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Most olefins (e.g., ethylene and propylene) will continue to be produced through steam cracking (SC) of 
hydrocarbons in the coming decade. In an uncertain commodity market, the chemical industry is investing 
very little in alternative technologies and feedstocks because of their current lack of economic viability, 
despite decreasing crude oil reserves and the recognition of global warming. In this perspective, some of the 
most promising alternatives are compared with the conventional SC process, and the major bottlenecks of 
each of the competing processes are highlighted. These technologies emerge especially from the abundance 
of cheap propane, ethane, and methane from shale gas and stranded gas. From an economic point of view, 
methane is an interesting starting material, if chemicals can be produced from it. The huge availability of 
crude oil and the expected substantial decline in the demand for fuels imply that the future for proven 
technologies such as Fischer-Tropsch synthesis (FTS) or methanol to gasoline is not bright. The abundance of 
cheap ethane and the large availability of crude oil, on the other hand, have caused the SC industry to shift 
to these two extremes, making room for the on-purpose production of light olefins, such as by the catalytic 
dehydrogenation of propane.
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1. Introduction

Olefins are considered to be key components of the chemical in-
dustry. Ethylene and propylene are the most important olefins, with 
an annual production of roughly 1.5 × 108 t and 8 × 107 t, respectively 
[1]. These production rates are expected to increase as a result of an 
increasing global population combined with rising living standards 
[2]. Light olefins are the mainstay of modern life, as many different 
derivatives used in our daily lives are produced from these building 
blocks. Traditionally, olefin production depends mainly on natural 
gas processing products or crude oil fractions. The current leading 
technology for olefin production is steam cracking (SC). In this pro-
cess, hydrocarbons that primarily originate from fossil resources are 
cracked at elevated temperatures in tubular reactors suspended in 
a gas-fired furnace. In recent decades, this process has been high-
ly optimized and its capacities have been increased, resulting in a 
well-established technology whose economics can hardly be chal-
lenged. Declining crude oil reserves and increasing social awareness 

of the human impact on the environment have had very little impact 
on the petrochemical industry. Investments in alternative processes 
and feedstocks are still to come; the lack of economic viability of 
such processes in an uncertain commodity market threatens their 
large-scale implementation. However, some exceptional cases have 
showed economic viability as a result of limited supply, or have ben-
efited from favorable policies. A continuing search for alternative—
and preferably also more sustainable—processes and feedstocks will 
eventually be required in order to fulfill the future demand for com-
modity chemicals. Potential alternative feedstocks are coal, natural 
gas, biomass, waste streams, and their derivatives.

Thanks to technological advancements and refinements in frack-
ing, the methane supply has increased enormously since 2008 and 
the price of methane has dropped significantly [3,4]. This makes 
shale gas a game changer and an interesting cost-competitive feed-
stock. The large availability of shale gas has reinforced the interest in 
routes for valorizing methane in the form of olefins and higher hy-
drocarbons, either directly or indirectly. These methane-conversion  
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processes could be an excellent way to valorize large amounts of 
methane from stranded gas rather than from shale gas. Although the 
growth of shale gas has triggered increasing research into methane- 
upgrading processes, methane from shale gas is relatively expensive 
due to stringent specifications on maximum ethane content. This 
has caused the price of ethane to drop significantly, falling even 
below its calorific value. The abundance of cheap ethane created 
by shale gas exploitation has enabled cheap low-olefin production 
via SC and has had a profound impact on the local US olefin market 
[5–7]. Many newly built crackers are ethane based, and many exist-
ing liquid crackers are retrofitted to lighter gaseous feeds, as such 
feeds offer an economic advantage when accessible. New ethane 
steam crackers are expected to come online soon and to add 1 × 107 t  
of ethylene capacity by 2020 in the United States. Globally, ethylene 
producers will experience a substantial capacity expansion in the 
next five years, with an annual increase from 1.76 × 108 t to 2.18 × 108 t  
and with investments of nearly $45 billion USD in upcoming pro-
jects. These large investments suggest that SC of hydrocarbons will 
remain the main pathway in the production of light olefins. Ethane 
cracking is highly selective toward ethylene; hence, few or no other 
olefins are coproduced. Therefore, the shift toward lighter feed-
stocks has resulted in increasing interest in developing on-purpose 
production routes toward propylene and higher olefins [5,8].

On the other hand, direct SC of crude oil is also gaining impor-
tance. Using this process, petrochemical producers can skip the re-
fining step and thus reduce their production cost [9]. In 2014, Exxon- 
Mobil commissioned a world-scale facility in Singapore—the first of 
its kind—that produces 1 × 106 t·a–1 of ethylene directly from crude 
oil. An announcement was also made regarding a joint venture by 
Sabic and Saudi Aramco [9]. The use of coal as feedstock for chem-
icals or fuels is discouraged from an environmental point of view. 
The conversion of coal typically has very low carbon efficiencies and 
hence results in huge emissions of carbon dioxide (CO2). Further-
more, the enormous scale of the current production and conversion 
facilities suggest that, in the near future, renewables and waste 
streams will be used to complement rather than to completely re-
place fossil resources. However, the need for cleaner air and water 
and for environmental protection will eventually lead to the explora-
tion of sustainable production possibilities, accelerated and activat-
ed by political decisions. Researchers and engineers are expending 
considerable efforts to explore and optimize these alternative pro-
duction possibilities, in an attempt to increase both efficiency and 
profitability. Nevertheless, still more effort is absolutely necessary in 
order to take full advantage of sustainable or alternative feedstocks 
and technologies. Reliable fundamental multi-scale models need 
to be developed and enhanced in order to explore unprecedented 
levels of efficiency, increase process maturity, and address major 
bottlenecks. In this respect, fast implementation at a lower risk can 
be made possible. Aside from obtaining a fundamental understand-
ing of the new processes, the end-goal of these efforts is to face the 
fact that environmental resources are limited and to secure future 
needs in terms of energy and chemicals. However, the use of fossil 
feedstocks as a fuel or for the production of chemicals will remain 
dominant in the near future. This contribution focuses on promis-
ing olefin-production technologies that are most likely to challenge 
the current leading technology. Each of these alternative olefin- 
production pathways benefits from the abundance of propane, 
ethane, and methane that is available from shale gas and stranded 
gas. Furthermore, the relevance of each pathway could be enlarged, 
as the shift toward lighter feedstock utilization in the SC of hy-
drocarbons results in the decreased production of important co- 
products. Pathways that adopt renewables or waste streams [10–13] 
will not be addressed in this perspective because they are believed 
to have rather low significance for the total quantity of olefins 
produced in the near future. The following technologies are of  

interest: the catalytic dehydrogenation of light alkanes, the oxidative 
coupling of methane (OCM), and syngas-based routes such as the 
Fischer-Tropsch synthesis (FTS) and methanol synthesis followed by 
methanol to olefins (MTO).

