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Controlling Fe Catalyst Contamination, Shifting Yields,
Coke Selectivity, PM Reduction in FCC Operations

The recent NPRA Q&A and Technology Conference held in Baltimore, Maryland (USA) included
a compendium of topics relevant to FCC and hydroprocessing technology, including the following
responses to NPRA questions by Grace Davison engineers

NPRA Question #85: What
are typical ranges employed
for iron (Fe) content on
FCC E-cat. What methods
are available to determine
how Fe is accumulated on
the catalyst surface? How
does the distribution of
Fe on the catalyst surface
impact the FCC op-
eration, yield structure
and emissions?

David Hunt, FCC Tech-
nical Service Manager,
david.hunt@grace.com:
Grace receives equilibrium
catalyst (E-cat) samples for
most of the FCC units op-
erating worldwide. These
samples show a distribution
of average E-cat iron (Fe)
levels for all FCC units that
have provided E-cat sam-
ples to Grace in 2010. Mean
Fe levels are 0.57 wt% and
the highest Fe level in one
unit is 1.36 wt%. Iron can
be detrimental to the unit in
many ways including bot-
toms conversion, catalyst
circulation stability and
SOx emissions.

Yaluris showed using
an electron probe micro-
analysis (EMPA) tech-
nique that Fe from organic
iron sources is primarily a
catalyst surface contami-
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nant.! Yaluris also used
scanning electron micros-
copy (SEM) and optical
microscopy techniques
to confirm Fe is a sur-
face contaminant. Figure
1 is an EMPA image of
an FCC catalyst particle
cross section. Warmer
colors on the surface of
the particle confirm that
Fe and CaO are primarily
surface contaminants.

Yaluris discussed how
Fe contamination can lead
to pore closure and nodule
formation.! The presence
of Na and CaO can act as
fluxing agents, aggravat-
ing the effect of Fe. Fig-
ure 2 shows E-cat ABD vs.
E-cat Fe levels. Decant oil
also increases at the higher
contaminant levels due
to the damaged catalyst
pore structure.

NPRA Question #86: What
are catalyst best practices
to shift FCC yields rapidly
between gasoline and die-
sel maximization and then
back again? Many catalyst
suppliers are recommending
blending catalyst systems.
Do you believe this cata-
lyst/additive blending is the
best approach?

Fe: 1.2%

Ca0: 0.6%

Fe: 0.84%

Ca0: 0.4%

Figure 1. EMPA images of two FCC catalyst particles (Fe & Ca0 surface contaminants)

Rosann Schiller, Prod-
uct Manager, FCC Cata-
lyst, rosann.schiller@
grace.com: In these chal-
lenging times, refiners

more than ever need flex-
ibility. The GENESIS®
catalyst system provides a
means to maximize yield

See Page 2
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Figure 2. E-cat ABD vs. E-cat Fe levels

potential through the optimi-
zation of discrete cracking
catalyst functionality.?

GENESIS systems offer
refiners formulation flex-
ibility and the ability to re-
alize the desired yield shifts
quickly in order to capture
dynamic economic oppor-
tunities. 20% of the world’s
FCC capacity has utilized
the technology.

For new applications,
several scenarios (e.g. max
gasoline or max LCO) are
often prepared and presented
to illustrate the flexibility
and the power of GENESIS
to change product slate.
As product supply/demand
balance shifts, GENESIS
catalyst in the unit can be re-
formulated to maximize prof-
itability and capture short
term economic opportuni-
ties. To speed implementa-
tion, formulation adjustment
often takes place in the fresh
hopper, minimizing the delay

often associated with a cata-
lyst change out. This catalyst
system has also provided
the flexibility to maximize
profitability based on current
supply/demand economics.

Since introduction to the
unit, the refiner in Table 1
has reformulated GENESIS
twice; first to maximize LCO
and again to return to a gaso-
line operation. In the max
LCO operation, the percent-
age of MIDAS was increased
in the blend to maximize bot-
toms cracking and reduce
Z/M. GENESIS 2, formu-
lated for max LCO, deliv-
ered an additional 3.5 1v%
yield for a net increase of 5.0
1v% LCO and 2.2 1v% reduc-
tion in slurry relative to the
competitive base catalyst as
shown in Table 1. When eco-
nomics became favorable for
gasoline, the refiner returned
to the original formulation.
Overall, these yield shifts
were worth between $0.45

and $1.00/bbl, depending on
the operating mode and the
refining margins at the time.

For both catalyst refor-
mulations, the blend ratio of
MIDAS and IMPACT was
adjusted to achieve the desired
yield shift. Grace was able to
reduce turnover time by work-
ing with the refiner to readjust
the formulation within the
fresh catalyst hopper.

A decision to reformulate
within a GENESIS catalyst
system typically happens
80% quicker than with a
traditional catalyst because
simply changing the blend
ratio presents a lower risk
option than a new catalyst or
even a new additive. Cata-
lyst Z/M ratio can be opti-
mized to match the specific
unit feedstock and operating
constraints. In addition to op-
timizing the blend ratio, the
activity levels of the individ-
ual components are carefully
selected to match the oper-
ating mode and feed types.
This formulation flexibility
can deliver a significant se-
lectivity change, allowing
a refiner to accommodate a
seasonal operation, manage
a swing feedstock or even
a hydrotreater outage, and
most importantly, GENESIS
catalyst systems allow re-
finers to capture short term
economic opportunities.

NPRA Question #87. In
your experience how does
catalyst activity affect the

Table 1. GENESIS® provides flexibility to shift between

gasoline and LCO modes.

Competitive | GENESIS® 1 GENESIS® 2
Catalyst (Max. Gasoline) (Max. LCO)
relative to base relative to base
Gasoline, 1v% Base 3 1
LCO, Iv% Base 1.5 5
Bottoms, 1v% Base -1.5 2.2
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catalyst’s coke selectivity
and the FCCU'’s delta coke?
How are the coke selectiv-
ity and delta coke related?
Lastly, discuss how to deter-
mine the proper activity to
maximize conversion.

