Frontiers of Hydrocarbon Business— Molecules to Markets -One Perspectiv
Ajit V Sapre

This paper givesa scientific perspective on the hydrocarbon busirtbat provides ener¢
and materials to the modern socienabling a higher standard of livingillustrates how the
application of fundamental scier solves business problems and createsetal value

Virtually all of the fuels, chemicals, and matesialsed by modern socy are produced
through chemical transformatic. Chemical Reaction Engeering (CRE) plays a pivotal rc
in bringing molecules to marke in this value chainBeginning from the fundamental scier
of molecular understandir chemical transformationsnoving through process lev
engineering and culminating into plant andtem level integrationCRE enables thvalue
maximization of molecules through the technology chain (Figure 1) to the point of
enterprisevalue realization via commercializatic
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Figure 1: The technology chain to move moleculemnaokets through fundamen
scientific/technological advances.

This paper reviewsome of the work performed by the author in sonigcal technology
areas in his career, whidemonstrates how sciencan be converted to practical solutic
that created commercial differentiation for somgeass of th hydrocarbon busines:

Catalysis

Mobil was the first in the world to develop androduce proprietary ZS-5 as an additive in
FCC units in the mid 88'to increase gasoline octaiThe chemical transformations ta
place at molecular level in zeolite pores, which at angstrom leveMobil’s intellectual
property in zeolites for hydrocarbon transformatiodominated thisscientific field for
decades. Today ZSM-additive is primarily added to increase propylemeld, a more
valuable product, at the expense of gasoline.elging propylene production is importan
develop variety of downstream products includindgypers to meet growing demand fr
developing economies.dgently Reliance has develo] a moreactive and stable ZS-5
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additive with a proprietary development. This depehent will increase 0.5% in propylene
yield in each FCC, i.e., additional propylene 0o661/d, from the two FCC units, compared
to the available commercial ZSM-5 additives fromieas suppliers.

Kinetics or Rates of Chemical Transformations

As an example of the importance of kinetics leask at the methanol to olefins (MTO)
process, developed in early eighties. This propesduces primarily ethylene and propylene,
the building blocks for the plastics industry. Nbeg&periments that varied space velocity to
maintain constant reactor outlet conversion to camspte for catalyst aging were done to
simultaneously study the kinetics and catalyst ggiar methanol to olefins (MTO) process
in early eighties. Using the variable space vejpciging and conversion kinetics can be
decoupled (see figure 2). This accurate decoupmingpnversion kinetics and catalyst aging
enabled accurate prediction of cycle length foredixand fluidized beds using the same
kinetics parameters (Sapre, CES 1997).

Catalyst desctivaion kinetics
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Figure 2: Weight hourly space data versus timetwam. (Sapre, CES 1997)

Methanol to olefins is an unusual reaction involyacceleration of methanol conversion due
to autocatalytic effect of first formation of olef. Interaction of autocatalysis and particle
diffusion can lead to several unusual phenomenra figare 3). We took advantage of this
interaction to demonstrate that bigger particleadle¢o smaller reactor volumes. The
autocatalysis also leads to reactor run away, piligity and oscillatory behaviour over
certain operating parameters. Contrary to prewgiltheory, these were unusual and
unanticipated behaviour for a commercially importsiTO reaction. In order to understand
the fundamentals of autocatalysis/diffusion inteoacwe developed first principles theory
that accurately predicted rate enhancement asaseteactor stability and helped optimize
reactor design and scale-up.
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Figure 3: Patrticle effectiveness factor curvesgiaadratic autocatalysis. Here, effectiveness

factor ) is the ratio of integral average reaction raté@ @ particle to reaction rate of A at

surface conditions; arfeldefines the relative rate of the first reactiothe second reaction at
zero surface concentration of B. (Sapre, AIChE89)9

Another major breakthrough was the detailed kisediccomplex mixtures such as crude oil.
Molecular finger printing of crude oil (several llrad thousand molecules) is now possible
with modern analytical technology. Feedstock is ohéhe largest contributors to operating
cost and we need to maximize value of every moéec8uch rigorous representation of
feedstock composition improves kinetics and prodoiciperty predictions that improve
accuracy of business decisions from planning tdrobn

As an illustration let's look at how kinetics ofuitl catalytic cracking (FCC) process has
evolved in the last fifty years. The kinetics regmetation of processes has evolved from
simple 3 lump model to 10 lump model (see reaatietwork for FCC kinetics in Figure 4) to

about 50+ lump models. In Mobil we developed a rapproach called structure oriented
lumping, which is essentially a molecular level resgentation of kinetics for complex

mixtures involving thousands of molecules, typioakrude oil. With this methodology the

kinetics can now be represented by group contobutnethods, similar to thermodynamics.
Such molecular group contribution models are sigaiftly more accurate than lumped
models creating enormous value, which is a majatrdmution to the field of kinetics.

