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21 Cybersecurity. As process 
industries advance deeper into 

the digital age, they are at increasing 
risk of cyberattack. Companies must 
verify that their systems and facilities 
are in line with the latest cybersecurity 
standards. This column provides a brief 
history of cybersecurity standards 
and why cybersecurity certification 
programs are essential to business. 

30 Special Focus. Refiners 
and petrochemical producers 

around the world are integrating 
more digital technologies into their 
daily operations. This move toward 
digitalization of downstream operations 
provides operators, contractors and 
equipment/service providers a pathway 
to safer, more reliable and more 
profitable operations. 

50 LNG Technology. From 
the future of LNG contracts 

to the latest processing and digital 
technologies, this month’s Bonus 
Report explores developments in the 
LNG sector. These updates include 
new techniques to reduce LNG capital 
expenditures, an analysis of common 
liquefaction processes, an examination 
of benzene emissions, a closer look at 
the future of LNG contracts and a surge 
in India’s LNG import capacity. 

69 Industrial Internet of 
Things (IIoT). When 

utilized to its full potential, the IIoT can 
provide the hydrocarbon processing 
industry with greater reliability, 
efficiency and profitability. This section 
looks at how the IIoT is improving 
project management and optimizing oil 
and gas supply chains. 

In early June, Hydrocarbon Process-
ing and Eni—an Italian multinational 
oil and gas company—hosted the an-
nual International Refining and Petro-
chemical Conference (IRPC) in Milan, 
Italy. The two-day event, which focuses 
on technical solutions for downstream 
processing operations, featured insight-
ful keynote presentations on the global 
hydrocarbon processing industry. These 
talks regarded global issues such as sup-
ply and demand, capital construction 
projects and how electric vehicles (EVs) 
will affect oil demand and challenges 
meeting the International Maritime Or-
ganization’s (IMO’s) global sulfur cap 
standard, as well as regional issues, such 
as the state of the European refining and 
chemical industries. 

The Day 1 keynote presentation from 
Giacomo Rispoli, Executive Vice Presi-
dent of Portfolio Management at Eni, 
focused on three challenges facing the 
global refining industry: sustainability, 
decarbonization and new regulations. Re-
garding sustainability, Mr. Rispoli noted 
that the great challenge of the 21st century 
is to combine the planet’s growing energy 
needs and the need to progressively re-
duce greenhouse gas (GHG) emissions 
to combat climate change and limit the 
increase in the temperature of the Earth’s 
surface to below 2°C. 

This trend includes focusing efforts 
on a more sustainable transportation 
sector. “The challenge of combining 
growth with GHG emissions reduction 
is even more important in the transport 
sector as mobility is continuously in-
creasing as the world becomes more in-
terconnected,” said Mr. Rispoli. He went 
on to explain that the transition to an 
increasingly sustainable mobility will be 
gradual and will need to foresee all the 
available solutions. This adoption will 
involve new technologies. “The achieve-
ment and solutions of this objective,” 

said Mr. Rispoli “will be done by differ-
ent models of individual and collective 
mobility, new transport infrastructure, 
increased use of biofuels, further devel-
opment of traction systems, new energy 
carriers, carbon dioxide capture and re-
use, recycling and the circular economy.” 

New regulations add to the challenges 
being faced by the refining industry. One 
of the most significant regulations is MAR-
POL’s Global Sulfur Cap, which calls for a 
reduction in sulfur content in marine fuels 
from 3.5% to 0.5%. This new regulation 
will go into effect in 2020 and will impact 
more than 50,000 ships worldwide. 

Another area of great interest during 
the event was the topic of this issue of 
Hydrocarbon Processing—the advance 
of more digital operations. The use of 
digital platforms in the processing indus-
tries, as well as in dozens of other indus-
tries around the world, have provided 
operators with greater flexibility and 
more efficient, reliable and profitable 
operations. The term digitalization has 
provided new meaning to optimizing the 
oil and gas value chain. It includes the 
use of big data, the industrial internet of 
things (IIoT), digital twin, predictive an-
alytics, artificial intelligence and virtual 
and augmented realities. 

Due to the advancements in digitaliza-
tion, the industry is witnessing a conver-
gence with other companies not readily 
seen in the downstream processing indus-
tries. These companies include computer/
big data, video game and cyber security 
companies. The integration of these types 
of companies into the oil and gas value 
chain is opening new opportunities for in-
creased process optimization. 

As you will read in this issue, the 
downstream processing industry is mak-
ing great strides to incorporate more digi-
tal aspects into its operations. This move 
is providing a safer and more efficient way 
of doing business.  

The challenges facing the refining industry  
and its advance into the digital age



 | Business Trends
Over the past several years, Hydrocarbon Processing has focused 
more attention on the shift of the hydrocarbon processing industry 
toward increasing digital operations. This trend is providing 
operators, contractors, suppliers and service companies the ability to 
streamline operations, as well as reduce costs and boost efficiency. 

One component of digitalization is the use of software. This Business 
Trends section details the use of proprietary software to develop 
a framework for analyzing sulfur reaction furnace performance 
to streamline and improve the flow characteristics of process 
equipment, and to further the use of 3D multiphysics within the 
processing industry.
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R. AGLAVE, Siemens PLM Software, Houston, Texas;  
and A. DEFILIPPO and S. MCGUFFIE, Porter McGuffie Inc., 
Lawrence, Kansas

Develop a framework for analyzing  
sulfur reaction furnace performance

It is never a good sign when a piece of 
equipment exhibits unsafe behaviors—
such as large, unexpected vibrations, 
or cracks forming around instrument 
ports—particularly in the thermal reactor 
of a sulfur plant, where high-temperature 
gaseous streams chemically react as part 
of the process that produces elemental 
sulfur. Most of the world’s sulfur supply is 
produced through the processing of natu-
ral gas and the byproducts of crude oil re-
fining operations.

When a thermal reactor began ex-
hibiting these worrisome symptoms, 
engineers at a computational analysis 
and engineering measurement services 
companya were tasked to find a remedy. 
Their solutions were based on a novel 
application of computational fluid dy-
namics (CFD) using a proprietary soft-
wareb that not only addressed the client’s 
problems, but also resulted in the devel-
opment of a first-of-its-kind framework 
for analyzing the thermo-acoustic and 
chemical processing performance of any 
combustion-fired unit. The framework 
combines observation, measurement 
and multiphysics CFD simulations to 
provide detailed insights into the com-
plex interactions occurring within the 
reactors that would not be revealed with-
out multi-physics simulation as part of 
the comprehensive approach. The result 
is a powerful toolset for troubleshooting 
problems and designing new, higher-per-
forming reactors.

Anatomy of a thermal reactor. The 
process of producing, or “recovering,” 
elemental sulfur from gases contain-
ing hydrogen sulfide (H2S) is based on 
the modified Claus process. The multi-
step series of chemical reactions begins 
in the thermal reactor, where two pro-
cess streams are mixed and reacted: one 
stream contains an acid gas mixture, and 

the other is an oxidizer stream consisting 
of air, or oxygen-enriched air. As the first 
step in the process, the thermal reactor’s 
performance directly impacts the sulfur 
plant’s throughput, and affects the per-
formance of components down the line, 
such as waste heat boilers.

A typical reactor, shown in FIG. 1, con-
sists of two primary zones: the combus-
tion zone and the reactor zone (C and 
E, respectively), usually separated by a 
choke ring or a perforated wall/separator 
(D). The two incoming process streams 
are combined in the reactor’s burner 
bustle (A), which imparts a high spin to 
the flows before injection into the burner 
can (B) to promote vigorous mixing for 
the sub-stoichiometric first (thermal) 
step of the Claus reaction. The reactor 
zone is designed to provide sufficient 
residence time for the completion of the 
destruction and reformation reactions—
the chemical reactions promoting the 
destruction of ammonia, which must be 
entirely completed to prevent salt forma-
tion on the downstream catalyst beds—
and the conversion of H2S into multiple 
species. Therefore, the extent to which a 
reactor can provide the conditions suit-
able for these reactions is a key metric in 

assessing a reactor’s performance from a 
chemical efficiency standpoint.

The purpose of any separator (choke 
ring, checker wall or vector wall) is to 
break up and disperse the jet flow from 
the burner, so that the reactor zone more 
closely mimics the behavior of a plug 
flow reactor. This configuration avoids 
the occurrence of back-mixing, or mix-
ing in the lengthwise direction, which di-
lutes the reactants and reduces the rate of 
reaction, thereby reducing the efficiency 
of the furnace.

Expanding the role of CFD. The per-
formance of thermal reactors is affected 
by flame shape, flame stability, high-tem-

FIG. 1. General layout of a thermal reactor.

FIG. 2. Domain (left) and two views of the computational grid (two images on right)  
for CFD simulations.
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perature durability of the refractory ma-
terial, combustion-induced vibrations/
burner noise and the extents of reaction. 
Steady-state CFD simulations have been 
used to address problems related to some 
of these issues (flame shape and refrac-
tory reliability) to an extent, but the fun-
damentally time-dependent nature of the 
other important phenomena (vibrations, 
noise and chemical performance) re-
quires the use of transient methods.

CFD has been used to address a wide 
variety of chemical process industry 
problems, so the ability to simulate the 
time history of the chemical and fluid 
interactions within a reactor gives a far 
more complete characterization of re-
actor performance. In particular, it pro-
vides the ability to explore the factors 
affecting two important reactor perfor-
mance metrics:

• Thermo-acoustic performance: 
To determine whether  
the frequency and magnitude  
of burner noise is concentrated  
at a single frequency, and if  
its magnitude is high enough  
to cause undue equipment damage.

• Chemical performance: The 
degree to which a reactor provides 
sufficient residence time for the 
completion of the destruction 
and reformation reactions, and 
the reactions’ relationships to the 

vibrations and flame instability.
The ability to assess reactor perfor-

mance on the basis of these metrics 
represents a significant increase in the 
insight that can be derived from CFD 
simulations, further amplifying their val-
ue as part of a comprehensive approach 
(including measurement, observation 
and experiments) to problem-solving 
and design. Indeed, multi-physics CFD-
based simulation is an effective way to 
gain insight into the multidisciplinary 
and typically opaque interactions occur-
ring in the equipment without the con-
straints and cost of experiments.

The approach allows older, tradition-
al reactor designs to be examined more 
comprehensively, and can guide the de-
sign of entirely new, higher-performing 
designs. For example, CFD simulations 
can be used to guide the selection of 
the type, geometry and placement of 
the choke ring or perforated wall, based 
on an exploration of the design space to 
determine the characteristics that best 
meet multiple objectives, such as mini-
mum vibration and maximum chemical 
performance, for any given operation-
al rate. This is different from present  
design processes that rely primarily on 
past experience for guidance. It should 
be noted that assessing the effects of 
choke ring geometry and placement 
is particularly significant, because the 

choke ring (which is part of the reactor’s 
brickwork, and is periodically replaced 
during its lifetime) is the only compo-
nent that can be reasonably changed to 
address problems after a reactor’s steel 
has been fabricated.

The right model for the job. CFD-
derived data is used to support engineer-
ing decisions that must be made within 
the constraints of production timelines. 
In the case of the thermal reactor simu-
lations, the detached eddy simulation 
(DES) model in the proprietary soft-
ware was chosen. DES is a hybrid mod-
eling approach that combines features 
of Reynolds-averaged Navier-Stokes 
(RANS) simulation in some parts of 
the flow (such as in the boundary lay-
ers), and large eddy simulation (LES) 
in the unsteady, separated regions. The 
method strikes a good balance between 
providing the fidelity required to capture 
acoustic characteristics, while still re-
quiring reasonable computational time 
and resources.

Comparatively, LES is typically used 
for the analysis of acoustic phenomena 
and requires much finer computation-
al grids, leading to prohibitively large 
amounts of memory and computing time.

Since the thermal reactor is part of a 
larger chemical process, the effects of up-
stream air blowers and downstream waste 
heat boilers were taken into account by 
the application of the appropriate bound-
ary conditions, rather than actually in-
cluding the devices in the model domain. 
This allowed the simulation’s domain to 
be reduced to the components shown in 
FIG. 2: the burner bustle (in yellow), the 
interior volume of the reactor (in vio-
let) and a downstream portion (in pink) 
meant to model the effects of all down-

FIG. 3. CFD simulations showing flame patterns in a thermal reactor at high-rate operation, 
showing two quasi-stable modes of operation: flame near choke ring (left) and in burner  
can (right).

FIG. 4. CFD simulations showing flame patterns in a thermal reactor at turndown operation (left) 
and at high-rate operation without choke ring (right).

Turndown with choke
High with choke
High without choke

Frequency

PS
D

PSD vs. frequency

FIG. 5. Power spectral density vs. frequency 
for three scenarios.
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stream components, using a porous me-
dium approximation.

Temperatures, flowrates and gas com-
positions taken from the reactor’s heat 
and material balance (HMB) were ap-
plied at the model inlets (treated as mass 
flow boundaries). Note: All inputs con-
tained a realistic noise component, since 
a goal of the simulation was to predict 
the acoustic response within the reac-
tor.1 From a chemistry standpoint, the 
simulation employed a multi-species 
physics model with reactions enabled.

CFD + measurement = confidence. 
The simulation method was used to suc-
cessfully identify the cause of vibrations 
in a reactor that was experiencing vibra-
tion levels high enough to cause dam-
age.2 Instrumentation and measurement 
were used to validate the computational 
results, showing that predicted vibra-
tions from the CFD models were within 
5% of those measured on the problem-
atic reactor.

To further illustrate its utility without 
publicizing proprietary burner informa-
tion, the same simulation method was 
applied to three scenarios using geometry 
and process flow conditions that were 
similar to, but not exactly the same as, 
those of a reactor with known vibration 
issues. In each scenario, the performance 
of the reactor was evaluated based on the 
two metrics described here.

FIG. 3 shows the flame patterns from 
the CFD simulation of the reactor at a 
high rate operation that was known to 
have caused problems. Two modes were 
observed in this case: In the first mode 
(left), the flame was long and lazy due to 
delayed mixing, with the flame extend-
ing beyond the choke ring; and in the 
second mode (right), the acoustic pres-
sures force the flame to flash back into 
the burner can (usually caused by slower 
reaction), where it can cause significant 
damage to the high-temperature refrac-
tory materials.

FIG. 4 shows the flame patterns from 
the CFD simulation of the reactor at 
turndown (left), and at high-rate opera-
tion without a choke ring (right). No vi-
brations were observed in the turndown 
operation scenario, although the flame 
pattern shows that the flame extends 
near the choke ring. Without a choke 
ring, the flame remains centrally located 
within the reactor.

The reactor’s predicted acoustic per-
formance is shown in FIG. 5, a plot of 
the power spectral density (PSD) of the 
acoustic pressures computed in each sce-
nario (high-rate, turndown, no choke 
ring) vs. frequency. The markedly higher 
intensity of the noise in the high-rate 
case (with choke ring) correlated ex-
tremely well with field measurements: 
there was less than 5% difference be-
tween the predicted frequencies and the 
measured vibrations.

In each scenario, the reactor’s chemi-
cal performance was quantified by 
the combined effect of the predicted 
residence times of selected species at 
a defined temperature. Chemical per-
formance is important because the con-
version rate (the overall throughput/
generation of sulfur) depends on mini-
mizing/eliminating the amount of in-
coming pollutant species in the process 
stream that do not meet the destruction 
residence time requirements established 
for specific compounds.

Recent unpublished work has explic-
itly modeled the chemical kinetics of 
ammonia destruction in thermal reac-
tors, whereas the discussed simulation 
uses hot flow tracers to track the amount 
of time that chemical species are ex-
posed to a particular temperature range. 
In the case of the reactor used in these 
scenarios, the tracers were queried to de-
termine if they were exposed to tempera-
tures greater than 1,250°C (2,282°F) for 
at least 0.5 sec, a criteria commonly used 
to quantify acceptable ammonia (NH3) 
destruction. Visualizations of these trac-
ers are shown in FIG. 6 for the high-rate 
and turndown operations. In the high-
rate (with choke ring) case, it was found 
that 5.1% of the incoming acid gas flow 
did not meet the requirement.

Cumulative distribution functions are 
a useful way to summarize and compare 

the residence time results for different 
flowrate cases. FIG. 7 shows the results 
for the three scenarios discussed earlier. 
Each point on each curve represents the 
percentage of the tracers that were ex-
posed to greater than 1,250°C (2,282°F) 
for that amount of time during the 
simulation. As such, the intersection of 
each curve with the minimum required 
residence time value (0.5 sec, shown as 
the prominent vertical grey line) repre-
sents the percentage of process stream 
that did not meet the residence time re-
quirement. In FIG. 7, it is clear that a sig-
nificantly larger portion of the incoming 
stream in the high-rate/no-choke ring 
scenario (blue curve) did not meet the 
requirement, although it exhibited good 
acoustic behavior (as shown in FIG. 5).

The simulation results showed that 
keeping the choke ring in the present 
location precludes running at high op-
eration rates because of vibration issues. 
However, without the choke ring, the 
residence time does not meet the pro-
cess requirements. This prompted the 
engineers to perform a preliminary de-
sign exploration to determine if a choke 
ring position could be found that would 
allow high-rate operation (with low vi-
bration levels) while simultaneously 
meeting the residence time (process) 
requirements for NH3 destruction. They 
began by updating the computational 
model so that the choke ring was down-
stream of its present location, since the 
“no-choke ring” simulation had indicat-
ed low sound levels.

A series of analyses was then performed 
with the choke ring position moving up-
stream, toward the air nose, until flame 
instability was observed in the simulation 
(and beyond which the flame entered the 
burner can). Results from these simula-
tions are shown in FIG. 8. After the position 
corresponding to a stable flame shape was 

FIG. 6. Sample tracer results from CFD simulations of high-rate operation (left) and turndown 
operation (right).
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established, the tracer test on this configu-
ration was performed to determine the 
percentage of process stream that did not 
meet the residence time requirements.

In the case shown, approximately 35% 
of the stream did not meet the require-
ments—only slightly better than without 
a choke ring, indicating the unlikelihood 
of achieving high rates with minimal 
vibration, while still achieving accept-
able NH3 destruction with the present 
choke ring geometry. Still, the exercise 
hints at the possibilities that the analysis 
framework allows (e.g., conducting an 
exploration of the design and operating 
conditions that includes the geometry of 
the separator as a design parameter). The 
analysis framework also reveals the inter-
play of these parameters and their sensi-
tivities to the engineering objectives.

Findings. The novel application of ad-
vanced physics models in the proprietary 
software has significantly increased the 
amount of insight that simulations can 
provide to understand otherwise opaque 
processes and improve the performance 
of thermal reactors. This goes far beyond 
the limitations of steady-state analyses, 
and has resulted in the development of 
an industry first: a validated analysis 
framework capable of comprehensively 

assessing problematic reactors, and con-
ducting explorations of the design and 
operating space to generate entirely new 
regimes of operation.

This work highlights the value of mul-
tiphysics CFD as part of a comprehen-
sive approach combining observation, 
measurement, experiment and simula-
tion to solve previously intractable real-
life multidisciplinary problems. Indeed, 
any approach to solving problems like 
these must necessarily include multi-
physics CFD-based simulation, as it is 
the only way to get a complete, detailed 
picture of the multidisciplinary and typi-
cally opaque interactions occurring in the 
equipment, without having to conduct 
physical experiments (and dealing with 
the associated costs and constraints). The 
level of information that can be derived 
from CFD simulations far exceeds that 
which can be obtained from experimental 
instrumentation alone, and when used in 
combination with measurement and ob-
servation, provides a significant increase 
in the amount of fundamental insight 
that can be derived. Consistent with the 
stated goal to “always find a practical and 
economically feasible solution to a prob-
lem, not simply analyze,” continuing work 
further demonstrates the practical use of 
complex 3D multi-physics CFD simula-
tions. These CFD simulations are not just 
an afterthought for troubleshooting prob-
lems in existing devices, but are part of a 
proactive, predictive approach to engi-
neering design and analysis in the chemi-
cal process and refining industries. 

NOTES
a Porter McGuffie
b Simcenter STAR-CCM+ software from Siemens 

PLM software
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Industry Metrics

MIKE RHODES, MANAGING EDITOR 
Mike.Rhodes@HydrocarbonProcessing.com

In the US, improved domestic gasoline demand and tighter middle 
distillate and fuel oil markets drove refinery margins to a new all-time 
high, and Atlantic Basin product markets saw gains across the barrel. 
European product markets retained the previous month’s gains; record-
high product prices weighed on refinery margins. Product markets in 
Asia weakened marginally, pressured by slower jet/kerosene demand and 
rising inventory levels. 
An expanded version of Industry Metrics can be found online 
at HydrocarbonProcessing.com 

*Material published permission of the OPEC Secretariat; copyright 2018; all rights reserved; 
OPEC Monthly Oil Market Report, June 2018. 
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Global Project Data

LEE NICHOLS, EDITOR/ASSOCIATE PUBLISHER 
Lee.Nichols@HydrocarbonProcessing.com

Hydrocarbon Processing’s Construction Boxscore Database is 
tracking more than 1,600 projects around the world, representing 
more than $1.8 T in capital expenditures. The Asia-Pacific region 
represents approximately 30% of active project market share. 
The Asia-Pacific region is investing heavily to boost downstream 

processing capacity. In an effort to diversify their product portfolios, 
Middle East producers are boosting construction to produce 
additional transportation fuels and petrochemical products. The US 
is utilizing cheap shale gas to expand its domestic petrochemical 
and LNG export capacity. 

Boxscore new project announcements,  
April 2017–present.
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High-performance couplings  
deserve careful evaluation

With certain turbocompressor designs having changed as 
manufacturers and user-clients constantly push to increase 
output and efficiency, it pays to know if—and how—high-
performance couplings (HPCs) have kept pace. We know that 
changes in shaft-end configurations have presented both chal-
lenges and opportunities for couplings manufacturers. Having 
reported on diaphragm couplings and keyless hub develop-
ments 42 yr ago,1 the entire subject is still of special interest to 
the author of this column. 

Almost 40 yr have passed since Houston-based FlexElement 
Texas began producing HPCs in 1980 under the Centritech 
and/or Centriflex names. The company is still among the rela-
tively few that combine design know-how and rapid manufac-
turing capability, and we often congregate for updates at their 
booth during the annual Texas A&M Turbomachinery and 
Pump Symposium (TAMU TPS) events. At these events, we 
often attend a couplings discussion group session where impor-
tant couplings-related questions are asked and answered. 

For decades, TAMU TPS has provided opportunities to 
participate in such discussion group sessions, sit in on lectures 
and attend tutorials on coupling-related experience. (As an 
aside, in September 2018 we will combine our planned at-
tendance at TAMU TPS with presenting a tutorial on better 
pumps and seals for hydrofluoric acid service. Special atten-
tion will be given to canned motor pumps. Also highlighted 
will be process pumps with a simple but effective API flush 
plan preferred by reliability-focused users.)  

Supply chain demands at odds with quality. Today, global 
supply chain gurus are making their mark by finding ever-
cheaper products. It is no surprise, then, that the manufacturers 
of HPCs are among those facing increasing pressure to cut costs. 
Some of these cost-cutting initiatives are beneficial; others are 
less so. Either way, buyer’s vigilance has merit, and it is helpful 
to be an informed purchaser. A few pointers follow below.

Keyless couplings can cost less because they can be small-
er than their keyed precursors. Commendable changes from 
keyed to keyless shaft ends have a direct impact on the overall 
diameter and assembly weight of low-moment couplings. Elim-
inating keyways in shafts and coupling hubs allows centrifu-
gal compressor and steam turbine manufacturers to achieve 
an as-before torque transmission rating, with both shaft and 
couplings at a smaller diameter than before. Diameter reduc-
tions of roughly 8% are possible, and weight reductions of an 
entire couplings assembly are typically in the range of 25%–
28%. While these factors are usually understood, it should be 
noted that low-moment couplings are needed to maintain safe 

margins between operating speed and second lateral critical 
speeds. This fact deserves close attention and monitoring. 

Reliability professionals give full credit to competent manu-
facturers of HPCs. Subject matter experts (SMEs) who speak 
out when insistence on lower cost threatens plant safety and 
equipment reliability always deserve respect. The now most-
ly retired pioneering individuals and SMEs of the 1970s and 
1980s may remember many “couplings facts.” One of these is 
that reducing the half-weight and overhung moment of the 
couplings would almost always increase the margin of safety 
between running speed and compressor (or steam turbine) 
second lateral critical speeds. Only in the unlikely situation 
where the machine runs above its second critical speed would 
a lighter couplings assembly reduce this safety margin. 

Another major change learned from a prominent HPC 
manufacturer is that torque transmission requirements have 
increased to the point where diametral interferences between 
the hub bore and shaft-end taper must be increased to 0.003 
in. per in. of shaft diameter. This increase from the earlier 
practice of 0.002 in. per in. of shaft diameter can make instal-
lation and removal more difficult, and special tooling will be 
needed to do the job properly. 

In all instances—be it new machines or retrofits on exist-
ing machinery—only a highly experienced provider will opti-
mally design and fabricate HPCs. Seek out these manufactur-
ers. Be sure to verify that their design and fabrication pursuits 
have been guided by overall operating conditions and include 
an American Petroleum Institute (API)-compliant, tapered, 
keyless shaft-end configuration.2 

Note that the aforementioned dimensional and weight-
related changes have been phased in over a period of years. 
It would have been a good decision if couplings spares and 
replacement couplings ordered for earlier, proven designs had 
been supplied unchanged from the originals. However, any 
time high-performance couplings are provided for your new 
machines, it will be in everyone’s best interest to pay careful 
attention to parameters beyond initial cost. 
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The impact of digital transformation 
on the LNG value chain is an area of active 
discussion and urgency. The LNG market 
is poised for continued growth, due equal-
ly to strong gas supply in the US and robust 
gas demand, especially in Asia. Worldwide 
demand for natural gas is driven by grow-
ing interest in natural gas as a cleaner alter-
native to coal in power generation, the role 
of natural gas in reducing particulate emis-
sions (a problem in many urban areas), 
the crucial role of natural gas in reducing 
greenhouse gas emissions and price. 

Recent questions sparked by this trans-
formation are whether the burgeoning gas 
supply and growing LNG export market 
in the US are encountering bottlenecks. 
Industry-wide, there is concern about 

access to capital expenditure (CAPEX) 
due to perceived risk in the changing mar-
ketplace, which could lead to shortages 
in the future. The answers to reducing 
such risk are contracting CAPEX time 
scales, increasing export facility reliability 
and increasing supply chain agility. The 
capital-intensive nature of LNG forces a 
strong focus on optimizing logistics and 
improving operational excellence; there-
fore, it will benefit greatly from the latest 
analytics, artificial intelligence (AI) and 
machine learning solutions, which are al-
ready proven to reduce risk, increase reli-
ability and shrink CAPEX timelines.  

Much of the business urgency is driven 
by the transformation of the natural gas/
LNG market from a “long-contract” to 
a “short-contract,” or near-commodity, 
business. This time scale change and re-
duction of contract certainty changes fi-
nancing parameters for the high CAPEX 
required for LNG refrigeration plants. 
The entrepreneurial LNG players (e.g., 
Cheniere and Tellurian), which have the 
spirit to drive the transformation with 
their agility, will be leading the utilization 
of these new, disruptive technologies to 
gain a competitive advantage.

It is clear that the time delay in bring-
ing LNG projects to fruition needs to be 
shortened in light of new market realities. 
LNG producers have talked about devel-
oping new contracting models and de-
risking project execution as factors in their 
ability to drive down CAPEX on existing 
projects, as well as through simplifying the 
process and utilizing floating regasification 
plants (e.g., FSRUs). 

As operators seek ongoing investment 
and replacement of assets for the stabil-
ity of hydrocarbon markets, what is next 
in LNG and beyond? How do firms rise 
to the top of the class in terms of returns 
on exploration investment, instead of bot-
tom of the barrel? Industry leaders point 
to the “accelerated schedule,” the goal of 
which is early monetization of success-
ful discoveries, bringing all aspects of an 

asset development into concurrency—
from exploration to reservoir studies to 
engineering design to construction and 
operation—and the use of digitalization, 
technology and big data.

The LNG industry’s interconnected 
ecosystem of owner, engineering, procure-
ment and construction (EPC) companies; 
consultants/technology implementers; 
technology licensors; and fabricators share 
an interest in adopting new digital tech-
nologies to improve their asset-heavy busi-
nesses. Successful digital transformation 
will be a combination of existing technolo-
gies with new technologies for LNG and 
upstream assets.

Those in the LNG marketplace will-
ing to utilize real-time operational data, 
advanced analytics (enabled by machine 
learning), multivariate analysis and rich 
process knowledge will be the industry 
leaders of tomorrow. The following ex-
amples are intended to show how asset 
optimization across the entire design, 
operation and lifecycle will achieve the 
highest levels of operational excellence 
in the future:

• Machine learning keeps expensive 
LNG assets running, increasing 
the reliability and uptime of LNG 
compressor trains    

• Digitally twinning crucial LNG 
assets: “Light” digitally enabled 
dynamics models online can save 
millions of dollars across the lifecycle 
for a wide range of operating benefits 
and safety assurance

• Concurrent and smart engineering 
software optimizes the LNG design 
process, reducing the time and 
CAPEX of LNG projects

• Collaboration improves workflows 
and relationships with contractors 
and eliminates cost and time 
overruns 

• To produce at optimum capacity, 
advanced control has proven able 
to provide several thousand times 
return on investment. 

The LNG market needs digital disruption
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The connected enterprise:  
Making a digital leapfrog 

Today’s digital innovation is reshaping industries, disrupt-
ing business models and operating practices, and transforming 
business ecosystems. 

Companies that can increase digital fluency create value 
throughout the enterprise, and they typically dominate in most 
markets. The Boston Consulting Group says, “…companies 
with high technology intensity have high gross margins.” Ac-
centure reports that companies that understand digital transfor-
mation earn 26% more profit than others. Most executive teams 
understand this, and they recognize the power of technology to 
change the rules of engagement for their businesses. 

Digitalization is the engine fueling the growing adoption of 
operational excellence (OE) in the hazardous industries (FIG. 1). 
Technology is at the heart of a rapidly accelerating effort to de-
liver unparalleled transparency, efficiency and intelligence into 
operational decision-making.

More than 73% of industry leaders recognize the power of 
digitalization to accelerate and deliver sustainable OE. A reduc-
tion in operating costs, broader operational efficiencies and a 
fundamental transformation of the business have become the ex-
pected results. However, while the benefits are clear and the tools 
are available, the ability to realize real results can remain elusive. 

Companies in hazardous industries have long struggled to 
deliver the desired levels of operational efficiency and effec-
tiveness. Increasing levels of scrutiny on process safety and risk 
management have further exacerbated the challenge.

Over the past decade, industry’s answer has been the adop-
tion of off-the-shelf software to streamline and automate pro-
cesses. Point solutions have succeeded in improving business 
functions, but they have also created silos within organizations.

The industry then made significant investments in integrat-
ing systems, specifically maintenance management and plan-
ning solutions. Unfortunately, this approach failed to recognize 
two missing components: operational risk management and the 
reality of how work is executed and managed, both of which fac-
tor into wrench time and plan attainment.

Time still remains for hazardous industry operators to make 
a leapfrog—to get ahead of the digital transformation curve. 
Instead of digitizing existing paper processes, an opportunity 
exists to deliver real, tangible business process improvements 
that drive toward operational excellence. Operators must first 
rethink the business process to get the digital transformation 
strategy right.

Consider the evolution of communications systems in Af-
rica, which skipped an entire age of development and infra-
structure to support landline communication, and then moved 
directly into mobile communication. 

Progressing toward operational excellence. Changing the 
way companies operate does not require years of investment 
to deliver safer, more efficient operational decisions. Rather, 
progress to operational excellence requires only an integrated 
approach to operations management. 

A first step in delivering integrated operations management 
is to recognize the gaps between activity planning, maintenance 
management, operations and the reality of how work is execut-
ed. The planning process can never be granular enough in terms 

FIG. 1. Digitalization is the engine fueling the growing adoption of 
operational excellence in the hazardous industries.

FIG. 2. The key to a connected enterprise is enabling everyone from 
the boardroom to the front line to better understand how their 
decisions impact their part of the business.



Digital

of both detail and the time window to provide an executable 
schedule. All the ancillary tasks—usually safety-related—re-
quired to perform planned activities are determined and man-

aged by operational staff that is often divorced from the macro 
planning process.

The missing piece of the business process is engaging opera-
tions to make the schedule truly executable. By demonstrating 
how all ancillary tasks and the interactions between work ac-
tivities come together, all levels of the organization can manage 
the impact of operational activities in real time. The quality and 
detail of a 90-d plan is also closer to reality, enabling much bet-
ter resource utilization and plan attainment.

