waste heat 
exchanger (sCO2 heater) by heating a flow of compressed 
sCO2. Downstream of the sCO2 heater, the heated sCO2 
flow is split into two main streams. Approximately two-
thirds of the flow is directed to the power turbine, while 
the remainder is directed to the drive turbine that provides 
the shaft power for the main sCO2 compressor. The sCO2 
streams exiting from the power turbine and drive turbine 
pass through recuperators to preheat the CO2 stream from 
the main compressor before being cooled, compressed and 
then sent to the sCO2 heater to complete the cycle. The 
power turbine has a single-stage radial design. The recu-
perators and CO2 coolers (condenser) are all of the PCHE 
type, while the sCO2 heater has a shell and finned tube 
design [41].

Echogen can now provide standard heat engines scal-
able from 1 to 9 MWe (net). On the basis of the EPS100 sys-
tem, Echogen has also completed a conceptual design of a 
10-MWe sCO2 test facility for the US DOE Nuclear Energy 
Group. Echogen is currently working with EPRI to develop 
integrated solutions for coal-fired power plants using sCO2 
power cycles as part of an ongoing US DOE-funded project.

Conceptual designs of utility-scale coal-based 
closed sCO2 cycle power plant including designs for key 
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components such as boilers, heat exchangers and com-
pressors have been developed by several developers [42–
45]. However, the viability of these designs needs to be 
tested and validated.

3.2 Allam cycle

An sCO2 oxy-fuel power cycle has the potential for almost 
100% CO2 capture. Several R&D programmes are ongoing to 
develop a fossil fuel oxy-combustion sCO2 cycle power gen-
eration system such as the Supercritical Transformational 
Electric Power crosscut initiative in the USA. The R&D of 
directly fired, semi-closed oxy-combustion sCO2 cycle for 
power generation is most advanced in the development of 
Allam Cycle [16].

The Allam Cycle is a semi-closed, recuperated, oxy-
combustion trans-critical CO2 power cycle. The Allam 
Cycle is a trans-critical CO2 cycle because the pressure 
of the working fluid exiting the turbine is around 3 MPa, 
which is below the critical pressure of CO2. The core pro-
cess, as shown in the yellow area in Fig. 6, is a gas-fired, 
high-pressure, low-pressure ratio cycle, operating with a 
single turbine that has an inlet pressure of ~30 MPa and a 
pressure ratio of 10. A pressurized gaseous fuel is burned 
in the oxy-combustor at ~30 MPa. Combustion takes place 
in the presence of a hot oxidant flow containing a mixture 
of O2 and recycled CO2 as a diluent for combustion tem-
perature control. The exhaust flow exiting the combus-
tor is expanded through a turbine to ~3 MPa, reducing in 
temperature to >700°C. Following the turbine, the exhaust 
flow enters a recuperator where it is cooled to >70°C by 
transferring heat energy to the high-pressure CO2 recycle 
stream. Exiting the recuperator, the turbine exhaust flow 
is further cooled to near ambient temperature at which 
any water contained in the flue gas is condensed and sep-
arated, resulting in a stream of predominantly CO2. The 

CO2 stream is compressed to the high pressure required 
and is then split into two. The recycle CO2 stream returns 
to the recuperator and is reheated to temperatures 
exceeding 700°C. It is then mixed with oxygen and fed to 
the combustor. The other stream containing high-purity 
CO2 at high pressure is ready to be exported via pipeline 
for storage or utilization. This net export is ~5% of the 
total recycle flow, meaning most of the process inventory 
is recirculated [16, 46].

The optimum high pressure for operation of the sys-
tem is between 20 and 40 MPa, while the optimum pres-
sure ratio is in the range of 6–12. This means that the CO2 
recycle compressor inlet pressure will be below the CO2 
critical pressure of 7.4 MPa. In the recycle CO2 compression 
system, a conventional single- or two-stage compressor 
first raises the pressure to ~8 MPa. The supercritical CO2 is 
then cooled to near ambient temperature in the compres-
sor after-cooler. Its density at this point will be >700 kg/
m3. The sCO2 is then compressed to the pressure required 
using a multistage centrifugal pump.

It is important to use a high turbine inlet temperature to 
achieve a high net cycle efficiency. However, this tempera-
ture is limited by the maximum allowable temperature 
(700–750°C) of the turbine exhaust entering the hot end of 
the recuperator. This maximum allowable temperature is 
determined by the operating pressure of the recuperator 
and the allowable stress level for construction materials. 
This leads to a typical turbine inlet temperature constraint 
in the range of 1100–1200°C.

Almost all the heat of the turbine exhaust flow can 
be recuperated within the Allam Cycle. Some of the add-
itional heat required could be met with the recovery of 
low-grade heat of the co-located air separation unit, fur-
ther enhancing the system efficiency. An Allam Cycle is 
simple, using only a single gas turbine with an oxy-fuel 
combustor, heat exchangers and compressors/pumps. 
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Consequently, an Allam Cycle power system can achieve 
a high plant efficiency with full carbon capture, have a 
reduced balance of plant requirement, a small footprint 
and lower costs. Under development for over 7 years by 
8 Rivers Capital (USA), the Allam Cycle can use a variety 
of hydrocarbon fuels including natural gas and syntheses 
gas (syngas) derived from gasification of coal, oil-refining 
residuals and biomass with target net efficiencies of 51% 
(LHV) for coal and 59% (LHV) for natural gas, and full car-
bon capture [16, 46, 47].

Specific development of the natural gas-fuelled Allam 
Cycle has been undertaken by NET Power, a subsidiary 
of 8 Rivers Capital. NET Power is currently building a 50 
MWt (25 MWe) natural gas demonstration power plant in 
La Porte, TX, USA, scheduled to be commissioned in 2017. 
The aim of the plant is to demonstrate the characteristics 
of the cycle and verify the design and operation of the inte-
grated power generation system and individual compo-
nents. The plant will be a fully operational, grid-connected 
power plant containing all key system components. The 
demonstration process will match the operating condi-
tions of the core Allam Cycle and the expected commer-
cial temperatures and pressures. Tests will be carried out 
to validate performance, control methodology, operational 
targets and component durability. Furthermore, it will 
undergo full evaluation of the cycle operability including 
start-up, shut-down, load following, emergency operation 
and partial-load operation, as well as reliability and safety. 
Meanwhile, a full-scale, 300-MWe gas-fuelled Allam Cycle 
commercial plant has been under development and is cur-
rently in the design phase. Several commercial partners 
are already engaged and potential sites for the plant are 
being vetted.

In parallel to the natural gas-fuelled Allam Cycle, 
a coal-based Allam Cycle power system is also under 

development. This system, fuelled with coal-derived syn-
gas, integrates a core Allam Cycle with a commercially 
available coal gasifier. The operating conditions of a 
coal-fuelled Allam Cycle will be the same as those used 
in the natural gas version. Several additional operations 
are required in order to utilize coal. The coal is first pre-
pared by grinding and the pulverized coal is fed into an 
oxygen-blown gasifier. The syngas produced is cooled and 
then passes through scrubbing and clean-up systems to 
remove particulates and possibly other combustion by-
products before entering the Allam Cycle. Four additional 
R&D needs have been identified for commercialization of 
the coal-fuelled Allam Cycle: (i) selection of the appro-
priate gasification process; (ii) handling of corrosion and 
erosion from impurities found in coal-derived syngas; (iii) 
methods of contaminant removal from the system; and 
(iv) development of the Allam Cycle combustor for low 
calorific value and hydrogen-containing fuels. An Allam 
Cycle coupled with a slurry-feed gasifier with water 
quench cooling provides a simpler process that has lower 
capital cost and higher reliability. Most of the particulates 
in the syngas are also removed during the quenching pro-
cess. The gas stream after quench cooling has a tempera-
ture typically ranging from 200 to 300°C and is saturated 
with moisture (steam). The latent heat of the steam in 
the syngas can be recuperated and transferred into the 
Allam Cycle, improving the system efficiency. The devel-
oper is currently focusing on the development of a post-
combustion process for SOx and NOx removal due to its 
advantages of higher efficiency and lower cost. An assess-
ment of potential corrosion problems using this approach 
is being carried out, with particular focus on the lower 
temperature regions of the plant where water condensa-
tion and, hence, acid precipitation may occur [46]. This 
work is ongoing.

OXYGEN

CLEAN
SYNGAS

LOW GRADE HX
SYNGAS
COMPRESSOR

COMBUSTOR

TURBINE

POWER

PRIMARY
HX

COOLING
CO2
COMPRESSOR

CO2 PUMP

HIGH PRESSURE
CO2 FOR PIPELINE

COAL
Coal Prep and

Feed

Core Allam Cycle
Natural Gas Process

Existing, mature,
proven technology

WATER
SEPARATOR

H2O

H2SO4

HNO3

Gasification Island

Syngas Scrubbing
and Cleanup

ASU

Fig. 6 A simplified block flow diagram of the Allam Cycle coupled with a coal gasification system [47]

76 | Clean Energy, 2017, Vol. 1, No. 1



4 Conclusions
The sCO2 power cycles hold great potential for providing 
alternative power generation systems that can achieve 
higher plant efficiency and full carbon capture at lower 
costs. However, there are some outstanding technical 
issues to be resolved. Extensive R&D activities have been 
conducted and are still ongoing to develop sCO2 cycle for 
power generation. Significant progress has been made so 
far in many areas such as developing the design and con-
struction of the key components, identifying materials 
suitable for application in sCO2 power cycles, identifying 
the optimum sCO2 cycle configuration for power generation 
and establishing computational models for fundamental 
studies and system analysis. Some small, low-temperature 
sCO2 Brayton cycle power systems are starting to emerge 
in the commercial market. The commercial operation of 
Echogen’s heat engines proves the technical and economic 
viability of sCO2 cycles for power generation. However, a 
lot more needs to be done before a full coal-based sCO2 
cycle power generation system, either indirectly or directly 
fired, can be developed and commercialized with confi-
dence. If solutions can be found to resolve all the technical 
challenges in developing the sCO2 power cycles, they could 
offer major opportunities for future power generation from 
coal in a carbon-constrained world.
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Abstract
In this work, fabrication of free-standing nanomembranes of metal oxide (MOx) and polymers by simple 
spin-coating method is discussed. First, double-layer nanomembranes containing MOx and epoxy resin 
of polyethyleneimine and poly[(o-cresyl glycidyl ether)-co-formaldehyde] were prepared. Free-standing 
nanomembranes were successfully prepared, but defects formed in the metal oxide nanolayer during sharp 
bending of the nanomembrane. To overcome fragility of MOx nanolayer, poly(vinyl alcohol) nanolayers were 
introduced between MOx nanolayers by layer-by-layer (LbL) assembly process. The LbL nanomembrane was also 
free-standing and was highly flexible during macroscopic membrane manipulations. Even after transfer of the 
LbL nanomembrane onto a porous support, it did not have apparent cracks, confirmed by scanning electron 
microscopy (SEM). The LbL nanomembrane sustained low gas permeance, confirming the absence of significant 
defects, although it shows excellent flexibility. We believe that the presented LbL nanomembrane could be a 
platform useful for the design of molecular nanochannels, which is the next challenge for efficient gas separation.

Key words:  nanomembranes; free-standing film; ultrathin film; layer-by-layer assembly; metal oxide; gas 
permeation

Introduction
Membranes have been explored as an efficient alternative 
for gas separation over other CO2 capture processes, such 
as liquid absorption and solid adsorption, due to their lower 
operational energy cost [1, 2]. Organic polymeric mem-
branes have been widely investigated to take advantage 
of their flexibility and solution processability [3]. However, 

such materials are prone to gas permeability–selectivity 
trade-off behavior [4, 5]. Membranes with high gas flux 
are strongly sought after although the gas selectivity by 
the current state-of-the-art membranes is satisfactory for 
practical use. Thinning is one of the promising approaches 
to improve the gas permeance of separation membranes. In 
biological systems, we can find molecularly thin membrane 
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and the lipid bilayer membrane. The lipid membrane pos-
sesses the fundamental functions as a separating system. 
Lipid bilayer membrane itself divides the inside and outside 
of a cell and has a principally barrier property for controlled 
molecular transport. Transmembrane proteins, such as ion 
transport proteins, play the main role in the transport of 
molecules and ions selectively. From this viewpoint, one 
could say that a lipid bilayer acts both as a barrier mem-
brane and as a platform to deploy such channel proteins 
for energy-efficient and selective transport. By taking this 
essential design concept of the biological system, a less per-
meable membrane with nanometer thickness (nanomem-
brane) would be considered as a good platform useful for 
creating molecular channels across this nanomembrane. 
This is our motivation and starting point to design separa-
tion membrane with nanometer thickness.

Simple thinning often leads to membrane weakening. 
In polymeric membranes, fractional free volume plays 
an important role on molecular permeation across the 
membranes and, thus, controlling it is one of the issues in 
membrane design [5]. However, when membranes become 
thin, the surface property of polymers becomes different 
from the bulk property. For example, the surface portion 
of polymer films possesses lower glass transition tempera-
ture (Tg) because of the localization of its polymer chain 
and end groups at the surface [6–8]. This different dynamic 
behavior of the polymer chains near the surface may not 
allow the design of separation nanomembranes by simply 
extrapolating from the bulk properties of the polymeric 
membrane materials.

In contrast, metal oxide materials, such as ceramics 
and zeolites, have rigid molecular frameworks and, thus, 
one can design the size and shape of obviously-opened 
micropores, although the free volume spaces in poly-
meric membrane can be considered as a temporary pore. 
This rigid molecular network provides opportunities to 
more precisely tune molecular transport properties. For 
example, molecular networks in amorphous ceramic 
membranes can be designed by the molecular imprinting 
approach [9–12]. Previously, we demonstrated the facile 
fabrication of self-supporting ultrathin metal oxide (MOx) 
films by spin coating and successfully introducing molecu-
lar channels via molecular imprinting [9]. Although selec-
tive filtration of small organic compounds dissolved in a 
solvent was tested, the membranes were molecular shape 
and size selective, which was derived from connected cav-
ities formed during molecular imprinting. However, pure 
inorganic membranes are highly fragile and become more 
susceptible to defects when prepared in nanometer thick-
ness. Therefore, improvement in their mechanical prop-
erty remains a serious problem [3, 10].