2. Steam cracking

Ethylene and propylene production will continue to proceed 
mainly by the SC of hydrocarbons. The SC of hydrocarbons is both 
one of the most important and one of the most energy-intensive 
processes in the petrochemical industry. It is the leading technolo-
gy for light olefin production, and is a well-established technology. 
In this process, a hydrocarbon feedstock is mixed with steam and 
cracked at elevated temperatures in a tubular reactor. In order to 
attain these elevated temperatures, and hence initiate the ther-
mochemical conversion, the reactors are suspended in a gas-fired 
furnace. The feedstock ranges from light alkanes such as ethane 
and propane to complex mixtures such as naphthas and gas oils 
[14]. Since the first commercial steam cracker, the capacity of this 
process has grown; up to 1.5 × 106 t of ethylene is now produced by 
this process annually, taking full advantage of the economy of scale 
[1]. A steam cracker unit can be roughly divided into two distinct 
parts—namely, a hot and a cold section. In the latter, the reactor 
effluent is separated into different products, usually at high purity 
as required for polymer production. Ethane crackers have a less- 
intensive separation train than liquid crackers, and hence a lower 
capital investment cost. The choice of the feedstock is mainly based 
on availability and profitability. An ethane cracker is preferred when 
the feedstock is available in sufficient amounts; otherwise, a liquid 
cracker is more beneficial, as the transportation of gases is relatively 
costly. The global steam cracker portfolio is dominated by naphtha 
crackers. As a result of shale gas developments in the United States, 
ethane cracking has become more attractive due to its low cost [15]. 
The abundance of ethane has widened the ethane cracking margins 
[16]. Therefore, there is a strong push to minimize liquid feedstocks 
and, preferably, even to fully replace them with ethane. There is a 
high abundance of ethane in shale gas, and more ethane is produced 
than US ethane crackers can consume. This excess opens the doors 
for ethane export, as many ethylene producers outside of the United 
States want to take advantage of the low ethane price. The margins 
are large enough that even shipping ethane and converting it to 
ethylene becomes profitable [17]. Pipelines and export terminals 
are ready for the future export of ethane, as depicted in Fig. 1 [18]. 
Projections estimate that 8 × 106 t of ethane will be exported by 
2022. Ethylene producers located mainly in India, Brazil, Canada, 
and several European countries will import ethane to feed their 
crackers. To date, no shipment to China has been confirmed. Ole-
fin production in China still mainly depends on naphtha cracking; 
hence, shifting toward ethane could increase China’s competiveness. 
China is undergoing two significant developments that are driven 
by a fast-growing dependence on imported oil: coal-based chemical 
production and propane dehydrogenation (PDH). These develop-
ments affect not only the domestic Chinese chemical market but 
the global market as well. By 2018, ethylene and propylene capacity 
from coal to olefins (CTO), MTO, and PDH plants will account for 
nearly 40% of the country’s olefin capacity [19]. However naphtha 
crackers will produce the largest fraction of the total ethylene pro-
duction capacity. Increasing ethane cracking has led to a decline in 
the production volumes of some co-products such as propylene, as 
shown in Fig. 2 [20]. Liquid crackers have the opportunity to diversi-
fy these kinds of by-products and hence sustain their margins [16]. 
In addition, revamping SC facilities from liquid to ethane cracking is 
not always straightforward. Steam crackers are not standalone units 
but are highly integrated with downstream production units and the 
downstream demand for a range of cracker products. Furthermore, 
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become too costly. This opens doors for the use of alternative and 
cost-competitive feedstocks for the production of olefins. Since all 
feedstocks are limited, it is necessary to consider their best use and 
hence aim at the highest efficiencies. In addition, our common chal-
lenge to cut carbon emissions is an equally important criterion. CO2 
emission leads to global warming, and more effort must be made to 
reduce emissions and mitigate the adverse effects of climate change. 
In this respect, biomass and waste streams are believed to be impor-
tant for future use in the production of chemicals. Biomass is a carbon- 
rich material that is mainly generated by photosynthesis, and is 
widely available at a relatively low cost. In contrast to fossil feed-
stocks, biomass can be considered to be virtually inexhaustible since 
it can be supplemented within a reasonable timescale. During pho-
tosynthesis, CO2 is captured from the atmosphere; hence, if collec-
tion and processing is done in a sustainable manner, the use of this 
CO2 will virtually not contribute to the increasing amounts of CO2 in 
the atmosphere. Furthermore, waste streams such as plastic solid 
waste or municipal waste need to be better managed in order to 
protect scarce environmental resources and prevent pollution. The 
amount of waste will grow as a result of the increasing global popu-
lation and higher living standards; hence, waste is a potential feed-
stock to be used [10,11]. Energy recovery for the production of heat 
and energy is the current focus, although chemical recycling is gain-
ing momentum [10,11,21,22]. These feedstocks are of great benefit to 
the environment. Nevertheless, the enormous scale of current olefin- 
production facilities and the availability of biomass resources sug-
gest that, in the near future, renewables will be used to complement 
rather than to completely replace fossil resources. Furthermore, the 
commercialization of technologies that convert these streams is 
limited by their poor economic viability. In addition, a large number 
of projects that primarily use classical SC are coming online in the 
coming decade, and will probably put a halt to the importance of 
biomass or waste streams for the production of olefins. Therefore, 
inexpensive fossil feedstocks such as coal, natural gas, and shale 
condensates remain an important source of energy and chemicals, 
and will remain dominant in the petrochemical industry. Thanks 
to technological advancements, shale gas has become a promis-
ing resource, causing its exploitation to increase exponentially  
since 2008 [3]. Also, cheap methane from stranded gas reserves will 

the separation trains for liquid and gaseous feedstocks differ consid-
erably. Completely switching the feed will lead to a different reactor 
effluent, whose effect will put pressure on different downstream 
units such as, for example, the methane refrigerant cycle, the perfor-
mances of the columns, and the cracked gas compressor. Hence, the 
opportunity to take advantage of the low ethane price will be highly 
dependent on the downstream offtake and logistics of the plant. On 
the other hand, the large availability of crude oil has increased the 
interest in using it directly as feedstock for the production of chem-
icals. This interest has led to the first world-scale facility that feeds 
crude oil into a steam cracker, with a production capacity of 1 × 106 t  
of ethylene. The driving force is production cost savings. In this 
way, the refinery costs are omitted and the cost savings have been 
estimated to be as high as $200 USD·t–1 of ethylene [9]. The steam 
cracker includes a flash pot between the convective and radiant sec-
tions of the furnaces [9]. This modification allows the removal of the 
heavier component, prior to sending it to the radiant coils.