Rosann Schiller: When de-
signing an FCC catalyst, one
must consider coke selec-
tivity, delta coke and total
coke yield. Coke selectivity
is the relative coke-making
tendency of the catalyst, or
in other words, a catalyst
with good coke selectivity
produces higher conversion
per unit of coke-make than
the reference catalyst. Delta
coke is, simply put, the dif-
ference between carbon on
spent catalyst after stripping,
and carbon on regenerated
catalyst. Delta coke is ex-
pressed as a percentage of the
catalyst. Generally, the delta
coke is higher for catalysts
with poor coke selectivity,
but is also higher for more
active catalysts and with
heavier feeds. Higher delta
coke translates to higher
regenerator temperatures.

Total coke yield is the
delta coke times the cat-
alyst-to-oil ratio. In other
words, total coke yield is
the amount of coke burned
in the regenerator, expressed
as a percentage of the feed
rate. Burning this coke, total
coke, is responsible for ful-
filling all the heat require-
ments, including the heat of
reaction, in the FCC process.
Total coke cannot change
unless there is a change in
these heat requirements.
Consequently, if these heat
requirements are held con-
stant, a change in delta
coke will cause an oppos-
ing change in cat/oil ratio
to maintain the total coke
yield constant.

See Page 3
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There are four contribu-
tions to total coke: feed car-
bon, contaminant, stripping
and catalytic. The feed coke
can be approximated by the
Conradson carbon level.
Stripping or cat-to-oil coke
results from the carry-over of
occluded hydrocarbons after
stripping. Stripping and feed
coke are non-catalytic. Con-
taminant coke results from the
metals in the feed, primarily
nickel and vanadium. Lastly,
catalytic coke is the intrin-
sic coke making tendency of
the catalyst and feed. While
both contaminant and cata-
lytic coke appear to be con-
trolled via catalyst, they are
also dependent on the cat/oil
ratio, which always adjusts
to maintain the exact amount
of total coke yield required
for heat balance.

Catalyst design has a di-
rect bearing on the formation
of variable components of
total coke. The needs for in-
unit activity (catalytic coke)
must be balanced against the
contributions to coke from
feed carbon and contaminant
metals. For a resid applica-
tion, a catalyst with “good
coke selectivity” would typi-
cally have moderate activity
and exhibit superior stability
to metals deactivation as well
as the ability to crack and
convert coke precursors into
liquid product. In this case,
the effect of contaminant
metals is minimized, and the
catalytic activity is balanced
against the contribution
from feed carbon.

A heavily hydrotreated
feed application, where there
is minimal contribution to
total coke from feed or met-
als, requires a higher catalyst
activity to satisfy a given
heat balance. If the catalyst
is not active enough, torch
oil or recycle must be utilized
to achieve the equivalent
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targeted coke yield per unit
of feed, often to the detriment
of the overall operation. For
these hydrotreated feeds, the
recommended catalyst still
must possess excellent coke
selectivity (that is achieve
high conversion for a given
coke yield) but have enough
activity (delta coke) to de-
liver the prescribed total coke
for the application. At Grace
Davison, we strive to de-
liver the most coke selective
catalyst for each application,
in order to maximize liquid
yield and profitability.

NPRA Question #89: In
shifting from partial burn
to full burn in a side by side
unit, what has been your ob-
served impact on the NOx
emissions? What is neces-
sary to achieve 20 ppm NOx?

David Hunt:Several Grace
customers successfully op-
erate with NOx emissions
less than 20 ppm in full
combustion without the use
of NOx removal hardware in
the flue gas circuit. These
units have the following
common theme:

*  Regenerator flue gas ex-
cess O2 levels are less
than 1.5 vol%

e If necessary, a non Pt
combustion promoter
like Grace’s CP® P is
used to control afterburn
and/or CO emissions.
Additions of promoter
are minimized since ex-
cessive additions of any
CO combustion pro-
moter can increase NOx

¢ Some of these units in-
ject ammonia into the
flue gas stream to meet
NOX limits

e Some of these units use
a NOx reduction ad-
ditive such as Grace’s
DENOX®

e The regenerator com-

bustion air and spent
catalyst are extremely
well mixed.

Question# 91: Assuming the
FCCU already has a third stage
separator (TSS) what are the
various options you consider
for further reduction of partic-
ulate emissions (PM) and what
is the expected level of pm to
be achieved?

David Hunt: Many FCC
units which use third stage
separators (TSS) operate with
particulate limits <1 1b/1000
Ib of coke burn. The absolute
PM emission will depend, of
course, on unit conditions such
as the design characteristics,
cyclone velocity, unit pressure
and particulate loading of the
TSS. To ensure low emissions
from a TSS, an exhaustive re-
view of the following FCC op-
erations should be confirmed:
1. No excessive catalyst
attrition sources are present:

a. Vapor velocities should
be less than 300 fps and
preferably less than 100 fps

b. Restriction orifices are
present and the correct size

c. Torch is not being used

2. Regenerator cyclone
velocities are within accept-
able operating limits.

3. Regenerator bed level
should provide the correct
burial requirements for the
cyclone dipleg valves and the
transport disengaging zone
should terminate below the
cyclone inlet.

4. Secondary cyclone di-
pleg levels should terminate
well below the top of the di-
pleg (3ft).

5. All steam sources are dry.

6. Regenerator superficial
velocity is minimized.

7. Regenerator air and
spent catalyst distribution
is adequate to ensure the
diplegs terminate in well
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fluidized zones and each
primary cyclone has similar
catalyst entrainment. The
catalyst design can also be
optimized to minimize par-
ticulate entrainment to the
TSS separators to ensure
maximum third stage sepa-
rator efficiency. Catalyst
attrition is likely the most im-
portant catalyst property to
consider. However, consider-
ation of the amount of micron
fines (<1 micron) generated
during catalyst attrition is
more important.

Cyclone efficiency falls
by almost a factor of 10 for
a 20 micron particle versus
a 1 micron particle. As a
result, two catalysts which
have the same attrition
index can have much differ-
ent particulate emissions,
depending on whether
micro fines are gener-
ated during attrition ver-
sus particles in the 5 to 20
micron range.