Combining the flexibility of organic polymers and the 
rigidity of molecular network in inorganic materials will 
provide an alternative method to develop membranes 
and offer distinct properties different from simply adding 
together of original polymers and inorganics [10]. Thus, 

composite materials are promising for the fabrication of 
mechanically strong, free-standing, ultrathin membranes 
with the possibility to tune the molecular transport across 
the membrane. In addition to mechanical property, incor-
poration of rigid inorganic structures into the polymer 
matrix increases Tg  [13–15], which may influence the gas 
transport in the composite membranes.

Various approaches, such as solution blending [16], 
casting [17] and layer-by-layer (LbL) assembly, have been 
investigated for the fabrication of composite nanomem-
branes [18–22]. Interest in LbL assembly has grown in the 
last two decades because of its simplicity, ability to control 
film thickness with molecular scale precision and versa-
tility for many choices of materials architecture. Stepwise 
surface sol–gel fabrication of metal oxide thin films was 
introduced independently by Kunitake and co-workers 
[18] and Kleinfeld and Ferguson [21]. This is a suitable 
technique for the fabrication of ultrathin composite films 
by alternate chemisorption of molecular layers of metal 
oxides and polymers [19, 20]. The chemical reactions dur-
ing sol–gel processing can be generally described by the 
following three equations [23].

 - - + ® - - +Ti OR  H O Ti OH  ROH Hydrolysis2  (1)

 - - + - ® - - - - +Ti OH  Ti OR Ti O Ti   ROH Condensation  
(2)

 - - + - - ® - - - - +Ti OH  Ti OH Ti O Ti   H O Condensation2  
(3)

As we described, a free-standing nanomembrane without 
severe gas leaking could become a basic platform as a mem-
brane matrix and allow for the design and incorporation of 
molecular channels across the nanomembrane. With this 
purpose, we herein report the fabrication of stable and free-
standing composite nanomembrane with low gas perme-
ability. Although polymer–inorganic composite films have 
been investigated by ourselves [10, 24] and other researchers 
[25], the present nanomembranes are both free-standing and 
ultrathin. Despite its ultrathinness, the prepared composite 
nanomembrane showed superior mechanical flexibility. To 
the best of our knowledge on gas permeance properties, 
using such composite and free-standing nanomembranes 
has not been studied previously.

Two approaches for membrane preparation were inves-
tigated: surface sol–gel deposition of thin metal oxide 
films on a free-standing polymer nanomembrane and 
spin-assisted LbL assembly of alternate polymer and metal 
oxide layers to form double and molecular multilayers of 
ceramic–polymer composite nanomembranes. The LbL 
fabrication method was aimed to improve mechanical sta-
bility as a free-standing nanomembrane. The gas perme-
ance properties of the fabricated nanomembranes were 
also tested.
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1 Materials and methods

1.1 Materials

Silicon wafer with a 350-µm thickness and glass substrate 
were used for thin-film deposition. Poly(4-vinylphenol) 
(PVP, Mw = 11 000, Sigma-Aldrich) and polystyrene sulfonate 
sodium salt (PSS, Mw = 70 000, Polysciences, Inc.) were used as 
sacrificial layers. Poly(vinyl alcohol) (PVA, Mw = 78 000, 88 mol% 
hydrolyzed, Polysciences, Inc.), poly[(o-cresyl glycidyl ether)-
co-formaldehyde] (PCGF, Mw = 2500, Sigma-Aldrich) and 
branched polyethyleneimine (PEI, Mw = 25 000, Sigma-Aldrich) 
were used as polymer layer precursors. Titanium n-butoxide 
(TBO, Sigma-Aldrich and Gelest Inc.), zirconium n-butoxide 
(ZBO, Kanto Chemical), aluminum s-butoxide (Gelest Inc.) 
and tetraetoxy silane (TEOS, Kanto Chemical) were used as 
metal oxide layer precursors. Ethanol (anhydrous, EMSURE, 
Germany), n-butanol, chloroform and toluene (Wako Ltd.) 
were used as received. All the chemicals were of analytical 
grade. Deionized water (18.3 MΩ cm−1, Millipore, Direct-QTM) 
was used for washing substrate and solution preparation.

1.2 Definition of important terms

To avoid confusion with terminology, the following terms 
are defined:

• Membrane: a film prepared in this work that does not 
include the porous support.

• Free-standing nanomembrane: a nanometer-thick 
membrane with self-supporting property, which is 

capable of physically sustaining its own membrane 
shape without porous support.

• Porous support: a highly gas permeable physical support 
on to which free-standing nanomembrane is placed for 
a gas permeance experiment.

• Double-layer nanomembrane: a membrane that con-
sisted of MOx layers coated on to a polymer layer.

• Layer-by-layer (LbL) nanomembrane: a membrane com-
prising multiple LbL coating of MOx–polymer.

1.3 Membrane preparation

We herein report two types of free-standing and ultrathin 
composite nanomembranes of metal oxide and polymers 
prepared by spin-coating process. Fig.  1 shows the sche-
matic illustrations of each process.

1.3.1 Double-layer nanomembranes of metal oxide and 
polymer 
To fabricate double-layer nanomembranes, we used PEI@
PCGF nanomembranes as the underlayer to support MOx 
layers because PCGF/PEI nanomembranes have sufficient 
mechanical stability to support its membrane structure 
without any support (Fig.  1A) [26]. Thus, the PEI@PCGF 
nanomembrane was firstly prepared followed by a metal 
oxide deposition to form double-layer nanomembranes.

(a) Polymer nanolayer
In this study, glass substrates or silicon wafers were first 

washed in ethanol, dried by air blowing and treated with 

O2 plasma
2 min

O2 plasma
30 sec

Substrate treatment

Support layer coating

A

B

Free-standing MxOy/polymer
membrane

MxOy layer coating
(ZrO2, TiO2 etc.)

PVA coating Ti(OnBu)4 coating,
hydrolysis

Repeat the procedure

Dissolving
PVP in EtOH

Free-standing (TiO2/PVA)n
membrane

Dissolving
PSS in H2O)PEI@PCGF

Sacrificial layer coating
(A) 15 wt% PSS in H2O
(B) 15 wt% PVP in EtOH

Fig. 1 The schematic representation of nanomembranes fabrication by spin-coating: deposition of MOx layer on polymeric support (A), LbL assembly 
of (PVA/TiO2)n ultrathin membrane (B)
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oxygen plasma for 2 min (FA-1, SAMCO, Japan, RF power: 
55 W, flow rate of oxygen: 10 sccm, chamber pressure: 20 
Pa) to make the substrate surface hydrophilic with the 
water contact angle (WCA) of 0.3 ± 0.1°. A 15 wt% aqueous 
solution of PSS was spin-coated (60 s, 3000 rpm) on the 
glass substrate and heated at 120°C for 5 min. The mixture 
solution of PCGF and PEI (each 1 wt% in chloroform) was 
separately prepared according to the earlier report [15, 16] 
and it was coated over the PSS-coated glass by spin coating 
under the same conditions and heated at 120°C for 5 min.

(b) Metal oxide layer and film detachment
Prior to deposition of the metal oxide layer, the surface 

of PEI@PCGF on the substrates was treated by O2 plasma for 
30 s. The water contact angle of the PEI@PCGF layer changed 
from 83 ± 2° to 29.6 ± 3.9°. This plasma treatment is necessary 
for proper wetting by the next solution coating. Metal oxide 
sols were separately prepared by first dissolving correspond-
ing metal alkoxides in 1-BuOH to obtain a 100-mM solution. 
Then a certain amount of 1 M HCl solution was added in the 
same bottle to achieve 400 mM of water which is necessary 
for hydrolysis of metal alkoxides. The solution was stirred 
for 2 h before coating. The metal oxide sols were then spin 
coated (60 s, 3000 rpm) on the polymer layer surface and then 
maintained in ambient atmosphere for at least 12 h. Free-
standing and double-layer nanomembrane of MOx–polymer 
were detached from the substrate by immersing the sub-
strate in H2O to dissolve the PSS sacrificial layer. For the gas 
permeance test, the membranes were transferred onto track-
etched polycarbonate support (see Supplementary video S1 
demonstrating detachment and transfer processes).

1.3.2 Molecularly layered nanomembranes of TiO2 and 
PVA 
A PVP layer was first deposited on a glass substrate by spin-
coating (60 s, 3000 rpm) of PVP–ethanol solution (15 wt%) 
and aqueous PVA (0.3 wt %) was then deposited on this 
substrate by spin coating (2 min, 3000 rpm) (Fig. 1B). The 
PVA layer was allowed to dry in ambient air for 1 h. This 
PVA deposition introduces hydroxyl groups on the sub-
strate and results in the formation of a well-cross-linked 
network of metal oxide [5]. Then, a TBO solution (50 mM, 
in toluene) was spin coated (2 min, 3000 rpm) and left in 
an ambient air for 30 min to undergo hydrolysis and con-
densation. This alternate sol–gel deposition cycle of PVA 
and TiO2 was repeated until the desired film thickness was 
reached. Film growth on a quartz plate during this repeti-
tive process was monitored by UV/Vis spectrophotometer 
(Jasco V-670). After dissolving the sacrificial layer of PVP in 
ethanol, the detached film was freely floating on an etha-
nol solution. It was then transferred onto an anodized 
porous alumina support (Anodisc, G.E. Healthcare) for sur-
face observation and gas permeation tests.

Film thickness and surface morphology were observed 
using an optical microscope (Keyence VHX-600) and a field 
emission scanning electron microscope (FE-SEM, Hitachi 
S-5200).

1.4 Gas permeation experiment

Gas permeation properties of nanomembranes on a 
porous support were measured using a commercial 
instrument (GTR-11A/31A system, GTR Tec Corp., Japan) 
coupled to gas chromatography, as described in more 
details elsewhere [24]. Once the nanomembranes were 
prepared and transferred onto a porous support, the 
membrane area was fixed by Kapton and/or alumina 
tapes with an open hole of 1 cm diameter as shown in 
Fig. 2A.

Fig. 2B shows the experimental gas permeation setup. 
Pure and mixed gases were introduced to the feed side of 
the membrane cell at room temperature. The pressure of 
the feed gas was set at 100 kPa as a gauge pressure while 
the permeate side was maintained in a vacuum condition, 
giving a total pressure difference of ca. 200 kPa. The vol-
ume of gas passed through the membrane per unit time 
was measured. Gas permeance was then calculated from 
the measured volume.

Permeance of the gas (P) and separation factor (α) were 
determined according to the following equations:

 P N A P= ×/ ( )∆

 α = P PCO N2 2/

where N (in m3/s), A (in m2) and ΔP (in Pa) are the flow rate 
measured on the permeation side, effective membrane 
area and pressure difference, respectively. In this experi-
ment, effective area (A) for gas permeation was 0.785 cm2 
(1  cm membrane diameter). For easier comparison, the 
permeance was reflected in the common GPU unit, where 
1 GPU = 7.5 × 10–12 m3/(m2 s Pa).

2 Results and discussion

2.1 Double-layered nanomembranes of metal 
oxide and polymer

In the first trial, we have attempted to form the stable thin 
metal oxide layers deposited on well-established polymeric 
nanomembrane [27]. Fig. 3 shows the variety of metal oxide 
layers on PEI@PCGF. The deposition of the MOx layer sig-
nificantly reduced the macroscopic flexibility of the mem-
brane. Thin polymeric membranes with the thickness of 
less than a few hundred nanometers are usually difficult 
to manipulate. However, the presence of the oxide layer 
makes the membrane stretch easily on (or in) the solvent 
(Fig. 3A) after the dissolution of the sacrificial layer. Due to 
this improved strength, it was quite easy to place such a 
double-layer nanomembrane on the metal frame as shown 
in Fig. 3B. Figs. 3C–E and G shows the cross sections of dou-
ble-layer nanomembranes transferred onto a silicon wafer. 
In all cases, the formation of the thin and uniform double 
layers was clearly observed. Film thickness of the different 
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MOx varied from 10 to 40 nm, and the thickness of poly-
mer layer was ca. 150 nm. Sharply bent nanomembranes 
shown in Fig. 3C and G demonstrated that thin metal oxide 
(ceramic) layer could not follow the flexible bending of the 
PEI@PCGF layer. However, it is evident that different oxides 
showed different flexibility. It can be seen that the ZrO2 
layer on PEI@PCGF undergoes more damage upon mem-
brane bending compared with mixed oxide layer ZrO2:SiO2 
= 1:1 (Fig 3F and H, respectively). Although the mechanical 
properties of the double-layer nanomembranes can also 
be affected by the thickness of the metal oxide layer sig-
nificantly, this finding may provide a way to improve and 
adjust the mechanical flexibility of oxide layers.

Five different gases (He, H2, CO2, N2 and O2) were used for 
testing the gas permeance properties of this double-layer 
nanomembrane. The PEI@PCGF nanomembrane with the 
thickness of 150 nm was chosen as a reference. Fig. 4 shows 
the permeance of gases relatively to their kinetic diameter. 

As can be seen, all membranes indeed demonstrate the 
selectivity towards smaller gases (helium and hydrogen) 
compared with gases of larger molecular sizes (CO2, O2 and 
N2). However, the deposition of metal oxide layer resulted 
in increased permeance for the double-layer membrane 
compared with the PEI@PCGF membrane alone. Such per-
meance increase may be explained by the effect of oxygen 
plasma treatment and the solvent influence (n-butanol) on 
the polymeric layer during the spin-coating of metal oxide 
solution. This result is different from earlier reported dep-
osition of TiO2 nanolayer on PDMS (with thickness ~1 μm) 
where the decrease in the permeance of composite mem-
brane was observed [24]. Most likely the observed difference 
may be attributed to the intrinsic properties of polymer 
support, i.e. PDMS is a highly permeable material while PEI@
PCGF has ca. 3 orders lower permeability for CO2 or N2, and 
short treatment by 1-butanol has slightly changed the poly-
mer matrix. An additional finding from the gas permeance 
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Fig. 2 A schematic representation of (A) nanomembrane assembly for gas permeation experiment and (B) gas permeance measurement apparatus
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data is that there is no significant difference between TiO2 
and ZrO2 layers on the permeance or selectivity. Obviously, 
the chemical nature of the oxide material is quite simple 
and no specific interaction with gases is expected. Although 
the separation of different gas pairs is not extraordinary, 
here we demonstrate the way to assemble metal oxide films 
supported by organic nanomembrane. By considering the 
results of scanning electron microscopy (SEM), the double-
layer nanomembranes may have defects even with care-
ful manipulation of the membranes for transfer on to the 
porous supports. The defects may be few and insignificant 
because the gas permeance was not changed drastically. 
Despite potential defects, we believe that the usage of this 
membrane architecture is not completely disadvantageous. 

