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Executive Summary

Iraqi Kurdistan is a large exporter of oil yet imports most of its refined fuels [1]. Although
numerous toppings refineries have emerged in the area due to the lack of local refined fuels, the
government of Kurdistan is cracking down on haphazard plants in favor of safer, high output
alternatives. In an attempt to capitalize on the recent attitude changes, our team designed a
process which takes advantage of an established toppings refinery owned by our client, Mr.
Abbasi. Currently, his refinery produces sweet Kiruk crudes which are high in benzene and low
in sulfur. We recommend a process which purifies the refinery output to create salable benzene,
toluene, xylenes, and various alkanes all while abiding by western standards of operational and
environmental loss prevention.

Preliminary design analysis was conducted involving numerous potentially hazardous
physical and chemical interactions throughout the process. Many configurations of reactors,
heat exchangers, and separation equipment were tested to produce the desired output of
aromatics. We decided upon the design which most complied with safety requirements and
environmental constraints specified by OSHA and the EPA, respectively. The toppings refinery
amendment consists of an upstream reaction train in which reaction streams loop through a
fired heater. The downstream section is composed of liquid-liquid extractors, and brief
separation before the 99% benzene stream is separated into salable products by distillation.

Upfront capital costs for development of the toppings refinery amendment in Kurdistan is
estimated to total $30.5 million. The overall process consists of 10 heat exchangers, 10 process
vessels, 17 pumps, 1 fired heater, 3 tubular reactors, and associated piping and
instrumentation. In total the amendment will require 15 operators whose combined salaries will
total $190 thousand annually. There were two cost analyses conducted considering either the
Iraqi or the Kurdish tax regimes at 35% or 15%, respectively. Utilities required include saturated
steam, cooling water, fuel gas, and electricity which have an estimated combined annual usage
cost of $1.2 million. The project has an annual revenue of $148 million under Iraqi taxes or $193
million under Kurdish taxes. An economic analysis life of 30 years was conducted using MACRS
depreciation for all equipment. The resulting net present value (NPV) of the project is $757
million under Iraqi taxes or $998 million under Kurdish taxes with a discounted cash flow rate of
return (DCFROR) equal to 142% or 165% and payback period of 1.5 or 1.4 years under Iraqi or
Kurdish tax regimes, respectively. The hurdle rate for this project was 15% and under either tax
regime the project is economically favorable.The economics were then subjected to a single
variable sensitivity analysis which showed that the largest factor affecting the profit was the raw
material cost. Our team recommends that this project be moved into the detailed design phase
as it will bring benefit to the engineering firm, Mr. Abbassi, and the local Iraqi Kurdistan region.
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Introduction
The EPC firm is interested in enhancing a small toppings refinery operated by Mr.

Abbasi, a local oil COO in Kurdistan, Iraq. As a region that typically imports refined petroleum
products, fabricating these products locally could potentially reduce the region’s $3BB annual
costs. Politically speaking, there is an urgency to make products that are low in benzene as this
byproduct may cause damage to the population and/or the environment. An economic analysis
shows promise of installing an amended benzene-enriching process to the toppings refinery
already present in Kurdistan. This process would allow the current products of the refinery to
remain at their normal capacity while producing a side draw of high-purity benzene, toluene, and
xylenes from a naphtha feed. Understanding the local government’s restrictions regarding
unsafe conditions and products, we pursue a process that is up to code in western safety
standards and that minimizes excess machinery or hazardous processing conditions. The
additional equipment will be fed crude oil naphtha from the existing refinery. The feed of interest
for this investment is denoted “Feed K” which contains 20% naphtha by volume. The feed will
be subjected to heat, reaction(s), and various separation units in order to produce fuel gas,
gasoline (C5-C8), diesel (>C8), benzene, toluene, and xylenes. The fuel gas may be used to
fuel the furnace within the process stream, or it can be piped elsewhere in the plant as a source
of readily available energy. The benzene, toluene, and xylenes can all be sold as high purity
products. Our goal is to maximize the output of high purity products without compromising
safety. This strategy will ensure the economic viability and the longevity of the oil company due
to new safety restrictions imposed by the local government. The feed in question will first be
pumped to a furnace for preheating before subjection to cracking and dehydrogenation. This will
then be sent to a separator of which the tops will be recycled to remove cyclohexane impurities
while the bottoms are sent downstream for further separation. The bottoms product is then
subjected to various liquid-liquid extractors with water and sulfolane to remove heavy alkanes
from the target product. The product stream is then subjected to stripping followed by distillation
to remove light alkanes. This is then flashed to remove any remaining heavy alkanes to produce
a high purity benzene product hereby known as the “reformate” stream. This stream is sent for
further processing to produce toluene and xylenes for a variety of salable products.

Process Description
The process begins with a feed that is mixed with a recycle stream and fed into a

furnace to be heated before entering the first reactor. Next the product is fed back into the
furnace and through another reactor. Finally that product goes through the furnace one last time
before entering the third and final reactor. A heat exchanger cools down the product before
going through a separator to produce a recycle stream in the tops and the bottoms are fed into
the first extractor. Waste comes out the top and the bottoms are mixed with another recycle
stream to be fed into the second extractor. The tops of the second extractor go into a third
extractor to produce alkanes while the bottoms are fed into the fourth extractor. The bottoms of
the fourth extractor are mixed with a sulfolane stream to be used as the top feed of the second
extractor. The tops of the fourth extractor are fed into the first distillation column where the top
product is used as a recycle and the bottoms are fed into a component splitter. The bottoms of
the component splitter produce alkanes while the tops go into the second distillation column
where benzene comes out the tops as a product. The bottoms are fed into a third distillation
column to produce end products of toluene in the tops and xylene in the bottoms.

Design Basis
Because the Kurdistan oil company will be extracting the naphtha from their current

stock, we can expect to generate quantities of revenue from the brand new product streams.
Considering that naphtha constitutes a minimum of 20% of the refinery’s streams by volume, we
should also expect a reduction in sales from the current production lines. Therefore, in order to
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make the entire process feasible we must maximize the outflow of reformate. The following
design satisfies these constraints while maintaining safe operating limits. Market analysis
confirms that the proposed design is profitable with high purity benzene, toluene, and xylenes
generating a brand new profit stream. The feed of interest for this design is designated “Feed K”
which is composed of 31.3% (molar basis) cyclohexane. Further feed specifications are listed
below in Table 1. The feed’s naphtha will enter at a flow rate of 7,000 barrels per day, at a
pressure of 1.2 bara, and a temperature of 70 ℃ (158.0 ℉).