The 0 to 20 micron and
0 to 40 micron content of
the fresh catalyst is also
critical to ensure low par-
ticulate emissions from a
third stage separator. These
particulate fractions should
be minimized within the
constraints of the catalyst
circulation system. (Many
units need higher fresh fines
content to ensure stable
catalyst circulation.)

A catalyst with a higher
particle density, not nec-
essarily higher appar-
ent bulk density (ABD),
will increase TSS effi-
ciency. AI203 content can
be used to increase the
particle density.

An article entitled Op-
timizing your FCC Re-
generator Operation and
CatalystDesignCanMinimize
Catalyst Losses provides
a detailed review of many

See Page 4
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of the issues previously
discussed.* Grace recom-
mends our Al-Sol cata-
lysts such as ALCYON®,
IMPACT®, GENESIS®,
AURORA®, and Ad-
VANTA® for units which
use TSS. Worldwide,
Grace supplies more FCC
units with third stage
separators than any
other catalyst supplier. B

1. Yaluris, “The Effects of Iron
(Fe) Poisoning on FCC Cata-
lysts,” Catalgram® 87, 2000.

2. Schiller, R., et al, “The
GENESIS Catalyst System,”
Catalagram® 102, Fall 2007.
3. Hunt, et. al, “Optimiz-
ing your FCC Regenerator
Operation and Catalyst Design
Can Minimize Catalyst Losses”,
Catalagram® 90, 2002.
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Advanced Refining Technologies

PROCESS OPERATIONS
Low Capital Hydrogen Plant Retrofits

Simple to Install Oxygen Enhanced Reforming Technology can Boost H2 Plant Capacity by 10-15%

Gregory J. Panuccio, Troy
M. Raybold, James P. Mea-
gher, Raymond F. Drnev-
ich, V. “Jana” Janarthanan,
Praxair, Inc.

The volume of low qual-
ity crudes needing to be up-
graded to meet high quality
product specifications has
led to an increase in hydro-
gen (H2) demand. At the
same time, costs associated
with increasing H2 capacity
have been escalating. The
retrofit solution for increas-
ing hydrogen production
must also minimize plant

downtime and capital invest-
ment. Praxair’s patented Ox-
ygen Enhanced Reforming
(OER) technology can effi-
ciently and reliably expand
H2 plant production capacity
by enriching the steam meth-
ane reformer (SMR) com-
bustion air with oxygen.

Debottlenecking SMR

Enrichment of combustion
air with oxygen (02) is a
low-capital SMR debottle-
necking strategy as opposed
to other strategies, such as
installation of a pre-reformer

(Table 1).!* Enrichment of
combustion air in the re-
former with OER technology
increases heat flux, radiant
efficiency and furnace firing
rate without increasing flue
gas flow and maximum tube
wall temperature.

The OER technology in-
cludes a simple-to-install
lance or sparger to inject O2
directly into the burner flame
(lance) or into the combus-
tion air feed duct (sparger).
An OER retrofit can typi-
cally be installed in most
reformer types (can, terrace

Table 1. Comparison of common SMR retrofitting methods with

Praxair’s OER retrofit.1,2

Method H2 Rate | Cap Cost Comments

Modify WGS Reactor | +3-5% Medium Single HTS reactor changed to
2-stage HTS, HTS + LTS, or MTS
design

Upgrade Reformer +5-15% | Medium-High | New catalyst; replace tubes with
better metallurgy; modify pigtail/
tunnel design; upgrade controls

Install Pre-reformer +8-10% | Medium Requires significant changes to re-
former convection section; consid-
erable drop in steam export

Install OER +10-15% | Low Simple installation, equipment and
controls; non-invasive

Install Post-reformer | +20-30% | High Large footprint; capital intensive
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wall, side fired, top fired)
for a 10 to 15% H2 produc-
tion increase, depending on
current plant bottlenecks.
Additional H2 production is
achieved without increasing
reformer tube wall tempera-
tures, modifying the induced
draft (ID) fan or convective
section heat exchanger de-
sign, or appreciably affecting
byproduct steam production
rates. Further, an OER retro-
fit can be installed with very
little plant downtime and
capital investment. The char-
acteristics of an OER retrofit
are also shown in the previ-
ously mentioned Table 1.

A simplified schematic
of the radiant section of an
SMR furnace incorporating
OER technology is shown
in Figure 1. The combustion
air is enriched with O2 by
one of two means: either O2
is premixed with the air via
sparger in the air feed duct-
work or the O2 is injected
directly into the burner flame
via lance. For either delivery
method, OER increases O2
concentration and decreases
the concentration of inert ni-
trogen in the combustion air.

See Page 5
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Figure 1: Simplified schematic of an SMR furnace tadiant section with an OER retrofit

Since the O2 concentra-
tion is higher than normal air,
the furnace firing rate can be
increased without increas-
ing the volumetric flow rate
of flue gas that is processed
in the convective section of
the reformer. Since the flue
gas flow rate is unchanged,
no modifications to the flue
gas heat exchange equipment
or the ID fan are required to
maintain reformer perfor-
mance. A secondary effect
of increasing O2 concentra-
tion in the combustion air is
that the additional heat gen-
erated is released over the
same distance or even over a
shorter distance than with air.
This results in an increase of
the heat flux into the tubes

near the inlet of the reformer
where the tubes are cold-
est. Process gas flow to the
reformer tubes is increased
to utilize the additional heat
that becomes available and to
maintain the maximum tube
wall temperature at the de-
sired value. Typical reformer
tube heat flux and maximum
tube wall temperature pro-
files with and without OER
are shown in Figure 2.

The extent to which O2
enrichment of combustion air
can increase H2 production
capacity in an SMR will de-
pend on many factors includ-
ing whether other bottlenecks
exist in the equipment up-
stream or downstream of the
reformer furnace. Increasing

OER

Heat Flux

the O2 concentration in the
combustion air to between 22
and 23% can typically result
ina 10 to 15% increase in H2
production capacity. Field
testing and simulation results
show that between 15 and 20
tons of O2 are typically re-
quired to produce 1.0 million
scf (i.e., 1.0 million standard
cubic feet at 60 °F and 14.7
psia) of incremental H2 from
a bottlenecked SMR. One of
the other advantages of the
OER technology is the op-
erational flexibility inherent
to the retrofit. If incremental
H2 production is not required
for a period of time, the flow
of oxygen can be turned off
and the SMR will operate as
it did prior to the retrofit.