In particular, the metal oxide layer, in contrast to polymer, 
may work as a suitable matrix for small molecules incorpo-
ration. For example, in our previous work [24], we showed 
that addition of CO2-philic component (phthalic acid) into 
the metal oxide layer allowed improving the selectivity 
toward CO2 separation from CO2/N2 mixture.

2.2 LbL Nanomembranes

Defects were observed on the double-layer nanomem-
branes of MOx and PEI@PCGF (Fig. 3F and H). This is due to 
the layers of the polymer and MOx existing in the mem-
brane separately, which results in an obvious ceramic 
nature of the MOx layer. To overcome this fragility problem, 
we tried to fuse them at a molecular level by a sequential 
spin coating of the thin layers of the polymer and TiO2 using 
the surface sol–gel process. In this case, PVA was employed 
as a polymer layer; since PVA has a lot of hydroxyl group 
at the side chain, which can react with metal alkoxides 
through sol–gel reaction.

UV-Vis absorbance spectra for five cycles of PVA/TiO2 
deposition is shown in Fig.  5A. The linear absorbance 
increases of TiO2 at 252 nm against the cycles of deposi-
tion implied that the TiO2 layer of similar thickness was 
deposited at each cycle (Fig. 5B) . The UV-Vis observation 
was unable to track the deposition of PVA; however, earlier 
works suggested that PVA is readily anchored to the tita-
nium alkoxides due to the abundance of hydroxyl groups 
on its surface [28].

A highly flexible and free-standing membrane was suc-
cessfully prepared after dissolving the sacrificial layer and 
was transferred onto a porous support. Fig.  6A demon-
strates the aspiration process of a centimeter-scale mem-
brane into a micropipette with a 2-mm diameter hole. The 

A C E G

B D F H

Fig. 3 Spin-coated metal oxide layers on the polymer. (A) Digital photo showing the TiO2/PEI@PCGF membrane detached from the glass substrate 
freely floating on water; (B) digital photo of the composite membrane having mixed SiO2 and ZrO2 deposited on the PEI@PCGF membrane supported 
by metal frame; SEM images of the cross section of different metal oxide layers was deposited on PEI@PCGF membrane; (C) TiO2/PCGF@PEI; (D) Al2O3/
PCGF@PEI; (E) ZrO2/PCGF@PEI, (G) SiO2-ZrO2/PCGF@PEI; (F) and (H) the bent places of the ZrO2/PEI@PCGF and SiO2-ZrO2/PEI@PCGF, respectively, dem-
onstrating that different oxides (or their mixes) provide different flexibility to the film
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detached membrane, which was floating in ethanol, was 
aspirated into the micropipette and released back to the 
solvent. The membrane undergoes multiple bending to fit 
the mouth of the micropipette during the sacking/release 
process. Once released into the solvent, the film regained 
its original shape and size through a simple assistance by 
spatula (see Supplementary video S2).

The SEM investigation showed that the fabricated 
nanomembrane has a smooth and uniform surface; large 
defects were not observed even after macroscopic manip-
ulation. Fig. 6C and D shows the top and cross-sectional 

views of a 60-nm thick free-standing membrane prepared 
by an alternate coating of PVA and TiO2 for 6.5 cycles (13 
alternate layers), transferred onto an Anodisc. Thickness 
was uniform throughout the membrane. For the observed 
thickness, the average thickness for one cycle deposition 
of PVA and TiO2 is calculated to be about 10 nm. Although 
layered morphologies were vaguely seen in the membrane 
cross section (Fig. 6D), no interspace between layers was 
observed, suggesting that each layer was well adhered. 
This result should be due to the result of interfacial sol–gel 
reaction between the hydroxyl groups of PVA and Ti(OnBu)4.
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Molecular flexibility of metal oxides was discussed [29] 
and their intrinsic molecular flexibility contributed to the 
observed excellent flexibility in macroscopic scale as seen 
in the aspirating experiment of the LbL nanomembrane.

We could detach the LbL nanomembrane that consisted 
of as low as three cycles (ca. 30 nm), and successfully 
transferred it onto a porous support without any signifi-
cant damage. Thus, incorporation of polymer network into 
the ceramic molecular layers by LbL assembly method, in 
contrast to double-layer MOx–polymer structures, played 
an important role for the significant improvement of film 
mechanical flexibility and surface smoothness.

Gas permeation of the LbL nanomembrane with the 
thickness of ca. 60 nm was tested by using N2/CO2 (95:5) 

mixture gas. The membranes showed low gas permeance 
property (Fig. 7). TiO2 and PVA themselves are not expected 
to have preferential interaction with CO2 and N2. Thus, we 
believe that this nonselective gas permeation is reason-
able. In support of the SEM data, the observed small gas 
permeance indicated that there was no significant leak-
age pathway in the membrane. This LbL nanomembrane 
would have potential as a basic membrane matrix, which 
we described in the Introduction section.

3 Discussion
Fig. 8 shows the schematic illustration of the double-layer 
and LbL nanomembranes prepared in this work. Although 
the gas permeation property of the amorphous metal oxide 
is currently unknown, the internal structure suggests sev-
eral future expectations from these nanomembranes.

In the double-layer nanomembrane, the mechanical 
properties of each polymer and MOx layers may not be 
fused at the nanometer scale. Thus, the MOx layer showed 
fragility at the nanometer scale, leading to layer breaking, 
although the macroscopic flexibility in the LbL membrane 
was improved. From this viewpoint, a molecularly layered 
structure in LbL nanomembrane contributes to the fusion 
nature of polymer and MOx at the molecular scale. An LbL 
nanomembrane showed low gas permeability, which is 
several orders smaller compared with conventional gas 
separation polymer membranes. The pin-hole-free mem-
brane was not prepared and further optimization to pre-
pare nanomembrane with less defects is underway, and 
will be reported elsewhere. At the same time, the next 
challenge with these nanomembranes is to incorporate 
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(or design) nanochannels to transport gas molecules selec-
tively. Metal oxides (in particular, TiO2) can also be used as 
matrices for molecular imprinting [11, 12]. The microporo-
sity of amorphous TiO2 imprinted by template molecules 
enabled the formation of selective sites in nanomem-
branes. Furthermore, we reported that the incorporation 
of CO2-philic compound (phthalic acid) in the TiO2 matrix 
resulted in significant CO2/N2 selectivity improvement 
(α~150) [24]. This result encouraged us to design the chan-
nel structures in a nanomembrane. For the systematic 
investigation on the nanochannel design, the features of 
LbL nanomembrane without high gas selectivity could be 
useful to distinguish the effect of the design.

In addition, the described membranes may possess an 
asymmetric structure, i.e. oxide or polymer layer may be 
facing the gas stream first, leading to anisotropic gas sep-
aration property, depending on the feed gas direction. In 
the case of LbL nanomembranes having the simplest (A/B)n 
structure, where A and B are two different components, we 
can expect differences in response of A/(B/A)n and B/(A/B)n 
architectures. Several projects ongoing in our laboratory 
are investigating these and other effects of the membrane 
morphology on gas separation.

Therefore, we believe that amorphous metal oxide films, 
whether used as layers in composite membranes (once the 
mechanical properties improved) or as free-standing LbL 
nanomembranes present an interesting architecture for 
separation membranes in the future.

4 Conclusion
Two types of nanomembranes, MOx–polymer double-layer 
nanomembrane and LbL assembly of TiO2 and PVA, were 
successfully fabricated by simple spin-coating and tested 
for gas permeation.

Double-layer nanomembranes (MOx–PEI@PCGF) demon-
strated slightly higher permeance for five different gases 
compared with PEI@PCGF nanomembrane alone, without 
significant influence on gas selectivity. Faster gas per-
meation was plausibly induced by plasma treatment and 
solvent swelling during the oxide layer coating. SEM obser-
vation showed that the metal oxide layer cannot follow the 
flexibility of polymer and develop defects when the mem-
brane is mechanically disturbed.

PVA was introduced between MOx nanolayers by LbL 
assembly process to overcome fragility of the metal 
oxide nanolayer. The fabricated nanomembrane was 
free-standing and showed high flexibility without any 
film fragmentations during macroscopic membrane 
manipulations. Even after transfer of LbL nanomem-
branes onto a porous support, it did not have obvious 
cracks as confirmed by SEM observation. Nanomembrane 
sustained low gas permeance, confirming the absence of 
significant defects, although it shows excellent mechani-
cal property.

Highly flexible and free-standing composite nanomem-
brane of polymers and metal oxides such as these are 
expected to provide great opportunities in the design of 
gas separation membranes as a platform for molecular 
nanochannel design.
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Abstract
Hydrogen production from butanol is a promising alternative when it is obtained from bio-butanol or bio-oil 
due to the higher hydrogen content compared to other oxygenates such as methanol, ethanol or propanol. 
Catalysts and operating conditions play a crucial role in hydrogen production. Ni and Rh are metals mainly used 
for butanol steam reforming, oxidative steam reforming and partial oxidation. Additives such as Cu can improve 
catalytic activity in many folds. Moreover, support–metal interaction and catalyst preparation technique also 
play a decisive role in the stability and hydrogen production capacity of catalyst. Steam reforming technique as 
an option is more frequently researched due to higher hydrogen production capability in comparison to other 
thermochemical techniques despite its endothermic nature. The use of the oxidative steam reforming and partial 
oxidation has the advantages of requiring less energy and longer stability of catalysts. However, the hydrogen 
yield is less. This article brings together and examines the latest research on hydrogen production from butanol 
via steam reforming, oxidative steam reforming and partial oxidation reactions. In addition, the review examines 
a few thermodynamic studies based on sorption-enhanced steam reforming and dry reforming where there is 
potential for hydrogen extraction.

Key words:  butanol; hydrogen production; steam reforming; oxidative steam reforming; partial oxidation

Introduction
In the era of depleting oil reservoirs, sharp increase in 
energy demand and greater concern for the environment, 
there is a strong need for a next-generation fuel that is 
environmentally benign and easily available [1–5]. The 
extensive use of fossil fuels is considered to be a major 
contributor to greenhouse gas emissions such as carbon 
dioxide and contributing to global warming and climate 
change [2]. Hydrogen is considered as one of the alterna-
tives to fossil fuels and a more sustainable energy carrier 
[1–6]. Hydrogen has numerous advantages compared to 
other conventional fuels. First, hydrogen has almost three 

times higher energy content than gasoline, i.e. lower heat-
ing values of hydrogen and gasoline are 123 and 47.2 MJ/
kg, respectively [1–3]. Second, combustion of hydrogen 
yields only water as a product, which is eco-friendly in 
comparison to exhaust gases produced from the combus-
tion of fossil fuels [3]. Moreover, it can be used in fuel cells 
at higher efficiency for the production of electricity [5–8]. 
To meet the increasing energy demand with minimal 
impact on the environment, the production of hydrogen 
would be more environmentally sustainable.

Steam reforming (SR) of natural gas is currently the 
most widely used commercial technique for the production 
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of hydrogen [8]. However, dwindling sources of natural gas 
and the larger footprint of the natural gas reforming pro-
cess have shifted attraction of researchers toward oxygen-
ates such as methanol [9–11], ethanol [8, 12, 13], propanol 
[14, 15], glycerol [16, 17], acetone [18, 19], acetic acid [20, 21] 
and butanol [5, 22, 23] as hydrogen sources. Feasibility stud-
ies on hydrogen production from renewable biomass feed-
stock derived from bio-oil [24–26] and its key components 
[27–29] have also been reported. Butanol is a very attractive 
feedstock because of its high hydrogen content (13.51 wt.%), 
compared to methanol (12.5 wt.%) and ethanol (13.04 wt.%), 
greater tolerance to water content and lower vapor pres-
sure [30]. Similar to ethanol, butanol can also be produced 
via biological routes. Butanol obtained via a biological route 
is called bio-butanol, which is a mixture of butanol, acetone 
and ethanol (~6:3:1 mass ratio) with ~60 wt.% water [30]. 
There have been few studies published on production of 
bio-butanol by fermentation of renewable biomass [31–33]. 
Butanol is also one of the key components of bio-oil [34]. 
The availability of butanol from renewable sources and its 
properties makes butanol an attractive research option to 
be explored for its hydrogen production capability.

Techniques for hydrogen production can be classified in 
mainly four broad categories, namely (i) photobiology, (ii) 
photoelectrochemistry, (iii) electrochemistry and (iv) ther-
mochemistry [35]. Photobiological technique uses natural 
photosynthesis activity of bacteria and algae for hydrogen 
production. Despite its green and renewable nature, this 
technique currently cannot be used on industrial scale 
for hydrogen production because of poor yield compared 
to thermochemical and electrochemical techniques [35, 
36]. Photoelectrochemical technique involves water split-
ting using photon energy from sunlight in the presence 
of light-absorbing materials, such as a semiconductor, for 
hydrogen production [35, 37]. However, development of a 
high-efficiency photoelectrochemical system is challenging 
[38], and this technique is in its early development phase 
[35]. Hydrogen production from the electrochemical tech-
nique is a well-known technology, but lower overall effi-
ciency makes this technique suitable only where electricity 
can be obtained at low cost [35]. The thermochemical tech-
nique includes catalytic conversion of hydrocarbons and 

is a worldwide-accepted technique for larger-scale hydro-
gen production. SR of natural gas is the most widely used 
thermochemical technique for hydrogen production and 
accounts for almost 50% of total hydrogen production [35, 
39]. Pyrolysis, SR and partial oxidation (POX) are different 
approaches used in thermochemical technology. The cur-
rent review is focused on the four most widely known and 
accepted approaches of thermochemical techniques: (i) SR, 
(ii) oxidative steam reforming (OSR), (iii) dry reforming (DR) 
and (iv) POX. All these techniques have their advantages and 
disadvantages. Table 1 compares the different techniques in 
nature, hydrogen production and catalyst deactivation.

