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Abstract: 

The objective of the project was to design an energy and cost-efficient production 

process that extracts and purifies morphine from opium poppies.  The design laid out in 

this report encompasses milling of raw opium poppy straw, extraction of alkaloids from 

the opium poppy, separation of alkaloids, purification of morphine, conversion to 

morphine sulfate and packaging. Extraction of alkaloids is accomplished with weak 

acids, and the separation of alkaloids is achieved using high performance 

chromatography using silica with C8 ligands and dilute acetic acid.  Purification to 

>99.9% is achieved through a single recrystallization of morphine at pH 9.1.  Morphine is 

then converted to its injectable form of morphine sulfate using sulfuric acid, sterilized 

and packaged. This project required designing custom pieces of equipment, determining 

of safety and environmental hazards and an in-depth economic analysis over 20 years of 

production.  

Included in this report are process diagrams, a process description, equipment and 

utility specification tables, a safety and environmental analysis of process and equipment 

hazards, an economic analysis of the plant design and conclusions and recommendations 

for further work. Additional information is presented in the appendices following the 

main report.  
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Summary 

The objective of the project was to design a production plant that produces 

morphine sulfate from opium poppies.  The design laid out in this report encompasses 

milling of raw opium poppy straw, extraction of alkaloids in opium poppy, separation of 

alkaloids, purification of morphine, conversion to morphine sulfate and packaging.  The 

mill to process raw opium poppy straw was adopted from Brekke et al. (1958).  

Extraction of alkaloids is accomplished with weak acids.  Separation of alkaloids is 

achieved using high performance chromatography using silica with C8 ligands and dilute 

acetic acid.  Purification to >99.9% is achieved through a single recrystallization of 

morphine at pH 9.1.  Morphine is then converted to morphine sulfate using sulfuric acid 

in a 1:2 molar ratio.  The final product is then sterilized with an autoclave and packaged 

in 2-mL single use vials.  Each vial contains 1.1-mL of 10-mg/mL morphine sulfate for 

injection.  

 This design calls for many typical pieces of equipment found in engineering 

processes as well as some specialty equipment. Typical equipment are pumps and tanks. 

All of the pumps are centrifugal pumps. There are also some specialty pieces of 

equipment. These consist of a conical recrystallizer for the morphine and industrial sized 

HPLC columns. The equipment is sized from ChemCAD simulations, heuristic 

correlations and some vendor descriptions. The material of construction is stainless steel 

where applicable.  All materials need to be non-corrosive to maintain a pure product.   

The designed process utilizes a minimum of organic solvents.  The only organic 

solvent used, acetonitrile, is recycled in the process with a 99.95% efficiency.  The 

greatest impact on the environment comes from electricity and water consumption.  The 

design uses an immense amount of water with an annual consumption of 34,495,000-

gallons.  The process also produces 8,360-kg of weak acid waste and 3,740-kg of 

dissolved organic waste annually.   

There are many different factors affecting the safety in this plant.  Chemical and 

equipment safety are concerns, as well as product safety and security.  Product safety 

involves the steps taken to assure sterility and non-pyrogenicity in the final product. The 

facility follows current Good Manufacturing Practices (cGMPs) and other regulations to 

produce a safe product and to comply with regulatory agencies. The method of 



 

sterilization is by saturated steam at 121 C held for 15-minutes.  The final product uses 

WFI-grade water.  Security requirements for the plant are 24-hour security team, or 

equivalent, and 8” thick reinforced concrete walls.  

This process affects the environment.  Large electricity and water usage is the 

largest factor.  Electricity generation contributes to global warming and the water is not 

recycled.  However, the process does not use very much organic solvent and what is used 

is almost entirely recycled.   

A detailed economic analysis was performed for the plant to determine the net 

present value at a 15% interest rate and a 42.375% combined tax rate. The project 

requires a $197.8 million capital investment that considers both total permanent 

investment and a total bare-module cost. The payback period occurs in the third year of 

production (six years after the initial investment is made). After five, ten and 20 years of 

production, the net present value of Pharmabake Tech is $70.5 million, $182.6 million 

and $267.9 million, respectively. The cumulative venture profit after 20 years of 

production is over $969 million.   

Throughout the economic analysis process, one large assumption made is that 

both annual production costs and annual sales remain constant over the 20 years of 

production. These assumptions may have contributed to error in the final values for the 

plant’s net present value. The use of Seider et al. (2009) to cost several pieces of process 

equipment also introduces a notable amount of error into the costing process. This error 

affects the capital investment of the plant, and in turn, the calculated net present values 

will not be accurate.  
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Section 1: Introduction and Background 

 

1.1: Overall Goal 

 The overall goal of this project is to extract and purify 2.67 metric tons (10% of 

the total US market) of pharmaceutical-grade morphine sulfate annually from a feedstock 

of opium poppies. The location and facility is designed with a focus of both energy and 

cost efficiency in order to reduce environmental impacts and maximize profit. 

Pharmabake Tech will be located in Houston, Texas, which allows for easy import of the 

feedstock, easy product distribution by ship and rail, and a high level of skill that is 

necessary for the manufacture of the opiate. The proposed production process yields 

other alkaloids of high value, namely codeine, which could be purified further and sold as 

an additional product in the future, and implements an acetonitrile recycle process in 

order to reduce the amount of solvent waste from the process.  The final morphine 

product is re-solubilized into ultra-pure water to create vials of 10-mg/ml single-use 

doses of injectable morphine sulfate that is both sterile and non-pyrogenic (does not 

induce fever). The facility will be in operation for a 20 year period after a three year 

startup period.  

 

1.2:  Current Market Information 

 Opiate usage has dated back in history to Roman and Byzantine times as a pain-

relieving agent.  Despite the early use of opiates, morphine was not extracted until the 

early 19
th

 century.  Considered the first medicinal alkaloid isolated from a plant, 

morphine was successfully isolated by German pharmacist Friedrich Sertürner in 1804 

and was first sold commercially by Merck in the 1820s.  As medical supplies became 

more advanced, the use of morphine expanded rapidly across the world. Morphine was 

first classified as a controlled substance in the United States under the Harrison Narcotics 

Tax Act in 1914 and is still considered to be a Schedule II Controlled Substance by the 

United States Department of Justice Drug Enforcement Agency (DEA) (Schiff 2002).  

 Within the past five to seven years, there has been a morphine shortage in the 

United States due to poor manufacturing quality, costly economics associated with the 

production process, and the difficulty of scaling up the extraction process. This raises an 
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enormous concern since the United States is one of six nations that consumes 

approximately 90% of the world’s morphine supply according to a 2011 estimate by the 

International Narcotics Control Board.  The United States alone consumes 55% of the 

world’s morphine supply while only accounting for 5% of the world’s total population 

(‘Comments…’ 2011).  Both the DEA and the Food and Drug Administration (FDA) 

have set strict guidelines on the quality of the morphine product and frequently inspect 

facilities around the nation. If the desired product quality is not found upon inspection, 

the product is recalled and the manufacturers lose considerable profits. In 2011, poor 

quality accounted for 58% of the reported reasons of the sterile injectable drug shortage 

within the United States; these quality issues arise from poor manufacturing processes, 

process disruption, and aging equipment (Woodcock & Wosinska 2013) 

 Quality issues aside, the majority of the world’s largest morphine producers are 

located outside of the United States because of the high capital investment necessary for 

equipment, regulatory costs, security and sterilization. In addition to the high capital 

investment, there is a long startup period associated with preparing the site for operation. 

Due to this, higher profits can be made manufacturing other pharmaceutical pain 

relievers, especially those associated with a well-known brand name such as Oxycontin, 

Percocet, and Vicodin. Many companies have chosen to take this route rather than 

producing a generic morphine sulfate product in order to prolong their success in the 

industry (Malone 2014). In addition to prolonging profitability in the market, companies 

have also steered away from manufacturing morphine sulfate due to the difficulty of the 

scale-up process. Morphine extraction from opium poppies is generally done in a 

laboratory setting, and scaling up for industrial production can prove to be difficult. To 

avoid substantial losses in production time, companies have chosen to manufacture 

pharmaceuticals using less difficult industrial-scale processes.  

 Despite being sold in various forms in today’s market, pharmaceutical morphine 

sulfate is usually sold in an injectable solution for intravenous use. These solutions are 

typically packaged in single-use glass ampules or vials but cartridges, bottles, and ready-

to-use syringes are also fairly common. Concentration of injectable morphine sulfate 

solutions range from one to 50-mg/mL solutions with the most common concentration 

being either 10 or 20-mg/mL.  Unit price greatly depends on the morphine concentration 



 3 

of the dose, its package and its manufacturer.  Morphine sulfate vials sold in 

concentrations of 10-mg/mL range in unit price from $0.64 to $1.63, while injectable 

solutions sold in concentrations of 25-mg/mL range in unit price from $0.67 to $2.61 

(Malone 2014). 

 

1.3: Project Premises and Assumptions 

1.3.1: Project Premises 

This project is constrained to produce approximately 10% of the total United 

States sales market of sterile injectable morphine sulfate.  The desired concentration of 

each dose is 10-mg/mL, and each dose will be sold in 2-mL vials. The morphine must be 

extracted and purified under good manufacturing processes (cGMPs) that also comply 

with the standards set forth by the United States DEA, FDA and the United States 

Pharmacopeia (USP), another organization that sets standards for the quality, safety and 

strength of medicine produced, distributed, and consumed internationally. Such standards 

are further explained throughout the report in Section 4.3 (cGMPs, product sterility and 

raw materials), Section 4.4 (security) and Section 5.2 (cost implications). Primary sources 

of information used for this product include various patents, publications, and manuals 

found through extensive literature searches throughout the semester. The morphine 

sulfate manufacturing plant will be based in Houston, Texas; the rationale behind this 

location choice is explained in detail in Section2.8.  The focus of this plant design, 

outside of producing a high-quality morphine product that complies with regulations, is 

to reduce environmental impacts by employing energy-efficient design elements while 

also maximizing economic profits over the 20-year production period.  

1.3.2: Project Assumptions  

 A total of 540-kg of milled poppy meal yields approximately 6.05 million 1.1-mL 

vials per batch of 10-mg/mL morphine sulfate.  

 The composition of the alkaloids inside the opium poppy is as follows (Tomazi 

2009): 

o 11.83% morphine 

o 5.61% narcotine 

o 3.65% codeine 
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o 3.02% thebaine 

o 2.59% papaverine 

 HPLC produces greater than 99% purity in morphine and recovers 98.7% of the 

feed amount (Antonini 2010). 

 HPLC recovers 92.9% of the feed amount of codeine at 75% purity (Antonini 

2010). 

 The opium poppy straw is comprised of 24% stems, 7% seeds and 69% poppy 

meal (Brekke et al. 1958).  

 Six percent of morphine is lost during milling (Brekke et al. 1958).   

 All solutes leave through the bottom stream of the concentrator still (V-301,701). 

 The primary and secondary packaging lines and autoclaves operate in three shifts 

of eight hours, five days a week for 36 weeks (Tinucci 2014; Werth 2014). 

 The WFI purification system operates continuously (Werth 2014). 

 No microbial contaminants or pyrogens are introduced during the production 

process that cannot be removed through final sterilization (Halls 1994). 

 

 

 

 

 

 

 

 

 



 
 

Section 2: Overall Process Description, Rationale, and Optimization 

2.1: Block Flow Diagram 
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Figure 2.1.1: Block flow diagram of morphine plant. 
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2.2: Process Flow Diagram
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Figure 2.2.1: Process flow diagram of poppy mill, Building 1. 
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Figure 2.2.2: Process flow diagram of extraction room, Building 2. 
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Figure 2.2.4: Process flow diagram of HPLC room, Building 4. 
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Figure 2.2.5: Process flow diagram of final purification room, Building 5. 
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Figure 2.2.7: Codeine concentrator, Building 7. 
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 Figure 2.2.8: Sterilizer and packaging, Building 8. 
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2.3: Equipment TablesTable 2.3.2.1: Pump equipment specifications.    

Pumps P-201 A/B P-202 A/B P-203 A/B 

Driver Type Centrifugal pump Centrifugal pump Centrifugal pump 

Flow  2.27 m
3
/hr 0.023 m

3
/hr 0.046 m

3
/hr 

Max pressure  10.3 bar 10.3 bar 10.3 bar 

Temperature 25 C 25 C 25 C 

Shaft Power 77 kJ/hr 0.77 kJ/hr 1.5 kJ/hr 

Material of Construction Stainless steel Stainless steel Stainless steel 

Pumps P-204 A/B P-205 A/B P-206 A/B 

Driver Type Centrifugal pump Centrifugal pump Centrifugal pump 

Flow  1.37 m
3
/hr 2.98 m

3
/hr 4.11 m

3
/hr 

Max pressure  10.3 bar 10.3 bar 10.3 bar 

Temperature 25 C variable 10 C 

Shaft Power 46 KJ/hr 137 KJ/hr 94 KJ/hr 

Material of Construction Stainless steel Stainless steel Stainless steel 

Pumps P-207 A/B P-208 A/B P-301 

Driver Type 
Centrifugal vacuum 

Pump Centrifugal pump Centrifugal pump 

Flow  0.438 kg/hr 3.70 m
3
/hr 3.71 m

3
/hr 

Max pressure  10.3 bar 10.3 bar 10.3 bar 

Temperature 10 C 15C 25 C 

Shaft Power 0.227 KJ/hr 0.5 MJ/hr 0.0927 MJ/h 

Material of Construction Stainless steel Stainless steel Stainless steel 

Pumps P-302 P-303 P-304 

Driver Type 
Centrifugal vacuum 

pump Centrifugal pump Centrifugal pump 

Flow  0.694 kg/hr 1.18 m
3
/hr 0.44 m

3
/hr 

Max pressure  10.3 bar 10.3 bar 10.3 bar 

Temperature 70.4 C 81.5 C 70.4 C 

Shaft Power 0.224 KJ/hr 0.079 MJ/hr 0.042 MJ/Hr 

Material of Construction Stainless steel Stainless steel Stainless steel 
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Table 2.3.1 (continued) 

   Pumps P-401 P-402 P-403 

Driver Type Centrifugal pump Centrifugal pump Centrifugal pump 

Flow  0.05 m
3
/hr 1.13 m

3
/hr 0.822 m

3
/hr 

Max pressure  10.3 bar 10.3 bar 10.3 bar 

Temperature 25 C 25 C 25 C 

Shaft Power 0.00135 MJ/hr 0.030 MJ/hr 0.0222 MJ/hr 

Material of Construction Stainless steel Stainless steel Stainless steel 

Pumps P-404 P-405 P-406 

Driver Type Centrifugal pump Centrifugal pump Centrifugal pump 

Flow  0.837 m
3
/hr 0.522 m

3
/hr 0.602 m

3
/hr 

Max pressure  10.3 bar 10.3 bar 10.3 bar 

Temperature 25 C 25 C 25 C 

Shaft Power 0.0226 MJ/hr 0.014 MJ/hr 0.016 MJ/hr 

Material of Construction Stainless steel Stainless steel Stainless steel 

Pumps P-407 P-501 P-502 

Driver Type Centrifugal pump Centrifugal pump Centrifugal pump 

Flow  1.28 m
3
/hr 27 m

3
/hr 0.452 m

3
/hr 

Max pressure  10.3 bar 10.3 bar 10.3 bar 

Temperature 25 C 25 C 25 C 

Shaft Power 0.035 MJ/hr 0.736 MJ/hr 0.012 MJ/hr 

Material of Construction Stainless steel Stainless steel Stainless steel 

Pumps P-503 P-504 P-505 

Driver Type 
Centrifugal pump 

Centrifugal vacuum 

pump Centrifugal pump 

Flow  3.37 m
3
/hr 0.975 kg/hr 3.31 m

3
/hr 

Max pressure  10.3 bar 10.3 bar 10.3 bar 

Temperature 25 C 25 C 25 C 

Shaft Power 0.091 MJ/hr 0.315 KJ/hr 0.314 MJ/hr 

Material of Construction Stainless steel Stainless steel Stainless steel 

   

 



 16 

 

 

Table 2.3.1 (continued)    

    

Pumps P-506 P-601  P-602 

Driver Type Centrifugal pump Centrifugal pump Centrifugal pump 

Flow  6.67 m
3
/hr 0.297 m

3
/hr 0.208 m

3
/hr 

Max pressure  10.3 bar 10.3 bar 10.3 bar 

Temperature 25 C 25 C 75.8 C 

Shaft Power 0.18 MJ/hr 0.0080 MJ/hr 0.0056 MJ/hr 

Material of Construction Stainless steel Stainless steel Stainless steel 

Pumps P-603 P-701 P-702 

Driver Type Centrifugal pump Centrifugal pump Centrifugal pump 

Flow  0.107 m
3
/hr 0.427 m

3
/hr 0.218 m

3
/hr 

Max pressure  10.3 bar 10.3 bar 10.3 bar 

Temperature 100 C 25 C 76.2 C 

Shaft Power 0.00289 MJ/hr 0.012 MJ/hr 0.024 MJ/hr 

Material of Construction Stainless steel Stainless steel Stainless steel 

Pumps P-703 P-704   

Driver Type 
Centrifugal pump 

Centrifugal vacuum 

pump   

Flow  0.219 m
3
/hr 0.658 kg/hr   

Max pressure  10.3 bar 10.3 bar   

Temperature 81.7 C 76.2 C   

Shaft Power 0.021 MJ/hr 0.213 KJ/hr   

Material of Construction Stainless steel Stainless steel   

 

 

 

 

 



 
 

   Table 2.3.2: Screw and belt conveyor equipment specifications.   

Belt Conveyer CB-101 C-102 

Length 45.72 m 45.72 m 

Width 0.45 m 0.45 m 

Flow 0.18 m
3
/hr 0.12 m

3
/hr 

Screw Conveyer C-201 C-202 

length 6 m 6 m 

diameter 0.54 m 0.49 m 

 

   Table 2.3.3: Roller and crushing mill equipment specifications. 

 

Mills RM-101 RM-102 RM-103 

feed rate 4.89 kg/hr 3.39 kg/hr 2.53 kg/hr 

energy requirement 9 hp/ton  9 hp/ton  9 hp/ton  

inlet size range 0.7874 in to  3.9 in 1/12 in to 9/16 in 7/16 in to 0.05 in 

Mills RM-104 CM-101 

 feed rate 1.75 hg/hr 1.35 kg/hr 

 energy requirement  9 hp/ton  9 hp/ton  

 inlet size range 7/32 in to .05 in 1/12 in to .05 in 

    

   Table 2.3.4: Vibrating screen equipment specifications. 