Enterprise software platforms are fundamental to plugging the 
gaps between planning, maintenance and operations processes, 
and they help automate risk and activity management. New inte-
grated operations management platforms provide decision sup-

port that significantly improves prioritization, scheduling and 
risk management. All levels of the organization can participate in 
fixing more of the right things, and more closely integrating the 

plan to achieve work execution goals (FIG. 2).
Everyone can now have the context they need to sup-

port strategic operational efficiency and effectiveness 
goals. New platform technologies make it possible for 
operators to access a holistic view of their operational 
reality, along with actionable insights that power excel-
lent operations. Digitalization can drive horizontal and 
vertical integration and successfully automate major 
processes. When applied correctly, digitalization can 
make everyone’s job safer, better and more efficient—a 
leapfrog from functional business improvements to ex-

cellent operations, enterprise-wide. 

PHIL MURRAY is the founder of Petrotechnics. In 1989, 
he recognized the need to provide technology-based 
solutions to hazardous industries to reduce operational 
risk and help them move beyond compliance to 
optimize operational performance and drive continuous 
improvement. Today, Mr. Murray is responsible for 
managing global teams to support Petrotechnics’ 
customers in more than 22 countries. For more than 25 
yr, he has been instrumental in changing the way people 
work, giving them the tools to manage the relationship 
between operational performance and risk. Prior to 
founding Petrotechnics, he spent 10 yr with BP in a 

variety of technical, operational and managerial roles. Mr. Murray has won numerous 
business awards and has authored a number of articles.

4 7 T H  T U R B O M A C H I N E R Y  & 
3 4 T H  P U M P  S Y M P O S I A

S e p t e m b e r  1 7  -  2 0 ,  2 0 1 8 
G e o r g e  R .  B r o w n  C o n v e n t i o n  C e n t e r  |  H o u s t o n ,  T X 

Register Now at TPS.TAMU.EDU!

By bringing together disparate data 
and creating an integrated view of all 
operational activities and risk, companies 
realize greater levels of transparency, 
efficiency and performance.

Select 151 at www.HydrocarbonProcessing.com/RS



Hydrocarbon Processing | JULY 2018"21      

W. GOBLE
Exida, LLC, Sellersville, PennsylvaniaCybersecurity

Why do we have cyber security  
certification programs?

Unfortunately, nation states appear to be launching cyber-
security attacks on other nation states. In this “arms war,” some 
attacks have been focused on industrial control systems (ICS).  
Three of these ICS cybersecurity attacks are notorious:

1. Stuxnet (2009): A Siemens system attack to change PLC 
operating code.

2. Industroyer/Crash Override (2015): An attack  
on the Ukrainian power grid that shut down  
a portion of Kiev.  

3. Triton (2017): A well-targeted attack on a distributed 
control system (DCS) and a Triconex safety instrumented 
system (SIS), believed to be an attempt to cause damage  
to the plant.

The Triton attack appears to be the most ambitious. Experts 
speculate that the attackers were trying to disable the safety system 
before causing the process to go out of control via another attack 
on the process controller. This action could have caused a major 
incident. It is fortunate that the Triconex Logic Solver initiated a 
shutdown of the process when it detected an internal anomaly.1

The attack chain. Cyberattacks normally use a chain of incre-
mental attacks to achieve the ultimate goal. Although details of 
attack methods for some events are not known with certainty, ex-
pert forensic cyberengineers have made conclusions. In the case 
of the Triton cyberattack, those included:

• Human mistakes: A staff member left a Triconex front 
panel switch in the PROGRAM position

• Knowledge of the control system: Reverse engineering  
of the system and testing using a real system are postulated, 
given the sophistication of the attack

• Reconnaissance: The malware scanned target systems 
looking for specific versions of Triconex software

• Exploitation of known vulnerabilities: A zero-day 
vulnerability was used in the attack.

The bad news from these attacks is that reverse-engineered 
source code has become available on the internet for other attack 
agents to use. The good news is that the attack patterns have been 
discovered and documented, allowing defense techniques to be 
defined in cybersecurity standards. 

ICS cybersecurity standards. Starting in the mid-2000s, 
the ISA S99 standards were the first ICS cyber security stan-
dards issued. Those standards were modified by the Interna-
tional Electrotechnical Commission (IEC) 62443 committee 
to create a set of cybersecurity standards used by many indus-
tries. The IEC 62443 series of standards includes more than 
10 documents that describe terminology, cyber procedures, 

defense techniques and device-level requirements for product 
development. Major control system manufacturers have se-
lected IEC 62443 techniques when hardening their products 
and systems. 

Cybersecurity certification. Any certification program is cre-
ated to provide technically competent, third-party auditing and 
assessment to attest that the certification target has met the re-
quirements defined in a document called a scheme. The ISA Se-
curity Compliance Institute (ISCI) was founded in 2007. They 
contracted experts to write the first cyber certification scheme 
based on the ISA S99 standards, called ISASecure. Since the IEC 
62443 standards have been released, new schemes have been de-
fined by CBs based on these new standards.

IEC 62443 requirements. At the system level, IEC 62443-3-3 
details several categories of cyber security requirements. Sets of 
requirements are classified into four cyber security levels. A sys-
tem or a product must meet all requirements of a given level to be 
certified at that level.

A cyber-hardened product is the objective of IEC 62443-4-1 
and IEC 62443-4-2.  IEC 62443-4-1 provides a set of require-
ments for a product development and test process for cyber hard-
ening. IEC 62443-4-2 describes the IEC 62443-3-3 requirements 
in terms of product features. For example, to prevent against stor-
age of false programs, systems should validate any input data re-
ceived. To protect against attack agents obtaining valuable data 
over the network, the data can be encrypted. To ensure that in-
valid configurations cannot be downloaded, user and device au-
thentication can be implemented. 

Like IEC 62443-3-3, the product requirements from IEC 
62443-4-2 increase with each level. This means that a product 
certified to Level 2 has met more of the cyber security require-
ments and will provide higher levels of cyber hardening than 
Level 1. Level 4 provides the highest number of cyber security 
hardening features.

To date, several ICS OEMs have achieved Level 1 cybersecu-
rity certification. A few have achieved Level 2. Some will achieve 
more. However, the bar must keep changing because cyber se-
curity attack agents are increasing in numbers and in technical 
skill. Certification schemes must adjust and change to meet ever-
increasing threats. 

LITERATURE CITED
Reference:
1. Kovacs, E., “Triton malware exploited zero-day in Schneider Electric devices,” 

SecurityWeek, January 18, 2018, online: https://www.securityweek.com/triton-
malware-exploited-zero-day-schneider-electric-devices
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Construction R. KARP, VICE PRESIDENT
Bentley Systems

Integrate engineering and analysis processes  
to deliver large projects on schedule

Toyo Engineering (Toyo) was awarded 
a contract to deliver a large-scale steam 
cracker complex in Malaysia. The plant 
is an integrated refinery and petrochemi-
cals project that is the largest liquid-based 
greenfield downstream facility in Malaysia. 
The petrochemical complex is capable of 
producing ethylene used to manufacture 
polymers that are found in many industrial 
and consumer markets.

The company was responsible for the 
detailed engineering, procurement of 
equipment and materials, construction and 
commissioning of the facility on a turnkey 
basis. The scope of the project was large, 
with a plant capacity of 1,300 kilotons/yr 
requiring approximately 5,000 drawings. 
The concrete volume on this project was 
180,000 m3, and the overall structural steel 
volume was 25,000 metric MMt. 

Designing the complex required de-
tailed engineering across multiple disci-
plines that were globally dispersed, and 
numerous challenges had to be overcome 
to ensure a successful project. The de-
tailed engineering for this project was 
carried out simultaneously by five engi-
neering offices in India, Indonesia, Ma-
laysia, Thailand and Japan. The project 
team needed to complete the conceptual 
and detail design within a tight timeline 
of 18 mos. The project team realized that 
it must optimize its engineering analy-
sis and ensure design accuracy, all while 
meeting quality requirements in compli-
ance with strict local and European de-
sign codes. To meet these demands, the 
project team pioneered new methods 
to integrate the engineering of concrete 
structures with structural steel design and 
other disciplines (FIG. 1).

Integrated technology streamlines 
workflows. Given the sheer size of 
the project, the ethylene plant required 
complex engineering analysis for various 
structural elements, ranging from pipe 

racks and buildings to equipment and as-
sociated infrastructure facilities. Different 
design disciplines required collaboration 
in real time across multiple locations in a 
coordinated environment to ensure stan-
dardization in the quality and formats of 
the deliverables. The seamless integration 
of structural analysis and design applica-
tions enabled the multi-discipline project 
team to simultaneously share synchro-
nized model data and update designs and 
drawings in one integrated set of applica-
tions. Through iterative, multi-discipline 
design checks among the team, team 
members enhanced design productivity 
and streamlined workflows to reduce du-
plication of effort and eliminate errors.

The use of integrated structural design 
applications accelerated the entire work-
flow by 30% while ensuring standardiza-
tion of processes and uniformity of de-
liverables across multiple locations. The 
innovative solution enhanced the consis-
tency and quality of the designs, drawings 

and reports. Iterative and complex design 
checks were possible with a single run. The 
delivery of drawings was synchronized, 
which resulted in a 30% reduction in re-
source hours. The integrated workflow 
also facilitated design optioneering for op-
timal selection of construction materials 
and enabled parallel work onsite to shorten 
construction time by 10%.

Automation optimizes accuracy and 
efficiency. The project team not only 
used the structural design and analysis 
applications to provide a collaborative 
work environment, but also to automate 
otherwise manual and time-consuming 
tasks. The team needed to perform 
checks related to sizing, design, crack 
width, stress levels and buoyancy, using 
more than 700 different load combina-
tions simultaneously to determine the 
overall behavior in each of these com-
binations. Using an advanced concrete 
design application, the project team gen-

FIG. 1. Toyo pioneered new methods to integrate and optimize its engineering analysis and 
ensure design accuracy, all while meeting quality requirements in compliance with strict local 
and European design codes.
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erated on-demand reports at various lev-
els of detail to efficiently understand the 
concrete behavior subject to the varying 
loads. The project team used this cut-
ting-edge technology to quickly define 
the load combinations, iteratively check 
the design and automatically adjust the 
foundation sizing in accordance with 
each load criteria (FIG. 2).

Like many industrial structures, the 
ethylene plant contained columns with 
transverse and longitudinal beams at dif-
ferent levels, requiring engineers to take 
specific precautions and perform tedious 
calculations to ensure column design ac-
curacy. These variations were managed 
automatically in the concrete design 
application, saving significant time for 
engineers and minimizing potential er-
ror that might result from an otherwise 
manual calculation. Similarly, the team 
could perform design checks on the con-
crete to prescribed crack width limits, 
while ensuring the highest level of accu-
racy in the computations.

By designing and detailing the beams 
for bi-axial and axial force with the ad-
vanced concrete design application, the 
project team introduced top and bot-
tom reinforcement across the length 
of the beam. The software checked the 
bi-axial behavior and automatically gen-
erated 3D interaction charts for the sug-
gested reinforcement profile. The ability 
to automate engineering calculations, 
drawing production and report genera-
tion optimized the design accuracy and 
efficiency that helped the team complete 
the conceptual design and detailed en-
gineering within 18 mos, and to obtain 
early approval by the client.

Setting new country standards for 
concrete design. One of the unique chal-
lenges was designing the ethylene complex 
to meet new European standards in com-
bination with local Malaysian codes, the 
Malaysian Annexure. Given that European 
standards were new in Malaysia, there was 
no precedent for applying these codes, 
which mandated different material safety 
factors for different types of load combina-
tions. The team was also confronted with 
the lack of available applications that ca-
tered to the Malaysian Annexure. 

To overcome these challenges, the 
project team worked with a software de-
velopment company to help develop and 
apply the new European standard codes 

consistent with local Malaysian regula-
tions. This collaborative effort enabled 
the engineers to deliver the project within 
the tight timeframe. Using a built-in ap-
plication feature for designing founda-
tions within varying safe-bearing capaci-
ties enumerated in the European standard 
codes, the project team accelerated the 
design and eliminated potential noncom-
pliance. The project team facilitated 
concrete design in compliance with the 
European standard codes as per the Ma-
laysian Annexure. Members developed 
new European standard codes for Malay-
sia, delivering the first project that applied 
advanced engineering design codes in the 
country and setting new country stan-
dards for concrete design.

Moving the industry forward. Despite 
the numerous challenges, all project objec-
tives were met. The organization delivered 
the conceptual and detailed design within 
the 18-mos timeline, and complied with 
European codes with Malaysian annexures. 
By using integrated engineering and analy-
sis procedures, the project team showed 
how digital technologies can connect dif-
ferent engineering disciplines, revolution-
izing how organizations work. Engineer-
ing, procurement and construction (EPC) 
companies should pride themselves on 
being able to produce projects in the most 
efficient manner, based on common work 
standards and a shared commitment to 
produce projects that meet quality, health, 
safety, security, environment, schedule and 
cost targets. This project represented high-

quality work and the use of innovative 
technology.

BIM workflows are becoming ever 
more prevalent in the processes needed to 
deliver construction projects, such as in a 
large-scale ethylene complex, which was 
the focus of this work. Physical modeling 
is now a prerequisite to adopting a BIM 
workflow. To be successful, engineers must 
have the ability to create detailed concrete 
column rebar and foundation drawings, 
generated from their models. Obtaining 
the structural model from the physical 
model is key for the efficiency of structural 
analyses. Engineers now rely on software 
applications to empower them to produce 
safe and economical concrete designs. 

FIG. 2. On-demand reports at various levels of detail were generated to efficiently understand 
the concrete behavior subject to the varying loads, as well as to quickly define the load 
combinations, iteratively check the design and automatically adjust the foundation sizing in 
accordance with each load criteria.

RAOUL KARP is Vice 
President of Structural 
BrIM for Bentley. He is 
responsible for the 
strategic direction and 
management of Bentley’s 
structural, bridge and pipe 
stress analysis and design 
products. He previously 
worked for RAM 
International, responsible 
for development and 
product management, and 

joined Bentley as part of an acquisition. Prior to this, 
Mr. Karp was with Degenkolb Engineers in San 
Francisco, California, specializing in seismic analysis 
and design. A native of South Africa, Karp earned his 
bachelor’s degree from Rice University in Houston, 
Texas, and a master’s degree in structural engineering 
from the University of Texas in Austin. He is a 
published author and has made several presentations 
at various conferences, including the World 
Earthquake Conference, the American Institute of Steel 
Construction (AISC) and the American Council of 
Engineering Companies (ACEC).



Introducing FFC Plus™,   the next generation of FIBER FILM® Contactor technology. Merichem Company’s advanced FIBER FILM 

technology with an integrated coalescer and treater pushes the boundaries of extractive technologies. With this latest 

innovation, hydrocarbon treating rates can be increased by up to 150% through increased mercaptan extraction efficiency. 

The integrated coalescing and treating device offers a simple installation, reduced chemical use, and reduced service and 

maintenance complexity. 

FFC Plus truly is mercaptan treating made better.

Introducing FFC Plus™   the next generation of FIBER FILM™   the next generation of FIBER FILM™ ® Contactor technology. Merichem Company’s advanced FIBER FILM 

INNOVATING CAUSTIC TREATING TECHNOLOGY

™

www.merichem.com

Select 84 at www.HydrocarbonProcessing.com/RS



Hydrocarbon Processing | JULY 2018 27      

Valves 
Outlook

BILL SANDLER, PRESIDENT
Valve Manufacturers Association

VMA forecasts continued growth  
for US valve industry in 2018

The US industrial valve sector is ex-
pected to see growth of 1.45% in valve 
shipments in 2018, a rate that would bring 
the value of those shipments up to $4.615 
B for the year, according to the Valve 
Manufacturers Association’s (VMA’s) 
“2018 Market Forecast of Industrial Valve 
Shipments.” That rate of growth is slightly 
behind 2017 (1.89%), which translated to 
shipments worth $4.549 B. 

“The increasing tailwinds in capital 
spending should create growth opportu-
nities for valve manufacturers, not only 
domestically, but also abroad,” said Mark 
Nahorski, President of PBM Inc. and 
Chairman of the VMA. “One of those ar-
eas is the refining and petrochemical in-
dustry, where existing facilities are being 
upgraded to meet process efficiencies and 
emissions standards.” 

Although overall industry growth 
is not substantial from 2017 to 2018, 
it translates to $66 MM more in valve 
shipments for the year, which is a posi-
tive sign for the industry. Looking back 
at shipments over the last decade, the 
industry has gained $615 MM in valve 
shipments, according to VMA.

Additionally, the industry has been 
growing since 2009, when a tumble 
in the petroleum and power indus-
tries meant that the year saw almost no 
growth. However, in 2017 and 2018, 
VMA members are continuing the slow, 
steady climb upward that has been part 
of the valve manufacturing industry for 
the past 10 years. 

The largest growth for 2018 will come 
from the petroleum production industry, 
which will increase by more than $42 MM 
and gain almost a percentage point share 
in the market. The petroleum production 
industry now holds 11.4% of the market, 
compared to last year’s 10.5%.

Remaining in top place of valve end- 
user industries is the chemical industry, 
which holds 18.3% of the market, a share 

that did not change significantly this year. 
The second-largest market share belongs 
to water/wastewater, which holds 17.7% 
of the market, slipping by 0.5% in 2017, or 
about $2.3 MM less for the year. 

Other energy markets (TABLE 1) con-
tinue to rank among the top users, includ-
ing power generation at 11.8% and petro-
leum refining at 11.7%. Slight gains have 
occurred in commercial construction and 
in oil and gas transmission. Those indus-
tries each hold about 6% of the market.  

Slight losses have occurred in pulp and 
paper, and in iron and steel.

With regard to the types of valves 
(TABLE 2), automatic valves are the most-
often used valve being shipped today.

“Automatic valves are outpacing con-
ventional manually operated versions, 
as end users seek to remove variability 
and human error from the process,” Mr. 
Nahorski said. “Automation and controls 
continue to play a major role in the valve 
industry—the segment represents 31% 

TABLE 1. Industrial valve shipments by end-user industry, % of total (Source: VMA)

     Forecast

Industry 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Power generation 11.1 11.1 11.1 11.1 11.4 12.4 12.5 12.4 12 11.8 11.8

Cogeneration 1.8 1.8 1.8 1.8 1.9 2.1 2.1 2.1 1.7 1.8 1.8

Gas distribution 2.4 2.4 2.5 2.5 2.5 2.4 2.4 2.1 1.8 1.9 1.9

Oil and gas  
transmission

5.7 5.7 5.9 5.9 5.8 5.9 5.9 6.2 6.2 5.9 6

Petroleum  
production

12.3 12.3 12.4 12.4 12.4 12 12 12 10.5 10.5 11.4

Petroleum  
refining

11.5 11.5 11.7 11.7 11.7 11.9 11.9 10.8 11.1 11.9 11.7

Chemical 16.3 16.3 16.7 16.7 17.1 17.2 17.2 17.8 18.7 18.4 18.3

Iron and steel 1.7 1.7 2.1 2.1 2 2 2 1.9 1.7 1.9 1.8

Pulp and paper 6.3 6.3 6.4 6.4 6.7 6.5 6.5 6.4 6.4 6.1 5.9

Marine 1.4 1.4 1.4 1.4 1.4 1.3 1.3 1.4 1.4 1.3 1.3

Commercial  
construction

5.4 5.4 4.5 4.5 4.5 4.4 4.5 4.5 5 4.7 5

Food and  
beverage

2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.3 2.4 2.3 2.3

Water and  
wastewater

18 18 17.6 17.6 16.8 16.2 16.1 16.9 17.8 18.1 17.7

Mining 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Textiles 0.5 0.5 0.5 0.5 0.5 0.4 0.4 0.4 0.4 0.4 0.4

Other 2.6 2.6 2.3 2.3 2.3 2.2 2.2 2.2 2.3 2.3 2.2

TOTAL 100 100 100 100 100 100 100 100 100 100 100

Total individual 
valve shipments, 
$US B

4 3.8 3.85 3.915 4.15 4.275 4.366 4.462 4.465 4.549 4615
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of VMA industrial valve shipments for 
2018, compared to 18% for ball valves,” 
he said.

Founded in 1938, the Valve Manufac-
turers Association of America is a trade 
association that represents the interests 
of nearly 100 North American manufac-
turers of valves, actuators and controls. 
Collectively, members account for ap-
proximately 80% of total industrial valve 

shipments out of US facilities. The VMA 
is headquartered in Washington, DC. 

A recent VMA monthly economic 
report comparing valve shipments in 
March 2018 with the same month in 
2017 showed that 59% of the participants 
reported increased shipments, and an ad-
ditional 23% of the participants indicated 
no change from last year. The results for 
orders booked was steady, with 59% re-

porting increases above the previous 
month. Sixty-eight percent of the par-
ticipants forecast an increase for April, as 
well as for the second quarter. Estimates 
for shipments over full-year 2018 were 
higher than indicated in earlier reports, 
with 68% indicating growth vs. 60% ear-
lier in the year. Eighteen percent indicated 
no growth, and only 14% predict a decline 
from 2017. 

TABLE 2. Dollar value of industrial valve shipments, $US MM (Source: VMA)

Valve type 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Gate, globe 
and check valves

556 583.9 554.6 567.9 576.5 611 629 641.5 653 653.5 677.5

Ball valves 690 724.5 688.3 706.8 717.5 760.5 783 800 818 822 835

Industrial butterfl y 
valves

358.5 376.4 357.6 361 366.5 388.5 400 408.5 417 420.5 428

Plug valves 251 263.6 250.4 256 260 275.5 283.5 290 296 298 303

Automated valves 1181.4 1240.5 1182.5 1219.1 1231.5 1,300 1,340 1,367.5 1,397.6 1,398 1,417

Pressure-relief valves 219.5 230.5 219 222.9 226 239.5 246 252 256 256 261

Total of above 3,256.4 3,419.4 3,252.4 3,333.7 3,378 3,575 3,681.5 3,759.5 3,837.6 3,848 3,921.5

All other 554.6 582.2 549.1 521 537 575 593.5 608.5 624.4 617 627.5

Total industrial valves 3,811 4,001.6 3,801.5 3,854.7 3915 4,150 4,275 4,368 4,462 4,465 4,549
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 | Special Focus

THE DIGITAL REFINERY
The refining industry continues to evolve. New products, 
services and technologies are making refining operations 
more efficient, safer and profitable. The increased use of digital 
technologies is allowing plant personnel to monitor existing 
assets to increase reliability and lessen downtime, as well as 
aid in conceptual engineering, construction and maintenance 
activities. The July Special Focus explores innovative methods 
and technologies to optimize the refining industry through 
increased digitalization.

Photo: An integrated approach for a plant’s automation and electrical 
systems brings related data together into a single interface. Image 
courtesy of ABB Inc.
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Special Focus The Digital Refinery
R. B. AGNIHOTRI, IBM Corp., 
Houston, Texas

Digitalization for the refinery 
and plant of the future

Hydrocarbon Processing Industry 
(HPI) companies are using digitalization 
in concert with improved processes and 
skills to squeeze more productivity from 
existing assets. Low oil prices have been 
one of the drivers1 for companies to in-
vest in analytics, deploy automation more 
quickly, move information technology 
(IT) to the cloud and invest in big data.

The same low oil prices have spawned 
many downstream greenfield projects. 
However, with the onset of Industry 4.0, 
owners of capital projects want to build 
plants that will not become technologi-
cally obsolete in the 4 yr–5 yr it takes to 
design and build them.

Existing brownfield sites seek to use 
digitalization to promote HPI-leading per-
formance in safety, profits, compliance and 
sustainability, and to expand their horizons 
by developing new business models.

The design, construction and opera-
tion of the digital “plant of the future,” as 
well as how to keep it refreshed, are ex-
plored here.

Vision for the HPI. The enterprise of 
the future in refining and chemicals is en-
visioned to have the following capabilities:

1. An intelligent, predictive and 
near-real-time business, where 
near-real-time data and models 
drive optimization across the 
entire hydrocarbon value chain 
and provide new, actionable, role-
based insights, with personalized 
delivery, to maximize margins, 
safety and compliance.

2. Proactive intelligence that 
discovers and defines impending 
disruptive or abnormal events 
(price changes, asset failure, 
weather, etc.) and mitigates 
their impact.

3. Concurrent real-time supply 
chain management and 
optimization in planning, 
scheduling and execution 
across supply, manufacturing, 
distribution and retail to maximize 
profits and reduce costs, inventory 
and working capital.

4. A focus on production 
excellence to manufacture at or 
above capacity, reduce feed costs 
and energy consumption, produce 
higher-value products, reduce 
or eliminate losses, maximize 
profits from blending products 
and reduce off-grade product in 
transitions, among others.

5. Continuous improvement in 
asset availability, reliability 
and integrity through increased 
preventive, predictive and 
prescriptive maintenance and 
reduced turnaround (TA) time, 
providing specific, complete, 

multi-modal information 
for the task at hand.

6. A digital twin of physical assets 
that serves as an information 
source (e.g., business and process 
models, data, documents, 
drawings, 2D/3D models) and 
can provide asset lifecycle 
management, a cloud-based, 
integrated asset data solution 
through the life of an asset.

7. Sustainability and compliance 
with environmental and other 
regulations to conduct business 
in a social and environmentally 
responsible manner for the 
betterment of the community.

8. Reduced risk to personnel 
safety and health through use 
of technology and automation 
such as drones, safety applications, 
intelligent inspection and 
emergency response in 
hazardous situations.
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FIG. 1. Plant of the future capabilities and enablers.
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9. Product lifecycle management 
for innovation to increase market 
share, meet customer requirements 
and track, diagnose and correct any 
potential problems.

10.  New business models to 
continually reinvent the enterprise 
by taking advantage of new 
technologies and artificial 
intelligence (AI) that are 
disrupting the HPI.

A schematic of the plant of the future’s 
capabilities and enabling technologies is 
shown in FIG. 1.

In recent surveys,2,3,4 HPI company 
executives indicated that they are now in-
corporating digital technologies as part of 
their business strategy (FIG. 2).

Building the information manage-
ment digital plant/enterprise. With 
Industry 4.0, operating companies face a 
sea of technology suppliers, not only of 

traditional business, manufacturing, engi-
neering, instrumentation and control/IT 
systems, but also Internet of Things (IoT) 
sensors, cloud providers, edge devices, 
mobility and collaboration tools, software 
as a service (SaaS), AI and analytics.

For both greenfield and brownfield 
sites, these technologies and services 
must be deployed as part of an overall in-
formation management (IM) design that 
best enables the objectives and operations 
of the HPI enterprise or plant.

Main information contractor. To ad-
dress these problems, the envisioned role 
of a main information contractor (MIC) 
is to build the IM environment and chan-
nel disparate technologies for best use in 
the design and operation of the refinery/
plant of the future.

The MIC must have deep expertise 
in asset operations, be a leader in the ar-
chitecture and systems required for this 
new digital landscape, agnostically man-

age a diverse ecosystem of suppliers and 
have the proven experience to help clients 
transform to a digital enterprise.

Best-of-class companies successfully 
render their experience globally to:

• Work with clients to review 
their business objectives, 
and target operating model 
and business processes 
[e.g., planning, procurement, 
manufacturing, asset management, 
sales and distribution, and health, 
safety and environment (HSE)].

• Design and implement IM 
systems for the site/enterprise 
[e.g., enterprise resource planning 
(ERP) business systems, 
manufacturing operations 
management (MOM), or 
manufacturing execution systems 
(MESs), engineering systems, 
mobility, industrial IT (access 
control, CCTV, etc.) and IT 
infrastructure]. These systems 
now include the cloud, SaaS, 
analytics and AI.

• Design and implement the 
architecture that connects all 
relevant structured and unstructured 
data and disparate systems. 

• Aggregate and integrate enterprise 
information for collaboration.

• Provide cybersecurity for IM 
systems and the IT/operational 
technology (OT) interface.

• Implement asset lifecycle 
management from inception to 
decommissioning, utilizing a digital 
twin that is a virtual representation 
of the physical assets.

• Design and implement turnkey fit-
for-purpose command/monitoring 
centers that can enhance 
collaboration and cognitive 
analytics while leveraging remote 
subject matter experts (SMEs).

Brownfield sites. All MIC activities 
are applicable for brownfield sites, except 
for those relating to plant design and con-
struction, and engineering contractors.

Brownfield sites can use digitalization 
to convert legacy data to digital form, 
standardize and make it available for 
wider use throughout the enterprise for 
better decision-making across different 
functional groups. Digitized plant data 
is now available for analysis beyond the 
control or records rooms, and helps in 
management of change (MoC). Older, 
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FIG. 2. Chemical companies view a combination of digital technologies as critical to their 
strategies.
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FIG. 3. Disruption has fundamentally changed the chemicals and refining industries.
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time-consuming processes can be modi-
fied to harness mobility, the cloud and 
analytical forecasts.

Greenfield sites. In a capital project, 
IM systems must be installed within a 
regimen of rules, procedures and sched-
ule that are aligned with the engineering, 
procurement, construction (EPC) and 
commissioning of the site.

The MIC’s objective in greenfield 
plant design and construction is to inte-
grate engineering, operational, informa-
tion and digital technologies to not only 
build a plant, but also to operate it effi-
ciently. IM is geared to shorten commis-
sioning and startup times and assist the 
EPC contractor in the build phase.

The MIC assists and liaises with en-
gineering contractors, suppliers and the 
main automation contractor (MAC) for 
design and build activities during the 
EPC and commissioning phases.

The MIC can utilize digital and cogni-
tive techniques to bring efficiencies to the 
EPC phases. Examples include:

• Save project time by managing 
engineering and vendor data, from 
inception in project drawings and 
documents and 2D/3D models, 
to direct digital consumption in 
operational systems.

• Improve safety and efficiency 
through a “safe site” app for 
personnel safety, predicting project 
health and performance based 
on history, and a dashboard for 
project management.

• Reduce time and costs via 
cognitive analytics apps 
as “advisors” for cognitive 
procurement, predictive asset 
optimization, remote inspection of 
assemblies and field inspection.

• Improve engineering contractor 
efficiency through track-and-trace 
for materials management.

• Reduce costs by setting up the 
information environment as a 
cloud with all systems, including 
engineering data, as a service.

Benefits of digital enterprise. Digi-
talization in the downstream segment 
provides an array of benefits consistent 
with real-time, proactive response and 
better decision-making. In a recent sur-
vey, HPI executives stated that they see 
diversified business value from new 
technologies (TABLE 1).

As an example, the IoT, the cloud and 
analytics have been applied to provide 
track-and-trace in the supply chain for 
field assets that are needed and transport-
ed across the globe, saving significant cost 
and time.

Companies are focused on increasing 
production output by 1%–3% by under-
standing variability in performance by 
plant and by shift, and by driving unifor-
mity in response to deviations in actual vs. 
model-based expectations. They are also 
improving asset availability to 98% for 
greater commercial gain in the competi-
tive marketplace.

The continuous leveraging of technol-
ogy is used to drive improved, safer inspec-
tion techniques, and data collected from 

those digital processes are used to elimi-
nate forced outages and supply disruptions.

Companies are using real-time insights 
to optimize working capital and establish 
more efficient cost structures. Plants are 
constantly improving the largest cash op-
erating expense outside of feedstock costs, 
with 5%–7% energy and fuel savings from 
improved modeling and insights from 
cognitive-enabled energy programs.

TABLE 2 shows several changes caused 
by a shift to a new digital paradigm.

Reinventing the enterprise in the 
digital economy. Digitalization does not 
just lead to accurate data or faster decisions. 
Disruption has fundamentally changed the 
chemicals and petroleum industries, driv-

TABLE 1. Chemical and refining companies see significant value from the cloud,  
the IoT and cognitive computing technologies

Benefit Cloud IoT Cognitive  
computing/AI

Increasing workforce 
productivity

81% 73% 65%

Increasing revenue growth 79% 68% 63%

Increasing innovation 78% 72% 65%

Creating new business models 77% 71% 61%

Improving decision-making 76% 65% 62%

Increasing operational efficiency 75% 70% 62%

Increasing customer intimacy 68% 63% 54%

Improving capital management 68% 61% 54%

Better risk management 67% 63% 55%

Reducing headcount 61% 56% 49%

TABLE 2. Changes caused by a shift to a digital paradigm

Present state Future state

People search data at desks and laptops Global mobility, data wherever you are

Mountain of old process data  
that is never used

Analyze process data for new insights  
in plant business, operations

Damage during inclement weather,  
hurricanes

Advance knowledge of weather data,  
mitigation through systems

Human inspection in remote/ 
dangerous places, possible injury

Reduced risk and costs through  
use of drones, safety applications, gadgets

Must search for plant information  
across paper, files, spreadsheets

Digital plant is always refreshed

Approximations in engineering solutions High-performance computing solves  
problems to high precision

Morning meetings in person Collaborative meetings (virtual, if needed) backed 
by latest orders, state of the plant, HSE, etc.