This article aims to review hydrogen production from 
butanol and the effect of operating parameters such as tem-
perature, pressure, steam to carbon molar ratio (SCMR), oxy-
gen to carbon molar ratio (OCMR), carbon dioxide to carbon 
molar ratio and catalysts. The definition of yield, selectivity, 
conversion, SCMR and OCMR differs between researchers. We 
adopted the following nomenclature to remove ambiguity dur-
ing comparison throughout this article. Superscript after value 
indicates respective formula used by various researchers.
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moles of hydrogen produced
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Table 1 Comparison between SR, OSR, DR and POX techniques

Technique Nature
Hydrogen  
production

Catalyst deactivation 
due to coking

SR Endothermic. Specialized case of SR is sorption-
enhanced steam reforming (SESR),  
where CO2 is adsorbed in the reformer to shift  
the equilibrium of SR and water–gas shift reactions  
in a forward direction

Highest Possible

OSR Endothermic/exothermic depending on the operating  
temperature, SCMR and OCMR. Specialized case of  
OSR is ATR, in which overall heat reaction is zero

Lesser than SR  
but greater than  
POX and DR

Lesser than SR  
but greater  
than POX

DR Highly endothermic Lower than SR  
and OSR

Highly possible

POX Highly exothermic Lowest Least possible
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1 Butanol steam reforming
1.1 General aspects

Several studies have been conducted in the area of SR of 
butanol [5, 22, 23, 30, 40–50]. Table 2 summarizes the pos-
sible reactions in butanol SR. It can be seen that SR of 
butanol is accompanied by various reactions. Therefore, 
effect of operating conditions and catalysts can make a 
significant impact on hydrogen production.

1.2 Effect of operating conditions on butanol 
steam reforming

In the reversible reactions presented in Table 2, selections 
of operating conditions such as temperature, pressure and 
SCMR/steam to butanol molar ratio (SBMR) play an impor-
tant role in hydrogen production.

1.2.1 Temperature
Researchers have investigated the effect of temperature on 
SR of butanol. Roy et al. [22] carried out SR of butanol in a 
fixed bed reactor over Ni-supported catalysts. It was found 
that hydrogen selectivity increased from ~17 to ~28%A by 
increasing temperature from 185 to 215 °C at 1034 kPa pres-
sure. Nahar et al. [42] reported that hydrogen selectivity 
increased from 3.53 to 30.44%B by raising the temperature 
from 300 to 500 °C at 1 bar pressure. Silva et al. [45] carried 
out thermodynamic analysis of butanol SR and found that 
temperature between 677 and 880 °C and SBMR between 
9:1 and 14:1J yield hydrogen concentration between 69 
and 72%. Dhanala et al. [47] reported that an increase in 
temperature from 500 to 650 °C increased conversion from 
25 to 100%D. It was also documented that hydrogen yield 
increased from ~48 to ~75%C upon an increase in tempera-
ture from 500 to 600 °C. There was no observable change 
in hydrogen yields beyond 600 °C. Dhanala et al. [48] varied 
a range of temperatures from 500 to 650 °C during a study 
on SR of isobutanol and reported a maximum hydrogen 
yield of ~65%E at 650 °C. It was also noted that increasing 
the temperature from 500 to 650 °C improved the carbon 
conversion to gaseous products (CCGP) roughly 3.6D times. 
Hartley et al. [5] carried out SR of n-butanol over Ni and 
Rh supported on Al2O3. It was observed that for both these 
catalysts an increase in temperature from 700 to 900 °C 
increased hydrogen yield roughly 1.2–1.3F times. This trend 
can be justified by the fact that endothermic SR, reverse 
water–gas shift (rWGS) and reverse methanation reactions 
are favored at elevated temperatures [47, 48]. However, 
there are studies that show slight disagreement from the 

Table 2 Possible reactions in butanol SR [5]

Reaction Equation

Butanol steam reforming reactions C H O H O CO H4 10 2 23 4 8+ +

 and C H O H O CO H4 10 2 2 27 4 12+ +

Butanol decomposition C H O CO CH H C4 10 4 22↔ + + +
Methane decomposition CH C H4 22 +
Boudouard reaction 2 2CO C CO +
Water–gas shift reaction (WGS) CO H O CO H+ +2 2 2

Hydrogenation of carbon monoxide CO H CH H O+ +3 2 4 2  and 2 2 2 2 4CO H CO CH+ +

Hydrogenation of carbon dioxide CO H CH H O2 2 4 24 2+ +

Hydrogenation of coke C H CH+ 2 2 4

Methane steam reforming CH H O CO H4 2 23+ +

Methane dry reforming CH CO CO H4 2 22 2+ +

Carbon monoxide reduction reactions CO H C H O+ +2 2  and 2 2 2 22 2CO H C H O+ +

Reverse water–gas shift reaction (rWGS) CO H CO H O2 2 2+ +

Coke gasification C H O CO H+ +2 2

Dehydrogenation of butanol C H O C H O H4 10 4 8 2 +
Butyric aldehyde decomposition C H O CO CH C H4 8 4 2 4 + +
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above-observed results [44, 49]. Bimbela et al. [44] reported 
that an increase in temperature from 550 to 650 °C over 
Ni-Al catalyst (28% wt. of nickel) boosted the hydrogen 
yield from 0.159G to 0.291G. A further increase in tempera-
ture from 650 to 750 °C reduced the hydrogen yield slightly 
to 0.275G. Dhanala et al. [49] found that hydrogen yields 
were improved suddenly with increasing temperature to a 
maximum of between 630 and 696 °C depending on SCMR. 
The hydrogen yield then started declining slowly with fur-
ther increase in temperatures. These observations are jus-
tified by the following arguments:

(1) SR reactions are favored at elevated temperature due to 
their endothermic nature, while exothermic WGS reac-
tions are favored at lower temperature. At relatively 
lower temperature (below the temperature of maximum 
hydrogen yield), concentration of methane and butanol 
is high. So endothermic SR reactions dominate over exo-
thermic WGS reaction at lower temperatures [49].

(2) The concentration of methane at a higher temperature 
decreases and endothermic rWGS reaction dominates 
over endothermic SR reactions leading to slight reduc-
tion in hydrogen yields [49].

1.2.2 Pressure
There are very few studies which investigate the effect of 
pressure on SR of butanol. Roy et al. [22] studied the effect 
of pressure on SR of butanol over Ni (20% by wt.) supported 
on Al2O3 and CeO2 catalysts. With the increase in pressure, 
it was observed that conversion decreased and selectivity 
to hydrogen increased. Maximum hydrogen selectivity of 
73%A and 45%A were obtained for Ni/CeO2 and Ni/Al2O3 cat-
alysts, respectively, during SR of butanol at 2099 kPa pres-
sure. A decline in conversion was observed with increased 
pressure, as more active sites are available for butanol 
conversion at lower pressure. The probable reason for 
increased selectivity to hydrogen was the greater amount 
of water presence in the aqueous phase, which ultimately 
improved activity of the WGS reaction [22]. During thermo-
dynamic analysis of SR of butanol, Nahar et al. [42] reported 
that the increase in system pressure has a negative impact 
on hydrogen yields. The highest documented hydrogen 
yield was ~62%C at 1 bar pressure and at 800 °C due to the 
high equilibrium constant the increased pressure had no 
effect on conversion. The decreased hydrogen yield was 
attributed to increased activity of methanation reactions 
due to the shift in equilibrium toward formation of meth-
ane with the increase in pressure [42].

1.2.3 Steam to carbon molar ratio
SCMR is considered as one of the most important parame-
ters in SR reactions. Dhanala et al. [48] investigated the effect 
of SCMR on CCGP and hydrogen yields. It was documented 
that the hydrogen yield increased with increases in SCMR. 
The maximum hydrogen yield ~81%E was reported for 
SCMR of 3.2H. The same group of researchers in a different 
study [47] reported a similar trend for SCMR. An improved 

hydrogen yield from 73 to 90%C was documented with an 
increase in SCMR from 1.5H to 3.2H. Nahar et al. [42] studied 
the effect of water to butanol feed ratio. It was found that 
the increase in water to butanol feed ratio from 9 to 12 
improved the hydrogen yield from 75.13 to 81.27%C. Hartley 
et al. [5] reported a similar trend over Ni and Rh supported 
on Al2O3 catalyst. Hydrogen yield increased from 51.3 to 
58.3%F and from 42.6 to 45.3%F over Rh/Al2O3 and Ni/Al2O3 
catalysts, respectively, by changing SBMR from 9J to 12J. In 
general, it is observed that an increase in steam content 
in feed improves hydrogen yields. This trend can be justi-
fied by a shift in equilibrium in forward direction of SR and 
WGS reactions [47, 48]. However, higher SCMR increases 
endothermicity of the process. Therefore, while selecting 
optimum conditions for SR, a trade-off between hydrogen 
yields and heating requirements of SR process is needed.

1.2.4 Catalyst
In SR, the catalyst plays a pivotal role in reactivity toward 
complete conversion, yield of specific product and stabil-
ity. Different catalysts induce different reaction pathways, 
and therefore, the selection of a catalyst is of prime impor-
tance in SR of butanol. The catalyst should show higher 
selectivity toward hydrogen production, better resist-
ance against coke formation and reduce production of 
unwanted by-products, i.e. CO. Hydrogen production by 
SR of butanol with different catalyst have been reported in 
several studies. The results and experimental conditions 
from the studies are summarized in Table 3.

The tabulated results reveal that conversion and hydro-
gen yields depend on the type of metal, metal loading, 
preparation method, nature of support and the presence 
of additives in the catalyst. Ni was found to exhibit bet-
ter catalytic activity in terms of butanol conversion and 
hydrogen yields compared to Co and Mo over γ-Al2O3 sup-
port [47]. The role of active metal is to activate butanol and 
promote its reaction with the hydroxyl group generated 
due to dissociation of water molecule on oxide support. 
For the same metal loading of Ni, Co and Mo, hydrogen 
chemisorption results revealed that Ni exhibited highest 
metal dispersion of 1.86% and active metal surface area of 
12.4 m2/g of metal, which in turn resulted in better activity 
of the catalyst [47]. Hartley et al. [5] reported better hydro-
gen production capacity of Rh/Al2O3 in comparison to Ni/
Al2O3. These results were justified by post-experiment 
analysis of the catalyst by temperature programmed oxi-
dation (TPO) of catalysts, which revealed less coke deposi-
tion of 3.6 mmol coke/g of catalyst on Rh/Al2O3 compared 
to 6.0 mmol coke/g of catalyst on Ni/Al2O3 [5].

Support also plays a significant role in SR of butanol. 
It helps in dispersion of active metal by providing surface 
area. It may also enhance activity of catalyst by better 
support–metal interaction. Dhanala et al. [47] investigated 
the effect of γ-Al2O3, SiO2 and ZrO2 as a support in SR of 
butanol, using Ni as active metal. Ni supported on γ-Al2O3 
showed higher catalytic activity compared to SiO2 and ZrO2. 
This behavior indicated that γ-Al2O3 showed better metal 
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dispersion of 1.86% and greater active metal surface area 
of 12.4 m2/g of metal compared to SiO2 and ZrO2. Roy et al. 
[22] investigated the effect of Ni supported on Al2O3 and 
CeO2 in SR of butanol. CeO2 showed better activity in terms 
of hydrogen selectivity compared to Al2O3. The lower activ-
ity of Al2O3-supported catalyst was confirmed by hydrogen 
chemisorption results, which indicated that active metal 
grew by ~28% in size compared to the CeO2-supported cata-
lyst. The growth in size was attributed to the higher reduc-
tion temperature, i.e. 1050 °C on Al2O3-supported catalyst. 
Cai et al. [30] carried out SR of n-butanol over Co supported 
on TiO2, CeO2 and ZnO. Out of these three catalysts, Cu/
ZnO showed better activity and the highest hydrogen con-
tent in exit gas. These results were supported by Raman 
spectroscopy and TPO tests, which revealed the most dis-
ordered carbonaceous deposits on Cu/ZnO and the most 
ordered carbon deposits on Cu/TiO2. These results clearly 
indicated better metal support interaction with the Cu/
ZnO catalyst.

The concentration and size of active metal govern the 
yield of hydrogen and conversion. The conversion and 
hydrogen yields increased from 31.2 to 100%D and 64.49 
to 84.49%E, respectively, with an increase in metal loading 
from 10 to 25% by wt. of Ni over γ-Al2O3 support [48]. This 
trend was observed due to an increase in the number of 
active sites with an increase in metal loading. However, 
this trend cannot be generalized for all catalysts. Bimbela 
et al. [44] prepared three catalysts of different Ni loading 
(23, 28 and 33%) and found the catalyst with intermediate 
metal loading of 28% showed the best results in terms of 
catalytic activity. The amount of carbonaceous deposits on 
the catalyst, revealed after SR reaction, was less than 28% 
for the Ni catalyst compared to the other two catalysts.

The effect of copper as an additive was investigated to 
find its impact on SR of butanol [46]. Ni/Al co-precipitated 
catalysts were prepared with 0.1 and 5.5% loading of Cu 
by weight. The catalyst activity of butanol SR decreased 
with an increase in Cu loading. This behavior could be 
due to inactivity of Cu toward C–C bond cracking. Further 
research for the optimization of additives would be useful 
as there are few studies reported on the effect of additive 
during SR of butanol.

The main obstacle for steady-state operation of butanol 
SR is the formation of unwanted carbonaceous deposits on 
the catalyst surface. Coke formation is mainly due to the 
Boudouard reaction. The formation of coke is detrimen-
tal to catalyst structure and it covers the active catalyst 
surface resulting in reduced activity of the catalyst. The 
challenge is to design a catalyst that remains stable for a 
prolonged period of time and also provides higher conver-
sion and yield of hydrogen. Time on stream (TOS) data can 
provide evidence about the stability of a catalyst. Harju 
et al. [41] observed during SR of butanol that without the 
presence of active metal (Rh) conversion of butanol over 
support collapses in just 15 min. The presence of Rh over 
ZrO2 resulted in the complete conversion of butanol for 23 
h at 700 °C. The same catalyst was found to exhibit lower 

stability at 500 and 600 °C. These results were supported 
by TPO tests of the catalyst. This test confirmed formation 
of three types of carbon deposits on the catalyst: (i) car-
bon deposited on noble metal (Rh), (ii) carbon deposited 
on support (ZrO2) and (iii) less reactive and more graphitic 
carbon species. The results indicated that total carbon 
deposits on catalysts were decreased with increases in 
temperature and resulted in the increased stability of the 
catalyst. The study also reported that the carbon depos-
ited on noble metal (Rh) were very small after 25.5 h of SR 
at 700 °C, while the amount of carbon deposits on noble 
metal were relatively higher at 500 and 600 °C compared 
to 700 °C [41]. These results prove that noble metal and 
temperature are key factors in controlling coke deposition. 
Valant et al. [50] conducted SR of n-butanol and i-butanol 
over 1% Rh/MgAl2O4/Al2O3 catalyst. Water was produced 
and not consumed during the course of reaction, indi-
cating that the dehydration reaction plays a crucial role 
in the alcohol conversion. Dehydration produces alkenes, 
which in turn polymerizes and converts to coke. The effect 
was more evident in the case of i-butanol compared to 
n-butanol because of the formation of stable carbocations. 
It was also documented that the acidic nature of alumina 
was also responsible in enhancing formations of alkenes 
and coke by the dehydration reaction [50]. These results 
indicate the type of alcohol (branched or linear) and sup-
port–metal interaction decide the formation of coke.