Screens S-101 S-102 S-103 S-104 S-105 

area (ft
2
) 4.07 4.272 10.9 2 4.15 

size of holes (in) 0.75 0.562 0.083 0.076 0.4375 

Screens S-106 S-107 S-108 S-109 S-110 

area (ft
2
) 14.3 2.59 10.76 4.65 7.5 

size of holes (in) 0.05 0.219 0.05 0.083 0.05 

 

   Table 2.3.5: Feed tanks and silos equipment specifications. 

Feed tanks TK-201 TK-203 

Volume 13 m
3
 0.14 m

3
 

Height 5.3 m 1.2 m 

Diameter 1.8 m 0.29 m 

Orientation horizontal vertical 

Pressure, (atm) 1 atm 1 atm 

Temperature 25 C 25 C 

Material of 

Construction stainless steel stainless steel 
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Table 2.3.5 (continued)   

Feed tanks TK-204 TK-206 

Volume 0.27 m
3
 7.7 m

3
 

Height 1.46 m 4.45 m 

Diameter 0.49 m 1.48 m 

Orientation vertical horizontal 

Pressure, (atm) 1 atm  1 atm 

Temperature 25 C 25 C 

Material of 

Construction stainless steel stainless steel 

Feed tanks TK-401 TK-402 

Volume 0.5 m
3
 100 m

3
 

Material  stainless steel stainless steel 

Height  1.79 m 10.5 m 

Diameter 0.60 m 3.49 m 

Orientation vertical vertical 

Pressure 1 atm 1 atm 

Temperature 25 C 25 C 

Quantity 1 2 

Feed tanks TK-501 TK-502 

Volume 8.82 m
3
 0.055 m

3
 

Material  stainless steel stainless steel 

Height  4.66 m 0.857 m 

Diameter 1.55 m 0.286 m 

Orientation horizontal vertical  

Pressure 1 atm 1 atm 

Temperature 25 C 25C 

Feed bin vertical silos TK-202 TK-205 

Diameter 2.00 m 1.40 m 

Height 6.00 m 4.19 m 

Material of construction stainless steel stainless steel 
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 Table 2.3.6: Holding tank equipment specifications.  

Holding Tanks TK-301 Tk-302 TK-303 

Volume 4500 L 3200 L 1500 L 

Height (m) 3.72 3.321 2.58 

Diameter (m) 1.24 1.107 0.86 

Orientation horizontal vertical vertical 

Pressure, [atm] 1 atm 1 atm 1 atm 

Temperature 25 C 70.4 C 80.4 C 

Material of 

Construction Stainless steel plastic  Stainless steel 

Holding Tanks TK-401 TK-402 TK-403 

Volume 19.4 m
3 

30.24 m
3
 32.52 m

3
 

Height (m) 6.06 7.02 7.2 

Diameter (m) 2.02 2.34 2.4 

Orientation horizontal horizontal horizontal 

Pressure, [atm] 1 atm 1 atm 1 atm 

Temperature 25 C 25 C 25 C 

Material of 

Construction plastic stainless steel stainless steel 

Holding Tanks TK-404 Tk-503 TK-504 

Volume 74.04 m
3
 8500 L 35000 L 

Height (m) 9.48 4.59 7.38 

Diameter (m) 3.16 1.53 2.46 

Orientation vertical horizontal  horizontal 

Pressure, [atm] 1 atm 1 atm 1 atm 

Temperature 25 C 25 C 25 C 

Material of 

Construction plastic stainless steel  plastic  

Holding Tanks V-601 TK-701 TK-702 

Volume 0.104 m
3
 90 m

3
 90 m

3
 

Height (m) 1.06 m 10.1 m 10.1 m 

Diameter (m) .353 m 3.37 m 3.37 m 

Orientation horizontal vertical vertical 

Pressure, [atm] 1 atm 1 atm 1 atm 

Temperature 76 C 25 C 25 C 

Material of 

Construction stainless steel plastic stainless steel 
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   Table 2.3.7: Heat exchanger equipment specifications.   

Heat Exchangers E-201  E-301 

Type 
Shell and Tube 

condenser 

shell and tube 

condenser 

Duty  -527.4 MJ/batch  -1186 MJ/hr 

Area 99.5 ft
2
 452.5 ft

2
 

Temperature of cold stream 0 C 70.4 C 

Temperature of hot stream 55.0 C 81.4 C 

Pressure of cold stream 1 atm 0.4 atm 

Pressure of hot stream 1 atm 0.5 atm 

Number of Passes 1 1 

Material of Construction Stainless steel Stainless steel 

Log mean temperature 

difference 27.3 C 12.90 C 

Heat exchangers E-601 E-602 

Type 
shell and tube 

condenser 

shell and tube 

condenser 

Duty  -201.9 MJ/hr 255 MJ/hr 

Area 109.2 ft
2
 116 ft

2
 

Temperature of cold stream 25 C 100 C 

Temperature of hot stream 76 C 179.9 C  

Pressure of cold stream 1 atm   

Pressure of hot stream 1 atm 10.2 atm 

Number of Passes 1 1 

Material of Construction Stainless steel Stainless steel 

Log mean temperature 

difference 9.10 C 10.82 C 

Heat exchangers E-701 

 
Type 

shell and tube 

condenser 

 Duty  -496 MJ/hr 

 Area 248.6 ft
2
 

 Temperature of cold stream 25 C 

 Temperature of hot stream 82 C 

 Pressure of cold stream 1 atm 

 Pressure of hot stream 0.5 atm 

 Number of Passes 1 

 Material of Construction stainless steel 

 Log mean temperature 

difference 9.82 C 
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Table 2.3.8: Mixed and/or heated vessels specifications.   

Mixed and/or heated 

tanks V-201  V-502 

Volume 4500 L 8.31 m
3
 

Height 1.789 m stainless steel 

Diameter 1.789 m 4.57 m 

Orientation Vertical 1.53 m 

Pressure, (atm) 1 vertical 

Temperature 100 1 atm 

Material of Construction Stainless steel 25 C 

Mixed and/or heated 

tanks V-301 V-701 

Volume 4500 L 0.55 m
3
 

Heat Duty 1916.8 MJ 592 MJ/hr 

Orientation Vertical Vertical 

Pressure, (atm) 0.5 atm 0.5 atm 

Temperature 81.5 C 82 C 

Material of Construction Stainless steel Stainless steel 

 

 

Table 2.3.9: Vacuum receiver specifications.   

Vacuum Receiver VR-201 VR-301 

Volume 300 L 600 L 

Height 1.0 m 1.902 

Diameter 0.6 m 0.634 

Orientation vertical vertical 

Pressure, (atm) 0.2 atm 0.5 atm 

Temperature 15 C 70.4 C 

Material of 

Construction Stainless steel Stainless steel 

Vacuum Receiver VR- 501 VR-701 

Volume 1000 L 0.3 m
3
 

Height 2.25 1.5 m 

Diameter 0.75 0.5 m 

Orientation vertical vertical 

Pressure, (atm) 0.5 atm 0.5 atm 

Temperature 25 C 76 C 

Material of 

Construction Carbon steel Stainless steel 
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Table 2.3.10: Vacuum filter specifications.   

Filters F-201 F-501 

Area 1.31 m
2
 1.9 m

2
 

Material of Construction 150 micron filter 1 micron filter 

Type belt filter belt filter 

   

 

 

Table 2.3.11: Recrystallizer specifications. 

Recrystallizer V-501 

Volume 39 m
3 

Material  stainless steel 

Height  7.6 m 

Diameter 2.5 m 

Orientation vertical 

Pressure 1 atm 

Temperature 25 C 

 

 

 

Table 2.3.12: Acetonitrile distillation tower specifications.  

Distillation column T-601 

Number of sieve trays 19 

Column height 6.02 m 

Column diameter 0.3 m 

Feed tray 10 

Spacing between trays  9 in 

Reflux ratio 0.25 

Material of construction Stainless steel 

 

 

 

 

 

 

 

 

 



 
 

2.4: Stream Tables 

 

Table 2.4.1: Stream details for mill, Building 1.  

Stream 1 2 3 4 5 6 7 8 9 10 11 12 13 

Temperature 

(°C) 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 

Pressure (atm) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Vapor Fraction 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Mass (kg/batch) 782.6 782.6 74.9 707.7 56.2 651.5 542.2 109.3 54.0 55.3 542.2 28.1 514.1 

Component Flow (kg/batch) 

Crude Straw 782.6 542.2 0.0 542.2 0.0 542.2 542.2 0.0 0.0 0.0 406.1 0.0 406.1 

Stem Waste 0.0 131.1 74.9 56.2 56.2 0.0 0.0 0.0 0.0 0.0 28.1 28.1 0.0 

Poppy Meal  0.0 54.0 0.0 54.0 0.0 54.0 0.0 54.0 54.0 0.0 108.0 0.0 108.0 

Seed Waste 0.0 55.3 0.0 55.3 0.0 55.3 0.0 55.3 0.0 55.3 0.0 0.0 0.0 

 

Table 2.4.1 (continued) 

Stream 14.0 15.0 16.0 17.0 18.0 19.0 20.0 21.0 22.0 23.0 24.0 25.0 26.0 

Temperature 

(°C) 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 

Pressure (atm) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Vapor Fraction 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Mass (kg/batch) 406.1 108.0 406.1 18.7 387.4 279.4 108.0 279.4 9.4 270.0 162.0 108.0 216.0 

Component Flow (kg/batch) 

Crude Straw 406.1 0.0 279.4 0.0 279.4 279.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Stem Waste 0.0 0.0 18.7 18.7 0.0 0.0 0.0 9.4 9.4 0.0 0.0 0.0 0.0 

Poppy Meal  0.0 108.0 108.0 0.0 108.0 0.0 108.0 270.0 0.0 270.0 162.0 108.0 216.0 

Seed Waste 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Table 2.4.1 (continued) 

Stream 27.0 28.0 

Temperature (°C) 25.0 25.0 

Pressure (atm) 1.0 1.0 

Vapor Fraction 0.0 0.0 

Mass (kg/batch) 187.3 540.0 

Component Flow (kg/batch) 

Crude Straw 0.0 0.0 

Stem Waste 187.3 0.0 

Poppy Meal  0.0 540.0 

Seed Waste 0.0 0.0 
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Table 2.4.2: Stream details for extraction, Building 2.  

Stream 29 30 31 32 33 34 35 36 37 38 

Temperature (°C) 25.0 25.0 25.0 25.0 25.0 25.0 15.0 15.0 15.0 15.0 

Pressure (atm) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.2 1.0 1.0 

Vapor Fraction 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Mass (kg/batch) 2269.0 540.0 23.8 54.0 91.0 1361.0 2977.8 3878.0 460.8 3878.0 

Component Flow (kg/batch) 

Poppy Meal 0.0 540.0 0.0 0.0 0.0 0.0 369.8 0.0 369.8 0.0 

DI Water 2269.0 0.0 0.0 0.0 0.0 0.0 2269.0 2269.0 0.0 2269.0 

Water 0.0 0.0 0.0 6.5 0.0 1360.6 6.5 1367.1 0.0 1367.1 

Acetic Acid 0.0 0.0 23.8 0.0 0.0 0.0 23.8 23.8 0.0 23.8 

Formic Acid  0.0 0.0 0.0 47.5 0.0 0.4 47.5 47.9 0.0 47.9 

Acetonitrile 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Perlite 0.0 0.0 0.0 0.0 91.0 0.0 91.0 0.0 91.0 0.0 

Sulfuric Acid  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Sodium 

Hydroxide 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Morphine 0.0 0.0 0.0 0.0 0.0 0.0 63.9 63.9 0.0 63.9 

Codeine 0.0 0.0 0.0 0.0 0.0 0.0 19.7 19.7 0.0 19.7 

Thebaine 0.0 0.0 0.0 0.0 0.0 0.0 16.3 16.3 0.0 16.3 

Papaverine 0.0 0.0 0.0 0.0 0.0 0.0 14.0 14.0 0.0 14.0 

Narcotine 0.0 0.0 0.0 0.0 0.0 0.0 30.3 30.3 0.0 30.3 

Poppy Impurities 0.0 0.0 0.0 0.0 0.0 0.0 26.0 26.0 0.0 26.0 

Morphine Sulfate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 

 

 

 

 

 



 26 

 

Table 2.4.3: Stream details for alkaloid concentrator, Building 3.  

Stream 39 40 41 42 43 

Temperature (°C) 25.0 81.5 70.3 70.4 81.5 

Pressure (atm) 1.0 0.5 0.4 1.0 0.5 

Vapor Fraction 0.0 1.0 0.0 0.0 0.0 

Mass (kg/batch) 3878.0 2566.8 2566.8 2566.8 1311.2 

Component Flow (kg/batch) 

Poppy Meal 0.0 0.0 0.0 0.0 0.0 

DI Water 2269.0 0.0 0.0 0.0 0.0 

Water 1367.1 2505.3 2505.3 2505.3 1130.8 

Acetic Acid 23.8 14.1 14.1 14.1 9.7 

Formic Acid  47.9 47.4 47.4 47.4 0.5 

Acetonitrile 0.0 0.0 0.0 0.0 0.0 

Perlite 0.0 0.0 0.0 0.0 0.0 

Sulfuric Acid  0.0 0.0 0.0 0.0 0.0 

Sodium 

Hydroxide 0.0 0.0 0.0 0.0 0.0 

Morphine 63.9 0.0 0.0 0.0 63.9 

Codeine 19.7 0.0 0.0 0.0 19.7 

Thebaine 16.3 0.0 0.0 0.0 16.3 

Papaverine 14.0 0.0 0.0 0.0 14.0 

Narcotine 30.3 0.0 0.0 0.0 30.3 

Poppy Impurities 26.0 0.0 0.0 0.0 26.0 

Morphine Sulfate 0.0 0.0 0.0 0.0 0.0 

 

 

 

 

 

 



 27 

 

 

Table 2.4.4: Stream details for HPLC, Building 4.   

Stream 44 45 46 47 48 49 50 51 52 53 54 55 

Temperature (°C) 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 

Pressure (atm) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Vapor Fraction 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Mass (kg/batch) 328 32724 10269 983 98172 30808 10290 17880 7862 7289 30869 23586 

Component Flow (kg/batch) 

Poppy Meal 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

DI Water 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Water 283 32695 5132 848 98084 15397 5132 17857 7839 7282 15397 23516 

Acetic Acid 2.4 29.3 4.8 7.3 87.8 14.3 4.8 17.2 7.5 7.0 14.3 22.6 

Formic Acid  0.1 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 

Acetonitrile 0 0 5132 0 0 15397 5132 0 0 0 15397 0 

Perlite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Sulfuric Acid  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Sodium 

Hydroxide 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Morphine 16.0 0.0 0.0 47.9 0.0 0.0 0.0 0.2 15.8 0.0 0.0 47.3 

Codeine 4.9 0.0 0.0 14.8 0.0 0.0 0.2 4.6 0.1 0.0 0.6 0.4 

Thebaine 4.1 0.0 0.0 12.2 0.0 0.0 4.1 0.0 0.0 0.0 12.2 0.0 

Papaverine 3.5 0.0 0.0 10.5 0.0 0.0 3.5 0.0 0.0 0.0 10.5 0.0 

Narcotine 7.6 0.0 0.0 22.7 0.0 0.0 7.6 0.0 0.0 0.0 22.7 0.0 

Poppy Impurities 6.5 0.0 0.0 19.5 0.0 0.0 5.2 1.3 0.0 0.0 15.6 0.0 

Morphine Sulfate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Table 2.4.4 (continued) 

Stream 56 57 58 59 60 61 

Temperature (°C) 25.0 25.0 25.0 25.0 25.0 25.0 

Pressure (atm) 1.0 1.0 1.0 1.0 1.0 1.0 

Vapor Fraction 0.0 0.0 0.0 0.0 0.0 0.0 

Mass (kg/batch) 53641 21867 41159 29156 31448 71521 

Component Flow (kg/batch) 

Poppy Meal 0.0 0.0 0.0 0.0 0.0 0.0 

DI Water 0.0 0.0 0.0 0.0 0.0 0.0 

Water 53571 21846 20529 29128 31354 71428 

Acetic Acid 51.5 21.0 19.0 28.0 30.1 68.6 

Formic Acid  0.0 0.4 0.0 0.5 0.0 0.0 

Acetonitrile 0.0 0.0 20529 0.0 0.0 0.0 

Perlite 0.0 0.0 0.0 0.0 0.0 0.0 

Sulfuric Acid  0.0 0.0 0.0 0.0 0.0 0.0 

Sodium 

Hydroxide 0.0 0.0 0.0 0.0 0.0 0.0 

Morphine 0.6 0.0 0.1 0.0 63.1 0.8 

Codeine 13.7 0.0 0.8 0.0 0.6 18.3 

Thebaine 0.0 0.0 16.3 0.0 0.0 0.0 

Papaverine 0.0 0.0 14.0 0.0 0.0 0.0 

Narcotine 0.0 0.0 30.3 0.0 0.0 0.0 

Poppy Impurities 3.9 0.0 20.8 0.0 0.0 5.2 

Morphine Sulfate 0.0 0.0 0.0 0.0 0.0 0.0 
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Table 2.4.5: Stream details of final purification room, Building 5. 

Stream 60 62 63 64 65 66 67 68 69 70 

Temperature (°C) 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0 

Pressure (atm) 1.0 1.0 1.0 1.0 0.5 0.5 1.0 0.5 1.0 1.0 

Vapor Fraction 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Mass (kg/batch) 31447.9 31.4 31479.3 1567.7 32990.1 32990.1 32990.1 56.9 6660.4 6717.3 

Component Flow (kg/batch) 

Poppy Meal 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

DI Water 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Water 31354 0 31354 1568 32922 32922 32922 0 6651 6651 

Acetic Acid 30.1 0.0 30.1 0.0 30.1 30.1 30.1 0.0 0.0 0.0 

Formic Acid  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Acetonitrile 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Perlite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Sulfuric Acid  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9.8 0.0 

Sodium 

Hydroxide 0.0 31.4 31.4 0.0 31.4 31.4 31.4 0.0 0.0 0.0 

Morphine 63.1 0.0 63.1 0.0 6.2 6.2 6.2 56.9 0.0 0.0 

Codeine 0.6 0.0 0.6 0.0 0.6 0.6 0.6 0.0 0.0 0.0 

Thebaine 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Papaverine 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Narcotine 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Poppy Impurities 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Morphine Sulfate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 66.7 
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Table 2.4.6: Stream details for acetonitrile distillation, Building 6. 