3. Alternative feedstocks

Since the discovery and exploitation of big oil fields, the world 
has been supplied with cheap crude-oil-based fuels and chemicals. 
Crude oil is a fossil fuel and hence, by definition, is limited. Crude 
oil reserves will eventually be depleted, or their exploitation will 

Fig. 1. Pipelines and shipping routes for the export of ethane to ethylene-producing facilities outside of the United States [18].

Fig. 2. North America’s olefin production from steam crackers [20]. Index 1.0 = North 
America’s olefin production from steam crackers in 2010.
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have an important role in the future. From an economic point of 
view, methane is an interesting starting material for the production 
of chemicals.

4. Alternative technologies

The abundance of cheap propane, ethane, and methane from 
shale gas and stranded gas will facilitate cost-competitive paths in 
the production of light olefins (Fig. 3). In particular, the on-purpose  
production of propylene has grown as more and more steam crack-
ers shift from naphtha feed to lighter shale condensates. This is 
especially true in the United States, where shale gas exploitation 
has grown exponentially [5,6], amplifying the issue of supply due 
to the strong growth in propylene demand compared with that of 
ethylene. Steam cracker units cannot fill this gap due to the low pro-
pylene/ethylene ratio. In this respect, other production routes could 
be profiled as an interesting alternative to overcome this issue. 
Furthermore, technologies emerging from the possibility of valoriz-
ing methane into higher hydrocarbons or chemicals are promising, 
especially due to low methane prices and huge methane availability 
[23]. However, high capital costs, low efficiencies, and low reliability 
of complex process sequences make commercialization very chal-
lenging and risky. In addition, some of these promising technologies 
still have room for improvement. To be industrially relevant, these 
technologies should be economically comparable to current steam 
cracker units and production capacities.

5. Methanol to olefins

MTO is one of the technologies that can produce basic petro-
chemicals. Methanol is produced mainly catalytically via syngas, 
which is a valuable gas mixture of hydrogen and carbon monoxide 
[24,25]. Methanol is used in large volumes for the production of a 
wide variety of commodity chemicals [24]. Syngas can be obtained 
from different carbonaceous resources through the gasification of 
natural gas, coal, or biomass. Hence, this process presents a suitable 
alternative in order to produce base chemicals from resources other 
than crude oil. However, the lowest production costs of syngas and 
the highest carbon efficiencies are based on methane [26]. Biomass 
and coal yield hydrogen-deficient syngas, introducing the need for 
a water gas shift facility, which has a negative impact on the overall 
carbon efficiency and produces immense carbon emissions. MTO 
was introduced in the late 1970s by ExxonMobil scientists [27] and 
was later patented by different companies: ExxonMobil and UOP/Hy-
dro [28]. The process itself converts methanol to hydrocarbons over 
a zeolite containing active acid sites. In the MTO process of Exxon- 

Mobil, zeolite socony mobil (ZSM)-5 is used as a catalyst; in con-
trast, in the UOP/Hydro process, silico-alumino phosphate (SAPO)-34 
is used. Research has been performed on this process since its dis-
covery, leading to significant progress in our understanding of the 
reaction and of catalyst design; this progress has led to significant 
improvement in process performance. By taking advantage of shape 
selectivity and the lower acidity of the SAPO-34 catalyst, a 75%–80% 
carbon selectivity toward ethylene and propylene has been report-
ed [29]. In addition, the process conditions can be altered to favor 
propylene formation. The ethylene-to-propylene ratio can be varied 
between 0.5 and 1.5 [29]. Furthermore, by integrating MTO with the 
olefin-cracking process that is based on a technology developed and 
demonstrated by Total Petrochemicals and UOP, the light olefin yield 
can be increased and a higher flexibility to anticipate on the olefin 
market can be offered [29]. The MTO technology has been well de-
veloped and demonstrated in China, which has led to the successful 
construction and commissioning of the world’s first CTO plant [30]. 
China’s CTO production capacities have grown from 1.1 × 106 t·a–1 in 
2010 to the current rate of 1.55 × 107 t·a–1, mainly due to favorable 
government policies. CTO requires high capital investment due to 
its complexity. Furthermore, the hydrogen deficiency of the syngas 
results in very low carbon efficiency and high water consumption. 
The CO2 emissions of these plants are estimated to be between 6 t 
and 10 t per produced ton of olefin, compared with 1 t for the SC of 
hydrocarbons. When efforts toward reducing CO2 emissions are per-
formed globally, the trend of the large-scale development of coal-
based olefin production under favorable governmental policies is 
highly questionable.

In order to improve the MTO process, some efforts are still re-
quired to face the main challenge of the process—namely, the rapid 
deactivation of the catalyst. The use of zeolites in catalytic reactions 
often includes side reactions leading toward coke deposits. This is 
known to be the major cause of deactivation, affecting both activity 
and selectivity [25,30,31]. A more fundamental understanding of the 
formation of these carbonaceous deposits and the reaction mecha-
nism is a basis for improving the process, and much research effort 
has been focused on improving the stability of the catalyst [31].

6. Fischer-Tropsch synthesis

FTS is another technology that converts syngas into basic petro-
chemicals and mainly fuel-range hydrocarbons. Like MTO, it offers 
the possibility of market diversification to remote natural gas re-
source holders. Syngas is catalytically converted into a broad range 
of products that mainly consists of linear alkanes, 1-alkenes, and 
a small amount of oxygenates (alcohols, ketones, and aldehydes) 
[26,32].