1.2.5 Sorption-enhanced steam reforming
An attractive feature of sorption-enhanced steam reform-
ing (SESR) is production of high-purity hydrogen with min-
imum formation of coke and carbon monoxide by shifting 
equilibrium of WGS reaction. This high-purity hydrogen 
can be used without any purification in proton exchange 
membrane fuel cells. In this process, carbon dioxide adsor-
bent, e.g. CaO, is used along with the catalyst, which shifts 
the equilibrium of WGS reaction in a forward direction and 
thereby reduces the concentration of CO and CO2 in the 
product gas stream [43, 45]. There are limited studies on 
the thermodynamic analysis of hydrogen production from 
butanol via SESR [43, 45]. We found no experimental study 
on SESR of butanol. Thermodynamic studies revealed the 
possibility of generation of high-purity hydrogen from 
butanol, but as there is no experimentation, it is too early 
to comment on the feasibility of this process.

1.2.6 Steam reforming of bio-butanol
SR of bio-butanol (crude mixture of butanol, acetone and 
ethanol in 6:3:1 mass ratio, respectively) obtained after 
preliminary distillation of fermentation liquid can be a 
lucrative option for hydrogen production as excessive 
amount of the energy required for the distillation pro-
cess can be reduced to many fold. To the greatest of our 
knowledge, only one study based on SR of bio-butanol 
crude mixture has been conducted to explore hydrogen 
production capacity of this renewable feedstock. Cai et al. 
[30] experimented SR of bio-butanol over monometallic Co 
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and Ir and bimetallic Co-Ir supported on a ZnO support. 
Out of these three catalysts, Co-Ir/ZnO catalyst indicated 
a better hydrogen production of ~70% mol in the exit gas 
compared to Co/ZnO and Ir/ZnO. The improved activity of 
Co-Ir/ZnO was attributed to better contact between Co and 
Ir and lower coke deposition on the catalyst surface. The 
coke deposition was determined by a Raman spectroscopy 
and TPO tests. The tests confirmed the following trend for 
the graphitization of carbon deposits: Ir/ZnO > Co/ZnO > 
Co-Ir/ZnO [30].

2 Oxidative steam reforming
2.1 General aspects

The advantage which OSR has over the conventional SR 
process is that the heat required for endothermic SR reac-
tions can be taken from in situ generated by exothermic 
POX reactions. Moreover, the presence of oxygen can help 
in the continuous removal of carbonaceous deposits on 
the catalyst surface, which in turn improves catalyst sta-
bility [51]. There is also a disadvantage of a lower hydrogen 
yield due to the POX reaction [8]. Thermoneutral/auto-
thermal conditions can be achieved by maintaining appro-
priate OCMR. The thermoneutral/auto-thermal condition 
is defined as the condition at which overall heat duty of 
the reformer is zero [5]. In terms of energy savings, ther-
moneutral conditions are an attractive option but have not 
been widely explored using butanol as feed. Limited stud-
ies have been documented based on auto-thermal reform-
ing (ATR) of butanol [5, 41]. Due to the renewable nature 
of the feedstock, only a few studies on OSR of bio-butanol 
have been reported [51–54].

2.2 Auto-thermal reforming of butanol

Hartley et al. [5] predicted thermoneutral conditions in OSR 
of butanol using Gibbs-free energy minimization method. 
With the help of Aspen plus software, reactions were 
simulated and product compositions were predicted. The 
results of the thermoneutral conditions are tabulated in 
Table 4. It was found that thermoneutral conditions were a 
function of reaction temperature, oxygen to butanol molar 
ratio (OBMR) and SBMR. At identical temperature, increase 
in SBMR increases the requirement of oxygen to achieve 
thermoneutral conditions and also increases hydrogen 
and carbon dioxide yields. A result of the increase in SBMR 

was a decreased yield of carbon monoxide [5]. The endo-
thermicity of the process increases with a higher propor-
tion of steam in feed and also requires a higher proportion 
of oxygen in feed to overcome the overall heat require-
ments of the process. A higher proportion of steam in feed 
favors the activity of the WGS reaction, which ultimately 
leads to higher production of hydrogen and carbon dioxide 
with a reduction of carbon monoxide production.

Harju et al. [41] predicted thermoneutral conditions 
based on a thermodynamic study using HSC Chemistry 
5.11 software. The thermoneutral conditions with 0.8L 
OCMR, 4I SCMR and the temperature between 450 and 730 
°C showed almost a constant higher hydrogen production. 
Experimental studies based on ATR were also conducted 
over Rh/ZrO2 catalyst at 500, 600 and 700 °C temperatures. 
It was found that conversion and hydrogen yields were 
stable over a period of 23 h at 700 °C and decline after a 
certain period at 500 and 600 °C. It was concluded that reac-
tion mechanism plays an important role in activity of the 
catalyst. The presence of Rh enhances formation of coke 
by dehydration of n-butanol at lower temperatures, i.e. at 
500 and 600 °C. The reforming and gasification reactions 
were found to be fast enough to reduce carbon deposits on 
the catalyst at 700 °C. TPO tests also confirmed more car-
bonaceous deposits on catalyst surface at lower tempera-
tures, while the magnitude of carbonaceous deposits on 
catalyst surface was very small after auto-thermal reform-
ing at 700 °C [41]. From these studies, it can be concluded 
that formation of hydrogen and activity of the catalyst are 
strong functions of temperature, SCMR and OCMR.

2.3 Oxidative steam reforming of butanol/
bio-butanol

Temperature, SCMR and OCMR govern the yield of hydro-
gen. Out of these three factors, temperature and SCMR 
should have a similar impact on conversion and hydrogen 
yields as in the case of SR. A  literature review indicated 
limited research and scope of future studies for optimiza-
tion of temperature and SCMR in the case of OSR. There 
are few studies that investigate the role of OCMR in OSR of 
butanol [5, 41].

Evidence suggests the stability of the catalyst and 
improved conversion with an increase in OCMR [5, 41]. 
Longer stability and higher conversion are attributed to 
increased oxidation of coke over the catalyst surface. TPO 
of the spent catalyst also confirmed the same result [5, 41].  

Table 4 Thermoneutral conditions in oxidative steam reforming of butanol [5]

Serial number Temperature (°C) SBMR OBMR Yield of H2 Yield of COa Yield of CO2
a

1 700 9J 2.7M 5.37F 1.11 2.88
2 700 12 J 2.8 M 5.56F 0.92 3.07
3 800 9 J 2.65 M 5.13F 1.36 2.63
4 800 12 J 2.75 M 5.33F 1.17 2.83

aYield was calculated by the following equation: moles of component/moles of butanol fed.
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If an equilibrium has been achieved, an increase in oxy-
gen content should reduce hydrogen production due to 
increasing oxygen content favoring oxidation reaction. 
However, it was also noted that hydrogen yield improved 
with an increase in OBMR from 2.5M to 2.7M over Rh/Al2O3 
and Ni/Al2O3 catalyst [5]. This may be due to improved 
activity of catalyst, and there was no significant reduc-
tion in metal reducibility of used catalyst. There are also 
chances that with the prevailing set of reaction condi-
tions equilibrium was not achieved. A further increase in 
OBMR beyond 2.7M resulted in a decrease of the hydrogen 
yields. This behavior was due to the decreased reducibil-
ity of active metals [5]. Harju et al. [41] also documented 
similar results. After comparing experimental results 
with thermodynamic equilibrium conditions, it was con-
cluded that the equilibrium was not achieved otherwise 
it would have decreased the hydrogen yield.

Few studies have reported hydrogen production by OSR 
of bio-butanol [51–54]. Experimental results are summa-
rized and compared in Table  5. For all experiments, the 
SCMR, bio-butanol to oxygen molar ratio and pressure 
were maintained at 3, 1/1.5 and 101.3 kPa, respectively.

Bimetallic catalysts, with one metal Co and other noble 
metals such as Rh, Ru, Pd and Ir, have been explored to 
determine their hydrogen production capability [51]. TPO 
and Raman spectroscopy tests confirmed the best activ-
ity and least coke deposition on catalyst for CoRh/ZnO. 
Addition of noble metal markedly improved activity when 
compared with monometallic Co/ZnO. Group 9 metals 
(Rh, Ru) were found to exhibit better activity. The addition 
of noble metal favors the stabilization of Co0 phase and 
reduces the crystallization of Co, which in turn increased 
reducibility and decreased sintering and carbon deposition 
of the catalyst [51].

Apart from the type of metal, loading of a particular 
metal also plays an important role in the activity of catalyst. 
Cai et al. [54] prepared four different catalysts and investi-
gated the role of Ir in OSR of bio-butanol. An improvement 
in catalytic performance in terms of hydrogen production, 
conversion and stability of the catalyst was found when 
adding a small amount of noble metal. However, the opti-
mum amount of noble metal should be decided as a higher 
percentage of metal may lead to lower activity. Addition 
of iridium (~0.3% by wt.) to Co/ZnO improved its catalytic 
performance because of the improved reduction charac-
teristics of Co and support and improved coke resistance. 
However, further addition of Ir (~1% by wt.) showed no sub-
sequent improvement in catalytic activity. This behavior 
was justified by separate Ir0 cluster interacting with ZnO 
support, as confirmed by high-resolution transmission 
electron microscopy.

The nature of support and support structure also gov-
erns the activity of catalyst [52, 53]. Cai et al. [53] studied 
the role of different supports such as ZnO, TiO2 and CeO2-
ZrO2 (18% CeO2 by wt.) over Co-Ir bimetallic catalysts in 
OSR of bio-butanol. CeO2-ZrO2 was found to exhibit better 

catalytic performance due to better reducibility of metal, 
lower Co sintering and smaller coke deposition. Cai et al. 
[52] determined the role of support structure in OSR of bio-
butanol. Calcination temperature of support was found 
to have an impact on crystallite size, degree of reduction, 
oxygen storage capacity and total number of basic sites of 
support. Support calcined at 500 °C indicated the best cat-
alytic activity when compared with catalysts calcined at 
700 and 900 °C. Support calcined at 500 °C showed higher 
oxygen storage capacity and basic characteristics, which 
favored oxygen diffusion from bulk and oxidized carbon 
deposited on catalyst surface.

3 Dry reforming of butanol
In DR, reforming is carried out with CO2 as a reactant. DR 
can be an attractive option as CO2 can be converted into 
syngas, hydrogen or high-value-added inert carbon, and 
it can be removed from the carbon biosphere cycle [55]. 
We found few studies that indicated sequestration of CO2 
and the marketable product ‘carbon nanofibers’ [55–58]. 
DR of methane [59–61] and ethanol [56–58] have been 
reported extensively. In contrast, we found only one study 
for butanol based on thermodynamic analysis of butanol 
DR [55]. One of the reasons for limited study on butanol 
DR may be the highly endothermic nature of reaction and 
high amount of coke deposition. The renewable nature of 
butanol, high hydrogen content and sequestration of CO2 
in the form of carbon nanofibers does open the possibility 
of development of an active catalyst. In a study by Wang 
[55], coke-free regions and coke-formed regions were 
identified. This study encourages further development of 
a suitable catalyst for DR of butanol if reaction conditions 
are selected in coke-free regions.

4 Partial oxidation
4.1 General aspects

POX of butanol is carried out in the absence of steam in 
feed. POX reaction is exothermic in nature unlike SR and 
DR [62]. In fuel-rich (deficit of oxygen) environment, POX 
of butanol leads to formation of hydrogen. Butanol can 
be completely oxidized to carbon dioxide and water in 
a fuel-lean (excess of oxygen) condition [63]. In the POX 
technique, all the reactions mentioned in Table  2 take 
place except stream reforming of butanol and meth-
ane. In addition to these reactions, complete oxidation 
of butanol ( C H O O CO H O4 10 2 2 26 4 5+ ↔ + ), POX of butanol 

C H O O CO H4 10 2 2

3
2

4 5+ ↔ +





, combustion of hydrogen 

H O H O2 2 2

1
2

+ →





 and oxidation of carbon monoxide 

CO O CO+ →





1
2 2 2  needs to be considered in POX [64].
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4.2 Effect of operating conditions

The exothermic nature of POX reaction makes it a self-
sustained energy option as generated heat during reaction 
can be used to maintain the desired temperature within 
the reactor. This can be performed by regulating OBMR in 
the reactor. However, its limitation is the lower hydrogen 
yield compared to SR reaction. A  well-designed catalyst 
operating at optimum reaction conditions will result in a 
higher hydrogen production. In this section, the effects of 
important factors such as OBMR, temperature and catalyst 
are discussed.

4.2.1 Oxygen to butanol molar ratio
With an increase in OBMR, hydrogen production increases 
to maximum and then decreases [62–65]. All the stud-
ies showed that OBMR around 1.5–2M was found to be 

optimum for hydrogen production. At lower OBMR (less 
than 1M), methane was found to be one of the major con-
stitutes of gas products and the hydrogen yield was very 
poor. This indicates that thermal decomposition of butanol 
in a fuel-rich environment is favorable. At optimum OBMR, 
methane decreases significantly and concentration of CO 
and CO2 increases, which clearly indicates dominance of 
POX and complete oxidation reaction in OBMR range from 
1.5M to 2M. At higher OBMR (greater than 2M), formation of 
water was increased. This indicates that more hydrogen 
atoms are extracted from butanol and transformed into 
water [62].