Specialists in a field make decisions  
based on their own discipline

Specialists make shared decisions, knowing  
impact on all disciplines

Computer systems are computing devices Computer systems are assets and supporting 
“members” of the organization
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ing new business models and causing en-
terprises to reinvent themselves.

A series of industry C-suite studies2,3,4 

have supported such findings. As shown in 
FIG. 3, changes due to disruption include:

• Organizations are thinking beyond 
the old value chain to imagine 
new ecosystems

• Digitalization interconnects 
products, value chains and 
business models

• New entrants with new business 
models have transformed to next-

generation operations, accelerating 
the transition to as-a-service 
infrastructure and applications to 
drive agility and savings

• The pervasive use of mobile 
technologies and wearables is 
forcing a redesign of functions 
and internal processes.

Examples of process disruption include:
• Petroleum—The companies’ 

remote command room/centers, 
using the IoT, can monitor pump 
electrical variable-speed drives 

or other equipment from the 
cloud; commercial drones with 
sophisticated electro-optical and 
infrared sensors can be used for 
ground surveillance and equipment 
inspection coupled with visual 
analysis; sensors and drones 
monitor hazardous incidents with 
gas leaks; wearables remotely 
monitor personnel location and 
health, as well as skids for remote 
maintenance and invoicing.

• Chemicals—Radio frequency 
identifications (RFIDs) for rail 
cars to speed up freight; real-time 
visibility of hazardous materials 
transport; an optical sensor that 
can measure distance to an object; 
sensors and IoT connectivity to 
enable farmers to optimize water, 
energy and inputs; and a cloud 
platform ecosystem that allows 
companies to work together to 
manage health and nutrition for 
livestock.

From digitalization to reinvention. 
Digital reinvention is not fragmented nor 
specific; it involves a fundamental reimag-
ining of how a refining or chemicals orga-
nization operates and how it engages with 
its environment. 

Studies reveal that companies are 
moving from an organization-centric 
economy to first an individual-centered 
economy (with insightful customized ex-
periences), and then to an “everyone-to-
everyone” economy characterized by:

• Value creation driven by 
collaboration and connectedness

• Multi-directional communication
• Consumers becoming an intrinsic 

part of organizations.
Envisioning new models and develop-

ing the means and resources to achieve 
them are recommended (FIG. 4).

Pillars of the digital plant/enter-
prise. A modern enterprise utilizes the 
foundational principles of visibility, per-
vasive connectivity and collaboration, 
and actionable insight (FIG. 5).

Visibility and data. Beyond the data 
that refineries and process plants already 
generate, a proliferation of IOT-related in-
formation has emerged; an estimated 25 
B devices will be installed by 2020. These 
devices include:

• Embedded sensors and devices 
that measure process variables, 
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FIG. 6. Putting it all together: the IoT from chip to the cloud to applications. An MIC manages 
the ecosystem and helps companies build and deploy IoT end-to-end.

FIG. 4. Chemical and refining companies need to embrace digital drivers.

FIG. 5. Foundational principles of modern enterprises.
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vibration, asset or personnel 
location, motion or orientation

• Videos, drones, smartphones, 
kiosks and weather data

• Geographic information 
systems (GISs)

• Implanted medical devices 
and unstructured information 
from social media, emails, 
live streams, etc.

Having data is not enough; an MIC 
must build an end-to-end IoT environ-
ment that utilizes that data within solu-
tions (FIG. 6).

Pervasive connectivity, integration 
and collaboration. Unique value is cre-
ated by the ability to integrate data and 
systems, and extract insights to create an 
intelligent environment that benefits the 
business, and then to offer it as a service.

A modern architecture requires an IoT 
platform that can perform big data ingress 
and management, integration and analyt-
ics, while managing the accompanying 
security risks. This architecture utilizes 
open-standards-based communications 
(such as MQTT and HTTPS), advanced 
capabilities for data storage, caching and 
transformation, integration middleware, 
and dashboard and console reporting. 
The IT architecture must handle both 
virtual cloud and on-premise solutions 
[SaaS, Big Data (Data Lake)], and should 
integrate with leading cloud platforms so 
that customers are not forced to choose 
proprietary tech stacks.

For risk management, the IoT plat-
form should include core security features 
for devices, data and connections; enforce 
appropriate levels of security and privacy 
to IoT solutions; and use security analyt-
ics. The platform must support a secure 
decentralized system, such as Blockchain.

Integration. Within enterprises, lega-
cy and commercial off-the-shelf (COTS) 
applications have been integrated hori-
zontally (across units and sites) and verti-
cally (across control/MES/business lay-
ers) via middleware.

In the Industry 4.0 era, these integra-
tion capabilities are extended laterally 
across an end-to-end process, organiza-
tion, industry or value chain, assimilating 
unstructured data not associated with any 
system—such as Web 2.0-type intercon-
nectivity across people/communities, web 
searches, etc. This is used to support new 
business models and customer experience 
with new, added benefits for the HPI.

Collaboration. The components of 
collaboration include data, information 
management and virtual/physical rooms 
using applications. This collaboration is 
for groups, specific activities (morning 
meetings, weather/hurricane), or for a hi-
erarchy of users (business leaders, opera-
tions leaders, etc.). In a command/remote 
monitoring center, users can collaborate 
to remotely monitor/manage operations, 
provide emergency response, avoid haz-
ards or leverage SMEs across multiple sites.

Analytics and optimization. Busi-
nesses are gaining valuable and actionable 
insight using predictive and cognitive 
analytics to forecast usage and operating 
conditions, as illustrated in FIG. 7.

Predictive analytics. A predictive 
analytics platform (both onsite and 
SaaS) encompasses a variety of tech-
niques, including statistics, data mining, 
machine learning and game theory, to 
analyze large amounts of data to discov-

er relationships that can be used to make 
predictions of future behavior or events. 
Such a platform can be applied to the 
vast amount of unutilized data in a pro-
cess enterprise to discover new relation-
ships and improve business decisions. 
User benefits can include increased prof-
its or reduced risk by: identifying prod-
uct price points that are most consistent 
with high sales and/or margins; predict-
ing equipment pieces that are likely to 
fail, or detecting abnormal behavior in 
process plants.

Cognitive analytics. Cognitive sys-
tems are analogous to the human brain. 
Unlike programmable systems that are 
based on rules that tell a computer how 
to react, cognitive systems can perceive, 
reason, relate and learn (FIG. 8).

Cognitive analytics mimic human 
cognitive capability as “cognitive advi-
sors” through:

• Natural language processing (NLP)
• Advanced machine learning to 
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FIG. 7. Cognitive technologies are delivering business value and insights to enable decisions.

FIG. 8. Cognitive systems can perceive, reason, relate and learn.
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predict, act and learn 
from previous experiences

• Visual analytics to boost learning 
pace and experience development.

These abilities allow a cognitive advi-
sor to initially respond to questions and 
then make predictions pertaining to the 
specific domain. The proprietary cognitive 
technology’s speed of ingesting and inter-
preting information, coupled with partner 
company training, has been used to create 
advisors for numerous functions—e.g., 
production, crude procurement, asset 
management, pricing and project health.

Digital supply chain optimization. A 
true, near-real-time management and op-
timization of the entire supply chain will 
require ubiquitous visibility and a concur-
rent computation of planning, scheduling 
and execution of real-time procurement, 
supply, manufacturing and distribution at a 
global, regional and local level. The appro-
priate transport, inventory and manufac-
turing related models and constraints, and 
a globally refreshed data store, are essential 
prerequisites. Optimization technologies 
have been used for a host of custom large-

scale supply chain optimization applica-
tions in downstream and chemicals. The 
goal is to use high-performance computing 
(HPC) to deliver the results to mobile de-
vices on a near-real-time basis.

Cybersecurity. Pervasive digital secu-
rity environments have been set up and 
maintained that can prevent and defend 
against cyberattacks, threats and the denial 
of service from both external and internal 
perpetrators. The threat risks increase with 
greater IT/OT connectivity and mobile 
devices. The approach discussed here in-
cludes: stopping advanced threats by en-
gaging analytics and insights for smarter 
and more integrated defense; protecting 
critical assets by using context-aware con-
trols to prevent unauthorized access and 
data loss; safeguarding cloud and mobile 
technologies, and utilizing IT transforma-
tion to build a new, stronger security pos-
ture; optimizing security programs and 
employing experts to modernize security 
and reduce complexity and cost.

Blockchain. Blockchain enables im-
mutable, transparent and auditable busi-
ness transactions among participants and 

suppliers, distributors and partners. Its 
most common applications are in finance, 
trading, raw materials and spare parts pro-
curement, products distribution and mate-
rials management in greenfield projects. 

NOTES
a IBM’s Watson cognitive technology
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What are the financial savings  
from a refinery cybersecurity program? 

Recently, the authors developed a first-pass financial estimate 
of the savings resulting from the implementation of a cyberse-
curity program for a 100-Mbpd refinery. This work attempted 
to answer two questions: How does this refinery justify its cy-
bersecurity program? If the refinery has already installed parts 
of a cybersecurity program and has never been attacked, what is 
the dollar benefit of additional cybersecurity investments?

For this typical 100-Mbpd refinery, costs from damages as-
sociated with two different types of cyberattacks were estimat-
ed. It is important to note that it is difficult to perform this type 
of analysis, since companies seldom publicize cyberattacks on 
their facilities and/or infrastructure. Some of the reasons that 
companies do not publicize cyberattacks include:

• Shareholders may be concerned and/or frightened, 
which could result in a drop in the company’s stock price

• The attack may reveal a possible lack of protection  
and prevention 

• A sense of vulnerability can open up the company  
to further attacks 

• Companies that have been attacked are not required  
by law to reveal those attacks

• Liability insurance rates may be increased.
From discussions with refiners, the authors have learned 

that cyberattacks generally come from three sources: phishing 
emails, USB devices that are infected with viruses and malware, 
and disgruntled former employees who log in illegally and at-
tack the system. Two kinds of attacks exist: ransomware and the 
Stuxnet malicious computer worm.

Ransomware. This type of attack is a result of a failed cyber-
security program. A ransomware attack allows the orderly shut-
down of the process and allows the restart on backups. Recent 
ransomware examples include the WannaCry, Petya and Not-
Petya attacks. Ransomware requires payment to the hacker by a 
particular deadline or a process shutdown results that requires 
a re-install of control software. The potential financial costs of 
a ransomware attack include the ransom payment, business in-
terruption costs (e.g., plant shutdown) and software services to 
re-install software. 

Risk of a ransomware-type attack. The following are sta-
tistics for calculating the risk of a ransomware-type attack:1

• More than 15% of businesses in the top 10 industry 
sectors have been attacked

• 71% of companies targeted by ransomware attacks  
have been infected

• One in five businesses that paid the ransom never got  
their files back

• 72% of infected businesses lost access to data for two  
or more days

• Less than 5% of companies actually pay the ransom 
• Even with backups, less than half of ransomware victims 

fully recover their data
• Of the companies that have experienced ransomware 

attacks, 70% have fallen victim to at least one that got past 
their security and encrypted their files.

Cost of a ransomware attack. Using statistics and other 
refining data, the authors have calculated the cost of a ransom-
ware attack on a typical 100-Mbpd refinery. The cost of an at-
tack can be estimated by the product of the refinery throughput 
(e.g., 100 Mbpd), global refining margins ($8/bbl processed)2 
and the average length of time of a denial-of-service attack (e.g., 
17.8 d)³ at $14.2 MM.

To estimate the probability of a ransomware-type attack in a 
given year, the authors used the following statistics: 

• More than 18% of manufacturing businesses have  
been attacked⁴ 

• Approximately 20% are attacks on the manufacturing 
facility, with the remaining 80% involving the company’s 
intellectual technology (IT). 

The chance of a ransomware attack resulting in loss of produc-
tion in a given year for a refinery without a complete cybersecu-
rity program is shown in Eq. 1.  

0.18 × 0.2 = 0.036 (3.6%) (Eq. 1)
The risk of a ransomware attack is estimated as the product 

of 0.036 × $14.2 MM, or $513,000/yr. For this analysis, the 
authors ignored costs related to providing computer backup 
reboots, restarting computers and performing shutdowns/re-
starts of processing units. 

Stuxnet attacks. In a Stuxnet-type attack, operator moni-
toring screens and data continue to display normal values, 
but alarms are overridden so they do not go off.5,6 Safety shut-
down systems are overridden, as well. This pushes the process 
outside the safe operating window, which damages the plant 
and can even cause explosions, resulting in vapor releases, 
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fires, business interruptions and/or fatalities. 
Risk of Stuxnet-type attacks. The cost of a Stuxnet-type 

attack can be dramatically higher and can include business in-
terruptions, loss of operations, lawsuits, explosions, fires, vapor 
releases, process unit repairs, loss of good neighbor status, gov-
ernment fines, liability insurance increases and/or loss of life.

In a Stuxnet attack, an estimate of these costs for a 100-
Mbpd refinery is approximately $300 MM. This amount is 
representative of losses from major fire events in refineries. 
The authors’ basis for the chances of this type of event occur-
ring are 5% of the chances of a ransomware attack. This is cal-
culated by using Eq. 2. 

0.05 × 3.6% = 0.0018 (0.18%) (Eq. 2)

Therefore, the risk of a Stuxnet attack is estimated as $300 
MM × 0.0018, which equals $540,000/yr. 

Cost from cyberattacks. Summing up the damages from 
both types of attacks (ransomware and Stuxnet), the total an-
nual risk from the lack of a cybersecurity program for a 100-
Mbpd refinery is $1,053,000.

Benefits of a cybersecurity program. As described in lit-
erature,4 the components of a refinery cybersecurity program 
include performing backups and network inventory; installing 
firewalls, patches (especially security patches), antivirus soft-
ware, whitelisting and dark device detection systems; imple-
menting cyber policies to train employees on cyber threats and 
protocols; generating cybersecurity metrics; monitoring the 
cybersecurity system; and developing a method to point to the 
source of a cyber threat, along with a system to make it impos-
sible to allow an infected USB device to open a directory on the 
process control network.

For this analysis, the authors estimated that 80% of cyberat-
tacks can be prevented by a cybersecurity program. Therefore, 
the annual savings of 80% of $1,053,000 is $842,000. TABLE 1 

shows an allocation of those savings to various items in the cy-
bersecurity program. These savings allocations were developed 
based on input from a team of cybersecurity experts.  

Takeaway. A financial estimate of cybersecurity risk from two 
types of attacks was presented, along with a list of items in a 
complete refinery cybersecurity program, with the allocated 
savings per item. A review of literature was performed to deter-
mine a possible methodology for this analysis.⁷,⁸,⁹ The method 
presented in this work is simpler and does not conflict with 
methods and results published in the aforementioned literature. 
The greatest challenge is the lack of statistics due to the secrecy 
concerns described previously. 
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TABLE 1. Allocation of cyber security savings 

Cyber security program Points Cost, $M Comment

Backups 10 105 Up-to-date backups minimize risk of going to backups after an 
attack

Firewalls 7 74 Helps prevent cyberattacks

Patching 7 74 Helps prevent cyberattacks

Antivirus 8 84 Helps prevent cyberattacks

Whitelisting 16 168 Helps prevent cyberattacks, especially zero-day attacks 

Network inventory 2 21 Part of detection of dark devices

Dark device detection 2 21 Points to threats, vulnerabilities and areas that need improvement

Cyber policies and employee training 10 105 Helps prevent rogue employee attacks and phishing emails

Cybersecurity metrics 2 21 Points to threats, vulnerabilities and areas that need improvement

Node monitoring 2 21 Points to threats, vulnerabilities and areas that need improvement

Overall system vulnerability 2 21 Points to threats, vulnerabilities and areas that need improvement

Automatic system to detect cyberat-
tacks 2 21 Points to threats, vulnerabilities and areas that need improvement

USB-transmitted threat protection 10 105 Helps prevent most common infection method

Total 80 842
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Develop competence in the process industry 
with a digitalized operator learning path

Industrial digitalization is changing the standards for opera-
tor training in the global process industry. Advanced training 
systems are based on a learning path strategy and take advantage 
of versatile training methods and pedagogical theories—i.e., 
the science of learning. Recently introduced educational gamesa 
both complement and intensify the learning path (FIG. 1) of tra-
ditional training, such as operator training simulators (OTS) 
and written and lectured materials.

The learning path allows seamless transfer between differ-
ent learning modalities and competence levels. A well-designed 
set of modern learning methods forms an effective professional 
training system that supports organized and individual training, 
rapid learning, competence tracking and learning analytics.

Demand for high-quality training originates from the fact 
that operators are managing both safe and optimal operation of 
process units consisting of versatile processes in a diverse set of 
expensive equipment. Proper training of new operators, and con-
tinuous education of more experienced operators, are economi-
cally beneficial. Training can help decrease operating and main-
tenance costs by reducing the number of unplanned shutdowns 
and equipment repairs, reducing downtime, ensuring smoother 
startup, and improving operational safety by being closer to the 
economic optimum.

Educational games. Professional games are a relatively 
new addition to training methods in process industries. Sys-
tematic competence development of operators—method-
ologies, learning results and availability—can be radically 
improved by applying a relevant set of process-phenomenon-
specific educational games. 

Rather than replacing traditional training, the educational 
games enhance and complete existing forms of training. By 
combining these methods with an operator training simulator, 
the competence levels of operators can be improved faster and, 
most importantly, without accidents in a real plant.

Gamification. Traditionally, gamification means apply-
ing game design elements and principles into non-game con-
texts, such as training. The most important lesson learned from 
games, relevant to learning and training, is motivation. Most 
game-design patterns focus on keeping motivation levels high 
and making many games interesting, exciting and fun to play. 

Educational games aim to bring these qualities into learn-
ing. The motivation level of trainees directly correlates with the 
learning retention rate. The games automatically bring extreme-

ly desirable features for the learning process: high motivation, 
an encouraging atmosphere and an excellent focus into essen-
tial and instant feedback. 

Available, realistic training solution. While the unit-
specific simulators benefit from authentic facilities and user 
interfaces that replicate real-world control room settings, the 
only requirement for browser-based games is a computer with 
an internet connection. Moreover, as the educational games are 
based on cloud technology, the games are available for virtually 
an unlimited number of users at a given time. This frees the edu-
cational games from any traditional time and space constraints 
that may limit training availability.

The first educational games available for operator training 
in the refining industry already apply engineering-level process 
models for dynamic simulations. This makes the training expe-
rience realistic, and also allows operators to learn interdepen-
dencies between different process phenomena and their own 
control actions.

Novel training concepts. Educational games support deep-
er learning processes, such as experimenting, experiential learn-
ing and gamified approaches. Games can offer, for example, 
fast-paced scenarios, where the trainee is solving challenging 
problems, such as fault situations happening at rapid intervals. 
This helps develop skills of reasonable acting under high-pres-
sure situations, and can also be significantly rewarding and mo-
tivating when the trainee completes the challenge successfully. 

Digitalized operator learning path

Basic
controls

Safe and
economical
operation in

fault situations

Fast and
systematic
reaction to
unexpected

process faults

Unit-specific
training

Ready to
operate

Basic
principles

Unit training simulator

Generic learning games

Customized learning games

Classroom training Unit training simulator

Traditional way of training

Gap in training methods

FIG. 1. A digitalized learning path, with educational games and 
operator training simulators, helps avoid gaps that are present in 
traditional operator training.
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Another advantageous example of gamification is a com-
petitive approach to training (FIG. 2). With educational games, 
teams can compete against one another in a variety of missions 
within the refining processes. This can change learning into 
something that is at the same time exciting and fun, and also 
serious and competitive.

Operator training simulator. A high-quality OTS is a com-
prehensive training solution comprising sophisticated models of 
all process units with fast simulation of various production states 
and fault situations. Features of a well-designed OTS include:

• Extensive and customizable training functionality
• High-fidelity process models that predict accurate 

thermal performance and chemical conversion for 
complex process equipment

• Automation models with detailed process controls, safety 
logics functions and sequence loops

• Comprehensive emulated DCS interface with trends  
and alarms that provide a realistic control experience  
for operators

• State-of-the-art OPC Unified Architecture for 
communication between software components

• Modern trainer dashboard that provides easy usage, 
reporting and tracking, thereby helping manage and 
improve training.

The most profitable way to build an OTS is during the de-
sign and commissioning phase of an investment project, as its 
benefits are well recognized for the commissioning and startup 
phases of projects. In the design and commissioning phase of a 
project, an OTS can assist with several functions:

• Testing the design of control and safety automation systems
• Testing the functionality of operator user interface layouts 
• Virtually testing process design and changes
• Allowing the planning of safe startups and shutdowns, 

as well as safety logics for abnormal situations, such as 
equipment failures.

For training purposes, the OTS is very flexible; any fault 
situation can be safely simulated, operators are trained and 
safety logics can be further improved. Increased availability 
and reduced downtime are direct benefits for a process facil-
ity. In practice, the savings from an OTS for mid-size refineries 
are estimated at several million dollars per year. Over the life-
cycle of a process facility, the OTS also acts as a flexible design 

tool for automation and process improvements.
Benefits of the digitized learning path. Optimally, the op-

erator learning path encompasses a diverse set of training meth-
ods covering all needs, from learning basic principles to reach-
ing the level of ready-to-operate and the continuous training of 
skilled, experienced operators for unexpected fault situations. 
The benefits of these capabilities come to practice with the fol-
lowing principles:

• Comprehensive: Educational games and OTS complement 
each other; they fulfill different training needs and help 
avoid gaps prevailing in traditional training

• Manageable: Competence levels of trainees can be 
monitored, and further training focused accordingly

• Efficiency: Fast and cost-effective training of new 
operators and focused training for experienced operators

• Accessibility: Educational games offer unparalleled 
availability and are easily accessible at any time, from any 
location with internet connectivity

• Motivation: Feedback from educational games gathered in 
2017 indicated that most of the trainees learned more and 
faster compared to traditional training methods, and 100% 
of the trainees found the learning experience to be fun

• Benchmarking: Learning analytics allow the assessment 
of performance levels of teams and the pinpointing of 
bottlenecks in competence areas.

Changing global market trends—e.g., crude flexibility, re-
newables and tightening competition—guarantee that demand 
for the professional know-how of operators will only grow. As 
the era of digitization moves forward, new, advanced solutions 
for operator training will emerge, providing the refined know-
how for safe operation during startups, shutdowns and abnor-
mal situations, as well as enabling economically driven process 
optimization in various operational circumstances. 

The recently introduced educational games and operator 
training simulator form essential parts of an advanced digi-
talized training system. 

NOTE
aNAPCON Games is a portfolio of educational games for the process industry, and 
an integral part of the NAPCON Operator Learning Path.
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with 10 yr of expertise in virtual learning environments, educa-
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ARI VEPSÄLÄINEN is an Application Engineer in the NAPCON 
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of process equipment and software, research and development, 
process modeling and real-time process analytics. He holds a 
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FIG. 2. Educational games can also provide a competitive training 
experience, allowing operators from around the world to test and 
benchmark their skills.
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Manage contaminants in amine treating units— 
Part 2: Rich amine filtration and foaming

The installation and operation of suitable separation and 
filtration systems have become key components of virtually all 
process units, especially amine units. These systems allow each 
amine unit to run in a stable manner and with greater tolerance 
to disturbances and to changes in the process. The separation 
technologies serve as the last, and only, line of defense for the 
disposal of contaminants. If these systems are not designed, 
built and operated correctly, then the amine units regularly suf-
fer from several inefficiency problems, such as high operating 
costs, lean separation efficiency of H2S/CO2, amine losses and 
excessive maintenance. 

Part 2 of this article details the use and application of rich 
amine filtration and inlet separation, along with basic aspects of 
amine solvent foaming and its often-associated carryover. 

Rich amine filtration. Rich amine filtration has a different func-
tion compared to lean amine filtration, and is designed to protect 
the lean/rich amine heat exchanger and regenerator stages. In 
many cases, it is necessary to operate filtration in the rich amine 
stream at full flow. This is especially required if the regenerator 
has packing, which is often prone to solids deposition. Similarly, 
some heat exchanger designs—particularly plate-and-frame heat 
exchangers—are sensitive to solids deposition and hydrocarbon 
fouling. Rich amine solvent filtration is also recommended for 
extremely contaminated amine units with particulate matter due 
to excessive corrosion, high solids ingression in feed gas or a high 
CO2/H2S gas ratio. The last scenario produces high-corrosion 
environments because of the weak iron carbonate protective pas-
sivation of the internal unit metal walls, in addition to minimal 
passivation of the stronger iron sulfide (FeS). Lastly, in cases 
where the concentration of soluble iron in the lean amine solu-
tion is high, and the concentration or partial pressure of H2S in 
the feed gas is also high, significant insoluble FeS levels are often 
generated as soon as the lean amine reacts with the incoming H2S 
in the feed gas. This situation can also lead to foaming and foul-
ing when H2S reacts with the soluble iron in the absorber tower, 
quickly producing solid FeS. Insoluble FeS can also cause buildup 
in trays in the contactor tower. 

Rich amine filtration is one of the only ways to control high 
concentrations of soluble iron in the lean amine solution, in ad-

dition to corrosion control. Suspended FeS solids in the rich 
amine may partially be reversed in the regenerator, producing 
soluble iron that filtration cannot remove. By consequence, it is 
common to find that the rich amine suspended solids concen-
tration is higher, compared to the lean amine, by an average of 
50%–70%. If the filtration is installed on the rich amine circuit, 
then maximum attention should be adopted during mainte-
nance to control the risk of exposure to H2S. Generally, systems 
installed in the rich amine circuit are duplex systems with one 
filter in operation and one on standby. 

Contamination removal systems are also designed to protect 
downstream units, such as the sulfur recovery unit (SRU), the 
acid gas injection unit, the incinerators and many others, by en-
suring the delivery of good-quality acid gas without hydrocar-
bons or other liquids. Finally, the removal of contaminants in 
the rich amine stream prevents solids fouling in the lean/rich 
amine heat exchanger, causing higher reboiler duty and excess 
energy costs. Since the highest-energy expenditure in an amine 
unit is the reboiler, the amine unit heat exchanger is the energy-
saving device of the unit. 

At present, more plants are adopting full-flow filtration 
of the rich amine stream, in addition to lean amine filtration. 
Amine units with correct filtration in the rich amine stream 
generally operate more stably, with better performance and 
reliability and lower operating costs. To have a full and correct 
understanding of amine filtration, it is necessary to consider 
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FIG. 11. Typical rich amine filtration flow diagram.
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and differentiate the lean amine filtration objectives discussed 
in Part 1 of this article with the rich amine filtration objectives 
discussed in Part 2.

Recommendations for rich amine filtration. To select the 
appropriate levels of filtration and filter efficiency, it is essential 
to analyze the rich amine solvent particle size distribution and 
total suspended solids. When this method is unavailable, a suit-
able starting point is 50 microns (beta 5000/99.98% efficien-
cy). More efficient media with smaller micron ratings should be 
used after detailed tests for online life, cost and solids removal 
on a mass basis. The rich amine filtration should be considered 
if the suspended solids are > 1 ppm. However, its usage is justi-
fied when the rich amine has high suspended solids (> 5 ppm). 

In light of H2S exposure, it is recommended that rich amine 
filters be used in duplex mode for minimal operator exposure 
and risks. It is also recommended to take extra precautions and 
procedures with filters in rich amine streams, as rich filtration 
can present a higher risk compared to lean amine filtration, giv-
en the higher levels of H2S encountered in refinery settings and 
in sour gas plants. Specific procedures should be thoroughly 
considered before scheduling maintenance for rich amine filters 
with high H2S concentration. In addition, amine filtration (rich 
or lean) with FeS content should be quenched (hydrolyzed) by 
contacting the filter with water to avoid ignition. FeS will react 
with oxygen to form iron oxide and release energy, which can 
ignite hydrocarbon vapors or any other combustable material. 
A typical arrangement for filters used in rich amine streams is 
presented in FIG. 11, with an optional liquid coalescer included.

Rich amine filtration systems must be installed downstream 
of the flash tank (as shown in FIG. 12), but never upstream, due 
to acid gas breakout and corrosion at gas-liquid interfaces. Also, 
filters installed upstream of a flash tank commonly suffer from 
inconsistent pressure readings related to the formation of pock-
ets of gas inside the equipment that are generated by the pres-
sure drop. The media selection can be more difficult compared 
to lean amine filtration, especially if BTEX (benzene, toluene, 
ethylbenzene and xylene) or other hydrocarbons are present; 
nevertheless, similar guidelines may apply. 

It is important to mention that certain types of filter media 
may be unstable in the presence of contaminants such as BTEX or 
other hydrocarbons. An example includes materials that have high 
affinities with hydrocarbons (e.g., polypropylene), as they tend to 
deform upon hydrocarbon uptake, thereby causing changes in the 
material efficiency. In certain cases, this property can have a posi-
tive impact, as it removes low levels of hydrocarbons; however, 
this often impairs the filtration of suspended solids. 

In terms of the degree of filtration and efficiency, it is conve-
nient to use 50 microns as a starting point (beta 5000, 99.98% 
efficiency). The final filter micron ratings and media efficiency 
should be adjusted, while the unit is in operation, by measuring 
total suspended solids with an online device and a slipstream. It is 
recommended to inspect the rich amine filters on each changeout 
to evaluate the material compatibility and verify that no degrada-
tion of the media or other parts of the filter has occurred. 

Liquid hydrocarbons removal in amine units. The pres-
ence of hydrocarbons in rich amine streams is usually caused by 
inefficient separation in the feed stream to the unit, or conden-
sation of hydrocarbons in the unit contactor. Inefficient inlet 
separation results in contamination (gas or liquid) of the amine 
solvent, particularly in the gas stream (e.g., heavy hydrocarbons, 
lubricating oils and others). The best way to avoid contamina-
tion ingression is to remove the contaminant at the source (up-
stream of the amine unit) and protect the entrance to the amine 
unit with suitable separation systems, such as knockout drums 
for bulk liquids removal and coalescing separators for fine mists 
or aerosols removal, in addition to filters for solids removal and 
coalescer protection, when required. 

When these alternatives are not possible or when multiple con-
tactors are connected to a single regenerator, only the flash tank 
will promote the removal of some hydrocarbons—mainly the 
free hydrocarbons that separate in minutes. The residence time 
of amine flash tanks is usually short (10 min–30 min); therefore, 
most emulsified hydrocarbons will be separated. These emulsi-
fied hydrocarbons are micron-size droplets; often, 10 microns 
or smaller of hydrocarbons are dispersed in the amine solvent 
(often referred to as micro-emulsions, which are generally quite 
stable). For these cases, liquid coalescers can be an alternative for 
hydrocarbons removal and should be installed at the outlet of the 
flash tank, immediately after the rich amine filters. Filtration pre-
caution should be taken to adequately protect the coalescer from 
high solids content; otherwise, the efficiency of the liquid co-
alescer will be reduced, along with the online life, leading to high 
operating costs. Liquid coalescer internals (elements) are usually 
two to five times more expensive than filters. The use of filters 
upstream of any coalescer is the best way to minimize coalescer 
plugging and reduce operating costs. FIG. 12 shows a full-flow fil-
tration and coalescence system installed downstream of the flash 
tank in a refinery rich amine stream.

Feed gas inlet separation to amine units. Separations at 
the entrance of processing plants, upstream of the amine unit, 
are more common for gas streams than for liquid streams, such 
as LPG. Separation is usually achieved through a knockout drum 
vessel with a metal mesh pad demister or a vane pack parallel 
plate. Also, some plants use horizontal gravity separators or cy-
clonic separators. These systems are not entirely suitable for re-

FIG. 12. Rich amine filter vessel (left) and liquid coalescer (right) in a 
refinery coker unit.
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moving liquid contaminants in aerosol form, which are widely 
found in natural gas, particularly after the compression stages. 
These systems are usually designed to remove large liquid drop-
lets of slugs. Furthermore, none of these machines are designed 
to separate solids (usually accomplished with a particulate filter), 
except for a cyclone system that can remove certain solid particu-
lates with high density and large volume. 

Only certain amine units have adequate systems for proper 
separation of contaminants in the feed gas. Properly designed 
systems are essential for amine units due to the diverse na-
ture of their contaminants. One of the most difficult types 
of contaminants to remove from gas streams is aerosols (0.1 
micron–1 micron liquid droplets). These dispersed liquids in 
a gas stream are finely divided, with diameters ranging from 
some 100 microns to less than 0.1 microns. Most previously 
mentioned separation systems for small-size liquid aerosols 
have an efficiency of 20%–30% (demisters/vane packs) to 
70%–80% (cyclones) in the field. The reason is directly relat-
ed to the liquid droplet size distribution in combination with 
flow geometry inside the vessel. Coalescing systems must be 
able to intercept, coalesce and drain the liquid droplets in the 
gas stream to achieve a proper separation process.