Iron (Fe)- and cobalt (Co)-based catalysts are mainly used as the 
industrially relevant catalysts. In the mid-1920s, Franz Fischer and 
Hans Tropsch reported the catalytic formation of higher hydrocar-
bons and other organic compounds from syngas mixtures on a nick-
el (Ni) and Co catalyst [33]. The process itself has been shown to be 
a satisfying alternative for the production of fuels in regions where 
crude oil is scarce while other carbonaceous sources are abundant. 
Today, FTS is industrially operated in only a few countries. Sasol 
operates four plants in South Africa, and Shell has one operational 
plant in Malaysia. Two plants are operational in Qatar: One, the Oryx 
GTL (gas to liquids), is a joint venture between Qatar Petroleum 
and Sasol, while the other, the Pearl GTL, is a joint venture between 
Qatar Petroleum and Shell. The latter is the largest FTS plant in the 
world, with a capacity of 140 000 barrels per day and a total invest-
ment cost of $18 billion USD—which was a much higher cost than 
initially estimated [34]. This emphasizes the rather high investment 
cost of the technology and project cost risks [34]. In addition, the 
viability of the FTS process is highly dependent on both oil and gas 

Fig. 3. Different technologies of interest for the production of light olefins from methane  
and light alkanes.
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price fluctuations. FTS is clearly a mature technology and is typically 
operated at two distinct operational modes, as described by Dry [35]: 
the low-temperature and the high-temperature mode. The product 
spectrum depends mostly on the temperature mode. At a low tem-
perature, the product distribution is shifted toward high-molecular 
linear waxes; at a higher temperature, the average molecular weight 
is less and larger amounts of 1-alkenes are formed, which is of in-
terest for the production of light olefins. For the lower temperature 
mode, a supported Co-catalyst is more suitable, as it has higher ac-
tivity [35,36]. The main design specification for a Fischer-Tropsch (FT) 
reactor is heat removal, as the occurring reaction is highly exother-
mic. Four reactor technologies have been designed and commer-
cially used: the circulating fluidized-bed (CFB) reactor, the fixed- 
fluidized-bed (FFB) reactor, the multi-tubular fixed-bed reactor, and 
the slurry phase reactor [24]. Process intensification has led to the 
Sasol advanced synthol-FFB reactors, which replaced the older CFB 
reactor configuration. The reaction section is bigger and has a higher 
heat-removal capacity; in addition, lower pressure drops and higher 
throughputs are possible without affecting the isothermal operation 
of the reactor. This reactor technology is used for high-temperature 
FTS. The most advanced reactor design is the slurry bed. This reac-
tor is designed to operate at low temperatures, which increases the 
selectivity to longer hydrocarbons and suppresses high methane 
yields [26,35,37]. Although the FT technology has been around since 
its discovery, it is still a challenge to improve selectivity [38,39]. The 
selectivity is rather low and the product spectra cover a broad car-
bon range, as described by the Anderson-Schulz-Flory distribution 
[33,35]. As a result, further upstream processing and refining are 
essential. For process improvement, a better fundamental under-
standing is required in order to improve the catalyst design and, in 
particular, to increase the poor resistance to sulfur poisoning.

7. Oxidative coupling of methane 

A strong economic interest exists in developing processes that 
allow methane conversion into more valuable products [40,41]. The 
above technologies (MTO and FTS) can be used to convert methane 
to higher hydrocarbons, but only in an indirect way; that is, they 
require the production of syngas as a first step. This initial step to 
produce syngas represents an inherent inefficiency. On the other 
hand, the direct activation of methane and its conversion into other 
useful products remain one of the most challenging topics facing the 
catalysis community today [42].

In this regard, the OCM is one of the most promising direct 
routes to convert methane into ethylene and higher hydrocarbons. 
Ever since the pioneering work of Keller and Bhasin [43], OCM has 
attracted both industrial and academic interest. Although the bene-
fits of OCM have been known for over 30 years, the issue of finding a 
viable catalyst with the necessary performance for the commerciali-
zation of the process is still crucial among researchers [44]. Further-
more, the low yields of ethylene and the strong exothermicity of this 
reaction need to be addressed in an appropriate reactor technology 
before OCM can be used as an alternative to SC for the production 
of ethylene and higher olefins [45,46]. The main challenges for OCM 
to be economically successful are hence twofold, with catalyst de-
velopment on the one hand and a novel reactor design on the other 
[23,47].

In earlier research, the selectivity and catalyst stability at elevat-
ed temperatures were considered to be the most attractive features 
of a potential OCM catalyst. Considerable literature can be found 
on OCM catalysts that are based on La2O3 doped with alkaline earth 
metals (Sr, Mg, and Ca) [48–50], on Li/MgO [51–54], and on a cat-
alyst generally represented by Mn/Na2WO4/SiO2 [55–57]. Recently, 
however, the research focus shifted to OCM catalysts that enable 
low-temperature performance. It was found that not only does the 

metal composition have an influence on catalyst activity, but the 
particle size and morphology do as well [23,58–60]. Specifically, by 
using nanostructured catalysts (nanofibers, nanowire, and nano-
rods), methane can be activated at lower temperatures and a better 
OCM performance can be obtained compared with the powder-form 
catalysts. The development of nanostructured catalysts has played a 
major role in the evolution of the OCM technology. Siluria Technol-
ogies, Inc. (Siluria for short) [61] recently announced the first com-
mercial OCM process, in which a series of so-called “nanowire cata-
lysts” are reported to operate at process temperatures below 600 °C. 
Although Siluria’s patent application reveals that the single-pass C2 
yield does not meet the target of 25%, the catalysts are durable over 
long periods of operation at low process temperatures [62].

At the moment, catalytic packed-bed reactors constitute the 
majority of all laboratory-scale OCM reactors; these are also used 
in Siluria’s demonstration plant [47]. Because of the high exother-
micity of the OCM reaction, thermal control of the reactor is an im-
portant issue. Most laboratory-scale experimental setups use small- 
diameter tubes and run with very dilute mixtures and low methane 
conversions [63–65]. Of course, this is not practical for an actual 
large-scale process. According to a recent review on process inten-
sification for natural gas conversion [23], thermal control in OCM 
reactors may follow three approaches. Microchannel reactors, mem-
brane reactors, and staged reactors are listed as possible options, 
while combinations of these are possible in more innovative de-
signs. Different authors [45,46,66,67] designated the fluidized-bed 
reactor as the best reactor concept for OCM. This is mainly because 
the beneficial heat-transfer characteristics in fluidized-bed reactors 
cannot be achieved in any type of packed-bed reactor.