Table 1: Feed Composition(s)

Cyclohexane’s normal boiling point is only 1.2 ℉ higher than benzene’s normal boiling
point. Therefore, these two chemicals will not separate easily based on vapor pressure. In order
to meet the specification of 99%+ product purity, we must maximize reactions of which
cyclohexane is the key reactant. Through rigorous modeling, it was determined that a furnace
temperature of 1750 ℉ provided sufficient temperatures to crack decane and to
dehydrogenation cyclohexane. The feed is sent first through the furnace before entering the first
packed-bed reactor (PBR) which is pre-installed with a platinum catalyst. The stream then
cycles back to the furnace before entering a second PBR, as well as a third time to maximize
reaction extents.The final reacted stream is then cooled before entering separator V-100 (Figure
1) which recycles the vapors and continues the liquids downstream. The recycled vapors are
mixed with the feed pre-furnace in order to reduce waste. Now saturated with both light and
heavy alkanes, the bottoms of the first separator are sent to a reboiled column (T-100) where
light alkanes are separated and sent elsewhere in the facility for use as fuel gas.

Heavy alkanes are removed from the target stream through use of liquid-liquid extraction
in extractors T-101 and T-102. Sulfolane is used to first extract the heavy alkanes from the
product stream in T-101, and water is used to extract any remaining heavy liquids in T-102 and
separate alkanes to be sold as product gas or diesel. The bottoms of T-101 are sent to a
reboiled stripper (T-104) for separation of sulfolane and product benzene. The sulfolane is
recycled back to extractor T-101 to be reused, and the tops of T-104 are cooled and sent to
distillation column T-105 (Figure 1) for further purification. The tops of T-105 contain light
alkanes and benzene which are recycled to the beginning of extraction to reclaim the salable
product. The bottoms of T-105 are directly flashed in tank X-100 which produces product
Benzene and alkanes. This process allows us to theoretically harvest 99.5% benzene from the
naphtha feed as well as salable benzene. These specifications allow us to obtain profit from
these streams at the following values in Table 2. Benzene was used to model toluene and
xylenes. The correct split of product flows was calculated using the following mass balance
equations listed in Table 3.
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Table 2: Product Economic Variables

Table 3: Product Composition Splits According to Reformate Stream Data

This process involves using utilities for various cooling, heating, and electrical needs.
The operating costs associated with the above setup were calculated using the following values
specified by the economic team in Table 4.

Table 4: Utility Economic Variables

These specifications were considered in our modeling, and our cost calculations. These
limits are established by either environmental, governmental, or material constraints.In order to
minimize hot zones, we used the smallest viable pressure steam possible for sufficient heat
transfer in the column reboilers.

All designs within the report were modeled using Aspen HYSYS simulation software.
The NRTL-Ideal fluid package was used for the extraction section of the process, and
Peng-Robinson was used everywhere else in the simulation where vapors were modeled. This

7



was done at the request of management, but more thorough investigation will need to be done
for a more accurate representation of the process.

Design Philosophy
Complex design requires frequent use of assumptions to enable process modeling.

Physical constraints, chemical interactions, and consequence reduction strategies were
pertinent to all design decisions. All major assumptions and constraints used throughout the
process are listed below organized by associated process vessels.

Pumps
● Pump Efficiency set at 70%
● 10 foot difference in height between reflux drums and reflux pumps
● Centrifugal pumps were used throughout the process design
● Electric drives were used for each pump

Furnace
● Complete combustion assumed for design purposes
● Fuel gas and air fed at 1:10 methane:oxygen molar ratio
● Radiant heat transfer to all process streams

Reaction Train
● Autoclave packed bed reactors
● Maximum temperature of 600 ℃ to optimize cyclohexane dehydrogenation
● Platinum catalyst used with void fraction of 70% and catalyst fraction of 30%
● Cooling water supplied at 25 ℃
● Steam available at 50, 150, and 450 psig

Heat Exchangers
● Floating head shell and tube format used for all heat exchangers for efficiency
● Counter flow orientation used to maximize heat transfer
● Thin walled assumption used (do=di)

Columns and 2-Phase Separators
● 4 feet spacing between vessel tops and top trays to allow proper vapor disengagement
● 6 feet spacing between vessel bottoms and bottom trays to account sufficient space for

reboiler return
● Vertical orientation used to reduce floor area usage and support long term maintenance
● Maximum height set to 83 ft to minimize foundational issues
● Trayed vessels have 2 foot separations between trays to promote separation
● Demister added to all separators
● L/D ratio sought below 5

Extractors
● Horizontal orientations used for liquid-liquid extraction (LLE)
● NRTL fluid package used to model separations for LLE

Miscellaneous
● Carbon steel material of construction due to low sulfur content
● Service factor set to 0.92 for economic analysis
● 99% purity required for salable benzene pre-distillation section
● Wash-out assumption used for all cash flow calculations
● Economic analysis was done over a 30-year period with an effective tax rate of 15%

(Kurdish control) or 35% (Iraqi control)
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Figure 1: Reactor PFD

9



Figure 2: Extraction PFD
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Figure 3: Distillation PFD
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Table 5: Stream and Equipment Summary
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Economic Analysis
Capital Cost

The itemized bare module costs for the reactor train, extractor section, and distillation
section are itemized in the appendix. The catalyst made up the largest portion of the initial
investment followed by the reactors and distillation columns. Cost estimation methods are
projected to be within plus or minus 20% of the actual cost [14]. Capital costing for all sections
was done using a modified Guthrie method that took into account the design pressure, materials
of construction, and a capacity factor. The purchased and installed costs were calculated using
equations [16] and [17]. The resulting values were escalated from 2001 to 2020 using the
Chemical Engineering Plant Cost Index [17]. The 2021 Plant Index value has not been released
yet, but is projected to be higher than 2020 [17]. This could cause the capital costs to exceed
the proposed amounts. Further explanation of capital costs can be found in the Appendix.

Table 6 shows the direct manufacturing costs for the naphtha reforming plant. Raw
materials make up the largest portion of the total cost followed by waste treatment. All direct
manufacturing costs were completed referencing [5] and using equation [24].

Table 6: Direct Manufacturing Costs

Operating Costs
The operating costs for the utilities are shown in Table 7. The heat exchangers had the

largest energy cost followed by the furnace. Utility costs for the heat exchangers were based on
the duty required to achieve the desired temperature. Operating costs for the heat exchangers
were calculated using equations [28] and [30]. The furnace utility cost was based on the yearly
consumption of fuel and was calculated using equation [27]. The pumps used the provided
electricity and were cost based on equation [26]. Further explanation of utility costs can be
found in the Appendix.

Table 7: Utility Operating Cost

The labor costs were calculated using equation [23] and the number of required
operators was determined by equation [25]. The recommended number of operators for the
plant is 15. An average operator pay of $32 was used as the basis for calculation[22]. Per the
memorandum salaries in the U.S. are 438% higher than in Iraq. Based on the U.S. operator cost
the estimated yearly cost of the operators in Iraq is $191,000.
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Table 8: Labor Costs

Revenue Estimates
The product price of benzene and diesel had the greatest impact on the revenue

generated by our process. Since, these two prices led to the largest financial gain the process
was optimized to increase these two streams flow rates. Cyclic h-carbons had the lowest
contribution to the total revenue. The revenue estimates located in Table 7 were calculated over
a yearly basis assuming a service factor of 0.93.