In general, liquid aerosols in a gas stream fall within the sub-
micron range. Larger drops tend to be separated more easily, as 
they are subject to gravitational separation. Under certain condi-
tions, small liquids in a gas stream can shatter, or can be broken 
down, due to various forces and impacts on the surface of the 
liquid. Liquid droplets of larger size break and generate smaller 
droplets until the distribution of droplets is stabilized by the bal-
ance between the surface energy of the droplet, the gravitational 
force and the resistance forces (drag). Therefore, the distribution 
of an aerosol in a gas stream is predominantly sub-micron in size 
(about 50% by weight is less than 1 micron, and about 80 wt% are 
smaller than 10 microns). FIG. 13 shows an average droplet size of 
lubrication oil at the outlet of a gas compressor.

For the separation of aerosols in gas streams, conventional 
devices such as underperforming coalescing systems, demisters, 
vane packs and cyclonic systems are ineffective. Demisters and/
or vane packs are particularly ineffective for removing liquid 
aerosols. Once they form a layer at the interface of the liquid 
accumulation points, they prevent the coalescing and accumu-
lation of additional liquid. Therefore, these liquid drops cannot 
efficiently contact the metal surfaces for separation. However, 
these systems are appropriate for a pre-separation of bulk liq-
uids prior to more efficient systems, such as coalescer systems 
that use microfiber-based media. 

Recommendations for feed gas preparation to amine 
units. A typical gas separation system at the inlet of an amine 
unit contactor comprises a knockout drum vessel with a 
demister to remove larger liquid carryover with the gas stream. 
This system will also act as a slug catcher, if necessary, to stop 
fluid pockets. This separation device must be used for the re-
moval of free liquid ingression. It can be horizontal or verti-
cal, depending on the plant design. The inlet to gas processing 
plants uses a long, horizontal vessel for separating gas, hydro-
carbon and water. The vessel has a hydrocarbon accumula-
tion boot with an adjacent hydrocarbon outlet. If compression 
is used, then a vertical knockout vessel will be located at the 

feed and outlet of the compressors. A refinery will also have a 
vertical knockout vessel, or a demister. Knockout vessels with 
a mesh pad or vane pack at the outlet will not remove small-
micron and sub-micron-sized liquid aerosols; therefore, there 
is a need for systems capable of separating the small-sized liq-
uids. Treating of liquid hydrocarbons in amine units generally 
requires a solids filter. In some cases, a liquid coalescer is neces-
sary if the feed hydrocarbon has emulsified water. Emulsified 
water droplets found in feed hydrocarbon streams are often in 
the 5 microns–10 microns region; however, in some cases larger 
liquid droplet sizes can be present.

Gas coalescing systems capable of removing small-micron and 
sub-micron-sized liquid aerosols generally fall into the category 
of  microfiber media coalescers. These systems have specialized 
designs with a series of critical details, instruments and valves, 
and are equipped with specially formulated gas-liquid coalescing 
media. These devices are designed and sized based on flow, pres-
sure and process temperature, among other critical conditions. 
In general, any gas coalescer vessel should be installed as close 
as possible to the process or equipment that needs protection 
(in this case, the amine contactor). A microfiber gas coalescing 
system will generally be able to remove, on average, aerosols of 
between 0.1 micron and 1 micron in diameter, or larger, with a 
high removal efficiency. The actual efficiency will depend on the 
type of contaminants in the gas stream and if solids are present. 
In addition, the vessel design details, internals and operational 
parameters play a key role in achieving high removal efficiencies. 
FIG. 14 shows a vertical gas coalescer vessel installed to the left of 
an amine contactor tower in a natural gas processing plant.

The best empirically tested sub-micron gas coalescers for 
amine unit protection are vertical in orientation, with an inlet 
at the bottom of the vessel and an outlet at the top. The ves-
sel usually has two separation stages inside. The bottom sec-
tion is designed to remove larger liquid droplets or free liquids 
entering with the gas stream. The top section is dedicated to 
small-micron and sub-micron liquids aerosol separation. The 
lower section may be equipped with demisters, vane packs, 
mini-cyclones or tangentially designed inlets in such a way that 
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FIG. 13. Lubrication oil at the outlet of a natural gas compressor.
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the entire bottom section of the vessel imparts cyclonic action. 
However, none of these concepts and features have been proven 
to increase the overall system efficiency based on years of field 
testing data. In fact, some of these devices might be detrimental 
to achieving high-efficiency removal of aerosols. 

The outlet gas exits the vessel above the top section after 
passing across the coalescing elements media (inside to outside 
flow). By passing across the media, liquid aerosols are inter-
cepted, coalesced and finally drained off or unloaded from the 
element media by gravity. Liquid levels that accumulate on both 
sections of the vessel are detected by the instrumentation level 
controls. However, often only the top separation accumulated 
liquids form aerosol coalescence. Signals are sent from the level 
controls to a discharge valve, and liquids are removed from the 
vessel. One important design detail of the gas coalescer vessel is 
the distance from the top of the coalescing elements to the bot-
tom of the outlet nozzle. The distance should be at least 10 in. 
and preferably 15 in. This distance is critical to avoid a disrup-
tive pattern of gas flow inside the vessel, which would lead to liq-
uids carryover. In larger vessels, the distance can be 20 in.–30 in.

The typical lifetime for most coalescing elements varies 
from 6 mos to 2 yr, depending on the amount of solids enter-
ing the coalescing vessel and the types of liquids removed. Gas 
coalescers are excellent filters and often need to be protected 
by a solids filter immediately upstream. Usually, the differential 
pressure for replacing the gas coalescing elements is 8 psi–10 
psi, as opposed to 25 psi–30 psi for a filter. It is important to 
note that a coalescer is not a filter, and the coalescing process, 
details, concepts and technology are markedly different. Many 
manufacturers advertise coalescing systems as being capable of 
removing liquid aerosols in the sub-micron range; however, ex-
perience and testing have revealed that some suppliers do not 
meet these performance expectations when tested. Only a few 
manufacturers have the technology and understanding to pro-
duce high-performance sub-micron gas coalescers. 

Amine foaming, solvent losses and recovery. When gas 
travels across the amine solvent inside the amine unit contac-
tor (or regenerator) and gas pockets or bubbles cannot break 
the liquid-vapor interfacial structure, they become encapsu-
lated in the liquid phase and form what is commonly referred 
to as foam. Foam is essentially a gas bubble that will not col-
lapse and release the gas contents because of the surrounded 
liquid film. To understand foam, two different aspects must be 
considered: foaming tendency and foam stability. Foaming ten-
dency refers to the ease with which a liquid film will encase gas 
bubbles. Foam stability is related to the elasticity of the liquid 
layer around the gas bubble and its ability to resist rupturing. 
The gas bubble has an interfacial layer, or skin, that confers re-
sistance of the gas bubbles to collapsing, thereby enabling the 
liquid film around it to flex as the gas bubble deforms, expands 
or contracts.

When an amine unit has a solvent experiencing high foaming 
tendency and high foam stability, foam is initiated when process 
perturbations occur beyond that which the unit can tolerate. 
A decrease in surface tension will generally raise the foaming 
tendency, such as when some hydrocarbons are present. How-
ever, the foam is short-lived and, in most cases, goes unnoticed. 
Surfactants, on the other hand, can increase foam stability and 
foaming tendency. 

When foaming occurs, a number of operational changes may 
be observed:

1. Differential pressure increases across the contactor  
and/or regenerator

2. Decrease in contactor and/or regenerator bottoms  
liquid level

3. Temperature bulge that changes position inside the 
contactor tower

4. Amine solvent entrained with the treated gas, leading to 
amine solvent losses

5. Increase in H2S and reduction of CO2 in the treated gas
6. Amine contamination in regenerator reflux water.
Foaming of the amine solvent can often lead to carryover 

from the contactor or regenerator and entrained liquids with 
the treated gas or acid gas. Most amine units will have a sepa-
ration vessel, such as a knockout drum, at the contactor out-
let to remove amine solvent carryover. If the amine unit is in 
liquid hydrocarbon service, “foam” is replaced by “emulsion” 
in this scenario. Any carryover from the amine contactor into 
the knockout drum is followed by a water wash stage to remove 
emulsified amine solvent in the treated liquid hydrocarbon. 
Amine solvent carryover can also reach a number of down-
stream units, such as dehydration plants, mercaptans removal 
plants or caustic treaters. In some cases, the amine solvent car-
ryover can ingress into the main fuel gas system. Foaming in a 
regenerator is also detrimental, as rich amine solvents do not re-
generate properly. In addition, carryover of amine with the acid 
gas can reach the sulfur recovery unit, flare systems, or other 
acid gas recovery or disposal process.

Antifoam addition is a common method for controlling the 
presence of foam. However, the effectiveness of antifoams can 
be questionable, as amine units may use antifoam and experi-
ence little to no effect in foam minimization. Some plants intro-
duce antifoam to the amine unit on a daily basis, which brings 
short-term benefits but also long-term harm to the amine sol-

FIG. 14. Vertical coalescer system in a feed gas stream, with the 
absorber tower to the right.
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vent. Antifoams should not be used on a constant basis, and 
root-cause analysis of foaming and elimination of the foaming 
source are the best ways to deal with a foaming amine solvent. 
Nevertheless, antifoams are still a valuable tool to use when 
sporadic foaming incidents occur. An effective antifoam should 
eliminate foam with minimal chemical addition, and foam 
should not return as a result of overdosing.

Amine solvent foaming can have a number of root causes. 
However, for froth to become foam and lead to a problem in the 
unit, a surfactant must be present to stabilize foam. Surfactants 
in the gaseous phase, water phase or hydrocarbons phase in the 
feed gas to processing units (such as amine units or dehydration 
units) are difficult to detect. They are referred to as the “phan-
tom” foaming agent. Foaming can then lead to several second-
ary problems, such as the inability to meet specifications and/
or solvent carryover. One of the most common and difficult 
challenges in processing units (particularly amine units) is deal-
ing with the various forms of surfactant ingress into the system.

Surfactants are interfacially active molecules. They consist of 
a polar section (head) or group, and a non-polar group, often 
a hydrocarbon chain (FIG. 15). The polar part of the molecule 
can interact with polar solvents like water and is, therefore, also 
called the hydrophilic portion. The non-polar part can interact 
with non-polar materials, such as hydrocarbons, and is called 
the lipophilic or hydrophobic portion.

Surfactants can be classified according to the charge of their 
polar head group:

• Anionic surfactants have a negatively charged head group
• Cationic surfactants have a positively charged head group
• Zwitterionic surfactants have a zwitterionic head group 

(positive and negative charges)
• Nonionic surfactants have an uncharged polar head group.
Due to their two-part structure, surfactants adsorb prefer-

ably at interfaces where they find the most energetically favor-
able conditions. At a water surface, for example, the surfactants 
orient themselves in such a way that the head group resides 
in the water and the hydrocarbon chain points to the gaseous 
phase; therefore, surfactants can “mediate” between two phases, 
since they can form strong interactions with both. As a result, 
the interfacial tension decreases. The addition of surfactants fa-
cilitates the mixing of non-polar and polar phases—e.g., as ap-
plied in the detergent industry.

With respect to the leading cause of amine solvent foaming, 
more than one root cause takes place simultaneously. A list of 
the most prevalent causes of amine solvent foaming encoun-
tered during the authors’ worldwide projects includes:

• Ineffective inlet separation leading to contaminant bypass 
due to:
o Deficient inlet separation vessel design (as seen with 

gas coalescers)
o Ineffective internals or sealing surfaces in inlet 

separation vessels
o Errors in the instrumentation around the inlet 

separation vessels
o Damage in the inlet separation vessel interior

• High velocity inside the amine unit contactor 
(mechanical foaming or frothing)

• High concentration of suspended solids in the amine 
solvent (some solids can stabilize foam)

• High soluble iron in the lean amine (rapid solids 
formation in the contactor)

• Excess antifoam injection (excess antifoam use can 
induce foam)

• Incorrect antifoam (some antifoams will actually cause 
foam)

• Hydrocarbon condensation inside the contactor 
(lowering the surface tension of the amine solvent)

• Incorrect activated carbon (activated carbon exposed to 
phosphorous-based activation)

• Ingression of gas-phase hydrocarbons with the feed gas 
(BTEX or methanol)

• Ingression of liquid contaminants (lubrication oils from 
compressors)

• Surfactant-based chemicals from upstream treating (e.g., 
corrosion inhibitors)

• Contaminants present in the new amine solvent and/or 
makeup water. 

It is important to note that amine solvent foaming can be 
eliminated or greatly reduced in severity and/or frequency if ef-
ficient inlet separation is in place upstream of the amine contac-
tor. In addition, it is necessary to implement efficient amine so-
lution filtration, effective activated carbon adsorption beds, and 
correct operations and maintenance. In some cases, the type 
and amount of pipeline chemicals used upstream of the plant as 
pipeline corrosion inhibitors and foaming agents should be ver-
ified, as they have been carried into the amine unit, penetrating 
all separation devices. Only an effective water wash at the inlet 
of the amine unit can potentially remove these contaminants.

Amine solvent losses are an area of great interest because of 
the associated economic cost. Not only does the amine solvent 
need to be purchased, but it must also be stored. In addition, the 
unit incurs cost in the cleaning and disposal of the lost amine. 
An often-overlooked aspect is the downstream impact of amine 
losses to processes, equipment, gas lines and waste treatment 
facilities. This also has a significant economic impact on equip-
ment reliability and the stability of the process following the 
amine unit, such as dehydration or caustic treating, in addition 
to any acid gas recovery systems or disposal facilities. 

Alternatives are available to recover the amine solvent car-
ried over with the treated gas or emulsified with the tested 
liquid hydrocarbon. These technologies and methods include 
knockout drums with mesh pads, demisters or vane packs, wa-
ter washes and other specialized technologies. Removal of the 
amine solvent in liquid hydrocarbon streams is much more im-
portant due to the emulsification of the amine solution, which 
can lead to massive amine losses. 

In addition to losses due to solubility (especially in systems 
using diisopropylamine and methyl diethanolamine), emulsifi-
cation is a major cause of amine solvent losses. In these cases, 
water wash extraction used for amine solvent recovery are suit-
able. However, conventional water wash systems with water in-
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FIG. 15. Example of the molecular structure of a surfactant.
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jection tend to use large quantities of water and have relatively 
low efficiencies in recovering the amine. New systems are now 
available that use minimal water amounts and impart high re-
covery yields (90% or more).

Major causes for amine losses include foaming of the amine 
solvent in the amine contactor tower, amine contactor flooding, 
amine contactor operating under spray mode regime (low liquid 
loading on trays), damaged/fouled tower internals and emulsifi-
cation in the case of liquid treaters. Often, amine loss is more asso-
ciated with process contaminants in the amine solvent or the feed 
hydrocarbon, as opposed to incorrect operational parameters.

Takeaway. One of the most important points learned over 
many years of work on amine units is that contamination con-
trol is a critical step in every optimization process. Amine units 
are not excluded. The majority of the amine units for which 
this step is not considered experience high operating costs, low 
equipment reliability, and a series of adverse technical incidents 
with economical and environmental impacts. The authors have 
found no significant disadvantage in terms of over-filtration, 
with only a marginal increase in capital cost. It could be as-
sumed that the cost would be prohibitive, but experience shows 
that this is usually not the case; in fact, plants are often asked 
to run to overcapacity. Moreover, severe problems are seen with 
lean amine separation processes and systems. Invariably, any sav-
ings in capital cost of filtration and contaminant separation will 
eventually result in higher operating cost. 

It is also important to understand that each plant and each 
process have their own optimal points, where the cost of con-
taminant control is acceptable with tolerable levels of residual 
contamination. Users, engineering companies and suppliers 
have a responsibility to be involved in finding this balance point 
to ensure the supply of correct and effective filtration, coales-
cence and adsorption separation systems for each amine unit.

After testing and advising on amine units around the world, 
the authors have found that a number of protocols are frequently 
neglected, including effective bulk liquids separation, followed by 
the use of high-efficiency gas coalescing systems on the inlet gas; 
the use of correctly designed filters and activated carbon beds at 
appropriate places in the unit; and the monitoring of solvent loss-
es. Neglecting these requirements usually results in significant 
financial losses, equipment failures, decreased unit capacity and, 
ultimately, low quality of final treated products. 
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Maintenance  
and Reliability

B. BLUNDELL, Carmagen Engineering Inc.,  
a member of the Mistras Group, Rockaway,  
New Jersey

Better practices for tank overfill prevention 
The 2005 Buncefield and 2009 CAPE-

CO terminal explosions are two of the 
most significant storage tank incidents in 
history. Together, they resulted in dozens 
of injuries, and aggregate costs were in 
the billions of dollars. Both incidents oc-
curred when tanks were being filled with 
gasoline, a common operation seen daily 
at refineries and distribution terminals. 
While each incident presented its own 
causal factors, a deeper examination re-
veals commonalities.

Personnel involved in each of these 
scenarios were operating without a func-
tioning level instrument on storage tanks, 
resulting in losses of containment and sig-
nificant explosions. In both cases, ensuing 
investigations determined that personnel 
had failed to recognize the risks and con-
sequences of the scenarios.

The trend of spills related to tank op-
erations might suggest that another inci-
dent like CAPECO or Buncefield is a pos-
sibility. While these particular incidents 
occurred several years ago, tank overfills 
are still one of the most common causes 
of losses of containment in the industry. 

Many companies have begun to recog-
nize the unique risks of operating storage 
tanks and spheres, and better practices 
have emerged to address these issues. A few 
of those practices that may be beneficial to 
mitigate the risk of an overflow and the po-
tential consequences are detailed here.

The foundation for a strong system for 
overfill prevention should include these 
three key elements:

• Reliable level instrumentation to 
ensure operations personnel always 
know the level and fill, or draft rate,  
of a tank

• Robust procedures and work 
practices to effectively manage  

the unique risks of these operations
• Process control computer 

functionalities specific to tank and 
sphere operations that may alert 
operators of abnormal conditions.

Level instrumentation. It is essential 
that tanks and spheres have reliable level 
instrumentation. Tank gauges must be 
periodically checked against a “manual 
gauge” (strapping) to validate their accu-
racy. Devices should be calibrated when 
the variance between the two readings 
exceeds a predefined tolerance. As a best 
practice, this comparison should be done 
monthly to ensure the integrity of the data 
provided by the instrument.

A preventive maintenance (PM) pro-
gram that is appropriate for the specific 
type of level instrument should be in 
place to ensure high-reliability perfor-
mance. Mechanical-type gauges (tape 
and float) may require more robust PM 

programs than radar technology devices, 
due to their potential to sometimes “stick” 
in the stilling well when product is being 
transferred into or out of a tank. When 
a mechanical gauge sticks, the tank level 
seen by the operator will appear constant, 
even though the actual liquid level is still 
moving. This failure mode was a factor in 
both the catastrophic Buncefield (FIG. 1) 
and CAPECO incidents.

A site should have a “bad actor” pro-
gram to identify tank and sphere gauges 
that have repeated failures and require 
further evaluation or upgrades. Expecta-
tions must be clear that any tank gauge 
failure, even a mechanical-type gauge that 
sticks temporarily, is essentially a “near 
miss” that should be documented so that 
the failure can be analyzed, and repairs 
executed. As trends are noted, improve-
ments such as instrumentation upgrades 
or enhanced PM programs can be execut-
ed to improve reliability.

FIG. 1. The 2005 Buncefield terminal explosion in the UK occurred when a tank was being filled 
without a functional level gauge, resulting in dozens of injuries and costs that exceeded $1 B.
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For higher-risk tanks, such as those 
in hazardous product service or those 
near roadways or waterways where a spill 
may have an immediate public impact 
(FIG. 2), a secondary (redundant) means 
of measurement should be in place. If the 
primary gauge is lost, these independent 
instruments can continue to provide data 
on tank product levels. Such instruments 
have become a minimum standard in the 
industry for new installations. 

To determine which tanks should have 
redundant level devices, a facility should 
conduct a hazard analysis of each tank to 
define the probability of a gauge failure 
and the potential consequences of a spill.

High-level alarm setpoints in tanks 
should be based on a technical evaluation, 
taking into consideration key factors that 
will enable personnel to proactively re-
spond to an alarm. These elements include 
maximum filling rates, as well as operator 
response times needed to isolate a tank to 
prevent a spill.1 Any change to an alarm set-
point must go through a rigorous change 
management process to ensure proper 
technical review of the proposed modifi-
cation. In addition, facility modifications 
that might significantly change either of 

these elements (e.g., increasing impeller 
size in pumps) should similarly include an 
evaluation of high-level alarm setpoints, if 
maximum fill rates are increased.

Management systems/procedures. 
Operating procedures that stipulate re-
quirements when a storage tank is filling 
or drafting should be in place. These re-
quirements include specific expectations 
regarding response to alarms, loss of con-
tainment and other abnormal conditions. 
As a better practice, for specific high-risk 
operations where the consequences of a 
valve misalignment may be a significant 
health, safety or environmental (HSE) 
event (FIG. 3), prescriptive checklist pro-
cedures must be considered to ensure 
consistent execution.

When a level instrument is believed 
to be providing erroneous data, product 
transfers into or out of the tank should be 
stopped by default. However, there may 
be some instances where a strong busi-
ness incentive prompts the continued uti-
lization of the tank. 

In those cases, a risk-based, out-of-ser-
vice gauge procedure should always be in 
place to standardize the expectations for 
monitoring the liquid level. A sound pro-
cedure can include an alternate means for 
monitoring tank inventory (e.g., manual 
gauging) and a defined frequency for the 
alternate monitoring.

When determining the frequency for 
monitoring, factors to consider include 
filling rate, and where the product level is 
located in the shell. Tanks filling at high 
rates, and in the top third of their capac-
ity, should be monitored more frequently. 
Mass balances to calculate tank levels 
based on assumed fill rates should never 
be the sole barrier to prevent an overflow. 
Another considered mitigation is to reduce 
the maximum fill height of the tank (e.g., re-
duce the fill height by 20%). This can pro-
vide an additional layer of protection while 
the gauge is out of service.

Operating a tank without a functional 
level instrument is considered a high-risk 
activity similar to the loss of other HSE 
critical instrumentation. Many sites han-
dle out-of-service level devices on tanks in 
the same manner that safety instrumented 
system (SIS) bypasses are managed, with 
clearly defined mitigation plans while this 
critical layer of protection is out of service. 

As a recommended better practice, the 
loss of a gauge on a filling tank should re-

quire a clear mitigation plan to manage the 
risk, as well as communication of the out-
age to a site supervisor. Management must 
be aware of the ongoing exposure to ensure 
that appropriate maintenance resources are 
allocated to address it.

Process control computer capability. 
For larger facilities, alarm capabilities spe-
cific to tank operations are critical. Many 
functionalities are common in the tank in-
dustry that are effective aids to operators.

Distributed control systems (DCSs) fea-
ture applications that can recognize when a 
level stops moving on a tank, which may be 
an indication that a mechanical gauge (tape 
and float) has stuck in the stilling well dur-
ing the product transfer. For sites that have 
a large number of tanks with mechanical 
gauges, this type of alarm can be a key aid in 
alerting operators that a gauge has failed.

Another functionality within some 
DCSs that can be an effective tool for op-
erators is a rate change alarm, which is trig-
gered when the computer detects a signifi-
cant flowrate change during a pumping. A 
significant change in pumping rate may be 
an early indication of a problem in the field 
that warrants investigation.

Similarly, an inactive tank movement 
alarm that alerts operators when a tank that 
is not part of an ongoing product transfer 
begins to fill or draft can also be an effective 
tool to identify problems, such as valve align-
ment issues or another abnormal condition.

These recommended practices can be 
implemented to reduce the risk of a po-
tential incident. Facilities that have not ex-
perienced a tank overfill event can be con-
sidered fortunate, and focusing resources 
on the three fundamentals referenced here 
may help reduce the probability of an inci-
dent in the future.  

LITERATURE CITED
 1 API/ANSI Standard 2350, “Overfill protection  

for storage tanks in petroleum facilities,” 4th Ed.
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FIG. 2. Tanks that border public roads or 
waterways may carry a higher consequence if 
an overfill occurs. Redundant level instruments 
should be considered in the event of the loss 
of the primary gauge on these tanks.

FIG. 3. Tank facility operations bear a 
significant HSE exposure if risks are not 
effectively managed.
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 | Bonus Report

LNG TECHNOLOGY
Over the past several years, new LNG capacity has surged in 
nearly every region. Growth on both the supply and demand sides 
has resulted in the announcement of billions of dollars of capital 
investment across the world. Millions of tons of new LNG import 
and export capacity have commenced operations, with hundreds of 
millions of tons still under development. Not only are the dynamics 
of LNG contracts changing due to market behaviors, but so are the 
advancements in LNG technologies. This month’s Bonus Report 
examines the changing LNG landscape and the technologies that 
are optimizing operations.

Photo: Located on Jurong Island, the SLNG Terminal is the first open-access, 
multi-user LNG terminal in Singapore, built to support the country’s energy 
diversification strategy and future economic development in the energy sector. 
Image courtesy of Singapore LNG Corp. 
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Decline in LNG contract lengths and volumes 
raises future supply concerns

A dramatic acceleration of a trend toward smaller volumes 
and shorter tenures for LNG contracts in 2017 highlights the 
growing commoditization of the global LNG market, even as it 
raises troubling questions about future supply.

Average contract lengths for deals signed in 2017 fell to 
6.7 yr—the lowest ever recorded—compared with 11.5 yr in 
2016. With many options for supply and uncertainty over fu-
ture prices, buyers signed dozens of short- and medium-term 
contracts rather than committing to long-term deals.

This trend suits sellers who view the shorter-term con-
tracts as a way to wait out the current soft market, and aggre-
gators who have large volumes of LNG to sell over the next 
few years as US projects come online. However, with just two 
new LNG projects greenlighted over the past 2 yr, concern 
is growing that the market may be undersupplied in the me-
dium term. Specifically, without long-term contracts that will 
enable more projects to be financed, the construction of new 
capacity may lag demand growth and set the stage for tighter 
markets and higher prices in the future. 

Average length and size of contracts plummet. The num-
ber of short-term contracts—those 2 yr–5 yr in length—more 
than doubled from nine in 2016 to 20 in 2017 (FIG. 1), after hold-
ing steady at an average of about five between 2013 and 2015. 

The number of deals with tenures of 6 yr–10 yr fell to just four 
in 2017 from 10 in 2016. The number of long-term deals over 10 
yr collapsed from 14 to six. Overall contract sales fell to less than 
22 MMtpy in 2017, down from more than 30 MMtpy in 2016. 

Another feature of 2017 LNG contracts was a decline in the 
average volume per contract across the board. The average vol-
ume covered by a contract signed in 2017 was just 660 Mtpy, 
down nearly 27% from 900 Mtpy in 2016 (FIG. 2). This trend was 
most evident in contracts of 6 yr–10 yr, where average volumes 
per contract fell 72% from 760 Mtpy in 2016 to 210 Mtpy in 2017. 

Flight to safety of oil-linked contracts as prices fall. 
Pricing for short-term deals has come down as buyers have 
taken advantage of the abundantly supplied market and sellers 
have competed to secure outlets for their supplies. Most con-
tracts shorter than 5 yr were priced as a percentage of Dated 
Brent ranging from low-11% to mid-11%, down from prices 
ranging from mid-11% to well above 13% in 2016. 

Pricing was a bit higher for medium-term deals, with all 
contracts observed priced against oil benchmarks. Prices 

ranged from 11.5%–12% of Brent or Japan Customs-cleared 
Crude ( JCC) for delivered supplies. Long-term deals also 
showed a small premium to short-term formulas, with the 
highest prices in the mid-12% of Dated Brent range.

The strong move toward Brent indicates that market par-
ticipants have yet to gain confidence in alternative benchmarks. 
While there has been a significant increase in liquidity in the 
Asian spot LNG swaps market, it is far less liquid than Brent 
paper markets. Other spot benchmarks remain illiquid and do 
not support any risk management tools.

Decline in long-term deals raises concerns about fu-
ture supply. Only six long-term contracts were signed in 
2017, and, with one exception, none were for supply from an 
LNG project under development. 

This lack of deals associated with projects under develop-
ment highlights concerns about future LNG supply. With only 
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one FID in 2017, the excessive investment in LNG capacity 
early in the decade may now be followed by a dearth of com-
mitments as buyers—believing they have many options and 
that prices may yet decline more—are reluctant to sign long-
term contracts that will enable project sponsors to finance 
new capacity.

This shortfall in investment activity could trigger future 
price volatility in much the same way that the commodity in-
vestment cycle in crude oil leads to market turbulence. 

US projects face pressure to improve contract terms. 
A host of US-based projects are marketing new supply. While a 
formula of 115% of the value of Henry Hub, plus a $3-MMbtu–
$3.50-MMBtu liquefaction fee, was attractive when the first 
wave of US projects was marketed, many buyers are looking for 
better terms, and sponsors are trying to respond. Tellurian In-
vestments, sponsor of the Driftwood LNG project, has offered 
a range of alternatives intended to woo buyers. They have in-
cluded fixed prices of $7.50 MMBtu–$8 MMBtu delivered to 
Asia. The company is now marketing a plan under which buyers 
will pay $1.5 B upfront in exchange for 1 MMtpy of LNG at a 
“free on board” (FOB) cost that the company estimates to be 
about $3 MMBtu. 

Other US projects are offering lower liquefaction costs and 
different approaches to securing gas supply to make their proj-
ects more competitive. Liquefaction charges of $2.25–$2.50 
appear to be on offer. Winning over buyers reluctant to sign 

long-term deals will be critical if there is to be an adequate sup-
ply of reasonably priced LNG in the mid-2020s. 

Most 2017 transactions reduced homeless LNG volumes. 
The author defines homeless LNG as supply that is expected to 
be produced but that is not under contract to end users. This 
includes volumes under contract to aggregators or traders that 
have not been sold, along with contracted volumes that are be-
lieved to be surplus to the requirements of end users and tons 
that are held by producers. 

Most of the 2017 transactions involved supply drawn from 
these sources. As many buyers have opted to tap these sup-
plies, the drawing down of this pool of LNG should eventu-
ally encourage end users and/or aggregators to look at new 
projects for long-term supply.

The question is whether project sponsors can convince 
enough buyers to return to long-term contracts to ensure that 
additional liquefaction capacity is built in time to avoid poten-
tial supply constraints in the future. 

JASON FEER is the Global Head of Business Intelligence at Poten  
& Partners. Prior to joining Poten in 2014, he served as COO 
Americas for Argus Media from 2011–2014, and as the head of 
Argus’ Asia Pacific business from 2003–2011. In this role, he 
oversaw the development of new products focused on 
petroleum, LNG, LPG, coal, base oils, biofuels and other 
products. With more than 25 yr of experience in global energy 
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Nova Scotia, Canada; and D. MESSERSMITH, Bechtel Oil,  
Gas and Chemicals, Houston, Texas

Liquefaction technology selection  
for baseload LNG plants

As global liquefied natural gas (LNG) 
trade continues to rapidly expand, the 
challenge of liquefaction process selec-
tion—a key element of an LNG proj-
ect—becomes increasingly important. 
Selecting more versatile and cost-effective 
liquefaction technologies that meet strin-
gent environmental emissions standards 
is a key focus for new projects. 

In recent years, liquefaction process 
selection studies for baseload LNG plants 
have grown in scope due to the interest in 
both larger-train capacities and the poten-
tial economies of repeatability, with some 
large-scale facilities using multiple small-
train solutions. As such, this article pres-
ents an overview of an LNG production 
plant, along with an analysis of the most 
common and proven processes available 
for the liquefaction of natural gas in basel-
oad LNG plants. 

LNG plant overview. In a typical LNG 
production plant, field production fluids 
are first separated in an inlet reception 
facility that removes the hydrocarbon 
liquids (condensate) and aqueous phase 
and routes the raw gas to the processing 
circuit. Subsequently, the gas is pretreated 
to remove any impurities that interfere 
with the liquefaction process or are unde-
sirable in the final products. The specifi-
cations required to be met are hydrogen 
sulfide removal to under 4 ppmv, carbon 
dioxide to 50 ppmv, total sulfur under 30 
ppmv, water to 0.1 ppmv and mercury to 
levels of 0.01 mg/Nm3.2 

Natural gas liquids (NGL) are also 
removed from the dry sweet natural gas 
using refrigeration to meet BTU require-
ments of the LNG product and to pre-
vent freezing and subsequent plugging of 
equipment in the liquefaction unit.

The remaining gas, which is made up 

mainly of methane and contains less than 
0.1 mol% of pentane and heavier hydro-
carbons, is further cooled in the cryo-
genic section to approximately –160°C 
(–256°F) and is completely liquefied 
(FIG. 1). For feed gas containing nitrogen 
(N2) levels greater than 1 mol%, N2 will 
be removed by additional processing in 
an LNG production plant to help prevent 
rollover during transport. The specifica-
tion can be met by adjusting the amount 
of end flash gas that is produced.