Stream 58 71 72 73 74 75 

Temperature (°C) 25.00 75.80 75.80 75.80 75.80 99.90 

Pressure (atm) 1.00 1.00 1.00 1.00 1.00 1.00 

Vapor Fraction 0.00 1.00 0.00 0.00 0.00 0.00 

Mass (kg/batch) 41159 31153 31153 6231 24922 16237 

Component Flow (kg/batch) 

Poppy Meal 0.00 0.00 0.00 0.00 0.00 0.00 

DI Water 0.00 0.00 0.00 0.00 0.00 0.00 

Water 20529 5504 5504 1101 4403 16125 

Acetic Acid 19.00 0.03 0.03 0.01 0.02 18.98 

Formic Acid  0.00 0.00 0.00 0.00 0.00 0.00 

Acetonitrile 20529 25648 25648 5130 20519 10.26 

Perlite 0.00 0.00 0.00 0.00 0.00 0.00 

Sulfuric Acid  0.00 0.00 0.00 0.00 0.00 0.00 

Sodium 

Hydroxide 0.00 0.00 0.00 0.00 0.00 0.00 

Morphine 0.06 0.00 0.00 0.00 0.00 0.06 

Codeine 0.81 0.00 0.00 0.00 0.00 0.81 

Thebaine 16.30 0.00 0.00 0.00 0.00 16.30 

Papaverine 14.00 0.00 0.00 0.00 0.00 14.00 

Narcotine 30.30 0.00 0.00 0.00 0.00 30.30 

Poppy Impurities 20.80 0.00 0.00 0.00 0.00 20.80 

Morphine Sulfate 0.00 0.00 0.00 0.00 0.00 0.00 
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Table 2.4.7: Steam details for codeine concentrator, Building 7. 

Stream 61 76 77 78 79 

Temperature (°C) 25.00 81.65 76.17 76.25 81.65 

Pressure (atm) 1.00 0.50 0.40 1.20 0.50 

Vapor Fraction 0.00 1.00 0.00 0.00 0.00 

Mass (kg/batch) 71521 35741 35741 35741 35780 

Component Flow (kg/batch) 

Poppy Meal 0.00 0.00 0.00 0.00 0.00 

DI Water 0.00 0.00 0.00 0.00 0.00 

Water 71428 35714 35714 35714 35714 

Acetic Acid 68.61 26.76 26.76 26.76 41.85 

Formic Acid  0.00 0.00 0.00 0.00 0.00 

Acetonitrile 0.00 0.00 0.00 0.00 0.00 

Perlite 0.00 0.00 0.00 0.00 0.00 

Sulfuric Acid  0.00 0.00 0.00 0.00 0.00 

Sodium Hydroxide 0.00 0.00 0.00 0.00 0.00 

Morphine 0.77 0.00 0.00 0.00 0.77 

Codeine 18.30 0.00 0.00 0.00 18.30 

Thebaine 0.00 0.00 0.00 0.00 0.00 

Papaverine 0.00 0.00 0.00 0.00 0.00 

Narcotine 0.00 0.00 0.00 0.00 0.00 

Poppy Impurities 5.20 0.00 0.00 0.00 5.20 

Morphine Sulfate 0.00 0.00 0.00 0.00 0.00 

 

*Stream details for Building 8 are excluded.  Building 8 is a packaging building, no conversion of morphine sulfate takes place.   
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2.5: Utility Tables 

Table 2.5.1: Utilities for Building 1.   

Building 1 

Equipment 

Steam 

(kg/yr) 

Electricity 

(kWh/yr) 

Cooling Water 

(kg/yr) 

Process Water 

(kg/yr) 

Waste Disposal 

(kg/yr) 

RM-101 0 73.5 0 0 0 

RM-102 0 47 0 0 0 

RM-103 0 38.2 0 0 0 

RM-104 0 35.2 0 0 0 

CM-101 0 27.2 0 0 0 

CB-101 0 357.9 0 0 0 

CB-102 0 357.9 0 0 0 

Per Vibrating Screen 0 476.8 0 0 0 

Stem and seed waste 0 0 0 0 7596.5 

 

Table 2.5.2: Utilities for Building 2. 

Building 2 

Equipment 

Steam 

(kg/yr) 

Electricity 

(kWh/yr) 

Cooling Water 

(kg/yr) 

Process Water 

(kg/yr) 

Waste Disposal 

(kg/yr) 

V-201  5515.4 626.4 50469 106985 0 

E-201  0 0.00 ~0 0 0 

P-201 0 93.96 0 0 0 

P-202 0 20.88 0 0 0 

P-203 0 20.88 0 0 0 

P-204 0 93.96 0 0 0 

P-205 0 187.92 0 0 0 

P-206 0 187.92 0 0 0 

P-207 0 31.32 0 0 0 

P-208 0 187.92 0 0 0 

C-201 0 10.44 0 0 0 

C-202 0 10.44 0 0 0 

Filter cake 0 0 0 0 6451 
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Table 2.5.3: Utilities for Building 3.  

Building 3 

Equipment 

Steam 

(kg/yr) 

Electricity 

(kWh/yr) 

Cooling Water 

(kg/yr) 

Process Water 

(kg/yr) 

Waste Disposal 

(kg/yr) 

P-301 0 187.92 0 0 0 

P-302 0 62.64 0 0 0 

P-303 0 62.64 0 0 0 

P-304 0 31.32 0 0 0 

E-301 0 0 0 1.324 0 

V-301 59771 0 0 0 0 

TK-302 0 0 0 0 35935.2 

 

Table 2.5.4: Utilities for Building 4. 

Building 4 

Equipment 

Steam 

(kg/yr) 

Electricity 

(kWh/yr) 

Cooling Water 

(kg/yr) 

Process Water 

(kg/yr) 

Waste Disposal 

(kg/yr) 

P-401 0 83.52 0 0 0 

P-402 0 83.52 0 0 0 

P-403 0 250.56 0 0 0 

P-404 0 125.28 0 0 0 

Dilute Acetic Acid Pump 0 375.83 0 0 0 

50% Acetonitrile Pump 0 250.56 0 0 0 

Storage Tank to HPLC 

Pump 0 83.52 0 0 0 

TK-406 0 0 0 0 408187 
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Table 2.5.5: Utilities for Building 5.  

Building 5 

Equipment 

Steam 

(kg/yr) 

Electricity 

(kWh/yr) 

Cooling Water 

(kg/yr) 

Process Water 

(kg/yr) 

Waste Disposal 

(kg/yr) 

P-501 0 1096.18 0 0 0 

P-502 0 78.30 0 0 0 

P-503 0 469.79 0 0 0 

P-504 0 234.90 0 0 0 

P-505 0 469.79 0 0 0 

P-506 0 782.98 0 0 0 

V-502 0 197.3 0 0 0 

TK-504 0 0 0 0 461860 

 

Table 2.5.6: Utilities for Building 6.  

Building 6 

Equipment 

Steam 

(kg/yr) 

Electricity 

(kWh/yr) 

Cooling Water 

(kg/yr) 

Process Water 

(kg/yr) 

Waste Disposal 

(kg/yr) 

P-601  0 234.90 0 0 0 

P-602 0 234.90 0 0 0 

P-603 0 52.20 0 0 0 

E-601 0 0 0 757352 0 

E-602 297943 0 0 0 0 

Concentrated 

waste 0 0 0 0 227318 
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Table 2.5.7: Utilities for Building 7. 

Building 7 

Equipment 

Steam 

(kg/yr) 

Electricity 

(kWh/yr) 

Cooling Water 

(kg/yr) 

Process Water 

(kg/yr) 

Waste Disposal 

(kg/yr) 

P-701 0.00 78.30 0.00 0.00 0.00 

P-702 0.00 52.20 0.00 0.00 0.00 

P-703 0.00 52.20 0.00 0.00 0.00 

P-704 0.00 156.60 0.00 0.00 0.00 

V-701 691490.00 0.00 0.00 0.00 0.00 

E-701 0.00 0.00 0.00 18900000.00 0.00 

TK-701 0.00 0.00 0.00 0.00 500360.00 

 
 

Table 2.5.8: Utilities for Building 8. 

Building 8 

Equipment Steam 

(kg/yr) 

Electricity 

(kWh/yr) 

Cooling 

Water (kg/yr) 

Process Water 

(kg/yr) 

Waste Disposal 

(kg/yr) 

K-801, 802, 803, 804 0.00 78624.00 0.00 0.00 0.00 

E-801 4320000.00 86400.00 17268749.00 104004966.00 0.00 

K-805, 806, 807  0.00 65988.00 0.00 0.00 0.00 

T-801 5075154.00 19354.00 847084.00 0.00 0.00 
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2.6: Process Description 

The design of the proposed process draws from a variety of published methods 

that convert raw opium poppies into the final product of morphine sulfate.  A block flow 

diagram, Figure 2.1.1, presents a visual overview of the process.  The design includes the 

milling of raw opium poppy plants, extraction of alkaloids from poppy capsules, 

separation of alkaloids, purification of morphine and sterilization and packaging of 

morphine sulfate into single-use vials.  Each 2-mL vial contains 1.1-mL of 10-mg/mL 

morphine sulfate.  The hospitals in the United States purchase the final product. 

 A more detailed view of the process is in the process flow diagrams (PFDs) in 

Section 2.2.  For stream details associated with the PFDs, refer to Section 2.4.  Figure 

2.2.1 details the milling operation in Building 1.  The milling operation was adopted from 

Brekke et al. (1958).  Stream 1 consists of crude straw being conveyed to a roller mill 

(RM-101) where it is partially cut and reduced in size.  Material leaving RM-101 is fed 

through a 3/4’’ screen (S-101) and a 9/16’’ screen (S-102) that separate a large majority 

of the stems from the capsules and seeds.  Smaller material in Stream 6 passes through a 

1/12’’ screen while larger material goes to a second roller mill (RM-102).  The smaller 

material goes through a final 0.076’’ screen (S-104) where the smaller material is 

disposed of as seed waste (Stream 10) and larger material (Stream 9) travels to a crushing 

mill (CM-101) to produce the desired poppy meal.   

 The material sent to RM-102 (Stream 5) is again cut and reduced in size.  Material 

exiting RM-102 passes through two screens (S-105 and S-106).  S-105 removes more 

stem waste while S-106 separates poppy meal from material that requires further milling.  

The material in Stream 14 goes to a third roller mill (RM-103).  The material leaving 

RM-103 passes through two screens (S-107 and S-108).  These screens perform the same 

duties as S-105 and S-106.  Stream 19 travels to the final roller mill (RM-104).  S-109 

performs the last separation of poppy meal from stem waste.  S-110 separates poppy meal 

by size; poppy meal larger than 0.05’’ travels to CM-101 for reduction in size.  Both the 

stem waste and poppy meal streams combine.  For equipment details for vibrating screens 

see Table 2.3.4 and for equipment details for mills see Table 2.3.3.  Table 2.5.1 

summarizes the yearly utilities consumed by the mill.   
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 The milled poppy meal ships to the manufacturing site where alkaloid extraction 

occurs in Building 2.  The PFD detailing the alkaloid extraction appears in Figure 2.2.2.  

The corresponding stream details can be found in Table 2.4.2.  Approximately 2,300-L of 

de-ionized (DI) water (Stream 29) flows to a steam-jacketed stirred tank (V-201) and 

heating begins.  As the water heats, 540-kg of opium poppy meal (Stream 30) mixes into 

the tank and the mixture boils.  The vessel boils for 15 minutes.  The mixture is then 

cooled to 55
o
C where the temperature in the vessel is maintained between 50-55

o
C.  

Pump P-202 adds approximately 23-L of glacial acetic acid (Stream 31) to the vessel.  

The pH is then adjusted to 3.0 with 45-L of 88% formic acid (Stream 32).  The mixture 

stirs for three hours in V-201 maintaining a constant temperature.  Perlite, a filter aid, 

(Stream 33) is then added to the vessel.  The vessel is then allowed to stir for another 

hour and extraction is completed. 

 The extraction mixture is then cooled to 5-15
o
C with cooling water in V-201 

using the jacket. The mixture (Stream 35) is then pumped to a horizontal belt vacuum 

filter (F-201).  This step removes the remaining poppy meal from the aqueous phase 

containing the extracted alkaloids.  The pressure drop across the filter is maintained at 

0.8-atm.  This is achieved by using both a vacuum pump (P-207 A/B) and receiver (VR-

201).  After the filtrate (Stream 36) is collected from the filter cake, the filter cake is 

washed with dilute formic acid (Stream 34) at pH 3.  The filter cake (Stream 37) is then 

disposed of in a landfill.  Equipment specifications can be found in Section 2.3, 

equipment tables.  Yearly utility consumption for Building 2 is estimated and tabulated in 

Table 2.5.2. 

 The filtrate (Stream 38) is then sent to a holding tank in Building 3 (TK-301).  

The next step in the process is to concentrate the filtrate; this is detailed in Figure 2.2.3.  

The filtrate (Stream 39) is pumped from TK-301 to V-301, a single-stage still.  The 

filtrate is distilled to the desired concentration over a five-hour period.  This distillation is 

performed under a reduced pressure of 0.5-atm.  This pressure is achieved by using a 

vacuum receiver (VR-301) and a vacuum pump (P-302 A/B).  The distillate, Stream 42, 

is an acidic aqueous waste stream and is stored in a tank (TK-302) prior to disposal.  The 

bottoms of the still, Stream 43, contain an approximate concentration of 56-g/L of 



 38 

morphine with pH 2.8-3.0.  This alkaloid mixture is then sent to a holding tank (TK-303).  

Utilities are estimated and tabulated in Table 2.5.3.   

 Following the concentration of alkaloids, separation of the alkaloids is achieved 

through four preparative high performance liquid chromatography (HPLC) columns in 

Building 4.  The solvent system used in HPLC is dependent on the concentrations of the 

various alkaloids in the feed.  Solvent usage was estimated for the process by assuming a 

consistent feed composition.  Figure 2.2.4 and Table 2.4.4 detail the HPLC system 

utilized.  A single HPLC column (C-401) is isolated to illustrate load demands (per 

extraction batch) for each column. Columns C-402, C-403 and C-404 are combined to 

demonstrate the bulk usage of reagents.  The columns are prepared using a slurry of silica 

with C8 ligands (20- m particles and 120-Å pores).  The slurry is compressed to create a 

uniform packed bed.  The columns are then flushed with approximately 30-L of dilute 

acetic acid (Streams 45 and 48) at pH 3.5.  

 Once ready to use, the concentrated alkaloid solution (Streams 44 and 47) is 

loaded into each column.  The loading amount is approximately 2,160-mL which isolates 

approximately 121-g of morphine per run.  The first mobile phase is dilute acetic acid at 

pH 3.5 (Stream 45).  This mobile phase will elute morphine and codeine using 

approximately 213-L of solvent.  The mobile phase (Streams 53 and 57) is then collected 

in TK-406 prior to the elution of morphine.  The morphine and codeine fractions are sent 

to separate tanks.  The morphine fractions, Streams 52 and 55, are pumped to TK-403.  

The codeine fractions, Streams 51 and 56, are pumped to TK-404.  Once codeine has 

eluted, the second mobile phase is employed.  The second mobile phase, Streams 46 and 

49, is a 50% acetonitrile and 50% dilute acetic acid mixture at pH 3.5.  This phase is 

applied in the reverse direction and requires 55.5-L to clean one column.  The second 

mobile phase cleans the columns of the remaining alkaloids, impurities and colors.  The 

second mobile phase with impurities (Streams 50 and 54) is pumped to TK-405.  For 

equipment specifications, refer to Section 2.3.  Estimated yearly utility usage is tabulated 

in Table 2.5.4. 

 The next stage in the process is the crystallization, filtration and conversion of the 

extracted morphine to its injectable form.  This is outlined in Figure 2.2.5 and Table 2.4.5 

and occurs in Building 5.  The morphine solution (Stream 60) stored in TK-403 is 
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pumped into a recrystallizer (V-501). The recrystallizer is operated once per batch and 

results in approximately 34,500-L of morphine solution being processed.  The pH is then 

adjusted to 9.1 with sodium hydroxide (Stream 62).  At this pH, the morphine free base 

begins to precipitate out of solution.  Complete precipitation occurs in 12 hours (Ma et al. 

2000).  Once precipitation is complete, the mixture (Stream 63) is filtered using vacuum 

filtration (F-501).  The precipitate is washed with water-for-injection (WFI) water 

(Stream 64).  The resulting washed morphine free base, Stream 68, is added to a stirred 

reactor (V-502) along with WFI and USP-grade sulfuric acid (Stream 69).  Sulfuric acid 

is added to the reactor in a 1:2 molar ratio of sulfuric acid to morphine.  The desired pH 

of the reactor is 5; at a pH of 7 and above morphine sulfate degrades rapidly (Troy 2006).  

The product is then sent to a holding tank (TK-503) to wait for sterilization and 

packaging.  Estimated yearly utility consumption for Building 5 can be found in Table 

2.5.5.   

 Acetonitrile is recycled for further use in Building 6. The acetonitrile waste from 

the HPLC columns is pumped from TK-405 to a continuous distillation tower (T-601) 

designed to recover 99.95% of the acetonitrile.  The acetonitrile-rich distillate, Stream 74, 

is collected and recycled back to TK-402.  The bottoms, Stream 75, are disposed of as 

organic waste.  Utility consumption for the tower and Building 6 can be found in Table 

2.5.6.  The tower specifications can be found in Table 2.3.12.   

The codeine stream from HPLC is produced at 75% purity and a yield of 93% 

(Antonini 2010).  This stream will require solvent evaporation, liquid-liquid extraction 

with toluene and back extraction with an aqueous phase.  This aqueous phase then 

requires another run through HPLC and recrystallization to achieve high purity.  For the 

purpose of this design, the crude codeine fraction is concentrated and sold.  The codeine 

fraction (Stream 61) from TK-404 is pumped into a continuous still, V-701 in Building 7. 