Oxygen Delivery:
Lance v. Sparger

As previously mentioned,
02 can be injected into the
combustion air by either
premixing it with the air
via a sparger in the air feed
ductwork or directly inject-
ing the O2 into the combus-
tion zone within the furnace
via a lance. There are ad-
vantages and disadvantages
to both methods.

A sparger is simpler to in-
stall than lances. A sparger
requires a single penetra-
tion into the air ductwork
whereas lancing will require
multiple penetrations into
the SMR furnace near the

Max TWT

Base

Tube Length

Figure 2: Approximate profiles of radiant zone reformer tube heat flux and maximum TWT with and without OER. With OER, Hy

Tube Length

production can be increased without increasing Max TWT and decreasing tube lifetimes
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burners. It will be more dif-
ficult to install all the piping
required to feed O2 to mul-
tiple lances than the single
pipe required to feed O2 to
a sparger. Furthermore, the
lance nozzle orientation may
have to be adjusted once
it is installed to optimize
operating conditions.

One disadvantage of the
sparger is that nitrous oxides
(NOx) production within the
furnace will increase. The
adiabatic flame temperature
within the burner increases
as the concentration of O2
in the air increases, which in
turn increases the production
of thermal NOx. The extent
to which NOx emissions will
increases will depend on the
design of the burners and the
recirculation patterns within
the furnace for the specific
installation. Field testing has
confirmed that lances can be
installed such that the NOx
emissions (on a Ib/MMBtu
fired basis) do not increase
as O2 is added to the SMR
furnace. A lance installation
can be NOx emission neu-
tral because the lances can
be designed to stage the 02
consumption within the com-
bustion zone and increase
recirculation of cooler flue
gases within the furnace.

Air ductwork materials
incompatibility issues may
limit the air enrichment level
to 23.5% O2 for the sparger
case. According to CGA
standards, air that has greater
than 23.5% O2 is subject to
different safety standards
than normal air. For lances,
the enrichment is not limited
to the equivalent of 23.5% O2
in air because the O2 is added
to the furnace separately
from the air supply. There-
fore, there are no air duct
materials incompatibility is-
sues because the air duct is

See Page 6
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only exposed to ordinary air.
Hydrogen production capac-
ity can usually be increased
to desired levels without in-
creasing the concentration
of O2 in air beyond 23.5%,
so either a sparger or lances
would be suitable.

The O2 injection method
is custom designed for each
retrofit. Though a sparger
is much easier to install
than lances, NOx emissions
or O2 enrichment limits
may dictate that lances are
the best option.

OER Implementation

Praxair’s OER technol-
ogy supplements a growing
portfolio of proven oxygen
enhancement technologies
for refinery applications.
Today, Praxair supplies
more than 40% of the US
refineries using oxygen in
their FCCUs and SRUs to
improve performance and
increase capacity. Praxair’s
oxy-fuel combustion
technology is also used in
process heaters to reduce
NOx emissions while in-
creasing throughput and
efficiency. Praxair is best
in class from a safety per-
spective, maintains excel-
lence in project execution,
and has proven world class
plant reliability. Praxair le-
verages this collective ex-
perience for executing OER
retrofit projects.

OER technology is a low
capital cost solution because,
unlike most other reformer
retrofitting solutions, there
iS no new expensive equip-
ment to install (e.g. catalytic
reactors) and no significant
modifications to the existing
reformer furnace are required
as part of the installation.
OER retrofit equipment is
simple, safe, and reliable.
New equipment to be in-
stalled includes an O2 supply

Copyright 2010. Refinery Operations

Table 2. Summary of OER field testing results.

Operating Condition Base OER OER
02 Injection Device None Lances Sparger
H2 Production Rate 100% 111% 110%
02 in Air' 20.80% 21.90% 22.10%
02/H2,2 ton/mmscf N/A 22 20
Natural Gas Feed + Fuel 100% 109% 108%
AMaximum TWT,3 °F Base -1 +2
AReformer Outlet Temp., °F Base -1 +4
PSA Feed CH4 4.90% 5.60% 5.40%
NOx Emissons,? Ib/mmBtu 100% 88% 120%
1 Equivalent O2 enrichment level for OER cases with lances
2 Corrected for equivalent flue gas flowrate and flue gas O2 concentration
3 Calculated (not measured)
system, an O2 flow control design will be conducted be- draft of the contract.
skid, and an O2 injection de-  fore construction begins. Stan-
vice (i.e. a sparger or lances). dards and procedures from QER Demonstration

The O2 flow control skid
is sized for the required O2
flow rate and may be inte-
grated with the facility’s con-
trol system if desired. The
flow skid can be installed in
nearly any convenient loca-
tion as it has a small footprint
and can be built for compli-
ance with most electrical
classifications. The nature
of the O2 supply system will
depend on the size of the
application and location of
the refinery. If the refinery
does not currently have O2
available in bulk on-site, a
liquid O2 storage tank or
an O2 generation plant may
be installed. Depending on
the refinery location, it may
be possible to draw product
from a nearby O2 pipeline
network. The O2 supply
system and O2 flow control
skid can typically be installed
without shutting down H2
plant operations. Installa-
tion of the sparger or lances
could take up to one day
of SMR outage.

Safety and environmen-
tal reviews of the proposed

both Praxair and the refin-
ery will be applied such that
the OER retrofit is installed
and operated safely. New in-
terlocks and alarms will be
programmed into the control
system to monitor critical op-
erating parameters. The flow
of O2 to the furnace will au-
tomatically be shut down if
design limits are exceeded.
Praxair will also train refinery
personnel as to the safe han-
dling of oxygen and oxygen
cleaning requirements.

