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VISION 
To become a globally recognized association for certification of professional 
engineers. 

 
 
 

MISSION 
Based on engineering first principles and practical real world applications our 
curriculum has been vetted by academic and industry professionals. Through  
rigorous study and examination, candidates are able to prove their knowledge 
and experience. This body of certified professionals engineers will become a 
network of industry professionals leading continuous improvement and educa-
tion with improved ethics. 

ABOUT 
International Association of Certified Practicing Engineers provides a stand-
ard of professional competence and ethics. Identifies and recognizes those 
individuals that have meet the standard. And requires our members to par-
ticipate in continuing education programs for personal and professional de-
velopment. 
In additional to insuring a professional level of competency and ethics the 
IACPE focuses on three major areas of development for our members: Per-
sonal, Professional, and Networking. 

HISTORY 

The International Association of ertified Practicing Engineers concept was 
ormulated by  he  any oung professionals and students  e eet dur-
ing our careers working  n the field, running training courses, and lecturing 
at universities. 

During question and answer sessions we found the single most common 
question was: What else can I do to further my career? 

We found, depending on the persons avail able time and finances, and very 
often dependent on the country in which the person was from, the options 
to further ones career were not equal. 

Many times we found the options available to our tudents in developing 
countries oo costly and or provided too little of value in an expand-
ing global business  

The reality is that most of our founders come from countries that re-
quire rigorous academic standards at four year universities in order to 
achieve an engineering degree.  Then, after obtaining this degree, they com-
plete even stricter government and state examinations to obtain their pro-
fessional censes in order to join professional organizations. They have 
been fforded  he opportunity  o continue  heir personal and professional 
development with many affordable schools, programs, and professional or-
ganizations. The IACPE did not see those same opportunities for everyone in 
every country. 

So we set out to design and build an association dedicated to supporting 
those engineers in developing in emerging economies. 

The IACPE took input from industry leaders, academic professors, and stu-
dents from Indonesia, Malaysia, and the Philippines. The goal  was  to  build  
an  organization that  would validate  a candidates  engineering  fundamen-
tals,  prove  their  individuals  skills,  and  enhance  their  networking abil-
ity.   We wanted to do this in a way that was cost effective, time con-
science, and utilized the latest technologies. 

Editor   
Karl Kolmetz 

 
Asian Assistant Editor 

Rita Targanski 
 

American Assistant Editor  
Shauna Tysor 

:::�,$&3(�&20� 
 

,1)2#,$&3(�&20 
 

.12:/('*(�� 
&(57,),&$7,21��
1(7:25.,1*� 



PAGE 3 

 

LETTER FROM THE PRESIDENT 

KARL KOLMETZ 

 
Distinguished Practicing Engineer Awards 

Dear Friends, 
 
I hope you are doing great. This month we are pleased to nominate the International Association of Certi-
fied Practicing Engineers 2018 Distinguished Practicing Engineers. We have a great group of people that 
has assisted and mentored their friends and colleagues. 
 
The IACPE will annually recognize the outstanding accomplishments of engineering education and engi-
neering technology through the “Distinguished Practicing Engineer” awards program. By their commit-
ment to their profession, desire to further the Association's Mission, and participation in civic and com-
munity affairs, IACPE award winners exemplify the best in engineering education and engineering technol-
ogy. 
 
This award will salute leaders in engineering for their dedication to their field and their commitment to 
advancing the human condition through great engineering achievement and/or through innovation in engi-
neering education and technology. We will have an Academic Division, Technology Division, and Young 
Engineer Divisions. In the July Engineering Practice Magazine, we will nominate for each division and in the 
October Engineering Practice Magazine we will recognize the 2018 group of awardees. 
 
We have begun build some IACPE Training Videos.  There will some that will be training for the CPE Lev-
els and some will be for continuing education certification.  You can review the videos on our website 
video page and on U-Tube. 
 
All the best in your career and life, 
Karl 
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ACADEMIC DIVISION 
Chemical Engineering 
Dr. Sivakumar Kumaresan, CPE 
 
Electrical Engineering 
Dr.Achmad Daengs GS.,SE.,MM.,CPPM.,CPE 
 
Industrial Engineering 
Dr. Dwi Yuli Rakhmawati, ST.,Ph.D.,CPE 
 
Mechanical Engineering 
Dr.Prantasi Harmi Tjahjanti, S.Si.,MT     
 
TECHNOLOGY DIVISION 
Separations 
Daniel Summers 
 
Ethylene Technology 
Alex Michinel 
 
Petrochemicals 
Tim Zygula, CPE 
 
Refining 
Rick Cary 
 
Mechanical Engineering 
Mel Chua 
 
Chemical Engineering 
Parthiban Siwayanan 
 
Process Safety 
Chris Palmisano 
 
Information Technology 
Bret Moore 
 
Project Management 
Dr. Marcio Wagner da Silva, MBA 
 
 

Materials Movement 
Vijay Sarathy 
 
Process Simulation 
Andrew Nathan 
 
Commissioning  
Jeff N Gray 

Distinguished Practicing Engineer Awards 
Each year IACPE recognizes the outstanding accomplishments of engineering education and engineering 
technology through the “Distinguished Practicing Engineer” awards program. By their commitment to 
their profession, desire to further the Association's Mission, and participation in civic and community af-
fairs, IACPE award winners exemplify the best in engineering education and engineering technology.  
 
This award salutes leaders in engineering for their dedication to their field and their commitment to ad-
vancing the human condition through great engineering achievement and/or through innovation in engi-
neering education and technology. There are three divisions: Academic Division, Technology Division, 
Young Engineer and Student Divisions.  
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Introduction 
 
Actual field tray efficiencies are affected by many 
factors.  These include;  
 
a) tower pressure 
b) geometry and design of contacting equipment,  
c) flow rates and flow paths of the liquid and va-
por streams,  
d) composition and properties of the vapor and 
liquid streams. 
 
All these items can affect tray efficiencies and 
there are field examples were some have greatly 
impacted tray efficiencies.   This paper will review 
some case studies and develop some design best 
practices. 
 
We would like to thank our contributing authors 
who had added knowledge for this paper and sup-
port in our career.  We would also like to thank 
Robert Miller and Simon Xu for their help and 
support. 
 
Pr o p y l e n e  S p l i t te r  D i s t i l l a t i o n  
Fundamentals 
Propylene is a colorless, gaseous hydrocarbon. It 
is a petrochemical feedstock used primarily in the 
manufacture of plastics via polypropylene or cu-
mene. It is also used to produce propylene oxide, 
acrylic acid, oxo alcohols and isopropanol.  There 
are four grades of propylene that are sold; re-
search grade (99.99% minimum purity); polymer 
grade (99.5% minimum purity); chemical grade (93
-94% minimum purity); and refinery grade (60-70% 
purity). 
 
There are over 250 Propylene Splitters all over 
the world.  Most Ethylene Plants and large refiner-
ies have Propylene Splitters.  They are the largest 
and tallest twin distillation columns in an Ethylene 
Plant.  
 
Distillation is the separation of key components 
by the difference in their relative volatility, or boil-
ing points.  It can also be called fractional distilla-
tion  
  
 

or fractionation. Distillation is favored over other 
separation techniques such as crystallization, 
membranes or fixed bed systems when; 
 
1. The relative volatility is greater that 1.2,  
2. Products are thermally stable,  
3. Large rates are desired,  
4. No extreme corrosion, precipitation or 
sedimentation issues are present, 
5. No explosion issues are present, 
6. Low scale up cost factors - capacity can be 
doubled for about 1.5 additional cost,  
7.Suitable for heat integration. 
 
Close boiling mixtures may require many stages 
to separate the key components. For vapor and 
liquid equilibrium a K- value is defined for each 
species i by, 
 
Ki  =  Yi  /  Xi    
 
where Y is the mole fraction in the vapor phase 
and X is the mole fraction in the liquid phase. (1) 
 
For vapor liquid separation operations, an index 
of the relative ease of separation for two chemical 
species i and j is given by the relative volatility 
alpha defined as the ratio of their K values 
 
alpha ij =  Ki  /  Kj  =   Pi   /  Pj 
 
Pi and Pj are the vapor pressures of components i 
and j at a given temperature. 
 
