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value (NPV), the return of investment (ROI), the internal rate of return (IRR) of the plant based on the

free raw materials with the selling price of $0.03 per tablet were calculated at low and high demand for

both processes.

For a cost of conversion of three cents per tablet with the low demand of 160 million tablets per

year, the hybrid process had an IRR of 8.3% and an ROI of 3.11%, while the batch process had an IRR of

3.93% and an ROI of 0.83%. At a high demand of 1.6 billion tablets per year, the hybrid process had an

IRR of 108% and an ROI of 146%, while the batch process had an IRR of 97.0% and an ROI of 127%.

The economic analysis showcases that the hybrid process is not only more efficient but also more

profitable in comparison to the batch process. A sensitivity analysis was performed with the selling price

ranging from $0.01 to $0.05 per tablet for the low demand, high demand, and at 500 million tablets per

year. Decreasing and increasing the selling price only emphasizes that the hybrid process is always more

profitable than the batch process. Thus, it is recommended to use a hybrid process when producing

Albatol tablets.

Best regards,

______________________ __________ ______________ ___________

Yanapong Chaisithikarnkha Simon Oros Ethan Spellmeyer Sophia Tran



Drug Product Production for a

Highly Variable Supply Chain

Yanapong Chaisithikarnkha
Simon Oros

Ethan Spellmeyer
Sophia Tran

Faculty Advisor: Dr. Miriam Wattenbarger
Project Author: Dr. Alex Marchut

University of Pennsylvania
School of Engineering and Applied Sciences

Department of Chemical and Biomolecular Engineering
April 18, 2023

1



Table of Contents

Letter of Transmittal........................................................................................................................ 0
Table of Contents............................................................................................................................. 1
Section 1: Abstract...........................................................................................................................7
Section 2: Introduction and Objective–Time Chart......................................................................... 8

Section 2.1 Project Background.................................................................................................8
Section 2.2 Project Goals...........................................................................................................9
Section 2.3 Project Scope........................................................................................................ 10
Section 2.4 Project Deliverables.............................................................................................. 10
Section 2.5 Design Process...................................................................................................... 11
Section 2.6 Project Time Chart................................................................................................ 12

Section 3: Innovation Map (N/A).................................................................................................. 13
Section 4: Market and Competitive Assessment........................................................................... 14
Section 5: Customer Requirements and CTQ Variables................................................................ 16
Section 6: Product Concepts (N/A)................................................................................................16
Section 7: Superior Product Concepts (N/A).................................................................................18
Section 8: Competitive (Patent) Analysis...................................................................................... 19
Section 9: Preliminary Process Synthesis......................................................................................20

Section 9.1 Blending................................................................................................................20
Section 9.2 Granulation........................................................................................................... 21
Section 9.3 Drying................................................................................................................... 22
Section 9.4 Milling...................................................................................................................23
Section 9.5 Compression......................................................................................................... 23
Section 9.6 Coating..................................................................................................................24

Section 10: Assembly of Database................................................................................................ 25
Section 10.1 Reactant/Product Properties................................................................................25
Section 10.2 Excipient Addition Schedule.............................................................................. 27

Section 11: Process Flow Diagrams and Material Balances..........................................................28
Section 11.1 Batch Material Balance.......................................................................................28

11.1.1 Batch Size Selection................................................................................................28
11.1.2 Batch Match Balance.............................................................................................. 29
11.1.3 Sizing Batch Unit Operations................................................................................. 34
11.1.4 Scheduling the Batch Process................................................................................ 36

Section 11.2 Hybrid Material Balance.....................................................................................43
11.2.1 Hybrid Process Mass Balance.................................................................................43
11.2.2 Residence time for continuous operations.............................................................. 48

2



11.2.3 Hybrid Process Schedule........................................................................................ 49
Section 12: Process Descriptions................................................................................................... 52

Section 12.1 Batch Process...................................................................................................... 52
12.1.1 Bin Blender............................................................................................................. 52
12.1.2 High-shear mixer Granulator.................................................................................. 54
12.1.3 Batch Tray Dryer.................................................................................................... 56
12.1.4 Milling.................................................................................................................... 58
12.1.5 Rotary Tablet Press................................................................................................. 59
12.1.6 Batch Fully Perforated Coating Pan....................................................................... 60

Section 12.2 Hybrid Process....................................................................................................63
12.2.1 Bin Blender............................................................................................................. 63
12.2.2 Continuous Twin-Screw Granulation..................................................................... 63
12.2.3 Continuous Conveyor Belt Drying......................................................................... 65
12.2.4 Comil...................................................................................................................... 66
12.2.5 Continuous Mixer................................................................................................... 67
12.2.6 Rotary Tablet Press................................................................................................. 68
12.2.7 Batch Fully Perforated Coating Pan....................................................................... 68

Section 13: Energy Balance and Utility Requirements..................................................................69
Section 13.1 Energy Balance and Utility Requirements for the Batch Process.......................69

13.1.1 Bin Blender............................................................................................................. 69
13.1.2 Granulator............................................................................................................... 70
13.1.3 Tray Dryer...............................................................................................................71
13.1.4 Comil...................................................................................................................... 72
13.1.5 Rotary Tablet Press................................................................................................. 73
13.1.6 Tablet Coater...........................................................................................................74

Section 13.2 Energy Balance and Utility Requirements for the Hybrid Process....................75
13.2.1 Bin Blender........................................................................................................... 75
13.2.2 Twin-Screw Granulator...........................................................................................76
13.2.3 Conveyor Belt Dryer...............................................................................................77
13.2.4 Comil...................................................................................................................... 78
13.2.5 Continuous Mixer................................................................................................... 78
13.2.6 Rotary Tablet Press................................................................................................. 79
13.2.7 Tablet Coater...........................................................................................................79

Section 14: Equipment List and Unit Descriptions........................................................................80
Section 14.1 Equipment List and Unit Descriptions for the Batch Process.............................80

14.1.1 Bin Blender............................................................................................................. 80
14.1.2 High Shear Granulator............................................................................................ 81
14.1.3 Batch Tray Dryer.................................................................................................... 82

3



14.1.4 Comil...................................................................................................................... 83
14.1.5 Rotary Tablet Press................................................................................................. 84
14.1.6 Batch Perforated Pan Tablet Coater........................................................................85

Section 14.2. Equipment List and Unit Descriptions for the Hybrid Process..........................86
14.2.1 Bin Blender............................................................................................................. 86
14.2.2 Twin-Screw Granulator...........................................................................................86
14.2.3 Continuous Dryer....................................................................................................87
14.2.4 Comil...................................................................................................................... 87
14.2.5 Continuous Mixer................................................................................................... 88
14.2.6 Rotary Tablet Press................................................................................................. 89
14.2.7 Batch Tablet Coater.................................................................................................89

Section 15: Specification Sheets....................................................................................................90
Section 15.1 Batch Process Specification Sheets.................................................................... 90

15.1.1 Bin Blender............................................................................................................. 90
15.1.2 High Shear Granulator............................................................................................ 92
15.1.3 Batch Tray Dryer.................................................................................................... 93
15.1.4 Comil...................................................................................................................... 94
15.1.5 Rotary Tablet Press................................................................................................. 95
15.1.6 Batch Perforated Pan Tablet Coater........................................................................96

Section 15.2 Hybrid Process Specification Sheets.................................................................. 97
15.2.1 Bin Blender............................................................................................................. 97
15.2.2 Twin-Screw Granulator...........................................................................................98
15.2.3 Continuous Dryer....................................................................................................99
15.2.4 Comil.................................................................................................................... 100
15.2.5 Continuous Mixer................................................................................................. 101
15.2.6 Rotary Tablet Press.............................................................................................102
15.2.7 Batch Tablet Coater...............................................................................................103

Section 16: Equipment Cost Summary........................................................................................104
Section 16.1 Equipment Cost Summary for Hybrid Process.................................................105
Section 16.2 Equipment Cost Summary for Batch Process...................................................106

Section 17: Fixed Capital Investment Summary......................................................................... 107
Section 17.1 Hybrid Process for Base Case Scenario of 500 Million Tablets per Year at $0.03
per Tablet............................................................................................................................... 109
Section 17.2 Batch Process for Base Case Scenario of 500 Million Tablets per Year at $0.03
per Tablet................................................................................................................................110

Section 18: Operating Cost - Cost of Manufacture......................................................................111
Section 18.1 Operator Costs...................................................................................................111
Section 18.2 API and Ingredients...........................................................................................111

4



Section 18.3 Utility Costs...................................................................................................... 111
18.2.1. Utility Costs for the Batch Process...................................................................... 112
18.2.2. Utility Costs for the Hybrid Process.................................................................... 113

Section 18.4 Fixed Cost Summary.........................................................................................113
Section 18.4.1 Fixed Costs Summary for the Hybrid Process for Base Case Scenario of
500 Million Tablets per Year at $0.03 per Tablet.............................................................115
Section 18.4.2 Fixed Costs Summary for the Batch Process for Base Case Scenario of
500 Million Tablets per Year at $0.03 per Tablet.............................................................116

Section 18.5 Variable Costs Summary...................................................................................117
Section 18.5.1 Variable Costs Summary for the Hybrid Process for Base Case Scenario of
500 Million Tablets per Year at $0.03 per Tablet.............................................................117
Section 18.5.2 Variable Costs Summary for the Batch Process for Base Case Scenario of
500 Million Tablets per Year at $0.03 per Tablet.............................................................118

Section 19: Other Considerations................................................................................................ 119
Section 19.1 Location Determination.................................................................................... 119
Section 19.2 Environmental Factors and Safety Concerns.................................................... 119
Section 19.3 Cleaning............................................................................................................ 121
Section 19.4 Production Building Layout..............................................................................122

Section 20: Profitability Analysis - Business Case......................................................................125
20.1 Hybrid Process Profitability and Sensitivity Analysis...................................................125
20.2 Batch Process Profitability and Sensitivity Analysis.....................................................129

Section 21: Conclusions and Recommendations......................................................................... 133
Section 22: Acknowledgements...................................................................................................135
Section 23: Bibliography............................................................................................................. 136
Section 24: Appendix...................................................................................................................142

Section 24.1 Energy Balance Calculations for the Batch and Hybrid Process......................142
24.1.1 Energy Balance for Blending................................................................................142
24.1.2 Energy Balance for Granulation........................................................................... 143

24.1.2.1 Energy Balance for a High Shear Granulator.............................................. 143
24.1.2.2 Energy Balance for a Twin-Screw Granulator............................................144

24.1.3 Energy Balance for Drying [17]........................................................................... 145
24.1.4 Energy Balance for Milling.................................................................................. 146
24.1.5 Energy Balance for Tablet Press........................................................................... 146
24.1.6 Energy Balance for Tablet Coater [6]................................................................... 147

Section 24.2 Residence Time Estimations and Calculations for the Hybrid Process............ 149
24.2.1 Residence Time for the Twin Screw Extruder (TSER).........................................149
24.2.2 Residence Time for the Conveyor Belt Dryer (CBDR)........................................150
24.2.3 Residence Time for the Cone Mill (COML).........................................................150
24.2.4 Residence Time for the Tablet Presses (TAB1/TAB2)......................................... 151

5



24.2.5 Residence Time for the Continuous Mixer (CTMR)............................................ 151
Section 24.3 Equipment Cost Six Tenths Rule Calculations................................................. 152

LB Bohle PM Blender 400:............................................................................................. 152
HuaMao DW Series Conveyor Dryer:.............................................................................152
Gericke Group GCM 250:............................................................................................... 152
Fette P1010 Tablet Press:.................................................................................................153
NCD 50 M Mixing Vessel:.............................................................................................. 153
Thomas Engineering Flex 500 60B Coater:.....................................................................153
Industrial Factor Vacuum Tray Dryer 72:........................................................................ 153
Glatt TDG 600 Granulator:..............................................................................................154

Section 24.4 Equipment Technical Brochures and Specification Sheets...............................155
24.4.1 L.B.Bohle PM 400 Bin Blender............................................................................155
24.4.2 Glatt TDG 600 High Shear Granulator.................................................................157
24.4.3 Twin Screw Extruder............................................................................................ 160
24.4.4 Industrial Factor Vacuum Tray Dryer IFVTD 72................................................. 167
24.4.5 HuaMao DW Series Conveyor Belt dryer............................................................ 171
24.4.6 Glatt GCM 250 Continuous Mixer....................................................................... 173
24.4.7 Quadro SLS PsD d90 Conical Comil................................................................... 174
24.4.8 Fette P1010 Tablet Press.......................................................................................186
24.4.9 Thomas Engineering Flex 500 60B Tablet Coater................................................192
24.4.8 NCD 50 M Stirring tank with double jacket.........................................................202

6



Section 1: Abstract

Efficient mass production of drug products is crucial for providing innovative treatments
for reducing blood pressure. Batch production has traditionally been the preferred method in the
pharmaceutical industry, but hybrid manufacturing offers economic advantages. This project
presents a comprehensive economic evaluation of batch and hybrid manufacturing of a
high-volume small molecule drug product called Albatol. The production facility was designed
from the ground up, considering both low and high demands ranging from 160 million to 1.6
billion tablets per year. The production process was evaluated at the unit-operation level,
including granulation, drying, milling, blending, compression, and coating. The estimated cost of
the manufacturing facility, including the net present value (NPV), the return of investment (ROI),
and the internal rate of return (IRR) of the plant, was calculated based on free raw materials with
a selling price of $0.03 per tablet. The analysis revealed that hybrid manufacturing is more
profitable than batch production. For a cost of conversion of three cents per tablet with the low
demand of 160 million tablets per year, the hybrid process had an IRR of 8.3% and an ROI of
3.11%, while the batch process had an IRR of 3.93% and an ROI of 0.83%. At a high demand of
1.6 billion tablets per year, the hybrid process had an IRR of 108% and an ROI of 146%, while
the batch process had an IRR of 97.0% and an ROI of 127%. The results suggest that hybrid
manufacturing is a more profitable and viable option for producing Albatol at a large scale.

Disciplines
Biochemical and Biomolecular Engineering | Chemical Engineering | Engineering
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Section 2: Introduction and Objective–Time Chart

Section 2.1 Project Background

Albatol is an oral solid drug product approved by the The United States Food and Drug

Administration used to treat high blood pressure with minimal side effects. Given that there are

other pharmaceutical companies already in the market manufacturing similar drug treatments, it

is difficult to predict the forecasted demand for Albatol. The general estimated demand ranges

from the low end of 160 million to a high end of 1.6 billion tablets per year. These tablets are 100

mg each, meaning that the company must build a tableting plant capable of producing anywhere

between 16,000 to 160,000 kg of Albatol per year. The current economic environment allows the

plant to earn $0.03/tablet produced.