Ajit V Sapre Page 3 of 11



3-LUMP FCC MODEL ca 1960 10 - LUMP FCC MODEL ca 1970

GASOLINE :>

LIGHT GAS
+
COKE -
carbon in
Structure Oriented Lumping (ca 2000) aromatic
- - sidechain:
aromatic saturation Group Contribution carbon in
o e oD w- == o~ | approach to kinetics aromatic
o S o 8 g ‘ ‘ paraffins } rings
e T o e g ring opening 430-650 °F 430-650
e oF 4 o
Sl A Pre—— ;
I R S G

A we wr e e G—

Millions of T o light gas
Reactions o == o ey +
B = T asaad coke

Figure 4 The evolution of FCC reaction kinetimodelling. Molecular composition mode
provide more accuracy than lumped mo (Sapre, Kramback, 19¢.

Group contribution type approach to kinetics i®walhg accurate representation of chem
transformations, resultingh molecular representation gfroduct streais, which allows
accurate product property predicti. This approach eliminatesatitiona approach of
correlative models, e.ggasoline octane determination usingngine te: data. Now the
composition models allow accurate prediction uch properties fronindividual molecular
octanes.Impact on profitability of this approa when integrated with planning for cru
selection and processing in refine with advanced process control, real time optimia
and rigorous planning scheduling tc is hundreds of millions of dollar peyear for a large
oil and petrochemical giafike ExxonMobil.

Reactor Design

We developed a rigoroubeory comprising oconstitutive equations to describe solids fl
patterns in a dense fluid-b&€CCregeneratorto help optimize regenerator performa. The
key parameters of the constitutive equations wétedf with data obtained from prol
measurements in operating cmercial units. Integrated fluid mechanics modelthvaoke
burning kinetics allowsto optimize the air grid design to match air flowthwcatalysi
circulation patterns (see figure). This first principlesapproach helped improve t
performance of commead units by decreasing NOx by ~3Cas it reduces aft-burn. Also
this design modificationsncreaed the coke burning capacity by ~! and catalyst
circulation, improving theverallFCC performance.
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Figure 5:(a) FCC dense bed cr-flow regenerator(b) oxygen breakthrough in cre-flow
regenerators, and (c) improvement in performanaeasonstrated by reduction in fe
nitrogen conversion to NC. (Sapre, Leil& Anderson, CES 199

Trickle bed reactor is theost widely used recor system in the oihdustry. We develope
novel flow distribution measurement probes andaifest them in larc-scale commercial
operating units. The results of our study showegdiBcant point to point variation iliquid
flow distribution. Our studyalso showed incase in non-uniformityof liquid flow moving
down the reactor. Bt significantly, contrary to popular belief, sevema-distribution
persists at high mass flovate, e.¢, so called pulsing flow regimesnd resulting poc
process performancdeven today most commercial reactors are designedptrate ir
pulsing regimes withassociatedhigh capex and opex. We developed fundame
hydrodynamics models for multiphase flow by bornoegvconcepts likirelative permeability,
saturation and capillangressurefrom upstream business (oil and gas reoir models). The
reservoir models flow patterns are typically at |®eynold’s number, we extended t
theory to turbulent flows typical of commercialckie-bed reactorsWe used the commerci
and pilot plantata to fit the constitutive parameters. With #tmewledge we developeone
of the most cost efficient reactor desi( (lowest capex and opex desi and implemented
them commercially.

The performance improvement of the netrickle bed desig is shown iFigure6. We fixed
the efficiency from poorly performing design fro% to almost perfect, close to 98%.
fact, commerciateactor process performance was better than toeghdnt
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Figure 6: Fundamental understanding of phenomenarga scale system leads to significant
performance improvement and efficient cost-effext@actor designs (Sapre & Katzer, I&EC
Res., 1995)

Process Technology

TransPlus is a process and catalyst to trans-atkyleavy aromatics, that otherwise go to
fuel, to high value P-xylene, a key raw material fpolyester production. In less than three
years, we took this process from lab to commestale operation to maximize P-xylene. We
were the first to develop and commercialize a t@kglation process in mid-nineties. Today
several other licensors offer similar technology.

Another process innovation is a rapid cycle hydrogerification process (RCPSA) that also
involved development of a novel hardware. This medbgy development is an example of
process intensification, where we reduced thedfizke plant by almost a factor of 50. Rapid
Cycle Pressure Swing Adsorption (RCPSA) offers aentmmpact, less expensive, and more
energy efficient solution for Hrecovery compared to conventional Pressure Swing
Adsorption (PSA) technology (see figure 7), usednemnly in the industry. We
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implementedhis process commercially in France in 2007 & won the coveted R&D 10
award in the USA in 2007.
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Figure 7 Rapid Cycle PSA (RCPSA) commercial uWinner of R&D 100 award, in 20l

Plant Integration

Although alvanced control and real time optimization toolsenampioved manufacturin
performance over the yeathgse systems ¢ an integration of several legacy systems. Tl
is a significant opportunity to conceptualize :-change in optimization/control, both -line
and online using more rigorous too Optimization and contraleeds to be event driven
fully exploit manufacturingassetsand to fully sweat the assets. Heramsexample ohow
we improved the performanfor a utilities systenfsteam and power productic.