The number of theoretical stages required to sep-
arate two species to a desired degree is strongly 
dependent on the value of this index.  The greater 
the departure of the relative volatility from a val-
ue of one, the fewer the equilibrium stages re-
quired for a desired degree of separation.  
 

DESIGN GUIDELINES FOR PROPYLENE 
SPLITTERS EFFICIENCIES 
Karl Kolmetz CPE—KLM Technology Group 
Contributing Authors: Timothy Zygula, Andrew Sloley, Randy Miller, Brian Clancy-Jundt,  
Daniel Summers 
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Knowing the relative volatility for a system is also 
useful in determining the amount of separation pos-
sible. A relative volatility of 1.0 indicates that both 
components are equally volatile and no separation 
takes place via normal distillation. When the rela-
tive volatility is low, less than 1.05, separation be-
comes difficult because a large number of stages are 
required.  The higher the relative volatility, the 
more separable are the two components; this con-
notes fewer stages in a distillation column in order 
to effect the same separation between the over-
head and bottoms products.  Lower pressures in-
creases relative volatilities in most systems. 
 
The choice of the best application should be based 
on the life cycle cost.  The life cycle cost is the ini-
tial capital cost of the plant along with the first ten 
years operating and maintenance cost.  The life cy-
cle cost should include a reliability factor, which is 
very important in designing any process plant equip-
ment, reactors or separation equipment.  Improved 
reliability has a very large impact on return on in-
vestment (ROI).   
 
Many life cycle cost only review energy, but not 
solvent, adsorbent, or catalyst cost because of  

accounting rules and this can lead to skewed eco-
nomic decisions.  Accounting rules which list some 
items as capital cost and other items as operating 
expense need to be totaled or a skewed life cycle 
cost can be generated.   A partial list would in-
clude; 
 
1. Capital 
2. Catalyst 
3. Solvents 
4. Energy 
5. Maintenance 
6.Industry average on stream factor (95% - 20 days 
per year) 
 
For distillation the largest life cycle cost would be 
energy and maintenance concerns. Distillation is 
typically the single largest consumer of utilities in a 
chemical plant or refinery, and also the largest pro-
ducer of finished product in most facilities. For en-
ergy cost a review of tray and packing efficiencies 
is warranted. For maintenance cost a review of 
reliability and simplicity is warranted.  Distillation 
may be the most economical and is the most uti-
lized globally to obtain improved purity products.   
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Some general estimates of tray efficiency might be  
 
Demethanizer 65%        Air Separation 90% 
Deethanizer 70%        C2 & C3 Splitter 85% 
Depropanizer 75%        Stabilizer 80% 
Debutanizer 80%  Hydrocarbon/Water    

15% 
Depentanizer 80%         EB/Styrene 90% 
Low alpha Aromatics 80%     Alcohol - Water 75% 
High alpha Aromatics 70%    Amine Contactor 33% 
 
This data is for crossflowing trays and SRK Property 
Package.  Best to compare on an equal basis. There 
is a general trend in this data.  If the boiling points 
are close together like in a C2 and C3 Splitter (low 
alpha k), the separation will require many stages, but 
each stage will have a relatively high efficiency.   If 
the boiling points are far apart like hydrocarbon and 
water (high alpha k) the separation will require few 
stages, but each stage will have a relativity low effi-
ciency.  A benzene water stripper might only re-
quire 5 to 7 stages in a simulation, but 30 trays in 
the field because of the low tray efficiency.  
 
General Tray Efficiency 
There are several general tray efficiency models. 
O’Connell Type Correlations can be used to predict 
the overall column efficiencies, many of which were 
developed in the 1940s and 1950s.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
One of the very first overall tray efficiency was the 
O’Connell Equation from 1946. 
 
 Eo = 49.2 ( Į�µ ) -0.245 
  
µ is viscosity of feed  
Į�is relative volatility  
both at average tower temperature. 
   
when viscosity and/or relative volatility are in-
creased tray efficiency is decreased. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Effect of Tower Pressure on Efficiency  
For a fixed system (e.g. a C3 splitter), efficiency 
might go up with increased operation pressure as 
shown in the O’Connell Equation.  This is true for 
many systems. 
 
 
 
 
 
 
 
 
 
 
 
This pressure effect can be seen  in C3 Splitters 
from the O’Connell Equation and Field Data. 
 
 
 
 
      
          
        
   
                       
  
          
 
The is data is for cross flowing trays and SRK Prop-
erty Package.   At very close alpha Ks there can be 
a large difference in property packages, as much as 
5 to 10%.   PR might be a more accurate property 
package, but make sure you are comparing apples 
to apples. 
 
The end result is what counts – does the tower 
meet capacity and product purities.  Each good  
 

PSIG    O’Connell    Field Tray 
Efficiency 

 

250 88 75-85+%     Numerous Papers 

150 84 70-80%       Observed data 

100 81 65-75%       Observed data 

57    66% AIChE 2011  

50 75 60-70%       Observed data 
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vendor utilizes a tuned model that give the proper 
end result.   
 
There are over 200 C3 Splitter’s in operation. 
O’Connell correlation works well for predicting the 
effect of pressure on efficiency. 
 
Folklore and Myths can proclaim that lower pres-
sure gives higher efficiencies – you need to review 
your system data – may not be true. This myth may 
have been developed from packing data, where 
HETP is much higher at lower pressures. 
 
The field data for trays confirms that as pressure 
increases the efficiency increases.  This is not the 
case for packing.  There are two ideas of why this 
might be happening. 
 
 
 
 
 
 
 
 
The first idea - some studies have showed that at 
higher pressures there appeared more liquid hold 
up on the packing, creating a larger boundary layer – 
leading to lower efficiency. 
 
The second idea - there is a relationship between 
the vapor density / the liquid density and packing 
efficiency.  At higher pressure the densities become 
closer together, leading to backing mixing effect of 
the liquid by the vapor -  leading to lower efficiency.   
 
Geometry and Design of Contacting  
Equipment 
Once the preliminary tower diameter has been set 
the internals can be chosen.  The task of choosing 
the type of tower internal to use is very important.  
The type of column internals used dictates a 
column’s efficiency and capacity.  All of the modeling 
and careful design work will mean nothing if the 
wrong type of column internals is chosen 
 
The types of internals that have been used in pro-
pylene splitter columns are: 
 
• Conventional Cross Flowing Trays 
• Dual Flow Ripple Trays 
• Packing 
• High Capacity Trays 
• Multiple Downcomer Trays 
 
Conventional Multi-Pass Trays     
Conventional multipass trays are typically used  

when a column is initially designed.  Four pass or 
six pass trays are usually used because of their abil-
ity to handle high liquid loads like seen in propylene 
fractionation.  The downside to using multipass 
trays is the reduction in separation efficiency that is 
experienced due to the reduction in active area 
and path flow length.   
 
Great care must be taken when sizing downcomers 
in high-pressure distillation applications.  The differ-
ence between vapor and liquid densities becomes 
smaller and separation of vapor from liquid in a 
downcomer becomes more difficult.  This can re-
sult in increased aeration back-up and possible 
premature downcomer flooding. (2) 
 
General Tray Efficiency may be determined by sev-
eral formulas.  There are two types of tray efficien-
cy.  There is the point efficiency and path flow effi-
ciency.  The point efficiency is where V1 meets L1.  
This is what is seen in dual flow trays. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
V1 meets L1 – about 60 % Efficiency. Then L1 be-
comes L2. Then V1 meets L3 – about 65% Efficien-
cy 
 
Cross Flow Tray Efficiency   >=  Point Efficiency 
 
 
 
 
 
 
 
Point Efficiency 
 
 
 
 
 
 
 
Overall Tray Efficiency 
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Where  
 
 
 
  
 
 
Dual Flow Ripple Trays 
Dual Flow Ripple Trays were installed in a few Pro-
pylene Splitters in the 1960s and in the 1990s.  The 
challenge of dual flow trays are the hydraulic insta-
bility. The top of a distillation column will move as 
much at two feet in a wind storm.  This movement 
at the top will cause the liquid to start down one 
side of the column and the vapor traveling up the 
opposite side of the column with limited mass trans-
fer. 
 