The final composition of the drug product consists of 10% active pharmaceutical

ingredient (API), 61% lactose, 20% Avicel, 3% coating solution, 3% PVP-K90 binder, 2% water,

and 1% magnesium stearate. The active pharmaceutical ingredient (API) is the component within

the tablet that is responsible for the desired therapeutic effect from the product. The API is

combined with other supported excipients that aids the drug production process. Lactose is a

common diluent and serves as a filler with excellent compressibility. Avicel-101 is a brand of

microcrystalline cellulose that promotes efficient dry blending of ingredients. It has great

compressibility properties that lead to tablets with high hardness and low friability [7]. However,

Avicel loses some of its compressibility upon prolonged exposure to water during wet

granulation, while lactose does not. Additionally, pure lactose is more brittle while Avicel

exhibits plastic deformation [18]. As these examples show, both of these excipients have

“weaknesses” that are covered by the other’s “strengths”. Using a combination of the two fillers
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creates a more ideal filler material that exhibits the best properties, and this practice is fairly

standard across the pharmaceutical industry. PVP-K90 is a water-soluble polymer with strong

stabilizing properties that aid the wet granulation process. Magnesium stearate is a powder

lubricant that greatly enhances flow properties, preventing granules from adhering to industry

equipment [27]. Applying a film coating to the tablet provides an aesthetic enhancement,

increases the shelf-life, helps to mask any disagreeable taste, and helps control drug release and

dissolution. A small amount of water is left in the tablets to provide better adhesion.

For each step of the drug tableting process, the company wants to evaluate both batch and

continuous equipment options. Certain processes, such as tablet compression, are always

continuous at production scale. But most unit operations have both batch and continuous designs,

depending on the type of equipment. If an overall process uses both batch and continuous unit

operations, it is said to be “a hybrid process”. The company would like to determine the optimal

combination of equipment for the process.

Section 2.2 Project Goals

The primary goal of the project is to create a design for a drug tableting plant that can

produce anywhere from 160 million to 1.6 billion 100 mg tablets per year, or 16,000 to 160,000

kg/year. Another goal is to compare the viability of batch process units, continuous process units,

and a hybrid mix. Ideally, the plant will be profitable for a variety of economic scenarios and

demand-driven production rates. The optimal hours of operation will be determined along with

an hour-by-hour schedule. The plant should be structured in accordance with Good

Manufacturing Practices, with proper cleaning protocols and implemented safety measures.
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Section 2.3 Project Scope

The project scope includes the design of a drug tableting facility capable of high shear

granulation, blending with excipients, compression, and coating. Estimating the cost of

manufacture and profitability at different production rates under different economic

circumstances is also in scope. The chemical reactions used to create the API and other

excipients are not relevant to the project. Transportation of these raw materials to the facility is

not considered; however, the form in which they arrive and their containment vessels are

considerations. Similarly, the transportation of completed tablets to a downstream packaging line

is not within scope, but the storage of finished tablets transportation to the packaging site is

relevant. It is assumed that the plant is part of a larger facility owned by our parent company, and

thus the construction and utility installation are out of scope. Although testing and quality control

may be considered scheduling, actual testing methods and process control details are not within

scope.

Section 2.4 Project Deliverables

In order to provide a facility design, the project must present specific appropriate

equipment with regards to the goals of accommodating variable demand, producing consistent

pharmaceutical-grade product, and maximizing profitability. Process flow diagrams, material

balances, and energy balances must be presented for ease of understanding and logical

consistency. The proposed design must justify the batch, continuous, or hybrid nature of the

overall design by comparing it to less viable alternatives. Economic analysis must be conducted

to show that the project is financially feasible, and adaptive to the scenarios that the facility is
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likely to face. It should be demonstrated that miscellaneous factors such as plant layout, location,

scheduling, safety regulations, and others have been considered.

Section 2.5 Design Process

The project was first approached by dividing it into two types of processes: a primarily

batch process and an almost entirely continuous process. It was not possible to design a process

of all one type, since essentially all tablet presses are continuous and most coaters are batch. The

efficiency and logistical simplification of the continuous operation units is preferred to a batch

process. However, certain aspects of the continuous design process, mostly preparation steps

involving mixing and blending, lacked a level of material consistency that was available via

batch units. Thus, some modifications were made to create a more optimal hybrid process. The

overall process was still largely continuous, so 24/7 operating hours were chosen to minimize the

need for startups and shutdowns. During this time, the almost entirely batch process continued to

be developed, both to serve as a comparison and to obtain useful information about scheduling.

The sizing of equipment pieces were closely evaluated in order to be capable of accommodating

the high end of yearly demand. Based on the assumption that the plant would be part of a larger

facility owned by the parent company in the pharmaceutical/biotechnology hub of Boston, lower

demand would be run at the same high throughput but for a shorter time. For the rest of the year,

the process equipment would either be repurposed by the company or contracted to another for

tableting business.
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Section 2.6 Project Time Chart

Months Project Tasks

January Preliminary research on the drug tableting
process and specific unit operations

February Further research on specific unit operations
Material balances on all unit operations

Batch process finalized

March Hybrid process finalized

Specific equipments selected for each unit
operation

Reach out to manufacturers for further
information on equipments and costs

Energy balances on all unit operations

April Economic analysis on batch and hybrid
process

First and final draft of written report

Final presentation presenting the proposed
final design
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Section 3: Innovation Map (N/A)
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Section 4: Market and Competitive Assessment

The global market for antihypertensives, or drugs that treat high blood pressure, is

anticipated to reach $27.8 billion this year in 2023. The compound annual growth rate (CAGR)

is the rate of return that would be required for an investment to grow from its beginning balance

to its ending balance, assuming the profits were reinvested at the end of each period of the

investment’s life span. The CAGR of this market is around 1.1%, driven by the increased

prevalence of hypertension in an aging population, a strong pipeline for combination drug

products, and strong R&D investment by large pharmaceutical companies. Additionally, in 2017,

the American College of Cardiology and the American Heart Association redefined their

guidelines on hypertension to be a blood pressure ≥130/80 mm Hg. The new guidelines

encapsulate 105.3 million US adults, whereas the prior 2014 guidelines of blood pressure

≥140/90 mm Hg only included 74.1 million individuals (NIH). Technicality results in more

people being recommended for hypertension treatment within the US. As of February 2019, key

players in the market include Daiichi Sankyo Co. Ltd. with a market share of 7.6%, Novartis AG

with a share of 7.3%, and United Therapeutics with a share of 5.8%. It is worth mentioning that

less prominent companies and generics account for 49.1% of the market share. Branded

antihypertensives are increasingly impacted by the penetration of generic competitors, which

typically cost 20% to 50% less than their branded alternatives. North America is the main market

for antihypertensives, but the Asia-Pacific market is growing at a faster rate due to increasing

awareness and healthcare efforts in developing countries. For example, in May 2022, Namya

Smile Foundation (NSF) organized an awareness campaign in India related to hypertension

(Mordor). The organization held a community event where they checked people’s blood pressure

and made them aware of various aspects of hypertension.
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Figure 4.1. Schematic shows global market share for antihypertensive drugs by region in 2017
through 2023 [4].

The drug tableting facility outlined in this report produces a novel antihypertensive

referred to as Albatol. It has already gained FDA approval, and is currently in the process of

being approved by other governmental regulatory agencies worldwide. By the time the product

launches, it will be available in the US, UK, EU, Switzerland, Japan, South Korea, Taiwan,

Australia, and New Zealand. Within the next few years, Brazil, Russia, India, and China will be

approved markets, and other countries will follow suit. Albatol has been clinically shown to have

a significantly reduced side effect profile compared to existing products. However, competitor

antihypertensive drugs have already gained large chunks of market share and established their

brand. As a result, it is difficult to predict the yearly demand for Albatol. Current estimates for

the global production rate are between 160 million and 1.6 billion tablets per year.
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Section 5: Customer Requirements and CTQ Variables

Table 5.1. Summary of the Customer Requirements and CTQ Variables

Customer Requirement Critical-to-Quality Variable Goal Value

Effectively lowers high blood
pressure

API composition 10%

Uniform distribution AV ≤ 15.0 (USP <905>)

Dissolution Compliant with Acceptance
Table 1 (USP <711>)

Easy to handle and swallow Weight 100 mg per tablet

Size dimensions Cylinder shape; 8 mm
diameter; 3 mm thickness

Friability 0.5 - 1% friability after test

Dryness 2% water

Safe to consume No contamination ≤ 0.2% impurities

Other design constraints are as follows:

1. The tableting plant must abide by all Current Good Manufacturing Practices (cGMP) set

in place by the Food and Drug Administration. Of key importance is containment: the

process must be enclosed and thus isolated from cross-contamination or safety concerns.

2. The API must not exceed 80 °C at any point during the process, so as not to affect the

integrity and effectiveness of the active ingredient.

16



Section 6: Product Concepts (N/A)
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Section 7: Superior Product Concepts (N/A)
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Section 8: Competitive (Patent) Analysis

Assume that the company that will produce Albatol has a patent registered for the API

used within Albatol and its use to treat indications of hypertension. The company will likely

apply for a formulation patent based on the product composition of the final tablet. The overall

manufacturing process should also be patented in order to dissuade competitors, especially

generic producers, from copying the exact design after this report is published. Each patent

should cost around $15,000 - $20,000 to fully process. If not already done, “Albatol” should be

registered as a trademark for commercial use. The profitability of this plant is largely dependent

on the remaining lifespan of Albatol’s API patent. Once this patent expires, generic competitors

will be able to enter the market by tweaking the formulation and designing slightly different

manufacturing procedures. Then, since anyone will be allowed to commercialize the API,

Albatol will no longer be the only product with the advantage of a significantly low side effect

profile. However, the antihypertensives market is already a fairly crowded and non-exclusive

space. Thus, it is likely that Albatol will take a hit to its demand once the patent expires. But this

hit will not be as severe as that experienced by other branded drugs when they lose exclusive

markets.
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Section 9: Preliminary Process Synthesis

Section 9.1 Blending

The content uniformity of the API as well as other excipients is critical to the drug

product dosage form as the failure to meet uniform criteria may lead to consequences such as

health risks or lack of efficiency. Moreover, it is possible for one batch to have more API than

one with less and thus, would not meet FDA quality standards. The inhomogeneity of the

mixture may be caused by particle segregation during the manufacturing process of the product.

There are three primary mechanisms for blending: convection, diffusion, and shear [31].

Convection blending consists of the mixing of the particle through a force movement by an

agitator. Diffusion blending is known for its slow movement of the blender allowing for the

random motion in between particles. Shear facilitates in delumping the particles through a

velocity gradient created by the relative motion between the rotating and stationary components

of the blender. There are many different types of blenders such as the ribbon blender, V cone

blender, and double cone blender. Despite the varied kinds of blenders that exist within the

pharmaceutical industry, the bin blender was chosen as a batch mixer due to its efficiency,

homogeneous blend consistency, and removed risk of cross contamination or environmental

exposure. The L.B.Bohle PM 400 blender was selected as the model equipment for the initial

blending in both the batch and hybrid process. The bin blender was chosen for the initial

blending in the hybrid process to ensure the precision of the inlet feed. The model equipment

was selected because the company is known for their leading technology in all aspects of the

pharmaceutical solid productions. It was also chosen as it satisfied the input capacity of what was

initially calculated.
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Furthermore, a continuous mixer was selected in the hybrid process to avoid the risk of

contamination from the operators as further mixing is necessary in between the milling and the

tablet pressing process. Additionally, a mixer has a greater tablet output in comparison to a batch

mixer within a given time frame [31]. The continuous mixer is positioned horizontally at which

the shaft blade is attached to the center for the blender allowing for radial and axial mixing. The

Gericke GCM 250 continuous mixer was chosen as the model equipment for the hybrid process

as it was able to satisfy the capacity criteria.

Section 9.2 Granulation

Granulation is the process in which fine particles are formed into a grain and/or granule.

Granules are produced to allow for greater flowability, ensure the uniformity of the API in the

final product, and to avoid the risk of dust exposures that may lead to consequences such as a

dust explosion [43]. There are two varied mechanisms to granulation: dry and wet granulation.

The principle behind dry granulation is to have the dry powder compacted together using a

mechanical compression whereas a wet granulation utilizes liquids such as binders and solvents

in order to facilitate the agglomeration of the fine powders [43]. A high shear granulation and

fluidized bed granulation are both wet granulations processes. Fluidized bed granulation involves

suspending the fine powders through a nozzle and utilizing a top-down spray to apply the binder

solution onto the particles. In a high shear granulation, the power particles are sprayed by a

binder solution while it is mixing. A high shear wet granulation was utilized for the batch

process as it was used in previous development batches to make this product. The Glatt TDG

high shear wet granulation was the chosen model equipment as it was able to satisfy the capacity

criteria of 25 kg/hr.
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A continuous granulation was chosen for the hybrid process to avoid the risk of

contamination. Although continuous granulation has not been fully explored within the

pharmaceutical industry, there are literatures that have proven to show its efficiency, as

mentioned by our project author. Thus, a twin-screw extruder was recommended by our project

author. The Leistritz ZSE-27 HP twin-screw granulator was the chosen model equipment for the

granulation process. It was selected based on the company recommended by one of our industrial

consultants and for its representable reputation on extruders.

Section 9.3 Drying

Drying is a necessary process in the drug production process as it allows for the drug

product to reach its moisture composition and evaporates any unnecessary water from the tablet.

There are three different types of dryers: direct drying, indirect drying, and radiant drying [46].

Direct drying is a process that requires heat transfer to occur by convection. Hence, the material

must have direct contact with another material for heat transfer to occur. Indirect drying transfers

heat through the means of conduction, which allows for the solid materials to be heated inside of

a closed chamber. This particular process is utilized by many pharmaceutical industries as it

reduces the risk of contamination given that it avoids being in contact with other materials.

Radiant drying transfers its own thermal energy into the material via direct electromagnetic

waves. There are many batch dryers such as tray drying, vacuum drying, pan drying, freeze

drying. A batch vacuum tray dryer was utilized to take advantage of the drying efficiency and

fast drying time. The Industrial Fabricators IFVTD72 was chosen for the batch process as it was

able to meet the capacity criteria. A continuous dryer was chosen for the hybrid process in order

to avoid the risk of contamination. A conveyor belt dryer was considered given that it was
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suggested by our project author to not use a continuous fluidized bed dryer. The HuaMao DW

Series Conveyor Dryer was chosen for the model equipment.

Section 9.4 Milling

The milling process is a continuous process that involves breaking down coarse granules

into uniform particles through the shear tension between the screen and impeller. Quadro SLS

Comil PsD d90 was the chosen equipment for the milling process. It is used for both the batch

and hybrid process. It was selected as the company has a renowned reputation on milling and the

equipment was able to meet the specific capacity of 25 kg/hr with a 1.5 mm round hole screen.

Section 9.5 Compression

The tablet press is a continuous mechanical system that involves the application of force

in order to compress a varied blend of powders into tablets with uniform composition, size, and

weight. The top and the bottom of the tablet press punch comes together by pressure to form the

tablet. The distance between the top and bottom determines the thickness of the tablet. There are

two different types of tablet compressions: single-sided rotary tablet press and double punch

rotary press [47]. The double punch rotary press was considered for both the batch and hybrid

process. The Fette P1010 was the chosen equipment for the tablet press as the Fette systems are

widely used by pharmaceutical companies and suggested by one of our industrial consultants,

Sabrina Green. The system consists of an enclosed compression area to avoid the risk of

cross-contamination and advanced technology to automatically set the RPM based on what the

inlet feed is, ensuring greater accuracy and reliability. The Fette P1010 has a total of 32 punch
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stations with the punch shaft diameter being 22.22 mm. The equipment was also selected as it

was able to meet the required capacity ranging up to 230,400 tablets per hour.