4.2.2 Effect of temperature
The effect of temperature cannot be studied indepen-
dently, as temperature along with OBMR governs the over-
all heat of reaction, which ultimately decides the extent of 

Table 5 Oxidative steam reforming of bio-butanol

Catalyst Support
Preparation 
method

Temperature  
(°C) 

Conversion  
(%)

H2 in gaseous  
stream (mol %) Reference

Co/ZnO (7.17 wt.% Co) ZnO Incipient wetness 
co-impregnation

500 ~64a ~20a [51]

CoIr/ZnO (7.20 wt.% Co,  
0.30 wt.% Ir)

ZnO Incipient wetness 
co-impregnation

500 ~78a ~55a

CoRh/ZnO (6.70 wt.% Co,  
0.19 wt.% Ru)

ZnO Incipient wetness 
co-impregnation

500 ~85a ~65a

CoRu/ZnO (6.71 wt.% Co,  
0.20 wt.% Ru)

ZnO Incipient wetness 
co-impregnation

500 ~87a ~47a

CoPd/ZnO (6.63 wt.% Co,  
0.26 wt.% Ru)

ZnO Incipient wetness 
co-impregnation

500 ~76a ~37a

CoIr/Ce0.82Zr0.18500 (Co 6.46% 
and Ir 0.28% by wt.)

Ce0.82Zr0.18500  
(support calcined 
at 500 °C)

Incipient wetness 
impregnation

500 ~84b ~70b [52]

CoIr/Ce0.82Zr0.18700 (Co 6.65% 
and Ir 0.24% by wt.)

Ce0.82Zr0.18700  
(support calcined 
at 700 °C)

Incipient wetness 
impregnation

500 ~74b ~58b

CoIr/Ce0.82Zr0.18900 (Co  
6.66% and Ir 0.27%  
by wt.)

Ce0.82Zr0.18900  
(support calcined 
at 900 °C)

Incipient wetness 
impregnation

500 ~21b ~23b

CoIr/ZnO (Co 7.20% and  
Ir 0.30% by wt.)

ZnO Incipient wetness 
impregnation

500 ~82c ~56c [53]

CoIr/TiO2 (Co 6.80% and  
Ir 0.37% by wt.)

TiO2 Incipient wetness 
impregnation

500 ~69c ~08c

CoIr/18CeZrO2 (Co 6.44%  
and Ir 0.46% by wt.)

CeO2-ZrO2 (CeO2 
18% by wt.)

Incipient wetness 
impregnation

500 ~87c ~70c

Co/ZnO (Co 7.17% by wt.) ZnO Incipient wetness 
impregnation

550 ~98d ~58d [54]

Ir/ZnO (Ir 0.24% by wt.) ZnO Incipient wetness 
impregnation

550 ~96d ~60d

Co-0.3Ir/ZnO (Co 7.20%  
and Ir 0.30% by wt.)

ZnO Incipient wetness 
impregnation

550 ~100d ~66d

Co-1Ir/ZnO (Co 7.29%  
and Ir 0.86% by wt.)

ZnO Incipient wetness 
impregnation

550 ~98a ~65a

aData were recorded for time on stream data of 100 h.
bData were recorded for time on stream data of 98 h.
cData were recorded for time on stream data of 55 h.
dData were recorded for time on stream data of 65 h.
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various reactions. Different trends related to temperature 
have been documented in the literature. Huang et al. [65] 
studied POX reaction in the range of 600–750 °C. At 600 °C, 
a lower hydrogen yield was obtained compared to elevated 
temperatures and formation of by-products such as ethyl-
ene, ethane and propene was documented. These by-prod-
ucts ultimately led to coking and deactivation of catalyst 
[65]. The highest hydrogen yield of 4.61F was reported at 
750 °C. These results indicated that a higher temperature 
favors the hydrogen production in POX. In a thermody-
namic study by Wang et al. [64], an found increased hydro-
gen yield with increased temperatures, but for OBMR less 
than 1.5M, was observed. For OBMR greater than 1.5M, the 
hydrogen yield increased with the increase in tempera-
ture and reached the maximum. Further increase in tem-
perature slightly reduced the hydrogen yield. Huang et al. 
[62] also documented the same trend as Wang et al. [64]. 
The probable reason for this trend could be endothermic 
butanol decomposition reaction was favored in fuel-rich 
condition and thereby increased hydrogen yields with 
increased temperatures at lower OBMR. The activities of 
exothermic POX and WGS reactions decreased in fuel-lean 
conditions and at elevated temperature, which lead to a 
slight decline in hydrogen yields.

4.2.3 Effect of catalysts
Huang et  al. [62] prepared three different layered double 
hydroxide (LDH)-derived catalysts. Catalysts were pre-
pared by co-precipitation technique with different load-
ing of Ni, Al, Mg and Fe. Prepared catalysts were NiMgAl, 
NiMgAlFe and NiMgFe. The highest hydrogen yield of 4.03F 
was obtained with the NiMgAlFe catalyst. Moreover, addi-
tion of Fe improved stability of catalyst. In the absence 
of Fe (for NiMgAl catalyst), the hydrogen yield decreased 
from 3.68F to 2.02F in 31 h. Pre- and post-characterization of 
all catalysts also confirmed the same result.

Huang et al. [65] investigated the effect of precious met-
als such as Rh, Ru, Pt and Ir on POX of butanol. Precious 
metals were promoted on Ni-Mg-Al-Fe-O catalyst. The 
catalyst was prepared by co-precipitation method, and 
then, precious metal was incorporated by incipient wet-
ness impregnation. The following trend was documented 
for hydrogen yields and stability: Rh > Ir > Ru > Pt. Rh 
promoted on Ni-Mg-Al-Fe-O catalyst showed the highest 
hydrogen yield of 4.61F.

5 Conclusion
A review of current studies has found that hydrogen 
extraction from butanol has great potential. To maxi-
mize hydrogen production, operating conditions and 
catalyst should be carefully selected. Temperature and 
SCMR have a positive impact on hydrogen yield and con-
version for the majority of cases during SR reaction. The 
pressure has a negative effect on hydrogen production. 
An increase in oxygen content improves catalyst sta-
bility due to oxidation of coke and decreased hydrogen 

yield due to the competitive consumption of butanol in 
POX and OSR. The main drawback of all butanol reform-
ing processes is the development of catalyst, which gives 
high-purity hydrogen for a prolonged period of time. The 
type of metal, additive, support and support–metal inter-
action are responsible for the activity of catalyst. Metals 
such as Ni and Rh are mainly used for SR, OSR and POX 
processes. Additives such as noble metal enhance the 
stability of catalyst by showing better resistance to cok-
ing. Thermodynamic analysis of SESR and DR revealed 
the possibility of generation of high-purity hydrogen, 
which can be confirmed by the development of a suitable 
catalyst in the near future. To extend application of high-
purity hydrogen extraction from butanol on an indus-
trial scale will require development of detailed kinetic 
rate expression. We found during our literature review 
only one study based on a possible reaction pathway for 
butanol SR [22]. Several suitable catalysts for SR, OSR and 
POX have been documented. Future research should be 
directed in the area of development of more promising 
catalysts that can improve selectivity toward hydrogen 
and suppress undesired side reactions. The catalyst must 
remain active for a sufficient period of time for it to be 
implemented commercially.

Conflict of interest statement. None declared.
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Abstract
Coal and carbon-containing waste are valuable primary and secondary carbon carriers. In the current dominant 
linear economy, such carbon resources are generally combusted to produce electricity and heat and as a way to 
resolve a nation’s waste issue. Not only is this a wastage of precious carbon resources, which can be chemically 
utilized as raw materials for production of other value-added goods, it is also contrary to international efforts 
to reduce carbon emissions and increase resource efficiency and conservation. This article presents a concept 
to support the transformation from a linear ‘one-way cradle to grave manufacturing model’ toward a circular 
carbon economy. The development of new and sustainable value chains through the utilization of coal and 
waste as alternative raw materials for the chemical industry via a coupling of the energy, chemical and waste 
management sectors offers a viable and future-oriented perspective for closing the carbon cycle. Further benefits 
also include a lowering of the carbon footprint and increasing resource efficiency and conservation of primary 
carbon resources. In addition, technological innovations and developments that are necessary to support a 
successful sector coupling will be identified. To illustrate our concept, a case analysis of domestic coal and waste 
as alternative feedstock to imported crude oil for chemical production in Germany will be presented. Last but 
not least, challenges posed by path dependency along technological, institutional and human dimensions in the 
sociotechnical system for a successful transition toward a circular carbon economy will be discussed.

Key words:  circular carbon economy; closed carbon cycle; carbon-containing waste; waste; net zero emission; 
chemical industry; path dependency

Introduction
Major global changes ranging from population growth, 
shifts in economic growth to breakthroughs in clean 

technology development and consumer technologies have 
led to a rapid increase in international demand for natural 
resources and raw materials. Confronted with challenges 
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such as climate change, increasing natural resource de-
pletion and a growing waste crisis, a predominant focus 
for decision-makers in numerous countries—in par-
ticular following the Paris Agreement—is the promo-
tion of technological innovations that will pave the path 
for a low-carbon economy and the achievement of a cir-
cular economy. With its Energy Transition undertaking 
(‘Energiewende’), Germany is taking a pioneering role in 
substituting conventional fossil energy resources with re-
newable energy for its power generation, heating and mo-
bility sectors. The goal is to achieve greenhouse gas neu-
trality (‘Treibhausgasneutralität’) by 2050 [1]. To realize this 
ambitious target, other carbon-intensive industries such 
as the chemical and waste management sectors that are 
dependent on carbon feedstock for their production/oper-
ation are also increasingly under pressure to reduce their 
CO2 emissions. At the same time, demands by end custom-
ers for sustainably produced products (e.g. PVC, ethanol 
and H2 production from renewable and secondary carbon 
resources such as biomass, waste etc.) and progressively 
stricter regulations to reduce primary carbon resource 
consumption through increased utilization of secondary 
waste materials are also providing impetus for a trans-
formation from a linear to a circular carbon economy.

Coal and carbon-containing waste (e.g. municipal waste) 
are valuable primary and secondary carbon carriers. In the 
current dominant linear economy, these carbon resources 
are combusted to produce electricity and heat and as a way 
to resolve a nation’s waste issue. However, coal combustion 
and waste incineration are associated with considerable 
amounts of CO2 and other emissions (e.g. organic and in-
organic traces, fine particles). With the significant progress 
being made in renewable power generation, combustion of 
carbon resources is no longer in tune with the global drive 
toward CO2 reduction. Moreover, as combustion essentially 
represents wastage of precious carbon resources, which can 
be chemically utilized as raw materials for production of 
other value-added goods, it is also contrary to international 
efforts to increase resource efficiency and conservation.

In this article, we present a concept to support the 
transformation from a linear ‘one-way cradle to grave manu-
facturing model’ [2] toward a circular carbon economy [3]. 
The development of new and sustainable value chains 
through the utilization of coal and waste as alternative 
raw materials for the chemical industry via a coupling 
of the energy, chemical and waste management sectors 
offers a viable and future-oriented perspective for closing 
the carbon cycle. Further benefits also include a lowering 
of the carbon footprint and increasing resource efficiency 
and conservation of primary carbon resources.

The article is structured as follows. First, trends and 
developments in the energy, chemical and waste man-
agement industries in Germany will be briefly reviewed. 
Second, the concept for coupling these sectors to support 
the transformation to a circular carbon economy will be 
introduced and the corresponding effect on CO2 emissions 
will be presented. In addition, technological innovations 

and developments that are necessary to support a success-
ful sector coupling of the energy, chemical and waste man-
agement sectors will be identified. To illustrate our concept, 
a case analysis of domestic coal and waste as alternative 
feedstock to imported crude oil for chemical production in 
Germany will also be shared. Finally, challenges posed by 
path dependency in the system for a successful transition 
in the coal and waste management sectors toward a cir-
cular carbon economy will be discussed.

1 Trends and developments
1.1 Energy industry

Germany possesses a significant amount of domestic lig-
nite (brown coal), with geological reserves of 72.7 billion 
tons, out of which 36.2 billion tons are deemed as econom-
ically minable [4]. To date, the country’s energy transition 
has focused predominantly on achieving a transformation 
in its electricity system from fossil and nuclear to renewa-
bles. This will result in a stepwise reduction of its fossil 
power generation capacity, particularly for coal [3]. Coal 
mining, coal power generation and associated industries 
are key employers not only in German lignite regions situ-
ated in North Rhein-Westphalia, Saxony, Saxony-Anhalt 
and Brandenburg but also in neighboring coal regions in 
Poland and the Czech Republic. The changes brought about 
by Germany’s Energy Transition as well as efforts to meet 
the EU climate and energy targets are already resulting 
in significant and challenging structural changes for the 
affected industries and population. After decades of coal 
combustion, a new and climate compatible utilization 
option is therefore urgently required to support a struc-
tured transition in these regions and to provide them with 
a sustainable long-term perspective.

1.2 Chemical industry

The chemical industry is a major industry sector in 
Germany. The sector generates immense revenues (185 bil-
lion Euros in 2016). It also accounts for ~447 000 jobs and 
investments of >7 billion Euros [5]. Since 1990, the German 
chemical industry was able to reduce their greenhouse 
gas emissions by almost 50% to <50 million tons of CO2 
equivalent [6]. However, concerns about feedstock prices, 
depleting oil resources, the concentration of oil and gas 
resources in politically unstable regions and demands by 
environmentally conscious end consumers are increasing 
pressure on the chemical industry to diversify their raw 
material basis. Moreover, criticisms are growing about the 
lack of consideration for ‘carbon leakage’ (i.e. greenhouse 
gas emissions that are associated with the extraction, 
processing and transport processes beyond Germany’s na-
tional borders) in the upstream value chain of imported 
crude oil and natural gas—which accounts for ~85% of the 
carbon feedstock for the German chemical industry [7]. 
These considerations have motivated efforts by industry 
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and political decision-makers to develop domestic and re-
newable carbon resources as alternative raw materials for 
its industry to address the trilemma of competitiveness, 
supply security and sustainability [8].