Based on the abovementioned considerations, it is clear that some 
effort is still required before OCM can be considered as an alternative 
to SC for the production of ethylene and other olefins. Although the 
door toward successful commercialization has already been opened 
by Siluria, further investigation to enhance ethylene yields is still 
necessary. Catalyst design and the development of novel reactor 
technologies are important to this purpose.

8. Catalytic dehydrogenation of light alkanes

The shift from naphtha toward light feeds that are derived from 
tight oil, for the production of ethylene in steam crackers, has 
impacted the global propylene and crude C4 production capacity. 
Therefore, routes for the on-purpose production of light olefins have 
received considerable interest [5]. Catalytic dehydrogenation pro-
vides the possibility of high selectivity to a single olefin product—
much higher than can be expected from SC alone. Given the relative-
ly high abundance of cheap light alkanes from shale gas, this option 
is worth considering [68]. The amount of propylene produced by 
dehydrogenation was 5 × 106 t in 2014 and is expected to increase, 
as it has been announced that a dozen new PDH plants are to be 
built worldwide [4,5]. The profitability of this process is emphasized 
by the rather low prices of propane, compared with those of propyl-
ene. Two patented industrial processes for the dehydrogenation of 
alkanes are currently in commercial use—namely, the Oleflex (UOP) 
and the Catofin (Lummus) technologies. Both technologies use an 
alumina-supported catalyst: Pt-Sn/Al2O3 and Cr2O3/Al2O3 for Oleflex 
and Catofin, respectively. The occurring reaction is highly endother-
mic and equilibrium-limited, so high temperatures and low pres-
sures are favored. These high temperatures hamper high selectivity 
and favor side reactions such as coke deposition, introducing the 
need for a regeneration step; however, this step is not fully revers-
ible at this point, thus affecting the activity of the catalyst [4]. The 
catalysts and technologies are available and the process can run con-
tinuously for several years [4]. Although the process has been suc-
cessfully commercialized, there is room for improvement. Further 
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advances with respect to catalyst design, such as lower noble metal 
loading and increased stability, are essential. Further improvements 
are still possible by increasing the energy efficiency of the hydro-
genation process and overcoming the biggest drawback—namely, 
the limited equilibrium conversion and the occurrence of side reac-
tions at relatively high temperature. It is notable that the reaction 
equilibrium could be shifted toward the product. Different strategies 
are already applied in industry, such as lowering the partial pressure 
or the selective in situ combustion of hydrogen. The latter is of great 
interest, as the combustion heat promotes the dehydrogenation 
step. A third strategy is to remove hydrogen from the reacting sys-
tem by using membranes; nevertheless, thermal stability remains 
an issue [4].

9. CO2 emissions

Novel technologies for olefin production need to be viable from 
an environmental perspective as well as from a technical one. In this 
regard, it is important to evaluate the CO2 emissions associated with 
the different technologies discussed above. Fig. 4 [69] shows the to-
tal CO2 emissions per ton of high-value chemicals (HVC) such as eth-
ylene, propylene, and aromatics. These data were taken partly from 
a recent review by Ren et al. [69] and partly from various figures 
published by the International Energy Agency (IEA). A distinction is 
made between the CO2 emission resulting from the energy require-
ment of the process (i.e., fuel combustion) and the chemical CO2 that 
is produced in the reaction. It is clear from the figure that SC is still 
the best-performing technology, even in terms of CO2 emissions. The 
process produces almost no chemical CO2, and the energy efficiency 
of the process has been optimized in such a way that the energy CO2 
is very low in comparison with those of the other techniques. OCM 
looks very promising as well, as it has the lowest energy CO2. How-
ever, because of the relatively low ethylene selectivity, the chemical 
CO2 for this technology is still quite high. As expected, the coal-
based techniques are major producers of CO2, both energetically and 
chemically.

Carbon capture and storage or utilization techniques are a prom-
ising way to further cut the carbon emissions from light-olefin- 
production technologies. Ethylene producers, which are considered 
to be large industrial emitters, will have to deal with the require-
ment (activated by political decisions) to reduce CO2 emissions in 
the near future. These techniques are currently under rapid develop-
ment; they are becoming promising methods to reduce carbon emis-
sions, and are therefore a crucial aspect in meeting CO2 emission- 

reduction targets [70,71]. In this context, it is important to dis-
tinguish between chemical-related and energy-related (process- 
related) emissions, in that the latter is inherent to the nature of 
the process. The use of coal as feedstock comes with high chemical 
carbon emissions. This CO2 stream is already separated; therefore, 
it could be further prepared for storage or utilization. However, this 
processing step comes at a higher cost and energy efficiency penalty, 
because the CO2 needs to be compressed and maintained within the 
supercritical envelope for storage [71]. On the other hand, energy- 
related emissions are the result of the fuel-combustion process for 
heat or power generation. Hence, the applicability of these carbon  
capture techniques is highly dependent on the process layout. In 
the particular case of SC furnaces, two different carbon capture 
techniques are of interest—namely, oxyfuel combustion and the 
post-combustion process, both because of the high firing duty in 
the furnace [72]. The latter can be seen as an add-on solution, with 
low changes to the cracking furnace itself, and thus a lower asso-
ciated implementation cost. However, the low CO2 concentration 
in the flue gas leads to a high load to the processing unit. Oxyfuel 
combustion is based on separating oxygen from the air, leading to a 
more concentrated CO2 stream, and resulting in less-intensive post- 
processing steps. In addition, higher thermal efficiency in the radi-
ant section can be expected and there is no emission of thermal NOx. 
A challenge remains regarding the cost of separating oxygen from 
air. According to Weikl and Schmidt [72], a penalty on CO2 emission 
of $85 USD·t–1 would be necessary in order to arrive at a break-even 
point for the application of this carbon capture technique. Such a 
penalty would result in a higher ethylene production cost, estimated 
at roughly $130 USD·t–1 of ethylene [72].