Dual Flow Ripple Trays Case Study 
In a Malaysian ethylene plant, a two-column in series 
C3 Splitter was constructed to produce polymer 
grade (99.50 wt %) propylene. The towers were 
equipped with 258 dual flow trays. The trays are 
corrugated into a sinusoidal wave, with alternate 
trays installed with the waves at right angle. 
 
Typical Dual Tray Loading Schematic 
 
Notice: 
 
1. Froth Height 
2. Rain Space 
2. Corrugated Tray  

Deck 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The propylene service was commissioned in late  

1999. It achieved both the nameplate capacity and 
propylene product quality. Unfortunately, the pro-
pylene loss in the propane recycle stream was ob-
served to be significantly higher than the original 
design heat and material balance. This has resulted 
in an overall loss in propylene yield, higher pur-
chased energy in the pyrolysis furnace and to a 
smaller extent, reduced the on-stream factor of the 
recycle propane gas pyrolysis furnace zone. 
 
During a high load test carried out in July 2000, 
data was collected to pinpoint the high propylene 
loss was attributed to lower tray efficiency. By 
means of simulation to match the plant operating 
analyses, the efficiency was determined to be in the 
range of 45%. This is a significantly difference from 
the 65 - 70% tray efficiency assumed in the design. 
The tower effectively has less equivalent stages of 
fractionation and unable to achieve the desired sep-
aration.  The average propylene in the propane 
recycle was averaging 45%, much higher that the 
designed 8%. 
 
A gamma scan on the tower was carried out prior 
to a shutdown in early 2001 to eliminate potential 
tray damage. The scan showed all the trays were 
still intact. However, the liquid density profile 
showed mal-distribution occurring after the first 30 
trays of each column. The decision was made to 
inspect the column on the results of the gamma 
scan. 
 
The tower was opened for inspection during the 
February 2000 turnaround. The trays are were in-
tact and level but large 6” I-beams and U-Channels 
were found laid perpendicular across the centerline 
of each tray.  The I-beams and U-Channels effec-
tively divided each tray into four quadrants.  
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If the liquid flow was inconstant across the four 
quadrants, the gas flow will follow the path of least 
resistance further reducing the fractionation efficien-
cy.  A top of a column will move in a typical meteor-
ological disturbance.  This movement will cause the 
hydrologic load to migrate among the four quad-
rants. If any hydrologic flow instability were devel-
oped it would remain down the column. This hy-
pothesis is consistent with the results from the gam-
ma scan. 
 
A decision was made to install six vapor and liquid 
re-distributors every thirty trays to correct any mal-
distribution that had occurred in the column.  Addi-
tionally the U-Channel was constructed in three 
parts and the middle part of the U-channel was re-
moved on each of the 14th and 15th trays between 
the re-distributors.   
 
Schematic of Typical Re-Distributor Tray 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Picture of Typical Re-Distributor Tray 
 
 
 
 
 
 
 
 
 
 
 
 
 
Results 
With the addition of these vapor and liquid re-
distributors the tray efficiency of the column was 
increased 10% resulting in improved fractionation, 
even with the total reduction in the number of frac-
tionation trays.   The propylene in the propane re-
cycle was reduced from 45% to below 10%.  The 
tower maximum capacity before was 112%, and has 
presently run as high as 115% without reaching a 
limit. 
 
 
 

Structured / Random Packing 
There were two towers where structured packing 
was installed in Propylene Splitter Service and they 
were quickly replaced with the original trays.  The 
structured packing was unable to meet the re-
quired product purity.   
 
Structured packing was successful in very high pres-
sure services like air separations, and low pressure 
applications like vacuum towers.  It would be a log-
ical assumption to expect that a medium pressure 
application (200 psig), like a propylene splitter 
would be an ideal application for structured pack-
ing. Both towers under preformed. 
 
In the refinery where I worked in Houston, an alky 
debutanizer was converted from trays to random 
packing.  Again a medium pressure application 
where random packing would be a logical assump-
tion.  The tower under preformed and the original 
trays were reinstalled. 
 
What was discovered in these failures was that the 
pressure was not as important as the density differ-
ence between the vapor and liquid phases.  If the 
vapor and liquid phase were very close in density, 
the vapor would back mix the vapor leading to low 
efficiency.  In high pressure air separation there is a 
large difference in vapor and liquid density. In low 
pressure application there is a large difference in 
vapor and liquid density.   
 
In medium pressure applications, above 150 psig 
(10 bar) the vapor and liquid density become close 
together and efficiently of the packing (HEPT) is 
reduced.  It is seen in both structured and random 
packing applications.  Low liquid-density/vapor-
density ratios tend to create backflow in packed 
beds. Capacity and purities are often much lower 
than expected. Above a vapor density of 1.5 lb/ft3, 
packing may not be recommended.  General guide-
lines are for the vapor to liquid ratio to be above 
10.  
 
There is some documentation that has packing uti-
lized in low pressure C3 Splitters. 
 
Multi-Downcomer Trays 
Multi-Downer trays are used for large liquid loads, 
particularly when the volumetric ratio between 
vapor and liquid rates is low. These situations oc-
cur in medium to high-pressure distillation, in ab-
sorption and stripping, and in direct contact heat 
transfer applications. 
 
Multi-Downcomer trays can be used at close tray 
spacing. This will allow a reduction in both height 
and diameter of a new column compared to a  
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column fitted with conventional multi-pass trays. 
Vessel shell costs can be significantly reduced with 
the use of Multi-Downcomer trays. When retrofit-
ting an existing column with Multi-Downcomer 
trays, a significantly greater number can be installed, 
providing increased product purities and recoveries, 
as well as reduced reflux ratio for reduced energy 
consumption and/or increased column capacity. 
 
The use of Multi-Downcomer trays has often re-
duced the number of columns needed in difficult 
separations, such as the fractionation of propylene-
propane. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright A.W. Sloley, 2018. Used with Permission 
 
Multiple Down Comer tray has less path flow length 
and lower efficiency.  One rule is to keep the Path 
Flow Length above 450 mm (18 inches) to maintain 
good as possible efficiency.  Efficiency is greatly re-
duced below 450 mm.   
 
The question everyone ask - How much less effi-
cient?  You can hear numbers from 2% to 20% ac-
cording to who you ask.  One time a MD Salesman 
told me the efficiency loss was only 2%.  Another 
time a cross flowing tray Salesman told me it was 
20%.    
 
The good news is that we have real data.  There is 
some published efficiency data on Multiple Down 
Comer Trays 
 

One might expect that a crossflowing tray at this 
pressure to be about 85% efficient. 
 
Multiple Down Comer Trays – Best Practic-
es  
Understand there is a loss in tray efficiency – but 
because than may be installed on 18” trays spacing 
or less, you can install more trays and possibility  
increase overall tower efficiency – based on the 
reflux to stages curves.  For the same tower shell 
diameter, capacity increase can be greater than 
35%. If designed properly there can be an efficiency 
and capacity increase. 
 
Design of a Propylene Splitter  
High Pressure Verses Low Pressure Splitters 
Determining the design of a Propylene Splitter re-
quires an understanding of the simulation model 
used to generate the internal loads and physical 
properties, vapor and liquid equilibrium data uti-
lized, tray hydraulics, and how the selection of the 
internals will affect the actual efficiency of the in-
stalled equipment in the field.    
 
The typical design of a propylene splitter is not 
complex and there are two general variations in 
design.  The first is a called high-pressure system, 
and the second is called a low pressure heat 
pumped system.  A high-pressure system is de-
signed to utilize cooling water as the source to 
cool the overhead vapor, and a high pressure is 
needed to condense the propylene vapor at ambi-
ent temperatures of about 40 degrees C.    
 
A heat pump system utilizes a compressor to re-
duce the tower pressure to allow the distillation 
column to be smaller in height, but larger in diame-
ter.  In most distillation application, relative volatili-
ties can be improved by lowering the pressure.  
This results in lower number of stages required 
and reflux ratios, but at the cost of higher energy 
requirements of the compressor.   
 