An OER retrofit with a
liquid oxygen supply sys-
tem can be installed and
commissioned within six-
to-twelve months from con-
tract completion. Detailed
SMR design and operating
data is required to engineer
the retrofit since each OER
installation is custom config-
ured for the SMR in which it
will be used. To expedite the
project schedule, a compre-
hensive assessment of OER
retrofit performance can be
performed prior to contract-
ing and the results can be
reviewed along with the first

RefineryOperations.com | 2010.11.03

The oxygen enhanced re-
forming technology was field
tested at one of Praxair’s cy-
lindrical, up-fired, up-flow
SMRs that utilizes a PSA
for H2 purification. Both
the pre-mixed (sparger) and
lanced O2 delivery methods
were tested. Most of the OER
equipment and controls were
installed over a period of sev-
eral weeks. Only a single day
outage was required to make
the final oxygen connections:
the sparger into the air duct
and the lances into the fur-
nace floor. Praxair standards,
procedures, and training
facilitated the safe installa-
tion and use of oxygen even
though no pure oxygen sys-
tems had been used in the fa-
cility prior to the testing.
The results of the testing
are summarized in Table 2.
The results for each operating
condition are from experi-
ments representative of those
operating conditions. Each of
the values reported is given
from a heat and mass balance
process simulation of the
SMR that was reconciled to
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the experimental plant data.
Some of the values that are
reported in Table 2 (e.g. NOx
emissions in lb/MMBtu
fired) are not directly mea-
sured but are determined
from a combination of di-
rect measurements and cal-
culations made in the plant
process simulation.

When practical, ob-
served and calculated val-
ues were renormalized to
equivalent operating con-
ditions within the corre-
sponding process model for

the executed experiment as
it was much easier to hold
key operating parameters
constant in a process simu-
lation than it was during ac-
tual SMR operation. Note
that these results may not
reflect achievable outcomes
for other OER installations.
Actual OER operating con-
ditions will vary dependent
on the SMR design and the
way in which the SMR is
operated, but the results
shown here should be fairly
representative. B

Note: This article was pre-
pared from a more detailed
Praxair paper (paper # AM-
10-142) presented at the 2010
Annual Meeting in Phoenix,
Arizona: “Oxygen Enhanced
Reforming: A Low Capital
Cost Retrofit Solution to De-
bottleneck Hydrogen Plant
Production Capacity.” For
more information on Praxair’s
patented OER Technology
contact Jana Janarthanan, Sr.
Global Business Development
Manager at +1 281 872 2197

(v_janarthanan@praxair.com).
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FCC Operations

Responses from Refinery FCC Consultants Bob Ludolph and Ken A. Peccatiello

In troubleshooting catalyst
losses, can you describe
any cases where a unit shut-
down was imminent (e.g.,
severe cyclone failure) if the
losses could not be stopped
quickly? What is your rec-
ommendation for avoiding
shutdowns due to excessive
catalyst losses?

Bob Ludolph:

There
are a number of sce-
narios that can lead to a
unit shutdown due to ex-
cessive catalyst losses.
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Generally, inability to
maintain regenerator bed
level leads to an immi-
nent unit shutdown. Since
the stripper bed level is
controlled with the spent
catalyst valve any catalyst
loss from the reactor or the
regenerator is reflected in
a loss of regenerator level.
Refiners will face the de-
cision to shut down when-
ever the catalyst loss is
so high that:

* Not enough make-up
catalyst (fresh or equi-
librium) is available to
restore the catalyst lost

* Catalyst loading via
loader or pressuring
from the hopper falls
short of the required
make-up rate

*  Cost of replacing the
lost catalyst becomes
prohibitive

*  Slurry oil ash or
BS&W specifications
cannot be met, leading
to severe product dis-
counts and loss of sales

* Wet gas scrubber
(WGS) purge solids
separation/contain-
ment inventory is
inadequate

* Electrostatic precipi-
tator fines collection
rate exceeds the num-
ber of rolloff bins
available

»  Stack opacity/particu-
late emission limit
compliance is difficult
to achieve

*  Slurry oil pump reli-
ability and mechani-
cal availability is
unacceptable leading
to significant feedrate
reductions.

There may be opportu-
nities to mitigate the cata-
lyst loss and delaying the
need for shutdown. The
delay would allow the re-
finer to troubleshoot and
develop corrective action
plans for staying on-line
and keeping operating
costs down. The refiner
could consider:
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*  Pressure bumping to
possibly dislodge an
obstruction or aerate a
de-fluidized zone

* Adjusting the fresh
catalyst attrition resis-
tance or fines content

*  Making up with equi-
librium catalyst ver-
sus fresh catalyst

* Adjusting air/steam
rates, as well as the
distribution if mul-
tiple grids/rings
are available

* Lowering/raising bed
levels to check impact
on cyclone operation

* Lowering/raising op-
erating temperature to
lower/raise velocities

* Lowering/raising op-
erating pressure to
raise/lower velocities

* Conducting diagnos-
tic studies to help
identify what equip-
ment needs repair.

See Page 8
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K. A. Peccatiello: There

have been circumstances
where catalyst losses have
been very severe and a shut-
down was imminent. How-
ever, it is very unusual for the
cause of an immediate/emer-
gency shutdown to be cy-
clone damage due to normal
“wear-and-tear.” The normal
“wear-and-tear” damage can
usually be observed, moni-
tored, and anticipated well
in advance by operations
and technical personnel,
thus avoiding an emergency
outage; a good monitoring
program will allow opera-
tions and technical personnel
to work with planning and
scheduling to plan an outage
as the damage and losses be-
come unsustainable.

The rapid and imminent
causes are usually the result
of a significant event or a cat-
astrophic failure. The usual
causes are refractory failure/
loss following an upset or a
thermal cycle which plugs
or restricts one or more cy-
clone diplegs leading to mas-
sive catalyst carry-over. A
second example is the use of
“smear-coating” or “butter-
coating” the refractory in
the cyclones. “Smear-coats”
or “butter-coats” do not ad-
here to the base refractory
and spall off almost imme-
diately upon start-up. Since
the secondary cyclones are
relatively small in diameter
to most units (usually 8-10
inches), a major spall of this
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type can easily plug (and
has) the dipleg. An example
unique for the reactor side,
would be coke spalling from
reactor cyclone gas outlet
tubes following a thermal
cycle and again plugging or
restricting the cyclone dipleg
(see figure 1 & 2). These
situations can be observed in
several manners:

* A rapid loss in cata-
lyst level or inventory,
usually in the regen-
erator as the reactor/
stripper level is typi-
cally in level control
and the regenerator
level/inventory “takes
the swing”

» Significant increase in
the catalyst content in
the main fractionator
bottoms (MFB) slurry
loop sample (IF it is a
reactor cyclone)

» Significant increase in
the catalyst content in
the flue gas scrubber
(FGS) effluent loop
sample (IF it is a re-
generator cyclone)

* Significant increase
in the catalyst being
dumped to the elec-
tro-static precipitator
(ESP) bins (IF it is a
regenerator cyclone)

*  Significant increase in
flue gas stack opacity
if there is an electro-
static precipitator (ESP)
in service (IF it is a
regenerator cyclone).