Table 9: Revenue Sources
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Table 10: Cash Flow Table Iraqi Control
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Table 10: Cash Flow Iraqi Control Continued
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Table 10: Cash Flow Iraqi Control Continued
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Table 10: Cash Flow Iraqi Control Continued
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DCFROR and NPV Analysis
Per the memorandum the hurdle rate was given to be 15% and the project was

evaluated over 30 years. MACRS depreciation life was used over a 10 year period for oil
refining equipment [14]. The equipment was fully depreciated and the working capital invested
in 2021 was written off in the final project year. Construction of the plant was assumed to occur
at the end of 2021 and was assumed to be completed in mid year 2023. Half year convention
was used in 2023 for revenue and operating costs.The washout assumption was used to
maintain a constant annual revenue. The washout assumption assumes that the escalation of
costs and revenues are different, but the margin between the two remains constant.

An NPV greater than 0 and a DCFROR value higher than the minimum rate of return
show that a project is economically attractive [14]. The cash flow table for Iraqi control is shown
in Figure XX. The cash flow table for Kurdish control was not included due to the only difference
being the tax rate. From the Iraqi control analysis the NPV was determined to be $757 million
with a DCFROR of 142%. The payback period under this tax regime was 1.5 years. From the
Kurdish control analysis the NPV was determined to be $998 million with a DCFROR of 165%.
The payback period under this tax regime was 1.4 years.

Table 11: MACRS Depreciation

Sensitivity Analysis
Sensitivity analysis was conducted to determine the effect of parameters of the NPV of

the plant. This analysis helps to show the uncertainty of the economics, not the probability that
they will occur. Each parameter was varied while the others, raw materials, utilities, etc. were
kept constant. The result is shown in Figure 4. Sensitivities for annual profit, raw materials,
project life, waste treatment, initial investment, and utilities were all included in the analysis.

The largest factor on the NPV was the annual profit. According to [5] the annual profit
can reach zero which led to the lowest NPV. The raw material cost had the largest effect on the
annual profit and the second highest factor of the NPV. Waste treatment variance was similar to
initial investment.The utilities had the smallest impact of any of the parameters. The utility costs
are so small compared to raw material costs that they have an impact range of $50 million on
the NPV.
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Figure 4: Tornado Chart

The break even revenue was calculated using equation [22] and recorded in Table 10.
The initial capital investment of $30.5 million will need to be countered with ~$44 million in 2023
when the plant is able to generate revenue.

Table 12: Break Even Revenue

A best and west case scenario was created for the naphtha reforming plant. The best
case scenario conditions result from a 10% increase in yearly profit and a 10% decrease in the
initial investment [5]. For the best case portion the Kurdish tax regime was assumed to be in
control because the 15% tax rate led to a higher NPV and DCFROR. The best case NPV was $
and the DCFROR was %. For the worst case scenario a profit of $0 was assumed [5] and the
resulting DCFROR was 0%.

Table 13: Best and Worst Case

Monte Carlo Analysis
Monte Carlo analysis is a tool that quantitatively explains the risk and probability of an

economic project[14]. For our preliminary design the Monte Carlo Methods were done for both
the NPV and DCFROR. The results are shown in Figure 5 and Figure 6. This method uses
central limit theory which states that an infinite amount of samples will have a normal distribution
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curve [14]. This means that the actual result will most likely trend towards the center of a
histogram. 500 samples were used to construct our graphs and a t-statistic of 1.96 was used
[18]. The standard deviation, 95% confidence intervals, and mean were calculated. The results
are shown inTable 12 and Table 13. To calculate the NPV and DCFROR a P/A value was used
[14] and random values were generated from the profit min and max. The percentage that the
profits varied came from[5]. All costs associated with the plants were varied according to [5].
Once the values of cost and revenue were found the NPV and DCFROR could be calculated
over a 30 year period. Both histograms of the Monte Carlo analysis are shown in figures [5] and
[6].

Table 14: Monte Carlo Data NPV

Table 15: Monte Carlo Data DCFROR

The average NPV was $825 million and the average DCFROR was 126%. The NPV and
DCFROR had a greater than 90% probability of being economically attractive shown in tables
[14] and [15].For the NPV this meant that the NPV greater than 0 and the DCFROR was greater
than the hurdle rate [14]. This tool shows that in most cases the project will be economically
favorable and should move to the detailed design phase.

Figure 5: Monte Carlo Method NPV
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Figure 6: Monte Carlo Method DCFROR

Process Safety
The safety of the plant workers as well as the environment were key considerations for

our design philosophy. Considering that Kurdistan is cracking down on outdated processes
which pervade the region, we ensured that all parts of the plant design followed the guidelines
outlined by the Occupational Safety and Health Administration (OSHA) as well as the
Environmental Protection Agency (EPA) as listed in the United States. This both supports the
longevity of the plant and, more importantly, the safety of the plant workers. All employees will
be trained regarding proper PPE, emergency procedures, and operational discipline on a
routine basis prior to any operation(s). Proper PPE includes steel toed boots, eye protection, ear
protection, gloves, and flame resistant clothing which is to be worn at all times on site [2].
Operational discipline includes instructing proper lock-out-tag-out and  workplace procedures
outlined by SOPs and reinforced by leadership.

The overall process involves standard refinery chemistry and multiple effluent material
streams which must be made known to all personnel. Alkane streams are intended for sale or
for use as fuel in house. Effluent from the fired heater is composed of combustion byproducts
which will be released to the atmosphere. Every other exit stream that we did not account for
sales was sent to the refinery’s flare so as to reduce hydrocarbon emission to the local
population. Due to the high volume of organic material exposed to high temperatures, loss of
containment is the highest concern of the entire process.

Inherent Safety Evaluation
As part of the commitment to loss prevention associated with this process, inherent

safety is crucial to reducing the potential for harm to human and environmental health. The
processes we include fall under the categories of minimization, moderation, substitution, and/or
simplification.

Minimization was used in process areas where energy reduction contributed to loss
prevention. Purge streams are used in both the upstream and downstream process design in
order to reduce high concentrations of vapor products. This allows the process equipment to
depressurize even after reactions create many more moles of flow (e.g. alkane cracking
produces many moles of smaller hydrocarbons from heavier ones). Several separation steps
were included in the downstream process in order to reduce buildup of hydrocarbons. These
steps also become profitable as we separate diesel from gas which are both salable. Within the
furnace, risk of incomplete combustion is combated with a high air:fuel ratio such that plenty of
oxygen is available for complete reaction which in turn reduces the amount of carbon monoxide
produced by our process.
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Moderation was used in process areas where hazardous materials were subjected to
less hazardous conditions. Most significantly we designed the upstream reaction train to take
advantage of reaction temperatures to both maximize reaction extents while minimizing excess
temperature rise. Particularly, alkane cracking and cycloalkane dehydrogenation showed peak
reaction rates in the range of 400-600 ℃, with the reaction extents reaching a theoretic max
near 600 ℃. Therefore, we designed the furnace with a flame temperature of 950 ℃ resulting in
a successfully efficient reactor train which nearly reacts all cyclohexane to form either alkanes or
benzene (depending on the reaction pathway). The purge streams mentioned in the
minimization paragraph double as a moderation strategy as it reduces pressure within the
system. By reducing pressure we increase safety and reduce potential equipment wear.