A good rule of thumb is that if the propylene sys-
tem is associated with an ethylene plant, in which 
there is typicality an abundance of quench water 
that can be used to heat the C3 Splitter reboiler, a 
non-heat pump system may be the best choice.  If 
no source of sufficient low-grade heat is available, 
for example in a refinery FCC unit, a revamp, or a 
propane dehydrogenation unit, then the use of a 
Heat Pump may be the economical choice.  One 
should perform an economic analysis utilizing the 
six factors mentioned in the life cycle cost above. 
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High Pressure Systems 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Low Pressure Heat Pumped Systems 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright A.W. Sloley, 2018.  
Used with Permission 
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There is a wide range of pressure choices for Pro-
pylene Splitters from 50 PSIG to 300 PSIG.  What 
might be guidelines to choose the best pressure? 
 
High Pressure Splitters  
 
Advantages 
• Ability to utilize cooling water for overhead con-

denser 
• Ability to utilize medium level heat – there is a 

surplus in an Olefin Plant   
• Higher Individual Tray Efficiency 
 
Disadvantages  
• Capital Cost – thicker tower shell and foundation 
 
 
Low Pressure Splitters  
 
Advantages 
• Capital Cost – thinner tower shell and founda-

tion 
• Energy – if there is not a surplus of medium level 

heat – the compressor heat can utilized for the 
energy  

• Lower reflux ratio – combination of J-T effect 
and relative volitivity 

• Fewer stages – combination of J-T effect and rel-
ative volitivity  

• Ability to utilize Packing 
 
Disadvantages  
• Capital, Energy and Maintenance Cost of a com-

pressor 
• Larger Tower Diameter 
 
You may need a study to determine best pressure 
for your Splitter -  one vendor recommends 90 
PSIG and a second vendor recommends 110 PSIG. 
 
• 90 PSIG is lower capital but higher energy 
cost 
• 110 PSIG is high capital but lower energy 
cost. 
 
Conclusions 
Field efficiency of trayed towers, may increase with 
operational pressure, as shown in the O’Connell 
correlation and field data.  Field efficiency of packed 
towers, from the data appears to going down with 
increasing operational pressure.  Proper design and 
selection of trays, packings and internals are critical 
for success of distillation towers. 
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Process Arrangement 
The sulfur recovery unit feed stream, called sour 
gas is composed basically of H2S (50-80%) and 
contaminants like CO2, H2O, NH3, and hydrocar-
bons. The most employed technology to recovery 
sulfur in the refining industry is the Claus process. 
Claus process is based on two H2S conversion 
steps, a thermal step followed by a catalytic step. 
In the thermal step the H2S is partially burned ac-
cording to chemical reaction below:  
 
H2S + 3/2 O2 → SO2 + H2O (1) 
Then, the remaining H2S reacts with the SO2, 
producing Elemental sulfur according to following 
chemical reaction: 
 
2H2S + SO2 ↔ 3S + 2H2O (2) 
 

The global Claus process chemical reaction is 
represented below:   
 
3H2S + 3/2 O2 ↔ 3S + 3H2O (3) 
  
Figure 1 shows a process flow diagram for a typi-
cal sulfur recovery unit.  
 
The thermal step is carried out in the burner 
which operates under temperatures higher than 
900 oC, close to 1/3 of H2S is converted in SO2, 
following the reaction 1, that is endothermic. This 
step is also responsible to destroy the sour gas 
contaminants as ammonia and hydrocarbons, the 
thermal step is responsible for 60 – 70% of sulfur 
recovery.   
 
 
 

Sulfur Recovery Technologies –  
Reducing the Environmental Footprint 
of Crude Oil Refining Industry  
Introduction 
One of the main criticisms to the crude oil productive chain and his derivates is the environmental impact 
of the industries activities related with the productive processes, mainly the refining step. Over the last 
decades, environmental regulations increasingly severe create the need to reduce the contaminant con-
tent in the final products, mainly sulfur and nitrogen compounds, aim to reduce the emission of environ-
ment harmful compounds as SOx and NOx.   
 
One of the most important process units in the refining complex is the Sulfur Recovery Unit. This unit is 
responsible for recovery, in the elemental sulfur form, the sulfur removed from process streams treated 
in sweetening units of light fractions (LPG and Fuel Gas) produced in the deep conversion units as De-
layed Coking, Fluid Catalytic Cracking and Hydrotreating, furthermore the gaseous streams produced in 
the sour water stripping unit are directed to the sulfur recovery unit.   

Figure 1 – Process Flow Diagram for a Typical Sulfur Recovery Unit  
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The catalytic step is realized in fixed bed reactors 
containing TiO2 or activated alumina as the cata-
lyst. The catalytic step (reaction 2) is slightly endo-
thermic when compared with the thermal step, so 
is carried out at lower temperatures (200 – 
350oC).  One of the main catalyst developers to 
Claus process is the Axens Company.  
 
The cooling of process stream between the ther-
mal and catalytic steps is realized in a waste heat 
boiler producing steam which is sent to consumers 
in other processes in the refinery. The process 
applies multiple reaction stages with the removal 
of produced sulfur among the stages aim to shift 
the chemical equilibrium to the products, in units 
containing three catalytic stages is possible recover 
98% of the sulfur contained in the sour gas that is 
fed to the unit.    
 
In order to comply with currently SOx emissions 
regulations, the sulfur recovery units normally 
needs a sulfur recovery efficiency between 99 to 
99,5%. Aim to raise the sulfur recovery efficiency, 
the modern sulfur recovery units rely on tail gas 
treating units, as presented in Figure 2. 
 
The tail gas treating unit receives the off-gas from 
the sulfur recovery unit and converts the remain-
ing SO2 and others sulfur compounds in H2S that 
is sent back to the sulfur recovery unit, raising the 
sulfur recovery efficiency.  
 
  

This process consists of a heating step of the re-
sidual gas that raises the temperature over the 
sulfur condensation temperature, avoiding that 
this phenomenon occurs in the reactor and sup-
ply the energy need to the conversion reactions, 
in this step still occurs the hydrogen production 
which act as reduction gas to convert the sulfur 
compounds to H2S in the catalytic process step.   
 
Following, the tail gas receives an injection of hy-
drogen before to enter to the fixed bed reactor 
containing Cobalt and Molybdenum catalyst 
(CoMo), in this step the sulfur compounds are 
converted to H2S according to following chemical 
reactions:  
 
SO2 + 3H2 ⇄ H2S + 2H2O 
 
S + H2 ⇄ H2S 
 
COS + 4H2 ⇄ CH4 + H2S + H2O 
 
CS2 + 4H2 ⇄ CH4 + 2H2S 
 
H2S produced is processed in amines treating 
columns to purify this compound and then the 
H2S is sent back to the sulfur recovery unit, the 
other gases are sent to an incinerator.  

Figure 2 – Process Flow Diagram to Typical Tail Gas Treating Unit  
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Available Technologies  
Among the available tail gas treating technologies its 
possible quote, the SCOT ™ (Shell Off-Gas 
Treater) licensed by Shell Company, the RESULF ™ 
process, developed by CB&I company and the 
FLEXSORB ™, developed by EXXONMOBIL.  
 
The sulfur recovery complex is extremely important 
to adequate modern refinery operation, normally 
operational instabilities and shutdown of sulfur 
recovery units force a reduction in the flow rate 
and in some cases the shutdown of refinery process 
units impacting significantly the refiners profitability.    
 
The main process variables of the sulfur recovery 
units are the air/sour gas ratio and the 
temperatures of the combustion chamber, in the 
reactors in the catalytic step and the condensers 
temperatures. The air flow rate supplied to the 
process need to be sufficient to burn completely the 
hydrocarbons and NH3 present in the feed stream 
plus the necessary to convert the third part of  H2S 
in SO2. Combustion chamber temperature is 
normally sufficiently high to promote the Claus 
process reactions and to destroy the sour gas 
contaminants (NH3 and hydrocarbons), in refineries 
that apply sour water stripping units with a single 
tower, the NH3 content in the sour gas is higher, in 
this case, the combustion chamber is normally 
higher (above of 1100 oC).   
 