Section 9.6 Coating

Coating the tablets are often used for marketing purposes as well as to mask the taste and

the color of the drug product. There are three different types of tablet coaters, which consist of

the standard coating pan, the perforated pan, and the fluidized bed/air suspension system [42].

The standard coating pan consists of a rotated circular metal pan that is tilted at an angle; the

rotation of the pan allows for the tablets to tumble in slow motion while coating solution is

sprayed through varied nozzles for even distribution. The perforated rate consists of an enclosed

perforated drum that rotates on its horizontal axis. The coating solution in the system is also

applied through a spraying nozzle which is placed within the drums themselves. The fluidized

bed coater consists of a cylindrical vertical chamber in which the tablets are fluidized through the

exhaustion of air from the bottom of the cylinder. The tablets move upwards and then

downwards, following the direction of the air flow. As the tablets’ motion fluctuates, the coating

solution is applied through a spraying nozzle positioned on the top and bottom of the chamber.

The air capacity, coating composition, tablet surface area, and efficiency of the equipment were

parameters that were considered when selecting the specific equipment. Hence, the perforated

drum coating machine was considered for both the batch and hybrid process. The Thomas

Engineering Flex 500 60B Tablet Coating System was selected to model the tablet coating

process as it is a fully integrated system with exchangeable drums. It consists of features such as

the three-axis external gun positioning which allows for an even distribution of the coating

solution and a patented Thomas Spray Bar that provides turbulence-free air flow.
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Section 10: Assembly of Database

The composition of the drug product consists of 10% active pharmaceutical ingredient

(API), 61% lactose, 20% Avicel, 3% coating solution, 3% PVP-K90 binder, 2% water, and 1%

magnesium stearate.

Section 10.1 Reactant/Product Properties

To perform calculations and to understand the behavior of the materials modeled,

fundamental properties of all the reactants and products are provided. The relevant materials are

ibuprofen, acetaminophen, lactose, water, and magnesium stearate. Given that the properties of

the API were proprietary and confidential, ibuprofen and acetaminophen were utilized as

modeled APIs for the purpose of the project. The relevant properties are molecular weight,

density, heat capacity, and heat of formation. The processes studied in this report involve solids

handling, and do not involve any chemical reactions. The prices of each component are assumed

to be zero for simplicity. Different amounts of excipients enter the process at different times

through various unit operations are calculated as a percent by weight.
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Table 10.1: Fundamental Molecular Properties

Chemical Molecular
Weight (g/mol)

Density
(kg/m3)

Heat Capacity
(J/mol.K)

Heat of Formation
(kJ/mol)

Ibuprofen 206 1030 172 -431.4

Acetaminophen 151 1260 190 -297.3

Water 18.0 1000 75.9 -286.3

Lactose 342 1520 418 -1959.7

Avicel 370 1460 590 Information not found

PVP-K90 111.14 1690 1.39 * 104 Information not found

Magnesium
Stearate

591 1092 298 -3712.3
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Section 10.2 Excipient Addition Schedule

Table 10.2: Excipient Addition Schedule

Percent API Added Percent Excipient Added

Initial Blending 100 92.1

Granulation 0 3.4

Drying 0 0

Milling 0 0

Second Blending 0 1.1

Compression 0 0

Tablet Press 0 0

Coating 0 3.4
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Section 11: Process Flow Diagrams and Material Balances

Section 11.1 Batch Material Balance

11.1.1 Batch Size Selection

The determination of batch size is an optimization problem governed by multiple

parameters. The primary objective is to minimize the batch size, as it directly correlates with the

reduction in equipment costs. However, smaller batch sizes can lead to operational and

scheduling inefficiencies due to the increased frequency of material transfers between unit

operations.

As the batch unit operation size decreases, the cycle time per kilogram of tablet produced

increases. To meet the high tablet production demand of 160,000 kg/year, the cycle time per

kilogram of tablet produced must be optimized. The optimization process evaluates batch sizes

of 480, 240, 160, and 120 kg per batch, with the corresponding cycle times for each size

presented in Table 11.1.1.
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Table 11.1.1. Batch Process Production Rates for Various Batch Sizes

Batch Size (kg) Cycle Time for 10 Batches
(hours)

Tablets Produced in 351 Days
(kg)

480 201 201,253

240 117 172,554

160 81 166,571

120 67 150,970

One cycle constitutes 10 sequential batch productions followed by two 8-hour shifts

reserved for major cleaning. Batch processing systems introduce unique scheduling challenges,

as minor cleaning tasks (such as vacuuming residual dust and wiping down dirty surfaces) must

be carried out between each batch. This ensures the prevention of unintended build-up within the

machinery and avoids cross-contamination between batches. Additionally, time must be allocated

to properly sanitize and disinfect machinery to ensure the final tablet maintains the quality and

guidelines of Good Manufacturing Practice (GMP).

From Table 11.1.1, a batch size of 120kg is not permissible because the tablets produced

in one operating year is less than the high demand requirements. The 160 kg is the smallest batch

size that still meets the high demand requirement of 160,000 kg/year. Thus, a 160 kg batch size is

optimal.

11.1.2 Batch Match Balance

To begin the discussion regarding the mass balance for the batch process, the

abbreviations for all all unit operations and large storage vessels used in the batch process are

abbreviated in Table 11.1.2.
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Table 11.1.2. Abbreviation Dictionary for Batch Process Unit Operations

IBC1, IBC2, IBC3, IBC4, IBC5 Intermediate bulk container

BBR1, BBR2 Bin blender

STR1, STR2 Continuous stirred tank

HSGR High shear granulator

VTDR Vacuum tray dryer

COML Conical comil

SPTR Funnel with three spouts

TAB1, TAB2, TAB3 Tablet press

COAT Tablet coater

Based on a final batch size of 160 kg of tablets as well as final tablet component weight

fractions, a batch block flow diagram is presented in Figure 11.1.2. The block flow diagram only

shows the use of bins IBC1 and IBC3; in practice, the process will utilize bins IBC2 and IBC4

every other batch. While almost every piece of equipment is operated in batch, the cone mill

(COML) and the tablet presses (TAB1,TAB2,TAB3) are continuous processes which are

described by mass flow rates instead of batch sizes. Additionally, SPTR symbolizes the funnel

with three spouts that will roughly evenly separate lubricated granules to the three tablet presses

(TAB1, TAB2, and TAB3). Both the vacuum tray dryer (VTDR) and the coater (COAT) have

convective drying components that require substantial air flow, with input and exhaust rates

documented in the diagram.
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Figure 11.1.2. Batch Process Design Mass Flow and Transfer Diagram
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Due to the nature of combining batch and continuous processes in one overall process,

the material flow diagram considers material transfer amounts (kg) when batch operations take

place and material flow rates (kg/hr) to describe continuous operations. Specifically, the cone

mill (COML) and tablet presses (TAB1, TAB2, and TAB3) have material processing rates

depicted within the material flow diagram.

Referencing streams defined in Figure 11.1.2.1, a complete material balance for the batch

process is summarized in Table 11.1.2.1.B. Generally, streams representing continuous material

flow are labeled “S” and streams representing batch material transfer are labeled “B.” Streams

labeled “S” describe intake and exhaust gas flow rates for the drying operations of the dryer

(VTDR) and coater (COAT). While streams B9, B10, and B12-18 represent streams either

leaving or entering continuous processes, mass balances for these streams are still given in units

of mass (as opposed to mass flow rates) to denote the amount of material that must flow to

complete one batch.
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Table 11.1.2.B. Stream and Transfer Mass Balances for Batch Process
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11.1.3 Sizing Batch Unit Operations

Now that the optimal batch size has been determined, bulk densities of the material as it

passes through the batch process determines the size of unit operations necessary. The bulk

density of the material deposited in the initial bin blender is well approximated by calculating the

weighted average of initial raw material bulk densities. Bin blenders produce optimal mixtures

when IBC’s are filled to 50-60% capacity [38]. Thus, IBC1 and IBC2 should be the smallest

standard IBC that accommodates 1.67-2.00 the volume of one batch’s worth of API, lactose, and

Avicel-101.

For STR1 and STR2, the density of the solution is closely approximated as the density of

water. However, the bulk density of the material changes as it goes through HSGR. Wet

granulation not only increases the density of the mixture through wetting, but the impellers and

paddles create dense granules that increase the overall bulk density. First, the bulk density of dry

granules can be approximated from external bulk density data [23]. As the majority of the

granule is composed of lactose, the bulk densities of α-Lactose monohydrate passed through a

high shear mixer and 450 μm sieve (0.51 kg/L) serves as a feasible estimate. Next, the additional

increase in density due to wetting can be approximated by taking a weighted average of water’s

density and the density of the dry granule estimation, resulting in a final value of 0.606 kg/L.

After passing through VTDR, the bulk density can be estimated to go back down to 0.52 kg/L

despite the presence of a small amount of unevaporated water, which has no significant effect on

the overall bulk density of the dried granule. This bulk density carries over to IBC3/IBC4.

To size IBC5 and COAT, a bulk density of tablets was calculated by multiplying the

density of each pressed tablet by an estimated random packing density. As the tablets are

unorderly dispensed in IBC5 and tumbled around in the drum of COAT, the random packing
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density accounts for the void in between tablets and ensures the IBC5 and COAT is sized

properly. First, given the assumption that each 100 mg tablet is a cylinder with a height of 3mm

and a width of 8mm, the density of the tablet is 0.663 kg/L. Next, the random packing density

can be correlated with the aspect ratio of the cylinder, which is ⅜. The packing density of

cylinders at an aspect ratio of ⅜ can be estimated at 0.68 which means the bulk density of the

tablets is 0.45 [25]. Assuming the batch of tablets after the coating has been applied is 160 kg,

this would mean the tablets take up 355 L of space in the coating drum.

Estimated bulk density values for materials entering and exiting batch unit operations are

summarized in Table 11.1.3. Additionally, the maximum material volume within each batch unit

operation is determined as the larger of either the volume of material pre-unit operation or

post-unit operation. Finally, standard unit sizes that accommodate the capacity of the maximum

material volume are presented.
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Table 11.1.3. Bulk Density Estimates and Equipment Sizes for the Batch Process

Units Estimated
Material Bulk
Density Inlet
(kg/L)

Estimated
Material Bulk
Density Outlet
(kg/L)

Max Material
Volume (L)

Standard Unit
Size

IBC1/IBC2 0.412 0.412 354 600L

STR1 0.997 0.997 32.1 40L

HSGR 0.412 0.606 431 600L

VTDR 0.606 0.52 342 72 No. Trays

IBC3/IBC4 0.52 0.52 295 600L

IBC5 0.45 0.45 345 400L

STR2 0.997 0.997 32.1 40L

COAT 0.45 0.45 355 48 in.

11.1.4 Scheduling the Batch Process

Batch scheduling begins by first estimating each batch unit processing time. Generally,

processing one batch involves allocating time for an operator to transfer material to the unit, for

the material to process, and for the operator to subsequently transfer material out of the unit.

Additionally, operators need to do minor cleaning between each batch; to facilitate effortless

removal of leftover residue from prior batches, operators should promptly perform minor

cleanings following each processing cycle. Additional considerations for estimating batch unit

processing times include allocating labor time for operators to test material dried granules

coming out of the vacuum tray dryer for dryness to ensure the final tablet has the correct water

weight of 2%. Additional points where the design would benefit from sample testing is right after

the coater. The coated tablet is this design’s final product, thus laboratory testing methods (likely
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spectroscopy) will be used to ensure correct tablet properties like size and composition are

achieved.

For the batch equipment in the batch process, generally all process batch sizes range from

146-187 kg. The amount of time it takes for a batch mass in that range to be received or

dispensed from a typical batch operation is estimated to be 10 minutes, meaning that material

needs to be transferred at a rate of 0.243-0.312 kg/hr. The rate is easily achievable if gravity is

used or the material has great flowability which is the case with IBC1/IBC2/BBR1, HSGR,

IBC3/IBC4/BBR1, IBC5, and COAT. On the other hand, the VTDR has 72 trays that need to be

manually filled with material and scraped off. 40 minutes is assumed for VTDR material loading

and 30 minutes is assumed for unloading. This means that 1.80 trays need to be loaded, and 2.40

trays need to be unloaded every minute. For the cleaning, equipment with many moving parts

such as VTDR take longer to clean (40 minutes) than simpler and smaller units like STR1 (5

minutes). A summary of processing time estimates for all batch design unit operations are

presented in Table 11.1.4.
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Table 11.1.4. Batch Design Processing Times
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The Gantt chart in figure 11.1.4.A depicts that the batch process design can be operated

by having two operators on site at all times. While two operators are required for efficient

operation, both operators are simultaneously directly laboring only 28.8% of the production time

(not counting major cleaning shifts). Thus, there is ample opportunity for operators to either

combine forces to complete one-man tasks or to take required breaks. Additionally, there are

periodic instances where no direct operator intervention is required; these periods of time can be

used for shift changes.
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Figure 11.1.4.A. Batch Process Design Operation Gantt Chart
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The time of continuous operation that it takes to complete 10 batches is 64.9 hours.

Accounting for major cleaning (two 8 hour shifts) in between each set of 10 batches yields a total

cycle time of 80.9 hours. If 160 kg of tablets are produced in each batch, and there are 10 batches

within a cycle, then each cycle produces 1,600 kg of tablets. Assuming two weeks are reserved

for scheduled and emergency maintenance in a year, 104 cycles are completed in 351 operational

days per year. Thus, in one operational year, 167,000 kg of tablets are produced under this

schedule. This production rate exceeds the 160,000 kg/yr high-demand production rate.

Assuming a 4.13% yield loss which can be caused by operator error and cleaning losses, the

high-demand production rate is met exactly.

The scheduling in situations of low-demand for the batch design process does not change;

a lower demand instead will affect the number of operating days in a year, not including days

reserved for maintenance. Figure 11.1.4.B presents the operating days per year required to meet

variable demands. For example, it takes 36 operating days to produce a year's worth of tablets

during the lowest possible demand (16,000 kg/yr).
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Figure 11.1.4.B. Operating Days vs. Demand per Year not Including Maintenance with an
Assumed 4% Yield Loss for the Batch Design
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Section 11.2 Hybrid Material Balance

11.2.1 Hybrid Process Mass Balance

To begin the discussion regarding the mass balance for the hybrid process, the

abbreviations for all all unit operations and large storage vessels used in the hybrid process are

abbreviated in Table 11.2.1.

Table 11.2.1. Abbreviation Dictionary for Hybrid Process Unit Operations

IBC1, IBC2, IBC3, IBC4 Intermediate bulk container

BBR1 Bin blender

STR1, STR2 Continuous stirred tank

TSER Twin screw extruder

CBDR Conveyor belt dryer

COML Cone mill

CTMR Continuous mixer

SPLT Funnel with two spouts

TAB1, TAB2 Tablet press

COAT Tablet coater

Based on a final batch size of 160 kg of tablets and a tablet production rate of 21.0 kg/hr,

a block flow diagram is presented in Figure 11.2.1. The block flow diagram only shows the use

of bins IBC1 and IBC3; in practice, the process will utilize bins IBC2 and IBC4 every other

batch. While many pieces of equipment are operated in batch, the twin screw extruder (TSER),

the conveyor belt dryer (CBDR), the cone mill (COML), the continuous mixer (CTMR), and the

tablet presses (TAB1,TAB2,TAB3) are continuous processes which are described by mass flow

rates instead of batch sizes. Additionally, SPLT symbolizes the funnel with two spouts that will
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roughly evenly separate lubricated granules to the two tablet presses (TAB1, and TAB2). Both

the conveyor belt dryer (CBDR) and the coater (COAT) have convective drying components that

require substantial air flow, with input and exhaust rates documented in the diagram.
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Figure 11.2.1. Hybrid Process Design Mass Flow and Transfer Diagram
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Due to the nature of combining batch and continuous processes in one overall process,

the material flow diagram considers material transfer amounts (kg) when batch operations take

place and material flow rates (kg/hr) to describe continuous operations. Specifically, the cone

mill (COML) and tablet presses (TAB1,TAB2,TAB3) have material processing rates depicted

within the material flow diagram.