Natural gas liquefaction plants can 
be classified into large baseload, mid-
scale, peakshaving and small-scale plants, 
depending on their size and function 
(TABLE 1). Baseload plants, which typical-
ly consist of one or multiple trains, supply 
natural gas as LNG to consumer nations 
by ocean transport. The liquefaction train 
size for baseload plants has steadily in-
creased over the last 40 yr, with capacities 
of more than 4 MMtpy now being con-
ventional. Single trains of 7.8 MMtpy are 
in operation in Qatar. 

Large individual LNG trains tend to 
decrease the overall unit cost of produc-
tion, helping make both greenfield and 
brownfield projects more competitive in 
the marketplace. To fully realize the cost 

advantages of these large trains, high plant 
reliability and availability must be main-
tained; furthermore, the design must be 
robust and should mirror the equipment 
count of smaller trains to ensure that 
economies of scale are realized. 

Natural gas liquefaction. Liquefac-
tion technology is based on refrigeration 
cycles, which take warm, pretreated feed 
gas and cool it through cryogenic heat 
exchangers into a liquid product. To gen-
erate the cold temperatures required for 
LNG production, work must be put into 
the refrigeration cycle through compres-
sion, and heat must be rejected from the 
cycle to the environment through air or 
water coolers. The basic principle of us-
ing refrigerants for cooling and liquefying 
the gas is to match as closely as possible 
the cooling/heating curves of the feed 
gas and the refrigerant, which results in 
a more efficient liquefaction process re-
quiring a lower power consumption per 
unit of LNG produced.1 Examples of 
cooling and heating curves for natural gas 
and refrigerants are shown in FIG. 2. 

Observing the cooling curve of a typi-
cal gas liquefaction process (red line), 
three zones (precooling followed by 
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FIG. 1. Traditional LNG production scheme. 
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liquefaction and finishing with subcool-
ing) can be noted. All of these zones are 
characterized by having different curve 
slopes, or specific heats, along the pro-
cess. All LNG processes are designed to 
closely approach the cooling curve of the 
gas being liquefied. This is achieved by 
using mixed (multi-component) refriger-
ants, a combination of multi-component 
and single-component refrigerant cycles, 
or multiple single refrigerants that will 
match the cooling curve in the different 
zones/stages of the liquefaction process 
to achieve high refrigeration efficiency 
and minimize energy consumption, while 
keeping the number of refrigeration stag-
es at a reasonable number.

A number of liquefaction processes 
have been developed, with the main 
differences seen in the type of refrig-
eration cycles used. These processes can 
be broadly classified into two groups: 
mixed refrigerant processes and cas-
cade liquefaction processes (using pure 
components as refrigerants). Expan-
sion-based processes are not considered 
here, as these are typically used for only 
small-scale LNG, peakshaving and float-
ing LNG (FLNG) applications in the 1 
MMtpy–2 MMtpy range. In TABLE 2, the 

merits of expansion-based processes are 
shown compared to other schemes. The 
lower efficiencies of expansion-based 
processes generally make them non-via-
ble for larger baseload applications. 

The classical cascade process reduces 
irreversible heat exchange losses by uti-
lizing several refrigeration cycles having 
refrigerants that vaporize at different but 
constant temperatures. The cascade cycle 
is flexible in operation, since each refrig-
erant circuit can be controlled separately; 
this avoids the need to chase the feed 
composition with refrigerant composi-
tion or risk the curves touching. However, 
a disadvantages of the cascade technology 
is the relatively high capital investments 
related to equipment count. Note: The 
relationship between equipment count 
and total investment cost is not always di-
rect. Size and equipment complexity can 
warp the comparison.

The mixed refrigerant (MR) cycles in-
volve the continuous cooling of a natural 
gas stream using a carefully selected blend 
of refrigerants (usually a mixture of light 
hydrocarbons and N2) that can mimic the 
cooling curve of natural gas from ambient 
to cryogenic temperatures. MR technol-
ogy has been assessed for onshore lique-
faction based on both single mixed refrig-
erant (SMR) and dual-mixed refrigerant 
(DMR) cycles. The SMR process provides 
the benefit of operational simplicity and 
flexibility, in addition to reduced equip-
ment count; however, it comes at the cost 
of lower efficiency than the DMR cycle, 
which better matches the overall mixed 
refrigerant boiling curve to the feed con-
densation curve. 

Numerous versions of the dual-stage 
cooling cycles with one or both cycles in-
volving mixed refrigerants have been de-
veloped. The propane precooled mixed 
refrigerant (C3MR) cycle, which is the 
most widely used liquefaction technol-
ogy, results in a more efficient plant de-
sign and uses less power as compared to 

SMR and expander-based systems. The 
downsides of this modification are high-
er process complexity and higher pro-
cessing equipment counts, as compared 
to simpler configurations.

Technologies for baseload applica-
tions. Most baseload LNG plants have 
two or three refrigeration loops to cool and 
liquefy the natural gas stream over a wide 
temperature range. It is realized that for 
each of these processes, several options ex-
ist in the configuration of the process that 
will influence the capacity and overall at-
tractiveness. These variations within a pro-
cess result from the particular gas turbine 
drivers and cryogenic heat exchangers.2

The most well-known/proven gas 
liquefaction technologies developed 
for baseload liquefaction plants are de-
scribed in the following sections. The 
descriptions do not attempt to disclose 
the full details of the licensed processes, 
but rather explain the basic design con-
cepts and design considerations.

Propane precooled mixed refriger-
ant (C3MR) process. This liquefac-
tion cycle, which was developed by Air 
Products and Chemicals Inc. (APCI), is 
composed of a multistage propane (C3) 
precooling system followed by liquefac-
tion using an MR system of nitrogen, 
methane, ethane and propane. The heart 
of the APCI C3MR process, which fea-
tures thermal efficiencies of more than 
93%, is its proprietary spiral-wound heat 
exchanger (SWHE). 

Large-capacity trains of more than 5 
MMtpy can be designed using a parallel 
refrigerant compressor/driver arrange-
ment. This arrangement is discussed in 
the previous section on driver configu-
ration. Although this concept increases 
equipment count, it also decreases the 
size of equipment and can, therefore, 
stimulate competition between equip-
ment vendors.3 In addition, availabil-
ity benefits exist with parallel compres-
sor streams, and LNG plants can now 
achieve availabilities of up to 95% using 
parallel compressor arrangements.

Recent designs can reach up to 7 
MMtpy using a single main cryogenic heat 
exchanger (MCHE), with a parallel re-
frigerant compressor configuration. In the 
2000s, APCI developed an adaptation of 
the C3MR process to increase the size of a 
single train to more than 7 MMtpy (FIG. 3). 
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The AP-X process adds a third refrigerant 
cycle (N2 expander) to provide the LNG 
subcooling duties subsequent to the 
SWHE. With this N2 cycle, the size of the 
SWHE is maintained, with the subcool-
ing duty shared by the N2 cycle that allows 
lower propane and MR flowrates com-
pared to the C3MR process. This design 
approach makes liquefaction of 10 MMtpy 
possible without the development of a 
larger main heat exchanger. The AP-X pro-
cess is claimed to achieve high efficiency 
and low production cost by using all three 
refrigerant cycles to their best advantage.4

No new AP-X trains have been pro-
posed since the first six AP-X trains were 
installed in Qatar. The economies of 
scale are not as transparent for the AP-X 
process as they are for the large AP-
C3MR trains, with ongoing improve-
ments to the size of the SWHE.

Optimized Cascade process. The Op-
timized Cascade process, solely offered by 
ConocoPhillips, uses multiple stages of 
propane, ethylene and methane refrigera-
tion loops to balance refrigeration loads. 
This process has been designed around 
a “two-train-in-one” concept to improve 
reliability. The interesting feature is hav-
ing parallel lines of compression, with a 
Frame 5 variable-speed gas turbine. This 
yields high availability and easier opera-
tion; no compressor trip will completely 
shut down the unit, and the restart of the 
compressor can be accomplished without 
loss of refrigerant.5

This process has been successfully 
proven with decades of plant operation in 
Kenai, Alaska. Since Atlantic LNG in the 
late 1990s, the ConocoPhillips process 
has made successful inroads to the near-
monopoly APCI had on baseload lique-
faction trains. Trains built to date with this 
technology are just above 5 MMtpy, and 
the licensor claims that larger train sizes up 
to 6.5 MMtpy are possible. Although the 
reported overall thermal efficiency for the 
Atlantic LNG plant utilizing this process is 
approximately 89%,6 recent units are able 
to operate with higher thermal efficiency 
exceeding 93%.7

Mixed fluid cascade (MFC) process. 
This technology, developed by the Linde/
Statoil (now Equinor) technology alliance, 
is a classic cascade process that precools, 
liquefies and subcools natural gas by means 
of three separate MR cycles. Compared 

to the cascade, the efficiency is higher, as 
MRs allow a closer temperature approach. 
However, the power is not the same on all 
three cycles, unlike with the cascade pro-
cess. Plate-fin exchangers are used on the 
first cycle, and coil-wound exchangers are 
used on the two colder cycles.

This process was pioneered at the 
Snøhvit LNG terminal on Melkoya Island 
offshore Hammerfest in the Northern 
North Sea of Norway. This plant, with a 
capacity of 4.3 MMtpy, remains Europe’s 
only baseload export gas liquefaction 
plant, and the only MFC plant in opera-
tion. The plant experienced a challenging 
startup and first few years of operation. 
However, a rectification program was put 
in place, and the issues with Snøhvit have 
been resolved. The experience gained 
from implementing the first MFC plant 
has been translated into proposed de-
signs.8 Linde is now proposing capacities 
up to 10 MMtpy with this design.

Dual mixed refrigerant (DMR) pro-
cess. Dual MR processes are offered by 
Shell and APCI. The Shell process has 
been proven in Sakhalin, while the APCI 
process has been qualified by most major 
international oil companies. This process 
uses two separate MR cooling cycles—
one for precooling the gas and one for fi-
nal cooling and liquefaction. The technol-
ogy, which features a thermal efficiency 
of more than 93%, was deployed for the 
first time at baseload scale at the Sakhalin 
liquefaction plant in eastern Russia. The 
Sakhalin plant has two 4.8-MMtpy trains 
that use SWHEs and air cooling enhanced 
by the cold climate.9

The DMR process configuration is 
similar to the C3MR process, but with the 
precooling conducted by an MR (made 
up of mainly ethane and propane) in an 
additional SWHE, rather than pure pro-
pane in a shell-and-tube exchanger. Using 
MR with a lower molecular weight on the 
first cycle allows for a smaller condenser, 
and also removes the propane compressor 
bottleneck.5 Even with the use of two MR 
cycles, the DMR process is very similar 
in efficiency to the C3MR process when 
used in tropical climates. The advantages 
of the DMR process are demonstrated 
when applied to cold climates, since the 
precooling MR can be formulated to 
avoid the pressure limitations associated 
with propane at colder temperatures. 

Liquefaction process selection. Se-
lection of an appropriate liquefaction tech-
nology for an LNG production plant must 
be based on technical, economic, com-
mercial and environmental considerations. 
Other evaluation criteria include technol-
ogy maturity and plant constructability, 
operability and maintainability. Techni-
cal considerations include process and 
equipment experience, reliability, process 
efficiency, turndown, site-specific require-
ments and environmental impact. Equip-
ment availability and risk factors must also 
be taken into account. Economic issues in-
clude capital, operating and lifecycle costs. 
All of these aspects must be evaluated to 
arrive at the optimum solution.1

A “like-for-like” comparison of the dif-
ferent licensed liquefaction processes is 
difficult to achieve because the detailed 
technical content is not available in the 

TABLE 1. Historic LNG plant classifications

LNG plant type Typical LNG production 
capacity per train, MMtpy

Application

Small-scale 0.01 Emergency fuel backup, vehicle fuel,  
reliquefying ship boiloff gas

Peakshaving Up to 0.1 Provide extra capacity during peak demand periods

Mid-scale 0.3–1.5 Domestic consumption, transport by road or rail

Baseload 3–5 Overseas export by ship

TABLE 2. Natural gas liquefaction cycles evaluation4

Cycle Cascade/C3-MR/DMR SMR Expander

Efficiency High Moderate Low

Complexity High Moderate Low

Heat exchanger area Low High Low

Flexibility High High High
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public domain. The APCI C3MR process 
is widely used and is accepted as being 
one of the most cost-effective and reliable 
baseload LNG processes available. With 
more than four decades of operating expe-
rience and incremental capacity increases 
up to 6 MMtpy (and up to 7.8 MMtpy us-
ing AP-X Technology), the APCI C3MR 
process is often the first choice for large 
baseload LNG plants using air cooling in 
a tropical climate.

The ConocoPhillips Optimized Cas-
cade Process has made successful inroads 
into the LNG market since the advent of 
the Atlantic LNG trains in Trinidad in the 
late 1990s. Locations using this technol-
ogy include Australia, Angola, Egypt and 
Equatorial Guinea. The costs and power 
requirements for the Optimized Cascade 
process are on par with the C3-MR pro-
cess. The selection of the main refrigera-
tion drivers has a larger incremental impact 
on overall plant efficiency than the process 
selection itself.10,11

The Shell DMR process, which aims 
to maximize flexibility in harsh environ-
ments, is generally selected on the basis 
of being able to adjust the composition 
of the precooling cycle to fully utilize the 
cold available throughout the year. 

Liquefaction process selection is a key 
activity that starts at an early stage of an 
LNG project. It should be addressed at 
the conceptual, feasibility and pre-FEED 
stages of development, since it has such 
a large impact on the overall profitabil-
ity of the project. When a comparison is 
conducted thoroughly, sufficient process 
and utility details must be developed to 
define the capital and operating costs for 
each licensor. Quotations from the vari-
ous licensors and main equipment sup-
pliers must be obtained to highlight the 
differences in the processes, and finally to 
select an optimized design that will best 
meet the LNG project owner’s objectives.

A recent project development strat-
egy has been to review the use of multiple 
small-scale trains for larger export facilities. 
Many of these project opportunities are 
located on the US Gulf Coast. The use of 
multiple small trains provides proponents 
with the opportunity to scale the facility, to 
build capacity incrementally to meet LNG 
demand or to manage capital financing. 

In addition, one of the key drivers for 
these new projects is the ability to oper-
ate across a wide range of capacities to 
meet swings in market demand without 

adverse impact on the efficiency of the 
process. The manufacture of smaller mod-
ules and the potential benefit of replication 
and duplication make the project’s execu-
tion model very attractive in certain areas. 
The ability of small-scale manufacturers 
to scale their product to support large fa-
cilities with multiple trains has yet to be 
proven over traditional economies of scale. 
However, it is highly attractive in this era to 
develop new project opportunities at com-
petitive costs.

Takeaway. Considerable diversification 
of liquefaction processes has been seen 
in the last two decades. This increased 
competition toward cost per capacity has 
led to increased train capacity, which can 
result in decreased unit costs, depending 
on the site location. 

A review of the different baseload 
liquefaction processes dominating the 
global liquefaction market suggests that 
no single process is substantially more ef-
ficient than the others in a given situation. 
Rather, each technology can be competi-
tive within a certain range of train sizes 
and conditions. The ultimate choice of 
which process to select will remain de-
pendent on project-specific variables and 
the development state of novel processes. 
Maximizing the value for an LNG venture 
by selecting the optimal configuration to 
best suit operating and market conditions 
can only be achieved after a detailed study 
of all options.

Under present and near-term condi-
tions, innovation and flexibility are key to 
realizing new opportunities with new sup-
pliers, markets and technologies. Numer-
ous options are now available for owners 
to develop resources at a rate that suits 
the market. Project owners and EPC con-
tracting teams must share their experience 
from previous baseload liquefaction plants, 
from concept evaluation through startup, 
and from recent projects using small-scale 
technologies to ensure that the best solu-
tion can be selected with regard to cost, site 
specifications and constructability. 
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Selecting amines for AGR facilities  
impacts LNG plant capacity 

Alkanolamines have been used for acid gas removal from 
natural gas for several decades. Since the 1980s, numerous ef-
forts to determine the amine that is best suited to a particular 
service have been reported, as several amine sweetening units 
that were operating inefficiently were optimized by simply 
changing the amines.

In the design of amine sweetening units, the major concern 
is that the sweetened gas meets the required purity specifica-
tions with respect to hydrogen sulfide (H2S) and carbon diox-
ide (CO2). The secondary objective is to select the amine that 
optimizes equipment size and minimizes plant operating costs. 
However, environmental issues associated with vent gas from 
the amine regenerator cannot be disregarded. In other words, 
there has been increased interest in benzene, toluene, ethyl-
benzene and xylene (BTEX) components dissolved in aque-
ous amine solvents and eventually rejected in the overhead of 
the regenerator.

Typically, the vent gas is incinerated through a thermal oxi-
dizer to meet US Environmental Protection Agency (EPA) 
BTEX emissions limits. BTEX components are listed by the 
EPA in the Clean Air Act of 1990 as among the 188 hazardous 
air pollutants. The EPA sets a standard of 25 tpy for total aro-
matics compounds emitted from any plant. A 10-tpy limit also 
exists on the emissions of each individual aromatic compound. 
The reasons for the restrictions include:1

• Benzene is a human carcinogen that promotes leukemia
• Toluene exposure can lead to reproduction  

or developmental effects
• Ethylbenzene affects the the blood, kidneys and liver
• Xylene exposure can affect the central nervous system, 

leading to respiratory and cardiovascular problems.
Therefore, most gas operations incinerate the BTEX that 

are absorbed in the amine unit and eventually released to the 
atmosphere to resolve the disposal issues of BTEX compo-
nents in the vent gas stream.

However, the vent gas incinerator (thermal oxidizer) is a po-
tential source of fire casualty and a major source of flue gases, 
such as nitrogen oxide (NOx) and carbon monoxide (CO). The 
NOx and CO emissions rates from the thermal oxidizer can be a 
major obstacle to acquiring a local environmental air permit. In 
addition, vent gas incineration is a thermal oxidation process in 
which BTEX components are combusted at 816°C (1,500°F). 
Since most of the vent gas stream is water-saturated CO2, a con-
siderable amount of fuel gas is required for this operation. In 

other words, the vent gas incineration process can be operation-
ally cost prohibitive from a fuel usage standpoint.2

The other challenge for the thermal oxidizer comes from a 
construction viewpoint. According to National Fire Protection 
Association (NFPA) 59A, process equipment containing lique-
fied natural gas (LNG), refrigerants, flammable liquids or flam-
mable gases should be located at least 50 ft from the source of 
ignition. This separation distance can provide additional chal-
lenges, as most small-scale LNG feed gas treatment systems in-
clusive of the amine unit are designed by modular fabrication. 
The modular fabrication of project execution provides benefits, 
such as an accelerated schedule, a lower installation cost and in-
creased reliability to LNG plant operations. For these reasons, 
numerous efforts to replace the vent gas incinerator with ad-
sorption technology are under study.

The removal of a vent gas incinerator from an amine regenera-
tor in the feed gas treatment of an LNG plant—and an investiga-
tion of benzene’s absorption in two different types of amine solu-
tions, along with their concentrations and how the selection of 
amines impacts LNG plant capacity—are discussed here.

More specifically, this study briefly reviews the configura-
tion of feed gas treatment and details how the benzene emis-
sions rate from an amine regenerator can affect the capacity of 

Acid gas
from HHC unit

Steam

Sweet gas to
dehydration unit

Vent gas to
atmosphere

Amine
contactor Amine

regenerator

Rich
amine
flash

FIG. 1. A typical amine sweetening unit.
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an LNG plant in terms of benzene content in a feed gas stream. 
The study also discusses amine types and their concentrations 
when a vent gas incinerator is not present. Typical acid gas re-
moval (AGR) facilities without a vent gas incinerator were mod-
eled, using a commercial process simulator to quantitate annual 
benzene emissions rates in terms of benzene content in the feed 
gas stream of an amine absorber based on two types of amine 
solutions—methyl diethanolamine (MDEA) with piperazine, 
and diethanolamine (DEA) with piperazine. The maximum al-
lowable benzene content in a given feed gas rate is specified by 
EPA benzene emissions limits. Finally, empirical curves com-
paring parameter dependencies on the prediction of LNG plant 
capacity were conducted for MDEA and DEA sweetening.

Requirements of feed gas treatment. In an LNG plant, 
natural gas from the gathering system must be treated before liq-
uefaction can take place. Four major categories of contaminants 

in the raw feed gas are considered potentially damaging in the liq-
uefaction process of LNG plants: mercury, heavy hydrocarbons, 
acid gas and water.

Mercury is known to cause stress cracking in brazed alumi-
num heat exchangers that are utilized in the cryogenic section. 
To prevent stress cracking, the typical LNG mercury specifica-
tion is 10 ng/sm3. Mercury can be easily removed by conven-
tional methods, such as a non-regenerable metal oxide guard 
bed. Additionally, a sulfur-impregnated mercury/sulfur guard 
bed was used to meet EPA H2S emissions limits. The optimal 
location of the lead-lag beds was upstream of the acid gas re-
moval unit, since the vent gas stream with H2S of the amine re-
generator was not supposed to be incinerated in this study.

A heavy hydrocarbon (HHC) removal unit was placed up-
stream of the amine unit to avoid the release of a significant 
amount of BTEX into the acid gas, along with CO2 from the 
amine regenerator. The removal of CO2 from the natural gas 

FIG. 2A AND 2B. The benzene content in outlet streams of an AGR unit for MDEA sweetening (2A, left), and the benzene content in outlet streams 
of an AGR unit for DEA sweetening (2B, right).
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FIG. 3A AND 3B. Calculated annual benzene emissions at 320 MMsft3d (3A, left), and the calculated annual benzene emissions  
at 4 × 320 MMsft3d (3B, right).
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using amine to very low levels (< 50 ppmv) was required to 
prevent freezing in the cold box. In a typical commercial amine 
process, an aqueous alkanolamine solution is in counter-current 
contact with natural gas containing CO2 in an absorber column. 
Finally, water must be removed from the gas stream prior to liq-
uefaction to avoid freezing in the cold box. These treating facili-
ties are an essential part of LNG plants and help ensure reliable 
LNG production. As discussed in the previous section, this case 
study highlights the AGR unit to address benzene emissions 
when a vent gas incinerator is not present.

Modeling of AGR facilities. In this study, a typical amine 
sweetening unit, as shown in FIG. 1, was modeled using a commer-
cial process simulator. An aqueous amine (MDEA or DEA) solu-
tion was in counter-current contact with natural gas containing 
CO2 in an absorber column. The amine reacted with the acidic 
CO2 gas to form a dissolved salt, allowing purified natural gas to 
exit the absorber. The rich amine solution was regenerated in a 
stripper column to produce an acid gas stream concentrated with 
CO2, and was eventually vented to atmosphere without incinera-
tion. The lean solution was then cooled and returned to the ab-
sorber, thereby repeating the process in a closed loop.

The acid gas stream, two types of amine solution and operat-
ing parameters for the study are summarized in TABLES 1 and 2.

Typically, feed gas to LNG plants comprises primarily meth-
ane (CH4), together with ethane (C2H6), propane (C3H8), bu-
tane (C4H10) and heavier components. A typical lean gas feed 
composition was used for a higher content of CO2 gas in the study.

MDEA and DEA are preferably used as absorbents in appli-
cations involving CO2 removal from natural gas in LNG pro-
duction due to their very low regeneration energy. However, 
their reaction with CO2 is extremely slow, and the absorption 
process is controlled entirely by resistance to mass transfer 
in the solvent phase. For this reason, 5% of piperazine in the 
MDEA and DEA solutions was used in the modeling study of 
the AGR facilities. Piperazine is a cyclic diamine that reacts with 
CO2 about 10 times faster than MEA. All stream properties of 
the amine unit were calculated using an “amine-sweetening PR” 
in a property package of a commercial process simulator.

In the simulations, benzene content was manipulated for the 
sensitivity studies, irrespective of the performance credit of the 
HHC removal unit. The commercial amine sweetening simula-
tions were conducted with varying MDEA and DEA concentra-
tions and by keeping a piperazine concentration of 5% in amine 
solutions to investigate the dependency of benzene’s emissions 
rate on amine types and concentrations.

Results and discussion. Since benzene is the least soluble aro-
matic component in LNG and poses the highest risk of freezing in 
the cold box, the benzene content was used as a target specifica-
tion for the operation of the HHC removal unit in the LNG plant. 
The benzene content in the AGR feed varies, depending on the 
performance of the HHC removal unit in conjunction with capi-
tal expenditures (CAPEX) and operating expenditures (OPEX).

Benzene content in the vent gas stream from the amine re-
generator and the sweet gas stream from the amine contactor 
are shown in FIGS. 2A and 2B, as a function of benzene con-
centration of the AGR feed gas stream for MDEA and DEA 
sweetening, respectively.

Bullen, et al.3 reported that the solubility of benzene in 50 
wt% MDEA at 43°C (110°F) should be approximately 0.017 
sft3/gal. However, as shown in FIG. 2A, a very small amount of 
benzene is absorbed in MDEA solution due to the low partial 
pressure of benzene in the feed gas stream. FIG. 2B shows that 
the benzene’s solubility in DEA solution is slightly lower than 
in MDEA. This result is consistent with benzene’s solubility in 
amines, as calculated by Valtz, et al.4

The benzene content in sweet gas and vent gas for DEA 
sweetening showed a similar trend to the benzene content of 
MDEA sweetening. In other words, by increasing the benzene 
concentration of the feed gas stream, the benzene content in 
sweet gas and vent gas streams reflected an increase. From the 
benzene content in the vent gas stream of the amine regenera-
tor, which is represented by circle symbols in FIGS. 2A and 2B, 
the annual benzene emissions to atmosphere were calculated at 
a feed gas flowrate of 320 MMsft3d for MDEA and DEA sweet-
ening, respectively.

FIG. 3A shows a calculated annual benzene emissions rate in 
tpy for the case study of 320 MMsft3d feed gas flow, in terms of 
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benzene concentration of the feed gas stream. The calculated 
annual benzene emissions rate for MDEA and DEA sweeten-
ing and EPA emissions limit are designated by a red diamond 
symbol, blue diamond symbol and green dotted line, respec-
tively. The EPA limit of 10 tpy indicates that approximately 19 
ppmv (maximum) of benzene content for MDEA sweetening 
is allowed in the feed gas stream. With DEA sweetening, ap-
proximately 22 ppmv of benzene can be loaded into the feed 
gas stream.

Since LNG plants are typically designed with multiple trains 
for larger production rates or operational flexibility to meet the 
client’s needs and commercial requirements, the feed gas flow 
of the case study was extended to 4 × 320 MMsft3d. As expect-
ed, the benzene loading at the feed gas flow of 4 × 320 MMsft3d 
shifted to a lower concentration in comparison to the feed gas 
flow of 320 MMsft3d to meet the EPA emissions limit, as shown 
in FIG. 3B. In other words, an HHC removal unit upstream of the 

AGR unit must remove the benzene content to approximately 5 
ppmv to meet the EPA benzene emissions limit.

As stated earlier, a high risk of precipitation of benzene in 
LNG product exists due to its higher freezing point compared 
to cyclohexane and other aromatic components. Therefore, 
the maximum benzene content of 5 ppmv—meeting the EPA 
limitation—must be examined to avoid freezing out in LNG 
product. Experimental solubility data for benzene in methane 
from Neumann5 are shown in FIG. 4.

According to the solubility data, approximately 8 ppmv of 
benzene is theoretically soluble in liquid methane at the typical 
liquefaction temperature of –157°C (–250°F). Consequently, 
the maximum benzene content of 5 ppmv met the LNG specifi-
cation and EPA benzene emissions limits, as well.

The benzene content is determined by the HHC removal 
unit’s performance. For instance, the performance of temperature 
swing adsorption (TSA) removing HHC, inclusive of benzene, 
is dependent on adsorbent volume (CAPEX) and regeneration 
cycle (OPEX). Specifically, the benzene content of the AGR 
feed gas stream can be reduced at the cost of CAPEX and OPEX. 
Eventually, the reduced benzene content can increase LNG plant 
capacity, meeting EPA benzene emissions limits. To investigate 
the dependency of LNG plant capacity on benzene concentra-
tion, the same calculation methods as described in FIG. 3 were 
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terms of amine concentration.
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TABLE 1. Acid gas stream composition and operating condition

Gas component Mol %

C1 94

C2 2

C3+ 0.3

Benzene 4 ppmv

CO2 2

Inert Balance

Temperature = 43°C (110°F)

Pressure = 1,000 psig

Flowrate = 320 MMsft3d
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described in FIG. 3 were conducted varying the feed gas flow-
rate. In this calculation, the benzene emission rate of 9 tpy was 
taken as a threshold point determining benzene content in the 
feed gas stream, considering a 10% safety margin on the EPA 
emissions limit.

FIG. 5 shows the estimated LNG plant capacity as a function 
of benzene concentration of the feed gas stream for MDEA 
and DEA sweetening, respectively. The LNG plant capacity 
decreased as the benzene content in the feed gas stream in-
creased to meet the EPA emissions limit for both cases. The 
dependency of the LNG plant capacity (V) on benzene con-
centration (Bz) of the feed gas stream is illustrated (R2 = 0.99) 
by the empirical curve fit (solid line).

As stated in Eqs. 1 and 2, the estimated LNG plant capacity 
for DEA sweetening is larger than that of MDEA sweetening by 
17% for all included benzene concentrations of the AGR feed 
gas stream.

=V
B
5 ,393

MDEA
z

 (1)

=V
B
6 ,187

DEA
z

 (2)

Here, the fit constant has the unit of ppmv × MMsft3d.
In addition to the selection of amine type, the other pa-

rameter affecting the benzene emissions rate of the vent gas 
is amine concentration. To investigate the amine’s strength ef-
fect on the benzene emissions rate of the vent gas stream, the 
commercial amine sweetening simulation was conducted with 
varying MDEA and DEA concentrations and a piperazine 
concentration of 5% in both amine solutions. In this study, 
the benzene concentration of 4 ppmv was kept in the feed 
gas stream and the same CO2 mole loading was maintained to 
amine (mole) for the MDEA and DEA sweetening by manipu-
lating the amine circulation rate. For all cases, the CO2 content 
in sweet gas was kept to less than 50 ppmv, which is a typical 
LNG benzene specification.

Annual benzene emissions to atmosphere are calculated 
based on the feed gas flow of 4 × 320 MMsft3d and a benzene 
content of 4 ppmv in the feed gas stream. FIG. 6 shows the an-
nual benzene emissions rate in terms of total amine concentra-
tion. Benzene emissions increase as the amine concentration in-
creases, since benzene’s solubility in amine solutions increases 
as amine strength increases for both sweetening cases. These 
results are enhanced by reference study results3,6 showing that 
the solubility of benzene in the MDEA solution was reduced 
by as much as 30% as the MDEA concentration decreased by 
10%. The EPA limit of 10 tpy indicates that approximately 52 

wt% (maximum) of MDEA solution is allowed to absorb CO2. 
Moreover, the DEA sweetening provides a wider window of 
amine concentration (55 wt%) to absorb CO2.

To investigate the dependency of LNG plant capacity on 
amine concentration, the same calculation method and same 
EPA emissions criterion as described in FIG. 6 were conducted, 
varying the feed gas flowrate. As shown in FIG. 7, the LNG plant 
capacity increased as amine concentration decreased for both 
amine sweetening cases.

The dependency of LNG plant capacity (V) on amine con-
centration (C) is illustrated (R2 = 0.99) by the empirical curve fit.

As shown in Eqs. 3 and 4, the estimated LNG plant capac-
ity based on DEA sweetening was larger than that of MDEA 
sweetening for all amine concentrations.

VMDEA  = 17,314 – 4,080 ln CMDEA  (3)

VMDEA  = 16,670 – 3,865 ln CMDEA  (4)

Here, the fit constant has unit of MMsft3d.
The percentage difference of the estimated LNG plant 

capacity between MDEA and DEA sweetening is shown in 
FIG. 8 as a function of amine concentration. The percentage dif-
ference of LNG plant capacity between MDEA and DEA sweet-
ening exponentially increased as amine strength increased. The 
result indicates that benzene’s absorption is strongly dependent 
on amine type and concentration. To the author’s knowledge, 
neither amine type nor its concentration dependency on LNG 
plant capacity have been previously reported. More specifical-
ly, with knowledge of the benzene concentration (0 < Bz ≤ 8 
ppmv) and amine concentration (48 ≤ C ≤ 55 wt%), Eqs. 1–4 
provide a powerful method of making predictions of LNG plant 
capacity when a vent gas incinerator is not present.