Substitution was used frequently in the process design as this includes reaction
chemistry, solvents, and heat transfer media. We designed the series-oriented reactors as PBRs
with a platinum catalyst which allowed us to run cracking reactions at much lower temperatures
than without catalysis. By substituting this in, we are able to reduce hotspots upstream in the
process which ultimately reduces risk of runaway at all points in the plant. For all heat transfer
media we used water in order to reduce the amount of flammable or combustible material in the
plant. For all reboilers we modeled heat transfer using the lowest possible pressure steam that
would still provide sufficient heat flux. In this way we reduce energy consumption which
increases the sustainability of the proposed process. Also, lower pressure steam means lower
temperatures and a smaller risk of damage to plant workers if steam were to escape
containment. All around, this provides benefits both economically and health-wise. Recycle
streams were used frequently in our process rather than flaring or uptaking more process
material (e.g. sulfolane) to both reduce environmental impacts as well as reduce economic
costs.

Simplification was used in process areas where excess materials or vessels were not
necessary. An analysis was conducted for each staged vessel such that any stages of zero
separation were removed from the model design. In this way, we reduce capital cost while also
minimizing the amount of area and volume for the vessels to leak from.

Process Safety Management (PSM)
Preservation of the plant’s assets and the workers’ health is pertinent to the PSM

designed for this project. The proposed plant will operate fully within OSHA and EPA guidelines
as they are listed in the United States in order to keep on-site and off-site risks at a minimum.
Proper management of process safety requires involvement from management, plant workers,
and contractors, as well as smooth communication between extrinsic safety elements and
management of potential changes.

Before any operation, a pre-startup safety review will be conducted for any new on-site
workers as well as for any process changes. Standard operating procedures (SOP) will be
provided to all onsite workers to increase awareness of process conditions and norms. The
system of direct reporting should be established such that any deviation from process norms are
quickly and directly reported to management. This work culture should also reflect the
importance of safe work practices, and should allow the plant worker to shut down operation in
the event of drastic changes in process temperature or pressure. Process safety information will
be communicated by process monitor equipment as shown below in the P&ID of the major
fractionator. Monitor equipment is placed throughout the design in order to mitigate potential
hazards that pervade the model plant. Hazard analyses are listed below while taking inherent
safety into account to reduce associated risk of the full design.

Process hazards
There are numerous hazards that emerge in the process design which include both

physical and chemical variety. Petroleum refineries commonly house high temperature and
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pressure processes of which many reactions are likely to occur, and of which process vessels
are required to withstand conditions of high stress. In order to address the safety concerns in
the process, we conducted a full process hazard analysis to identify, evaluate, and analyze the
largest potential hazards. Hazards in our process design stem from either high temperature,
high pressure, or chemical hazards.

High Temperatures correspond to high internal energy within heated vessels and piping.
Temperatures in our plant model range anywhere from 22 to 950 ℃. The highest temperature is
found in the furnace effluent stream which is composed of combustion byproducts such as
water, carbon dioxide, and excess air. Actual process streams top out at a maximum
temperature of 600 ℃ which is reached near the end of the reactor train. At these temperatures,
reactions are highly likely to occur which result in sharp increases of molar flow. Alkane cracking
results in the breakdown of larger hydrocarbons into smaller ones, and this will directly affect the
pressure of our process downstream of reaction. This poses a risk of runaway reaction in which
a positive feedback loop of exothermic reactions could potentially lead to process disaster.
Because of this, we modeled the process with platinum catalysis and provided immediate
cooling downstream of the reaction train in order to keep temperatures low for the now high
molar flow stream.

High pressures correspond to high stress on process vessels, and provide considerable
driving force for mass transport. Pressures in our plant model range anywhere from 12 to 209
psia. The highest pressure occurs directly downstream of the feed pump which provides the
driving force for flow of the entire process. As the inlet material stream travels through process
equipment its pressure slowly drops by way of friction. Powered process vessels such as
distillation column pumps provide the extraneous flow that is required for the entire process.
Vacuum conditions only occur once in the process in the downstream process for which a
column process pump brings it back to above atmospheric pressures. To deal with the high
pressures sizing of relief valves were done for both the pumps and vessels in the system. It was
found to use pressure relief valves that are 50mm x 75mm for the pumps and ones that are
75mm x 100mm for the vessels. This was done by using the pressure, flow rate, and area of the
piping and solving for the correct size area. This value was then used to get the sizes that are
listed above.

Chemical hazards complicate the hazards analysis for immiscible, combustible, and
oxidizing chemicals are found at various positions in the process. The process itself already has
multiple reactions occurring in the upstream section. We compiled data regarding all chemicals
potentially involved in the total model plant and compared how each chemical would interact
under the worst case scenario condition of total loss of containment (LOC). In this way, we are
able to see what conditions must be specifically avoided in order to reduce the probability of
process failure. Table 14 below contains hazards for all chemicals in the model as well as
important information obtained from their respective SDS sheets. This table also includes
occupational discipline and safety measures intended to reduce consequence in the case of
accidental release. We found that few interactions occur between the chemicals other than the
mixture of combustible materials and oxygen. Otherwise, chemicals that are miscible with water
will generate heat upon mixing, so temperature must be monitored in areas where potential
heating may occur.
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Table 16(a): Chemical Hazards According to SDS Sheets

Table 16(b): Chemical Density, Toxicity Limits, and Mitigation Strategies
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Table 16(c): Chemical Flashpoints and Flammability Limits

According to Table 14, we find that carbon monoxide poses the greatest toxicity risk with
an LD50 rating ranked at only 1 hour of exposure [3]. The combustible materials also pose a
toxicity risk after prolonged exposure, but their potential hazards are most significant with regard
to flammability when exposed to oxygen as shown in chemical interaction Table 14. The toxicity
risk is not to be overlooked, however, as most of the hydrocarbons have vapor densities much
higher than air which means that upon release the vast quantities of combustibles will stay low
to the ground and spread to local communities. The heavy liquids pose the least amount of
chemical risk in the plant, but do so more when considering the nearby water supply due to
sulfolane’s high solubility and specific gravity with respect to water. After discussion among the
engineering team, we concluded on six high-priority hazards which are listed below in Table 15.

Table 17: Potential Hazard Identification

The above hazards all stem from concerns over harsh processing conditions and
potential release and/or unintended reaction of process chemicals. Keeping these in mind, we
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implemented numerous inherent safety concepts to mitigate the risk and promote a safer,
simpler design for the Kurdistan oil company. Our consequence reduction strategy is listed in
Table 16 below.