One of the main operational problems of sulfur 
recovery units is related to processing sour gases 
containing high hydrocarbon content that raises the 
air consumption and can lead soot formation 
(heavier hydrocarbons) which provokes catalyst 
deactivation and high pressure drop in the reactors, 
furthermore requiring higher temperatures in the 
Claus process thermal step.   
 
Nowadays, aiming to increasingly minimize the 
environmental impact of the refining processes, 
some licensers have devoted his efforts to 
developed new technologies focused on sulfur and 
nitrogen recovery from waste gases produced in the 
refining processes.  Among these technologies, one 
of the most economically attractive is the SNOX ™ 
technology, developed by Haldor Topsoe Company.  
 
In the SNOX ™ process, the sulfur is recovered as 
a highly concentrated sulfuric acid that can be 
commercialized directly by the refiner while the 
nitrogen is eliminated in the nitrogen form (N2), 
which is not harmful to the environment.  
 

Conclusion 
Sulfur recovery units, as aforementioned are 
fundamental to the operation of modern refining 
complexes. The produced sulfur is normally 
commercialized to produce sulfuric acid and 
fertilizers, that is, beyond minimizing the refining 
process environmental impact the sulfur recovery 
units are capable to add profitability to the refiner.  
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Abstract:  
There is no engineering system today where con-
trollers are not used. Controllers are everywhere. 
To successfully keep a controller in doing what it is 
supposed to do, controllers need to be tuned 
properly and hence the name 'Controller Tuning'. 
There are enough text books out there to explain 
the theory and complex equations behind controller 
tuning but from a practical stand point in the indus-
try, it becomes increasingly difficult to apply them in 
its raw form with a paper, pencil and calculator 
while on the job. 
 
The following article is based on using a well known 
software tool called Aspentech HYSYS# that cuts 
down the mathematical headache to get your pro-
cess facility to run the way you'd expect it to. A set 
of hand calculations is also included to understand 
how the controller is tuned. 
 
Design Procedure for Controller Tuning 
A good controller is one that offers a suitable trade-
off between performance and robustness and the 
standard type of controllers used even to this day 
are the proportional (P), proportional plus integral 
(PI), and the proportional plus integral and deriva-
tive (PID) controllers. To tune these controllers, 
'Gain' (Kc), Integral Time' (Ti) and 'Derivative 
Time' (Td) are the three basic parameters needed 
and a procedure is required to estimate it. In this 
article, the procedure employed is called Internal 
Model Control (IMC). 
 
What is Internal Model Control 
IMC refers to a systematic procedure for control 
system design based on the Q-parameterization 
concept that is the basis for many modern control 
techniques. What makes IMC particularly appealing 
is that it presents a methodology for designing Q-
parameterized controllers that has both fundamen-
tal and practical appeal. As a consequence, IMC has 
been a popular design procedure in the process in-
dustries, particularly as a means for tuning single 
loop, PID-type controllers. The Author uses a case 
study to demonstrate this. 
 
 

Case Study 
An inlet stream of 100 kgmol/hr at 5 barg contain-
ing 100 mol% methane passes through four valves. 
The pressure drop experienced at the four valves 
(VLV-100/VLV-101/VLV-102/VLV-103) is 0.1 bar, 
0.2 bar, 0.3 bar and 0.4 bar respectively to exit at a 
final pressure of 4 barg at the outlet of VLV-103. 
VLV-100 has a hold-up volume of 2 m3 declared to 
that accounts for the delay in the output flow vari-
ation. 
 
 
 
 
 
 
 
 
Figure 1. Process Control Scheme 
 
The minimum and maximum flow through valve 
VLV-100 is taken to be 0 kmol/h and 200 kmol/h 
respectively. The control valve (VLV-100) opening 
is modelled to transport 100 kmol/h at 50% open-
ing. A closed loop, reverse acting flow controller 
(FIC-100) is added to VLV-100 and needs to be 
tuned as a P-I controller.  
 
The purpose of FIC-100 is to ensure that the flow 
through the control valve VLV-100 is always main-
tained at 100 kmol/h by  adjusting the valve open-
ing whenever the flow into it changes with time. 
Therefore the work to be done is to estimate what 
are the 'Kc' and 'Ti' values of the P-I controller that 
ensures a flow of 100 kmol/h is maintained by FIC-
100 irrespective of the disturbances. 
 
Basics of a PID Controller 
Before trying to model and tune a controller, un-
derstanding a few basic terms helps. A controller is 
defined by three parameters - Set Point (SP), Pro-
cess Variable (PV) and Output (OP). 

Tuning PID Controllers using Internal 
Model Control 
Jayanthi Vijay Sarathy, M.E, CEng, MIChemE, Chartered Chemical Engineer, IChemE, UK 
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1. Set Point (SP) - The parameter that you 
want to maintain. In this example, the flow rate of 
100 kmol/h becomes the set point. 

2. Process Variable (PV) - The actual flow 
passing through the valve which can vary. In this 
example, PV becomes stream '2' through which the 
pressure driven flow can vary. 

3. Output (OP) - What the controller needs 
to change in order to ensure only 100 kmol/h of 
flow passes through the valve, VLV-100. In this ex-
ample, OP is the valve opening that ranges between 
0% to 100% opening. 

4. Proportional Control (P) - “How Far” the 
measured process variable (PV) has moved away 
from the desired set point (SP). 

5. Integral Control (I) - “How Long” the meas-
ured process variable (PV) has been away from the 
desired set point (SP).  

6. Derivative Control (D) - “How Fast” the 
error value changes at an instant in time. 

7. PV Min - Minimum Process Variable (PV 
Min) is the lowest amount of flow that can pass 
through the valve. In this case, the minimum flow is 
0 kmol/h. 

8. PV Max - Maximum Process Variable (PV 
Max) is the highest amount of flow that can pass 
through the valve. In this case, for the sake of the 
exercise, the maximum flow is taken to be 200 
kmol/h. Note: The maximum flow through a valve 
depends on the size of the valve and is represented 
by the term 'Cv'. Higher the Cv, larger is the valve 
and greater is the flow through the valve. 

9. Process Time Constant - This describes 
how fast a measured process variable responds 
when forced by a change in the controller output. 
The Process Time Constant is equal to the time it 
takes for the process to change to 63.2% of the to-
tal change in the measured process variable. 

In the current case study, FIC-100 in the image is 
modelled as a P-I controller. 

How is a Controller Tuned 

A controller is tuned by causing a disturbance to 
the process and seeing how it reacts. Watching its 
reaction, the control parameters (Kc, Ti) can be 
adjusted to ensure the controller behaves as intend-
ed. 

 

In the current undertaking, the disturbance is in-
troduced as - the valve (OP) which is at 50% open-
ing  

for a flow rate of 100 kmol/h (PV) is momentarily 
changed manually to 60% opening (OP). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Controller Connections 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Controller Configuration 
 
 
Upon doing so, the flow through the control valve, 
VLV-100(PV) is monitored as shown in the next 
figure. 
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Figure 4. Controller Output with OP variation from 
50% to 60% (Manual Mode) 
 
To tune the controller using IMC design procedure, 
two steps are employed 
1. Estimate the value of Process Gain (Kp) and 
Process Time Constant [Tp] or T63.2% 
2. Estimate the value of Overall Gain (Kc) and 
Integral Time (Ti) i.e., P-I action. 
From the above graph, Process gain (Kp) and 
T63.2% is calculated as, 
 
 
 
  
 
Using the above values of Kp and T63.2%, the over-
all gain (Kc) and Integral Time (Ti) as a first order 
process with negligible dead time can be calculated 
as, 
 
 
 
  
 
Using the calculated value of Kc=12.5 and Ti of 0.45 
sec, the controller is programmed accordingly and 
executed to run. 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. IMC Design Tab 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. IMC Tuned Controlled Values 

 