The failure mentioned

previously may not be eas-
ily observed upon the restart
/ dry-circulation period when
catalyst circulation rates are
generally very low and the
catalyst loadings to the cy-
clones are extremely low
(generally less than 10% of
operating catalyst circulation
rates). The situation will
manifest itself once feed has

Figure 1: Coke deposit on outer portion of reactor cyclone vapor tube. Note area

of coke spalling.

Figure 2: Picture of erosion in cyclone dipleg.

been introduced into the unit
and catalyst circulation rates,
and thus catalyst loadings to
the cyclones, are increased.

A more unusual, but still
possible (possible because it
has occurred) circumstance
is the loss of a cyclone. A
loss in this case means the
cyclone failed or dropped
from its supports. This can
happen following an extreme
thermal excursion (usually in
the regenerator) or following
some seismic activity for ei-
ther or both the reactor and/
or the regenerator sides (usu-
ally discovered upon a re-
start as the seismic activity
most likely took the unit off-
line). Again, the same five
previously mentioned items
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will be key indicators of a
problem or issue. An FCCU/
RFCCU process engineer
should know the following
critical pieces of information
for their unit:

1. At what rate would cat-
alyst be lost from the unit if a
regenerator primary cyclone
were to plug?

a) At normal catalyst cir-
culation rates?

b)At minimum feed rate
catalyst circulation rates
(minimum feed rate is usu-
ally the point required for
main fractionator operational
and product yield stability)

2. At what rate would cat-

alyst be lost from the unit

See Page 9
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if a regenerator secondary

cyclone were to plug?

a)At normal catalyst cir-
culation rates?

b)At minimum feed rate
catalyst circulation rates?

3. At what rate would cat-
alyst be lost from the unit if
a reactor primary/rough-cut
cyclone were to plug?

a) At normal catalyst cir-
culation rates?

b) At minimum feed rate
catalyst circulation rates
(minimum feed rate is usu-
ally the point required for
main fractionator operational
and product yield stability)?

4. At what rate would cat-
alyst be lost from the unit if
a reactor secondary cyclone
were to plug?

a) At normal catalyst cir-
culation rates?

b) At minimum feed rate
catalyst circulation rates?

The ability of process per-
sonnel to quickly analyze and
respond to any of these is the
difference between a short
five-to-eight day disruption
or two-to-three week outage.

What defines FCC under-
utilization and where do you
look for profit improvement
in such situations?

Bob Ludolph: In many re-
spects, what defines under-
utilization applies to when
FCC feedrates are down or
when operations are normal;
the difference is a matter of
degree. In general, under-
utilization can be defined
whenever:

*  Pumps & compres-
sors are unloaded
(feed, liquid & vapor
products, combustion

air)

e Catalyst loading
equipment has unused
capacity
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* Emissions control
equipment is un-
loaded

* Regenerated/spent
slide or plug valve
APs are exceptionally
high, or

e The unit pressure bal-
ance has wider range-
ability.

Where to look for profit

improvement? Three places
should be evaluated:

1. The sources and types
of feed components
that are cracked

2. The technology, for-
mulation and blend of
catalyst and additives
cracking the feed

3. The operation of the
cracking, combustion,
flue gas and product
recovery equipment.

Let’s discuss the oppor-

tunities that come with each
of these as well as potential
obstacles hindering your suc-
cess in pursuing them.

Feed Opportunities

Crudes or purchased
feedstocks with lower
qualities than what are nor-
mally cracked offer the
opportunity to improve
profitability. Higher sulfur,
acid number, carbon, and/or
metal feeds can be economi-
cally attractive while being
processed at levels that mini-
mize your risk. Conversely,
some refiners introduce
feedstocks with better than
normal quality in order to fill
out their recovery sections
while cracking less feed. In-
ternally to the refinery there
are incremental feedstocks,
like atmospheric or vacuum
resid, that can be cracked
to raise overall volume gain
for the facility. Also, FCC
products can be recycled to
obtain more valuable yield
distributions, like gasoline

re-cracked to generate more
olefins or heavy cycle oil
re-cracked to more valuable
liquid products.

Be mindful that an op-
portunity feedstock may be
less crackable than what its
reported bulk properties sug-
gest. Excessive yields of fuel
gas and coke could result,
negatively impacting the heat
balance and reducing the
feedstock profitability. If the
hydrothermal stability of the
catalyst is insufficient, then
the catalyst may not be able
to tolerance additional met-
als. Additional or new pro-
cess chemicals for mitigating
fouling or corrosion may be
needed when cracking more
difficult feedstocks.

Catalyst Opportunities

Optimization of catalyst se-
lectivities, activity or both is
worth reviewing with your
supplier. Through refor-
mulation or blending ratio
changes, the yield structure
or metals tolerance can be
shifted in a favorable di-
rection. Introduce cracking
additive technology (e.g.
ZSM-5, bottoms reducer)
to shift the yield structure
quicker or respond to feed
quality changes better. Con-
sider trialing new catalyst or
catalyst additive technolo-
gies to pursue further product
distribution improvement.
Lowering catalyst additions
would reduce your expenses.
Raising catalyst additions
may improve cracking se-
lectivities. Trial each to
determine what fits your op-
eration better. Also consider
adding equilibrium catalyst
on a regular basis to reduce
your expenses.