Table 18: Consequence Reduction Strategy for Process Hazards

P&ID of the Major Factionator
The basic control system used in the process was the use of feedback control and is

shown in the P&ID below in Figure 7. This control system is the best way to control the different
flows of the streams and can be used in many different areas. Alarms were also installed to
increase the safety of the process while being able to run at the correct process conditions. The
use of controls also has indicators for temperature, pressure, and flow in order to ensure that
these values are maintained from the control room.
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Figure 7: P&ID of the Major Fractionator
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Uncongested Vapor Cloud Deflagration

The worst case scenario for any process should be taken into consideration in order to
properly prepare for that situation. For the case of a petroleum refinery, the worst case scenario
would be total loss of containment followed by the formation of a combustible vapor cloud. In
our process model, there are no stored chemicals as the process is entirely continuous.
According to a review article which covered a vapor cloud explosion in Buncefield, UK there was
a short window of 20 minutes of chemical release before the cloud ignited [4]. Therefore, we
conducted calculations to find the TNT equivalency of a total release for twenty minutes. The
results of which are listed below in Table 17. We then estimated overpressure values assuming
yearly average atmospheric pressure conditions for Kurdistan (14.81 psia). The resulting
overpressures and associated effects at various distances from the blast center are listed further
below in Table 18 with values obtained from chemical process safety correlation tables [5].
Calculations were based on a TNT equivalent of 1120 kcal/kg.

Table 19: TNT Equivalent Calculations
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Table 20: Impact of Uncongested Vapor Cloud Deflagration at Atmospheric Pressure

Safety Summary

We found that the highest risks associated with the process are the loss of containment
of hydrocarbons as well as their mixture with air resulting in a high volumetric explosive vapor
cloud. In order to address the potential hazards, we conducted a full process hazard analysis
and incorporated inherent safety concepts to reduce potential consequence frequency and
severity. We used minimization in the form of purge streams to prevent high pressure buildup
throughout the process, as well as optimizing our furnace fuel:air ratio so as to reduce the
amount of carbon monoxide released to the atmosphere. Numerous separation steps have
been used in the process in order to reduce concentrations of potentially hazardous and
combustible materials. These will both lead to less severe processing conditions and effective
environmental compliance. Substitution was used in the form of a platinum catalyst such that
reaction temperatures and pressures could be drastically reduced, and water was used as the
only heat transfer media to reduce the amount of flammable material on site. Recycle streams
were utilized rather than flaring, and they were also used to reduce the intake and output of
sulfolane within our process. Simplification was established as we optimized all trayed
equipment to reduce areas of potential error or chemical buildup.

Our process design has also been thoroughly equipped with process instrumentation in
order to properly maintain process conditions and monitor potential hazards. Regardless of
intrinsic or extrinsic safety measures, the worst case scenario showed the effects of deflagration
can break glass out to 750 meters, launch projectiles near 300 meters, minor structural damage
out to 200 meters, and probable total destruction at 50 meters. The estimated safe distance is
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outside of 300 meters, so a risk management plan must be put in place to provide workers with
instructions in case of total loss of containment. Proper PPE includes respirators, flame
retardant clothing, eye protection, helmet gear, and gloves. Every worker must be equipped with
proper training, procedural discipline, and pre-startup safety reviews must be held before plant
startup.

Conclusions
To meet new Western refining standards our team completed the preliminary design for

a naphtha catalytic reforming plant. All process units were sized and cost appropriately and
economic analysis was done to analyze the feasibility of the project.

The main focus of this project was putting forth a plant that has identified all of the
potential safety hazards to keep all of the involved parties safe. The equipment was designed to
keep hydrocarbons in the pipes and mitigate potential risks. All of the equipment was built with
oversize factors to prevent overpressure or abnormal conditions. PHA information and SDS
were created and tabulated for detailed design.

A variety of optimization techniques were utilized to provide a safer and cheaper plant.
Heat integration was used to eliminate  the need for two heat exchangers. Process conditions
were chosen to keep energy costs low and mitigate the risk of an accident. An entire stripping
column was removed to avoid over complication. A divided wall column was used in the
distillation section to simplify the system and lead to a lower present worth cost.

An initial investment of $30.5 million is required to complete the design of the plant. The
annual revenue was projected to be $403 million and the annual operating was projected to be
$181 million. Both Kurdish and Iraqi control tax brackets were analyzed. A 30 year project
evaluation life was used and the resulting NPV was $757 million under Iraqi control. The
DCFROR was calculated to be 142% with a payback period of 1.5 years. A 30 year project
evaluation life was used and the resulting NPV was $998 million under Kurdish control. The
DCFROR was calculated to be 165% with a payback period of 1.4 years. MACRS 10 year
depreciation life was used for the refining equipment. Under either tax regime the project is
economically attractive under the current conditions.

Sensitivity analysis was performed to analyze the largest contributing factors to the
economic viability of the project. The largest factor that contributed to the project being
unfavorable was yearly profit.The profit varied the most based on the feedstock and product
cost. The worst case scenario could lead to an NPV of $(36) million and a DCFROR of 0% . The
best case scenario would lead to an NPV of $1.2 billion and a DCFROR of 215% under Kurdish
control. Overall, our team believes that this project will bring further value to the company.

Recommendations
● Detailed design should begin on the naphtha catalytic reforming plant because the

project has been determined to be economically attractive.
● The toluene-xylene distillation column consumes a large amount of energy and was

under optimized. This could be a future starting point for optimization.
● Research and test additional catalysts that achieve the same conversion and selectivity,

but require less hazardous process conditions.
● If sulfur analysis is included in the scope of the detailed design phase, the materials of

construction should be reevaluated for long term effectiveness.
● Adjust the project life on the economic evaluation to a more realistic timeline, 5 years.
● Add a scrubber to the process design to prevent catalyst poisoning from sulfur.
● Lower the sulfolane feed flow rate to reduce feedstock costs.
● Research new solvents for T-102 to potentially eliminate any hazards associated with

sulfolane.
● Optimize T-104 to reduce reboiler duty
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● Lock in long term contracts with feedstock companies to prevent drastic price fluctuation.
● Further improve heat integration within the plant to reduce energy costs. E-101 is the

most expensive heat exchanger and should be analyzed first.
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Appendix

Reactor Train Detail
Overview

The reactor train section is made up of R-101, R-102, R-103, R-104, V-101, F-100, and
T-101. This section represents the front end of the catalytic reforming plant and takes in Feed K.
R-101, R-102, and R-103 represent the three main reactors. R-104 represents the swing
reactor. F-100 is the furnace and V-101 and T-101 are the separator and stripper for this portion
of the plant. Aspen HYSYS was the software used to model the reforming process. Peng
Robinson was used as the fluid package to model the binary interactions in the reactors. The
largest innovations for this section were the use of a swing reactor and the less harsh process
conditions. Swing reactors are added to provide a spare reactor for catalyst maintenance[18].
The kinetic parameters for each reaction were calculated using equation [32] and the values are
listed in Tables 21-24.