The response of the tuned P-I controller (FIC-100) 
when activated to run in automatic mode, i.e., 
when the controller is set to run on its own, gives 
us the result where the FIC-100 automatically ad-
justs the valve (VLV-100) % opening to ensure 100 
kmol/h of flow passes through the system as fol-
lows. 
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PT. Dinamika Teknik Per-
sada� 
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Figure 7. Controller Output with OP Variation with 
Tuned Controller Values (Auto Mode) 
 
From the above graph, it is seen that the controller 
FIC-100, automatically runs to bring the valve to 
50% opening with 100 kmol/h of flow passing 
through VLV-100 in about roughly 180 sec (~3 min). 
Using the tuned controller, with any changes hereaf-
ter in the incoming flow would mean, the flow con-
troller (FIC-100) can automatically dictate by how 
much the control valve (VLV-100) has to open or 
close to ensure a flow of 100 kmol/h is maintained. 
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ƉůŽǇĞĞ�ŝŶũƵƌǇ�ĐůĂŝŵƐ�ĮůĞĚ�ƚŽ�ǇŽƵƌ�/ŶƐƵƌĂŶĐĞ��ĂƌƌŝĞƌ͘��dŚĞ�ďŽƩŽŵ�ůŝŶĞ�ŝƐ͕�ƚŚĞ�ŵŽƌĞ�ĐůĂŝŵƐ�ǇŽƵ�ĮůĞ͕�ƚŚĞ�ŚŝŐŚͲ
Ğƌ�ǇŽƵƌ�y-DK��ZĂƚĞ͘��/ƚ�ŝƐ�ƌĞĂůůǇ�ƚŚĂƚ�ƐŝŵƉůĞ͘��dŚŝŶŬ�ŽĨ�ǇŽƵƌ�y-DK��ĂƐ�ĂŶ�ŝŶƚĞƌĞƐƚ�ƌĂƚĞ�ŽŶ�Ă�ĐƌĞĚŝƚ�ĐĂƌĚ͘��dŚĞ�
ŚŝŐŚĞƌ�ƚŚĞ�ŝŶƚĞƌĞƐƚ�ƌĂƚĞ͕�ƚŚĞ�ŵŽƌĞ�ǇŽƵ�ƉĂǇ͘��,ĞƌĞ�ĂƌĞ�ƐŽŵĞ�ĞǆĂŵƉůĞƐ�ŽĨ�ǁŚĂƚ�ǇŽƵ�ĐĂŶ�ĞǆƉĞĐƚ�ĨƌŽŵ�ǇŽƵƌ�y-
DK��ZĂƚĞ�ďĂƐĞĚ�ŽŶ�ŝƚƐ�ǀĂůƵĞ͗ 
 

�Ŷ�y-DK��ŽĨ�Ϭ͘ϳϴ�ǁŽƵůĚ�ďĞ�ĐŽŶƐŝĚĞƌĞĚ�Ă��ƌĞĚŝƚ�DK��Žƌ�>Žǁ�DK��ƚŽ�ƚŚĞ�/ŶƐƵƌĂŶĐĞ��ĂƌƌŝĞƌ͕�ŵĞĂŶŝŶŐ�
ǇŽƵ�ŵĂǇ�ŐĞƚ�Ă�ĚŝƐĐŽƵŶƚ�ŽŶ�ǇŽƵƌ�ƉƌĞŵŝƵŵ͕�ďĞĐĂƵƐĞ�ǇŽƵ�ůŝŬĞůǇ�ŚĂǀĞ�ǀĞƌǇ�ĨĞǁ�ŝŶũƵƌŝĞƐ͘��/Ŷ�ŽƚŚĞƌƐ�
ǁŽƌĚƐ͕�ǇŽƵ�ĂƌĞ�Ă�'ŽŽĚ�ZŝƐŬ͘� 

�Ŷ�y-DK��ŽĨ�Ϭ͘ϵϭ�ŵĂǇ�ŵĞĂŶ�ƚŚĂƚ�ǇŽƵ�ĂƌĞ�ǀŝĞǁĞĚ�ĂƐ�ĂǀĞƌĂŐĞ�ƚŽ�ƚŚĞ��ĂƌƌŝĞƌ�ĂŶĚ�ƚŚĞƌĞĨŽƌĞ�ǇŽƵƌ�ƉƌĞŵŝͲ
Ƶŵ�ǁŽƵůĚ�ďĞ�ƵŶŝĨŽƌŵ�ĂĐƌŽƐƐ�ǇŽƵƌ�ŝŶĚƵƐƚƌǇ͕�ďĞĐĂƵƐĞ�ǇŽƵ�ĂƌĞ�ǀŝĞǁĞĚ�ĂƐ�ĂŶ��ǀĞƌĂŐĞ�ZŝƐŬ͘ 

�Ŷ�y-DK��ŽĨ�ϭ͘ϱϭ�ŝƐ�ĐŽŶƐŝĚĞƌĞĚ�WŽŽƌ͘��/ƚ�ŝƐ�ĂŶ�ƵŶĨŽƌƚƵŶĂƚĞůǇ�,ŝŐŚ��Ğďŝƚ�DK�͕�ǁŚŝĐŚ�ŵĞĂŶƐ�ǇŽƵ�ĂƌĞ�
ůŝŬĞůǇ�ďĞŝŶŐ�ƋƵŽƚĞĚ�ĞǆƉŽŶĞŶƟĂůůǇ�ŚŝŐŚ�ŝŶƐƵƌĂŶĐĞ�ƉƌĞŵŝƵŵƐ͕�ĐŽŵƉĂƌĞĚ�ƚŽ�ǇŽƵƌ�ƉĞĞƌƐ͕�ďĞĐĂƵƐĞ�ǇŽƵ�
ĂƌĞ�ǀŝĞǁĞĚ�ĂƐ�Ă�,ŝŐŚ�ZŝƐŬ͘���ĚĚŝƟŽŶĂůůǇ͕�K^,��ŵĂǇ�ƵƐĞ�Ă�,ŝŐŚ�y-DK��;ǁŚŝĐŚ�ŝƐ�ƉƵďůŝĐ�ŝŶĨŽƌͲ
ŵĂƟŽŶͿ͕�ĂƐ�ƌĞĂƐŽŶ�ƚŽ�ĐŽŵĞ�ĂŶĚ�ŝŶƐƉĞĐƚ�ǇŽƵƌ�ŽƉĞƌĂƟŽŶ͘ 