The still is designed to reduce the volume by two and operates at 0.5-atm using a vacuum 

pump (P-704 A/B) and a vacuum receiver (VR-701).  The bottoms of the still, Stream 79, 

contain codeine and are pumped to TK-702 for storage.  The distillate, Stream 78, is 

pumped to TK-701 for storage prior to disposal.  Yearly utility consumption is tabulated 

in Table 2.5.7.   
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  Building 8, as seen in Figure 2.2.8, contains the primary and secondary 

packaging lines, the sterilizer and the USP WFI filtration system. Before being filled, the 

vials and stoppers are sent to a washer, K-801.  The purified morphine sulfate solution 

from Building 5 (Stream 80) is pumped into the vial filler (K-802) where the clean vials 

from the washer (Stream 81) are filled to a volume of 1.1-mL at a rate of 500-vials-per-

minute. Once filled, the vials are then capped (K-803) with the cleaned stoppers and 

loaded into trays in K-804. The capped vials then enter the autoclave (E-801) in Stream 

85, where they are sterilized by holding at a temperature of 121°C for 15 minutes (Halls 

1994). Once sterilized, the vials are sent (Stream 87) to the cartonner for vial labeling and 

cartoning (K-805). Once packaged, the cartons are again labeled (K-806) and then sent to 

the palletizer (K-807) for palleting and preparation for distribution. The utility usage for 

Building 8 is detailed in Table 2.5.8.  

Process water from the onsite plant pumps continuously to the USP WFI 

purification system (T-801) in Stream 91.  The water runs through a reverse osmosis 

system twice before passing through a DI polisher and carbon filter.  The pre-treated 

water then enters the MEF (multiple-effect still). Each still produces a portion of the 

USP-grade WFI. Once purified, the WFI leaves the MEF in Stream 92 and returns to TK-

501 in Building 5. 

 

2.7: Process Rationale and Optimization 

Opportunities to minimize solvent usage, water consumption and utilities were 

investigated throughout the process design.  Current processes used in industry to extract 

morphine from opium poppies require multiple recrystallization steps and labor-intensive 

solids handling.  The design laid out in this report attempts to minimize solids handling 

while employing cost-effective methods.    

 The first step in the process is the milling of raw opium poppy straw.  This 

process is done on-site in Turkey.  The goal of the milling process is to remove the poppy 

capsules from the seeds and stem.  Poppy capsules contain most of the morphine in the 

plant.  Milling the raw opium straw in Turkey removes waste prior to shipping.  

According to Brekke et al., the adopted milling process decreases the weight by 22% 

while increasing the density to 13-lb/ft
3
 from 6.3-lb/ft

3
 (1958).  The decrease in volume 
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and weight will decrease the shipping costs.  The milling process also introduces cuts into 

the poppy capsules which are desired in the extraction step. After the milling process, the 

poppy meal can be stored dry for up to two years without morphine loss (Brekke et al. 

1958).  Six percent of morphine is lost during milling (Brekke et al. 1958).  This loss is 

justified by the savings in shipping costs, equipment size, solvent consumption and 

additional processing that would be required to extract the small quantities in the stem 

and seed matter.   

 The extraction of morphine from the milled poppy meal takes place in V-201 

presented in Figure 2.2.2.  There are several methods available for extraction. The first 

method investigated was proposed by Brekke et al. (1958).   The method includes a 

continuous counter-current extractor with ammonia and water saturated with isobutyl 

alcohol.  This method was determined to be impractical due to the low concentration of 

morphine in the extract liquor (0.147% by weight). 

 The next extraction method that was investigated was developed by Ma et al. 

(2000).  This method extracted alkaloids from poppy using basic methanol.  The 

methanol was made basic with sodium hydroxide.  The high pH of the solvent converts 

the alkaloids into their anionic salt form.  Alkaloids are highly soluble in hot methanol, 

thus leading to a batch process that minimizes solvent use to extract morphine.  Due to 

methanol being a Class 2 solvent due to its toxicity, ethanol was investigated as a 

replacement for methanol in this extraction.  Ethanol is a Class 3 solvent which makes it 

safer and less toxic.  Unfortunately, morphine is ten times less soluble in ethanol than 

methanol (Muhtadi 1988).  This led to a large increase in solvent and sodium hydroxide 

usage and equipment size. Ethanol recycling was desired, but due to the low solubility of 

morphine in ethanol distillation of ethanol significantly increases utility consumption 

compared to methanol.  It was also discovered that morphine is unstable at a pH of 6 and 

above and decomposes in the presence of oxygen (Tomazi 2009).   

 The chosen extraction method was developed by Tomazi (2009) and utilizes 

slightly acidic water to extract the alkaloids.  A mixture of DI water, acetic acid and 

formic acid is used to extract alkaloids.  The pH of the extraction mixture is maintained at 

3; this converts the alkaloids into their cationic form.  Alkaloid salts are much more 
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soluble in water than their neutral counterparts.  Morphine has a solubility of 0.2-g/L and, 

as a salt, has a solubility of 57-g/L (Muhtadi 1988).   

From experiments performed by Tomazi, acid choice and temperature control 

were optimized for maximum extraction of morphine and for minimization of filter cake 

resistance in the following step.  It was found that boiling the poppy meal and DI water 

mixture for 15 minutes prior to acid addition was optimal for denaturing constituents in 

the poppy that hamper the filtration step. For times longer than this, no appreciable 

increase in performance was found (Tomazi 2009).  The boiling also increases morphine 

extraction from 97.0% to 97.8%; the other alkaloids experience similar increases (Tomazi 

2009).   

Following the 15-minute steep, the vessel is cooled to 50
o
C and is maintained at 

this temperature for 3 hours.  The filter cake resistance is dependent on the heating 

temperature; at temperatures below 50
o
C, the filter cake resistance is sensitive to 

temperature.  An experiment done at 50
o
C had 18% of the cake resistance of the 

experiment done at 30
o
C (Tomazi 2009).  Yield of alkaloids does not appear to depend on 

temperature.  Increasing the duration of the heating period results in decreasing the filter 

cake resistance (Tomazi 2009).   

The suggested acid choice is 1% acetic acid with the remaining acid being formic 

acid to achieve a pH of 3 (Tomazi 2009).  Extraction yield is improved using weak acids 

compared to strong acids; under similar conditions, the extraction yield using formic/1% 

acetic acid was 97.8% and for HCl the yield was 90.8% (Tomazi 2009).  HCl, on the 

other hand, produces lower filter cake resistance than pure acetic acid or pure formic 

acid. Through experiments, formic acid and 1% acetic acid was the optimal mixture to 

achieve cake resistance on the order of magnitude similar to HCl experiments (Tomazi 

2009).   

After the extraction is complete, the mixture is cooled to 10-15
o
C. The next step 

in the process after extraction is removal of solids through vacuum filtration.  Filter cake 

resistance is dependent on several factors which have been described above.  Two 

problems that can hamper filtration are cake compaction and media blinding.  By 

controlling pressure drop and proper methods of washing the filter media, these effects 

can be minimized.  An alternative to vacuum filtration is pressure filtration. Experiments 
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conducted by Tomazi (2009) show that pressure filtration leads to blinding of filter media 

much faster than vacuum filtration.  At temperatures above 15
o
C, subsequent filter times 

increase due to the filter cake being pliable (Tomazi 2009).  At temperatures between 5-

15
o
C, the filter cake is rigid enough to resist compaction at a pressure drop of 0.8-atm 

(Tomazi 2009).   

The resulting filtrate contains formic acid, acetic acid, DI water, extracted 

alkaloids and organic impurities.  The next steps in the process are separation and 

purification of morphine.  There are several methods to achieve the desired separation 

and purification.  The first method explored was designed by Ma et al (2000) and 

includes a series of pH adjustments and extractions.  First, the pH of the filtrate would be 

adjusted to 11 or above to precipitate out other alkaloids while morphine remains in 

solution.  This is a partial precipitation, and the precipitated alkaloids are removed 

through filtration.  The filtrate is then washed with toluene, a Class 2 solvent.  Toluene is 

used due to its low partition coefficient for morphine and high partition coefficient for 

other alkaloids.  Due to the toxic nature of toluene, alternatives were explored.  Other 

solvents do not perform nearly as well as toluene in extracting alkaloids from aqueous 

solution. The alternatives (butanol, isopentanol, hexane and diethyl ether) either extracted 

large amounts of morphine with the other alkaloids or failed to properly extract the other 

alkaloids in great enough efficiency.  This caused a major issue in the process of isolating 

morphine.   

After the extraction with toluene (or alternatives), the aqueous phase is adjusted to 

a pH of 9.1 to precipitate out free base morphine.  The precipitate is then filtered and 

washed.  The purity of morphine following these steps is approximately 85% (Ma et al. 

2000).  To increase the purity to the desired 99.9% requires multiple recrystallizations.  

Due to the lack of knowledge on the remaining organic impurities, the recrystallization 

method could not be designed effectively to guarantee 99.9% purity.  The 

recrystallization process would also require labor-intensive solids handling.  

An alternative to Ma et al.’s isolation method is the use of preparative reverse-

phase HPLC.  The benefits of HPLC are achieving high purity, separation of morphine 

and codeine and reduction in solids handling.  A preparative HPLC method was 

developed by Antonini (2010) and was adopted for this design.  It was desired to isolate 
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morphine and codeine in this design while disposing of the other constituents of opium 

poppy.  To achieve this, a single mobile phase can be used to elute morphine and 

codeine. This phase is dilute acetic acid with a pH between 3 and 4 (Antonini 2010).  To 

achieve 99% purity of morphine in the morphine fraction, a concentration around 56-g/L 

of morphine is desired for injection with a maximum loading ratio of approximately 14. 

Loading ratio is defined as mass of stationary phase divided by mass of crude alkaloid 

solution.  At higher concentrations and loading ratios, proper separation is not achieved 

due to overloading the column.   

Prior to HPLC, the aqueous solution containing the alkaloids is concentrated to 

56-g/L of morphine.  The concentration of alkaloids prior to HPLC reduces the load on 

the HPLC columns and decreases the number of columns required for processing.  

Concentrating of the alkaloid solution is achieved through a single-stage still under 

reduced pressure.  The water is removed under reduced pressure to reduce the 

temperature of the aqueous phase, prevent potential degradation of morphine and to 

reduce the heat duty of still.  After concentrating, the solution is ready for HPLC.  HPLC 

calculations can be found in Appendix A.   

After the morphine and codeine fractions are eluted and collected from the 

column, the column is washed.  The washing process is achieved using 50% acetonitrile 

and 50% dilute acetic acid (pH 3).  This mobile phase is applied in the reverse direction 

which backwashes the remaining alkaloids and organic impurities (Antonini 2010).  The 

eluted wash phase is collected and the acetonitrile is recovered using a distillation tower.   

The tower is designed to achieve 99.95% recovery of acetonitrile.  The 

composition of the distillate contains approximately 67% mole fraction acetonitrile and 

the balance is water.  This distillate is mixed with makeup water and acetic acid and 

returned to the feed tank for acetonitrile.  The bottoms of the tower contain water and 

acetic acid along with the impurities.  This stream is disposed of after proper wastewater 

treatment.  Distillation calculations can be found in Appendix A.   

The morphine fraction that eluted from the HPLC columns is collected and sent to 

a holding tank.  The morphine fraction is approximately 99% pure, and 99% of the 

morphine processed in the column is recovered (Antonini 2010).  The next step is the 

precipitation of the morphine free base to remove any remaining codeine in the fraction 
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and additional soluble impurities.  The pH of the morphine fraction is adjusted to 9.1 with 

sodium hydroxide, and is allowed to precipitate overnight for maximum yield.  There is 

approximately a 9% loss of morphine in the mother liquor, and all codeine remains 

soluble in the mother liquor.  Loss of morphine is determined by the solubility of 

morphine at pH 9.1.  The mixture is then sent to a vacuum filter where the filtrate is 

collected for wastewater treatment.  The precipitated morphine is washed with WFI on 

the filter and then transferred to the sulfonation reactor.   

In the stirred reactor, morphine free base is converted into morphine sulfate, the 

desired product.  USP-grade sulfuric acid and WFI are mixed with the morphine to get 

the desired concentration of 10-mg/mL.  Sulfuric acid is added in a 1:2 molar ratio to 

morphine.  The mixture is allowed to mix overnight prior to sterilization and packaging 

of the final product.     

Building 8 contains the equipment involved in the final preparation of the sellable 

product. This includes sterilization, filling, and packaging. The first piece of equipment is 

a combination of five individual pieces, the washer (K-801), tunnel, vial filler (K-802), 

vial capper (K-803), and tray loader (K-804). This combination of equipment must have a 

high throughput in order to keep up with the rate of manufacturing.  The entire system is 

designed to be for an aseptic fill. Although this process does not manufacture the product 

aseptically, according to Paul Tinucci at Bosch Packaging Services, this system is often 

used for terminal sterilization processes.  

The next step after the vials have been stoppered and filled is to terminally 

sterilize. Sterilization is done using saturated steam, more detailed reasoning for this 

sterilization choice is found in Section 4.3.  The saturated steam autoclave (E-801) works 

by filling a chamber with pressurized saturated steam. Inside the chamber the surfaces are 

sterilized by coming into contact with the hot steam.  The liquid inside the vials are 

sterilized by the resulting convection. The fill volume must not be too much of the 

available vial volume because there is a risk of over pressurizing the stoppered vials 

when the liquid is heated (Halls, 1994).  

Once the vials are sterilized and have cooled down sufficiently they are ready for 

secondary packaging. The secondary packaging system consists of a cartonner (K-805), 

labeler (K-806), and a palletizer (K-807).  Like the primary packaging system mentioned 
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before, the secondary packaging system must also be able to handle a high throughput 

(Tinucci 2014).  

A subsection of Building 8 houses the water purification system. The water 

purification system (T-801) purifies the process water to USP WFI-grade.  This system 

involves an 8-effect still that is used to purify the water.  The WFI is stored at a high 

temperature in a connected tank (Werth 2014).  

 

2.8: Location Rationale 

Pharmabake Tech’s manufacturing site will be located in the Houston, Texas 

metropolitan area.  Houston is considered a major international port city due to its close 

proximity to the Gulf of Mexico. The Port of Houston, one of the United States’ largest 

seaports, is the busiest port in terms of foreign imports and exports. Since the milled 

opium poppy meal used in the process is being shipped from Istanbul, Turkey, the 

familiarity of the port with foreign cargo is of utmost importance. In addition to its 

seaports, Houston also has a developed railway network that facilitates both the receiving 

of the process chemicals and the distribution of the morphine sulfate vials and impure 

codeine product (“Houston Ship Channel” 2010). 

Despite its geographic location and the benefits with which it is associated, 

Houston also has industry based in manufacturing, energy, biomedical research and oil 

and gas. With such a large industrial spectrum and many companies geared toward 

chemical engineering located in Houston, many people in the workforce possess both the 

knowledge and skillsets ideal for the manufacturing of pharmaceuticals; Halliburton, 

Phillips 66, Exxon, and Sysco are all very influential companies with headquarters in 

Houston (“Houston” 2012). 
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Section 3: Equipment Description, Rationale and Optimization 

Equipment for the process has been developed to operate annually for 42 weeks 

while producing 10% of the morphine sulfate in the United States.  The size of equipment 

was designed to maintain this workload.  Along with demands of production, the quality 

of the pharmaceutical product is of upmost importance; equipment specifications directly 

impact good manufacturing practices.   

 

Conveyors and Mills:  

In the mill, crude poppy straw is transported with an inclined conveyor belt CB-

101 to an elevated roller mill, RM-101.  CB-101 is a belt conveyor and is sized at 150-ft. 

long and 18-in. wide to accommodate the required load.  There are sidewalls that are 6 in. 

high to prevent material losses. The belt is made out of a rubber material that contains 

grooves to keep solids from sliding down the conveyor.  This type of conveyor has the 

ability to lift the crude straw 38-ft. (Seider et al. 2009).  The length of the conveyor was 

sized based on the acceptable incline of 15 .  The conveyor requires a 3-hp motor that 

will operate continuously for 8 hours a day during the 20-day milling period.  CB-102 is 

also a belt conveyor sized at 150-ft. long and 18-in. wide with 6-in. sidewalls.  CB-102 is 

responsible for transporting the poppy meal from the mill to shipping containers where 

the poppy meal is prepared for shipping.   

There are also two screw conveyors used in this process, C-201 and C-202. Screw 

conveyors are chosen for a few reasons. The enclosed design prevents any contamination 

from falling into the conveyor. Additionally, a screw conveyer is able to meter the 

addition of solids well (McCabe et al. 2005). Both of these screw conveyors are sized at 

6-m long. They are sized to move the solids of one batch into V-201 over one hour. The 

material of construction is stainless steel to prevent any maintenance issues. Equipment 

specifications for conveyors are tabulated in Table 2.3.2.   

 RM-101, RM-102, RM-103, and RM-104 in Figure 2.2.1 are roller mills.  Roller 

mills were chosen to process the poppy straw based on studies performed by Brekke et al. 

(1958).  Brekke et al. (1958) claims, “roller mill would produce flattened, partially cut 

stems and broken capsular material that could be separated by screening.”   The size of 

the mill was determined based on crude straw flow rate.  CM-101 is a crushing mill used 
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to reduce size of poppy meal prior to combining with smaller fractions obtained from the 

milling process.  For the designed particle size and flow rate, each mill requires 9-hp/ton 

of material processed (Perry et al. 2008).  Tabulated equipment details for mills can be 

found in Table 2.3.3.   

 

Screens:  

The filter screens, S-101 thru S-110 in Figure 2.2.1, are vibrating screens of 

different sizes to accommodate the amount of poppy straw being processed through each 

screen. Vibrating screens were chosen because they are less likely to be blinded than 

gyrating screens and allow for smaller particle sizes than stationary screens (McCabe et 

al. 2005).  The screen sizing is based on an assumed linear relationship between screen 

opening size and flow of material per unit area of the screen. “For screens with 0.05-0.25 

inch openings (the capacitance) is 0.1 to 1.0-ton/h-ft
2
” (McCabe et al. 2005).  For detailed 

calculation on screen size see Appendix A.  The screens are mounted steeply; an angle of 

45  was chosen. Each screen unit is a series of three individual screens with spacing in 

between. They each require 4-hp while running (McCabe et al. 2005). This arrangement 

was chosen to keep flow high and minimize the time required to operate the milling 

portion of the manufacturing plant. Vibrating screen specifications are tabulated in Table 

2.3.4.   

 

Feed Tanks and Silos:  

All of the required reactants and solvents are stored in feed tanks and feed silos. 

The solid feeds of poppy meal and filter aid are stored in vertical silos TK-202 and 205. 