1.3 Waste management industry

In 2015, 402 million tons of waste were produced in Germany 
[9]. Annually, ~20 million tons of waste were combusted to 
produce electricity, process steam and/or heat [10]. This 
translates into ~15 million tons of CO2 emissions into the at-
mosphere. A utilization of alternative feedstock to conven-
tional (oil and natural gas) feedstock for chemical produc-
tion could increase the overall value obtained from domestic 
carbon waste resources. In view of the large, untapped po-
tential presented by plastic and other carbon-containing 
waste (e.g. municipal, industry, biomass waste and residue), 
this sector presents a huge opportunity for increasing re-
source efficiency through channeling domestic waste back 
into the value chain for multiple utilization cycles. In add-
ition to promoting fossil resource conservation, this would 
also significantly reduce Germany’s dependency on fossil 
imports and carbon leakage along international upstream 
value chains for its chemical production.

2 Sector coupling for transformation 
from a linear to a circular carbon 
economy
2.1 Coupling of the energy, chemical and waste 
management sectors

Olefins, especially ethylene and propylene, form the largest 
group of chemical intermediates (particularly for plastic 
production) with an annual production of ~10 million tons 
in Germany [5]. In Germany, olefins are mainly produced 
from imported crude oil [7].

With the global drive to reduce carbon footprints and 
transition to a circular economy, the potential of the energy, 
chemical and waste management sectors in contributing 

to achieving these objectives is significant. In this section, 
we present a concept to support the transformation from 
a linear to circular carbon economy and closing the carbon 
cycle through a coupling of these three sectors and replace 
imported crude oil with domestic carbon resources for 
olefin production (see Fig. 1).

The proposed concept encompasses four segments.

1) Waste processing for chemical recycling: Besides dumping, 
waste management globally still currently uses waste 
incineration. The latter represents a linear cradle-
to-grave model whereby carbon in the waste is fully 
released as CO2 emissions (Fig. 2a). In Germany, under 
the current EU Emissions Trading System (ETS), CO2 
emissions from waste incineration plants receive ETS 
allowances (i.e. face no penalty payment). Neverthe-
less, this does not change the fact that the combustion 
of 100 units C (e.g. carbon atoms) of waste for electricity 
and heat will result in 100 C being released as CO2. The 
20 million tons of waste, which is currently combusted 
in Germany, thus present an opportunity for binding 
carbon into chemical products via chemical utilization. 
This circular concept thus supports resource efficiency 
whereby valuable carbon resources are channeled back 
into the value chain for multiple utilization cycles.

2) Gasification of carbon resources, syngas processing and 
chemical synthesis as well as chemical products from do-
mestic carbon resources: Gasification is the process of 
 thermal conversion of carbon feedstock to obtain a 
synthesis gas (syngas) that consists mainly of H2 and 
CO [see Equation (1) for a simplified equation of this 
process]. It is a key interface technology to convert any 
carbon feed material into syngas, which is required for 
any product synthesis [3]. Through synthesis, platform 
chemicals such as methanol (MeOH) can be produced 
from syngas. Subsequently [see Equation (2)], derivate 
such as olefins that form the basis raw material for the 
production of a wide range of chemical products can be 
synthesized via the methanol-to-olefins process [11]. 
Following their utilization, the spent products, i.e. waste 
can be brought back into the carbon cycle where—via 

Minimized
CO2 emissions

Syngas processing
& chemicals synthesis

Waste processing for
chemical recycling

“Green” H2 from
renewable electricity

Availability of
domestic lignite

Chemical products
from domestic carbon

resources

2

2

2

34

1

Gasification of
carbon resources

Transformation from a
Linear to Circular
Carbon Economy

&
Closing the

Carbon Cycle

Fig. 1 Transformation from a linear to circular carbon economy and closing the carbon cycle

104 | Clean Energy, 2017, Vol. 1, No. 1



gasification and the subsequent synthesis—they are 
converted into new chemical products again, thus clos-
ing the carbon cycle and enabling the transformation 
to a circular carbon economy.

 
C O H O CO H CO

Gasification (Syngas) 2 2

Thi

+ + + +  
↑

x1 x2 y1 y2 y32 2 ¾ ®¾¾¾

ss excess of CO2 is currently
separated  & removed

MeOH Synthessis 3 2CH OH H O¾ ®¾¾¾¾ + z1
 

(1)

 CH OH -CH - H O
(Methanol)

Olefins Synthesis3 2 2¾ ®¾¾¾¾ +  (2)

3) Availability of domestic lignite: In 2016, ~160 million tons 
of lignite was combusted in Germany to produce electri-
city and heat [12]. Similar to waste, 100% of the carbon 
in this primary carbon carrier is emitted into the at-
mosphere as CO2 on combustion. However, the differ-
ence to waste combustion is that under the current ETS 
system, CO2 emissions from fossil power plants face an 
ETS penalty (Fig. 2b).

Through the stepwise reduction of coal power gener-
ation in Germany, this opens up an opportunity for an al-
ternative utilization for domestic lignite—as a partner for 
waste for chemical production—which has a lower carbon 
footprint. Three arguments on why lignite represents a po-
tential partner for waste are:

• From a technological perspective, ~50% carbon in the 
waste feedstock can be bonded in chemical products. 
Moreover, not all chemical products will re-enter the 
carbon cycle as waste materials following their utiliza-
tion. To illustrate, consider the case of plastics in Ger-
many. In 2015, while 10.1 million tons of plastics are 
consumed, only 5.9 million tons came back into the 
carbon system as waste [13]. This represents a gap that 
has to be compensated by feeding new primary carbon 
into the system for chemical production.

• Carbon waste such as plastics includes many volatile 
compounds that go into the gas phase on heating dur-
ing the gasification process. As gasification technology 
requires a certain amount of solid carbon to guarantee 
a stable process, the co-gasification of carbon waste 
with a feedstock having a higher fixed carbon content is 
therefore technologically required.
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• There is considerable market competition for carbon 
waste as feedstock, e.g., by incinerators and as substi-
tute fuel for electricity and heat production in power 
plants.

In view of the above considerations and the projected 
release of lignite from Germany’s energy system, domestic 
lignite represents a potential and attractive partner to ful-
fill the role as a companion for carbon waste for chem-
ical production. In the mid-term (i.e. 2025), a coupling of 
the energy with waste and chemical sectors in the form 
of conventional chemical utilization already supports the 
transition from a linear to circular carbon economy. As 
can be observed from the process chain calculations pre-
sented in Fig. 2c, even with the utilization of lignite as a 
co-feedstock for gasification, the majority of the carbon 
in the primary and secondary carbon carriers are bonded 
in the chemical products (104 C), resulting in reduced CO2 
emissions (96 C) compared to the combustion of waste and 
lignite as illustrated in Fig.  2a and b (200 C emitted CO2 
emissions altogether).

Utilization of waste and coal as alternative feedstock 
for chemical production will reduce the industry’s demand 
for primary carbon feedstock such as crude oil and natural 
gas. Not only does this contribute to resource conservation, it 
also contributes to reducing carbon leakage associated with 
an international feedstock supply.

4) ‘Green’ H2 from renewable electricity: To close the carbon 
cycle, a coupling of the waste management and chem-
ical sectors needs to be complemented with the energy 
sector not only for the coal input but also for the ‘green’ 
hydrogen. An integration of ‘green’ H2—produced via 
electrolysis powered by renewable energy—into the 
process enables closing the carbon cycle by avoiding 
carbon emissions in the form of CO2 and other carbon 
components in purge gases etc. (i.e. the ‘green’ H2 will 
bond with CO and CO2 to produce additional syngas). 
Together with the interface technology gasification, 
this supports the achievement of net zero emissions, i.e. 

not just of CO2 and other greenhouse gases but also 
emission of all other contaminants such as heavy met-
als, organic and inorganic traces and fine and ultrafine 
particulates.

In the long term (i.e. 2050+), an integration of ‘green’ 
H2 is a probable scenario considering the projected sur-
plus of renewable electricity resulting from Germany’s 
Energiewende—via gasification to achieve net zero emis-
sions. This projected surplus will represent a milestone 
in efforts to attain a closed carbon cycle whereby 100% 
of carbon in coal and waste feedstock can be bonded into 
the chemical products, thus resolving the problem of feed-
stock carbon losses (Fig.  2d). In addition, technological 
innovations and further developments could potentially 
support the mono-gasification of waste, thus eliminating 
the technological requirement for a solid/fixed carbon-
delivering partner. Furthermore, in focusing on specific 
waste segments that are challenging for combustion such 
as high calorific and problematic waste (e.g. high Cl con-
taining, shredder light fractions, carbon and glass fiber 
plastics, composites etc.), chemical recycling could be a 
valuable partner for waste incinerators, thus addressing 
the market competition problem.

2.2 Required innovations and developments

The use of gasification to produce syngas from coal, and 
also from coal and waste, is a well-known tried-and-tested 
approach [3, 14]. However, a successful transformation to 
a circular carbon economy would require further devel-
opment of gasification technologies, which are currently 
available in the market as well as necessary accompanying 
technological innovations and developments along the en-
tire process chain (see Fig. 3).

First, previous industrial experience with co-gasification 
of waste and coal for methanol production in Berrenrath 
(in the 1990s) and Schwarze Pumpe (till 2007) in Germany 
have shown that the feedstock preparation process (e.g. 
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grinding, sieving, drying, compaction) is associated with 
significant effort and costs [14]. Utilization of coal and 
waste as feedstock with less treatment for the gasification 
process would have a considerable impact on lowering 
operational costs. This requires the development of an in-
novative ‘lock-free’ solid feeding system.

Second, gasification technologies can generally be dif-
ferentiated according to their gas–solid contact into fixed 
bed, fluidized bed and entrained flow [3]. Entrained-flow 
gasification technology is currently the technology hav-
ing the highest market share with >50% of the cumulative 
syngas capacity worldwide [15]. The use of entrained-flow 
gasification is advantageous due to complete carbon con-
version, high syngas yield and maximum available capaci-
ties of thermal input. However, the required particle sizes 
of <200  µm for entrained-flow gasification makes it un-
suitable as waste cannot be easily pulverized. In contrast, 
fixed-bed and fluidized-bed technologies do not face such 
restrictions. However, both technologies do have disadvan-
tages. With fixed-bed gasification, there are significant frac-
tions of tar, oil and methane in the syngas, which reduces 
the syngas yield. Fluidized-bed gasification disadvantages 
are its association with incomplete carbon conversion, car-
bon-containing solid residues and considerable methane 
content in the syngas. To achieve a minimal CO2 footprint 
and maximal resource efficiency in the co-utilization of 
domestic waste and coal for chemical production, the de-
velopment of a next-generation gasification technology is 
necessary. This new technology would need to facilitate 
complete carbon transformation in the syngas (i.e. opti-
mize cold gas efficiency and carbon retention in chemical 
products), support resource recovery (e.g. of metals before 
or after gasification) and use electricity as ‘reaction partner’ 
(in the short run through ‘green’ H2, and in the future direct 
use of ‘green’ electricity to support endothermic gasifica-
tion reactions).

Third, water consumption is a key issue of concern for 
gasification technologies. In countries such as China where 
coal gasification is widely implemented for chemical pro-
duction, water utilization and waste water treatment are 
high on the list of priority issues to resolve. Innovations to 
facilitate a closed water cycle and zero liquid discharge (ZLD) 
are thus urgently required. As defined by PROCESSNET—an 
initiative by the German Society for Chemical Engineering 
and Biotechnology (DECHEMA) and the Association of 
German Engineers–Society for Energy Process and Chemical 
Engineering (VDI-GVC)—under strict conditions, ZLD refers 
to a complete reduction of the water volume whereby water 
leaves the system only in the form of steam and solids are 
recycled or separated in dry form. Under restricted condi-
tions, it refers to having no waste water leaving the system 
except for sludge, brine, aerosols or water by leaching [16]. 
In addition, development for a CO2-tolerant wash (i.e. CO2 
remains in the system after the selective removal of other 
gases such as H2S) is also necessary to ensure that all carbon 
streams (e.g. CO2 emissions, carbon components in purge 
gases etc.) can be bonded in chemical products.

Finally, an integration of renewable generated ‘green’ H2 
directly into the syngas would avoid the need for water-
gas-shift to adjust the syngas composition and prevent 
CO2 emissions from being released into the atmosphere. 
However, the widespread and easy availability of afford-
able ‘green’ H2 is an obstacle to achieving zero CO2 emis-
sions. Hence, in addition to R&D focusing on expanding 
the production and lowering the cost of renewable gener-
ated H2, parallel efforts to develop innovative CO2-tolerant 
synthesis should also be intensified.

2.3 Key criterion for technology development—
minimal demand for renewable generated H2

To achieve zero CO2 emissions as hypothesized in the 
long-term perspective (i.e. Scenario 2050+) presented in 
Fig. 2d, all carbon waste streams (e.g. CO2 emissions, carbon 
components in purge gases) must be recycled. A sufficient 
quantity of ‘green’ H2 is needed to bond all ‘waste’ carbon 
atoms into chemical products. As mentioned above, the 
stable and permanent availability of ‘green’ H2 represents 
a key obstacle to achieving zero emissions. A central cri-
terion for the development and implementation of gas-
ification technologies for sector coupling is therefore the 
minimal demand for ‘green’ H2.

In this section, we present a summary of results 
obtained from our case study analysis that focused on 
olefin production in Germany [17]. The objective is to il-
lustrate the demand on renewable electricity to produce 
enough ‘green’ H2 to achieve zero CO2 emissions.

The reference scenario is based on carbon capture and 
utilization (CCU). This concept of utilizing CO2 captured 
from large point sources (e.g. fossil power plants, steel and 
cement plants etc.) for chemical production has elicited 
increasing interest in the global community as a poten-
tial and attractive method to achieve a nation’s CO2 emis-
sion reduction targets. In this scenario, we assume that all 
carbon waste streams from the incineration of plastic waste 
in Germany are captured and bonded into chemical prod-
ucts through integration of ‘green’ H2. We also made the 
assumption that there is enough plastic waste available to 
support the production of 10 million t/a of olefins (Fig. 4a).