Referencing streams defined in Figure 11.2.1, a complete material balance for the hybrid

process is summarized in Table 11.2.1.B. Generally, streams representing continuous material

flow are labeled “S” and streams representing batch material transfer are labeled “B.” Streams

labeled “S” describe intake and exhaust gas flow rates for the drying operations of the dryer

(CBDR) and coater (COAT).
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Table 11.2.1.B. Stream and Transfer Mass Balances for Hybrid Process
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11.2.2 Residence time for continuous operations

Continuous equipment scheduling is defined not only by material flow rates, but also by

residence times which describe the amount of time that material spends processing within

continuous equipment. The residence time dictates the amount of time that occurs before any

processed material leaves the outlet of a continuous unit operation at start-up. It also describes

the amount of time it takes a continuous unit operation to fully dispense all of its contents once

material inflow is stopped at shut-down. When scheduling a process with continuous equipment,

high residence times lower production rates because subsequent equipment sit idle until earlier

equipment begins material outflow.

The residence times of continuous equipment implemented in the hybrid process are

summarized in Table 11.2.1. Calculations and methods used to predict mean residence time are

provided in the appendix, section 24.2.

Table 11.2.1. Residence Time Estimation Summary

Continuous Unit Approximate Mean Residence Time

TSER 15.8 min

CBDR 6.24 hr

COML 0

CTMR ~1 min

TAB1/TAB2/TAB3 5-10 min

In addition to approximating residence times, the distribution of residence times for each

continuous operation is a critical process parameter that needs to be considered. Decreasing the

rotation speed of continuous equipment tends to increase the width of the distribution of

residence times. In other words, residence times become more variable. While the mean
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residence time plays the biggest role in predicting the time lost at start-up and shut-down, an

increase in the variability of residence times creates unpredictability when it comes to control,

leading to potential accumulation between continuous process equipment. Additionally, for unit

operations such as CTMR a predictable residence time of dried granules is necessary in order to

ensure magnesium stearate is being mixed in the correct proportion. Thus, variable residence

times can lead to departures from critical quality attributes of the final product such as incorrect

final tablet compositions. During the initial stages of production, process parameters of

continuous unit operations such as impeller speeds should be adjusted and tested with the goal of

limiting residence time distribution.

11.2.3 Hybrid Process Schedule

The advantages of hybrid scheduling includes extended periods of time where continuous

unit operations are processing materials without the need for direct operator intervention. Thus,

there is no need for complex scheduling to work around the limited number of operators, even in

regards to the batch processes throughout the hybrid process (IBC1/IBC2/BBR1, STR1, STR2,

COAT).

The hybrid process scheduling involves estimating the loss in production time caused due

to start-up and shut-down which is the cumulative sum of residence times, 6.69 hr. Additionally,

shut-down also includes time reserved for the batch operation of the coater at the end of the

process which takes 2.00 hours. Thus, the start-up time loss is 6.69 hr and the shut-down time

loss is 8.69 hr.

While the overall process produces tablets at 21.0 kg/hr, considering start-up and

shut-down times is essential for ensuring that the hybrid design is able to meet yearly high

demand. The operation shuts down every month for two days of major equipment cleaning.
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Thus, this reduces operational days by 12 and reduces operational time by 12 start-up and

shut-down sequences. Additionally, 2 weeks of scheduled maintenance are reserved for the end

of the year and 6 yearly unexpected shutdowns due to maintenance are estimated which reduces

operational time by 6 start-up and shut-down sequences. Overall, this means that the hybrid

design is operational for 339 days. Additionally, 11.5 days are lost due to start-up and shut-down.

With 24 hour per day operation, the hybrid facility produces 165,000 kg of tablets annually. This

exceeds the high demand. Additionally, assuming a 3.00% yield loss, the factory will meet the

160,000 kg/yr high demand exactly, indicating that the hybrid process design has room for yield

loss due to operator error, cleaning, or rejected batches.

If low demand is expected and continuous machinery is to be operated at the same

capacity, it would take 37.4 continuous days of production to meet the demand with 3.00% yield

loss, not accounting for start-up, shut-down, nor major cleaning. Accounting for initial start-up

and shut-down as well as one start-up and shut-down either for maintenance or major cleaning,

the plant should operate for 40.4 days. A good approximation for intermediate demands’ affects

on the number of operating days (not including 2 week maintenance period) is a linear

relationship between the number of operating days and the yearly demand. Using the high

demand and low demand operating days, the relationship is plotted in Figure 11.2.3.
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Figure 11.2.3. Operating Days vs. Demand per Year not Including Maintenance with an
Assumed 3.00% Yield Loss for the Hybrid Design
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Section 12: Process Descriptions

This section describes narrative descriptions of the equipment chosen and function of

each major piece of equipment for both batch and hybrid processes.

Section 12.1 Batch Process

In this section, all unit operations are batch machinery, except for the Comil (COML) and

the three tablet presses (TAB1, TAB2, and TAB3).

12.1.1 Bin Blender

The bin blender is a piece of equipment used for blending dry powder materials including

lactose, Avicel, and API. The blending operation is a fully closed process and is used to ensure

that the inputs are thoroughly mixed together before being sent to the granulator. An even

distribution of all components in the mixture is the goal of this process because if the ingredients

are not well mixed, the tablets may not have the correct dose or may have inconsistent physical

properties such as hardness or dissolution rate. The process begins by hoisting up powdered

lactose, Avicel PH-101, and API to the second floor using a series of forklifts. Here, a simple

valve system allows gravity to dispense the raw excipients and API onto a weighting receptacle

that further dispenses directly into an intermediate bulk container (IBC1) bin. The bin of raw

materials around 160 kg is moved over horizontally to a bin blender (BBR1) that attaches to and

rotates the bin at 5 RPM. After 100 revolutions, the material is well mixed. A second IBC (IBC2)

is available at this stage that can be utilized in alternating batches. The process benefits from

having two bins because one bin can be prepared to receive the next batch of raw materials while

the other bin is in use.
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Blending involves several process parameters, such as the loading order of materials into

the blender, the blender's rotation speed, and the fill level in comparison to other inputs [15]. If

all excipients are added first, they may not spread evenly throughout the mixture and could

remain in one part of the blender, resulting in improper homogenization. Therefore, two

approaches can be taken to add the inputs to the blender from the mill and the excipients. The

excipients can either be entirely from the mill already in the blender, or both inputs can be added

in alternating layers – a layer of mill output, followed by a layer of excipients, and so on.

Employing either of these methods to load the blender guarantees uniform mixing of API and

excipients [30].

A blender’s total volume (or capacity) is the total amount of material the vessel can hold;

the LB Bohle container blender (PM-400) has a load capacity of 400kg. Among different

commonly used mixing mechanisms in the pharmaceutical industry, diffusion and axial blending

is chosen since the inputs are not significantly cohesive or lumpy and that have enough cohesion

to prevent sifting. All tumble blenders (also called gravity blenders) operate primarily on the

principles of diffusion blending (up and down, around and around) and axial blending (side to

side) [40]. In a tumbling bin blender, the material is loaded into a rotating bin or drum, and the

rotation of the bin causes the material to tumble and mix. The rotation distributes materials along

an ever changing angle of the repose surface. This motion promotes the mixing of the lactose and

API by continuously exposing different parts of the mixture to each other, ensuring that all

particles come into contact with each other. The speed and duration of the tumbling motion can

be adjusted based on the specific requirements of the mixture, in this case, from 2-6 rpm. By

adjusting these parameters, the mixing can be optimized to achieve the desired level of

homogeneity. In addition to mixing a large quantity of materials, the bin blender chosen has an
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advantage over other traditional bin blenders that have the drive mechanism and blending bin

integrated, which can make it difficult to charge, discharge, and clean the equipment. IBC 1 and

2 can be easily removed from the drive mechanism, and this separation allows for more efficient

use of the equipment because the bin can be charged, discharged, and cleaned separately. For

example, one bin can be charged with materials while another bin is being blended, increasing

the overall production efficiency. The separate blending bin also allows for easier cleaning of the

equipment. Since the bin can be removed, it can be thoroughly cleaned and sanitized, reducing

the risk of contamination and improving product quality. This feature is particularly important in

the pharmaceutical and food industries, where cleanliness and product purity are critical.

Figure 12.1.1. Schematic showing how a bin blender works [38].

12.1.2 High-shear mixer Granulator

Granulation is a fundamental unit operation employed in the production of

pharmaceutical dosage forms, such as tablets and capsules, involving the technique of particle

enlargement through agglomeration [2]. During this process, small particles, whether fine or
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coarse, are transformed into larger agglomerates, referred to as granules. In general, granulation

follows the initial dry mixing of the required powder ingredients, including the active

pharmaceutical ingredient (API), to achieve a uniform distribution of each ingredient throughout

the powder mixture. The particle size of granules utilized in the pharmaceutical industry ranges

from 200 to 400 µm, with a size range of 200 to 500 µm being predominantly produced as an

intermediary. These granules are either packed as a dosage form or mixed with other excipients

before tablet compaction or capsule filling [3].

Figure 12.1.2. Schematic representation of particle-bonding granulation from powders undergo
wetting and solidifying processes to uniform granules with good flowability and more easily
compressed [8].

Granules are produced to enhance the uniformity of the API in the final product, to increase the

density of the blend so that it occupies less volume per unit weight for better storage and

shipment, to facilitate metering or volumetric dispensing, to reduce dust during granulation

process to reduce toxic exposure and process-related hazards, and to improve the appearance of

the product [3]. The granulation technique may be widely categorized into two types, dry

granulation and wet granulation, based on the type of method used to facilitate the agglomeration

of powder particles. Dry granulation uses mechanical compression (slugs) or compaction (roller

compaction) to facilitate the agglomeration of dry powder particles, while the wet granulation
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uses granulation liquid (binder/solvent) to facilitate the agglomeration by formation of wet mass

by adhesion [43]. The ideal characteristics of granules in pharmaceutical production include

spherical shape, narrow particle size distribution, sufficient fines, and appropriate moisture and

hardness. These properties improve flow, content uniformity, compaction and compression

characteristics, and prevent breaking and dust formation during the manufacturing process. The

characteristics of particles obtained through granulation are determined by various factors such

as the size of the drug and excipients, the concentration and volume of binders and solvents used,

granulation time, type of granulator employed, and drying rate.

For the batch process, two unit operations are required for granulation. First, powdered

binder (PVP-K90) and water is weighed out on a bench scale and added to a continuously

stirred-tank (STR1) to dissolve. The binder solution is dispensed manually into the high-shear

granulator (HSGR). Additionally, the contents of the bin (IBC1/IBC2) are dispensed into the

high-shear granulator, and granulation can proceed. Once granulation is complete, operators

conduct a minor cleaning of the batch granulator. After granulation, the mixture is dispensed by

operators onto trays and taken to a vacuum tray dryer (VTDR). Extra time needs to be accounted

for the loading, unloading, and cleaning of individual trays. Additionally, granules are sampled

and tested for 2.0% water composition at this stage to ensure a final tablet water composition of

2.0%. Granulation will be performed under saturated conditions, and exhaust air will leave the

vessel at a temperature of 25ºC and a saturated absolute humidity of 19.4 g water/kg air.

12.1.3 Batch Tray Dryer

After the granulation process, the wet granules need to undergo thorough drying. This can

be achieved using a batch tray dryer, which has been widely adopted in the food production and

pharmaceutical field. Dryers are typically categorized as direct dryers, where hot air at or close
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to atmospheric pressure is used to supply heat for evaporating water or solvents from the

product. Another significant type of dryer is the vacuum dryer, which utilizes a low-pressure

environment surrounding the product. The vacuum technology utilized in the process involves

the passage of a heated fluid through direct heating shelves, which results in the conduction of

heat to the feedstock. This method operates at low pressure, causing a reduction in the boiling

point of the solvent. Consequently, the drying process occurs at lower temperatures and faster

rates, resulting in highly efficient drying. A major advantage to vacuum drying is its energy

conservation – less energy is needed for drying, cutting down on the economic and

environmental costs. Vacuum drying offers a less damaging drying process, which tends to retain

the integrity of the original item without degrading the heat-sensitive drug product. Using

vacuum-drying equipment also reduces risks to workers. With a vacuum dryer, ventilation does

not occur, and personnel working near the dryer are safer [34].

The majority of dryers are of the direct (or convective) type, where hot air is used both to

supply the heat for evaporation and to carry away the evaporated moisture from the product.

Vacuum drying is a process in which materials are dried in a reduced pressure environment,

which lowers the heat needed for rapid drying. Vacuum dryers offer low temperature drying of

thermolabile materials and are suitable for solvent recovery from solid products containing

solvents. Heat is usually supplied by passing steam or hot water through hollow shelves. Unlike

a direct-heat dryer — in which the material is immersed directly into the heating media (usually

a hot gas stream) and is dried by convection — a vacuum dryer is an indirect-heat dryer. That is,

the heat is transferred to the material as it contacts the dryer’s heated surface, drying the material

by conduction. In vacuum dryers, heat transfer occurs mainly through conduction or radiation,

and the drying trays are placed in a large evacuated cabinet. Condensation of water vapor is often
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utilized to enable vacuum pumps to handle non-condensable gasses. Vacuum tray dryers consist

of a heated main body to prevent condensation, and shelves that are uniformly heated through a

fluid distribution collector for optimal heat distribution. The inner walls and the shelves are

perfectly polished. The shelves are heated inside the vacuum chamber. This technique can apply

heat indirectly to the product by forcing physical contact with the shelf. A hot medium flows

through the shelves, thus enabling it to conduct heat to the tray, which is positioned on the

shelves [34].

12.1.4 Milling

Cone milling is a widely used unit operation in the pharmaceutical, food, chemical, and

related industries for various purposes such as size reduction, deagglomeration, and delumping

of powders and granules. In the direct compaction route, mills serve as material delumping

process units, while in granulation routes, they are used for particle size reduction. In the wet

granulation route, mills are utilized to reduce the size of oversize granules from the granulation

and drying unit, and in the dry granulation route, mills break compacted ribbons from a roller

compaction process into granulated products [5].