The remaining materials are stored in tanks (TK-201, 203, 204, 206, 402, 501). These 

tanks are sized to hold enough material for thirty days of production (Turton 2012). The 

tanks are sized to be at 80% capacity (Seider et al. 2009).  For a detailed calculation on 

tank size see Appendix A.  The tanks are made out of stainless steel to avoid corrosion 

which would bring in contaminates and taint the product. The dimensions of the feed 

tanks are a 3:1 height to diameter ratio (Turton 2012). The orientation is determined from 

the total volume of the tank where less than 3.8-m
3
 the tank is vertical, 3.8 to 38-m

3
 the 

tank is horizontal. A tank larger than 38-m
3
 is vertical (Turton 2012).  
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There are some exceptions to this feed tank description. One exception is the 

poppy meal feed silo, TK-202. Due to the method of milling over thirty days, the poppy 

meal silo is designed to hold a three-month supply. Additionally, two identical silos for 

poppy meal storage will be used to provide storage for a six-month supply. The 

unpredictable nature of growing, buying and shipping poppy straw from Turkey 

introduces the need for the second silo. 

Two additional feed tanks are TK-401 and TK-502. These two acid streams are 

too dilute to store a 30-day supply of feed onsite. Therefore, to optimize costs, the two 

tanks are sized to hold a 30-day supply of concentrated acid. The concentrated acid will 

be fed directly into a water line through a metering valve. These two tanks will be lined 

with plastic liners to protect the steel from potential corrosion.  For all feed tank 

specifications see Table 2.3.5.  

 

Holding Tanks:  

Holding tanks are utilized throughout the process to store solutions.  Due to the 

nature of batch and semi batch operations, these holding tanks allow operations to remain 

on schedule despite temporary upstream problems.  The holding tanks discussed here are 

TK-301, 302, 303, 403, 404, 405, 406, 503, 504, 701 and 702.  These tanks are 

unpressurized closed tanks made out of stainless steel.  Stainless steel is used due to weak 

acids present.  These tanks were sized for 80% capacity and hold the required liquids for 

one batch.  Orientation of the tank was determined based on heuristics previously 

discussed (Turton 2012).  For specifications of each tank refer to Table 2.3.6.  Sizing 

calculations are similar to the sizing of feed tanks and can be found in Appendix A. 

 In the distillation of acetonitrile, a reflux drum is utilized, V-601.  The reflux 

drum allows the flow of reflux to remain constant by creating a buffer.  This reflux drum 

is a horizontal tank made out of stainless steel.  V-601 was sized based on a 30-minute 

residence time to minimize the impact small fluctuations in the tower have on the outlet 

flows from V-601.  For detailed sizing calculation see Appendix A.  Tabulated 

specifications for V-601 can be found in Table 2.3.6.   
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Pumps:  

The feed pumps transport process solvents throughout the design. Pumps included 

in this description are P-201, 202, 203, 204, 402, 403, 502 and 503. These pumps are all 

centrifugal. This choice is due to their relatively low cost, ease of maintenance, and high 

efficiency (Muscat 2014). The material is stainless steel to prevent acid corrosion. Pumps 

produced by Cole-Parmer were chosen based on desired flow rates and material of 

construction.  All the pumps are capable of a maximum pressure of 10.3-atm. Power 

ratings from Cole-Parmer are used for utility ratings, and can be found in Section 2.5.  

 Pumps P-201, 202 and 203 are sized to fill V-201 in one hour. Pump P-206 is 

sized to rinse the filter for an hour. Pumps P-402 and 403 are metering pumps that can 

vary flow. These pumps serve all of the HPLC columns, depending on the stage of each 

column, the pump will have to service a varying number of columns at a time. Therefore, 

these pumps cannot be assumed to have a constant flow. These pumps are sized at the 

worst-case scenario, when all of the columns are being used at the same time. Feed pump 

P-502 is sized for a three-hour rinse cycle to rinse the solid morphine precipitate. P-503 is 

sized for a two-hour sulfuric acid addition step.   

 There are many process pumps that are used to transport fluids throughout the 

plant. The pumps included in this section are P-205, 206, 208, 301, 303, 304, 401, 404, 

405, 406, 407, 501, 505, 506, 601, 602, 603, 701, 702 and 703. These pumps are all 

centrifugal and stainless steel. Similar to the feed pumps, all shaft power requirements are 

sourced from Cole-Parmer. These pumps are able to produce a maximum pressure of 

10.3-atm at their specified maximum flow rate; this pressure is well above the expected 

pressure required to pump the streams.  

 Similarly to feed pumps P-402 and P-403, pumps P-401, 404, 405, 406 and 407 

are metering pumps. The design of the HPLC system is such that each pump services all 

of the columns. Since the columns can be out of phase with each other the flow rate has 

to be able to change and accommodate any number of columns. Similar to the feed 

pumps, these pumps are sized at the worst-case scenario of servicing all the columns at 

the same time. 

 There are four vacuum pumps in this process design. P-207 and P-504 are used 

for vacuum filtration, while P-302 and P-704 are used for low pressure boiling. All of the 
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pumps are sized using the correlation in Seider et al. (2009). The sizing factor is the 

volume of the vessel, the pump is designed to account for the air leakage into the vessel. 

These pumps maintain the low pressure. The exact calculations can be found in Appendix 

A.  All four of these vacuum pumps are centrifugal pumps.  This design is chosen for the 

same reasons as the centrifugal feed pumps.  A tabulation of pump specifications can be 

found in Table 2.3.1. 

 Boiling at lower temperatures is an optimization chosen for this process. Boiling 

at a lower temperature requires less energy. ChemCAD simulations show that this energy 

savings is as high as 15-MJ/hr (Appendix E).  In routine operation, the tradeoff is that 

there is now the addition of a vacuum pump.  The additional energy from vacuum pump 

V-704 is 156-kWh. The use of a vacuum pump results in a small energy saving and lower 

operating temperatures which create a safer working environment.  

 

Heat Exchangers: 

There are four heat exchangers in the process. These are three condensers, E-301, 

701, and 601 and one reboiler, E-602.  The condensers utilize cooling water entering at 

25
o
C and leaving at a maximum of 40

o
C.  The temperature of the exiting cooling water 

was chosen to maintain an appropriate temperature driving force. The exit temperature, 

40
o
C, is also the maximum allowable environment discharge temperature (Seider et al. 

2009).  As a result to maintaining an appropriate approach temperature difference, heat 

exchanger area is decreased.  The type of heat exchanger chosen for the condensers and 

reboiler is shell and tube.  Shell and tube heat exchangers are ideal for condensing vapor 

on the bundled tubes.  The material of construction is stainless steel.  Stainless steel is not 

an ideal material for heat transfer but due to the acidic nature of the process streams this 

material will withstand corrosion.  Heat duties for each heat exchanger was determined 

through ChemCAD simulations, which can be found in Appendix E.  The size of each 

heat exchangers was determined using the delta log mean temperature difference and an 

assumed overall heat transfer coefficient of 675-W/m
2
 °C.  Averaging 150 and 1200-

W/m
2
 °C (McCabe et. al, 2005) obtain this value.  The condensers were sized to be 

capable of cooling the condensate an additional 10
o
C.  Specifications of each heat 
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exchanger can be found in Table 2.3.7. The reboiler, E-602, utilizes medium pressure 

steam.  For utility consumption of heat exchangers see Section 2.5.    

 

Agitated Jacketed Vessel: 

V-201 is an agitated jacketed vessel used to extract alkaloids from poppy meal. 

The agitation is used to ensure that the poppy meal is thoroughly mixed to maximize the 

extraction of alkaloids. The size of the agitator motor is based on a correlation for a 

mixing tank of a suspended solid (Seider et al. 2009).  The volume of the tank is sized at 

80% of a full batch (Seider et al. 2009). The dimensions are based on the same heuristic 

discussed in the feed tank section.  The jacket heats the tank to the desired temperature 

with steam. This jacket is also used to cool the tank with process water. Attached to this 

tank are pump P-205 and heat exchanger E-201. These two pieces of equipment are used 

for safety situations. In case the cooling water is unable to cool the tank, E-201 is sized 

for back-up use. The area of E-201 is 99-ft
2
 and is a shell and tube floating head heat 

exchanger.  The material of construction for E-201 is stainless steel.  P-205 is a 

centrifugal pump similar to the feed pumps. The rational and description is laid out in 

detail in the feed pump section.  Utility usage is estimated in Section 2.5.  Equipment 

details can be found in Table 2.3.8.   

 

Agitated Vessel 

 The conversion of morphine to morphine sulfate takes place in an agitated vessel, 

V-502.  This vessel reacts solid morphine with dilute sulfuric acid to produce the water 

soluble morphine sulfate.  V-502 is a vertical vessel equipped with an agitator to provide 

mixing.  Sulfuric acid is fed directly to the tank and directed down the sidewalls to 

prevent splashing.  Solid morphine is added by operators into the tank.   The tank is 

equipped with a valve on the bottom to allow pumping of the morphine sulfate solution to 

a holding tank.   The material of construction is stainless steel due to the presence of acid.  

The tank was sized for 80% capacitance and is 8.31-m
3
.  The height to diameter ratio is 

3:1.  The agitator is sized to blend two miscible liquids to provide gentle mixing.  This 

correlates to 0.5-hp per 1000-gallons (Seider 2009).  This provides an overall power 
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requirement of 1.05-hp.  For detailed calculations see Appendix A.  For a tabulation of 

equipment specifications see Table 2.3.8.    

 

Vacuum Receiver 

 Vacuum receivers are utilized for vacuum filtration and concentration operations.  

The vacuum receivers used in this process are VR-201, 301, 501, 701.  The receivers in 

this design act as liquid traps as well as tanks that store vacuum in case of intermittent 

disruptions to the unit operation.  The vacuum receivers’ material of construction is 

stainless steel.  The receivers in this process come in contact with morphine and weak 

acids.   

 The vacuum receivers were sized based on desired liquid capacity and residence 

time.  VR-201, 301, 501 are sized at 80% liquid capacity with a residence time of 30 

minutes.  The liquid volume and residence time of the receiver allows fluctuations in the 

process prior to the receiver to not affect downstream processes.  VR-701 is sized at 80% 

liquid capacity with a residence time of an hour.  The codeine concentrator is a 

continuous process; this requires greater flexibility to maintain this unit in operating 

conditions.  Equipment specifications can be found in Table 2.3.9.  

Filter 

F-201 is a horizontal belt vacuum filter. A belt filter allows the filter cake to be 

removed as it builds up, creating a constant filter resistance with time. The filter 

resistance is assumed to be 2-m
-1

, and the cake resistance is assumed to be 5x10
11

-m/kg 

(Tomazi 2009). The filtration occurs under vacuum with a pressure drop of 0.8-atm.  The 

total time of filtration of one batch is set for five hours. Filtration time was chosen based 

on the desire to decrease filter area while maintaining production schedule.  During that 

time, the extraction mixture is stored in V-201 while P-206 pumps the extraction mixture 

to the filter. The filter area is 1.31-m
2
.  The filter pore size is relatively large at 150-μm, 

since the poppy meal is a coarse solid.  This filter is simulated in ChemCAD (Appendix 

E).   

 The second filtration process takes place in Building 5 with filter F-501.  This 

filter collects precipitated morphine from V-501.  A horizontal vacuum belt filter was 

chosen due to high capacity and reliability.  The area of the filter was determined to be 
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1.9-m
2
 from ChemCAD simulation (Appendix E) with an estimated cake resistance of 

5x10
11

-m/kg.  The material of construction is stainless steel to prevent corrosion by weak 

acids.  The filter media utilized for F-501 is a 1-   filter because it is expected that the 

crystals of morphine will be smaller compared to the poppy meal and this filter size 

should collect the majority of the precipitate.  The area was determined by the required 

throughput over ten hours.  See Table 2.3.10 for tabulation of filter specifications.   

 

Heated Vessels: 

 The design of the process requires concentration of two streams.  The 

concentration of alkaloid HPLC solution and codeine eluate is done through evaporation 

of the solvent.  Evaporation is achieved using single-stage stills, V-301 and V-701 in the 

process flow diagrams.  These single-stage stills are steam jacketed vertical vessels 

equipped with a condenser, vacuum receiver and pump.  The material of construction of 

V-301 and V-701 is stainless steel due to corrosion prevention and for sanitary issues.   

V-301 is operated as a batch process while V-701 is operated as a continuous 

process.  V-301 has a volume of 4,500-L; it is sized to be 80% full after the entire batch 

is pumped into the vessel.  V-301 consumes an estimated 4,300-kg of steam per batch.  

V-701 is operated as a continuous still with a liquid level of 80% the maximum during 

steady state operations.  The volume of V-701 was determined to be 550-L.  The 

estimated utility consumption for V-701 is 7,800-kg of steam per day.  See Appendix E 

for detailed calculation on energy balance.  Tabulation of equipment specifications can be 

found in Table 2.3.8.   

 

HPLC: 

Preparative HPLC is utilized in the design to separate alkaloids.  The HPLC 

apparatus chosen is manufactured by Novasep.  The column (LC450) is 45 cm in 

diameter and has a capacity of 30 kg of stationary phase.  Based on 8 hour shifts and 7 

day operation, the number of HPLC columns was determined to be 4 with 2 spares.  The 

loading rate of alkaloid solution and required solvents was estimated based on Antonini’s 

work (2010).  For detailed calculations see Appendix A.  The stationary phase chosen 
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was silica with C8 ligands, 20-μm spherical particles with 120-Å pores (Antonini 2010).  

The column draws about 20 to 30-A at 208-V.   

 

Recrystallizer: 

A recrystallizer is utilized in the process to precipitate morphine.  The 

recrystallizer, V-501 in Figure 2.4.5, is a vertical conical tank that drains from the 

bottom.  The recrystallizer is equipped with a port for addition of sodium hydroxide by 

operators and a pH meter to monitor the acidity of the tank.  V-501 is constructed of 

polished stainless steel to prevent morphine from accumulating on the tank walls.  

Stainless steel was chosen because of good manufacturing requirements 

(sanitation/corrosion).  The size of V-501 was determined to be 39-m
3 

based on being 

80% full per batch.   

 

Distillation Tower: 

 A single distillation tower is utilized in the process to recycle acetonitrile.  

Acetonitrile is the only organic solvent utilized in the process and is recycled to 99.95% 

efficiency.  The column was designed to recovery 99.95% acetonitrile while keeping 

organic wastes soluble in the bottoms.  The column has 19 sieve trays, with 9-in. spacing.  

The overall height is 6-m and the diameter is 0.3-m.  Separation of acetonitrile was 

simulated in ChemCAD and can be found in Appendix E.  Detailed calculations of 

column characteristics (plate spacing, height, and diameter) can be found in Appendix A.  

Tower specifications are tabulated in Table 2.3.12.     

 

Packaging: 

Building 8 contains the equipment involved in the final preparation of the sellable 

product. This includes sterilization, filling, and packaging. The first piece of equipment is 

a combination of five individual pieces, the washer (K-801), tunnel, vial filler (K-802), 

vial capper (K-803), and tray loader (K-804). A high throughput system is able to 

produce about 500 units a minute and can fill in increments of 0.1-mL. To accommodate 

the rate of production three of these systems would need to be run concurrently.  The 

minimum number of people working each primary packaging line is four. In order to 
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quickly load and unload the line, each line will need six operators for each shift. This 

breaks down to two people operating the washer and tunnel, they will also load. One 

operator on the filler, one operator on the capper, and another two unloading and 

operating the tray loader (Tinucci 2014).  The liquid will pass through a 0.22-   filter 

prior to fill. 

Following filling and capping the vials, they must be terminally sterilized. 

Sterilization happens by saturated steam in E-801. By adjusting for a different vial 

volume, the vial capacity for this application was determined. Since the reference 

sterilizer held eighty 50-mL vials on 16 shelves, reducing to 2-mL vials increases the 

number of vials that can be loaded at one time. It was assumed that three small vials 

would take up the same footprint as a single larger vial. Also, the number of shelves was 

doubled because the smaller vials would also be much shorter than the larger vials (Werth 

2014). The length of the sterilization cycle was not specified by Werth, however, a 

common and effective cycle is to hold the temperature at 121  C for 15 minutes (Halls 

2014).  In order to keep up with the rate of production two sterilizers need to be operated 

at the same time.  

The secondary packaging line consists of a cartonner (K-805), labeler (K-806), 

and palletizer (K-807).  Just like the primary packaging line, the secondary packaging has 

a similar throughput so three separate lines are also necessary to keep up.  Four operators 

will work each line. Two people will be at the beginning of the line working at loading 

and cartoning. Another operator will be on the labeler and yet another will be on the 

palletizer (Tinucci 2014). 

 

Water Purification System: 

A subsection of Building 8 contains the purification system (T-801) for producing 

WFI. The multiple effect still and the vapor compression  will produce the required 

amount of WFI. This system will produce and maintain the WFI at 80 C.  A team of four 

people will supervise the sterilizers and the water purification system during each shift 

(Werth 2014). 
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Section 4: Safety and Environmental Factors 

4.1: Chemical Safety 

There are chemical safety hazards that arise from the materials in this process.  

These materials include poppy straw, glacial acetic acid, formic acid, Perlite, acetonitrile, 

sodium hydroxide, USP WFI and sulfuric acid.  Most of these chemicals are fairly 

innocuous, especially the water.  Poppy meal is a powdery substance that contains opium 

alkaloids and plant matter. It is dried and stable under dry conditions for long periods of 

time (Brekke et al. 1958).  The only safety issue for poppy straw is the dust that is 

produced during the milling process.  The area must be well ventilated and kept free from 

sparks. The area must also be grounded to disperse static electricity. The main safety 

hazard for WFI is the risk of spills. If there is a spill, it must be vacuumed up, collected 

by a drain, or absorbed by some sort of spill kit. Spills are safety concerns for any type of 

liquid; however, for some chemicals, a spill hazard is just one of many. 

Some of the more hazardous chemicals are acids, bases and organic solvents.  

These require separation from incompatible materials.  The primary safety hazards of the 

remaining raw materials are summarized in Table 4.1 below.  The chemical 

incompatibilities will be taken into account when storing these raw materials.  In 

addition, operators will need to take extra care when handling the acids and bases 

because they are all quite hazardous.  The sulfuric acid is 99.9% pure and the sodium 

hydroxide is a solid that will react exothermically with water. 
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Table 4.1.1: Chemical Hazards 

Chemical Grade Hazards Incompatibilities 

Glacial acetic 

acid 

reagent Flammable liquid and 

severely burns eyes and 

skin 

Oxidants, soluble 

carbonates and phosphates, 

hydroxides, alcohols, 

metals and amines 

Formic acid 

(88%) 

reagent Flammable liquid, oral and 

inhalation toxicity and 

damages eyes and skin 

Strong oxidants, strong 

bases and metals 

Acetonitrile HPLC Highly flammable, orally 

toxic, and irritates skin, 

eyes and lungs 

Acids, bases, oxidants, 

reducers and alkali metals 

Sodium 

hydroxide 

reagent Corrosive to metals and 

severely burns eyes and 

skin 

Strong oxidants, strong 

acids and organic material 

Sulfuric acid USP Severely burns eyes and 

skin 

Bases, halides, organic 

materials, nitrates, 

cyanides, chlorates, 

phosphorus, zinc salts and 

powdered metals 
This information comes from applicable chemical MSDS provided in Section 7.  