10. Conclusions

This perspective discussed some of the most promising alterna-
tive technologies and feedstocks for olefin production. Alternative 
feedstocks mainly arise from the abundance of cheap propane, 
ethane, and methane from shale gas and stranded gas. Although bio-
mass and waste streams were also mentioned here, they are believed 
to be useful as a complement to rather than a complete replacement 
for fossil resources in the near future. Coal, natural gas, shale con-
densates, and crude oil will remain dominant in the petrochemical 
industry. However, the use of coal as feedstock for chemicals is 
rather questionable from an environmental point of view, as it has 
very low carbon efficiencies and hence huge CO2 emissions. There-
fore, recent developments of coal as feedstock for the production  

Fig. 4. Total CO2 emissions per ton of high-value chemicals (tCO2
·t–1

HVC) for different technologies [69]. 
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of chemicals are debatable. As a response to low ethane prices and 
large ethane availability, the SC feedstock portfolio is making a shift 
to ethane feedstocks. Shipping and transport via pipes of ethane has 
become advantageous and allows ethylene producers outside of the 
United States to take advantage of the local low ethane prices. On 
the other hand, the large availability of crude oil has caused ethylene 
producers to shift toward this extreme as well. ExxonMobil was the 
first to commission a large-scale plant that uses crude oil to produce 
olefins.

Recent investments and the huge capital in current production 
facilities suggest that SC of hydrocarbons will remain the leading 
technology for the production of ethylene. The large number of pro-
jects coming online will lead to a substantial capacity expansion for 
ethylene producers. As a result, biomass and waste stream conver-
sion technologies will have to become even more competitive than 
before, or else their focus should be on olefin complexes. Neverthe-
less, it will eventually be necessary to deploy biomass and waste 
streams, although this shift will need to be pushed by world govern-
mental regulatory bodies, because the contribution of these streams 
in the coming lustrum will remain marginal. Drop-in feedstocks for 
the current generation of steam crackers would be a first step. How-
ever, the change in the global steam cracker portfolio—that is, the 
significant lighter feedstocks—creates the need to develop routes 
for the on-purpose production of propylene and other light olefins. 
The catalytic dehydrogenation of light alkanes is a well-established 
process that accomplishes this goal. The main improvements that 
are possible here are related to energy efficiency and catalyst deacti-
vation.

Furthermore, the abundance of methane has caused an increased 
interest in developing processes to valorize methane to higher hy-
drocarbons or chemicals. Several of these processes were identified 
as potential alternatives for the SC process: FTS, MTO, and OCM. 
Both the FTS and the MTO processes are proven technologies, with 
some plants already operational worldwide. Despite the maturity of 
these technologies, both are inherently inefficient due to the syngas 
production step. In addition, FTS is not selective enough to solely 
produce light olefins, and produces a considerable amount of fuel- 
range hydrocarbons. However, improvements to these processes 
are still possible, especially with regard to catalyst design. For OCM, 
major efforts are still required before it can be considered as an 
alternative to SC. Catalyst design and the development of a reactor 
technology that is able to deal with the strong exothermicity of this 
reaction are mandatory.

In the near future, SC will still be the predominant process for 
the production of olefins, albeit with a mainly lighter feedstock. The 
alternative technologies discussed in this perspective are promising, 
provided that the bottlenecks in their process efficiency and CO2 
footprint are resolved.

Acknowledgements

This work was supported by the Long-Term Structural Methu-
salem Funding (BOF09/01M00409) by the Flemish Government 
and the European Union’s Horizon H2020 Programme (H2020-
SPIRE-04-2016) under grant agreement No. 723706. Ismaël 
Amghizar acknowledges financial support from SABIC Geleen. Lau-
rien A. Vandewalle acknowledges financial support from a doctoral 
fellowship from the Fund for Scientific Research, Flanders (FWO).

Compliance with ethics guidelines

Ismaël Amghizar, Laurien A. Vandewalle, Kevin M. Van Geem, and 
Guy B. Marin declare that they have no conflict of interest or finan-
cial conflicts to disclose.

References

[1]	 Zimmermann H, Walzl R. Ethylene. In: Ullmann’s encyclopedia of industrial 
chemistry. Weinheim: Wiley-VCH Verlag GmbH & Co. KGaA; 2009.

[2]	 BP plc. BP statistical review of world energy. BP technical report. London: BP plc; 
2013 Jun.

[3]	 United States Energy Information Administration. Annual energy outlook 2015 
with projections to 2040. Washington, DC: United States Energy Information 
Administration; 2015.

[4]	 Sattler JJ, Ruiz-Martinez J, Santillan-Jimenez E, Weckhuysen BM. Catalytic  
dehydrogenation of light alkanes on metals and metal oxides. Chem Rev 
2014;114(20):10613–53.

[5]	 Bruijnincx PC, Weckhuysen BM. Shale gas revolution: An opportunity for the 
production of biobased chemicals? Angew Chem Int Ed Engl 2013;52(46):11980–7.

[6]	 Siirola JJ. The impact of shale gas in the chemical industry. AIChE J 2014;60(3): 
810–9.

[7]	 Yang CJ. US shale gas versus China’s coal as chemical feedstock. Environ Sci Tech-
nol 2015;49(16):9501–2.

[8]	 Ding J, Hua W. Game changers of the C3 value chain: Gas, coal, and biotechnolo-
gies. Chem Eng Technol 2013;36(1):83–90.

[9]	 New ExxonMobil and Saudi Aramco technologies produce ethylene directly from 
crude oil, cutting refining costs, IHS says [Interent]. London: IHS Markit; 2016 Jul 
6 [cited 2016 Dec 16]. Available from: http://news.ihsmarkit.com/press-release/
new-exxonmobil-and-saudi-aramco-technologies-produce-ethylene-direct-
ly-crude-oil-cutti.

[10]	 Al-Salem S, Lettieri P, Baeyens J. Recycling and recovery routes of plastic solid 
waste (PSW): A review. Waste Manag 2009;29(10):2625–43.

[11]	 Al-Salem S, Lettieri P, Baeyens J. The valorization of plastic solid waste (PSW) by 
primary to quaternary routes: From re-use to energy and chemicals. Prog Energ 
Combust  2010;36(1):103–29.

[12]	 Bridgwater AV. Review of fast pyrolysis of biomass and product upgrading. Bio-
mass Bioenerg 2012;38:68–94.

[13]	 Putro JN, Soetaredjo FE, Lin SY, Ju YH, Ismadji S. Pretreatment and conversion of 
lignocellulose biomass into valuable chemicals. RSC Adv 2016;6(52):46834–52.

[14]	 Van Geem KM, Reyniers MF, Marin GB. Challenges of modeling steam cracking of 
heavy feedstocks. Oil Gas Sci Technol-Rev IFP 2008;63(1):79–94.

[15]	 Nizamoff AJ. Renewable liquids as steam cracker feedstocks, PERP09/10S12.
White Plains: Nexant, Inc.; 2010 Oct.