Adjusting catalyst tech-
nology or formulation could
result in physical property
changes of the circulat-
ing inventory. Monitor the
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fluidization parameters since
fines retention or catalyst at-
trition may be less. If cata-
lyst additions are reduced,
monitor the particle size
distribution (PSD) of the
inventory...you may have
to adjust the fresh catalyst
size grade. Standpipes may
be over- or under-aerated
depending on the operating
conditions...adjust aeration
rates as necessary for proper
pressure build. Closely re-
view the properties of any
equilibrium catalyst under
consideration for purchase...
incompatibility with the fresh
catalyst technology could lead
to under-performance.

Equipment Operation
Opportunities

It is likely that the reduced
rate operation will free up
combustion air. This opens
up the opportunity to operate
differently and consume the
unused coke burn capacity.
Pertaining to the riser opera-
tion, lowering or removing
feed preheat will increase
catalyst circulation, conver-
sion and volume gain. Feed
dispersion steam can be
conserved to reduce sour
water production, or increas-
ing the steam/feed ratio may
actually improve feed/cata-
lyst contacting. Being too
aggressive with dispersion
steam conservation can lead
to poor feedstock atomiza-
tion, feed nozzle plugging, or
“wetted” spent catalyst going
to the regenerator. Conduct
steam/feed trials to deter-
mine what works better. Also
consider taking feed nozzles
out-of-service to improve
overall atomization — review
the design and procedures
before trying this.

By introducing or increas-
ing riser lift gas you may re-
duce the net dry gas production

See Page 10
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by “conditioning” the metals
on the regenerated catalyst.
You can also introduce or in-
crease cracked naphtha injec-
tion to promote light olefin
production. Under reduced
feed rate conditions there
will be more riser contact
time, which should promote
bottoms cracking. You may
realize higher slurry ash con-
tent as a result, which may
impact product blending or
increase the erosion rate of
system piping. Also, the riser
velocity may get too low,
which promotes backmix-
ing, resulting in higher fuel
gas and coke yields, gasoline
overcracking to LPG and
other selectivity shifts.

In the reactor section,
with the air available, reac-
tor temperature can be raised
for more conversion and
volume gain. Lowering the
reactor pressure will result in
less hydrogen transfer (better
octane, olefin yield), better
stripping, and reduced ro-
tating equipment cost. Lon-
ger reactor residence time
could also lead to product
mix deterioration and vessel
coking. Potentially higher bu-
tadiene yield may impact the
alkylation plant. Slurry foul-
ing rate may accelerate from
higher conversion operations
— you may need an antifou-
lant program. LCO proper-
ties will shift and may impact
distillate blending for cetane,
sulfur, and gravity.

In the stripper section,
longer stripper residence
time (from lower catalyst
circulation) can lead to better
stripping efficiency, product
recovery, and lower coke
hydrogen content, especially
if reactor temperature is in-
creased. Conserving strip-
ping steam may help with
sour water management but
be careful of going too low.
Like the feed nozzles, getting
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too aggressive with stripping
steam conservation can result
in steam distributor nozzle
plugging and lower actual
stripper bed level, which
may uncovering cyclone di-
plegs. Operating at lower
feed rate can also result in
higher density spent cata-
lyst, leading to higher slide/
plug valve differentials — this
presents the opportunity to
shift the pressure balance in a
positive way by lowering the
reactor pressure.

In the product recovery
section, generally the lower
feed rate condition opens up
wet gas capacity. This means
you can handle lower suction
pressure or lower molecular
weight gas streams — this
flexibility may expand your
feedstock and catalyst op-
tions. Downstream recovery
sections are likely to be un-
der-loaded, resulting in better
liquid/vapor product separa-
tions, product purities and
improved treating conditions.

When it comes to the re-
generator, combustion air
will likely be available. You
could continue to conserve
in the interest of compres-
sor energy savings or apply
the excess for higher coke
burns. You could also reduce
or eliminate the cost of oxy-
gen enrichment if it is part
of your base operation. If
the refinery needs steam and
you have a catalyst cooler
increase the coke burn to
produce extra steam. If su-
perficial velocities are down
and there is less regenerator
afterburn then your feedstock
and catalyst options grow.
You can also save on com-
bustion promoter which may
also result in lower emis-
sions. Too low of a combus-
tion air rate can lead to air
distributor nozzle erosion
and lower regenerator bed
penetration. The burn will

become uneven with the radial
temperature differences
growing. The catalyst regen-
eration will be less uniform
resulting in a “salt & pepper”
appearance that could impact
the catalyst cracking selec-
tivities. The fluidized density
will also vary throughout the
bed, potentially impacting
the stability of the catalyst
circulation returning to the
riser. Consider plugging off
“extra” air distributor nozzles
during the next outage if the
operation is expected to last a
very long time.

In the flue gas system, tur-
boexpander vibrations from
fines deposits could be re-
duced or eliminated. Less or
no walnut shelling would be
required. However, turbo-
expander power generation
may be lost if the regenera-
tor pressure is lower than the
normal operation. Fuel to
fired boilers could be reduced
or burners modified to re-
duce emissions. Lower fines
accumulation on boiler inter-
nals may mean less opacity
spiking during sootblow-
ing cycles. Lower chemi-
cal cost would be expected
for NOy and SOy reduction
equipment technologies.

Realize that lower vapor
and flue gas rates may result
in the loss of cyclone effi-
ciency and less reactor/re-
generator catalyst retention.
Larger particle sizes may be
preferentially lost. Consider
sealing off “‘unnecessary” cy-
clone pairs during an outage
if efficiencies are expected to
be low for a very long time.
Lowering operating pressure
should help in this situation.
High slide/plug valve differ-
entials may also lead to high
valve erosion rates. See if
the pressure balance could be
adjusted to address this. Pro-
cess control valves may per-
form with less stability since
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they may be operating near
the low end of their range.
Retuning may be necessary.

Additional Opportunities
Consider riser, reactor, strip-
per, recovery, regenerator
and flue gas system modi-
fications. Alter or upgrade
equipment to address plant
constraints and reliability
issues. Add new equip-
ment/technology to expand
processing capabilities and
maximize profitability under
reduced rate conditions.