Trays of dried granulations are scraped off into a funnel-like receptacle feeding into a

Comil (COML), at a conical vessel equipped with perforations, known as a screen. The screen is

a part of a Comil machine that features a vertically mounted impeller which rotates and pushes

the granules across the screen, causing a cutting action that operates at low velocity. Granules

that are of the right size pass through the screen, while those that are too large remain in the

cutting chamber until they are reduced to the desired size. The mill head is where the material is

introduced by gravity, and it contains a high-speed rotating impeller along its central axis. As the

impeller collides with the granules, they are imbued with kinetic energy, resulting in a reduction
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in size, at which the material gets continuously milled through a 150 mesh sieve [22]. The

Comil’s exit stream enters an angled spout that feeds directly into an IBC (IBC3). While milled

granules accumulate, operators weigh out magnesium stearate and add the powdered lubricant to

the IBC as well. A second IBC (IBC4) is available at this stage which allows operators to prepare

one bin for the next batch while the former batch’s bin is still in use dispensing material into the

tablet presses. Once the entire batch has processed through the Comil into the IBC, operators

conduct minor cleanings on the Comil and the bin is horizontally transported to a bin blender

(BBR2) where the granules and powdered lubricant are mixed for 100 revolutions at 5RPM

resulting in granules with better flowability.

12.1.5 Rotary Tablet Press

After the IBC is disconnected from the bin blender and lifted with a forklift above a

receptacle for the tablet presses (TAB1, TAB2, and TAB3), contents of the bin are dispensed into

a funnel-like receptacle which has three spouts, with each spout leading to a different tablet

press. The upgraded flowability of the granules due to the magnesium stearate coating at this

stage should ensure nearly even flow of granules into each tablet press. In pharmaceutical tablet

production, the rotary tablet press is a key machine used to compress granules or powders into

tablet form. The pre compression roller gives the granules the initial compression force and gets

rid of excess air that is trapped in the die. The process starts with filling the feed hopper with the

materials that are to be compressed, which helps reduce the bulk volume of a material. The main

compression roller applies the final compression force that formulates the tablets. These

materials are then fed into the die cavity through the feeding system. The upper and lower

punches come together to compress the material into the die cavity, forming the tablet, as

illustrated in Figure 12.1.3. The elastic recovery or relaxation of the tablet starts when one punch
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leaves the tablet and continues after ejection [37]. After that the lower punch moves upward to

eject the tablet from the die, and the upper punch has already left the die when the process of

ejection starts. Next, the tablet is ejected out of the die cavity and onto a chute or conveyor belt.

The press must be cleaned between batches to prevent cross-contamination, lubricated to prevent

sticking, and regularly maintained to ensure consistent operation. The quality of the resulting

tablets depends on various factors such as formulation, compression force, speed of the press,

and maintenance of the machine and tooling.

Figure 12.1.3. Schematic of how a rotary tablet press works. In this process, the powder blend
will be placed in the dies and compressed using the precompression roll and main compression
roll before being ejected [9].

12.1.6 Batch Fully Perforated Coating Pan

After tablets are pressed, they are dispensed into spouts leading to an IBC (IBC5). While

tablets accumulate in the bin, an operator prepares a coating solution by dissolving Opadry® II.

The coating machine consists of a rotating pan with perforations on the surface. Tablets are

loaded into the pan, and a coating material is added. As the pan rotates, the tablets are tumbled
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and the coating material is sprayed onto them through the spray guns with the hot air flowing

through the perforations. In general, the coating material may be a solution or suspension of a

polymer or other material. The process continues until the tablets are coated to the desired

thickness. The batch perforated coating pan mechanism ensures uniform coating and facilitates

drying of the tablets.

White coating powder in water in a stir tank (STR2). Once the entire batch has been

pressed into tablets and has accumulated in the IBC, the bin is completely dispensed into a fully

perforated side vented coating pan (COAT) equipped with four Schlick 931/7-1 S35 (ABC) spray

guns charged with the previously prepared coating solution. The drying air flows from the

perforations and leaves through the exhaust. The fully perforated pan shows increasingly

versatile coating capability and is more efficient than other methods of drying as shown in Figure

12.1.4 [24]. The operators clean the tablet presses, the IBC, and the coating solution preparation

stir tank while the coater runs. After coater dispenses and dries an even film coating on the

tablets, the batch of final tablets is packaged into two 55-gallon pharmaceutical-grade drums.

Finally, operators conduct minor cleanings of the tablet coater and final tablet quality testing,

finalizing the production of one batch.
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Figure 12.1.4. Schematic of Fully Perforated drum for a batch process. In this process, the
tablets are coated in the tablet with a coating solution using a spraying arm and dried with air as
the perforated pan is rotated [48].
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Section 12.2 Hybrid Process

12.2.1 Bin Blender

The same bin blenders are used for the hybrid process. Please see Section 12.1.1.

12.2.2 Continuous Twin-Screw Granulation

While the equipment selected is different from the one in the batch process, the main

principles described in Section apply for continuous granulation. For this process, a continuous

twin-screw wet granulator (TSG) will be used. In the past decade, there has been a significant

increase in the adoption of continuous manufacturing techniques by the pharmaceutical industry,

largely due to their well-established benefits (as shown in Figure 12.2.1). This is a departure

from conventional batch manufacturing, where the size of the batch is limited solely by the

dimensions of the equipment used [49]. Several studies have been reported relating to TSG

optimization by investigating the effect of the formulation composition and operational variables

such as screw configuration, pitch and length of conveying element, thickness and angle of

kneading element, or influence of kneading blocks [14]. A schematic diagram of a TSG line is

illustrated in Figure 12.2.2.
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Figure 12.2.1. Advantages of continuous manufacturing [49].

Figure 12.2.2. Schematic representation of a twin screw granulator [20].

64



Figure 12.2.3. Screw configuration with 12 kneading disks illustrating the formation of granules
in TSG [21].

As shown in Figure 12.2.3, the dry powder is fed in the barrel through the feeding zone

while the granulating liquid is added using two nozzles (for each screw). The granule formation

takes place through a combination of capillary and viscous forces facilitating particle binding in

the wet stage. Subsequently, the wet material is distributed, compacted and elongated in the

kneading elements (mixing zone) transforming the particle morphology from small

(microstructure) to large (macro structure) irregular and porous granules. Other sub-processes

such as aggregation and breakage can also take place during granulation. Eventually, the formed

granules leave the discharge zone and are pneumatically fed in the conveyor belt dryer [14].

12.2.3 Continuous Conveyor Belt Drying

A conveyor belt dryer usually has several stages, per Figure 12.2.4. The wet product from

the twin-screw wet granulator is fed on the left end of the dryer. The materials are then conveyed

through the various stages until the dry product is discharged on the right end of the dryer, as
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shown in Figure 12.2.5. As the materials are being conveyed along the dryer, ambient air is fed

into the drying chamber which is equipped with an individual heating utility and fans for air

circulation through the product. Heat exchange units operating with steam are used to heat the

air. Fresh air is mixed with recirculated air below the heat exchangers upon entering the chamber.

Typically, the temperature and humidity of the drying air stream that enters the product within

each drying chamber are controlled, along with the temperature difference upon leaving [19].

The drying air flows in opposite directions in successive stages, for example, the air is blown

downwards in stage 1; while the air is blown upwards in stage 2. At the product particle level,

the moisture migrates from the center to the surface where it is evaporated by convection.

Evaporative cooling reduces the surface temperature, and at the same time, drying air heats up

the tablet particle by convective heating [1].

Figure 12.2.4. (Left) Cutaway view of single-convoyeur belt dryer. Figure 12.2.5. (Right) Side
elevation of single-conveyor dryer [1].

12.2.4 Comil

The same comil is used for the hybrid process. Please see Section 12.1.4.
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12.2.5 Continuous Mixer

The output from the mill is pneumatically conveyed and fed to the continuous mixer, that

is the product is moved through a pipeline or a duct using air or another gas as the conveying

medium. In this process, the product is introduced into the pipeline or duct, and air is forced or

pulled through it, creating a flow of the product-air mixture. The flow of air carries the product

through the pipeline or duct and delivers it to the continuous mixer. Once the product-air mixture

reaches the continuous mixer, it is fed into the mixer, where it is combined with magnesium

stearate. The continuous mixer is suitable for mixing a wide range of powders, flakes and

granulates and viscous products, also in combination with spraying of liquids [10]. The mixers

are equipped with a motorized shaft that is positioned axially in the center of the blender and has

multiple blades along its length [32]. An advantage of using a continuous mixer is it lowers the

risk of segregation after blending because the particles are blended continuously, and the blend is

transported to the tablet press using a flexible screw conveyor. Continuous mixers also have the

advantage of being more compact, occupying less space, and being easily scalable to obtain

higher throughputs. Lastly, continuous mixing is fully automated and requires fewer operators.
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Figure 12.2.6. Schematic of a continuous mixer [38].

12.2.6 Rotary Tablet Press

The same rotary tablet presses are used for the hybrid process. Please see Section 12.1.5.

12.2.7 Batch Fully Perforated Coating Pan

The same coating pan is used for the hybrid process. Please see Section 12.1.6.

68



Section 13: Energy Balance and Utility Requirements

Section 13.1 Energy Balance and Utility Requirements for the Batch

Process

13.1.1 Bin Blender

When considering combining API and excipients together, heat is created due to the

collisions between particles. Energy calculations were made in order to estimate the amount of

heat being absorbed by the material and lost to the surroundings. The heat absorbed by the

ingredients can be calculated based on the difference between the inlet and outlet temperatures of

the solids as well as the heat capacity which is based on the weighted average of the

composition. The blender rotational speed was concluded to be 5 RPM, which was provided by

one of the industrial consultants. The temperature difference was 3℃ as the inlet temperature

was 22℃ and the outlet temperature was 25℃, respectively. The motor power requirements were

5.5 kW for each bin blender utilized. Energy calculations can be found in Section 24.1.1.

Table 13.1.1. Utility Requirements for the Bin Blender

Unit Motor Power
(kWh/day)

Steam (kg/batch) Water (kg/batch)

BBR1 (B) 4.13 - -

BBR2 (B) 4.13 - -
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13.1.2 Granulator

The energy balance of the high shear granulator is based on the heat provided by the air,

the sensible heat of the solids, the enthalpy provided by the water, and the motor power

requirement. The heat provided by the hot air can be calculated based on the temperature

difference and the heat capacity of the hot air. The mass flow rate of the hot air was 535 kg/hr

with the inlet and outlet temperatures being 60℃ and 45℃. The sensible heat of the solids and

the enthalpy provided by the water was calculated in the same manner. The heat capacity of the

solid was calculated based on the weighted average of the composition. The mass flow rate of

the solids was 145.6 kg/hr with the inlet and outlet temperatures being 25℃ and 28℃,

respectively. The mass flow rate of the water was 27.2 kg/hr with the same temperature

parameters. The heat of the evaporation of the water was calculated based on the mass flow rate

and the latent heat of evaporation of water. The motor requirement was 37 kW according to the

Glatt TDG specification sheet.

Table 13.1.2. Utility Requirements for the High Shear Granulator

Motor Power (kWh/day) Steam (kg/batch) Water (kg/batch)

12.4 0.839 27.2
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13.1.3 Tray Dryer

For convective drying, the hot air dissipated in the chamber is utilized to evaporate the

water. The inlet mass flow rate of the hot air was calculated to be 5790 kg/hr with the inlet and

outlet temperatures of 60℃ and 55℃ respectively. The heat provided by the hot air can be

calculated based on the temperature difference and the heat capacity of the hot air. The

evaporation load was evaluated with the change in moisture composition as 0.144 kg/kg. The

heat absorbed by the ingredients can be calculated based on the difference between the inlet and

outlet temperatures of the solids as well as the heat capacity which is based on the weighted

average of the composition. The inlet and outlet temperatures of solids were 25℃ and 55℃,

respectively. Even though the heat provided by the hot air is expected to be dissipated into the

material and the evaporation load, heat was still released to the surroundings. Energy calculations

can be found in Section 24.1.3.

Table 13.1.3. Utility Requirements for the Tray Dryer

Motor Power (kWh/day) Steam (kg/batch) Water (kg/batch)

124 45.1 -
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13.1.4 Comil

The energy balances can be calculated similarly to the bin blenders due to the rotation of

the impellers. It was calculated to evaluate the amount of energy absorbed by the solid material.

The heat absorbed by the ingredients can be calculated based on the difference between the inlet

and outlet temperatures of the solids as well as the heat capacity which is based on the weighted

average of the composition. The comil rotational speed was concluded to be 600 RPM due to the

small size in diameter. The temperature difference was 3℃ as the inlet temperature was 25℃ and

the outlet temperature was 28℃, respectively. The motor power requirements were 0.55 kW.

Energy calculations can be found in Section 24.1.4.

Table 13.1.4. Utility Requirements for the Comil

Motor Power (kWh/day) Steam (kg/day) Water (kg/day)

13.2 - -
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13.1.5 Rotary Tablet Press

The energy balances were calculated to estimate the amount of energy required by the

tablet press by evaluating the heat absorbed by the material and the work of compression. The

heat absorbed by the material is estimated The energy balances were calculated to estimate the

amount of energy required by the tablet press by evaluating the heat absorbed by the material and

the work of compression. The heat absorbed by the material is estimated based on the difference

between the inlet and outlet temperatures of the solids as well as the heat capacity. The inlet and

outlet temperatures of the solids were 23℃ and 25℃, yielding to a 3℃ difference. The heat

capacity was based on the weighted average of the composition within the unit operation. The

work of compression was considered as the compression force is one of most important

parameters that can be adjusted for a tablet press, based on the product requirement. The work of

compression was provided by the Fette P1010 technical brochure. The energy balances were

applied to all three equipment. Energy calculations can be found in Section 20.1.5.

Table 13.1.5. Utility Requirements for Rotary Tablet Press

Unit Motor Power (kWh/day) Steam
(kg/day)

Water (kg/day)

TAB1 (B) 240 - -

TAB2 (B) 240 - -

TAB3 (B) 240 - -
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13.1.6 Tablet Coater

Energy balances were evaluated to estimate the amount of heat dissipated in the solid

materials. When estimating the amount of heat being absorbed by the ingredients, the heat

provided by the hot air, the evaporation load, the coating solution must be considered. The heat

provided by the hot air is based on the difference between the inlet and outlet temperatures as

well as the heat capacity of hot air at 25℃. The inlet and outlet temperatures of the air were 45℃

and 30℃, respectively. The evaporation load was calculated based on the change in moisture

composition and the latent heat of evaporation of water. Given that the moisture composition did

not change, the evaporation load can be neglected. The heat sensitivity of the solids was

estimated based on the difference between the inlet and outlet temperatures of the solids as well

as the heat capacity. The inlet and outlet temperatures of the solids were 25℃ and 30℃. The heat

capacity was based on the weighted average of the composition within the unit operation. The

heat sensitivity of the coating solution can be calculated in the same manner with similar

parameters. The total motor power requirements were 39.0 kW. Energy calculations can be found

in Section 20.1.6.

Table 13.1.6. Utility Requirements for Batch Perforated Pan Tablet Coater

Motor Power (kWh/day) Steam (kg/batch) Water (kg/batch)

270 42.7 19.2
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Section 13.2 Energy Balance and Utility Requirements for the

Hybrid Process

13.2.1 Bin Blender

When considering combining API and excipients together, heat is created due to the

rotation of the mixer. Energy calculations were made in order to estimate the amount of heat

being absorbed by the material and lost to the surroundings. The heat absorbed by the ingredients

can be calculated based on the difference between the inlet and outlet temperatures of the solids

as well as the heat capacity which is based on the weighted average of the composition. The

blender rotational speed was concluded to be 5 RPM. The temperature difference was 3℃ as the

inlet temperature was 22℃ and the outlet temperature was 25℃, respectively. The motor power

requirements were 1.32 kW for the initial blender. Energy calculations can be found in Section

24.1.1.