In other words, the contribution of benzene emissions with-
out a vent gas incinerator can also be extended to typical gas 
processing and treating plants. Ultimately, understanding the 
effects of benzene emissions rates in terms of amine type and its 
concentration on LNG plant capacity provides a basis for op-
erators and designers to interpret and manipulate a broad range 
of feed gas compositions and proper amine selection of AGR fa-
cilities in LNG plant design. Furthermore, the case study results 
can contribute to reduce the load of the thermal oxidizer when 
the vent gas incineration process is required.  
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TABLE 2. Amine solution and operating condition

Amine solution, 
Type 1

Wt% Amine solution,  
Type 2

Wt%

MDEA 45 DEA 45

Piperazine 5 Piperazine 5

Water 50 Water 50

Temperature = 49°C (120°F)

CO2 loading to amine solution (mole) = 0.33
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How APM in LNG operations  
can lower TCO and boost ROI

As the world’s hydrocarbon appetite 
continues its rapid turn toward lighter 
fare (e.g., natural gas for power genera-
tion, transportation and industry), mas-
sive, near-term investments in global, 
capital-intensive, fully digitalized LNG 
infrastructure are needed. According to 
Shell’s LNG Outlook 2018, natural gas 
demand is forecast to rise twice as fast 
as growth in total global energy demand 
through 2035, with LNG leading the way 
with forecast growth of 4%/yr.

Despite encouraging prospects for 
LNG, final investment decisions (FIDs) 
on new infrastructure stalled between 
2015 and 2017 due to global oversupply, 
which is expected to continue into the 
early 2020s.1 Since LNG projects have 4 
yr–5-yr build cycles, FIDs are expected to 
restart this year.

What can help make LNG FIDs more 
compelling for investors? The answer is to 
focus less on minimizing the infrastruc-
ture’s upfront capital costs and more on 
lowering the long-term total cost of own-
ership (TCO) over the expected 30-yr 
lifecycles of that infrastructure. The latter 
will eventually dwarf the former by more 
than 10 times.

Understandably, investors must have 
assurances that the engineering, procure-
ment and construction (EPC) phases of 
their complexes (e.g., LNG terminals, 
liquefaction trains, regasification facili-
ties, etc.) are on time and on budget, and 
that they lead to successful commission-
ings and startups. They need to know 
that revenue-generating outputs will 
start and continue as quickly, efficiently, 
reliably and safely as possible. This al-
lows investors to recover their invested 
capital sooner, and then enjoy maximum 
operating margins for the infrastructure’s 
remaining lifecycle.

For all these reasons, investors—and 
the EPC companies serving them—must 
consider the fast-evolving role that digita-
lization can play in more fully integrated 
operations and asset performance man-
agement (APM). Both are keys to faster 
returns of invested capital, higher long-
term operating margins and lower TCO.

According to a joint report from McK-
insey & Co. and Accenture on the oil and 
gas industry’s adoption of digital strate-
gies, operators will spend approximately 
$80 B over the next 2 yr on operational 
efficiency that, if invested in digital tech-
nologies, could lower operational expens-
es by 25%, boost field recovery rates by 
8%; and result in a sustained profitability 
increase of 11%.

The authors’ experience in digitaliza-
tion of operations along the entire value 
chain—upstream, midstream, down-
stream and distribution—suggests that 
these figures may be conservative. What 
we do know is that full, end-to-end digi-
talization can produce both incremen-
tal and quantum improvements in asset 
operational performance (FIG. 1). While 
digitalization may provide competitive 
advantages for LNG operators, it will 
be a competitive imperative for them in  
the future.

LNG digitalization for long-term op-
erations. What does digitalization in the 
operations of LNG facilities look like? 
Let us start by defining digitalization it-
self. For the LNG industry, the term is 
described as the harnessing and analysis 
of real-time and historical data, as well as 
the asset design data, to provide the deci-
sion support to optimize the overall per-
formance through improved reliability 
and integrated operations management 
throughout the lifecycle of the asset.

It also helps to understand what digi-
talization solutions are not. They are not 
one-off, digital point solutions deployed 
to speed up one particular process, with 
little or no regard for the asset as a whole. 
They are not original equipment manufac-
turer (OEM) data silos that collect digital 
data but limit information sharing, which 
can undermine or inhibit otherwise well-
informed decision making. They are not 
data recording, transcription or reporting 
with any manual intervention, which can 
add hours, days or weeks of latencies to 
their cycles—not to mention the inevita-
ble errors that can be propagated forward, 
if not compounded, with additional data.

Digital technology has been evolving 
continuously in the oil and gas industry 
since the first microprocessor-based digi-
tal control systems debuted in the early 
1980s. The internet dot-com boom in 
the late 1990s raised many expectations 
about game-changing applications, but it 
is only now that we are seeing the expo-
nential growth of digitalization—referred 
to as Industry 4.0. However, process in-
dustries, particularly the oil and gas sec-
tor, have been slower than others to adopt 
new technologies.

LNG Technology
M. RUSSELL and B. BAILIE,  
Siemens, Houston, Texas

FIG. 1. End-to-end digitalization can produce 
both incremental and quantum improvements 
in the operational performance of LNG assets.
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This slow adoption has valid reasons, 
such as the industry’s high priority for safe-
ty and using well-proven technologies to 
avoid costly production disruptions. LNG 
plants are designed for continuous op-
erations with minimum time for planned 
shutdowns, making it both difficult and 
potentially expensive to make any changes 
to the asset, including adding new sensors. 
Another barrier to adopting digitalization 
is that the operators have traditionally been 
sensitive to sharing performance data—
even with their OEM data, and even if the 
data had no operational significance or re-
lation to intellectual property.

Nonetheless, the LNG industry can 
benefit from embracing an end-to-end 
digital strategy to optimize long-term op-
erations, using these proven technologies 
in LNG facilities:

• Low-cost, smart sensors. 
Digital applications can exploit 
the development of low-cost, 
smart sensors. Sensors can give 
an LNG facility’s equipment 
baseline performance “signatures” 
that enable real-time monitoring 
and analysis of any operating 
data anomalies. Enhanced 
measurements can improve 

availability via more accurate 
predictive diagnostics.

• Robust connectivity to cloud 
infrastructures. Affordable, 
secure links to global, scalable, 
cloud-based computing and 
storage resources on a pay-as-you-
go basis lowers entry costs and 
simplifies application deployments 
for LNG operations. Global 
standards (e.g., OPC Unified 
Architecture) facilitate machine-
to-machine communication. 
This reduces, if not eliminates, 
proprietary lock-ins on how 
equipment talks to other systems. 
New and legacy infrastructures 
can exchange information, 
helping extend the utility of older 
equipment and the value of the 
legacy investments in it.

• Advanced data analytics. The 
data science behind advanced 
analytics includes sophisticated 
statistical models that seek 
patterns in data at speeds far 
beyond even the smartest human’s 
ability to discern them. The 
use of advanced analytics has 
traditionally been constrained 
by the cost and access to the 
required computer capability, but 
cloud computing has made this 
power—including supercomputer 
parallel processing—much more 
accessible, affordable and  
quickly scalable.

• Artificial intelligence (AI) 
and machine learning. AI is 
the application of computer 
technology to perform tasks that 
would usually require human 
intelligence and cognition. 
Machine learning is an AI 
application that runs data through 
sophisticated statistical models 
to find patterns and, in effect, 
to learn from the data and adapt 
its functions without specific 
programming. The more data 
that is processed, the smarter the 
program or machine becomes.

• Digital twins of physical 
assets. With computer-aided 
design (CAD), engineering and 
manufacturing software, it is 
possible to integrate all asset data 
to build a virtual representation 
(i.e., a digital twin) of an asset—

FIG. 2. With CAD, engineering and manufacturing software, it is now possible to integrate all 
asset data to build a digital twin of an asset.

FIG. 3. The world’s first all-electric LNG plant uses APM and enhanced drive-train analytics to 
reduce downtime, lower maintenance costs and increase availability.
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from conceptual design through 
detailed design, fabrication, 
construction, commissioning and 
operations (FIG. 2). For greenfield 
projects, the digital twin can be 
used to minimize capital cost 
by effectively comparing design 
options. It can also be used to 
reduce cycle times and engineering 
efforts. In the operational phase, 
including brownfield deployments, 
the digital twin provides the ability 
to compare operations to design 
conditions and quickly conduct 
“what if ” scenarios without the 
risks of costly disruptions or 
expensive physical modeling.

• Cyber security protections. 
Cyber security standards and 
layered, defense-in-depth models 
have grown in response to the 
ever-increasing frequency and 
sophistication of cyber threats 
that continue to threaten critical 
infrastructure, especially energy. 
Safeguards include ISA/IEC 
62443, along with ISO 27001 and 
27002—the world’s foremost data 
security standards. Additionally, 
new protections against advanced, 
persistent threats use small, 
kilobit-sized embedded software 
agents to monitor networks for 
behavior changes that can signal  
a possible intrusion.

LNG digitalization for asset perfor-
mance management. In an LNG con-
text, APM refers to the use of processes, 
systems and technologies to optimize 
the efficiency, productivity, reliability 
and availability of an LNG facility. APM 
helps maximize asset utilization and 
output, lower operational expenditure 
(OPEX) and TCO, and minimize the 
risk of disruption. APM applications 
supported by digitalization include con-
dition monitoring, predictive mainte-
nance, asset integrity, quality manage-
ment and, importantly, health, safety and 
environment (HSE) management.

At the core of how digitalization can im-
prove APM are advanced analytics using 
AI and machine learning. With real-time 
and historical data for AI, LNG facility op-
erators can employ this technology to look 
for signs of anomalous machine behaviors 
in individual pieces of equipment—for 
example, comparing a bearing’s vibration 

signature over time or analyzing other 
systems, such as the performance of a re-
frigeration compression train. This equip-
ment health analysis provides the basis to 
conduct prescriptive maintenance.

Across the asset, AI can be used to 
optimize the performance of compres-
sors, drive trains, heat exchangers, power 
equipment and all mission-critical assets 
that are core to the operations of LNG 
facilities. This operation can be done re-
motely via secure communications links 
and cloud-based technologies.

For example, Europe’s first LNG plant 
near the Arctic Circle, which was also Eu-
rope’s first all-electric LNG plant (FIG. 3), 
installed six compressor trains. For this 
application, the authors’ company devel-
oped a special sensor that detects minute 
quantities of dust generated in the equip-
ment and uses this measure as one of the 
key indicators for prescriptive mainte-
nance. This facility uses APM and en-
hanced drive-train analytics to:

• Reduce time for maintenance and 
stoppages by approximately 20%

• Lower the direct costs of 
maintenance and downtime

• Increase availability by reducing 
planned and unplanned stops.

Specific to compressor performance, 
the authors have found that, by averting 
trips and resulting forced outages via early 
detection of potential faults and preven-
tive remediation, compressor availability 
can increase as much as 3%—approxi-
mately 11 d/yr.

Extrapolated over a compressor’s de-
cades-long lifespan, this additional avail-
ability provides significant cost avoid-
ance by saving disruptive downtime and 
related expense. These savings not only 
apply to compressors but also to ancillary 
equipment, even valves, as unplanned 
shutdowns can often result from their 
failures. Taking a holistic approach and 
applying prescriptive diagnostics to the 
equipment in the plant asset are the best 
strategies to optimize operations overall.

Another APM benefit is extended 
lifecycles of hardware components with 
more proactive and tailored maintenance 
approaches. For example, condition-
based maintenance (vs. scheduled main-
tenance) provides maintenance when 
equipment needs it and is done during 
planned outages. This can also optimize 
spare parts inventories, freeing otherwise 
constrained capital.

Taking the next steps. Existing LNG 
facilities are advised to take a two-phased 
approach to digitally driven APM. First, 
operators should conduct a health assess-
ment of their facility, including its elec-
trical, instrumentation and control capa-
bilities and functionalities. Second, given 
these findings, they should develop a plan 
for the upgrades, enhancements and in-
tegrations of the sensors, equipment and 
systems required to close gaps and boost 
overall APM across the plant.

Before implementation, organiza-
tional implications should be addressed. 
Staff may need training in the new tech-
nologies. Meanwhile, organizational si-
los, such as the gap between operational 
technology (OT) and informational 
technology (IT) teams, may need to be 
identified, and steps may need to be taken 
to ensure a greater understanding of the 
technologies’ contributions and to facili-
tate collaboration between these teams.

Integrated operations and a digitally 
driven APM strategy are key to the fu-
ture of LNG plant operations. They can 
help to deliver faster returns on invested 
capital, higher long-term operating mar-
gins and lower TCO—all compelling 
economic benefits for LNG facility in-
vestors. Their EPC companies—which 
typically design, build and commission 
these complex assets—can also benefit 
by including the advantages of integrated 
operations and digitally driven APM in 
their value propositions and competitive 
differentiations.  

BRUCE BAILIE is the Digital Officer 
for Siemens’ oil and gas vertical, 
Americas region. He brings 
extensive, cross-vertical experience 
in process industries, including  
oil and gas, with a particular focus 
on software solutions. His 

responsibilities include drawing on a broad portfolio 
to deliver integrated solutions tailored to the given 
needs of oil and gas customers. These solutions 
encompass dynamic process simulation and 
optimization; monitoring of high-speed equipment 
and associated data analytics; and the integration  
of ERP systems to enhance business processes.

MATTHEW T. RUSSELL is Vice 
President, Gas-to-Power, LNG  
for Siemens’ Power and Gas 
Business. He is responsible  
for Siemens’ global LNG portfolio 
inclusive of strategy, business 
development and captive finance. 

Mr. Russell joined Siemens in 2017 following a 10-yr 
career at KBR. Mr. Russell earned a bachelor’s degree 
in civil engineering from Ohio State University  
in 2003, and received a master’s degree in business 
from the University of Delaware in 2007.
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L. NICHOLS, EDITOR/ASSOCIATE PUBLISHER, 
Hydrocarbon Processing

Indian LNG—The creation of a natural gas  
importing powerhouse

According to the International Group of LNG Importers 
(GIIGNL) publication, “The LNG industry: GIIGNL annual 
report 2018,” global LNG trade has increased from approxi-
mately 264 MMtpy in 2016 to nearly 290 MMtpy in 2017. This 
trend represents a year-over-year increase of more than 9.8%. 
LNG trade is expanding at a substantial rate, and is forecast to 
grow seven times faster than pipeline gas trade, according to 
BP’s “Energy Outlook 2017.” 

For the foreseeable future, the Asia-Pacific region will be 
the leader in new LNG regasification capacity. To adhere to 

new government regulations on switching from coal-fired 
power generation to natural gas, several nations within Asia 
are investing heavily in new LNG import infrastructure. These 
facilities will provide many countries in the region with a 
steady supply of natural gas to satisfy demand for industrial 
use. One such nation that is embarking on a capital-intensive 
natural gas infrastructure and LNG import program is India. 

Due to a growing population and a rising middle class, India 
will see substantial growth in all areas of its downstream sector. 
The country’s “Make in India” program is driving refined fuels, 

FIG. 1. LNG import infrastructure in India. Source: Energy Web Atlas. 
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petrochemicals and natural gas demand domestically. Comple-
menting its thirst for crude oil and petrochemicals, India has the 
potential to become a hotbed for natural gas consumption over 
the next few years. The country is striving to move to a more 
gas-based economy. Demand from gas-consuming industries, 
such as power and fertilizer, is rising steadily. This upward trend 
is the result of several factors that include the country’s “Make 
in India” program and its need to curb emissions. 

The country has already witnessed its natural gas consump-
tion increase substantially over the past decade. According to BP, 
India’s natural gas consumption has increased from 37.3 Bm3y in 
2006 to more than 50 Bm3y in 2016. In contrast, India’s natural 
gas production has decreased from 47.55 Bm3y in 2011 to 31.89 
Bm3y, according to the Ministry of Petroleum and Natural Gas. 
Although the nation’s natural gas production increased to 32.64 
Bm3y in 2017—the first increase in 6 yr—India’s gap between 
supply and demand continues to widen, especially with the coun-
try’s goal to move toward a more gas-based economy. 

India is targeting an increase in the share of natural gas in its 
total energy mix from 6.5% to 15% by the end of the decade. 
To accomplish this goal, the country aims to invest $100 B in 
its natural gas sector by the early 2020s. This ambitious target 
includes constructing new natural gas pipelines, completing the 
gas grid, building gas distribution networks to nearly 230 cities 
and adding processing centers and LNG import terminals. In-
vestments in the country’s midstream and downstream sectors 
are imperative to meet burgeoning demand.

India has four LNG terminals in operation, with an in-
stalled capacity of 25 MMtpy. These terminals are located at 
Dahej (Petronet), Hazira (Shell), Dabhol (Ratnagiri Gas and 
Power) and Kochi (Petronet). According to the Ministry of 
Petroleum and Natural Gas, the country plans to build 11 
more LNG import terminals over the next several years. This 
capital-intensive LNG buildout would boost the country’s do-
mestic import capacity to more than 70 MMtpy. India plans to 
complete this ambitious program by constructing grassroots 
LNG regasification and import facilities, as well as by utilizing 
floating storage and regasification unit (FSRU) vessels. 

Energy Web Atlas has identified nine LNG import projects 
that are proposed or under construction (TABLE 1). These fa-
cilities will add nearly 45 MMtpy of new capacity by the early 

2020s. India’s operational LNG terminals, and those proposed 
or under construction, are shown in FIG. 1. Two of the coun-
try’s LNG import terminal projects are scheduled to begin op-
erations this year. The 5-MMtpy Mundra LNG project, a joint 
venture between the Adani Group and the Gujarat State Pe-
troleum Corp., will begin operations in mid-2018, and H-En-
ergy plans to start full commercial operations on its 4-MMtpy 
FLNG import vessel by the end of the year.

At the time of this publication, GAIL was the latest LNG 
importer to announce the construction of additional LNG 
import capacity. The company plans to increase its Konkan 
LNG terminal’s import capacity from 5 MMtpy to 10 MMtpy. 
The $450-MM investment is expected to be completed in 
mid-2021. The imported natural gas will flow to customers in 
Karnataka, Maharashtra and Gujarat. 

To fully utilize imported natural gas volumes, the country 
must build additional gas pipeline infrastructure to distribute 
the commodity to domestic markets. The Indian government 
has announced that it will invest heavily in the construction of 
new pipelines and distribution networks to move gas to nearly 
230 cities. The country is making a deliberate move to set up 
free cooking gas connections to poor families. These house-
holds have traditionally relied on burning wood for cooking. 
However, the government of India is investing heavily to add 
more liquefied petroleum gas (LPG) connections. The switch 
from wood-fired stoves to LPG will provide a safer environ-
ment for cooking, along with a reduction in air pollution. 

India is also considering the utilization of LNG as a bunker 
fuel and transportation fuel to help curb emissions in inland 
waterways and heavily populated cities, such as Delhi. For ex-
ample, Petronet has announced plans to install 20 LNG stations 
along a 4,000-km route from Delhi to Thiruvananthapuram. 
These LNG retail outlets are being set up primarily to fuel buses 
and trucks that drive along the route. According to Petronet’s 
CEO, Prabhat Singh, buses and trucks that operate in India 
consume approximately 28 MMtpy of diesel, which represents 
nearly 36% of diesel consumption, or about 78 MMtpy.

The total cost of India’s LNG and gas distribution buildout 
is estimated at more than $100 B. With the continuing surge 
in the country’s economic activity, natural gas will remain in 
high demand through the end of the decade. 

TABLE 1. LNG import projects under development in India. Source: Energy Web Atlas.

Project Location Operator
Capacity,  

MMtpy Cost, $ MM Completion

Dhamra LNG Odisha Adani Group 5 1,000 2020

Gangavaram LNG Andhra Pradesh Petronet LNG 5 - 2020

Kakinada Deepwater  
Port (FSRU)

Andhra Pradesh Kakinada  
Deepwater Port

3.5 900 2018

Jaigarh FSRU Maharashtra H-Energy 4 261 4Q 2018

Karawar FSRU Karnataka Fox Petroleum 7 1,050 2020

Ennore LNG Tamil Nadu Indian Oil Corp. 5 1,600 2019

Jafrabad LNG Port (FSRU) Gujarat Swan Energy 5 - 2020

Mundra LNG Gujarat Gujarat State Petroleum  
Corp. LNG Ltd.

5 780 2018

Konkan LNG Dabhol (Maharashtra) GAIL 5 450 3Q 2021
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Industrial Internet  
of Things (IIoT)

Industrial IoT technologies are revolutionizing oil 
and gas supply chains 

Over the past few decades, the world has seen a surge in 
demand for oil and gas, and global markets have responded to 
meet these growing energy needs. Today, the oil and gas indus-
try is complex and increasingly digitally integrated. Exponen-
tial population growth, especially within developing nations, is 
driving demand and contributing to the rise in the global popu-
lation, which is now estimated at 8 B people. 

Energy producers, suppliers and distributers are rapidly 
adopting innovative, industry-centric technologies to help 
meet global demand, deliver sustained value and capitalize on 
emerging markets. Specifically, technological improvements in 
liquefaction, transportation and regasification processes have 
enabled natural gas to emerge as a viable global energy source. 

Natural gas suppliers are increasingly focusing their attention 
on high-growth nations in the Asia-Pacific and Americas re-
gions, where a push is seen toward liquefied natural gas (LNG) 
as a cheaper, cleaner energy source over coal. This substitution 
has, in turn, spurred a dramatic increase in maritime cargo ship-
ments, the formation of new trade routes and the emergence of 
more buyers. LNG operators are rapidly embracing technolo-
gies that digitally transform their supply chains and enable them 
to easily monetize emerging demand-side opportunities.

Obstacles in global oil and gas markets. At the top of the 
food chain, only large oil and gas companies are adequately 
positioned financially to actualize natural gas projects on a 
large enough scale to fully support a liquefaction plant. Mov-
ing down the chain, large ports are required to export sub-
stantial amounts of LNG stored on transport vessels that are 
designed to ensure the safe and secure passage of product in 
large quantities (FIG. 1). Distribution companies must also 
safeguard their volatile cargo while in transit to reduce the po-
tential of LNG boiloff as conditions warm. 

Weather, storage conditions and voyage length are other im-
portant factors contributing to potential loss. These consider-
ations are forcing shippers to adopt real-time cryogenic storage 
technologies that keep temperatures properly regulated. Upon 
reaching its destination, LNG is heated and converted back into 
natural gas through a regasification process, and then fed into 
the transmission network.  

Along the chain, high logistics costs coupled with an expensive 
LNG regasification process continue to eat away at profitability. 

While many upstream operators are already extremely sensitive 
to lower gas prices, these operating expenses and export-related 
costs are squeezing margins even tighter. Some operators are at-
tempting to solve this problem by incorporating floating LNG 
(FLNG) or floating storage and regasification units (FSRUs), 
where natural gas is liquefied, stored and regasified using offshore 
processing units.5 However, uncertainty lingers about the time-
to-value and delayed return on investment (ROI). 

Further complicating matters is the fact that many operators 
are hesitant to make large-capital expenditures in technology, 
as no mechanisms exist to accurately measure ROI, and many 
remain uncertain if their investments will pay off.

A flexible technology enablement approach. LNG opera-
tors realize that streaming real-time metrics from the operating 
technology domain represents the “new gas” fueling their indus-
try supply chains. The digital transformation is actively sync-
ing operations and enterprise systems, and this critical missing 
piece of the puzzle helps operators unlock valuable insights and 
see the big picture. Plant managers, shipping operators and port 
officials are able to view the progress of material flows and in-
stantly know the condition of heterogeneous front-line assets, 
including process manufacturing equipment, loading vehicles 
and transport containers. Furthermore, by adding predictive 
maintenance intelligence, managers can know when an asset is 
at risk of failing before it goes offline.

Technology is not only rapidly evolving; serious thought 
is also being given to the what and the how of technology im-
plementation. Many enterprises are steering away from costly 
“Big Five” consulting solutions that promote compartmental-

FIG. 1. Large ports are required to export large quantities of LNG  
on transport vessels.
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ized Industrial Internet of Things (IIoT) solutions that quickly 
solve pressing enterprise, business and operational challenges 
in an interoperable and cost-effective way. This mesh of IIoT 
sensors, devices, gateways and cloud services make up the cy-
ber-physical systems of Industry 4.0 technologies, and provide 
enterprises with a targeted approach to eliminate specific ineffi-
ciencies along the supply chain. LNG operators are using these 
staggered adoption strategies in an effort to keep operations 
flexible and nimble, and to build stable technology foundations 
from which to successfully roll out other initiatives across the 
enterprise. Implementing IIoT solutions in this stepwise fash-
ion enables managers to proactively conceptualize, finance and 
manage the proposed technology solution. 

Real-time monitoring capabilities. As enterprises pursue 
new levels of responsiveness along the chain, LNG operators 
are transitioning away from reactive legacy systems, and are 
instead focusing on purposeful Industry 4.0 solutions. Ubiqui-
tous sensor mesh networks that stream real-time data for asset 
condition monitoring capabilities unlock predictive mainte-
nance modeling and provide logistics and operation managers 
with advance notice of what to expect.

For example, attaching IIoT sensors to key compressors, 
pumps and valves to monitor pressure, temperature and vibra-
tions, and then relaying that information to the cloud, allows 
managers to proactively monitor the condition of their critical 
assets and use industry KPIs to determine optimal maintenance 

schedules. Additionally, performance monitoring of heat ex-
changers and cooling towers, along with monitoring LNG stor-
age temperatures, provides immediate detection of potential 
gas leaks and product defects. This alleviates avoidable boiloff 
costs, while also providing added safety by ensuring that LNG 
vapor levels are not within flammable range. 

The cohesive mix of technologies that make up the IIoT en-
ables operators to unlock new efficiencies and increase produc-
tivity at the local level, resulting in reduced maintenance costs, 
greater reliability of process equipment, less product waste and 
higher product quality. As natural gas presents a prime alterna-
tive for cleaner energy sources and promises to reduce the car-
bon footprint, this digital evolution of the LNG supply chain is 
also essential for enterprise sustainability as operators position 
themselves to take advantage of new revenue opportunities in 
global markets. Whereas traditional large-scale implementa-
tions take significant time and money to operate at full speed, 
enterprises along the chain can implement Industry 4.0 solu-
tions in days, not months, and realize ROI out-of-the-box. 

SIMON HARRISON is co-founder of dominionRED, a strategic 
branding and news media agency based in San Diego, California. 
Mr. Harrison heads the strategy and content media arm of 
dominionRED and is responsible for aligning client business 
initiatives with potential M2M/IIoT and telecom technologies. 
Before founding dominionRED, he held management positions at 
Abbott Laboratories, Caterpillar and EMA, where he spearheaded 

a number of private and public sector enterprise technology initiatives. Mr. Harrison 
holds an MBA degree from the University of Illinois.
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Improving certainty in uncertain times 
by building an IIoT-ready plant 

Historical statistics indicate that 25% 
of projects have budget overruns and 
a further 50% have schedule slippage. 
Therefore, project strategies are needed to 
manage risks efficiently while delivering 
increased value not only to the project, but 
also to the ongoing operation of the asset. 

In this context, there is sometimes a 
perception that integrating or specifying a 
digital infrastructure to enable the Indus-
trial Internet of Things (IIoT) in a project 
is not a requirement, but is simply “nice 
to have” or “gold plating.” Furthermore, 
lack of knowledge can lead project man-
agement to see IIoT readiness in a scope 
as a liability rather than as an asset for the 
project and future operations.

However, many industry leaders see 
things differently, and they are challeng-
ing project managers to expand their 
thinking on automation. They want to 
leverage digital transformation technol-
ogies to change the way things are done 
both during the project and in subse-
quent operations.

The following discussion  will show 
how and why projects are not always ex-
ecuted with the IIoT in mind, and will 
suggest ways to remedy this situation.

Projects are complex by nature. This  
complexity has led the evolution of con-
tracting and project execution models to 
create repeatable success, at least by some 
definition. Unfortunately, the relation-
ship between the engineering, procure-
ment and construction (EPC) company 
and the end-user client can lead to a proj-
ect with inadequately specified digital in-
frastructure, or even its complete absence. 
This typically arises when an EPC follows 
long-established specifications of what 

we now consider to be very conventional 
automation technologies. The issue is fur-
ther compounded when the client is un-
able to articulate and specify transforma-
tional digital technologies through lack of 
experience. An EPC company wants to 
avoid ambiguity. Everything in the scope 
has to be defined in mutually understood 
terms so that both the EPC and client 
know when each task is completed. Digi-
tal technologies may be harder to define 
with the desired degree of clarity.

Two questions arise: How can this 
happen? What can be done to avoid the 
problem from the outset?

First, major capital projects present a 
degree of risk for everyone involved due 
to the nature of complex interactions 
during execution. The pressure to meet 
scope, schedule and budget targets is 
paramount, since deviation from any one 
of these can send the whole effort into 
overrun. The targets are interrelated. If 
the schedule falls behind and the project 
does not start up on time, the budget will 
increase beyond its limits. Costs slip into 
a negative doubling mode where capital 
expenses continue to climb, while delayed 
production starves the plant of anticipat-
ed income. Consequently, known tech-
nologies are often preferred. Innovation is 
wonderful, but there is simply too much 
at stake to experiment with things neither 
party understands adequately. Invariably, 
from experience we see statements like, 
“We’ll try some new things once the plant 
is up and running and the project has 
been successfully delivered.”

Second, the fundamentals of execution 
strategy for projects have not changed on 
either side of the table. Both the EPC and 
client understand how these things are 

supposed to work. Adding new elements 
capable of creating misunderstandings 
and forcing a project into unknown direc-
tions is not seen as a good idea.

Third, what is a digital plant supposed 
to look like? What does the term mean? 
If the client is not clear on what it wants, 
then the EPC is not going to break out of 
its comfort zone and push the adoption 
of new ideas.

All three of these issues share the com-
mon denominator of risk aversion as the 
driving force of project management. 
Many managers point out how well exist-
ing practices get the job done—i.e., “if it’s 
not broken, don’t fix it”. Even if project 
practices and technologies are outdated, 
the project can be completed now and 
inadequacies can be fixed later. The resis-
tance to trying something new, even if the 
payoff is significant, becomes a serious 
barrier to the long-term success of plant 
operations. How can it be overcome?

Reconciling vision with life on the 
ground. More companies are looking for 
ways to work more efficiently and effec-
tively using better technologies and tools. 
These are good ideas, but the challenge is 
turning vision into tangible work programs 
and objectives, particularly for relatively 
new technologies like the IIoT, which may 
not have been implemented before.

Three trends emerge for projects:
• Some projects exist where neither 

the EPC nor the client are familiar 
with the IIoT and the concept of 
a digital plant. The result is a very 
conventional project delivered with 
potentially outdated technologies 
and architecture.

• Other projects have a vision for 
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IIoT, but are unable to turn it into a 
strategy for success for the project 
or subsequent operations. 

• A third group of projects selects 
best-in-class technologies in terms 
of infrastructure and applications. 
However, these efforts prove 
ineffective because they lack a 
coherent, overarching strategy for 
how to make use of the technology. 

For example, does anyone from man-
agement call for the new ethylene cracker 
scheduled to open in 2019 to be a digital 
technology showcase?  The answer is yes, 
it does happen, but not nearly as often as 
it should. Typically, organizational con-
straints and project pressures take prece-
dence over a desire to embrace techno-

logical advances. The value of building a 
new, data-driven IIoT platform is not be-
ing questioned, but it will be left for the 
next project. 

Sometimes, the focus fixes on adher-
ing to a schedule and budget since the 
company desperately needs the capacity. 
This is an appropriate objective, but an-
other opportunity is missed. The ultimate 
irony is that the tools and technology so-
lutions feared as disruptive elements can 
be a major help during the project, and as 
a permanent part of the production envi-
ronment going forward. If specified cor-
rectly and included in the scope from the 
start, they can be used during implemen-
tation, often speeding the project delivery 
process significantly.

Getting a grip on the concept. 
When developing functional require-
ments and tangible technology deliver-
ables, end users should break down their 
potential requirements into manageable 
elements. This enables each element of 
the requirement to be understood and a 
corresponding solution to be specified. 
Each of these solution sets can then be 
placed into an overarching architecture, 
which will be an implicit part of the de-
liverable for a project. 

This incremental approach is impor-
tant for both the EPC and the client in-
volved in a project. Individual elements 
can be included in a project scope so that 
they become part of the project discus-
sion from the beginning. A significant 
part of the digital philosophy is the ar-
chitecture—the mechanisms necessary 
to support various types of applications, 
rather than the applications themselves. 
The significant change is moving away 
from a distributed control system (DCS) 
architecture to a much broader enterprise 
view of data and applications. Moving 
away from a DCS-centric solution creates 
a much more flexible architecture, which 
enables many other applications to be lay-
ered in if the right architecture and infra-
structure is put in place.