 

4.2: Equipment Safety 

Each piece of equipment has safety hazards.  In addition to the standard personal 

protective equipment (PPE), additional protection may be necessary while operating 

equipment.  For this application, PPE both protects the workers and the final sellable 

product from contamination.  In order to recognize the hazards of the process, completed 

hazards of operations (HAZOP) analyses detail risks for four different pieces of 

equipment: the morphine crystallizer (V-501), agitated dissolver (V-201), morphine 

sulfate reactor (V-502), and sterilizer (E-801).  The main safety issues occur when the 

flow deviates from the set point.  Some safety considerations for the crystallizer are solid 

buildup in the pipes and solid sodium hydroxide, which is caustic.  Flow issues are the 

primary concern for the agitated dissolver and reactor.  The operation of the sterilizer is 

dependent on the pressure of the saturated steam and the pressure inside the chamber; 

most deviations relate to pressure.  The detailed analyses for these pieces of equipment 

are in Appendix E.  
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There are additional safety concerns that pertain to plant operation that are 

specific to each building.  The main safety concerns for Building 1 are moving parts, dust 

accumulation and static electricity. Building 1 is the only part of the plant that poses a 

risk of extremities being crushed by mills and belt conveyors. Milling also produces dust 

which can cloud the air and irritate operators. Along with dust, milling produces static 

electricity that poses a fire risk.  In order to mitigate these hazards, the roller and crushing 

mills should not be accessible to personnel while in operation, the air should be filtered 

and recycled often by a heating ventilation and air conditioning (HVAC) unit and the area 

should be set up with static electricity monitoring.  

Extraction takes place in Building 2.  In this building, there are pumps, a stirred 

steam-jacketed tank and a vacuum filter.  Pumps pose the risk of explosion if they are 

over-pressurized or if there is a backup in the feed lines.  It is also important to prevent 

the pump from running dry to avoid mechanical failure.  There are burn risks when 

operating at high temperatures, but the main consequence of temperature deviations in 

the tank is a reduced extraction yield of the desired material. 

The main pieces of equipment in Building 3 are tanks, pumps, a still, a condenser 

and a vacuum pump and receiver.  The correct operating temperature of the still is crucial 

to avoid over- or under- concentrating the extract and to maintain optimal operation.  

Confirming the correct operation of the condenser (E-301) is necessary to prevent the 

vapors from increasing the pressure.  

Building 4 houses the HPLC columns and the associated pumps and tanks.  An 

over-pressurized pump or column has a risk of exploding.  Too high pressure could 

negatively affect the separation of the morphine and codeine fractions.  When preparing 

the slurry for re-packing the column take care to avoid inhalation of the silica powder.  

This building must have adequate ventilation as well. 

The morphine crystallizes then reacts with sulfuric acid to form the sellable form 

in Building 5.  Manual addition of solid sodium hydroxide is done through a hatch is a 

safety concern because the vessel is not completely sealed.  An operator needs to be 

aware of the addition of sulfuric acid while adding the crystallized morphine to the 

reactor.  



 60 

Acetonitrile is recovered by distillation in Building 6.  The main hazards are hot 

steam burns and leakage.  The column is pressurized and the surfaces can be very hot.  

Building 7 is where the codeine fraction is concentrated in a single stage still.  

There is a continuous flow of steam, which introduces the possibility of burns through 

direct contact.  A single still continuous boiler must have its inlet flow monitored closely 

to prevent overflow or emptying.  

The packaging and sterilization of the final product takes place in Building 8. The 

WFI is purified from process water here as well.  The packaging systems pose little 

danger to the operators.  The main concerns are the high temperatures and pressures used 

in the sterilizer and the water purification system.  

 

4.3: Product Safety 

An area of safety that is crucial for this plant is final product safety.  Because this 

product will be injected into humans, it is essential that the product is sterile and does not 

contain any pyrogens. There are many process constraints that are put in place by various 

regulatory agencies. For example, current Good Manufacturing Practices (cGMPs) are 

regulations enforced by the FDA.  Additionally, national pharmacopeias, such as the 

USP, are legally binding. In order for a pharmaceutical product to pass US regulations, 

USP-grade reagents and instruments must be incorporated in the production process. The 

FDA requires that terminally sterilized products must have sterility levels of 10
-6

.  This 

means that the probability of a non-sterile unit is less than one in one million units.  The 

number of samples that would need to be taken to statistically assure sterility is 

unrealistic. In practice, a more reasonable number of samples are used to assure sterility 

(Halls 1994).  

Building 8 will need a clean room.  Although dealing with a pharmaceutical, the 

fill area not need the most stringent clean room requirements because the product is 

terminally sterilized rather than aseptically filled.  General production areas fall into 

Class 100,000 for air quality, while the filling room has a higher standard of Class 1,000.  

Class 100,000 requires that no more than 100,000 particles larger than 0.5- m and no 

more than 25 microbes are present per 10-ft
3
 of air.  There are similar but stricter 

requirements for Class 1,000 air.  Production areas must change the air 20-times an hour.  
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The air must be filtered with approximately 90 % high efficiency particle air (HEPA) 

filters.  These filters must be tested and replaced regularly.  In addition to these filters, 

there must be pressure differentials between different areas of the plant going from most 

clean to least clean (Halls 1994; Willig 2001).  

The entire facility adheres to cGMPs. Pest control is necessary to make sure that 

the plant is free of bugs and critters.  The walls and floors in production areas must be 

smooth and easy to clean. Flooring should be poured-in-place Terrazzo because of its 

durability and clean-ability. Floor drains are habitats for many microbes and must be 

disinfected regularly. Ceilings must have a smooth finish and all fixtures must be 

designed so that dust accumulation is kept to a minimum. The ceilings in production 

areas cannot be suspended. All facilities need to be maintained in a temperature range of 

20 to 25 C with absolute upper and lower limits of 30 and 15 C, respectively.  External 

decontamination is done by disinfectants; the disinfectants are rotated to avoid microbes 

building up a tolerance.  Internal sanitization of equipment and pipes is done by high 

pressure steam. Periodic fumigation of clean rooms is done as well. Process equipment is 

made out of 316-grade stainless steel. Lubricants must be food-grade and sterile if they 

are to be used in the making of the final formulation or primary packaging. In addition to 

product sterility testing, the surfaces of the equipment must also be tested for the 

presence of microorganisms and other contaminants. In addition, personnel in controlled 

areas must cover their hair, including beards, hands, and eyes. Lint-free clothing must 

also be worn; often this is implemented with a required uniform that is put on before 

entering the controlled area (Willig 2001; Halls 1994).  

There is a designated quality control unit that determines product safety. The 

quality control (QC) unit checks to make sure the product meets composition, pH, 

impurity, sterility, and labeling specifications. This unit also makes the decision on 

whether or not to release the product to the market. QC is achieved by following cGMPs.  

QC quarantines all non-conforming product so it can be investigated.  The microbial 

limitations on natural drug substances are 5,000 total bacterial counts per gram for first-

tier testing and 500 yeast or mold counts per gram for second-tier testing.  The following 

definitions of first- and second-tier testing are from Willig.  Second-tier testing is done 

when the total bacterial count per gram is higher than the alert level (1,000) and less than 
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or equal to the action level (5,000). Second-tier testing also involves testing for the 

absence of indicator organisms. The indicator organisms for natural drug substances are 

Salmonella, Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa. 

(Willig 2001).  

The grade of chemicals is important to product safety. Materials that appear in the 

final product must be USP-grade. For an injectable product, the water must be USP WFI 

quality. WFI is supplied by E-801 and is designed to meet USP specifications (Werth 

2014).  

 

4.4: Security 

Morphine, codeine, and opium are Schedule II drugs according to the DEA.  

Because these are controlled substances, there are additional security requirements for the 

plant.  The walls of the plant must be at least 8” thick and made of reinforced concrete.  

In addition to thick walls, there must be an alarm system that when tripped, sends a signal 

to local law enforcement or an on-site, 24-hour security team (DEA 2014). 

 

4.5: Environmental Factors 

Environmental factors are important when designing a plant. The use of raw 

materials and utilities are factors that determine the environmental impact of a plant. 

There are many metrics that are used to demonstrate how wasteful a process is. For 

pharmaceuticals, the metric is process mass intensity (PMI). PMI denotes how much 

material goes into each kilogram of product.  The PMI for morphine sulfate is 145; the 

calculation steps are in Appendix A. This is typical for pharmaceuticals (ACS).  

Utility usage influences the environment.  Electricity can be produced in many 

different ways; in Houston the majority of electricity is generated by natural gas and coal. 

Burning natural gas and coal contributes significantly to global warming.  This process 

does not release any gases into the environment so there is no need to calculate the ozone 

depletion potential. 

Waste is another environmental factor. This plant uses 34,495,000-gallons of 

water annually, which is not recycled.  Organic solvents are used sparingly in this 

process; 99.95% of the acetonitrile is recycled. Each year, 8,359-kg of acid waste is 
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produced and must be treated before it can be released into the environment.  In addition, 

19,353-kg of waste is sent to the landfill and 3,738-kg of dissolved organic waste is 

produced. The material sent to the landfill is largely biodegradable.  The largest impact 

on the life cycle of this process is the electricity and water usage. High electricity usage 

results in pollution and global warming; these factors could be reduced, as well as the 

annual utility cost.  This reduction would positively affect both the environment and the 

venture.  Water is becoming an increasingly scarce resource despite being in a relatively 

‘wet’ area.  In order to offset this scarcity, recycling and reducing the amount of water 

used is essential.   

Morphine sulfate is on the same scale as other pharmaceutical products with 

regard to waste and material usage (ACS).  It is also an energy- and water-intensive 

process; however, few organic solvents are used and those that are, are recycled.  
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Section 5: Economic Analysis 

5.1: Costing Process 

 The costing process begins by determining the purchase costs of all pieces of 

equipment used in the morphine manufacturing process.  Process equipment is broken up 

into two categories: fabricated equipment and process machinery.  Fabricated equipment 

includes equipment designed and sized specifically for the morphine extraction, 

purification, such as the various tanks, HPLC columns, reaction vessels and the 

crystallizer.  Process machinery includes typical pieces of equipment found in process 

engineering that are not custom-made such as pumps, filters, mills and heat exchangers.  

Base costs for all pieces for equipment are calculated by either quoting current market 

prices from vendors or using Seider et al. (2009).  An inflation adjustment is taken into 

account (from 2006 to 2014) and a bare-module factor for specific pieces of equipment 

are added to determine the total costs.  Spare pumps, conveyors and HPLC columns are 

also included in the total equipment costs, also called the total bare-module investment 

(TBM). 

 Once the equipment is priced, the total permanent investment (TPI) of the 

manufacturing plant is determined. This investment takes into account royalties, site 

preparation, construction, and plant start-up costs.  The total capital investment (TCI) of 

the manufacturing plant is calculated with the addition of TPI and the investment of 

working capital (WC). Working capital includes one month’s cost of raw materials, 15% 

of the fixed capital costs (total equipment costs) and two-months-worth of product 

inventory.  

 After determining the TCI of the plant, a cash flow diagram is constructed.  The 

cash flow diagram takes into account the total depreciable capital (TDC) of the plant, 

WC, annual costs, depreciation, the net earnings of the plant, and the net present value 

(NPV) of the manufacturing plant at a 15% interest rate (characteristic of a high-risk 

business venture).  Annual costs will be further explained in Section 5.3 and include 

manufacturing expenses, general expenses, and regulatory costs.  The TDC of the plant is 

allocated within the three pre-production years, while the working capital is invested only 

in the last year before full plant production.  
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Annual equipment depreciation is calculated using the MACRS depreciation 

method with a 15-year equipment lifetime.  Each production year, the equipment 

depreciates in value resulting in no salvage value at the end of its lifetime.  Annual sales 

include the profits made from both the pure, ready-to-inject morphine sulfate and the 

impure codeine byproduct.  This sales value is included in the annual net earnings.  Net 

earnings also takes into account annual costs, equipment depreciation, and a combined 

tax rate of 42.375% (Texas state and federal tax rates).  Both the undiscounted and 

discounted cash flow translate directly to the NPV (15% interest rate) of the plant.  Once 

calculated, the undiscounted cash flow rate is multiplied by a factor that includes the 

high-risk-venture interest rate of 15% and the number of compounding periods.  To 

determine the NPV for a given year, the discounted cash flow of the year is added to the 

NPV of the previous year.  More detailed information on the costing process and related 

calculations are presented in Appendix B.  An excerpt of the cash flow diagram is shown 

in Table 5.3.2.   

5.2: Cost Implications/Impact from Regulatory Agency Standards 

 In order to manufacture an injectable morphine sulfate product that applies to 

FDA, DEA and USP standards, multiple cost factors are introduced to the economic 

analysis.  The final product according to both the FDA and USP must be sterile, non-

pyrogenic and must pass numerous quality inspections.  With these criteria, most process 

chemicals must be purchased at a high purity or grade than what is typically used 

industrially.  Acetonitrile used in the process must be HPLC-grade and the sulfuric acid 

used in the sulfonation reaction must meet USP requirements. These purities significantly 

increase the raw material costs. In addition to process chemicals, the water used for 

injection (WFI) must also meet USP and FDA standards.  Achieving this purity of water 

requires a costly USP purification and pumping system. The need for a quality control 

laboratory and quality testing increases both capital and operating costs. The costs of 

equipment necessary for the testing and the labor requirements are not trivial. In addition 

to on-site quality testing of both the morphine and codeine products, FDA and USP 

representatives perform inspections.  These plant inspections not only look at the 

products, but also the equipment being used in the plant and the cGMPs in place. Taking 

into consideration travel costs and frequency of the inspections, the annual production 
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costs reflect a considerable increase that directly influences the profitability of 

Pharmabake Tech. More regulatory standards set forth by the FDA and USP are 

presented later in Section 4.3. 

 Because opium, morphine and codeine are all classified as Schedule II controlled 

substances, the DEA also requires certain protocols to be followed in order to import, 

manufacture and distribute the products. The transportation of the opium poppy feedstock 

from Istanbul to Houston requires an armed cargo ship convoy with 24-hour security. At 

minimum the manufacturing plant must have 8-in. thick concrete walls, floors and 

ceilings reinforced with steel in order to provide a secure environment. There also must 

be heavy locks on all doors, a 24-hour specially trained security staff and a sophisticated 

alarm system securing the entire plant and its perimeter (“Controlled Substances Security 

Manual”). Additional requirements may be necessary as production occurs. With such 

specific security regulations for the plant, transportation and the need for such high-

skilled employees, both the investment costs and the annual costs are significantly higher 

than those industries not working with DEA-controlled substances. These regulations, 

like the FDA and USP requirements, decrease the plant’s profitability over the 20-year 

production period and greatly affect the NPV of the business. More details on security 

requirements set forth by the DEA are presented in Section 4.4. 

 

5.3: Annual Operating Costs and Net Present Value 

Annual costs include the cost of manufacturing (COM), general expenses (GE) 

and regulatory costs. To determine the annual COM, Table 23.1, the cost sheet outline, is 

used (Seider et al. 2009). This table considers the following elements of cost:  

 Raw material costs  

 Utility costs 

 Labor-related operations 

 Maintenance 

 Operational overhead costs  

 Property taxes and insurance 

 Plant depreciation 
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The raw materials included in the annual costs are: crude poppy straw, Perlite, 

sodium hydroxide, HPLC-grade acetonitrile, glacial acetic acid, USP-grade sulfuric acid, 

88% formic acid, and glass pharmaceutical vials; these materials result in an annual cost 

of $22.8 million. Utilities included in the analysis are electricity, medium-pressure steam, 

process water, landfill costs and both acid and organic waste disposal. The total utility 

costs result in a value of $693,700 with the biggest contributor being electricity, as 

expected. 

Labor-related operations consider direct wages and benefits (DW&B), salaries 

and benefits, supplies needed for operation, technical assistance and control laboratory 

costs.  The total DW&B are calculated by determining the number of process sections, 

total number of operators, wages and total hours worked annually. After DW&B are 

calculated, salaries and benefits, operating supplies, technical assistance and control 

laboratory costs can be determined. All of the above cost components are considered to 

be a percentage of the total DW&B; these calculations are presented in more detail in 

Appendix B. The total costs for annual labor-related operations are approximately $11.1 

million. 

 Annual maintenance costs include wages and benefits (MW&B), salaries and 

benefits, services and materials and overhead. All maintenance costs are percentages of 

the TDC. The total annual maintenance costs are approximately $12.0 million.  

The overhead operating costs consist of plant overhead, mechanical services, 

business services and employee relations. The overhead cost components are all 

considered percentages of the combined salaries, wages and benefits of maintenance and 

labor-related operations (M&O-SW&B). M&O-SW&B takes into account the DW&B, 

direct salaries and benefits, maintenance salaries and benefits, and MW&B. Using the 

percentages outlined further in Appendix B, the total overhead operating cost is 

approximately $3.8 million. To find the total annual COM, the above costs are added to 

the cost of property taxes and insurance and plant depreciation. The total calculated 

annual COM is $61.3 million. 

General expenses of the plant consist of research, administrative expenses and 

selling and incentive expenses which all are related to the value of annual sales. After 

calculations are complete, annual general expenses total $47.6 million. The last portion of 
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annual costs is the regulatory costs. These include the cost for transporting the opium 

poppy straw by ship from Istanbul, Turkey to Houston, Texas under heavy security, DEA 

regulatory permit costs for importing, manufacturing and distributing Schedule II 

controlled substances (opium, morphine and codeine) and required security for the 

manufacturing plant. These regulatory costs are discussed in more detail above in Section 

5.2 and greatly affect the annual costs of the business. These costs constituting 

approximately 20.8% of the total annual costs.  

When the COM, GE and regulatory costs are added, the total annual production 

costs for the plant are $138.3 million. The components of the annual costs are tabulated 

below in Table 5.3.1. An annual cost breakdown by component is also presented in 

Figure 5.3.1. From this figure, it is clear that the general expenses (due to high sales 

revenue) and regulatory costs are the two largest contributors to the annual operating 

costs. As expected, the utility costs, operating overhead and property taxes and insurance 

do not contribute greatly to the production costs.  