KŶĞ�ŝŵƉŽƌƚĂŶƚ�ƚŚŝŶŐ�ƚŽ�ŬŶŽǁ�ĂďŽƵƚ�ǇŽƵƌ�y-DK�͕�ŝƐ�ƚŚĂƚ�ŝƚ�ƚĂŬĞƐ�ĂƉƉƌŽǆ͘�ƚŚƌĞĞ�ůŽŶŐ�ǇĞĂƌƐ�ŽĨ�ŐŽŽĚ�ďĞŚĂǀŝŽƌ�
ƚŽ�ƌĞĐŽǀĞƌ�ĨƌŽŵ�Ă�,ŝŐŚ��Ğďŝƚ�ZĂƚĞ͘��dŚĞƌĞĨŽƌĞ͕�ƐŽŵĞ�/ŶƐƵƌĂŶĐĞ��ĂƌƌŝĞƌƐ�ĂƌĞ�ǁŝůůŝŶŐ�ƚŽ�ĞŵďƌĂĐĞ�ĞŵƉůŽǇĞƌƐ�
ǁŝƚŚ�,ŝŐŚ��Ğďŝƚ�y-DK�Ɛ͘��,ĞƌĞ͛Ɛ�ǁŚǇ͖�ŝĨ�ǇŽƵƌ�ĐŽŵƉĂŶǇ�ŚĂƐ�ŐĞŶĞƌĂůůǇ�ďĞĞŶ�Ă�ŐŽŽĚ�ZŝƐŬ�ďƵƚ�ũƵƐƚ�ƌĞĐĞŝǀĞĚ�Ă�
ŶĞǁůǇ�ĂƐƐŝŐŶĞĚ�͞,ŝŐŚ�y-DK��ZĂƚĞ͟�ĂŌĞƌ�ǇŽƵƌ�ŵĂŶǇ�ǇĞĂƌƐ�ŽĨ�ŐŽŽĚ�ƉĞƌĨŽƌŵĂŶĐĞ͕�ǇŽƵ�ŵŝŐŚƚ�ďĞ�ĂŶ�ĂƩƌĂĐͲ
ƟǀĞ�ŐĂŵďůĞ�ƚŽ�ĂŶ�/ŶƐƵƌĂŶĐĞ��ĂƌƌŝĞƌ͘����,ŝŐŚ�y-DK��ŝƐ�ƚǇƉŝĐĂůůǇ�Ă�ǁĂŬĞ-ƵƉ�ĐĂůů�ĨŽƌ�ŵŽƐƚ�ĐŽŵƉĂŶŝĞƐ�ƚŽ�ŝŵͲ
ƉƌŽǀĞ�ǁŽƌŬĞƌ�ƐĂĨĞƚǇ͘���ƚ�ƚŚĞ�ƐĂŵĞ�ƟŵĞ͕�ƚŚĞ�/ŶƐƵƌĂŶĐĞ��ĂƌƌŝĞƌ�ŐĞƚƐ�ƚŽ�ĐŽůůĞĐƚ�ĂƉƉƌŽǆ͘�ϯ�ǇĞĂƌƐ�ŽĨ�ŚŝŐŚ�ƉƌĞŵŝͲ
ƵŵƐ͕�ǁŚŝůĞ�ǇŽƵ�ƐƚƌƵŐŐůĞ�ƚŽ�ƌĞĐůĂŝŵ�ǇŽƵƌ�ŽůĚ�ůŽǁĞƌ�y-DK��ZĂƚĞ͘��^Ž�ĂƐ�ǇŽƵ�ĐĂŶ�ƐĞĞ͕�ǁŚŝůĞ�ƚŚĞƌĞ�ŝƐ�ƌŝƐŬ�ĨŽƌ�
ƚŚĞ��ĂƌƌŝĞƌ�ƚŽ�ŚĂǀĞ�ƐŬŝŶ�ŝŶ�ƚŚĞ�ŐĂŵĞ͕�ƚŚĞ�ƐĐĞŶĂƌŝŽ�ŽĨ�ĐŽǀĞƌŝŶŐ�ĂŶ�ĞŵƉůŽǇĞƌ�ǁŝƚŚ�Ă�,ŝŐŚ�y-DK��ĐĂŶ�ƐĞƌǀĞ�ƚŽ�
ďĞ�ƉƌŽĮƚĂďůĞ�ĨŽƌ�ƚŚĞ�/ŶƐƵƌĂŶĐĞ��ĂƌƌŝĞƌ͘�� 
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DŽƐƚ�ĞŵƉůŽǇĞƌƐ�ƐƚƌŝĐŬĞŶ�ǁŝƚŚ�Ă�,ŝŐŚ�y-DK�͕�ĚŽ�ŝŵƉƌŽǀĞ�ƚŚĞŝƌ�ƐĂĨĞƚǇ�ƉĞƌĨŽƌŵĂŶĐĞ�ĂŶĚ�ƚŚŽƐĞ�ƚŚĂƚ�ĚŽŶ͛ƚ͕�
ĂƌĞ�ǀŝĞǁĞĚ�ĂƐ�ƵŶŝŶƐƵƌĂďůĞ�ZŝƐŬƐ�ďǇ�ƐŽŵĞ��ĂƌƌŝĞƌƐ͘��^Ž͕�ǁŚĂƚ�ŝƐ�ƚŚĞ�ƐŽůƵƟŽŶ�ƚŽ�ƚŚĞ�ĚŝůĞŵŵĂ�ŽĨ�ŚĂǀŝŶŐ�Ă�,ŝŐŚ�
�Ğďŝƚ�y-DK��ZĂƚĞ͍��,ĂǀŝŶŐ�Ă�ƌŽďƵƐƚ�ƐĂĨĞƚǇ�ƉƌŽŐƌĂŵ�ŚĞůƉƐ�ƚŽ�ƐŝŐŶŝĮĐĂŶƚůǇ�ŵŝŶŝŵŝǌĞ�ƚŚĞ�ŽĚĚƐ�ŽĨ�ŐĞƫŶŐ�
ǇŽƵƌƐĞůĨ�ŝŶƚŽ�Ă�,ŝŐŚ��Ğďŝƚ�y-DK��ZĂƚĞ�ƐŝƚƵĂƟŽŶ�ďĞĐĂƵƐĞ�ŝƚ͛Ɛ�ƚŚĞ�ďĞƐƚ�ǁĂǇ�ƚŽ�ƌĞĚƵĐĞ�ŝŶũƵƌǇ�ĐůĂŝŵƐ͘��,ĞƌĞ�
ĂƌĞ�ƐŽŵĞ�ƟƉƐ�ƚŽ�ŐĞƚ�ǇŽƵ�ƚŚĞƌĞ͘�� 

ϭ͘ zŽƵ�ŵƵƐƚ�ŚĂǀĞ�Ă�ĨŽƌŵĂůŝǌĞĚ�^ĂĨĞƚǇ��ŽŵŵŝƩĞĞ�ƚŚĂƚ�ŵĞĞƚƐ�ƌĞŐƵůĂƌůǇ͘��dŽ�ďĞ�ĞīĞĐƟǀĞ�ƚŚĞ��ŽŵͲ
ŵŝƩĞĞ�ƐŚŽƵůĚ�ŵĞĞƚ�Ăƚ-ƚŚĞ-ůĞĂƐƚ�ŵŽŶƚŚůǇ͘��YƵĂƌƚĞƌůǇ�Žƌ��ŝĂŶŶƵĂů�ƐĂĨĞƚǇ�ŵĞĞƟŶŐƐ�ĂƌĞ�ďǇ�ŶŽ�ŵĞĂŶƐ�ĂŶ�
ĞīĞĐƟǀĞ�ƉĂƌƚ�ŽĨ�ƌŝƐŬ�ŵĂŶĂŐĞŵĞŶƚ͘���Ɛ�ĂŶ�ĞǆĂŵƉůĞ�ŝŶ�ƚŚĞ�,ƵŵĂŶ�ZĞƐŽƵƌĐĞƐ��ŝƌĞĐƚŽƌ�ŵŝƐƐĞƐ�Ă�ƋƵĂƌƚĞƌůǇ�
ƐĂĨĞƚǇ�ŵĞĞƟŶŐ�ďĞĐĂƵƐĞ�ŚĞͬƐŚĞ�ŝƐ�ŽŶ�ǀĂĐĂƟŽŶ͕�Ɛŝǆ�ŵŽŶƚŚƐ�ŚĂǀĞ�ŐŽŶĞ�ďǇ�ǁŝƚŚŽƵƚ�ƚŚĂƚ�ƉĞƌƐŽŶ�ĞŶŐĂŐĞĚ�
ŝŶ�Ă�ĐŽŵƉĂŶǇ�ƐĂĨĞƚǇ�ŵĞĞƟŶŐ͘����ůŽƚ�ŽĨ�ďĂĚ�ƚŚŝŶŐƐ�ĐĂŶ�ŚĂƉƉĞŶ�ŝŶ�Ɛŝǆ�ŵŽŶƚŚƐ͕�ǁŚŝĐŚ�ŝƐ�ǁŚǇ�/�ƉƌŽŵŽƚĞ�
ƚŚĞ�ŵŽŶƚŚůǇ�ƐĂĨĞƚǇ�ŵĞĞƟŶŐ͘��<ĞĞƉ�ŵĞĞƟŶŐ�ŵŝŶƵƚĞƐ͘��dŚĞǇ�ĐĂŶ�ƉƌŽǀĞ�ǀĂůƵĂďůĞ�ŝŶ�K^,��ŝŶǀĞƐƟŐĂƟŽŶƐ�
ĂŶĚ�ĞǀĞŶ�ŝŶ�ĂůůĞŐĂƟŽŶƐ�ŽĨ�ŶĞŐůŝŐĞŶĐĞ͕�ǁŚĞŶ�ĂŶ�ĞŵƉůŽǇĞĞ�ĮůĞƐ�Ă�ĚŝƐĂďŝůŝƚǇ�ĐůĂŝŵ͘ 