The generation of steam and power required forogperation of a modern refineis a
significant operating cost almost ‘0% of crude processetdlVe automated the entire pov
plant operation by develogina rigorous nc-linear model for every piece of equipm and
essentially automated with minimum operator involeat. Both nonlinear programming
and mixed-integer nolinear programming tools were employed and thejaxsgal the legac
linear programming optimization technigiThe results of this change are showifigure 8,
where op line is plant performance before the systemthadottom line i after the system
was installed. We realizespproximately3-4% savings in fuetonsumption amounting to
significant cost reductionThis system was named OPTIMUL- optimization of utility
systems.

We also did a lot of work for the upstream oil ayas lusiness. We were the firstintegrate
reservoir models with surface processing facilitegl made significant progress towa
developing fully integrate@nterprise wide modelling tc. A software tool that integrate
surface facilities with reservosimulation was called OPTINE&nd used extensively
optimize tertiary oil recovery in Bakersfield, (alinia. This increased tertiary oil recove
by 2-3% reduced steam floodinand extended the life of the oil field.
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Figure 8 OPTIMUS: Improved pdormance at Beaumont Refinery with reduced
consumption (Wellons, Sapre, NPRA, 1¢

Figure 9 shows an enterprise wide optimization sehacreasingly possible with the help
technical computing with an expansive knowledge agament frameworl
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Figure 9: Application of knowledge to improve buess in real time. (Katzer, Ramage,
Sapre, CEP 2000)

Today, we have embarked upon end to end manufagtualiitization through world-class
scalable IT backbone. Four key elements of thetesyy are (i) process automation; (ii) cloud
computing; (iii) mobility and usability; and (iv)idata analytics. The objective is to create a
real time, online, integrated, connected, agilé-a&hre asset management system. In the
near future, every industrial company will be atsafe company to create most value
through access to massive real time data, andgakirarter business decisions.

Systems Analysis

One of the most challenging problems of our timwiglevelop alternative feedstock for the
energy and hydrocarbon industry. The fossil fueh path taken by the developed world for
its growth is not sustainable in the long run givbe environmental constraints that the
world faces now. The rest of the world, especitilyia, has the opportunity to leapfrog the
developed world by adopting more sustainable enézglgnologies such as wind, solar or
biomass (see figure 10). Integrating new streamsnefgy and feedstock with the existing
infrastructure is an ideal system level problem.

One promising biomass energy resource is algaetmert CQ and sunlight into oil. Algae
have the highest productivity. With rapidly advarmgbiotechnology, it is likely to lead to a
commercial viable option in the near future, whinhy make India self-sufficient in liquid
hydrocarbons. It is a reaction engineering problessentially multiplying reactors or algae
cells, in a cultivation system or a large pond. Tmallenge is the efficient scale-up of
biological systems to large scale industrial aggians. However, we are making steady
progress in unravelling the mystery of photosynthemnd increase overall sunlight to
biomass energy productivity significantly.
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Figure 10:Demand for energy is growing rapidly as countriks Indiaenter the most
energymtensive phase of economic developrmr

Conclusions

The boundaries between what we know, understam¢am quantify and what we cannot
adequately quantify defines the frontieAs the technology chain matu and we solve the
problems there are advancdn frontier areas at all levels. It leads dimser integration ¢
fundamentals from the molecular level through te #ystem level optimization creati
societal value through life enriching projec

The dobal drivers of environmental sustainability ane\pding growth opportunity to th

80% of the world population living in the develoginountries demand a paradigm shif

the direction we require to shift the frontierssaience and technologin the context of
India, where we have a challenge of improving duaif life across entire soc-economic

spectrum, in agreement with the motto of the curgomvernmeni— Sabke Saath, Sabka
Vikas, “inclusive innovation'that will create affordable excellentethe call of the day fc

scientists and engineers.

It will require a concerted effort acrothe boundaries to cater to the diverse needs o

nation-food, infrastructure, healthcare, material and g@neeeds of the masses, automot

defence and spac®/e should aim to achieve “affordable excellencindustry excels at
execution and research institutions excel at criéatiWe must intertwine our resources

help India leapfroginto the future, with a collective mand: Science fc Solution;

Technology for Transformation; and Innovation forplact

“I would prize every innovation of science made thue benefit of all'— Mahatma Gandhi
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