Table 13.2.1. Utility Requirements for Bin Blender

Motor Power (kWh/day) Steam (kg/batch) Water (kg/batch)

4.13 - -
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13.2.2 Twin-Screw Granulator

The energy balance for twin-screw granulator is based on the energy dissipated in the

solid material, the heat transfer from the granulator jacket into the particles, and the motor power

(Jiang 2008). The mass flow rate of the solids was 17.43 kg/hr with the inlet and outlet

temperatures being 25℃ and 28℃. The heat capacity of the solids was based on the weighted

average of the composition at the specific unit operation. The conductivity and the inner surface

area of the granulator jacket was considered in order to determine the heat transfer. The motor

requirement was 18.6 kW, which was provided through a quote by a Leistritz representative.

Table 13.2.2. Utility Requirements for the Twin-Screw Granulator

Motor Power (kWh/day) Steam (kg/day) Water (kg/day)

224 - 81.6
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13.2.3 Conveyor Belt Dryer

The energy balances for the conveyor belt dryer can be calculated in the same manner as

the batch vacuum tray dryer as both utilize convective drying. The inlet mass flow rate of the hot

air was calculated to be 693 kg/hr with the inlet and outlet temperatures of 60℃ and 55℃. The

heat provided by the hot air can be calculated based on the temperature difference and the heat

capacity of the hot air. The evaporation load was evaluated with the change in moisture

composition as 0.144 kg/kg. The heat absorbed by the ingredients can be calculated based on the

difference between the inlet and outlet temperatures of the solids as well as the heat capacity

which is based on the weighted average of the composition. The inlet and outlet temperatures of

solids were 25℃ and 55℃, respectively. Even though the heat provided by the hot air is

expected to be dissipated into the material and the evaporation load, heat was still released to the

surroundings. Energy calculations can be found in Section 24.1.3.

Table 13.2.3. Utility Requirements for the Conveyor Belt Dryer

Motor Power (kWh/day) Steam (kg/day) Water (kg/day)

274 195 -
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13.2.4 Comil

The comil in the batch process was also utilized in the hybrid process with the same

parameters. The energy balance details can be found in Section 13.1.4 and the energy

calculations can be found in Section 24.1.4.

Table 13.2.4. Utility Requirements for the Comil

Motor Power (kWh/day) Steam (kg/day) Water (kg/day)

13.2 - -

13.2.5 Continuous Mixer

The energy balances for the continuous mixer can be calculated in the same methodology

as the bin blender. The energy balance description can be found in Section 13.1.1. The mass flow

rate of the solids was 17.4 kg/hr with the inlet and outlet temperatures being 22℃ and 25℃. The

mixer rotational speed was 10 RPM. The motor requirements were 1.32 kW. The energy energy

calculations can be found in Section Section 24.1.1.

Table 13.2.5. Utility Requirements for the Continuous Mixer

Motor Power (kWh/day) Steam (kg/day) Water (kg/day)

15.8 - -
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13.2.6 Rotary Tablet Press

The energy balance description can be found Section 13.1.5. The inlet and outlet

temperatures of the solids were 23℃ and 25℃, respectively. The energy balances were applied

to both tablet presses for the process. Energy calculations can be found in Section 24.1.5.

Table 13.2.6. Utility Requirements for Rotary Tablet Press

Unit Motor Power
(kWh/day)

Steam (kg/batch) Water (kg/batch)

TAB1 (H) 240 - -

TAB2 (H) 240 - -

13.2.7 Tablet Coater

The tablet coater in the batch process was also utilized in the hybrid process with the

same parameters. The energy balance details can be found in Section 13.1.6 and the energy

calculations can be found in Section 24.1.6.

Table 13.2.7. Utility Requirements for Tablet Coater

Motor Power (kWh/day) Steam (kg/batch) Water (kg/batch)

270 31.4 19.2
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Section 14: Equipment List and Unit Descriptions

Section 14.1 Equipment List and Unit Descriptions for the Batch

Process

14.1.1 Bin Blender

The bin blender is a closed container that homogeneously mixes dry powders together in

addition to lubricating the API to prevent the granules from sticking from one another and/or the

equipment. The L.B.Bohle 400 Bin Blender was selected due to its components which consists

of the standard arm connection and round forks on the lift arm with clamps. The bin blender

contains two main aspects: the IBC container and the blender itself. The IBC container is loaded

into the blender for the blending process to occur. Once all the drying products are transported,

the IBC container is then locked, lifted at an angle, and rotated in 360 degrees up to 6 rpm. The

mixing efficiency is maximized as varied aspects of the product mixture can come in contact due

to the changes in velocities.

BBR1 (B) / BBR2 (B)

Batch/Continuous Batch

Pressure (atm) 1

Temperature (C) 25

Power (kW) 5.50
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14.1.2 High Shear Granulator

The Glatt TDG 600 was selected as a model equipment for the batch granulation process.

During high shear wet granulation, the dry powder is pushed and mixed in a vessel using an

agitator and a chopper. The fine powders are sprayed with binding solution through varied

nozzles while they are being mixed. The agitator rotates in the horizontal plane to ensure a

uniform mixture. The chopper lays vertically to reduce the particle sizes and deagglomerates any

masses that may occur.

HSGR (B)

Batch/Continuous Batch

Pressure (atm) 1

Temperature (C) 25

Power (kW) 37.0
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14.1.3 Batch Tray Dryer

The Industrial Fabricator IFVTD72 was the chosen model equipment for the batch drying

process. The stainless steel vacuum tray dryer consists of 72 solid trays which are held in a small

chamber for the purpose of drying the granulated material at its expected moisture composition.

For every batch, the tablets are loaded by the operator onto the trays into the cabinet until the

drying time is completed. The trays are stacked vertically with sufficient space in between in

order to enable for the air to travel parallelly to them. The drying of the tablets occurs by

conduction at which the the pressure of the air is reduced through a vacuum pump, allowing for

steam to pass through the free spaces in between trays.

VTDR (B)

Batch/Continuous Batch

Pressure (atm) 1

Temperature (C) 60

Power (kW) 18.3
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14.1.4 Comil

The purpose of milling is to reduce the particle size through the use of intense shear on

the particles. The Quadro SLS Comil PsD d90 conical mill screen was the chosen equipment for

the milling process due to its SMARTdetect functionality that allows for the equipment to set its

own RPM and has the ability to change the heads if necessary. The stainless steel screen consists

of 1.5 mm round holes.

COML (B)

Batch/Continuous Continuous

Pressure (atm) 1

Temperature (C) 25

Power (kW) 0.550
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14.1.5 Rotary Tablet Press

The Fette P1010 was selected as the model equipment for the continuous rotary tablet

press due to its minimal space requirements. It is designed with an enclosed compression to

avoid the possibility of contamination. The rotary press consists of a total maximum of 32

stations with a tablet output of 230,400 tablets per hour.

TAB1 (B) / TAB2 (B) / TAB3 (B)

Batch/Continuous Continuous

Pressure (atm) 1

Temperature (C) 25

Power (kW) 10.0
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14.1.6 Batch Perforated Pan Tablet Coater

The Thomas Engineering Flex 500 60B Biconical Drum was the chosen equipment for

the batch tablet coating process. The coater consists of unique features such as auto unload,

patented Thomas Spray Bar (TSB), and exchangeable drums. The TSB is a modular spray

manifold that creates a smooth velocity profile for the airflow to reduce the air turbulence,

increasing the efficiency of the spraying performance.

COAT (B)

Batch/Continuous Batch

Pressure (atm) 25

Temperature (C) 1

Power (kW) 39.0
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Section 14.2. Equipment List and Unit Descriptions for the Hybrid

Process

14.2.1 Bin Blender

Please see Section 14.1.1 for the description.

BBR1 (H)

Batch/Continuous Batch

Pressure (atm) 1

Temperature (C) 25

Power (kW) 5.50

14.2.2 Twin-Screw Granulator

The Leistritz ZSE-27 HP was the chosen equipment for the continuous granulation

process. The equipment is provided through a base 304 stainless steel cabinet that holds the

extruder and the electrical system and controls. The extruders are modular barrels heated by

electric heaters at a capacity of 25 C. The equipment also consists of a barrel heat exchanger,

stainless steel vacuum, a digital loss-in-weight feeder fabricated of 316L stainless steel, and a

liquid diaphragm pump.

TSER (H)

Batch/Continuous Continuous

Pressure (atm) 1

Temperature (C) 25

Power (kW) 18.6
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14.2.3 Continuous Dryer

The HuaMao DW Series Conveyor Belt dryer was the chosen equipment for the

continuous drying process. The conveyor dryer is 8 meters long in length with the ability to

recycle the air.

CBDR (H)

Batch/Continuous Continuous

Pressure (atm) 1

Temperature (C) 60

Power (kW) 11.4

14.2.4 Comil

Please see Section 14.1.4 for the description.

COML (H)

Batch/Continuous Continuous

Pressure (atm) 1

Temperature (C) 25

Power (kW) 0.550
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14.2.5 Continuous Mixer

The Gericke GCM 250 was the chosen equipment for the continuous mixing process due

to its high mixing efficiency and tablet output with minimal space requirements. The mixer

consists of a gravimetric feeder that weighs out the ingredients which allows for the tablets to

precisely be placed into the mixer. Thus, the feeder rate is controlled. Due to the structure of the

system, it provides the optimal mixing through a single shaft radially and axially.

CTMR (H)

Batch/Continuous Continuous

Pressure (atm) 1

Temperature (C) 25

Power (kW) 1.32
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14.2.6 Rotary Tablet Press

Please see Section 14.1.5 for the description.

TAB1 (H) / TAB2 (H)

Batch/Continuous Continuous

Pressure (atm) 1

Temperature (C) 25

Power (kW) 10.0

14.2.7 Batch Tablet Coater

Please see Section 14.1.6 for the description.

COAT (H)

Batch/Continuous Batch

Pressure (atm) 25

Temperature (C) 1

Power (kW) 39.0
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Section 15: Specification Sheets

Section 15.1 Batch Process Specification Sheets

15.1.1 Bin Blender

Item No. BBR1 (B) / BBR2 (B)

Model PM 400 Bin Blender

Vendor L.B.Bohle

No. Required 2

Function Combines the API, lactose, and Avicel
together

Operation (Batch/Continuous, Time) Batch, 15 minutes for BBR1 (B), 10 minutes
for BBR2 (B)

BBR1 (B) BBR2 (B)

Material Input API (kg/batch) 16.0 16.0

Lactose (kg/batch) 97.6 97.6

Avicel (kg/batch) 16.0 16.0

PVP-K90 (kg/batch) 0 4.80

Water (kg/batch) 0 3.20

Magnesium Stearate
(kg/batch)

0 1.60

Properties Material Stainless Steel

Size (L) 400

Capacity (kg) 400

RPM 5

Motor Power 5.50
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BBR1 (B) BBR2 (B)

Temperature (C) 25 25

Pressure (atm) 1 1
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15.1.2 High Shear Granulator

Item No. HSGR (B)

Model TDG 600

Vendor Glatt

No. Required 1

Function Converts the fine powder into granules

Operation (Batch/Continuous, Time) Batch, 15 min.

Material Input API (kg/batch) 15

Lactose (kg/batch) 97.6

Avicel (kg/batch) 32.0

PVP-K90 (kg/batch) 4.80

Water (kg/batch) 27.2

Properties Material Stainless Steel

Size (mm) 2250 x 3700 x 3700 (W x H x T)

Capacity (L) 150 - 480

Motor Power (kW) 37

Temperature (C) 25

Pressure (atm) 1
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15.1.3 Batch Tray Dryer

Item No. VTDR (B)

Model IFVTD72

Vendor Industrial Factor

No. Required 1

Function Dries the tablet to the expected moisture level

Operation (Batch/Continuous, Time) Batch, 135 mins

Material Input API (kg/batch) 15

Lactose (kg/batch) 97.6

Avicel (kg/batch) 32.0

PVP-K90 (kg/batch) 4.80

Water (kg/batch) 27.2

Magnesium Stearate
(kg/batch)

15

Properties Size (in) 60 x 72 x 72 (L x W x H)

No. of Trays 72

Motor Power (kW) 18.3

Temperature (C) 60

Pressure (atm) 1
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15.1.4 Comil

Item No. COML (B)

Model SLS Comil PSD d90

Vendor Quadro

No. Required 1

Function Reduces the sizes of the wet granulations and
delumps powder granules

Operation (Batch/Continuous, Time) Continuous

Material Input API (kg/hr) 15.9

Lactose (kg/hr) 97.6

Avicel (kg/hr) 32.0

PVP-K90
(kg/hr)

4.80

Water (kg/hr) 3.21

Properties Material Stainless Steel

Screen Size 1.5 mm

Capacity 50 g to 150 kg/hr

Motor Power
(kW)

0.550

Temperature (C) 25

Pressure (atm) 1
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15.1.5 Rotary Tablet Press

Item No. TAB1 (B) / TAB2 (B) / TAB3 (B)

Model P1010

Vendor Fette

No. Required 3

Function Compresses granule powders into uniform tablet form
and size

Operation (Batch/Continuous, Time) Continuous, 285 minutes

TAB1 (B) TAB2 (B) TAB3 (B)

Material
Input

API (kg/hr) 5.33 5.33 5.33

Lactose (kg/hr) 32.5 32.5 32.5

Avicel (kg/hr) 10.7 10.7 10.7

PVP-K90 (kg/hr) 1.60 1.60 1.60

Water (kg/hr) 1.07 1.07 1.07

Magnesium Stearate
(kg/hr)

0.533 0.533 0.533

Properties Material Stainless Steel

Size (mm) 900 × 1,163 × 1,888

Capacity (tablets/hr) 27,000 to 216,000

Motor Power (kW) 10

TAB1 (B) TAB2 (B) TAB3 (B)

Temperature (C) [50] 25 25 25

Pressure (atm) 1 1 1
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15.1.6 Batch Perforated Pan Tablet Coater

Item No. COAT (B)

Model Flex 500 60B

Vendor Thomas Engineering

No. Required 1

Function Coats the tablet with coating solution for
mainly marketing purposes

Operation (Batch/Continuous, Time) Batch, 135 min

Material Input API (kg/batch) 15.9

Lactose (kg/batch) 97.6

Avicel (kg/batch) 32.0

PVP-K90 (kg/batch) 4.80

Water (kg/batch) 30.4

Magnesium Stearate
(kg/batch)

1.59

Opadry® II White
(kg/batch)

4.80

Properties Material Stainless Steel

Drum Diameter Size
(in.)