Ϯ͘ �ĞǀĞůŽƉ�ǁƌŝƩĞŶ�ƐĂĨĞ�ƉƌŽŐƌĂŵƐ͘��WƌŽŐƌĂŵƐ�ĐŽůůĞĐƟŶŐ�ĚƵƐƚ�ŽŶ�Ă�ƐŚĞůĨ�ĚŽ�ůŝƩůĞ�ƚŽ�ƉƌŽƚĞĐƚ�ǇŽƵƌ�ĞŵͲ
ƉůŽǇĞĞƐ͘��dŚĞ�ƉƌŽŐƌĂŵƐ�ŶĞĞĚ�ƚŽ�ďĞ�ƌĞǀŝĞǁĞĚ�ĂŶĚ�ĚŝƐĐƵƐƐĞĚ�ŽŌĞŶ�ĂŶĚ�ƐŚŽƵůĚ�ďĞ�ƉĂƌƚ�ŽĨ�ǇŽƵƌ�ŽŶŐŽŝŶŐ�
ƐĂĨĞƚǇ�ƚƌĂŝŶŝŶŐ�ĂŶĚ�ŶĞǁ�ŚŝƌĞ�ŽƌŝĞŶƚĂƟŽŶ�ƉƌŽŐƌĂŵƐ͘ 

ϯ͘ WƌŽǀŝĚĞ�ƌĞŐƵůĂƌ�ƚƌĂŝŶŝŶŐ�ĂŶĚ�ŝŶĐůƵĚĞ�ǁĞĞŬůǇͬŵŽŶƚŚůǇ�ƐĂĨĞƚǇ�ƚĂůŬƐ�ĨŽƌ�ĞŵƉůŽǇĞĞƐ͘��^ĂĨĞƚǇ�ƚĂůŬƐ�
ƐŚŽƵůĚ�ďĞ�ƉƌŽǀŝĚĞĚ�ĂƐ�͞ůĞĂĚĞƌƐ͟�ŝŶƚŽ�ƟŵĞƐ�ŽĨ�ŚŝŐŚ�ƌŝƐŬ�ĞǆƉŽƐƵƌĞ͘��&Žƌ�ĞǆĂŵƉůĞ͕�ƉƌŽǀŝĚĞ�Ă�ŚĞĂƚ�ƌĞůĂƚĞĚ�
ŝůůŶĞƐƐ�ƐĂĨĞƚǇ�ƚĂůŬ�ŝŶ�ƚŚĞ�ĞĂƌůǇ�ƐƵŵŵĞƌ͕�ďĞĨŽƌĞ�ƚŚĞ�ŚĞĂƚ�ƐƚƌŝŬĞƐ�ǇŽƵƌ�ĂƌĞĂ͘��/ƚ͛Ɛ�ƚŽŽ�ůĂƚĞ�ƚŽ�ŐŝǀĞ�Ă�ƐĂĨĞƚǇ�
ƚĂůŬ�ŽŶ�ŚĞĂƚ�ŝůůŶĞƐƐ͕�ĂŌĞƌ�Ă�ŚĞĂƚ�ƌĞůĂƚĞĚ�ŝůůŶĞƐƐ�ŝŶũƵƌǇ�ŽĐĐƵƌƐ͘���ŶŽƚŚĞƌ�ĞǆĂŵƉůĞ�ŵŝŐŚƚ�ďĞ�ƚŽ�ŽīĞƌ�Ă�ƐĂĨĞͲ
ƚǇ�ƚĂůŬ�ŽŶ�ƚŚĞ�ŚĂǌĂƌĚƐ�ŽĨ�ĚƌŝǀŝŶŐ�ŽŶ�ŝĐǇ�ƌŽĂĚƐ͕�ŐŝǀĞŶ�ũƵƐƚ�ďĞĨŽƌĞ�ĐŽůĚ�ǁĞĂƚŚĞƌ�ĂƌƌŝǀĞƐ�Žƌ͕�ŽīĞƌŝŶŐ�Ă�ƚĂůŬ�
ŽŶ�ƉƌŽƉĞƌ�ůŝŌŝŶŐ͕�ĂŚĞĂĚ�ŽĨ�ĂŶ�ĂŶƟĐŝƉĂƚĞĚ�ůĂƌŐĞ�ǁŽƌŬ�ŽƌĚĞƌ�Žƌ�ďƵƐǇ�ƐĞĂƐŽŶ͘��/Ŷ�ŽƚŚĞƌ�ǁŽƌĚƐ͕�ĂŶƟĐŝƉĂƚĞ�
ǇŽƵƌ�ĞŵƉůŽǇĞĞ͛Ɛ�ƌŝƐŬƐ͕�ƉƌŝŽƌ�ƚŽ�ƚŚĞ�ĞǆƉŽƐƵƌĞ�ĂŶĚ�ŽīĞƌ�ǁŚĂƚ�ƚŚĞǇ�ĐĂŶ�ĚŽ�ƚŽ�ƉƌŽƚĞĐƚ�ƚŚĞŵƐĞůǀĞƐ͘����� 

ϰ͘ �ŽŶĚƵĐƚ�ĨƌĞƋƵĞŶƚ�ĂŶĚ�ƌĞŐƵůĂƌ�ŝŶƐƉĞĐƟŽŶƐ�ĂŶĚ�ƚĂƐŬ�ŽďƐĞƌǀĂƟŽŶƐ�ƚŽ�ŵŝŶŝŵŝǌĞ�ƌŝƐŬ�ĞǆƉŽƐƵƌĞƐ�ĂŶĚ�
ƉƌŽŵŽƚĞ�ƐĂĨĞƚǇ�ŝŶ�Ă�ƉŽƐŝƟǀĞ�ǁĂǇ͘���ŽŶ͛ƚ�ŵĂŬĞ�ƚŚĞƐĞ�ŝŶƐƉĞĐƟŽŶƐ�ĮŶŐĞƌ�ƉŽŝŶƟŶŐ�ƐĞƐƐŝŽŶƐ͘��dŽ�ďĞ�ĞīĞĐͲ
ƟǀĞ͕�ŵĂŬĞ�ƚŚĞƐĞ�ĐŚĞĐŬƵƉƐ�ŚĞůƉĨƵů�ƌĞŵŝŶĚĞƌƐ�ŽĨ�ƚŚĞ�ƌƵůĞƐ�ƚŽ�ǁŽƌŬ�ƐĂĨĞ͘��^ŚŽǁ�ĞŵƉůŽǇĞĞƐ�ǇŽƵ�ĐĂƌĞ�
ĂďŽƵƚ�ƚŚĞŝƌ�ƐĂĨĞƚǇ͕�ŶŽƚ�ƐŽ�ŵƵĐŚ�ĂďŽƵƚ�ĂƐƐŝŐŶŝŶŐ�ďůĂŵĞ�Žƌ�ĚŝƐĐŝƉůŝŶĞ͘� 

ϱ͘ ^ƉĞĂŬŝŶŐ�ŽĨ�ĚŝƐĐŝƉůŝŶĞ͕�ŝƚ�ƉĂǇƐ�ƚŽ�ŚĂǀĞ�Ă�ǁƌŝƩĞŶ�ĚŝƐĐŝƉůŝŶĞ�ƉƌŽŐƌĂŵ�ƚŚĂƚ�ŝƐ�ƉƌŽŐƌĞƐƐŝǀĞ͕�ŐŝǀŝŶŐ�ĞŵͲ
ƉůŽǇĞĞƐ�Ă�ĐŚĂŶĐĞ�ƚŽ�ŝŵƉƌŽǀĞ͕�ďĞĨŽƌĞ�ƚŚƌŽǁŝŶŐ�ƚŚĞŵ�ŽƵƚ�ƚŚĞ�ĚŽŽƌ͘��/ƚ�ŶĞĞĚƐ�ƚŽ�ďĞ�ƵŶĚĞƌƐƚŽŽĚ͕�ƚŚĂƚ�
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