 

Table 5.3.1: Annual Operating Cost Components. 

Component Annual Cost 

Raw Materials $22,835,043 

Utilities $693,672 

Labor-Related Operations $11,121,736 

Maintenance $12,003,898 

Operating Overhead $3,816,195 

Property Taxes and Insurance $2,319,594 

Regulatory $28,741,992 

General Expenses $47,574,308 

Plant Depreciation $9,170,124 

Total Annual Costs: $138,276,563 
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Figure 5.3.1: Annual Operating Costs by Component.  

 

 

The NPV, calculated at a high-risk interest rate of 15%, is negative for the three 

years of pre-production and the first three years of production. The payback period occurs 

in the fourth year of production or seven years after the initial investment is made. This is 

acceptable since most financial institutions will not loan to a high-risk venture with a 

payback period greater than seven years (Seider et al. 2009). After ten and fifteen years 

of production, Pharmabake Tech has NPVs of $182.6 million and $238.3 million 

respectively at a 15% interest rate. After 20 production years, the NPV is approximately 

$267.9 million giving the venture a total profit over $969 million. Table 5.3.2 shows the 

calculated NPV and business cash flows for selected years. A complete cash flow 

diagram can be seen in Table 5.5 and the table used to calculate TCI is presented in Table 

5.4. 
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Table 5.3.2: Net Present Value and Cash Flows for selected years. 

Year Net Earnings (USD) 
Discounted Cash Flow 

(USD) 

Net Present 

Value (USD) 

0 
 

$(92,783,756) $(92,783,756) 

1 
 

$(15,127,786) $(107,911,542) 

2 
 

$(48,741,404) $(156,652,946) 

3 $82,624,171 $58,139,660 $(98,513,286) 

4 $79,616,673 $51,820,709 $(46,692,577) 

5 $80,251,589 $44,829,359 $(1,863,218) 

6 $80,819,672 $38,801,449 $36,938,230 

7 $81,334,288 $33,598,125 $70,536,355 

12 $82,022,671 $16,609,592 $182,578,634 

17 $82,015,988 $8,258,360 $238,258,423 

22 $85,965,836 $6,681,869 $267,864,301 

 

A sensitivity analysis of the NPV over the 20-years of production shows 

significant variation when the selling price of the morphine sulfate is varied. This is 

assuming the 15% interest rate and all other cost factors are held constant. In order to 

complete this sensitivity analysis, multiple selling prices for the injectable morphine 

sulfate product are discussed. A five, ten and 20% increase and 10% decrease in the 

selling price are analyzed.  This simulates a typical economic cycle of a market recession, 

a market expansion and economic peaks and troughs.  A comparison of the selling price, 

its deviation from the current selling price, the 20-year NPV and its deviation from the 

current value is presented in Table 5.3.3 below. The resulting 20-year NPVs have a 

maximum percent deviation around 25.8% with a 20% increase in the current market 

selling price. This indicates that the venture’s NPV after 20 years is highly dependent on 

the market strength and the selling price of the injectable morphine sulfate product. 

Table 5.3.3: Sensitivity Analysis Results for 20-Year NPV 

Morphine Selling 

Price (USD/vial) 

Deviation from 

Current Selling 

Price (%) 

NPV after 20 

Production Years 

(USD, millions) 

Deviation from 

Current 20-Year 

NPV (%) 

1.13 ---- 267.86 ---- 

1.19 +5.00 300.78 +10.94 

1.24 +10.00 328.22 +18.39 

1.36 +20.00 361.14 +25.83 

1.07 -10.00 234.94 -14.01 
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5.4: Cost Assumptions and Inflation Adjustment 

 Multiple assumptions are made when working through the costing process 

regarding feedstocks, security, tax rates, interest rates and sales. These assumptions are as 

follows:  

 Three years of start-up are used before production begins (for building the plant, 

installing equipment, etc.). 

 The prices of all raw materials (opium, vials and all process chemicals) remain 

constant over the 20 years of production. 

 The price of fresh, raw opium poppy straw grown in Turkey is similar to that 

grown in Afghanistan (“Comments…” 2011). 

 The federal tax rate of 35% (“Federal Corporate Income Tax Rates, Income Years 

1909-2014”) and Texas state tax rate of 7.375% (Texas Taxes: Sales and Use 

Tax”) remain constant over 20 years. 

 Security costs are an additional 120% of the DW&B and salaries and benefits in 

order to account for the high-skilled, specially-trained team required by the DEA. 

 The assumed interest rate (15%) remains constant over 20 years (Seider et al. 

2009). 

 Eighty percent of the TDC is invested in Year 0, 15% in Year 1 and 5% in Year 2. 

 All morphine sulfate and codeine products that are manufactured are sold in the 

same year. 

 Interest is compounded annually.  

For all pieces of equipment costed using Seider et al. (2009), an inflation adjustment 

must be taken into account. This is due to the fact that all costs reflect the 2006 price 

index rather than that of 2014. The index for 2014 (236.3) is more than 15% higher than 

that of 2006 (201.5); this results in higher equipment costs than what were originally 

obtained (“Consumer Price Index (CPI)”). In order to receive accurate values for TCI, 

and TDC, inflation adjustment is necessary.  
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5.5: Economic Hazards  

 In order to remain profitable over the 20 years of production, both the proposed 

morphine extraction process and the manufacturing plant must be able to overcome any 

economic hazards that may arise in the future.  Three main aspects to consider are as 

follows: the future price and availability of fresh opium feedstock, the future morphine 

sulfate market and the possibility of change in the regulatory requirements set forth by 

the DEA, FDA and USP.  

 The price of any agricultural good has the potential to fluctuate due to the 

variability of crop production, growing season conditions and product demand. Like corn, 

wheat and other manufacturing feedstock, opium poppy prices (per kilogram) have 

fluctuated greatly over the past 8 years as can be seen in Figure 5.5.1 below 

(“Afghanistan Opium Survey 2013”). If opium prices increase drastically, there will 

come a point in time that the feedstock is not cost-effective. Since opium is the most 

abundant morphine and codeine source internationally, these higher costs greatly affect 

the profitability of both pharmaceutical products. In addition to the fluctuating prices of 

opium, the feedstock is primarily grown in two world countries: Afghanistan and Turkey. 

Because the opium poppy needs specific growing conditions, these two countries produce 

the majority of opium demanded internationally. With limited sources, poppy availability 

differs greatly from year-to-year; this results in shortages or surpluses and greatly drives 

the price-per-kilogram of both dry and fresh opium. In order to anticipate such changes to 

the process, research must be conducted to find alternative sources of morphine and 

codeine that do not affect the quality of the final products and still allow for economic 

profit.  
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Figure 5.5.1: Prices (per kilogram) of fresh opium from March 1997 to August 2013 

for two Afghani provinces.  Source: Afghanistan Opium Survey 2013 

 

Due to the current shortage of morphine in the United States and the country’s 

population increasing steadily, the future market for morphine sulfate may prove to be 

drastically different than today’s. Although morphine sulfate is considered one of the 

most widely used pain relievers today, there is a distinct possibility that other surrogates 

that are more cost-efficient to produce may be developed within the next 20 years. These 

surrogates could provide similar or more effective relief to the patients that would render 

the morphine sulfate demand obsolete. This would drive the selling price of each vial 

very high, and with these higher prices, customers would inherently opt for the more 

economical drug option. This shift in demand would decrease both the annual sales and 

profitability of Pharmabake Tech, in turn threatening the company’s survival in the 

industry. Conversely, if more companies begin producing morphine sulfate in order to 

respond to the current shortage, the selling price of morphine would decrease due to the 

nature of competition and increased supply. If wanting to remain competitive in the 

market, Pharmabake Tech must adjust its selling prices to mirror those of their 

competitors; this again could affect the amount of revenue made from the sale of the 

morphine sulfate and the overall NPV of the company. In order to anticipate such market 
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changes, proper economic forecasting must be implemented and market trend research 

must be conducted. If proper research and forecasting is completed, the company will be 

able to adjust its selling price properly, estimate annual sales and make any necessary 

process changes prior to the market shift.  

In addition to the possibility of change in the morphine sulfate market, the 

regulatory requirements set forth by the DEA, FDA and USP may be different in 20 years 

than they are today. As discussed in Section 5.2 above, the various costs associated with 

the current regulatory requirements greatly affect both the annual productions costs and 

NPV of the plant. If these costs associated with the regulations increase, there will come 

a point in time where the business loses profitability. This proves the same if more 

regulatory requirements are added onto those currently in existence. In order to adapt 

production for these changes, opportunities for cost reductions should be explored 

throughout the 20 years. Proper research should also be conducted on how to implement 

these changes into the current process without significantly affecting the production or 

quality of both the morphine sulfate and the codeine.  

 

5.6: Further Optimization 

 If given more time to optimize the proposed morphine sulfate manufacturing 

process and plant design, there would be two areas of focus: increasing the sustainability 

of the process and exploring opportunities for a wider portfolio of products. Many of the 

pieces of equipment used in the proposed process could be optimized to be ‘greener,’ 

such as the crystallizer, dissolver and HPLC columns. These ‘greener,’ energy efficient 

designs may significantly reduce both energy and utility costs. Additionally, more 

sustainable equipment may provide greater recycling opportunities for process chemicals 

and provide further opportunity to convert more of the extracted alkaloids into sellable 

products. This would increase revenue, and in turn, increase the NPV values of 

Pharmabake Tech.  

 Since many of the extracted alkaloids from the poppy are currently being 

converted into a waste product, exploring a wider genre of pharmaceutical products also 

has the potential to increase sales. Many of the extracted alkaloids have similar properties 

to those of morphine and codeine; this may present an opportunity to produce more than 
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two sellable products at once. If wanting to produce more than the morphine sulfate and 

impure codeine simultaneously, other process chemicals and packaging options can be 

rotated into the production process or added into the three months of current production 

shutdown. The purification process of these other alkaloids would not greatly affect any 

of the process machinery (if at all), but rather involve different process chemicals and 

process steps in order to manufacture the different products. 
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Table 5.4: Calculation of Total Capital Investment (TCI)  

Total BM costs for fabricated equipment (CFE) :  
 

$38,679,579  

     Total BM cost for process machinery (CPM):  $9,929,103  

     Total BM cost for spares (Cspares):   $6,283,444  

     Total BM cost for storage (Cstorage):   $-    

     Total BM cost for catalyst charges (Ccatalyst):   $-    

     Total BM cost for computers (Ccomp):   $500,000  

     
Total BM investment (CTBM): 

 

 
$55,392,126  

    Cost of site preparation (Csite):  

 
 $8,308,819  

    
Cost of service facilities (Cserv):  

 

 
$30,000,000  

    Allocated costs for utility facilities (Calloc):  

 
 $4,586,931  

    
Total of Direct Permanent Investments (CDPI): 

  

 
$98,287,877 

   Cost of Contingencies and contractor's fees 
(Ccont):  

  

 
$17,691,818  

   Total depreciable capital (CTDC):  

   
 $115,979,695  

  Cost of Land (Cland):  

   
 $2,319,594  

  Cost of Royalties (Croyal) 

   
 $2,319,594 

  Cost of Plant Startup (Cstartup):  

   
 $18,556,751 

  
Total Permanent Investment: (CTPI):  

    

 
$139,175,634  

 Investment Site Factor: FISF (Midwest)  

    
 1  

 
Total Permanent Investment, corrected:  

    

 
$139,175,634  

 Working Capital:  

    
 $58,661,522 

 
Total Capital Investment (CTCI) 

     

 
$197,837,156  
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Table 5.5: Complete Cash Flow Diagram Used to Calculate NPV (15% interest rate, USD) 

Years 

Total 

Depreciable 

Capital 

Working 

Capital 
Depreciation 

Costs 

excluding 

Depreciation 

Sales 
Net 

Earnings 

Undiscount

ed Cash 

Flow 

Discounted 

Cash Flow 

Net Present 

Value 

0 (92,783,756) 
     

(92,783,756) (92,783,756) (92,783,756) 

1 (17,396,954) 
     

(17,396,954) (15,127,786) (107,911,542) 

2 (5,798,985) (58,661,522) 
    

(64,460,507) (48,741,404) (156,652,946) 

3 
  

5,798,985 (138,276,563) 287,458,057 82,624,171 88,423,156 58,139,660 (98,513,286) 

4 
  

11,018,071 (138,276,563) 287,458,057 79,616,673 90,634,744 51,820,709 (46,692,577) 

5 
  

9,916,264 (138,276,563) 287,458,057 80,251,589 90,167,853 44,829,359 (1,863,218) 

6 
  

8,930,436 (138,276,563) 287,458,057 80,819,672 89,750,108 38,801,449 36,938,230 

7 
  

8,037,393 (138,276,563) 287,458,057 81,334,288 89,371,681 33,598,125 70,536,355 

8 
  

7,225,535 (138,276,563) 287,458,057 81,802,121 89,027,656 29,103,299 99,639,654 

9 
  

6,842,802 (138,276,563) 287,458,057 82,022,671 88,865,473 25,261,114 124,900,768 

10 
  

6,842,802 (138,276,563) 287,458,057 82,022,671 88,865,473 21,966,186 146,866,954 

11 
  

6,854,400 (138,276,563) 287,458,057 82,015,988 88,870,388 19,102,088 165,969,041 

12 
  

6,842,802 (138,276,563) 287,458,057 82,022,671 88,865,473 16,609,592 182,578,634 

13 
  

6,854,400 (138,276,563) 287,458,057 82,015,988 88,870,388 14,443,923 197,022,556 

14 
  

6,842,802 (138,276,563) 287,458,057 82,022,671 88,865,473 12,559,238 $209,581,794 

15 
  

6,854,400 (138,276,563) 287,458,057 82,015,988 88,870,388 10,921,681 $220,503,475 

16 
  

6,842,802 (138,276,563) 287,458,057 82,022,671 88,865,473 9,496,588 $230,000,063 

17 
  

6,854,400 (138,276,563) 287,458,057 82,015,988 88,870,388 8,258,360 $238,258,423 

18 
  

3,421,401 (138,276,563) 287,458,057 83,994,254 87,415,655 7,063,632 $245,322,055 

19 
   

(138,276,563) 287,458,057 85,965,836 85,965,836 6,040,417 $251,362,472 

20 
   

(138,276,563) 287,458,057 85,965,836 85,965,836 5,252,537 $256,615,009 

21 
   

(138,276,563) 287,458,057 85,965,836 85,965,836 4,567,423 $261,182,432 

22 
 

58,661,522 
 

(138,276,563) 287,458,057 85,965,836 144,627,358 6,681,869 $267,864,301 
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Section 6: Conclusions and Recommendations 

6.1: Conclusions 

The proposed design for the production of morphine is capable of producing morphine 

sulfate for injection.  The design was crafted around meeting regulations of DEA, FDA, and 

USP.  What is unique to this process is the limited use of organic solvents. Common methods for 

morphine extraction often involve extraction with organic solvents.  This process eliminates 

most organic solvent usage though HPLC.  This also reduces the amount of solids handling.  

There are trade-offs to choosing a HPLC with low organic solvent usage design.  One of 

these is the dramatic increase in water usage.  This issue is minimized by the choice of location.  

The chosen process results in large water usage both in direct manufacturing of the drug and in 

the operation of the process machinery.  

Several assumptions were made throughout the design process.  When information was 

lacking, an upper limit estimate was used to represent a worst-case scenario.  The largest amount 

of error introduced to the design originates from equipment estimated purchase costs, utility 

usage, and cost of feedstocks (not projected in future).    

 Over the 20 years of production, an NPV of $267.9 million is expected (at a discount rate 

of 15%). This value results in a cumulative venture profit over $969 million after taking into 

consideration a total capital investment of $197.2 million.  Annual sales of both the morphine 

sulfate and codeine products total over $287.4 million while the annual production costs total 

approximately $138.3 million.   

 The unpredictable nature of the market makes finding a loan unlikely, not due to the 

process design, but due to the high capital investment.  This design would be more attractive to 

existing pharmaceutical manufacturing facilities that already own the required pieces of 

equipment.  Equipment used in this design is common in the pharmaceutical industry.   

6.2: Recommendations 

 Further research should be conducted to improve the yield of the process.  Recovery of 

morphine from the mother liquor after recrystallization could prove to yield significant 

profits.   

 Further processing of codeine should be investigated as a potential secondary product.   

 Other alkaloid products should be investigated as potential areas of growth.  A feasibility 

study should be conducted to determine if processing additional alkaloids is profitable.   
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 Pilot plant should be used to determine process practicality. 

 Other forms of the morphine sulfate should be looked into to see if other forms are more 

popular or profitable.  Other forms include large volumes drips, ready-to-use syringes, 

multi-use vials or ampules.  

 Annual revenue and production costs should be more accurately forecasted in order to 

better predict NPV and net profit.  
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Section 7: Nomenclature 

 
DEA: United States Department of Justice Drug Enforcement Agency 

FDA: United States Food and Drug Administration 

cGMP: Current good manufacturing practice 

USP: United States Pharmacopeia  

PFD: Process flow diagram 

DI: De-ionized water  

 

HPLC: High-performance liquid chromatography 

WFI: Water for injection  

 

PPE: Personal protective equipment  

HAZOP: Hazards of operation 

MSDS: Material safety data sheet  

 

HVAC: Heating, ventilation, and air conditioning  

 

TBM: Total bare-module investment  

 

TPI: Total permanent investment  

 

TCI: Total capital investment  

 

WC: Working capital  

 

TDC: Total depreciable capital  

 

NPV: Net present value 

 

MACRS: Modified Accelerated Cost Recovery System  

 

COM: Cost of manufacturing 

 

GE: General expenses 

 

DW&B: Direct wages and benefits  
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MW&B: Maintenance wages and benefits  

 

M&O-SW&B: Maintenance and operations salaries, wages and benefits  
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Section 9: Appendices 

Appendix A: Process Sample Calculations 

 
Distillation Tower Calculations: 
 From ChemCAD, minimum reflux ratio was determined to be 0.167 (Appendix E) 
The reflux ratio was set to be 0.25, 1.5 times the minimum.  Reflux ratio has direct impact 
on total cost, lower reflux ratios are chosen when energy demands are high, higher reflux 
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ratios are chosen when material of construction of tower is expensive.  Optimum reflux 
ratio is most likely in the range of 1.2-1.8 and thus 1.5 was chosen.   
 Figure 21.26 in Unit Operations of Chemical Engineering was utilized to determine 

column diameter and height.  The abscissa of the graph in this figure is: 
 

 
(
  

  
)

 

 
 

Where L=liquid flow rate in the tower, V=gas flow rate in tower, and ρ is density of gas and 
liquid.  For these calculations, the density of acetonitrile was used for the vapor and liquid.   
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From Figure 21.26 for 9 inch plate spacing, a correlated constant, KV is determined to be 
0.175.   
The maximum vapor velocity is then calculated from this KV: 
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Where σ is surface tension in dyn/cm.   
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Assuming bubbling area is only 70% of the total column area 

         (   
       

   
)

 

 

         

The minimum column diameter is 0.3 (Turton 2012), thus a diameter of 0.3 m was chosen.   
With a diameter of 0.3 meters, a new vapor velocity was determined to be 0.786 m/s 
assuming 70% of the column area is bubbling area.   