Table 21: Kinetic Parameters Cycloalkane Dehydrogenation

Table 22: Kinetic Parameters Cycloalkane Cracking

Table 23: Kinetic Parameters Alkane Cracking

39



Table 24: Kinetic Parameters Cycloalkane Cyclization

Bare Module Cost

To enhance the safety of the process max allowable operating pressures were
determined and applied to the design. Reactors were designed with a 50 psi addition to the
design pressure[5]. This was done to prevent possible pressure buildups and safety issues.
Process pumps were oversized to prevent abnormal conditions from upsetting the units. All
pumps were provided a spare to decrease the down time of an upset.

Table 25: Reactor Train Bare Module Cost 2021

Table 26: Reactor Train Yearly Operating Cost

Reactor Design and Catalyst Deactivation
A swing reactor was used to assist with the deactivation of the catalyst [18]. As

previously mentioned, the catalyst takes up a majority of the reactor train investment.
Maintaining the catalyst is vital to the plant's economics[5]. A swing reactor is an additional
reactor outside of the three main reactors[19]. This reactor is put online when one of the main
reactors, R-101-R-103 is down for catalyst maintenance. This allows the plant to operate
continuously without down time. The swing reactor can also be used as a safety measure if one
of the main reactors is having issues[22]. Our swing reactor R-104 will be used in this manner.

Catalyst deactivation is a common problem for many chemical reactors. Deactivation can
occur from a variety of sources, but mainly results from carbon formation or sulfur poisoning[21].
Scrubbers are typically used to remove the sulfur from the sulfur from the feed. In our case a
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scrubber is out of the project scope. To prevent catalyst deactivation our reactor temperatures
were kept above 800oF in two of our reactors. The temperature in R-101 is lower, ~500oF, than
the other two reactors. This could potentially lead to future catalyst deactivation. Our team
analyzed several catalysts with Nickel additions to the crystal lattice. This process has
lengthened the life of catalysts[23]. However, kinetic data could not be found for these catalysts
and will be a future point of interest if the project moves into the detailed design phase.

Operating Conditions
The pressure drop in the reactors was calculated using equation[31]. Operating pressure

was assumed to be ~17 psia based on[22]. Operating temperatures for the reactors were
chosen to be over 1000oF by the final reactor[21]. Below this temperature the reactions occur at
a very slow rate. At these temperatures conversion is the highest for the reactions and catalyst
deactivation due to carbon formation is less likely[18]. The first and second reactor operating
temperatures are 470oF and 840oF. Once the pressures and temperatures were set for the
reactors the dimensions of the catalyst were input. These dimensions were taken from[20] and
caused the simulation to converge. Reactors lengths were chosen from[20] and were optimized
to increase the conversion of the desired products. The hydrogen recycle ratio was assumed to
be ⅔ based on [21]. A larger amount of hydrogen present with the catalyst can lead to a higher
rate of reaction[21].

Exactor Section Detail

Overview

The extractor section of the catalytic reforming plant is made up of T-102, T-103, and
T-104. These represent the heavy liquid stripper and both extractors. Aspen HYSYS was the
software used to model the reforming process. Per the memorandum NRTL VLE and LLE fluid
packages were used to model the binary interactions. Sulfolane was used in the first extractor ,
T-102, as the solvent and water was used as the solvent in the second extractor, T-103. The
largest innovation in the extraction section was the removal of the sulfolane water stripper. The
bare module and operating costs are shown in Tables 27 and 28.

Table 27: Extractor Bare Module Cost 2021

Table 28: Extractor Yearly Operating Cost
Sulfolane Recovery
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The original PFD for the catalytic reforming process included a stripper that would
recover sulfolane from water. This stripper would recycle the sulfolane back into the process to
be used as a solvent. Our original HYSYS model contained this stripper. The simulation could
not converge because some of the water would get recycled along with sulfolane. Aqueous
water in the reformate feed was not feasible with the VLE fluid package that was assigned to the
tower. Before our team looked at removing the tower the economic attractiveness of sulfolane
recovery was analyzed. The composition of sulfolane in the extractor stream was 2%.

The cost of the tower and the operating costs are shown in Table 27. The financial gain,
on a yearly basis, of sulfolane is also shown. The column was estimated to cost $135,000 with a
yearly operating cost of $98,000. Sulfolane benefit was calculated to be $86,000 per year. This
illustrates that the cost of the tower is not outweighed by the gain from recovering sulfolane. The
decision was made to remove the tower to simplify the process, save money, and make the
plant safer. Removing the column caused the simulation to converge due to the aqueous water
in the reformate feed to be removed.

Table 29: Sulfolane Yearly Benefit

First Extractor
T-102 was designed to extract product alkanes in sulfolane and send benzene and other

valuable aromatic hydrocarbons downstream. To do this, the extractor feed, Stream 22 was
cooled through E-103 to a desired temperature of 144 psia. Several model simulations were
analyzed to determine the design temperature and pressure of the extractor. These references
used feed temperatures in the range of 100oF-130oF [21] and [22]. The sulfolane recycle stream
was cooled to a temperature of 107oF prior to entering the extractor. The pressure of the
extractor was set to be 15 psia based on similar simulations. The pressure drop for each tray
was taken to be 0.1 psi per tray[5] and an efficiency of 0.8 was used[5]. The temperature
distribution based on tray location is shown below in Figure 8. Since, operating costs are not
affected by a liquid liquid extractor only the number of stages was optimized. Through an
iterative method the optimum point was determined to be 5 theoretical stages. Internal packing,
in liquid liquid extractors, can lead to greater efficiency of the tower. For this reason pall rings
were used for their cost effectiveness and higher efficiency compared to sieve trays.

Several issues occurred during our simulation of T-102. Each time the simulation would
run Aspen HYSYS would show a fatal error. To combat this issue the binary interaction
parameter of sulfolane and benzene was adjusted. Using[23] a value of 114 the simulation was
able to converge. This parameter is calculated wrong in Aspen HYSYS and has the potential to
cause future issues.
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Figure 8: Temperature vs. Tray Position T-102

Second Extractor
T-103 was designed to extract product alkanes in water. A water flow rate of 1802 (lb/hr)

was used as the solvent.The water feed entered the column at 90oF and 15 psia. Several model
simulations were analyzed to determine the design temperature and pressure of the extractor.
These references used feed temperatures in the range of 100oF-130oF [21] and [22]. The
pressure of the extractor was set to be 30 psia based on similar simulations. The pressure drop
for each tray was taken to be 0.1 psi per tray[5] and an efficiency of 0.8 was used[5]. The
temperature distribution based on tray location is shown below in Figure 9. Since, operating
costs are not affected by a liquid liquid extractor only the number of stages was optimized.
Through an iterative method the optimum point was determined to be 5 theoretical stages.
Internal packing, in liquid liquid extractors, can lead to greater efficiency of the tower. For this
reason pall rings were used for their cost effectiveness and higher efficiency compared to sieve
trays.