60

Capacity (L) 460

Motor Power (kW) 2.20

Temperature (C) 25

Pressure (atm) 1
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Section 15.2 Hybrid Process Specification Sheets

15.2.1 Bin Blender

Item No. BBR1 (H)

Model PM 400

Vendor L.B.Bohle

No. Required 1

Function Combines the API, lactose, and Avicel
together

Operation (Batch/Continuous, Time) Batch, 15 minutes

Material Input API (kg/batch) 16.0

Lactose (kg/batch) 97.6

Avicel (kg/batch) 32.0

Properties Material Stainless Steel

Size (L) 400

Capacity (kg) 400

Motor Power (kW) 5

Temperature 25 C

Pressure 1 atm
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15.2.2 Twin-Screw Granulator

Item No. TSER (H)

Model ZSE-27HP GMP-Format

Vendor Leistritz Extrusion Technology

No. Required 1

Function Mixes the API, excipients, and polymers
together to enhance greater flowability

Operation (Batch/Continuous, Time) Continuous, 415 minutes

Material Input API (kg/hr) 2.10

Lactose (kg/hr) 12.8

Avicel (kg/hr) 4.20

PVP-K90
(kg/hr)

0.631

Water (kg/hr) 3.57

Properties Material Stainless Steel

Diameter (mm) 27

Capacity
(kg/hr)

15 - 20

RPM 600

Motor Power
(kW)

18.6

Temperature (C) 25

Pressure (atm) 1
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15.2.3 Continuous Dryer

Item No. CBDR (H)

Model DW-1.2 -8A

Vendor HuaMao

No. Required 1

Function Dries granules to the expected moisture level

Operation (Batch/Continuous, Time) Continuous, 415 minutes

Material Input API (kg/hr) 2.10

Lactose (kg/hr) 12.8

Avicel (kg/hr) 4.20

PVP-K90
(kg/hr)

0.631

Water (kg/hr) 3.57

Properties Length (m) 8

Motor Power
(kW)

11.4

Temperature (C) 60

Pressure (atm) 1
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15.2.4 Comil

Item No. COML (H)

Model SLS Comil PSD d90

Vendor Quadro

No. Required 1

Function Reduces the sizes of the wet granulations and
delumps powder granules

Operation (Batch/Continuous, Time) Continuous

Material Input API (kg/hr) 2.10

Lactose (kg/hr) 12.8

Avicel (kg/hr) 4.20

PVP-K90 (kg/hr) 0.631

Water (kg/hr) 0.420

Properties Material Stainless Steel

Screen Size (mm) 1.50

Capacity 50 g to 150 kg+/hr

Motor Power (kW) 0.550

Temperature (C) 25

Pressure (atm) 1
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15.2.5 Continuous Mixer

Item No. CTMR (H)

Model GCM 250

Vendor Gericke Group

No. Required 1

Function Combines the API, excipients, and magnesium
stearate together

Operation (Batch/Continuous, Time) Continuous, 415 min

Material Input API (kg/hr) 2.10

Lactose (kg/hr) 12.8

Avicel (kg/hr) 4.20

PVP-K90
(kg/hr)

0.631

Water (kg/hr) 0.420

Magnesium
Stearate (kg/hr)

0.210

Properties Material Stainless Steel

Capacity
(kg/hr)

1-25

Motor Power
(kW)

1.32

Temperature 25 C

Pressure 1 atm
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15.2.6 Rotary Tablet Press

Item No. TAB1 (H) / TAB1 (H)

Model P1010

Vendor Fette

No. Required 2

Function Compresses granule powders into uniform
tablet form and size

Operation (Batch/Continuous, Time) Continuous, 415 minutes

TAB1 (H) TAB2 (H)

Material Input API (kg/hr) 1.05 1.05

Lactose (kg/hr) 6.41 6.41

Avicel (kg/hr) 2.10 2.10

PVP-K90 (kg/hr) 0.315 0.315

Water (kg/hr) 0.210 0.210

Magnesium Stearate
(kg/hr)

0.105 0.105

Properties Material Stainless Steel

Size (mm) 900 × 1,163 × 1,888

Capacity (output/hr) 27,000 to 216,000

Motor Power (kW) 10

TAB1 (H) TAB2 (H)

Temperature (C) 25 25

Pressure (atm) 1 1
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15.2.7 Batch Tablet Coater

Item No. COAT (H)

Model Flex 500 60B

Vendor Thomas Engineering

No. Required 1

Function Coats the tablet with coating solution for
mainly marketing purposes

Operation (Batch/Continuous, Time) Batch, 70 min

Material Input API (kg/batch) 16.0

Lactose (kg/batch) 32.0

Avicel (kg/batch) 97.6

PVP-K90 (kg/batch) 4.80

Water (kg/batch) 3.20

Magnesium Stearate
(kg/batch)

1.60

Opadry® II White
(kg/batch)

4.80

Properties Material Stainless Steel

Drum Diameter Size
(in)

60.0

Capacity (L) 115 - 460

Motor Power (kW) 2.20

Temperature (C) 25

Pressure (atm) 1
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Section 16: Equipment Cost Summary

Despite efforts to contact manufacturers directly for pricing information, few quotes were

obtained overall. A few points of contact were made, but only Leistritz Extrusion Technology

and Quadro Engineering followed through by providing full documentation including

descriptions, specifications, and a quote. The majority of purchase costs were estimated using the

six tenths rule, drawing from reference sizes and prices found in academic reports or mentioned

by consultants. The following price estimates were presented to multiple pharmaceutically

experienced consultants and were agreed to be reasonably accurate.
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Section 16.1 Equipment Cost Summary for Hybrid Process

Equipment
Description

Quantity Purchase
Cost

Data Source Bare Module
Factor

Bare Module
Cost

LB Bohle PM
Blender 400

1 $176,000 Formulation of a
High-Volume
Small Molecule
Drug Product

3.21 $565,000

ZSE 27 HP-PH
Twin Screw
Extruder

1 $751,000 Quote from Steve
Post, Leistritz
Extrusion

3.05 $2,290,000

HuaMao DW
Series
Conveyor Dryer

1 $21,000 KODI Industrial
Conveyor on
Alibaba

2.06 $43,000

Quadro PsD
d90 Conical
Mill

1 $34,000 Quote from Lee
Tassoni, Quadro
Engineering

2.3 $78,000

Gericke Group
GCM 250

1 $166,000 Formulation of a
High-Volume
Small Molecule
Drug Product

3.21 $532,000

Fette P1010
Tablet Press

2 $1,427,000 Sabrina Green,
Merck

3.21 $4,580,000

Thomas
Engineering
Flex 500 60B
Coater

1 $850,000 Formulation of a
High-Volume
Small Molecule
Drug Product

3.21 $2,730,000

NCD 50 M
Mixing Vessel

2 $14,400 Anco Equipment 3.21 $46,000

100 Gallon
Open Head
Drum

21 $22,500 Bubba’s Barrels 1 $22,500

Total Bare
Module Cost

$10.89 M
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Section 16.2 Equipment Cost Summary for Batch Process

Equipment
Description

Quantity Purchase
Cost

Data Source Bare Module
Factor

Bare Module
Cost

LB Bohle PM
Blender 400

2 $352,000 Formulation of
a High-Volume
Small Molecule
Drug Product

3.21 $1,230,000

Glatt TDG
600
Granulator

1 $420,000 Wonsen on
Alibaba

3.05 $1,280,000

Industrial
Factor
Vacuum Tray
Dryer 72

1 $22,000 Shiv Shakti
Process
Equipment on
Alibaba

2.06 $45,300

Quadro PsD
d90 Conical
Mill

1 $34,000 Quote from Lee
Tassoni,
Quadro
Engineering

2.3 $78,000

Fette P1010
Tablet Press

3 $2,140,000 Sabrina Green,
Merck

3.21 $6,870,000

Thomas
Engineering
Flex 500 60B
Coater

1 $850,000 Formulation of
a High-Volume
Small Molecule
Drug Product

3.21 $2,730,000

NCD 50 M
Mixing
Vessel

2 $14,400 Anco
Equipment

3.21 $46,000

IBC 2 $7,000 Alibaba 1 $7,000

Total Bare
Module Cost

$12.29 M
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Section 17: Fixed Capital Investment Summary

The Profitability Analysis spreadsheet was used to calculate the economic costs for the

manufacturing facility. The equipment purchase costs mentioned in Section 16 were inputted into

the “Equipment Cost” tab, classified as “Process Machinery”. Storage drums and intermediate

bin containers were defined as “Storage”. The default bare module factor for all the equipment

was 3.21 if it was unknown. The known bare module factors were calculated based on the

definitions of the equipment from Seider et al.

The total fixed capital investment was calculated based on the total bare module costs,

the direct permanent investment, total depreciable capital, total permanent investment, and

working capital. The default calculations and total bare module costs were used to calculate the

total permanent investment by evaluating the costs of the site preparation, service facilities,

allocated for utility plants and related facilities, contingencies and contractor fees, land, and plant

start-up. There is no considered royalty cost.

Table 17. 1. Contributing factors to Total Permanent Investment

Cost of Site Preparation 5.00% of Total Bare Module Costs

Cost of Service Facilities 5.00% of Total Bare Module Costs

Allocated Costs for Utility Plants and Related
Facilities

$0

Costs of Contingencies and Contractor Fees 18.00% Direct Permanent Investment

Cost of Land 0.00% of Total Depreciable Capital

Cost of Royalties $0

Cost of Plant Start-Up 10.00% of Total Depreciable Capital
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The working capital was calculated based on the number of days regarding the accounts

receivable, cash reserves (excluding raw materials), accounts payable, product inventory, and

raw materials. The accounts receivable, cash reserves, and accounts payable were set to 30 days.

The product inventory was set to 4 days and raw materials was set to 2 days as default.

The maximal demand for tablets per year is one order of magnitude larger than the

minimal demand. 500,000 tablets per year is half an order of magnitude larger than the lower

demand. This value was selected as a reasonable approximation for the average tablet demand

per year and provided an appropriate intermediate demand for sensitivity analysis.
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Section 17.1 Hybrid Process for Base Case Scenario of 500 Million

Tablets per Year at $0.03 per Tablet

The total capital investment of the hybrid process is $18.6 million. Specific costs are shown in

Figure. 17.1.1.

Figure 17.1.1. Total Capital Investment for the Hybrid Process of 500 Million Tablets per Year
at $0.03 per Tablet
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Section 17.2 Batch Process for Base Case Scenario of 500 Million

Tablets per Year at $0.03 per Tablet

The total capital investment of the batch process is $20.6 million. Specific costs are

shown in Figure. 17.2.1.

Figure 17.2.1. Total Capital Investment for the Hybrid Process of 500 Million Tablets per Year
at $0.03 per Tablet
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Section 18: Operating Cost - Cost of Manufacture

Section 18.1 Operator Costs

For both the hybrid and batch processes, the tableting plant will run 24 hours and 7 days a

week in Massachusetts in order to maximize efficiency by minimizing startup and shutdown

costs and time consumption. Both processes will require 2 weeks of equipment maintenance out

of the year. The hybrid plant will undergo deep cleaning for 2 days at the start of each month,

and run for a total of 327 days out of the year at highest demand. The batch plant will undergo a

16 hour deep cleaning after every 10 batches, and will run for 351 days per year at highest

demand. Deep cleaning will be conducted with industrial steam cleaning equipment [12]. For

both the hybrid and batch processes, 8 operators will be hired with two people doing 8 hours of

overtime in a given week. This way, 2 people can be on site at the plant at all times. Operators

will be paid holiday wages when appropriate. The API and excipient raw materials are

considered free and provided by the parent company.

Section 18.2 API and Ingredients

It is assumed that the API, excipients, and other raw materials are provided at no cost

given that it is manufactured in the same facility.

Section 18.3 Utility Costs

Electricity, water, and steam were required to calculate the total utility costs. The cost for

each utility is shown in Table 18.2.1. The total utility requirements for both the batch and hybrid

processes were evaluated and presented in Table 18.2.2 and Table 18.2.3.
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Table 18.2.1. Utility Costs (Based in Massachusetts)

Utility Electric Rates Water Steam

Cost 0.21 cent / kWh $2.96 / 1000 kg $35.94 / 1000 kg

18.2.1. Utility Costs for the Batch Process

Table 18.2.2. Total Utility Requirements for the Batch Process

Unit Motor Power
(kWh/day)

Steam (kg/batch) Water (kg/batch)

Bin Blender 4.13 - -

Bin Blender 4.13 - -

Granulator 12.4 0.839 27.2

Tray Dryer 124 45.1 -

Comil 13.2 - -

Rotary Tablet Press 240 - -

Rotary Tablet Press 240 - -

Rotary Tablet Press 240 - -

Tablet Coater 270 42.7 19.2

Total (per day) 1148 266 139
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18.2.2. Utility Costs for the Hybrid Process

Table 18.2.3. Total Utility Requirements for the Hybrid Process

Unit Motor Power
(kWh/day)

Steam (kg/day) Water (kg/day)

Bin Blender 4.13 - -

Granulator 224 - 81.6

Conveyor Belt Dryer 274 195 -

Comil 13.2 - -

Continuous Mixer 15.8 - -

Rotary Tablet Press 240 - -

Rotary Tablet Press 240 - -

Tablet Coater 270 94.2 57.6

Total (per day) 1281 289 139

Section 18.4 Fixed Cost Summary

The fixed cost is based on the default operations, maintenance, operating overhead,

property taxes and insurance, and other annual expenses from Seider et al. For both the batch and

hybrid process, it is assumed that there are 2 operators for every shift (5 shifts). The direct wages

and benefits are set to $40 per hour. See Section 18.1 to see specific details about the operations

for both processes. See Figure 18.4.1 for the fixed costs breakdown calculations.
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Figure 18.4.1. Fixed Costs Breakdown
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Section 18.4.1 Fixed Costs Summary for the Hybrid Process for Base Case

Scenario of 500 Million Tablets per Year at $0.03 per Tablet

The total fixed costs is $2.75 million for the hybrid process.

Figure 18.4.1 Fixed Costs Summary for the Hybrid Process
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Section 18.4.2 Fixed Costs Summary for the Batch Process for Base Case

Scenario of 500 Million Tablets per Year at $0.03 per Tablet

The total fixed costs is $3.85 million for the batch process.

Figure 18.4.1 Fixed Costs Summary for the Hybrid Process
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Section 18.5 Variable Costs Summary

The variable cost is based on the raw materials, byproducts, utilities, and general

expenses. The general expenses included the selling/transfer expenses, direct research, allocated

research, administrative expense, and management incentive compensation. There were no raw

materials and byproducts to consider as raw materials were free and there were no byproducts

resulting from the process created.

Section 18.5.1 Variable Costs Summary for the Hybrid Process for Base Case

Scenario of 500 Million Tablets per Year at $0.03 per Tablet

The variable cost is solely dependent on the utilities which is $0.000183 per tablet of

Albatol. See total utility requirements for the hybrid process in Section 18.2.2. The total variable

costs of the hybrid process is approximately $954,000.

Figure 18.5.1 Variable Costs Summary for the Hybrid Process
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Section 18.5.2 Variable Costs Summary for the Batch Process for Base Case

Scenario of 500 Million Tablets per Year at $0.03 per Tablet

The variable cost is solely dependent on the utilities which is $0.000183 per tablet of

Albatol. See total utility requirements for the batch process in Section 18.2.1.