When thinking about how to trans-
form your projects and operations, define 
the scope requirement in terms of the fol-
lowing five digital competencies:

• Automate workflow: Automate 
routine and manual activities to 
free workers from mundane tasks 
by using technologies to eliminate 
manual data collection. For 

example, when precommissioning 
an asset and collecting performance 
measures, look at sensors to 
automate data collection and 
eliminate the need for manual 
intervention, or take readings from 
local gauges or handheld data-
gathering tools.

• Decision support: Provide users 
with decision support and analytical 
tools to enable higher-quality, 
faster decisions. Look at remote 
collaboration technologies to 
facilitate interaction with experts at 
other sites or vendors that can help 
troubleshoot and fix equipment 
more quickly. Enabling these tools 
during precommissioning can speed 
up handover to production.

• Workforce upskilling: Ensure 
the availability of training in 
flexible formats so that employees 
can increase proficiency with 
the technology and processes 
they use every day. Think about 
upskilling the EPC engineers to 
use these technologies so they 
can work alongside the client and 
ensure a smooth transition from 
commissioning to operations.

• Mobility: Provide constant 
situational awareness with 
mobility tools to power enhanced 
collaboration and reduce or 
eliminate dependency on control-
room operator screens. Mobile 
worker tools have yielded up 
to 50% time savings in startup 
processes by eliminating reliance 
on access to remote screens and 
resources. Effective use of such 
tools requires simple training and 
some preplanning to adapt  
work processes.

• Change management: Build in 
the capability to effectively change 
traditional processes by introducing 
new technologies. Think about the 
impact technologies can have on 
conventional work processes. For 
example, mobility tools can provide 
support for commissioning and 
more timely access to information 
while on the move. Think about 
how wireless sensors can be used 
to eliminate the need for cabling 
and other physical infrastructure 
to gather process and performance 
measurements.

FIG. 1b. Wi-Fi and WirelessHART both operate 
in 2.4 GHz spectrum, but can coexist without 
interfering with each other.

FIG. 1a. Having Wi-Fi in a plant allows workers 
to communicate and retrieve information 
on a company intranet or the internet from 
anywhere in the facility.
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Identifying practical digital tech-
nologies. No single technology is ca-
pable of making a plant “digital.” Success 
requires taking an ecosystem approach, 
identifying technologies that are harmo-
nized to provide a coherent solution. Ef-
fective implementation means looking at 
each component and adopting those that 
make sense for the plant or facility. The 
approach should not attemp to embrace 
an all-encompassing assortment of tech-
nologies and numerous protocols to cre-
ate some sense of universal interoperabil-
ity. Instead, develop an architecture that 
allows enhancements to accommodate 
technologies as they emerge and become 
prevalent within the industry. Examples 
of this structure include: 

• Flexible architecture. Typically, 
conventional automation 
architectural philosophy 
attempts to route all process data 
through the DCS, but this often 
poses physical and commercial 
constraints. For example, is there 
sufficient capacity to integrate 
new sensors? Is adding them 
commercially viable? Can the 
system expand and accommodate 
technical changes as future 
requirements emerge? With some 
systems, this route is often both 
technically and commercially 
impractical, or totally infeasible. 
Moreover, DCS-centric 
architecture leaves the project and 
future expansion wholly reliant on 
the DCS vendor.

The new model uses technologies that-
eliminate reliance on a DCS-centered ar-
chitecture. It looks at the relevance of data 
and helps route it to applications where it 
is most relevant and provides strategic in-
terpretation to workers who can act upon 
that information. This operation elimi-
nates the control room bottleneck and 
provides a versatile architecture that can 
grow to accommodate new technologies, 
sensors and applications.

Key architectural components include 
security, Wi-Fi and wireless-enabled mo-
bility solutions, wireless-enabled sensors 
and analytic applications.

• Wi-Fi and long-term evolution 
(LTE). All new plants and all major 
plant expansions should include 
wireless infrastructure (FIG. 1). 
Wi-Fi is commonly used, although 
some facilities also consider LTE 

infrastructure when a quality of 
service and guaranteed availability 
through a local service provider 
has been negotiated. At the project 
specification stage, it is relatively 
easy to incorporate a wireless 
infrastructure in the scope, so end 
users should think about how the 
project and ongoing operations can 
capitalize on the infrastructure. For 
the project, there is a significant 
benefit in using mobility tools 
to support precommissioning, 
making many activities into 
single-person operations without 
relying on the control room 
operator. Additional functionality 
for tracking resources—such as 
materials and tools to ensure that all 
required components are in place to 
complete a task prior to dispatching 
a construction crew—is valuable in 
engineering management.

• Wireless instrumentation and 
infrastructure. In the decade since 
the release of the WirelessHART 
protocol, the selection and variety 
of wireless instrumentation (FIG. 2) 
have grown enormously, supported 
by multiple vendors. A broad range 
of field instruments is now available 
as natively wireless, eliminating the 
need for signal wiring.

In addition to traditional process in-
struments, the number of equipment 
condition monitoring instruments has 
also grown, allowing critical installa-
tions, such as pumps and heat exchang-
ers, to benefit from performance and 
condition monitoring without the need 
for expensive wired networks. Often, ad-
ditional measurements are eliminated 
from the design of a new or retrofit proj-
ect since those signals are deemed too 
costly to implement during the capital 
expenditure phase of a project. If those 
measurements are needed later, add-
ing wired instrumentation can be much 
more costly than wireless solutions. 

Wireless sensor solutions are a good 
way of supporting operational excellence 
programs to improve plant productivity, 
reliability and compliance to emerging en-
vironmental and safety legislation (FIG. 3). 
Being able to specify these parameters dur-
ing the project phase is more efficient, and 
provides significant engineering presence 
on the project, which can be marshalled to 
assess and specify high-value applications. 

• Monitoring inputs. Many DCS 
installations have a significant 
number of monitoring points; 
wiring these conventionally can 
be overly complex and expensive 
to implement. A better installation 
practice is to connect these devices 
wirelessly, eliminating the overhead 
of the wired infrastructure. This 
is particularly important when 
adding to a brownfield plant where 
existing DCS I/O points may not 
be available and adding new ones 
is often very expensive. Combining 
wireless instrumentation and 
infrastructure with this concept 
can cut costs substantially, while 
decreasing installation time.

• Analytics. To be effective, an 
analytics strategy must offer 
a quick deployment without 
significant overhead in a 
sophisticated, large-scale initiative. 
Due to little or no operational 
experience or history, this might 
not yield any immediate results. 
The concern at this stage is to 
ensure sufficient sensor coverage 
to collect data, which will be 
relevant in any future enterprise-
wide analytics engine. End users 
should focus on implementing 

FIG. 2. Native wireless devices usually have a 
built-in power module that can last for years. 
This allows them to operate without wires of 
any kind.
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simple, scalable analytics at the 
edge, which can deliver immediate 
insight into asset performance.

• Collaboration. Wireless 
infrastructure enables new ways  
of accessing information, thereby 
enhancing collaboration between 
field technicians and control room 
personnel. Mobility solutions 
provide new ways of accessing 
information so that users can have 
an on-demand view capability  
for information beyond the  
control room.

Making the change happen. Creating 
the kinds of changes discussed here must 
begin with end users. EPCs value clarity 
above all else, and few will risk roiling the 
waters of a project by offering suggestions 
outside of the client’s requested scope. 
Some are more adventurous than others 
and may try to guide the process if there 
is a track record of successful projects, but 
nobody is going to insist that the client try 
something new.

The client may not know how to spec-
ify these items in a project scope, and this 
becomes a major issue if IIoT-ready ele-
ments are not included from the outset. 
IIoT-enabling infrastructure and solu-
tions can be added at any time, but plan-
ning ensures that an organization is ready 
to benefit. Realization of benefit may 
involve additional training or changes 

in work processes, or even the complete 
elimination of specific manual tasks.

In many cases, the difference between 
success and failure on this front depends 
on the efforts of establishing a stakehold-
er committee, with the team being repre-
sentative of functional disciplines.

Success also depends on partnering 
with the right supplier. When a strong 
relationship with a supplier of advanced 
technologies exists, it is easier to write a 
comprehensive scope and take the project 
to an EPC in a way capable of creating the 
desired result. The right supplier can bring 
products and services to support digital 
leaders, deliver the kinds of technologies 
and solutions needed and provide support 
throughout the life of the plant or facility. 

The time to make these changes is at 
the beginning of a project, which means 
that everything can be written into the 
scope and specifications long before any-
thing is irreversible. IIoT implementation 
sooner rather than later will save time and 
money during construction, and through-
out the life of the plant. 

MOAZZAM SHAMSI is a Global 
Solutions Architect and Digital 
Practice Leader with Emerson 
Automation Solutions. He has been 
an automation professional for more 
than 25 yr, and his career spans a 
broad range of industries in roles 

from technical leader to project manager. He directs 
Emerson’s global wireless consulting and execution 
solutions on large modernization and capital projects.

FIG. 3. Wireless infrastructure consists of one or more gateways, with the terminal gateway hardwired 
to the plant’s control and monitoring systems via a digital communications link, such as Ethernet.
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No excuse for cutting corners  
on monitoring corrosion

Corrosion is a major challenge and risk 
to contain for any oil and gas operator. Loss 
of containment can mean loss of process 
and revenue, which can lead to expensive 
repairs and a potential major safety hazard. 
While a breach in a cross-country pipeline 
can be a major incident and environmental 
risk, it is another matter downstream. Vari-
ous plants and processes are tightly packed 
together, with all manner of hydrocarbons 
and other combustible fluids boiling, cool-
ing or flowing. In this environment, loss of 
containment could be catastrophic. 

When it comes to the downstream 
processing industry, corrosion control 
is too important to ignore. However, in 
conjunction with increased risk comes 
increased complexity—the number of 
different processes and the variety of dif-
ferent mediums and hydrocarbons entail 
a diverse and heterogeneous environment 
for monitoring. One monitoring system 
does not fit all, so it can be difficult for op-
erators to avoid a pick-and-mix of systems 
with incomplete patchwork coverage.

How can you manage the risk of cor-
rosion within your plant? Most, if not 
all, refineries and petrochemical plants 
employ talented and knowledgeable cor-
rosion engineers with the expertise to 
manage corrosion. However, they need 
the best data to monitor corrosion ef-
ficiently. This requires fully integrated 
monitoring systems that, historically, 
have been in short supply.

An aggressive environment. The dif-
ficulty involved in downstream corrosion 
monitoring cannot be underestimated. 
The refining industry has many elements 
that can contribute to increased corrosion 
rates. Corrosive substances can be found 

in the feedstock (e.g., amines and sulfuric 
acid) and, often, further elements (such as 
oxygen, nitrogen, trace metals, salts, carbon 
dioxide and naphthenic acids) can be add-
ed and produced during the refining pro-
cess itself. Refinery processes involve ex-
treme temperatures and velocities, which 
can contribute to elevated corrosion rates.

With aging assets, extended operating 
windows and high demands on produc-
tion rates, some firms have adopted crude 
blending techniques—mixing different 
qualities of conventional and higher total 
acid number (TAN) crudes to a level they 
had not been in the past. For operators, 
TAN crudes can be a third of the cost of 
conventional crudes. However, they also 
make corrosion less predictable and in-
crease the risk of corrosion due to their 
higher acid content. Crude oil prices have 
recovered, but not to the level witnessed 
several years ago. Therefore, crude blend-
ing is still common practice. If refineries 
continue to blend crudes, they must en-
sure that a robust and accurate integrated 
corrosion monitoring system is in place.

Keeping tabs. In a refinery or petro-
chemical plant environment, corrosion 
is unavoidable. The key is to effectively 
monitor the issue. If corrosion is under-
estimated, it can quickly become a safety 
and business risk. However, if operators 
err too much on the side of caution, they 
risk unnecessary maintenance downtime, 
premature replacement of equipment 
or an overzealous corrosion inhibitor 
program—all potentially expensive and 
avoidable mistakes.

Although the accurate and effective 
monitoring of corrosion is key to safe and 
reliable operations, it is easier said than 

done. Different pipework and processes 
require different approaches to corrosion. 
For example, one of the most tried and 
tested methods for corrosion monitoring 
is the use of corrosion coupons. These are 
small samples of metal inserted into the 
flow at selected locations, which are then 
subjected to the same corrosive factors 
as the pipework. At regular intervals (ap-
proximately every few months), the corro-
sion coupons are removed and engineers 
measure how much of the metal has been 
corroded. These samples provide a repre-
sentation for pipeline corrosion. Corrosion 
coupons can also provide valuable data on 
the types of corrosion and potential local-
ized pitting corrosion issues. This is appro-
priate in many instances, but not in all.

Another commonly used monitoring 
method is to insert electrical-resistance 
(ER) probes inline into the pipework. 
These are capable of real-time monitor-
ing and can detect changes in corrosivity 
within hours, making them ideal for high-
ly changeable applications. High-resolu-
tion ER probes allow operators to directly 
monitor levels of corrosion and to react 
quickly to process changes in a system, 
rather than using a coupon as a proxy. 
This approach is extremely effective and, 
since it allows operators to adjust injected 
volumes based on live, granular data, it 
is the only viable method to accurately 
monitor and control corrosion inhibitor 
injection programs. This method has a 
huge cost-saving potential.

However, as with coupons, there are 
certain processes within the downstream 
industry where intrusive monitoring can-
not be used due to extreme process condi-
tions. In those cases, corrosion engineers 
have turned to external ultrasound thick-
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ness (UT) monitoring systems that affix 
directly to the outside of the pipe. These 
systems require no downtime or intru-
sion to install. However, using only the UT 
monitoring system is no silver bullet. The 
trade-off for these advantages is that opera-
tors have to settle for a lower level of sen-
sitivity, resolution and accuracy. Modern 
ultrasonic technology has made great prog-
ress on this front, but still does not match 
ER probes for accuracy and response times.

In the downstream processing indus-
tries, there is no one-size-fits-all perfect 
solution for corrosion. Most likely, op-
erators will have a patchwork of different 
systems, as they select the best option 
for each process. This often results in the 
best possible corrosion monitoring per-
formance at the individual application 
level, while carrying inherent risks at the 
facility-wide scale.

The optimal path to monitor corro-
sion is for the engineering team to have 
an overall view of corrosion risk across 
the facility. Understanding which closely 
positioned equipment and/or processes 
are suffering from near-problematic cor-

rosion levels helps give a more accurate 
gauge of overall risk to the operator and 
personnel. Similarly, understanding if one 
process is due to undergo downtime for 
corrective maintenance helps operators 
plan more effectively. For example, if one 
process has knock-on effects on another, 
it may be best to schedule maintenance 
for both at the same time, even if one is 
not quite at its corrosion limits. This ac-
tion would prevent having to shut down 
a second time in a couple of months to 
repair the second unit.

The only way for corrosion engineers 
and operators to effectively monitor the en-
tire plant is through assimilating those dis-
parate systems into one broader integrated 
system. This operation would include in-
corporating corrosion coupons, ER probes 
and UT devices to simultaneously feed 
data into a central platform. This approach 
would provide a holistic, facility-wide view 
of risk. Corrosion engineers are then em-
powered to make the most informed deci-
sions, guarding safety while maximizing 
asset profitability. In the past, this complex 
monitoring and decision-making might 

have been unfathomable. However, com-
panies have accumulated decades of expe-
rience with these individual technologies 
and have invested in platforms to bring 
them together in a fully integrated way.

For corrosion engineers at refiner-
ies and petrochemical plants, there is no 
excuse not to implement an integrated, 
multi-pronged corrosion monitoring strat-
egy. The risks to safety and revenue are 
too high to ignore, and the technological 
limitations that may have hampered such 
a program are no longer insurmountable. 
A modern system utilizes intrusive ER 
probes and state-of-the-art, highly accu-
rate, nonintrusive ultrasonic ones. Feeding 
that data back into a central view of risk is 
the logical next step in keeping the down-
stream sector safe and profitable. 

PHILIP YULE is the North American 
Regional Business Manager for 
Cosasco. He previously led the 
company’s operations in the UK and 
Singapore. Located in Houston, Mr. 
Yule has more than 12 yr of 
experience in the oil and gas 

industry, working in upstream, downstream and 
midstream applications.
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R. BENINTENDI, G. DE MARE and A. NESTICÒ, 
University of Salerno, Fisciano, Italy

Upgrade the ALARP model as a holistic approach to 
project risk and decision management: A case study

A previous article1 outlined the extended approach of the 
ALARP (as low as reasonably practicable) approach to the di-
rection of the lifecycle project risk management and decision-
making process. A case study is presented in this article.

The ALARP case study: Clean fuels project. Clean fuels 
projects (CFPs) aim to reduce the benzene and sulfur contents 
of fuels. Many oil companies have already completed CFPs, or 
have CFPs in progress, to be competitive on the world market 
and to increase their processing capacities. TABLE 1 shows a sam-
pling of major oil companies that have finished, started or are 
planning to implement CFPs.

The clean fuels process is a challenging technology, due to 
the severe process conditions and the associated byproducts, 
which pose significant potential risks for workers, the public, 
the environment and the asset. The technology is based on hy-
drodesulfurization and conversion of benzene to cyclohexane.

Project features, benefits and risks. A summary of CFP 
elements is shown in TABLE 2. These elements are effective in 
identifying the features, benefits, drawbacks, constraints and 
drivers of the analysis.

Within the generalized ALARP approach, the flow chart 
shown in FIG. 1 has been followed.

TABLE 1. Clean fuels projects by major oil companies

Company Site Project name

BP Blaine, Washington Cherry Point Refinery Clean Fuels Project

ExxonMobil Australia Melbourne, Australia Oil Altona Refinery Clean Fuels Project

KNPC Mina Al Ahmadi, Kuwait MAA and MAB Refineries Clean Fuels Project

Mina Abdullah, Kuwait

Pakistan Refinery Ltd. Karachi, Pakistan Clean Fuels Project

Sasol/Total Sasolburg, South Africa Natref Clean Fuels 2 Project

Saudi Aramco Riyadh, Saudi Arabia Riyadh Refinery Clean Transportation Fuel Project

Ras Tanura, Saudi Arabia Ras Tanura Refinery Clean Fuels and Aromatics Project

Saudi Aramco/ExxonMobil Yanbu, Saudi Arabia SAMREF Clean Fuels Project

Shell SA Energy/BP Southern Africa Durban, South Africa SAPREF Crude Oil Refinery Clean Fuels Project

Thai Oil PCL Sriracha, Thailand Clean Fuels Project

TABLE 2. CFP features, benefits and risks

Features Constraints Benefits Risks and drawbacks

Process change Stringent deadline Marked demand fitting Higher process safety risk

Hydrogenation Hydrogen supply/reactors Higher-quality fuels Reputation risk

Brownfield Layout/spacing Higher production/sales Delay risk

New units Existing units Reputation improvement Additional regulation limits

New buildings Existing buildings Environmental sustainability Significant Investment
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Project details. The case study project is a CFP to be imple-
mented in an existing refinery (TABLE 3). A rough estimate of 
the capital cost, or CAPEX, can be made by adopting the for-
mula (Eq. 1) proposed by Bridgwater and Bossom,2 which is 
valid for liquid and/or solid handling:

Cc = 2,160 × Nu × Q s
0.675 (1)

where:
Cc is the capital cost for battery limit, in US dollars
Nu is the number of functional units, 30
Q s is the feed throughput in tons per year (from bpd data).
The formula can be applied as shown in Eq. 2:

 (2)Cc ≈  2,160 ×  30 × 400,000 ×  365
7

⎛
⎝

⎞
⎠

0.675

=  5.65 BD

This figure could rise considerably if the project also covers 
the robust renewal and blast-resistant retrofitting of buildings, 
structures and equipment.

Rapid methods for estimating operating costs can be found 
in the literature. Holland3 has proposed a general method for es-
timating operating costs, shown in TABLE 4. This approach can 
be adopted if input data are available. CONCAWE’s estimate4 
of the 2000–2012 average refinery cash operating cost of Euro-
pean CFPs adopting best available techniques (BATs) is $7/bbl. 
This cost is also consistent with the average value for US refin-
eries. Accordingly, the yearly operating costs can be calculated 
as shown in Eqs. 3 and 4:

CO = 7 × 400,000 × 365 = 1.022 BD (3)

TABLE 3. CFP case study

Item Value

Project CFP EPC phase

Present production, bpd 350,000

Future production, bpd 400,000

No. of process units 30

Lifetime of the investment, yr 6

Lifetime of the plant, yr 30

TABLE 4. General method for estimating operating costs

Cost item Notation Definition

Fixed investment I I

Utilities E E

Selling price of product S S

Raw material R R

Operating labor L L

Supervision – (0.1 – 0.25) × L

Maintenance – 0.06 × I

Royalties – (0.01 – 0.05) × S

Payroll overhead – (0.16 – 0.2) × L

Laboratories – (0.1 – 0.2) × L

Plant overhead – (0.5 – 1.5) × L

Property taxes or rates – 0.02 × I

Insurance – 0.01 × I

Total operating costs, excluding depreciation and interest:  
1.03 × R + 2.58 × L + 1.03 × E + 0.093 × I

Total operating costs, excluding depreciation and interest  
(rapid method): R + 2.25 × L + E + 0.09 × I

Project
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FIG. 1. Flow chart for the implementation of the ALARP model.
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 (4)
CO

CC
 =  

1.02
5.65

 =  0.18

Key risk indicators (KRIs) and failure scenarios. An es-
sential summary of the KRIs for CFPs is shown in TABLE 5. A 
FAILID (FAILure IDentification) study will be carried out to 
determine the specific failure scenarios related to each individual 
KRI. The FAILID study is not presented in this article.

The summary of the consequence logical tree of the KRIs in-
cluded in TABLE 5 is illustrated in FIG. 2. All of the root events (RE) 
impact directly or through intermediate events on company costs.

CFP failure costs. Impact and severity of failure costs is a very 
complex subject, as it involves the corporate policy and depends 
on several factors. For the present case study, reference has been 
made to the standard BS EN 1473.5

TABLE 6 shows classes of consequences for people, while 
TABLE 7 shows classes of consequences for the environ-
ment. TABLE 8 shows classes of consequences for assets, and 
TABLE 9 shows ranges of frequency of occurrence. TABLE 10 shows 
the risk assessment matrix for hazard assessment.

For loss of life, workers and public individual risk per annum 
(IRPA) ALARP limits provided by the UK Health and Safety 
Executive6 are adopted (TABLE 11). The HSE ALARP band is 
consistent with the ALARP criteria of the standard BS EN 1473.

It is assumed that the maximum individual risk for the CFP 
project is 5 × 10–4/yr, which falls within the ALARP band for 
loss of life. It is also assumed that the loss of life associated with 
the unit where an explosion occurs consists of seven people. The 
overall loss of life cost is determined to be $7 MM.

TABLE 5. Summary of the FAILID analysis

KRI Definition Consequences

Process failure Explosion, fire, toxic cloud impact on people Loss of life (direct costs)

Process failure Explosion, fire, toxic cloud impact on asset Loss or damage to physical asset (direct costs)

Environmental incident Spillage, emissions, contamination Environmental disaster (direct costs)

Project delay Delay in the project schedule Failure in market demand satisfaction (business interruption)

Reputation Loss of reputation Indirect costs due to any failure scenario

Regulation change Change of regulatory limits affecting the project Compliance with project targets is impaired or delayed

Permitting Failure in obtaining required authorizations Project stop or significant delay

State of technology Process technology lack of robustness or maturity Compliance with project targets is impaired or reduced

Land use planning Significant uncertainty about the siting/location Human and local features might pose serious risks for the project

Insurance requirements Very stringent insurance requirements Insurance policy is not approved or is too stringent

TABLE 6. Classes of consequences (people)

Criteria unit Class 1 Class 2 Class 3 Class 4 Class 5

Fatalities Dead persons > 10 1–10 0 0 0

Accident with lost time Injured persons > 100 11–100 2–10 1 0

Release of hydrocarbons Tons > 1,000 10.01–100 1.01–10 0.1–1 < 0.1

TABLE 7. Classes of consequences (environment)

Criteria unit Class 1 Class 2 Class 3 Class 4 Class 5

Release of substance  
harmful to the environment

Impact on 
environment

Massive  
effect

Major  
effect

Localized  
effect

Minor 
effect

No effect

TABLE 8. Class of consequences (assets)

Criteria unit Class 1 Class 2 Class 3 Class 4 Class 5

Release of flammable  
or corrosive substance

Impact on assets Extensive  
damage

Major  
damage

Localized  
effect

Minor  
effect

No effect

TABLE 9. Ranges of frequency of occurrence

Range Frequency of occurrence, f

1 More than once in 10 yr

2 10 yr > f > 100 yr

3 100 yr > f > 1,000 yr

4 1,000 yr > f > 10,000 yr

5 10,000 yr > f > 100,000 yr

6 100,000 yr > f > 1,000,000 yr

7 More than once in 1,000,000 yr
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Environmental impact. The most likely relevant scenario is 
hydrocarbon spillage. Applicable leak frequencies have been 
identified7 and adopted for the definition of the CFP quantita-
tive risk assessment (QRA) findings.

In the selection of the relevant leak frequencies, the follow-
ing assumptions and evidences have been taken:

• Releases from hoses, spray releases from valves  
and releases from large components affected by 
frequency rates equal or smaller than 10–6/yr  
have been neglected

• Pipe diameters greater than 150 mm present very  
low frequencies

• A large atmospheric storage tank (> 450 m3) with  
a leak frequency (y –1) of 2.5 × 10–3 is assumed as 
contributing to major spillage cumulative frequency  
and represents a catastrophic incident.

A parts count, shown in TABLE 12, was developed for the en-
tire site to measure the cumulative leak frequency for the envi-
ronmental impact estimate.

Crossing the overall cumulative frequency into the risk ma-
trix of the standard BS EN 1473 with Hazard Class 2 (major 
damage), the risk also falls within the UK ALARP band for the 
environmental hazard. The spillage scenario consists of an av-
erage diked tank capacity release of 5,000 m3 (31,500 bbl). The 

cleanup costs associated with this environmental impact are as-
sumed to be $10/bbl.8 The final cost is $315 M.

Asset damage. It is assumed that an explosion impacts some 
buildings and equipment. Blast-resistant buildings are not as-
sumed to be affected, although eight unstaffed buildings are 
assumed to be non-blast-resistant. An overpressure of 7 psi 
(48,263 Pa) at a duration, T, of 200 msec (0.2 sec) was found 
at the exceedance frequency. The corresponding probability of 
major damage can be estimated, as shown in Eqs. 5–7, accord-
ing to independent industry safety research organization TNO:9

 (5)

 (6)

V = 17,500
Ps

8.4

+  
290

is

9.3

Pr = 5 – 0.26  lnV = 7.22

is
P   T

2
 =  

48,263  0.2
2

 =  4,826.3 Pa   s

V = 17,500
48,263

8.4

+  
290

4,826.3

9.3

Pr = 5 – 0.26  lnV = 7.22
 

(7)

where:
Pr = Probit function
Ps = Overpressure (Pa)
is = Impulse (Pa × sec).

TABLE 10. Risk assessment matrix for hazard assessment

Risk Consequence class

Frequency Cumulative frequency, y–1 5 4 3 2 1

Range 1 > 0.1 2 2 3 3 3

Range 2 0.1–0.01 1 2 2 3 3

Range 3 0.01–0.001 1 1 2 2 3

Range 4 0.001–10–4 1 1 1 2 2

Range 5 10–4–10–5 1 1 1 1 2

Range 6 10–5–10–6 1 1 1 1 1

Range 7 > 10–6 1 1 1 1 1

Legend:
Level 1: Acceptable
Level 2: Acceptable if ALARP
Level 3: Unacceptable

TABLE 11. Loss of Life: Economical value and ALARP frequencies

Item Unit reference Value, $ ALARP band (HSE) BS EN 1473, 2016

Loss of Life (LL) Single life 1 MM (HSE, 2001) Frequency, y–1 Upper frequency, y–1

10–3 (workers) 10–6 10–4–10–3

10–4 (public)

TABLE 12. Cumulative leak frequency for the environmental impact estimate

Leak source Number Leak frequency, y–1 Cumulative frequency, y–1

New large tanks 1 2.5 × 10–3 2.5 × 10–3

New medium tanks 3 2.5 × 10–3 7.5 × 10–3

All leak sources Cumulative frequency, y–1

1.0 × 10-2
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From probit data, a corresponding 100% probability is 
found at the exceeding frequency of 0.0001 y –1. This value falls 
within the ALARP zone for asset. Assuming an average value of 
$60 M for a single building, the overall damage value is $480 M.

It is assumed that equipment is designed to withstand an 
overpressure of 0.3 bar (4.4 psi). The components listed in 
TABLE 13 are assumed to have been lost in the explosion, along 
with the corresponding cost values provided by API Recom-
mended Practice 581.8 The total property loss is calculated as 
0.48 + 1.370 = $1.85 MM.

Business interruption. The analysis10 of 119 events at petro-
chemical, chemical and refinery sites shows that business inter-
ruption losses were, on average, 2.7 times the property damage 
losses. Adopting this factor for the sake of simplicity, it can be 
concluded that the business interruption cost is $4.995 MM 
(TABLE 14).

Application of the ALARP decision method. The appli-
cation of the ALARP decision method consists of two sequen-
tial steps:

1. Calculation of cumulative and individual net present 
value (NPV)

2. Subject to the positive NPV findings, calculation  
and assessment of the extended implied cost of  
averting fatality (ICAF).

The NPV can be generally written as shown in Eq. 8:

NPV = NPVLL + NPVENV + NPVAS + NPVBI (8)
where:

NPVLL = Net present value relevant to loss of life
NPVENV = Net present value relevant to environmental 

damage
NPVAS = Net present value relevant to asset damage
NPVBI = Net present value relevant to business interruption.
NPVLL is calculated by adopting, as a risk reduction measure, 

the replacement of carbon steel with stainless steel in piping. 
This would result in one order of magnitude of leak rate reduc-

tion, which is implemented in the calculation. It would also re-
sult in a 50% increase in cost.

According to the American Institute of Chemical Engineers 
(AIChE),11 for fluid process plants, the installed piping cost to 
total capital investment ratio is 68/593 h 0.11, which corre-
sponds to $616 MM. Dividing this figure by 30 units results in 
a cost of approximately $20 MM/unit. An overprice of 50% of 
this cost is assumed for the upgrading of carbon steel to stain-
less steel, which will be implemented to 30% of the unit piping, 
which is assumed to contribute to risk. The final additional 
cost is $3 MM (TABLE 15). The calculations for this assessment 
are shown in Eqs. 9 and 10:

 (9)

 (10)

NPVLL = –ILL +  30 ×  Ro −R1( ) ×   
VLL

1 +  0.05( ) jj

30

∑

NPVLL =  −3 +  30 ×  5 ×  10−4 −  5 ×  10−5( ) ×  

     15.4 ×  7=  −3 +  1.45 =  −$2.55 MM

NPVENV is obtained with the assumption that all four new 
storage tank walls are doubled, based on an average tank capac-
ity of 5,000 m3. The cost of a single-walled tank is assumed to 
be $50/bbl of storage capacity.12 The final installation cost is 
approximately $6.3 MM. In the ALARP demonstration frame, 
it is assumed that the entire tankage is double-walled, which 
will result in an additional extra cost of 30% (i.e., $1.9 MM) 
and a risk reduction factor of 10. This is a conservative assump-
tion. TABLE 16 shows summary data for NPVENV, and the calcu-
lations for this assessment are shown in Eqs. 11 and 12.

 (11)

 (12)

NPVENV = −IENV +  30 ×  Ro −R1( ) ×   
VENV

1 +  0.05( ) jj

30

∑
NPVENV = −1.9 +  30 ×  0.01 −  0.001( ) ×  
     15.4 ×  0.315 =  −$0.59 MM

TABLE 13. Estimate of the asset loss (equipment)

Component Number Unit cost, $ Total cost, $

Compressors 4 100,000 400,000

Vessels 16 20,000 320,000

Heat exchangers 20 20,000 400,000

Piping – – 250,000

All – – 1,370,000

TABLE 14. Summary of overall CFP financial losses

Item $ MM

Loss of life 7

Environmental 0.315

Asset 1.85

Business interruption 4.995

All 14.16

TABLE 15. NPVLL summary data

Property Description Quantity

ILL Investment for loss of life risk reduction $3 MM

VLL Loss of life cost $7 MM

Ro Present risk 5 × 10–5/yr

Ro Reduced risk 5 × 10–4/yr

T Plant lifetime 30 yr

i Discount rate 5%

TABLE 16. NPVENV summary data

Property Description Quantity

IENV Investment for environment safeguard $1.9 MM

VENB Cost of environmental damage $315 M

Ro Present risk 1 × 10–2/yr

Ro Reduced risk 1 × 10–3/yr

T Plant lifetime 30 yr

i Discount rate 5%
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NPVAS is based on the reasonable hypothesis that the non-
blast-resistant buildings are retrofitted with blast-resistant 
structural features to ensure their functionality. In addition, 
the affected equipment is expected to withstand a maximum 
overpressure of 0.3 bar (4.4 psi), so it must be over-reinforced. 
An additional average cost of 12% will enable the structures 
(equipment and buildings) to functionally withstand the ex-
plosion overpressure at the exceedance frequency. TABLE 17 
shows summary data for NPVAS, and the calculations for this 
assessment are shown in Eqs. 13 and 14.