                             
              

                                        
 
     

 

 

   

     
 

 
 

                            
(              ) 

                    
 
  
    

           

Where Orifice Coefficient is assumed to be 0.72 (McCabe et al. 2005) and g is the 
gravitational constant.   
Head of liquid on plate is assumed to be 50.8 mm (McCabe et al. 2005). 
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                                                 (          ) 
Thus 9 inch plate spacing will work.   
With ChemCAD simulation using 50% plate efficiency, 17 stages were modeled.  The actual 
stages are 19.   

                                         (      ) 
For liquid disconnect at the top an additional 1.68 m of tower is required making the total 
height 6.02 m.   
The Price of the column was estimated through ChemCAD estimation tools and is available 
in Appendix E.    
 
Mills sizing: 

Correlation from Perry’s Chemical Engineering Handbook: 
    

   
 

   
    

   
            

 
Screw conveyers: 
C-201 

   
  

  
 

   

        
 
 

  
     

  

  
                      

C-202 

  
  

  
 
   

     
 
 

  
    

  

  
                

 
Densities adapted from Perlite Canada and Engineering Toolbox. 
 
Screen sizing: 
Relating the particle size to flow rates with linear interpolation. This relation is between 
the screen hole size and the flow through the screen. 
 
For coarse particles: 
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(         )

( 
   

      
   

   

      
)
       

  
   

      

  

 
Small particles: 
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This gives the screen size in cubic feet. 
 
 
 
 
Tank Sizing: 
Feed tanks: 30-day supply is 4.5 batches 

                        [  ]      
 [  ]

        [  ]
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)
 

                            

                                                         
Densities are adapted from Perry’s handbook and CRC. 
 
 
 
Holding tank sizes: 

                          [  ]  
 [  ]
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Densities are adapted from Perry’s handbook and CRC. 
 
 
 
Pump sizing: 
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All simulations on ChemCAD for pump flow rate. Additional information is found on 
Cole Parmer spec sheets. 
 
Vacuum pumps: 
          where W is the flow rate of air, K is a constant based on vacuum pressure 
and V is the volume of the vacuum receiver.  
For pressures of this design k=.2 (Seider). 
 
The value of W is used to pump air in ChemCAD simulations for pump sizing. 
 
Agitator on agitated tanks: 
Power requirement specification: 

Miscible liquids 
     

           
 

Suspension of solid particles 
     

            
 

Correlations from Seider 
 

                                       
 
 
Heat exchangers: 
Energy requirements from ChemCAD. 
  
Log mean temperature: 

    
       

  (
   

   
)

 

         for process water going from ambient to the max allowable temperature 
(Seider). 
      For condensing vapors 
                For process streams. 
 
 
 
 
HPLC Calculations: 
From Antonini (2009), volume of mobile phase fractions is defined as: 

       
                      

                                   
 

HPLC columns are estimated to operate in the following way (Antonini 2009): 
Eluate before morphine 1.57 
Eluate of morphine 1.69 
Eluate of codeine 
Eluate of color/impurities 

3.85 
1.85 
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The mass of the stationary phase is 30 kg.  The pore volume is approximately 1 mL/g 
(Daisogel).   
                                                                          

             
  

 
 

  

        
     

Using the eluate definition, volume of mobile phase was calculated for each fraction.   
Eluate before 
morphine 47100 ml 

Eluate of morphine 50700 ml 

Eluate of codeine 115500 ml 

Eluate of color 55500 ml 

From Antonini (2009), the desired loading ratio is 13.9 with a concentration around 56 
g/L.   

              
                        

                 
 

Assuming a liquid density of 1000 kg/m3. 
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The flow rate of the column is assumed in-between 730 L/h to 1000 L/h.  This provides the 
following times: 
 

Mobile Phase 1 17.56 minutes 

Wash 4.57 minute   

 
The number of HPLC columns was determined assuming 8 hour a day run time, 7 days a 
week.   
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Appendix B: Economic Sample Calculations 

Step 1. Calculating the Costs of Equipment 

 All process equipment is either priced using equations from Seider et al. (2009) or 

by obtaining a current market price from vendors.  The equations used for pricing 

equipment from Seider et al. are listed below and broken up by process building: 

 

Building 1:  

 

Hammer (Roller) Mill: 

 

         
     

W=Feed rate (Table 22.32) 

 

Ball (Crushing) Mill: 

 

          
    

W=Feed rate (Table 22.32) 

 

Horizontal Belt Conveyor: 

 

          

W=Width (inches), L=Length (feet) (Table 22.32) 

 

Vibrating Screens:  

 

         
     

A=Area (square feet) (Table 22.32) 

 

Building 2:  

 

Screw Conveyor: 
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D= Diameter (inches), L=Length (feet) (Table 22.32) 

 

Extraction Cooler (Shell and Tube Condenser):  

 

            

 

    
(                ( )         [  ( ) ]) 

A=Area (square feet), which is determined using the following equation:  

 

  
 

(        )
 

U=Overall heat transfer coefficient (W/ (m^2*K), F= efficiency,     =log-mean 

temperature difference (K), Q=heat transferred (W)  

 

     (
 

   
)
 

 

A=Area (square feet), a=2.70, b=0.07 from Table 22.25  

 

FL= 1, and 

 

               (
 

   
)        (

 

   
)
 

 

P=100 psig  

 

 

 

Storage Bins (Silos):  
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S= Volume (cubic feet), Table 22.32 

 

Tanks:  

 

       
     

V=Volume (gal), Table 22.32 

 

Filter: 

 

         
     

A=Filtering area (square feet)  

 

The following equation used to size the Steam-Jacketed Dissolver is found in Turton 

(2012):  

 

     
(        ( )   (    ( ))

 ) 

K1=4.0152, K2=0.532, K3= -0.0005, and V=Volume (cubic meters) 

 

Building 3: 

No additional equations from Seider et al. (2009) are used to cost equipment in 

Building 3. In order to cost the tank used in Building 3, the tank calculations outlined under 

Building 2 are used. Similarly, to cost the condenser in Building 3, those calculation 

presented under Building 2 are used. In order to calculate the cost for the Alkaloid 

Concentrator Still, the equation from Turton (2012) is used.  

 

 

 

Building 4: 



 
 

 95 

No additional equations from Seider et al. (2009) are used to cost equipment in 

Building 4. In order to cost the tank used in Building 4, the tank calculations outlined under 

Building 2 are used.  

 

Building 5: 

 

Crystallizer:  

 

          
     

V=Volume (cubic feet), Table 22.32  

 

The sulfonation reaction vessel is priced using the equation from Turton (2012), the 

filter is costed using the equation presented under Building 2, the tanks are costed using 

calculations presented under Building 2 and the acetonitrile distillation column is costed 

using a ChemCAD estimate. 

 

Building 6:  

 No additional equations from Seider et al. (2009) are used to cost equipment in 

Building 6. In order to cost both the condenser and boiler, the heat exchanger calculations 

presented under Building 2 are used, and the tanks in this building are priced using the 

equations also presented under Building 2. 

 

Building 7:  

 No additional equations from Seider et al. (2009) are used to cost equipment in 

Building 7. In order to cost both the condenser and boiler, the calculations presented under 

Building 2 are used, and the tanks in this building are priced using the equations also 

presented under Building 2. The boiler is costed using the equation from Turton (2012) 

presented under Building 2. 
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Step 2.  Adjusting for Inflation on Equipment Priced Using Seider et al. (2009): 

 Inflation adjustments must be made for the equipment that is priced using Seider et 

al. because the pricing equations reflect the 2006 inflation index. In order to receive the 

true cost in 2014, the following equation must be used:  

 

                                                 (
             
             

) 

 

The inflation index in 2014 is 236.3 and the inflation index for 2006 is 201.5 (“Consumer 

Price Index (CPI)”) 

 

Step 3. Calculate True Bare Module Costs of Fabricated Equipment, Process Machinery, 

and Spares 

 In order to obtain the total bare module costs (TBM), some pieces of equipment must be 

multiplied by a bare-module factor to compensate for the material of construction, installation 

factors and the operating pressures. The pieces of equipment affected by this adjustment and 

their respective bare-module factors are listed below (from Table 22.11, Seider et al. 2009):  

 Heat exchanger, 3.170 

 Pumps and drivers, 3.300 

 Conveyor belt, 1.610 

 Mills, 2.300 

 Crystallizers, 2.06 

 Direct-fired heaters, 2.19 

 Screens, 1.730 

 Vertical pressure vessel, 4.160 

 Filters, 2.320 

 Distillation tower, 3.000 

 

All pieces of equipment, once their final costs are calculated, are broken up into 

three categories: fabricated equipment, process machinery, and spares. The total bare-
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module costs of the fabricated equipment (CFE) include the costs of the following pieces of 

equipment:  

 Conveyors 

 Tanks  

 Silos 

 Steam-jacketed reactors 

 Crystallizer 

 Acetonitrile distillation tower 

 Primary packaging line 

 USP-water filtration system 

 Autoclave 

 Secondary packaging line 

 

The total costs of process machinery (CPM) include the costs of the following pieces of 

equipment:  

 Ball mills 

 Hammer mills  

 Centrifugal pumps  

 Filters 

 Screens 

 Heat exchangers 

 HPLC columns 

 

The cost of spares (Cspares) includes the costs of the backup pumps used, conveyors, 

an autoclave and extra HPLC columns. 

 

 

 

Step 4. Determining the Total Capital Investment (TCI) 
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  In order to determine the total capital investment for the business venture, Table 

22.9 in Seider et al. (2009) is used. Table 22.9 can be seen below in Figure B.1.  

 

Figure B.1 Components of TCI, Source: Seider et al. (2009) 

 

 

There is no cost for catalyst charges in the TCI since no catalysts were used in the 

production process. The costs of the storage tanks are included in the CFE.  An initial 

investment for computers and technological instruments (Ccomp) was assumed to be 

$500,000 since the production process equipment is not necessarily automatic.  

 

The above costs, as well as the total bare module costs of the fabricated equipment, 

process machinery and spares from Step 3 are used to find the total bare module 

investment (CTBM):  
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 The cost off site preparation, Csite, is assumed to be 15% of the TBM costs (Seider et 

al, page 500).  The cost of services facilities, Cserv, is assumed to be $30.0 million due to the 

larger initial investment required to construct a grassroots plant. Allocated costs include 

electrical plant, steam and process water plant costs; these costs are determined using 

equations presented in Table 22.12 in Seider et al. (2009).  Taking the TBM and the site 

preparation cost, the service facilities cost, and the allocated utility plant costs, the direct 

permanent investment (DPI) is calculated:  

 

                             

 

In order to determine the total depreciable capital (TDC), the DPI is added to the 

cost of contracting and contingency fees (Ccont). The total cost of contracting and 

contingency fees are considered to be 18% of the DPI (Seider et al., page 551):  

 

                

 

 The cost of land (Cland) is considered to be 2% of the TDC (Seider et al., page 551). 

The royalty cost (Croyal), is also considered to be 2% of the TDC, also on page 551 of Seider 

et al. (2009). The cost of plant startup, Cstartup, is considered to be 16% of the TDC (551).  In 

order to determine the total permanent investment (TPI), the following equation is used:  

 

                                

  

The TPI must also be corrected by multiplying the site investment factor for the U.S. 

Gulf Coast (1.00, Table 22.13, Seider et al. 2009). The following equation can be used to 

determine the corrected TPI:  
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To determine the total capital investment, CTCI, the corrected TPI is multiplied by the 

working capital. The working capital includes one month’s cost of raw materials 

(determined by dividing the annual raw material cost by 9 (the factory is in production for 

9 months out of the year), 15% of the fixed capital (the total bare-module equipment costs 

found in Step 3), and 2 months of product inventory (discussed later in Step 6). The 

following equation is used to find the TCI:  

 

                        

 

Step 5. Determining the Annual Costs 

 To determine the annuals costs, the cost sheet outline (Table 23.1, Seider et al.) is 

used. To determine the annual cost of raw materials, the cost of raw materials needed per 

run is calculated. The number of runs made per year then multiplies this value:  

             
    

 
             
     

 
       

    
 

 

The utility costs include the amount of kilowatt-hours of electricity used by all of the 

machinery. This value is found by calculating the total kilowatt (kW) usage by each 

machine multiplied by the number of hours the piece of equipment is used per run:  

 

  

       
 
          

     
 

     

             
 

 

 This value is then multiplied by the runs made per year to find the total annual kW-

hr usage per machine:  

 

     

             
 
       

    
 

     

            
 

 

The total kW-hr usage per year is determined by the sum of all individual equipment 

kW-hr usage:  
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 ∑

     

             

 

   

 

 

A similar method is used to find the annual costs of the remaining utilities: steam, 

process water, DI water, cooling water, and waste disposal (organic, acid and landfill).   

 

Labor-related operations are determined by first calculating the annual DW&B 

using Equation 23.2 from Seider et al.:  

 

     
 

  
 
         

     
        

       

             
 
   

  
 

 

The rest of the labor-related operations are percentages of the DW&B. The 

components and their respective percentages are listed below:  

 Direct salaries and benefits, 15% 

 Operating supplies and services, 6% 

 Technical assistance, $60,000*3 operators 

 Control laboratory, $65,000 * 3 operators 

 

The sum of these components and the DW&B results in the total annual costs of labor-

related operations 

 

The maintenance cost components are all percentages of maintenance wages and 

benefits (MW&B). MW&B is considered to be 4.5% of the TDC according to Seider et al. The 

components of the maintenance costs and their respective percentages of MW&B are listed 

below:  

 Salaries and benefits, 25% 

 Materials and services, 100%  

 Maintenance overhead, 5%  
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The summation of these cost components equals the total annual maintenance costs.  

 

Operating overhead cost components are all percentages of the combined 

maintenance and labor-related salaries, wages, and benefits (M&O-SW&B). M&O-SW&B can 

be calculated using the equation below:  

 

        

                                       

                                   

  

The overhead cost components and their percentages of M&O-SW&B are as follows:  

 General plant, 7.1% 

 Mechanical department services, 2.4% 

 Employee relations, 5.9% 

 Business services, 7.4% 

 

The sum of all of these components equals the total overhead annual costs. Property 

taxes and insurance are considered 2% of TDC and the direct plant depreciation is 

considered 8% of the TDC (Seider et al, 2009). 

 

All of the above components summed together make up the total annual cost of 

manufacturing. In order to determine the general expenses, total sales must be determined.  

Each component is a percentage of the total annual sales (described in Step 6), and their 

respective percentages are listed below:  

 Selling and transfer expenses, 4% 

 Direct research, 4.8% 

 Allocated research, 0.5% 

 Administrative, 2% 

 Management incentive compensation, 1.25% 
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 Patents, 4% 

 

These expenses, with the addition of the transportation costs, raw material costs, 

regulatory costs, and security costs are added together to determine annual production 

costs.  

 

Step 6. Determining the Annual Sales 

 The annual sales include the injectable morphine sulfate and the impure codeine by-

product. The annual production of morphine sulfate vials is multiplied by the unit price of 

$1.13 (average market price for the 10-mg/mL injectable) in order to obtain the annual 

revenue made from the morphine product. The revenue from codeine is determined 

similarly with a selling price of $0.05/gram.  In order to find the total annual revenue, the 

revenues from both the morphine and codeine products are summed.  

 

Step 7. Determining the Annual Depreciation 

 The total annual depreciation is determined using the MACRS method with a 15-

year equipment lifetime. The total depreciable capital is multiplied by the percentages 

outlined below in Figure B.2 (Table 23.9, Seider et al. 2009):  
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Figure B.2 MACRS Depreciation Percentages  

 

  The equipment depreciation begins in the first year of production, and continues 

until no salvage value of the equipment is achieved.  

 

Step 8.  Filling in the Cash Flow Diagram 

 The cash flow diagram is used to determine the NPV at a 15% interest rate. This 

diagram can be seen in its entirety in Table 5.5. In Year 0, 80% of the TDC is invested, while 

Year 1 and Year 2 have percentages of the TDC as 15% and 5% respectively. The working 

capital determined in Step 4 is added to the cash flow diagram in the year before 

production starts. The annual depreciation determined in Step 7, the annual costs 

determined in Step 5, and the annuals sales determined in Step 6 are then added to the 

diagram.  

  

 To determine the annual net earnings, the following equation is used:  

 

           (  )  (        )(      ) 
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where the combined federal and state tax rate is considered 42.375%.  The annual 

undisclosed cash flow is determined using the following equation: 

 

                     (   )  (             ) 

 

where fTDC is the fraction of the TDC invested in that year, NE is net earning, D is annual 

depreciation, and WC is working capital.  The discounted cash flow is determined using the 

following equation:  

 

                    (   )      (   )   

 

where UCF is the undiscounted cash flow, i is a 15% interest rate, and n is the number of 

years.  Finally, the cumulative, or net, present value can be found using the equation below:  

 

 

                  (   )             
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Appendix C: Vendor Correspondence 

 
Bosch Packaging Services: 
 
Phone and email correspondence with Paul Tinucci 
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Novasep: 
 
Phone and email correspondence with Dan Paradis and relevant pages from a Novasep 
brochure 

 



 
 

 109 
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 114 

Schott Glass: 
 
Phone and email correspondence with Ted Frakes.  
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 118 
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CRB: 
 
Phone and email correspondence with Terry Werth. Email attachments are included. 
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Appendix D: Excel Spreadsheets 

 
See D2L Dropbox for spreadsheets. 
 
HPLC Specifics.xlsx 
Econ calculations.xlsx 
Distillation calculations.xlsx 
Equipment tables bldg 1-7.xlsx 
pH calculation sheet.xlsx 
Stream Tables 4-26 With Mass Balances.xlsx 
Utility Tables.xlsx 
Operator Shifts and Timeline.xlsx 
 
 

Appendix E: ChemCAD 

 

 