Figure 9: Temperature vs. Tray Position T-103

Heavy Liquid Stripper
The heavy liquid stripper, T-104, was idealized to maximize the recovery of benzene

being sent to the reformate column. A 90% recovery of benzene was achieved. Reboiler
pressure was specified to be 21 psia which set the temperature at 450 oF.  Pressure drops
across the reboiler was taken to be 2 psi [7]. The temperature distribution of the column based
on tray position is included below in Figure 10. The column was optimized to have the lowest
present worth cost. The optimum point was found to be 5 stages.
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Tray efficiency for the column was set to 0.9 based on [5]. Our tower was given a 0.1 psi
per tray[5] pressure drop.The reboiler heated the process stream to 450oF. High pressure steam
was used to achieve this temperature. NRTL VLE fluid package was used to converge the
simulation.

Figure 10: Temperature vs. Tray Position T-104

Distillation Section Detail
Overview

The distillation section of the catalytic reforming plant is composed of T-105, T-106, and
T-107. These represent the reformate, benzene, and toluene-xylene distillation columns. Aspen
HYSYS was the software used to model the reforming process. Per the memorandum NRTL
VLE and LLE fluid packages were used to model the binary interactions. The 99% benzene
specification was met before the process was fed to the benzene and toluene-xylene ,BTX,
separators. The separation of BTX was extremely difficult due to the small difference in relative
volatilities[23]. Due to this energy consumption was high and the towers were larger to achieve
the desired separation. The largest innovation of the distillation section was the use of a divided
wall column. Bare module and operating costs for the distillation section are shown in Tables XX
and XX.

Table 30: Distillation Bare Module Cost 2021
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Table 31: Distillation Yearly Operating Cost

Reformate Column
The refromate column, T-105, was idealized to achieve a 99% composition of benzene

in the bottoms of the tower. The distillate stream was recycled in the process to extract any
remaining valuable components. Cooling water was used in the condense. Condenser pressure
was specified to be 60 psia which set the temperature at 199 oF. For this process cooling water
was supplied at 77 oF and returned at 120oF which led to an accurate approach temperature of
79oF. Pressure drops across the condenser and reboiler were taken to be 3 psi and 2 psi[7]. The
temperature distribution of the column based on tray position is included below in Figure 11.

Tray efficiency for the column was set to 0.9 based on [5]. Our tower was given a 0.1 psi
per tray[5] pressure drop.The reboiler heated the process stream to 306oF. Heat integration was
used to eliminate the need for a reboiler. Stream 55 was used to provide the needed heat duty
to achieve the desired temperature.

The largest problem we had with T-105 was aqueous phases present in the feed to the
column. This would not allow the column to converge with a viable solution. To combat this
problem E-106, reformate feed heat exchanger, was optimized to provide the desired process
conditions[7]. This method paired with the removal of the sulfolane recycle tower led to the
convergence of the tower. Another issue of the column was achieving the desired purity of
benzene. Originally a reactor temperature of 800oF was used, but this led to unreacted
cyclohexane. This caused the benzene composition to be 92%. The reactor temperature was
raised and a separator was added after the column. This separator flashed the stream leading
to a 99% purity of benzene in the distillate. Adding the separator was justified because the heat
exchangers, on the tower, were consuming 45% more energy per hour. Adding the separator
led to a savings of $80,000 per year.

T-105 was designed with sieve trays due to their flexibility and low cost[23]. To optimize
the column the number of stages was varied from 3 to 20. The reflux ratio was calculated in
HYSYS. The optimization point was determined to be 5 stages with a reflux ratio of 2. This
minimized the present worth cost of the tower.

Figure 11: Temperature vs. Tray Position T-105
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Benzene Column
The benzene column, T-106, was idealized to maximize the recovery of benzene in the

distillate. Benzene has the highest product pricing, $3.49/gal so our team’s goal was to
maximize this stream. A composition of 99% benzene was achieved along with a 99% recovery
of the benzene from the reformate tower. T-106 was calculated to be the largest fractionator by
volume. Our goal for the distillation section was to optimize the major fractionator.

Cooling water was used in the condenser and medium pressure steam, 150 psig, was
used in the reboiler. Condenser pressure was specified to be 40 psia which set the temperature
at 240 oF. For this process cooling water was supplied at 77 oF and returned at 120oF which led
to an approach temperature of 120oF. Pressure drops across the condenser and reboiler were
taken to be 3 psi and 2 psi[7]. The temperature distribution of the column based on tray position
is included below in Figure 12. Tray efficiency for the column was set to 0.9 based on [5]. Our
tower was given a 0.1 psi per tray[5] pressure drop.The reboiler heated the process stream to
345oF.

The largest problem we had with T-106 was an extremely high energy cost. Both the
condenser and reboiler contributed to 45% of the distillation utility cost. To address this problem
a divided wall column was used. Divided wall columns have become common in newer plant
designs and can reduce yearly energy costs by 30%[20]. Divided wall columns are more
expensive than traditional distillation towers from an initial capital investment standpoint, but can
make up that cost difference in the first year[20]. Switching to a divided wall column led to a
25% more expensive column, but led to a lower present worth cost.

T-106 was designed with sieve trays due to their flexibility and low cost[23]. To optimize
the column the number of stages was varied from 10 to 30. The reflux ratio was calculated in
HYSYS. The optimization point was determined to be 15 stages with a reflux ratio of 2.7. This
minimized the present worth cost of the tower.

Figure 12: Temperature vs. Tray Position T-106

Tol-Xylene Column
The toluene-xylene column, T-107, was optimized to recover the largest amount of

toluene in the distillate and the largest amount of xylene in the bottoms. Cooling water was used
in the condenser and high pressure steam, 450 psig, was used in the reboiler. Condenser
pressure was specified to be 60 psia which set the temperature at 337 oF. For this process
cooling water was supplied at 77 oF and returned at 120oF which led to an approach
temperature of 217oF. Pressure drops across the condenser and reboiler were taken to be 3 psi
and 2 psi[7]. The temperature distribution of the column based on tray position is included below
in Figure 13.
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Tray efficiency for the column was set to 0.9 based on [5]. Our tower was given a 0.1 psi
per tray[5] pressure drop.The reboiler heated the process stream to 402oF.

T-107 was designed with sieve trays due to their flexibility and low cost[7]. To optimize
the column the number of stages was varied from 7 to 20. The reflux ratio was calculated in
HYSYS and was created. The optimization point was determined to be 10 stages with a reflux
ratio of 6.1. This minimized the present worth cost of the tower.