 
(13)

 (14)

NPVAS = −IAS +  30 ×  Ro −R1( ) ×   
VAS

1 +  0.05( ) jj

30

∑

NPVAS = −0.222 +  30 ×  0.0001 −  0.0000( ) ×  
     15.4 ×  1.85=  −$0.136 MM

NPVBI is calculated based on the costs implemented to reduce 
the risk for asset, as shown in Eqs. 15 and 16:

 (15)

 (16)

NPVBI = −IAS +  30 ×  Ro −R1( ) ×   
VAS ×  2.7
1 +  0.05( ) jj

30

∑

NPVBI = −0.222 +  30 ×  0.0001 −  0.0000( ) ×  
     15.4 ×  1.85 ×  2.7=  $0.0087 MM

Three very important outcomes are evident:
• NPVAS is negative, whereas NPVBI is positive
• Both of these values are determined by IAS , and  

neither can be evaluated independently
• It does not make sense to calculate these values 

separately, due to their automatic combination.
Based on these observations, the following calculations may 

be made (Eqs. 17–19):

 (17)

 (18)

NPVAS+BI =  − IAS +  30 ×  Ro −  R1( ) ×

      
VAS  ×  1 +  2.7( )

1 +  0.05( ) jj

30

∑
NPVAS +NPVBI =  – 0.222 +  30 ×  

     0.0001 –  0.0000( ) ×  15.4 ×  1.850 ×  

     1 +  2.7( )! $0.095 MM

NPV = NPVLL + NPVENV + NPVAS + BI = –2.55 – 0.59 + 

     0.095 = –$3.045 MM

 
(19)

Conclusions and equivalent ICAF verification. This anal-
ysis shows the power of the combined quantitative evaluation 
of all key factors of the project risk scenario within the general-
ized ALARP approach.

In the case study, the overall NPV is negative, so no further 
evaluation is required. However, the identification of the spe-
cific influence of each risk scenario shows that asset damage 
and business interruption cannot be considered separately, and 
that the final partial findings for these two project risk aspects 
suggest implementing the risk reduction measure despite the 
negative NPV of the asset. This is remarkable evidence.

An equivalent ICAF evaluation can be approached to convert 
the asset damage and business interruption costs into equivalent 
loss of life value; for example, assuming $1 MM for the loss of one 
life (i.e., $1.85 MM h 2 lives saved), as shown in Eq. 20:

 (20)
ICAFAS  + BI =  

IAS
Number of equivalent lives

 =  

     
0.222

2
 =  $0.111 M

We find that this value is very low, so the measure should be 
implemented in the CFP project. 
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TABLE 17. NPVAS summary data

Property Description Quantity

IENV Investment for asset safeguard $222 M

VENB Cost of asset damage $1.85 MM

Ro Current risk 1 × 10–4/yr

Ro Reduced risk 0/yr

T Plant lifetime 30 yr

i Discount rate 5%
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A brief guide to fire zone analysis
Every process plant has a dedicated 

disposal system to ensure that gases from 
equipment, instruments and pressure 
safety valves are flared to follow environ-
mental norms for the gases vented to the 
atmosphere from the flare stack. 

To estimate the combined relief load 
for the external fire scenario, the maxi-
mum extent of the fire should be esti-
mated. API 5211 defines a fire impact area 
of 230 m2 to 460 m2 around the source 
of fire. However, it does not define the 
exact shape of the area. For a simplified 
approach, the shape is always considered 
as a circle, often referred to as a fire circle. 
This ensures that every piece of equip-
ment in the fire circle radius is considered 
for estimating the combined relief load.

Various considerations, such as actual 
layout of the plant, the location of the fire 
source and provision of the drainage and 
dikes, need to be addressed while defin-
ing fire circles. Basic steps for defining fire 
circles and fire zones are outlined in the 
following sections.

Identification of fire source. Equip-
ment that handles flammable fluid or 
combustible liquid above flashpoint is 
considered a source of fire. A list of such 
equipment should be prepared, and these 
items should be identified on an equip-
ment layout. Note: API does not specify 
the height (elevation from the grade) lim-
it to identify equipment as a source of fire. 
It dictates only the limit of the fire, which 
is 7.6 m from the grade or any solid floor 
where a pool fire can occur.

In the absence of an international code, 
the user may assume that, even if the equip-
ment is elevated 7.6 m above fire height, 
it can still accumulate enough liquid on 
the ground to trigger a pool fire. There-
fore, that equipment may be considered a 

source of fire irrespective of the elevation 
aboveground. To simplify the procedure, 
equipment located below 7.6 m is consid-
ered a source of fire in most cases.

Marking a fire circle. As an optimized 
approach, the fire impact area is considered 
to be 230 m2 in most cases. Fire circles are 
then marked, considering the source of 
the fire as a nucleus. The radius of the fire 
circle is 8.6 m, which is equivalent to a fire 
impact area of 230 m2. Relieving load for 
the fire scenario must be calculated for all 
equipment inside the fire circle.

Identification of fire zones. Identify-
ing fire zones is a subjective process, and 
the criteria varies on a case-by-case basis. 
Two terms can be used to explain the cri-
teria in brief:

• Ground slope direction. For ease 
of calculations, each fire circle 
is considered to be a fire zone. 
However, in some cases, if ground 
slope direction is such that spillage 
from one piece of equipment can 

pass across other equipment, then 
those pieces of equipment are 
considered to form a composite 
fire zone.

• Provision of dike. Tanks handling 
flammable liquid or combustible 
liquid above flashpoint are provided 
with a dike to avoid spillage to other 
equipment. As a general rule, each 
dike is considered to be a fire zone.

Checking protection against fire. Af-
ter marking fire circles around the sources 
of fire, the pieces of equipment inside 
each fire circle are checked for protec-
tion against fire contingency. To comply 
with requirements, process safety valves 
(PSVs) on this equipment must be sized 
for the fire scenario. If any equipment in-
side the fire circle is not provided with a 
PSV, then a PSV must be provided and 
sized specifically for the fire case.

The following example gives a clear 
picture of the procedure. FIG. 1 shows the 
layout of equipment with a sloping grade 
and a trench location. The first step to 

Legend
Slope direction
Fire Zone 1
Fire Zone 2
Fire Zone 3

Fire Zone 4
Fire Zone 5
Trench (drainage)
Equipment located above 7.6 m
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FIG. 1. Equipment layout for fire zone consideration.
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identify fire zones in this area is to iden-
tify the sources of fire. TABLE 1 shows a list 
of equipment and identifies certain pieces 
as sources of fire.

• Identifying sources of fire. 
Referring to TABLE 1, equipment 
located below 7.6 m and handling 
flammable fluid are considered 
to be sources of fire. Equipment 

located above 7.6 m are not 
considered to be sources of fire, 
even if they handle flammable fluid. 
Equipment pieces C-01, V-05 and 
V-07 in FIG. 1 are drawn with dotted 
lines to identify them as being 
located 7.6 m above the grade.

• Marking a fire circle. A circle with 
a radius of 8.6 m shall be marked 
around equipment identified in 
TABLE 1 as sources of fire.

• Defining fire zones. As shown 
in FIG. 1, five fire zones have been 
defined considering the layout, 
sloping and other parameters:
o Fire Zone 1: E-01A/B/C handle 

flammable fluid and are located 
below 7.6 m. The fire circle 
around E-01B intersects with 
the fire circle around E-01A and 
E-01C. A fire in either of these 
exchangers would affect the 
other exchangers. Together, these 
exchangers form Fire Zone 1.

o Fire Zone 2 and Fire Zone 3: 
The fire circle around E-02 
intersects with the fire circles 

around E-03 and V-06. As 
explained above, these pieces 
of equipment could form a fire 
zone. However, referring to 
FIG. 1, the sloping of the grade is 
such that, in the event of spillage 
from E-02 or E-03, liquid would 
not flow toward vessel V-06. 
Also, in the event of spillage 
from V-06, liquid would not flow 
toward E-02 or E-03. Therefore, 
different fire zones have been 
defined considering the slope 
direction. E-02 and E-03, along 
with V-02 and V-03, form Fire 
Zone 2, whereas V-06 and F-01 
together form Fire Zone 3.

o Fire Zone 4: T-02, which 
handles a flammable liquid, is 
provided with a dike to hold up 
a total tank inventory in the case 
of spillage. A dedicated fire zone 
for this tank may also serve as a 
dike. T-02 forms Fire Zone 4.

o Fire Zone 5: V-09 forms Fire 
Zone 5.

• Checking safeguards against fire. 
TABLE 2 shows lists of equipment 
contained within different fire 
zones. Relief designers must check 
the safeguards provided to this 
equipment against various fire 
scenarios. As an example, before 
fire zone analysis, V-02 and V-03 
were not provided with PSVs since 
these vessels handle condensate. 
However, since they are located in 
a fire zone, PSVs must be provided 
to these vessels to protect them in a 
fire scenario.

Considerations for fire zone analysis 
vary based on user discretion. However, 
the procedure outlined here can be fol-
lowed if no special requirements exist to 
define fire zones. 
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TABLE 1. Equipment and fire source identification.

Equipment tag Fluid Elevation from grade Source of fire

C-01 Flammable Above 7.6 m No

D-01 Not flammable At grade No

D-02 Not flammable At grade No

E-01A/B/C Flammable Below 7.6 m Yes

E-02 Flammable Below 7.6 m Yes

E-03 Combustible  
(above flashpoint)

Below 7.6 m Yes

E-04 Not flammable Below 7.6 m No

FL-01 Not flammable Below 7.6 m No

T-01 Not flammable At grade No

T-02 Flammable At grade Yes

T-03 Not flammable At grade No

V-01 Not flammable Below 7.6 m No

V-02 Not flammable Below 7.6 m No

V-03 Not flammable Below 7.6 m No

V-04 Not flammable Below 7.6 m No

V-05 Flammable Above 7.6 m No

V-06 Flammable Below 7.6 m Yes

V-07 Flammable Above 7.6 m No

V-08 Not flammable Below 7.6 m No

V-09 Flammable Below 7.6 m Yes

V-10 Not flammable Below 7.6 m No

TABLE 2. Equipment contained within 
fire zones.

Zone Source of fire Equipment  
in fire zone

Zone 1 E-01A/B/C E-01A/B/C

Zone 2 E-02 E-02

E-03 E-03

V-02

V-03

Zone 3 V-06 V-06

FL-01

Zone 4 T-02 T-02

Zone 5 V-09 V-09
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Clariant has appointed 
Deepak Parikh, the 
company’s Region 
President of North 
America, to the board of 
directors of the American 
Chemistry Council (ACC) 
for a 3-yr term. The ACC 
represents the diverse 
companies that comprise 
the $768-B chemistry 
business in North America. 
Mr. Parikh joined Clariant’s 
North American region 
as Region President and 
CEO of both Clariant Corp. 
and Clariant Canada Inc. 
in July 2017. He previously 
served as Clariant’s Region 
President for India, the 
Middle East and Africa, 
as well as Vice Chairman 
and Managing Director of 
Clariant Chemicals (India) 
Ltd. During the previous 
two decades, he worked 
with Dow Chemical and 
DuPont in the US and Asia, 
where he held various 
global and regional 
leadership roles in R&D, 
commercial and business 
development functions.

Eriez has promoted  
John Blicha to the newly 
created position of Director 
of Global Marketing and 
Communications. Mr. 
Blicha joined Eriez in 2012 
as Manager of Marketing 
Communications and 
served most recently as 
Director of Corporate 
Communications. Mr. 
Blicha will direct Eriez’s 
global marketing strategy 
and programs, and 
internal and external 
communication campaigns, 
and design new product 
commercialization 
programs.

The former Maersk Oil 
Director of engineering, 
Jens Peter Riber, has 
joined the advisory board 
for MIT tech startup and 
predictive digital twin 
developer, Akselos. The 
appointment will support 
the company’s ambition 
to revolutionize asset 
management in the 
energy sector with its 
MIT-licensed technology. 
Mr. Riber spent more than 
30 yr with international 
oil and gas operator 
Maersk Oil, where he 
held various engineering 
and leadership positions, 
including Technical 
Director and Director of 
engineering. Mr. Riber’s 
appointment is one of 
three senior appointments 
as the company gears up 
for growth. Akselos has 
also appointed MIT Ford 
Professor of Engineering 
Anthony Patera as 
scientific advisor, and 
John Bell, former INOVX 
CEO, as Senior Vice 
President. 

Danfoss has appointed 
Justin Thomas as 
Business Development 
Manager of its marine, 
oil and gas business for 
the company’s power 
solutions segment, 
where he will expand the 
company’s market share 
in onshore and offshore 
applications. Prior to 
joining Danfoss, he worked 
for Schlumberger in its 
drilling and measurements 
division, and with Eaton’s 
Crouse-Hinds harsh and 
hazardous electrical 
division as a Specification 
Sales Engineer. 

Elliott Group has named 
Nicholas Dorsch VP of 
industrial products. He 
will lead the company’s 
industrial steam turbine 
line and its power 
generation group, 
reporting directly to 
Chief Operating Officer 
Michael Lordi. With 30 yr 
of industry experience, Mr. 
Dorsch recently served 
as Senior Director of 
operations for Gardner 
Denver’s Nash Division in 
Bentleyville, Pennsylvania; 
Senior Global Director 
of product and business 
strategy; and Director 
of global operations. 
Prior to joining Gardner 
Denver Nash in 2013, he 
spent 18 yr with IDEX 
Corp. as President of its 
Versa-Matic pump group; 
VP of IDEX commercial 
operations for Europe, 
Africa and Latin America; 
and VP of IDEX strategic 
business development.

Barry Dallum has joined 
Alternative Petroleum 
Technologies Inc. (APT) 
as VP of sales. Mr. Dallum 
has more than 35 yr 
of experience in the 
refining, petrochemical, 
mineral and polymer 
industries, and has 
served in engineering, 
technology and 
marketing positions at 
international companies 
DuPont, OwensCorning, 
Conoco/Phillips66 and 
BP. He specializes in 
operational excellence 
in supply chain, project 
management, technology 
commercialization, 
engineering, marketing 
and sales.

Jorge Unda, Managing 
Director of the 
engineering and 
construction area of the 
SENER Group, has been 
appointed CEO for the 
entire Group, replacing 
Jorge Sendagorta, who 
previously combined 
the positions of 
President and CEO. 
Dr. Unda becomes the 
company’s top executive, 
and Mr. Sendagorta 
remains as President 
of SENER’s board of 
directors. Dr. Unda 
joined SENER in 1986 
as a project engineer, 
and then became a 
project manager in the 
aerospace field. He was 
subsequently appointed 
Deputy Managing Director 
and Managing Director 
of SENER. Dr. Unda has 
also been a member of 
the Center for Technical 
Research Studies (CEIT) 
of Guipuzcoa, Spain since 
1999, and is a member 
of the Basque Council of 
Science, Technology and 
Innovation.

Mizuho Americas has 
hired oil and gas research 
analyst Paul Sankey, who 
will report to the Head 
of US Equity Research 
Susan Gilbertson. Mr. 
Sankey has placed in the 
Institutional Investor All-
America Research Survey 
every year since 2006, 
including three first-place 
finishes. Over the same 
period, he was also 
ranked first in Bloomberg 
Markets’ Greenwich 
Associates Survey of 
America’s Best Stock 
Analysts four times.

Honeywell has named 
John Gugel as President 
of Honeywell UOP. Mr. 
Gugel has served for more 
than 25 yr in numerous 
roles at Honeywell 
UOP. He succeeds 
Rebecca Liebert, who 
has been President of 
Honeywell UOP since 
2016. Prior to his present 
role, Mr. Gugel served as 
VP and General Manager 
of Honeywell UOP’s 
process technology and 
equipment business, and 
held the same role as head 
of the gas processing 
and hydrogen business. 
Honeywell has also 
appointed Mike Banach as 
Regional General Manager 
for Honeywell UOP India, 
which provides technology 
for the petroleum sector. 
Mr. Banach joined 
Honeywell UOP in 1990 as 
a development engineer 
and has experience in 
technical services of field 
operations across the 
India, China and Far East 
regional service groups.

The National Examination 
Board in Occupational 
Safety and Health 
(NEBOSH) has promoted 
Sarah Mace to its new 
Director of assessment. 
Since joining NEBOSH in 
2006, Ms. Mace has led 
the creation of a customer 
service team and 
spearheaded numerous 
initiatives to future-proof 
internal processes. Ms. 
Mace will be instrumental 
in helping customers 
from registration 
and examination to 
marking and awarding 
qualifications.
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Process Systems 
Academies in Kalsruhe, 
Houston and Shanghai

The Siemens Divisions Process Indus-
tries and Drives (PD) and Digital Factory 
(DF), together with Bentley Systems and 
the Bentley Institute, are driving digital 
enterprise forward over the entire life-
cycle by founding a Process Industries 
Academy (FIG 1). The Academy’s aim is to 
share best practice for plant engineering 
and operations. Academies are situated 
in the strategic locations of Karlsruhe, 
Germany (Siemens Process Automation 
World), Houston, Texas, USA (Bentley’s 
Digital Advancement Academy) and 
Shanghai, China (Siemens Process Indus-
try Centre for Excellence) to support the 
global process industry.

In light of recent developments in the 
process industries—for example, in the 
oil, gas and global energy markets and the 
subsequent effects on plant production—
established working methods are under 
constant review across the entire plant 
lifecycle. Less investment in greenfield 
projects and an increased focus on op-
timizing productivity, performance and 
utilization of existing plants are causing 
plant operators to search for new ways to 
increase competitiveness and operating 
revenue. A holistic approach to continu-
ous improvement of underlying business 
processes must include consideration of 
the interaction between available busi-
ness resources, as well as all employees 
involved in a project and the latest tech-
nology. An insight into how Bentley and 
Siemens are optimizing plant engineer-
ing and operation using new, cloud-based 
technologies was recently revealed in a 
white paper from ARC Advisory Group.

Based on experience and know-how 
from leading experts in the field, the 
Process Industries Academy will pro-
vide training with practical examples 
to illustrate the significant elements of 
digitalization for more efficient planning 
and development, as well as the success-
ful operation of plants. Participants will 

experience how the development of a 
clear digital strategy improves collabora-
tion, communication and coordination 
between individual project teams and 
generates an ideal environment for op-
timizing the generation of information 
and digital workflows.

Select 1 at www.HydrocarbonProcessing.com/RS

Intelligent wearables for 
industrial field workers

Honeywell announced a hands-free, 
wearable Connected Plant technology that 
allows industrial workers to more safely, re-
liably and efficiently accomplish their tasks 
in the plant or the field. Honeywell’s Skills 
Insight Intelligent Wearables feature a 
head-mounted visual display that responds 
to voice and brings live data, documents, 
work procedures, and health and safety in-
formation into view.

The new wearable technology also 
connects field workers with remote ex-
perts in real time and allows them to as-
similate valuable skills and knowledge 
while working.

Honeywell’s new technology uses the 
latest in hands-free mobile computing, 
augmented reality, Industrial Internet 
of Things (IIoT) and mobility software. 
It combines the RealWear HMT-1Z1 
hands-free wearable computer with Hon-
eywell’s Movilizer platform, an industry-
leading, cloud-based workflow solution, 
to support field service operations, spe-
cifically in hazardous locations.

Skills Insight Intelligent Wearables 
(FIG 2) offer several key features:

• Operator task automation:  
Guided work instruction and 
procedures, plus visualization  
of documents to facilitate  
field work.

• Visualization of live data:  
Real-time IIoT data made  
available to the field worker.

• Video capture and playback: 
Learning on demand and onsite 
through playback of video,  
captured by expert operators 

working on similar tasks,  
searchable using voice.

• Expert on call: Instant access  
to remote experts via video chat, 
who can see what the field worker 
sees and can provide advice,  
share documents or annotate  
the video feed.

• Geo-localization, navigation  
and asset visualization: Locates 
a field operator in the plant 
and provides navigation and 
visualization as required for a task.

• Rapid emergency evacuation: 
Locates workers in the plant  
and guides them to an assembly 
point using geo-localization.

• Worker-down assistance: Detects  
a worker down, identifies the 
location and notifies the emergency 
team for assistance.

Select 2 at www.HydrocarbonProcessing.com/RS

FIG. 1. Siemens has opened Process Systems 
Academies in Karlsruhe, Houston and Shanghai.

FIG. 2. Honeywell’s hands-free, head-mounted 
computing platform achieves Zone 1, Class 1/
Division 1 safety standards.
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Sponsored by 

The HP Awards celebrate innovative technol-
ogies and people that have been instrumental 
in improving facility operations over the past 
year. The awards cover 12 key categories in the 
hydrocarbon processing industry. 

The winner of each category will be an-
nounced during a black-tie gala at the Hous-
tonian in Houston, Texas, on August 30. Addi-
tional information on the HP Awards program 
can be found at www.HydrocarbonProcessing.
com/awards.

Tweet us a photo of your completed  
Hydrocarbon Processing crossword puzzle  
at @HydrocarbonProc using the hashtag 
#HPCrossword for a chance to be fea-
tured in Hydrocarbon Processing! Follow us  
@HydrocarbonProc

1 2

543

6 7

8 9

10

1514

11

12

13

16

17

18 19

Across
 4. Protect tank from this problem
 6. Don’t cut corners monitoring this common issue 
      in processing plants
 5. Type of pump with motor immersed in process fluid
 8. Smaller in LNG contracts
10. Risk model acronym
 11. Form of forward-thinking intelligence
 13. LNG technology
 16. Valve outlook organization
 17. US energy data source
 18. IRPC Europe city

Down
  1. IRPC Americas city
  2. Four-letter abbreviation for network of intelligent 
      computers and devices 
  3. Integrate technology streamlines
  5. Item that rarely fails in reciprocating engines
  6. These pieces of mechanical equipment deserve
      careful evaluation
  7. Carcinogenic compounds acronym
  9. Training game brand
 12. Safe gas disposal system
 14. Asset program acronym
 15. Bonus report country
 19. Global energy data source
 

HP Crossword
*All answers can be found within this issue of Hydrocarbon Processing

Puzzled? We have the answers! Visit HydrocarbonProcessing.com 
for the June HP Awards sponsored crossword puzzle solution.

HPCL is a leading Oil and Gas conglomerate featuring in the Forbes 
2000 and Fortune 500. We are a Government of India Enterprise with 
Navratna status, ranked 48 in the list of Platts, Top 250 Global Energy 
Companies. We are looking to hire dynamic and aspiring R&D 
professionals at our HPGRD Centre. The objective of HPCL’s Green 
Research and Development Centre (HPGRDC) at Bengaluru is to 
develop innovative & path breaking technologies and products in the 
energy sector. HPGRDC has world class laboratories in the areas of 
FCC / RFCC, Hydro-processing, Catalysis, Bio-processes, Crude 
Evaluation & Fuels Research, Analytical, Process Modelling & Simulation 
and Nano Technology which are built with state-of-the-art research 
facilities and equipment. To acquire the Intellectual Property Rights (IPR), 
HPGRD has filed about 78 Indian Patents and 38 International Patents 
apart from 26 International publications. HPCL has been granted 4 US 
Patents till date and received various national awards conferred by 
MOPNG, Petrofed and The Energy & Climate Initiatives Society.

Interested candidates can visit our website www.hindustanpetroleum.com 
under Careers for further details. Candidates meeting the requisite 
eligibility criteria may apply online from July 2018 onwards.

Corrigendum, if any, would be uploaded on our website only.

HINDUSTAN PETROLEUM CORPORATION LIMITED

Registered Office : 17, Jamshedji Tata Road, Mumbai-400020
(A Government of India Enterprise)

CIN No. L23201MH1952GOI008858

Future Full of Energy

Energise
your future with

India’s Energy Giant

Select 155 at www.HydrocarbonProcessing.com/RS
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2672 S. La Cienega Blvd,  Los Angeles,  CA 90034 USA
(800) 336-1942  (310)  839-2828  www.tek leen.com  info@tekleen.com

Why should you 
filter your water?
Scale formation reduces the 
heat transfer rate and 
increases the water pressure 
drop through the heat 
exchanger and pipes. In fact, 
one study has shown that 
.002" fouling will increase 
pumping needs by 20%. 

Select 202 at www.HydrocarbonProcessing.com/RS

Construction Boxscore Database is an enhanced online database that tracks construction projects in the global refining, 
gas processing and petrochemical industries. Boxscore is used by engineers, contractors and business developers 

for lead generation, market research, trend analysis and planning. | ConstructionBoxscore.com

• Part 1: Introduction and 
Overview, and why there is 
no reliability without 
operator involvement

• Part 2: Common 
Misunderstandings with 
Equipment Reliability Impact

• Part 3: Avoiding Machinery 
Failures

Price: $595

The Operator’s Role 
in Achieving 
Equipment 
Reliability Series

Presented by Heinz Bloch

GulfPub.com / +1 713-520-4426

Adhesive compounds withstand:
•  Acids •  Bases •  Organic Solvents 

154 Hobart St., Hackensack NJ 07601 USA
main@masterbond.com ∙ +1.201.343.8983

www.masterbond.com
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Events

JULY
ARC Industry Forum  
2018 India, July 5–6,  
Le Meridien Bangalore,  
Bangalore, Karnataka 
P: +91 80-2554-7114 
lkanickaraj@arcweb.com  
www.arcweb.com

ARC Industry Forum 2018 Japan, 
July 10, KFC Hall, Tokyo, Japan 
P: +81 42-991-1685 
skai@arcweb.com  
www.arcweb.com

AUGUST
HCSMRP 14th Annual 
Maintenance and Reliability 
Symposium, Aug. 15–17, 
Moody Gardens Hotel  
and Convention Center,  
Galveston, Texas 
P: 832-876-3226 
CCedro@hunterbuildings.com  
www.smrphouston.org 

AFPM Cat Cracker Seminar, 
August 21–22, Royal Sonesta, 
Houston, Texas  
(See box for contact information)

ONS, Aug. 27–30,  
Stavanger, Norway 
P: +47 932-56-125 
angelo@ons.no 
www.ons.no

HP Awards, Aug. 30,  
Gulf Energy Information, 
Houston, Texas 
HydrocarbonProcessing.com/
Awards 
(See box for contact information)

SEPTEMBER
ECC Conference,  
Sept. 5–8, 
JW Marriott Hill  
Country Resort,  
San Antonio, Texas 
info@eventsiaregistration.
comwww.ecc-conference.org

EUROCORR 2018,  
Sept. 9–13, 
Ice Kraków Congress Centre, 
Kraków, Poland 
P: +48 604-553-244 
akrolikowska@ibdim.edu.pl 
eurocorr2018.org

National Aboveground Storage 
Tank Conference & Trade Show 
(NISTM), Sept. 12–13, Moody 
Gardens Hotel, Galveston, Texas 
P: +1 800-827-3515 
mail@nistm.org 
nistm.org

Gastech Conference & Exhibition, 
Sept. 17–20, Fira Gran Via,  
Barcelona, Spain 
P: +44 0-203-615-5914 
info@gastechevent.com 
www.gastechevent.com

IoT in Oil and Gas,  
September 18–19, 
Hilton Americas, Houston, Texas  
pam.pierce@energyconference 
network.com 
www.iotinoilandgas.com 

Turbomachinery & Pump 
Symposia, Sept. 18–20,  
George R. Brown Convention 
Center, Houston, Texas 
P: 979-845-7417 
info@turbo-lab.tamu.edu 
tps.tamu.edu

SPE Asia Pacific Digital Week 
Symposium, September 19–20, 
DoubleTree by Hilton, Kuala 
Lumpur, Malaysia 
P: +60 3-2182-3000 
spekl@spe.org 
www.spe.org 

Rio Oil & Gas, September 24–27, 
Riocentro Business Convention, 
Rio De Janeiro, Brazil 
P: +55 21-2112-9000 
riooil@ibp.org.br 
www.riooilgas.com 

Process Safety  
Management Summit,  
Sept. 24–27, 
Abu Dhabi, UAE 
P: 971-4-364-2975 
oilandgasprocesssafety.iqpc

IRPC Americas, Sept. 25–26,  
Gulf Energy Information, 
Houston, Texas 
HPIRPC.com/Americas 
(See box for contact information)

International Pipeline Expo, 
Sept. 25–27, Telus Convention 
Centre, Calgary, Alberta, Canada 
P: +1 888-799-2545 
jessyzhao@dmgevents.com 
internationalpipeline 
exposition.com

Easyfairs, Tank Storage Asia, 
Sept. 26–27, Marina Bay Sands, 
Singapore 
(See box for contact information)

OCTOBER
AFPM Operations & Process 
Technology Summit, Oct. 1–3,  
Atlanta Marriott Marquis,  
Atlanta, Georgia 
(See box for contact information)

Polyurethanes Technical 
Conference, October 1–3, 
Atlanta Marriott Marquis,  
Atlanta, Georgia  
online@americanchemistry.com 
polyurethane. 
americanchemistry.com 

AIChE Southwest Process 
Technology Conference,  
October 9–10, Moody Gardens 
Hotel and Convention Center, 
Galveston, Texas  
www.aiche.org

GasPro Americas, Oct. 25,  
Gulf Energy Information, 
Houston, Texas 
GasProcessingConference.com  
(See box for contact information)

Women’s Global Leadership 
Conference, Oct. 29–30,  
Gulf Energy Information,  
Royal Sonesta, Houston, Texas 
WGLconference.com 
(See box for contact information)

NOVEMBER 2018
Sulphur CRU, Nov. 5–8, Gothia 
Towers, Gothenburg, Sweden 
P: +44 0-20-7903-2444 
conferences@crugroup.com 
www.events.crugroup.com

API 13th Annual Cybersecurity 
Conference for the Oil & Natural 
Gas Industry, Nov. 6–7,  
Marriott Woodlands Waterway, 
The Woodlands, Texas 
(See box for contact information)

Latin American Petrochemical 
Annual Meeting, Nov. 10–13, 
Grand Fiesta Americana Coral 
Beach Hotel, Cancún, Mexico 
P: +54 11-4325-1422 
info@apla.com.ar 
www.apla.com

API Fall Refining  
and Equipment  
Standards Meeting,  
Nov. 12–15,  
Hyatt Regency Orlando,  
Orlando, Florida 
(See box for contact information)

Valve World Expo,  
November 27–29,  
Messe Düsseldorf,  
Düsseldorf, Germany 
P: +49 211-45-60-01 
infoservice@messe- 
duesseldorf.de 
www.valveworldexpo.com 

DECEMBER 2018
Middle East Catalyst  
Technology Conference, 
December 5–6, 
Four Seasons Hotel  
Bahrain Bay,  
Manama, Bahrain 
P: +971 0-4-421-4642    
office@europetro-me.com  
europetro.com

Easyfairs, Tank Storage Germany,  
Dec. 5–6, Hamburg Messe  
und Congress,  
Hamburg, Germany  
P: +44 0-208-843-8800 
uk@easyfairs.com 
www.easyfairs.com

Hydrocarbon Processing/ 
Gulf Energy Information   
P: +1 713-520-4475 
Melissa.Smith@GulfEnergy 
Info.com  
EnergyEvents@
GulfEnergyInfo.com

American Fuel  
& Petrochemical  
Manufacturers (AFPM) 
P: +1 202-457-0480 
info@afpm.org 
www.afpm.org

American Petroleum 
Institute (API) 
P: +1 202-682-8195 
registrar@api.org 
www.api.org

Easyfairs 
P: +44 0-208-843-8800 
uk@easyfairs.com 
www.easyfairs.com



DISCOVER MORE AT ENERGYWEBATLAS.COM

REAL-TIME LNG DATA 
Any project. Any time. Any place.

Updated in real time, the Energy Web Atlas, a web-based platform,
enables users to access worldwide facility and project data.

Actionable Data
• Owner/Operator

• Project status

• Project storage and capacity

• Shareholder data

• Process method

• LNG shipping/vessel
  information

• Global Shipping Ports

• Global Natural Gas Pipelines

• Import external data

• Custom annotation, 
   reporting and graphing

• Interactive data fi ltering

• Data exports

• Layer/attribute access
  and modifi cation

• Production quality maps,
  PDF exports

• Interactive charts/statistics

Comprehensive 
Functionality

Liquefi ed Natural Gas
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Axens is a leading global 

provider of technologies, 

catalysts, adsorbents,  

services and equipment. 

Axens solutions are used  

at major industrial plants 

around the world.

axens.net/blog
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