Lastly, take the oppor-
tunity to improve your LP
vectors for better represen-
tations of feed quality and
operating condition changes.
Also develop various busi-
ness scenarios of interest
and assemble the model pro-
jections for each. Conduct
plant trials that simulate the
cases and provide the nec-
essary data. Update the LP
as necessary.

K. A. Peccatiello: 1 would
classify an FCCU or an
RFCCU as under-utilized
with two very different and
distinct definitions. The
first definition of an under-
utilized FCCU/RFCCU is
based upon the unit as a
stand-alone entity. I do not
necessarily consider the unit
under-utilized if it is not at
maximum feed throughput/
rate or at maximum con-
version. The true test of
the definition for an under-
utilized unit is if the unit is
constrained? Is the unit op-
erating or being allowed to
operate within parameters
within the control of the
FCCU/RFCCU operations
and/or technical team? Is the
unit up against one or more
major constraints? Is the unit
limited by: main air blower
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(MAB); wet gas compressor (WGC);
hydraulically on catalyst circulation or
slide valve; main fractionator bottoms
(MFB) heat removal capacity; main
fractionator overhead (MFO) cooling/
condensing capacity; hydraulically in
the vapor recovery unit (VRU) area? Is
the unit constrained singularly or with
multiple constraints?

If the unit is not constrained, then the
unit can be considered under-utilized un-
less it comes into conflict with the sec-
ond definition. The second definition
is if the refinery is constrained in such a
manner that the FCCU/RFCCU is not
operating at one or more of its constraints.
If the refinery is operating in such a man-
ner that it is uneconomical or unable to
push the FCCU/RFCCU to a constraint,
then I do not “punish” the FCCU/RFCCU,
as this condition is beyond the control on
the FCCU/RFCCU operations and/or
technical team. There have been many
circumstances where the refinery has cut
crude runs either for economical reasons
or due to one or more processing unit
problems or issues. Anything that is “be-
yond the control” of the FCCU/RFCCU
team should not count against them.

It is the duty of the FCCU/RFCCU

operations and technical team to always
look for ideas/solutions in order to maxi-
mize the profitability of their unit; which
usually means push the unit to multiple
constraints. However, the team also needs
to understand the place that their unit has
in the over-all scheme of the refinery.
There may be times when the FCCU/
RFCCU may need to be under-utilized for
the greater economic good of the entire
refining complex. ®

Bob Ludolph

Principal Petroleum

Refining Consultant

Ludolph Technology and Consultancy, Inc.
302-584-5118 cell

302-397-2153 fax
Bob.ludolph@yverizon.net
www.lutacon.com

Kenneth A. Peccatiello

Principal Consultant

Peccatiello Engineering

Catalytic Cracking Solutions, LLC
505-832-4742 office
505-340-6601 fax
www.PeccatielloEngineering.com
www.CatCracking.com

EDITORIALLY SPEAKING

Opportunity Crudes Conference
Draws International Attendance

The recent Opportunity Crudes Confer-
ence in Houston sponsored by Hydro-
carbon Publishing Company included
a compendium of presentations www.
opportunitycrudes.com discussing the
impact of heavy crudes on refinery
operations. The well-attended confer-
ence included delegates from refiner-
ies throughout the world, indicative of
the level of importance being placed on
these high-fouling crudes.

Fouling and corrosion that oc-
curs in fractionation equip-
ment and heat exchangers when
processing opportunity crudes were
discussed at length throughout the
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conference. Optimal processing of
opportunity crudes directly impacts
crude unit performance. At higher
conversions (e.g., 80%), fouling in re-
actors is also noticeable. Opportunity
crudes are, in most cases, higher acid
(high TAN) crudes that predicate the
need for processing assets with up-
graded metallurgy and more frequent
inspection programs.

To be sure, the potential margins
associated with processing “opportu-
nity crudes” need to weighed against
the costs of processing these types
of crudes (typically from Canada,
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Venezuela, Africa and other
areas). Considering that in
late 2007, opportunity crude
processing margins exceeded
$14 per barrel as compared
to less than $1.50 per barrel
in late 2009.

Another important con-
sideration when evaluating
the economics of process-
ing opportunity crudes is the
increase in hydrogen con-
sumption. To be sure, there
are many other parameters
to take into consideration
on an enterprise-wide level
(e.g., supply and distribu-
tion network) and on a unit
level (e.g., determining

thickness of wash bed in
crude/vacuum tower).
However, there are tech-
nical solutions that were
not available until recently.
For example, trying to un-
derstand the impact (foul-
ing rate) before and after
chemical treatment pro-
grams to prevent fouling
in crude units processing
opportunity crudes can be
made more economical and
effective with multiple re-
gression analysis (MRA).
Although MRA-based mod-
eling is nothing new, its ap-
plication in the mitigation of
opportunity crude fouling is

to provide a relationship be-
tween inlet and outlet flows
(i.e., better determination of
fouling rates).

Most fouling and corro-
sion programs are focused on
overhead systems (e.g., FCC
main fractionator overhead
system). However, signifi-
cant discussion and exhib-
ited demos at the conference
focused on heat exchanger
anti-foulant programs.

In any event, opportu-
nity crude focused refiners
want to “engineer” fouling
out of their crude processing
systems. The fouling pro-
pensity of Canadian-based

opportunity crudes can be-
come even higher when
combined with other types
of crudes. These issues are
very unit specific, such that
an effective fouling pro-
gram at one facility may
not yield the same results
at another facility. Closely
associated with fouling
and corrosion control im-
peratives with opportunity
crude processing are the
energy efficiency improve-
ments in crude unit opera-
tions and other processing
assets, including visbreak-
ers, cokers and ebullated
bed hydrocrackers. B

CALENDAR OF EVENTS

NOVEMBER

7-12, AIChE Annual Meeting, Salt Lake City, Utah, www.aiche.org

15-17, API Fall Refining & Equipment Meeting, Nashville, TN, www.api.org.

29 Nov- 1Dec. ERTC 15" Annual Meeting, Istanbul, +44 (0) 207 484 9700, www.gtforum.com.

MARCH

20-22, NPRA Annual Meeting, San Antonio, Texas, +1 202 457 0480, www.npra.org
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