Figure 13: Temperature vs. Tray Position T-107
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Equations
Heat Exchanger

1) 𝑄 = 𝑈
𝑜
𝐴

𝑜
∆𝑇

𝑙𝑚
𝐹
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2) ∆𝑇
𝑙𝑚,  𝑐𝑜𝑢𝑛𝑡𝑒𝑟𝑓𝑙𝑜𝑤

=  
𝑇

ℎ,𝑖
−𝑇

𝑐,𝑜( )− 𝑇
ℎ,𝑜

−𝑇
𝑐,𝑖( )

𝑙
𝑇

ℎ,𝑖
−𝑇

𝑐,𝑜

𝑇
ℎ,𝑜

−𝑇
𝑐,𝑖

( ) 

3) 𝑈
𝑜

= (
𝑑

𝑜

ℎ
𝑖 
𝑑

𝑖
+ 𝑅

𝑓,𝑖

𝑑
𝑜

𝑑
𝑖

+
𝑑

𝑜
𝑙

𝑑
𝑜

𝑑
𝑖

( ) 

2𝑘
𝑤

+ 𝑅
𝑓,𝑜

+ 1
ℎ

𝑜
)

−1

4) 𝑃 =  
𝑇

ℎ,𝑜
−𝑇

ℎ,𝑖

𝑇
𝑐,𝑖

−𝑇
ℎ,𝑖

5) 𝑅 =  
𝑇

𝑐,𝑖
−𝑇

𝑐,𝑜

𝑇
ℎ,𝑜

−𝑇
ℎ,𝑖

Pump

6) 𝑃
𝑑

= 𝑃
𝑇𝑜𝑤𝑒𝑟

+  
ρ𝑔ℎ

1

𝑔
𝑐

+  ∆𝑃
𝐿𝑖𝑛𝑒 𝐿𝑜𝑠𝑠

+ ∆𝑃
𝑉𝑎𝑙𝑣𝑒𝑠

7) 𝑃
𝑠

=  𝑃
𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟

+  
ρ𝑔ℎ

2

𝑔
𝑐

−  ∆𝑃
𝐿𝑖𝑛𝑒 𝐿𝑜𝑠𝑠

− ∆𝑃
𝑉𝑎

8) ∆𝑃 =  𝑃
𝑑

− 𝑃
𝑠

9) 𝐻 = 2.31* ∆𝑃
𝑆.𝐺.

10) ℎℎ𝑝
𝐴𝑐𝑡𝑢𝑎𝑙

=  
𝑄

𝐴𝑐𝑡𝑢𝑎𝑙
*∆𝑃

1715

11) ℎℎ𝑝
𝑅𝑢𝑛 𝑂𝑢𝑡

=
𝑄

𝑅𝑢𝑛 𝑂𝑢𝑡
*∆𝑃

1715

12) 𝑏ℎ𝑝
𝐴𝑐𝑡𝑢𝑎𝑙

=
ℎℎ𝑝

𝐴𝑐𝑡𝑢𝑎𝑙

η
𝑃𝑢𝑚𝑝

13) 𝑏ℎ𝑝
𝑅𝑢𝑛 𝑂𝑢𝑡

=
ℎℎ𝑝

𝑅𝑢𝑛 𝑂𝑢𝑡

η
𝑃𝑢𝑚𝑝

14) 𝐴𝑐𝑡𝑢𝑎𝑙 ℎ𝑝 =
𝑏ℎ𝑝

𝑅𝑢𝑛 𝑂𝑢𝑡

η
𝑀𝑜𝑡𝑜𝑟

Reflux Drum

15) 𝑉 =  π
4 𝐷2𝐿

Capital Costing

16) 𝐶
𝑝

=  𝐶
𝑝
𝑜 𝐹

𝑚
𝐹

𝑝

17) 𝑙𝑜𝑔 𝐶
𝑝
𝑜 =  𝐾

1
+ 𝐾

2
𝑙𝑜𝑔𝐴 +  𝐾

3
[𝑙𝑜𝑔𝐴]2

18) 𝐹
𝑝

=
𝑃+1( )𝐷

2[850−0.6 𝑃+1( )] +0.00315

0.0063

19) 𝑙𝑜𝑔 𝐹
𝑝

=  𝐶
1

+ 𝐶
2
𝑙𝑜𝑔𝑃 +  𝐶

3
[𝑙𝑜𝑔𝑃]2

20) 𝐶
𝐵𝑀

=  𝐶
𝑝 
𝑜 (𝐵

1
+ 𝐵

2
𝐹

𝑚
𝐹

𝑝
)

21) 𝐶
𝐵𝑀

=  𝐶
𝑝 
𝑜 𝑁𝐹

𝐵𝑀
𝐹

𝑞

22) 𝐶
𝑇𝑀

=  1. 18 ∑ 𝐶
𝐵𝑀

23) 𝐶𝑜𝑠𝑡 𝑖𝑛 𝑌𝑒𝑎𝑟 𝐴 = 𝐶𝑜𝑠𝑡 𝑖𝑛 𝑌𝑒𝑎𝑟 𝐵 [ 𝐶𝑜𝑠𝑡 𝐼𝑛𝑑𝑒𝑥 𝑖𝑛 𝑌𝑒𝑎𝑟 𝐴
𝐶𝑜𝑠𝑡 𝐼𝑛𝑑𝑒𝑥 𝑖𝑛 𝑌𝑒𝑎𝑟 𝐵 ]

Manufacturing Costs

24) 𝐶𝑂𝑀
𝑑

= 0. 180𝐹𝐶𝐼 + 2. 73𝐶
𝑂𝐿

+ 1. 23(𝐶
𝑈𝑇

+ 𝐶
𝑊𝑇

+  𝐶
𝑅𝑀

)

Operating Labor

25) 𝑁
𝑂𝐿

= (6. 29 + 31. 7𝑃2 + 0. 23𝑁
𝑛𝑝

)
0.5

Utilities

26) 𝐶𝑜𝑠𝑡 𝑜𝑓 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = 𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑑 𝐻𝑃 (𝐶𝑜𝑠𝑡 𝑜𝑓 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦)
27) 𝑄 = �̇�

𝑠𝑡𝑒𝑎𝑚
∆𝐻

𝑣𝑎𝑝
28) 𝐴𝑛𝑛𝑢𝑎𝑙 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑆𝑡𝑒𝑎𝑚 = 𝑄 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑆𝑡𝑒𝑎𝑚( ) 𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝐹𝑎𝑐𝑡𝑜(
29) 𝑄 = �̇�

𝑤𝑎𝑡𝑒𝑟
Δ𝑇𝐶

𝑝,𝑤𝑎𝑡𝑒𝑟
30) 𝐴𝑛𝑛𝑢𝑎𝑙 𝐶𝑜𝑠𝑡 𝑜𝑓 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑊𝑎𝑡𝑒𝑟 = 𝑄 𝐶𝑜𝑠𝑡 𝑜𝑓 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑊𝑎𝑡(

Reactor

31) = +∆𝑝
𝐿

150µ(1−ε)2𝑢
0

ε3𝑑
𝑝
2

1.75(1−ε)ρ𝑢
0
2

ε3𝑑
𝑝

32) 𝑘 = 𝐴𝑒
−𝐸

𝑎

𝑅𝑇

33) 𝑉 =
𝐹

𝐴0

𝐹
𝐴

∫
𝑑𝐹

𝐴

𝑟
𝐴

Extractor

34) 𝑈𝑖 = 4𝑉𝑖/ 𝐷
𝑇

35) 𝑈
𝐷

/𝑈
𝐶

= 𝑚
𝐷

/𝑚
𝐶

* (𝑝
𝐶
/𝑝

𝐷
)

36) )0.5𝐷
𝑇

= (4𝑚
𝐷

/𝑝
𝐷

𝑈
𝐷
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