Our contrast scenario is based on syngas from waste 
and coal gasification. As mentioned in the previous section, 
commercialized fixed-bed, fluidized-bed and entrained-
flow gasification technologies all face diverse shortcom-
ings, which limit their suitability for the co-gasification 
of coal and waste. The disadvantages that make them un-
suitable for sector coupling to close the carbon cycle are 
addressed by the development of a next-generation gasi-
fier technology COORVED (CO2 reduction by innovative 
gasifier design) [18, 19]. In this design, the superior heat 
integration of a fixed-bed gasifier is combined with the 
moderate steam and oxygen consumption of a fluidized-
bed gasifier and the gas quality of an entrained-flow gasi-
fier. The carbon-containing ash agglomerates, which are 
formed in the jetting bed, are contacted with secondary 
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gasification agent in the fixed-bed to ensure a complete 
carbon conversion and post-oxidation of the ash [3]. In 
the contrast scenario, the amount of renewable electricity 
required to produce sufficient ‘green’ H2 to ensure zero CO2 
emissions for olefin production is determined using the 
COORVED gasification technology (Fig. 4b).

Table 1 provides a description of where renewable en-
ergy is required (and produced in the case of waste incin-
eration) in the production process, both for general oper-
ation and for producing ‘green’ H2 for integration in the 
syngas (CO2 and CO) and exhausted gases (the so-called 
diffuse CO2) so as to bond all waste carbon into the chem-
ical products.

Figure 5 presents the model evaluation results for the 
quantity of renewable energy required to achieve zero 
CO2 emissions for both CCU and the gasification scenar-
ios. In the gasification scenario, we analyzed different 

combinations of waste and lignite. In our evaluations, we 
assume a 70% efficiency for the water electrolysis.

We observed that the electricity demand is significantly 
dominated by the supply of ‘green’ H2. A  considerable 
amount of renewable generated ‘green’ H2 is required to 
convert CO2 in syngas into methanol in the CCU scenario. 
In contrast, the major proportion of ‘green’ H2 is required 
for CO and CO2 conversion from syngas to methanol in 
the case of gasification. Strikingly, compared to gasifica-
tion, the total demand for renewable electricity in the CCU 
scenario is significantly higher. Even after deducting the 
power that is produced from the waste incineration pro-
cess, the amount of renewable electricity that is required 
to produce 10 million t/a olefins via CCU would be higher 
than Germany’s renewable generation of 188 TWh in 2016 
[20]. In the case of gasification, the COORVED gasification 
technology requires considerably less ‘green’ H2 to achieve 
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Table 1 Sources and description of demand for renewable energy

Sources of demand Description of demand for renewable energy

Power plant Power production from waste incineration
Steam demand Excess steam: utilization of steam turbine

Steam demand: electrical steam generation (power-to-heat)
Auxiliary Direct power demand in process chain, e.g., for CO2 compression
e-H2 for diffuse CO2 ‘Green’ hydrogen (e-H2) for CO2 conversion from exhaust gases into methanol
e-H2 for syngas CO2 ‘Green’ hydrogen (e-H2) for CO2 conversion from syngas into methanol
e-H2 for syngas CO ‘Green’ hydrogen (e-H2) for CO conversion from syngas into methanol
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zero CO2 emission compared to CCU. By increasing the 
plastic waste content for gasification, the hydrogen con-
tent in the syngas increases due to the higher H/C ratio, 
thus lowering the demand for ‘green’ hydrogen via elec-
trolysis [17].

Results from process modeling suggest that in terms 
of ‘green’ H2 demand, gasification is a more promising 
approach than CCU for olefin production without CO2 
emissions. Moreover, while additional measures are ne-
cessary to address other emissions from the incineration 
process (e.g. heavy metals, fine particulate) in the case 
of CCU, gasification technology has the advantage that it 
could achieve net zero emission for chemical production.

3 Challenges posed by path dependency 
in the sociotechnical system
3.1 Motivation for sector coupling

The proposed concept to support a transformation from a 
linear to a circular carbon economy is associated with various 
advantages. These include, besides closing the carbon cycle 
for chemical products, associated benefits such as:

• providing a chemical storage for surplus renewable 
electricity,

• feedstock diversification for petrochemical prod-
ucts which contributes to conserving primary carbon 
resources, reducing import dependency and carbon 
leakages along international supply chains,

• reducing CO2 emissions through chemical recycling of 
waste and chemical utilization of coal via sector coupling,

• providing a higher value-added alternative to waste in-
cineration and landfill for ‘problematic’ waste, which 
pose difficulties for combustion technologies (e.g. 
carbon/glass fiber reinforced polymer, light shredded 
fractions, mixed waste and residues) and

• creating value domestically and providing an alterna-
tive perspective for Germany’s domestic lignite mining 

areas to support a socially sustainable structural change 
in these regions.

However, while attractive in theory, a successful imple-
mentation of this concept to couple energy, chemical and 
waste management sectors for chemical production faces 
significant challenges posed by path dependency.

3.2 Path dependency and lock-in effects

The energy, chemical and waste management sectors 
exist in a large sociotechnical system. A  sociotechnical 
system is made up of interrelated components connected 
in a complex network and infrastructure and includes 
components such as physical infrastructure (chemical 
plants, oil pipelines and waste incinerators), organiza-
tions (manufacturing industries, banks, R&D institutions), 
natural resources, informational elements (e.g. books, 
articles, news), legislative artifacts (e.g. laws, regulations, 
incentives) and human elements (e.g. social norms, per-
ception, beliefs) [21–23]. Such systems are observed to ex-
hibit path dependence and lock-in along multiple dimen-
sions [24, 25].

Along with technological and institutional dimensions, 
once investments have been made in particular products, 
technologies and infrastructures, increasing returns make 
it less costly to proceed on the existing path rather than to 
reverse or change it [26–30]. Researchers therefore empha-
sized how ‘history matters’, as decisions to embark along 
a particular developmental path tend to rely on and are 
constrained by earlier choices [29]. In Germany—one of 
the most industrialized nations in the world—the energy, 
chemical and waste management sectors are mature in-
dustrial branches where significant investments have al-
ready been made in specific technologies and in building 
up supporting infrastructures (e.g. coal mining industries, 
transport infrastructures and coal combustion technolo-
gies; waste infrastructure, international waste transport 
network and waste-to-energy technologies; international 
oil pipelines, cracker and reforming technologies). Such 
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investments represent sunk costs whereby the continued 
adoption of a technology or process is often associated 
with growing benefits. Moreover, diverse complementary 
technical and institutional components would have devel-
oped over time, which further reinforce such increasing 
returns phenomenon. A combination of the above factors 
makes it costly to proceed off the existing path of oil-
based chemical production, leading to considerable in-
ertia in  changing the existing status quo (‘if it’s not broken, 
why fixed it?’). Hence, the general preference is to invest 
in improving and further developing existing technologies 
and processes rather than radically changing the produc-
tion value chains. This could eventually result in a society 
gradually locking itself into outcomes that are not neces-
sarily superior to potential alternatives [26]. To support 
the transformation toward a circular carbon economy, 
regulatory frameworks and measures to support break-
ing out of diverse technological and institutional lock-ins 
in the energy, chemical and waste management sectors 
and promote sector coupling for chemical production are 
therefore necessary.

In addition, lock-in effects can also extend to the 
human dimension. Sociotechnical systems are not au-
tonomous systems that are independent of human beings 
who, in modern societies, live in a technotope surrounded 
by technologies and material contexts shaping their per-
ceptions, behavioral patterns and activities [21]. The deep 
embeddedness of technologies and infrastructures in our 
social environment could thus significantly shape how a 
nation’s citizens view different carbon resources and their 
responses to associated developments. A lock-in or ‘sticki-
ness’ in how coal and waste are viewed by individuals in a 
society could mean that prevailing perception—in provid-
ing a basis for judgment and decision-making—may dis-
courage further analysis and lead to habitual responses 
and reactions that could subsequently hinder the adop-
tion and societal support of new or innovative develop-
ments associated with such domestic resources [31, 32]. 
This has significant implications for managing the tran-
sition of a nation’s chemical production from a depend-
ence on imported crude oil and natural gas to a reliance 
on domestic carbon resources as alternative feedstock. 
The following example from Germany illustrates the chal-
lenges posed by the social dimension in such transform-
ation processes.

3.3 Perception and acceptance of domestic 
carbon resources in Germany

Although waste and coal are both significant sources of 
carbon in Germany, investigations into the perception and 
acceptance of waste as a domestic energy resource and as 
a valuable raw material alternative for the industries are 
limited [33, 34]. In contrast, although Germany is the largest 
lignite producer in the world [35], coal is a highly contro-
versial energy resource, which is scheduled for a phase-out 
from the electricity sector [8, 36]. To illustrate, consider the 

following findings from various national and international 
surveys. In a special Eurobarometer study on knowledge 
and perception of energy technologies carried out in the 
European Union in 2006, German citizens expressed their 
opposition to the use of coal in their country. This aversion 
to coal was only surpassed by their opposition to nuclear 
energy [37]. Results from the 2011 special Eurobarometer 
on public awareness and acceptance of CO2 capture and 
storage—implemented before the Fukushima nuclear inci-
dent—showed that the German population exhibited a lack 
of knowledge about the role of coal in Germany’s electricity 
mix. Moreover, coal acceptance had also decreased in com-
parison to the 2006 study [38]. In contrast, a survey car-
ried out shortly after the Fukushima accident focusing on 
acceptance for hard coal and lignite in Germany observed 
that the level of coal acceptance had tripled following the 
Japanese nuclear disaster [39]. In a 2012 national survey on 
acceptance for renewable energy, it was observed that in 
comparison to 2011, the acceptance for coal power plants 
in East German states has increased whereas the opposite 
is true in West German states. In another national survey 
in 2015 on the attitudes and assessment of German citi-
zens regarding energy supply in Germany, it was observed 
that in spite of the critical discussions surrounding lignite, 
this domestic resource is still viewed as an important eco-
nomic factor in Germany [40].

The utilization of domestic lignite as an alternative 
carbon feedstock to imported crude oil and natural gas 
for chemical production will mean an extension of lig-
nite mining and utilization in the country. An intangible 
‘lock-in’ of negative coal perception and public resistance 
toward coal-related developments will therefore pose an-
other significant obstacle—in addition to the inertia in 
the existing system from barriers created by techno-insti-
tutional path dependence—for managing the transform-
ation process. However, while the above surveys captured 
the general mood toward coal in the German society at the 
time of their implementation, the methodology utilized 
could not provide insights into underlying concerns or 
factors that are driving resistance or acceptance for coal. 
In addressing this gap, investigations found that young 
German adults commonly associated coal utilization with 
negative images of digging and mining, carbon emissions, 
filth and pollution. These negative associations are also 
observed to be resistant to change even in the aftermath of 
a significant energy catastrophe such as Fukushima. These 
research findings suggest that a strong association of coal 
with specific imageries and negative feelings is ‘locked-in’ 
in people’s minds [32, 41]. In addition, a nationwide survey 
in 2013 by the same researchers indicated that the ma-
jority of German citizens are also unaware of the potential 
of coal as a carbon feedstock for the chemical industry [42].

Taken together, the strong negative associations of 
coal with electricity generation and a lack of awareness 
of its potential as chemical feedstock in Germany could 
result in negative responses toward coal occurring uncon-
sciously. Such intuitive reactions could have a deciding 
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effect on people’s receptiveness to proposed/planned 
developments, which are not associated with electricity 
production. Furthermore, research has demonstrated that 
multiple context factors, such as historical development, 
education, politics, media, economic relevance and im-
pact as well as societal norm, not only shape but also re-
inforce how people view an energy source such that energy 
perception could remain relatively stable and resistant to 
change [31]. In the case of coal, this suggests that the cur-
rent societal context and a climate of coal resistance could 
lead to a non-acceptance of coal by the German public no 
matter how it is used.

4 Conclusion
Coal and carbon-containing waste are valuable primary 
and secondary carbon carriers. As such, burning them to 
produce electricity and as a way to resolve a nation’s waste 
issue are no longer in tune with the global drive toward 
greenhouse gas reduction, resource efficiency and conser-
vation. Moreover, coal combustion and waste incineration 
are associated not only with significant greenhouse gas 
emissions but also with the release of multiple trace com-
ponents and pollutants. With the increasing international 
focus on transiting toward a low-carbon and circular 
economy, this article presents a concept to support such 
a transformation for carbon-intensive industries, which, 
unlike the electricity sector, are dependent on carbon 
resources for their production.

The rapid development of renewable power generation 
in Germany, the increasing release of coal from the elec-
tricity sector and the predominant combustion of waste 
provide the opportunity for a sector coupling of the en-
ergy, chemical and waste management sectors to produce 
chemical products from domestic carbon resources. This 
opportunity is provided by gasification technology with 
the possibility of conversion of waste and coal together 
into synthesis gas for subsequent syntheses in the chem-
ical industry to produce value-added goods. The utiliza-
tion of domestic coal and waste resources as alterna-
tive feedstock for chemical production contributes to 
feedstock diversification for the chemical industry and 
reduces its dependency on imported primary carbon 
resources (i.e. crude oil and natural gas). Other benefits 
include reducing CO2 emissions associated with waste in-
cineration, the need for landfill space for waste (whose 
disposal is a challenge for most of the countries world-
wide) and increased resource efficiency through bind-
ing carbon from waste in chemical products. With the 
projected increase in renewable generation capacity in 
Germany, such sector coupling also provides a chem-
ical storage alternative for surplus renewable electricity 
while supporting the achievement of zero CO2 emissions 
through an integration of renewable generated ‘green’ 
hydrogen in the production process. Importantly, fol-
lowing the massive reduction in coal power generation 
capacity as part of Germany’s Energiewende (i.e. Energy 

Transition), it provides a new development perspective 
for domestic lignite mining areas, which is in line with 
the nation’s climate objectives.

A successful transformation to a circular carbon 
economy would not only require further development of 
the interface technology gasification, accompanying inno-
vations and developments along the entire process chain 
from the feed-in system, waste water and gas treatment 
to synthesis are also necessary. In addition, regulatory 
changes and measures are also urgently required to mo-
tivate carbon-intensive industries to abandon the current 
unnecessary carbon losses within the carbon cycle and 
break out of the inertia in the existing system to explore 
alternative and innovative cooperation with other sectors. 
Lastly, it is also essential to integrate a consideration of the 
human dimension in managing the transformation pro-
cess. Neglecting intangible and qualitative aspects relating 
to citizens’ knowledge, perception and acceptance while 
predominantly focusing on solving tangible and quantita-
tive technical challenges could result in the development 
of technologies, which, although technically superior to 
other alternatives in facilitating a circular carbon economy, 
may face considerable resistance in the public realm.
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