[16]	 Foster J. Platts special report: Petrochemicals. Can shale gale save the naphtha 
crackers? London: Platts; 2013 Jan.

[17]	 Longden R. INEOS Europe and Evergas enter into long-term shipping agreements 
[Internet]. Rolle: INEOS Olefins and Polymers Europe; 2013 Jan 23 [cited 2016 
Dec 16]. Available from: http://www.ineos.com/news/shared-news/ineos-eu-
rope-and-evergas-enter-into-long-term-shipping-agreements/.

[18]	 Tullo AH. Ethane supplier to the world—Chemical makers on three continents are 
set to tap into cheap feedstock from the US. Chem Eng News 2016;94(44):28–9.

[19]	 Pang P. Unconventional feedstocks to increase China’s clout in global chemical 
markets [Interent]. London: IHS Markit; 2014 May 20 [cited 2016 Dec 16]. Avail-
able from: http://blog.ihs.com/q12-unconventional-feedstocks-to-increase-chi-
nas-clout-in-global-chemical-markets.

[20]	 Plotkin JS. The propylene gap: How can it be filled? Washington, DC: American 
Chemical Society; 2015 Sep.

[21]	 Kumar S, Panda AK, Singh RK. A review on tertiary recycling of high-density pol-
yethylene to fuel. Resour Conserv Recy 2011;55(11):893–910.

[22]	 Garforth AA, Ali S, Hernández-Martínez J, Akah A. Feedstock recycling of poly-
mer wastes. Curr Opin Solid St M 2004;8(6):419–25.

[23]	 Kee RJ, Karakaya C, Zhu H. Process intensification in the catalytic conversion of 
natural gas to fuels and chemicals. P Combust Inst 2017;36(1):51–76.

[24]	 Spath PL, Dayton DC. Preliminary screening; Technical and economic assess-
ment of synthesis gas to fuels and chemicals with emphasis on the potential for 
biomass-derived syngas. Technical report. Golden: National Renewable Energy 
Laboratory; 2003 Dec. Report No.: NREL/TP-510-34929. DOE Contract No.: AC36-
99-GO10337.

[25]	 Stöcker M. Methanol-to-hydrocarbons: Catalytic materials and their behavior. 
Micropor Mesopor Mat 1999;29(1–2):3–48.

[26]	 Dry ME. High quality diesel via the Fischer–Tropsch process—A review. J Chem 
Technol Biot 2002;77(1):43–50.

[27]	 Chang CD, Silvestri AJ. The conversion of methanol and other O-compounds to 
hydrocarbons over zeolite catalysts. J Catal 1977;47(2):249–59.

[28]	 Keil FJ. Methanol-to-hydrocarbons: Process technology. Micropor Mesopor Mat 
1999;29(1–2):49–66.

[29]	 Chen JQ, Bozzano A, Glover B, Fuglerud T, Kvisle S. Recent advancements in eth-
ylene and propylene production using the UOP/Hydro MTO process. Catal Today 
2005;106(1–4):103–7.

[30]	 Tian P, Wei Y, Ye M, Liu Z. Methanol to olefins (MTO): From fundamentals to 
commercialization. ACS Catal 2015;5(3):1922–38.

[31]	 Chen D, Moljord K, Holmen A. A methanol to olefins review: Diffusion, coke for-
mation and deactivation on SAPO type catalysts. Micropor Mesopor Mat 2012; 
164:239–50.

[32]	 Dry ME. Fischer–Tropsch reactions and the environment. Appl Catal A–Gen 
1999;189(2):185–90.

[33]	 Schulz H. Short history and present trends of Fischer–Tropsch synthesis. Appl 
Catal A–Gen 1999;186(1–2):3–12.

[34]	 Wood DA, Nwaoha C, Towler BF. Gas-to-liquids (GTL): A review of an industry 



178 I. Amghizar et al. / Engineering 3 (2017) 171–178

offering several routes for monetizing natural gas. J Nat Gas Sci Eng 2012;9:196–
208.

[35]	 Dry ME. The Fischer–Tropsch process: 1950–2000. Catal Today 2002;71(3–4): 
227–41.

[36]	 Cheng J, Hu P, Ellis P, French S, Kelly G, Lok CM. Some understanding of Fischer– 
Tropsch synthesis from density functional theory calculations. Top Catal 
2010;53(5):326–37.

[37]	 Dry ME. Practical and theoretical aspects of the catalytic Fischer–Tropsch pro-
cess. Appl Catal A–Gen 1996;138(2):319–44.

[38]	 Torres Galvis HM, Bitter JH, Khare CB, Ruitenbeek M, Dugulan AI, de Jong KP. 
Supported iron nanoparticles as catalysts for sustainable production of lower 
olefins. Science 2012;335(6070):835–8.

[39]	 Torres Galvis HM, de Jong KP. Catalysts for production of lower olefins from syn-
thesis gas: A review. ACS Catal 2013;3(9):2130–49.

[40]	 Kondratenko EV, Baems M. Oxidative Coupling of Methane. In: Ertl G, Knözinger H, 
Schüth F, Weitkamp J, editors Handbook of heterogeneous catalysis. Weinheim: 
Wiley-VCH Verlag GmbH & Co. KGaA; 2008. p. 3010–23.

[41]	 Kondratenko EV, Schlüter M, Baerns M, Linke D, Holena M. Developing catalytic 
materials for the oxidative coupling of methane through statistical analysis of 
literature data. Catal Sci Technol 2015;5(3):1668–77.

[42]	 Olivos-Suarez AI, Szécsényi À, Hensen EJM, Ruiz-Martinez J, Pidko EA, Gascon J. 
Strategies for the direct catalytic valorization of methane using heterogeneous 
catalysis: Challenges and opportunities. ACS Catal 2016;6(5):2965–81.

[43]	 Keller GE, Bhasin MM. Synthesis of ethylene via oxidative coupling of methane: I. 
Determination of active catalysts. J Catal 1982;73(1):9–19.

[44]	Galadima A, Muraza O. Revisiting the oxidative coupling of methane to ethylene 
in the golden period of shale gas: A review. J Ind Eng Chem 2016;37:1–13.

[45]	 Jašo S, Arellano-Garcia H, Wozny G. Oxidative coupling of methane in a fluidized 
bed reactor: Influence of feeding policy, hydrodynamics, and reactor geometry. 
Chem Eng J 2011;171(1):255–71.

[46]	 Mleczko L, Pannek U, Niemi VM, Hiltunen J. Oxidative coupling of methane in a 
fluidized-bed reactor over a highly active and selective catalyst. Ind Eng Chem 
Res 1996;35(1):54–61.

[47]	 Karakaya C, Kee RJ. Progress in the direct catalytic conversion of methane to fu-
els and chemicals. Prog Energ Combust 2016;55:60–97.

[48]	Xu M, Lunsford JH. Effect of temperature on methyl radical generation over Sr/
La2O3 catalysts. Catal Lett 1991;11(3–6):295–300.

[49]	Feng Y, Niiranen J, Gutman D. Kinetic studies of the catalytic oxidation of meth-
ane. 1. Methyl radical production on 1% Sr/La2O3. J Phys Chem 1991;95(17):6558–
63.

[50]	 Taylor RP, Schrader GL. Lanthanum catalysts for CH4 oxidative coupling: A com-
parison of the reactivity of phases. Ind Eng Chem Res 1991;30(5):1016–23.

[51]	 Tang L, Yamaguchi D, Wong L, Burke N, Chiang K. The promoting effect of 
ceria on Li/MgO catalysts for the oxidative coupling of methane. Catal Today 
2011;178(1):172–80.

[52]	 Ito T, Wang J, Lin CH, Lunsford JH. Oxidative dimerization of methane over a lith-
ium-promoted magnesium oxide catalyst. J Am Chem Soc 1985;107(18):5062–8.

[53]	 Arndt S, Simon U, Heitz S, Berthold A, Beck B, Görke O, et al. Li-doped MgO from 
different preparative routes for the oxidative coupling of methane. Top Catal 
2011;54(16):1266–85.

[54]	 Myrach P, Nilius N, Levchenko SV, Gonchar A, Risse T, Dinse KP, et al. Tempera-
ture-dependent morphology, magnetic and optical properties of Li-doped MgO. 

Chem Cat Chem 2010;2(7):854–62.
[55]	 Hiyoshi N, Ikeda T. Oxidative coupling of methane over alkali chloride–Mn–

Na2WO4/SiO2 catalysts: Promoting effect of molten alkali chloride. Fuel Process 
Technol 2015;133:29–34.

[56]	 Elkins TW, Hagelin-Weaver HE. Characterization of Mn–Na2WO4/SiO2 and Mn–
Na2WO4/MgO catalysts for the oxidative coupling of methane. Appl Catal A–Gen 
2015;497:96–106.

[57]	 Koirala R, Büchel R, Pratsinis SE, Baiker A. Oxidative coupling of methane on 
flame-made Mn–Na2WO4/SiO2: Influence of catalyst composition and reaction 
conditions. Appl Catal A–Gen 2014;484:97–107.

[58]	 Huang P, Zhao Y, Zhang J, Zhu Y, Sun Y. Exploiting shape effects of La2O3 nanocat-
alysts for oxidative coupling of methane reaction. Nanoscale 2013;5(22):10844–8.

[59]	 Hou YH, Han WC, Xia WS, Wan HL. Structure sensitivity of La2O2CO3 catalysts in 
the oxidative coupling of methane. ACS Catal 2015;5(3):1663–74.

[60]	 Song J, Sun Y, Ba R, Huang S, Zhao Y, Zhang J, et al. Monodisperse Sr–La2O3 hybrid 
nanofibers for oxidative coupling of methane to synthesize C2 hydrocarbons. Na-
noscale 2015;7(6):2260–4.

[61]	 Scher EC, Cizeron JM, Schammel WP, Tkachenko A, Gamoras J, Karshtedt D, et al., 
inventors; Siluria Technologies, Inc., assignee. Method for the oxidative coupling 
of methane in the presence of a nanowire catalyst. European Patent EP 2853521 
A1. 2015 Apr 1.

[62]	 Schammel WP, Wolfenbarger J, Ajinkya M, Mccarty J, Cizeron JM, Weinberger S, 
et al., inventors; Siluria Technologies, Inc., assignee. Oxidative  coupling of meth-
ane systems and methods. PCT Patent WO 2013177433 A2.2013 Nov 28.

[63]	 Zohour B, Noon D, Senkan S. New insights into the oxidative coupling of meth-
ane from spatially resolved concentration and temperature profiles. Chem Cat 
Chem 2013;5(10):2809–12.

[64]	Horn R, Williams KA, Degenstein NJ, Schmidt LD. Syngas by catalytic partial oxi-
dation of methane on rhodium: Mechanistic conclusions from spatially resolved 
measurements and numerical simulations. J Catal 2006;242(1):92–102.

[65]	 Donazzi A, Maestri M, Michael BC, Beretta A, Forzatti P, Groppi G, et al. Microki-
netic modeling of spatially resolved autothermal CH4 catalytic partial oxidation 
experiments over Rh-coated foams. J Catal 2010;275(2):270–9.

[66]	Mleczko L, Baerns M. Catalytic oxidative coupling of methane—Reaction engi-
neering aspects and process schemes. Fuel Process Technol 1995;42(2–3):217–48.

[67]	 Dautzenberg FM, Schlatter JC, Fox JM, Rostrup-Nielsen JR, Christiansen LJ. Cata-
lyst and reactor requirements for the oxidative coupling of methane. Catal Today 
1992;13(4):503–9.

[68]	Sattler JJ, Gonzalez-Jimenez ID, Luo L, Stears BA, Malek A, Barton DG, et al. Plat-
inum-promoted Ga/Al2O3 as highly active, selective, and stable catalyst for the 
dehydrogenation of propane. Angew Chem 2014;126(35):9405–10.

[69]	 Ren T, Daniëls B, Patel MK, Blok K. Petrochemicals from oil, natural gas, coal and 
biomass: Production costs in 2030–2050. Resour Conserv Recy 2009;53(12): 
653–63.

[70]	 Naims H. Economics of carbon dioxide capture and utilization—A supply and 
demand perspective. Environ Sci Pollut Res Int 2016;23(22):22226–41.

[71]	 Leung DYC, Caramanna G, Maroto-Valer MM. An overview of current status of 
carbon dioxide capture and storage technologies. Renew Sustain Energy Rev 
2014;39:426–43.

[72]	 Weikl MC, Schmidt G. Carbon capture in cracking furnaces. In: Proceedings of 
theAIChE 2010 Spring Meeting and the 6th Global Congress on Process Safety; 
2010 Mar 21–25; San Antonio, USA; 2010.