Figure 18.5.1 Variable Costs Summary for the Batch Process

The total variable cost of the batch process is approximately $891,000. The total variable

cost of the batch process is greater than the variable cost of the hybrid process due to the greater

utility requirements for the continuous process. Despite the differences, the hybrid process is still

profitable based on the internal rate of return and net present value. See Section 20.1 and Section

20.2 for details about the profitability analysis for both processes.
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Section 19: Other Considerations

Section 19.1 Location Determination

China and India are the most rapidly growing pharmaceutical markets, so selecting them

as the production location would have resulted in reduced costs for labor, infrastructure, and

equipment. India in particular has strong generic medicine production, while China heavily

emphasizes R&D investment. Albatol, however, is a branded drug that is already fully developed

and FDA approved, so it does not particularly benefit from these countries’ expertise. To

streamline economic analysis, sidestep the complexities of international regulations, and keep a

closer eye on CGMP compliance, the manufacturing plant will be established in the US. The

Boston area is a hub for pharmaceutical and biotechnology activities, and locating our plant there

would ensure a ready and nearby supply of innovation, parts manufacturers, and technical

expertise. Of particular note is that Kerry, an excipient and coating supplier, has a location in

Quincy, MA, which is just 20 minutes drive from Boston. To avoid being directly in the

expensive metropolitan area, the plant will likely be placed in a nearby suburb rather than

Boston.

Section 19.2 Environmental Factors and Safety Concerns

The granulation and drying stages, as well as the tablet coating phase, of both the batch

and continuous manufacturing processes result in the release of exhaust air and evaporated water.

These emissions do not pose any environmental hazards. Infact, the significant usage of

processing water, steam, and electricity in both processes translates to high demands for energy

and water resources. However, in a batch process for drug tablet production, the manufacturing
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steps are carried out in discrete batches, and each batch is handled separately. This often involves

the manual transfer of materials, which can generate dust during various stages such as

dispensing, mixing, granulation, and compression. For instance, the operators would need to

manually transfer materials from the vacuum tray dryer to the miller. In contrast, a continuous

process involves a continuous flow of materials through the manufacturing line, and there is no

need for intermediate handling, which reduces the generation of dust.

In the course of the manufacturing processes, powders are utilized, and various

operations within these processes may generate dust. The higher amount of dust generated in a

batch process could cause a health hazard for operators as an excess of fine particulate matter in

air can lead to respiratory problems, eye irritation, and other health issues. Hence, the use of

protective equipment such as respiratory masks, goggles, gloves, and lab coats is essential to

safeguard the health and safety of the workers. Given that the excessive presence of fine

particulate matter in the air can trigger a dust explosion, it is critical to contain all dust within the

manufacturing facilities. To achieve this goal, appropriate equipment has been selected to ensure

dust containment. Moreover, operators working in the facilities will be provided with suitable

personal protective equipment (PPE) as stated in GMP guideline: "All personnel should wear

suitable protective clothing, hair covering and where applicable, beard covering. They should

also wear appropriate PPE, including, but not necessarily limited to, gloves, masks, eye

protection, and gowns, to protect both product and personnel. PPE should be suitable for the

operation to be performed and its cleanliness should be ensured. It should be used and

maintained in a manner that prevents microbiological contamination or cross-contamination with

other products" [33]. Furthermore, to avoid contaminating medicinal goods, it is crucial that the

materials used in production equipment for the pharmaceutical industry be suitable. Due to its
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low maintenance requirements, cleanability, and corrosion resistance, stainless steel is usually

regarded as the ideal material in accordance with Good Manufacturing Practice (GMP) laws. As

a result, all equipment used in the manufacture of pharmaceutical goods must be made of

stainless steel or another material that satisfies the standards for use in a pharmaceutical setting,

according to GMP rules: "Equipment shall be constructed so that surfaces that contact

components, in-process materials, or drug products shall not be reactive, additive, or absorptive

so as to alter the safety, identity, strength, quality, or purity of the drug product beyond the

official or other established requirements. Materials used in the construction of equipment shall

be of appropriate composition so as to facilitate cleaning and maintenance operations, and shall

not contribute to the contamination of the drug product" [51].

Section 19.3 Cleaning

Based on a recommendation from our project author, it was assumed that one round of

minor cleaning in the batch process would take about 10 minutes in between each batch

campaign. Subsequently, after 10 batch campaigns a major cleaning is required and that will take

around 4 hours for shutting down the process and disassembling the equipment, 8 hours for

cleaning the disassembled equipment, and 4 hours for reassembling the equipment and starting

up the process. For the continuous process, it is recommended that major cleaning would take 3

days in each month.
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Section 19.4 Production Building Layout

A pharmaceutical tablet plant that utilizes gravity transfer materials would typically have

a layout that minimizes the need for mechanical conveyance equipment. This would include

building the facility without pumps or conveyors, allowing materials to move naturally through

the production process utilizing gravity. In such a facility, raw materials like excipients and

active pharmaceutical ingredients (APIs) would be kept in silos or other raised bulk storage

containers. They would then be transported to the plant's different processing facilities by a

system of gravity chutes and/or pipelines from there. With this reason, we plan to design a

two-floor production building with each floor of height around 15 ft or 4.6 m, as shown in the

figure below. Raw materials from the top of the second floor are gathered into the IBC container

1 or 2 that is securely clamped onto the drum of the bin blender BBR 1 so that it can rotate in a

controlled manner to ensure the materials inside are blended evenly. After that the mixture will

be transported by forklifts to the top of the second floor again and later combined with water and

PVP-K90 from STR 1, and flow into the high shear granulator HSGR. HSGR is positioned

above the tray dryer VTDR and a transfer system is used to direct the granules from the bottom

of the granulator into the tray dryer, to the Comil COML and then to the IBC 3 or 4 and BBR 2

respectively. Note that the comil selected here is an ‘Underdriven Comil’ that is “ideal in

situations where mills need to be installed on height-adjustable lifts or columns and so much

more compact than its Overdriven counterpart [35].” To elevate materials from the bottom floor

to the top floor using a vacuum method, a vacuum conveying system is installed between the two

floors. The system consists of a vacuum pump, a conveying pipeline, and a receiving hopper or

vessel on the top floor. The materials are loaded into a feeding hopper located on the bottom
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floor, which is connected to the vacuum conveying pipeline. The vacuum pump creates a

negative pressure inside the pipeline, which causes the materials to be pulled into the pipeline

and conveyed upward. The materials move through the pipeline in a controlled manner, as the

rate of conveyance can be adjusted based on the pressure and flow rate of the vacuum system.

Once the materials reach the top floor, they are deposited into the receiving hopper or vessel,

which is designed to collect the materials and prevent them from escaping into the surrounding

environment. The receiving hopper or vessel is typically located above the splitter SPTR that

will distribute material downwards into the tablet presses (TAB 1, 2 and 3). Finally, tablets are

compressed and moved along a transfer conveyor, which moves the tablets from the tablet press

to the coater. The conveyor may include features such as vibrating trays, chutes, or other

mechanisms to ensure a smooth and even flow of tablets.

Figure 19.4.1. Plant Layout of the Manufacturing Facility for Batch Process
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Figure 19.4.2. Plant Layout of the Manufacturing Facility for Hybrid Process
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Section 20: Profitability Analysis - Business Case

20.1 Hybrid Process Profitability and Sensitivity Analysis

A profitability analysis was conducted under the assumptions that 1 year of design and 1

year of construction were needed before the plant became operational. The plant would then run

at 50% of production capacity for the first year before reaching 75% in the second year of

operation, then 100% for all subsequent years. The plant was estimated to run for 20 years of

production. The income tax rate was considered 23%, the cost of capital 15%, and the general

inflation rate 2%. Selling/transfer expenses were assumed to be zero because the plant is an

intermediate step in a larger drug tableting process owned by the same company. Thus, all costs

associated with transferring the raw materials in for processing, transferring the tablets out for

packaging, and selling the actual packaged tablets can be considered covered by the parent

company. The cost of land was also assumed to be zero because the plant is a part of a larger

facility already owned by the company. Because of these accommodating factors, the plant is

able to run for only part of the year when experiencing lower demand. The equipment pieces can

then be repurposed for use by the company for the remainder of the year. Similarly, company

operators are only needed for part of the year, and can be transferred to another sector once

demand for the year is met. Therefore, the utilities and labor costs of running the plant can be

lower depending on the lack of demand. For a standard “base case”, demand is considered to be

500 million tablets per year, which is nearly half a magnitude more than the low demand of 160

million tablets per year. The tableting plant receives $0.03 of revenue per tablet produced. The

resulting cash flow is shown below, alongside an ROI analysis of the third production year.
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Figure 20.2.2 Return of Investment Analysis for the Hybrid Process of 500 Million Tablets per

Year at $0.03 per Tablet

To expand beyond this base case, a sensitivity study was conducted to investigate two

key factors simultaneously: the price earned per tablet produced and the yearly demand. The

same profitability analysis was performed but with different numbers for the days of continuous

operation per year, operator wages (to correlate with what percentage of the year they worked),

number of tablets produced per year, and price per tablet. For the hybrid process, the results were

tabulated below in Table 20.1. Please note that any ROI values are for the third production year.
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Table 20.1.1: Sensitivity Analysis of Hybrid Process with Changing Tablet Price and Demand

Low Demand: 160M
tablets/year, operate
for 33 days/year

Average Demand:
500M tablets/year,
operate for 103
days/year

High Demand: 1.6B
tablet/year, operate
for 327 days/year

$0.01 / tablet NPV: -$18.4M
IRR: “Negative”
ROI: -10.6%

NPV: -$6.29M
IRR: 7.70%
ROI: 2.70%

NPV: $32.9M
IRR: 40.5%
ROI: 42.4%

$0.02 / tablet NPV: -$12.1M
IRR: -3.5%
ROI: -3.66%

NPV: $13.4M
IRR: 26.9%
ROI: 23.1%

NPV: $96.1M
IRR: 77.3%
ROI: 98.1%

$0.03 / tablet NPV: -$5.76M
IRR: 8.3%
ROI: 3.11%

NPV: $33.2M
IRR: 41.2%
ROI: 42.6%

NPV: $159M
IRR: 108%
ROI: 146%

$0.04 / tablet NPV: $557,000
IRR: 15.6%
ROI: 9.78%

NPV: $52.9M
IRR: 53.9%
ROI: 61.1%

NPV: $222M
IRR: 135%
ROI: 188%

$0.05 / tablet NPV: $6.89M
IRR: 21.5%
ROI: 16.3%

NPV: $72.7M
IRR: 65.5%
ROI: 78.7%

NPV: $286M
IRR: 160%
ROI: 226%

As seen in the table, both factors have a significant influence on the overall profitability

of the tableting plant. With an average level of demand, the venture will be successful even if the

price per tablet drops to $0.02, but will not be able to sustain a price of $0.01. At low demand,

the situation is worse, with the IRR barely larger than the cost of capital even at $0.04/tablet.

Only $0.05 is able to turn this level of demand into reasonable profit. At high levels of demand,

the plant is massively profitable in all price situations.
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20.2 Batch Process Profitability and Sensitivity Analysis

Following the profitability analysis of the hybrid process, the same procedure was

applied to the batch process in order to make a proper comparison. The same “base case”

scenario of producing 500 million tablets per year at a revenue of $0.03/tablet was tested.

Notably, the batch process had different equipment costs, utility usage, and days of continuous

operation from the hybrid process. The resulting cash flow is shown below in Figure 20.2.1,

followed by an ROI analysis of the third year of production (Figure 20.2.2). A subsequent

sensitivity analysis of tablet price and level of yearly demand was performed, just as was done

for the hybrid process, with the results found in Table 20.2.1.
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Figure 20.2.2 Return of Investment Analysis for the Batch Process of 500 Million Tablets per

Year at $0.03 per Tablet

Table 20.2.1: Sensitivity Analysis of Batch Process with Changing Tablet Price and Demand

Low Demand: 160M
tablets/year, operate
for 38 days/year

Average Demand:
500M tablets/year,
operate for 115
days/year

High Demand: 1.6B
tablet/year, operate
for 351 days/year

$0.01 / tablet NPV: -$20.6M
IRR: “Negative”
ROI: -11.0%

NPV: -$9.91M
IRR: 3.27%
ROI: 0.45%

NPV: $24.7M
IRR: 34.5%
ROI: 35.0%

$0.02 / tablet NPV: -$15.0M
IRR: -9.38%
ROI: -5.02%

NPV: $7.53M
IRR: 21.8%
ROI: 18.1%

NPV: $80.5M
IRR: 68.5%
ROI: 84.1%

$0.03 / tablet NPV: -$9.40M
IRR: 3.93%
ROI: 0.84%

NPV: $25.0M
IRR: 35.1%
ROI: 35.1%

NPV: $136M
IRR: 97.0%
ROI: 127%

$0.04 / tablet NPV: -$3.81M
IRR: 11.0%
ROI: 6.59%

NPV: $42.4M
IRR: 46.7%
ROI: 51.2%

NPV: $192M
IRR: 122%
ROI: 165%

$0.05 / tablet NPV: $1.77M
IRR: 16.7%
ROI: 12.3%

NPV: $59.8M
IRR: 57.4%
ROI: 66.7%

NPV: $248M
IRR: 145%
ROI: 199%

The profitability of the batch process appears to be slightly worse than the hybrid

process. The batch process will not be successful in low demand unless the tablet price increases
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significantly to $0.05, and even then the IRR of 16.7% is only slightly larger than the 15% cost

of capital. The batch process does remain profitable in all other cases except when demand is

average and tablet price is $0.01, just like the hybrid process. However, the extent of profitability

in all of these scenarios is lower than the hybrid process. Examining the “base case” specifically,

we see that hybrid yields an NPV of $33.2M while batch produces an NPV of $25.0M, where

hybrid offers 33% more value. This trend is consistent across the scenarios, increasing the appeal

of the hybrid process.
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Section 21: Conclusions and Recommendations

As demonstrated by the profitability and sensitivity analysis, the hybrid process offers a

greater return in all cases as compared to the batch process. In a standardized example with a

cost of conversion of $0.03 per tablet and an average demand of 500 million tablets per year, the

hybrid process had an NPV of $33.2M and an IRR of 41.2%, while the batch process had an

NPV of $25M and an IRR of 35.1%. This occurrence is likely due to the hybrid process

requiring less capital investment. In particular, the need of the batch process to include three

tablet presses rather than two was a significant factor, as those equipment pieces were some of

the most expensive and heavily drove the overall cost. By obtaining more financially accurate

information about the tablet presses via a reasonable quote and more specific bare module factor,

the profitability analysis may change drastically. The hybrid process is also advantageous in that

it automates much of the tableting process, requiring less frequent small-scale maintenance and

cleaning, and as such, putting less strain on the operators and logistics of running the plant.

When the plant is consistently run at low demand, it struggles to remain profitable unless

the price per tablet earned increases significantly. This is true for both the hybrid and batch

process, but more so for batch. However, with an average demand of around 500 million tablets

per year, the plant is fairly adaptable to fluctuations in tablet price, so long as they do not

decrease to $0.01 per tablet. One of the key factors that allowed for the plant’s profitability

across a variety of scenarios is the assumption that it is built as part of an existing company

facility. With utility infrastructure already established, negligible cost of land, and no cost for

raw materials or transportation, many complications are already accounted for. Additionally,

operators employed by the company can be reassigned to other processes once the yearly Albatol

demand is reached, allowing us to more easily run production for only a portion of the year
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without constantly hiring and letting go of employees. This factor also helps justify our capital

expenditure, since our equipment can be repurposed by the company after Albatol requirements

for the year have been met, which is a large percentage of time during average or low demand.

One likely scenario is that the first 2-3 years of production are met with low demand as

Albatol first launches. Then, as the drug establishes itself and becomes more familiar to potential

customers, the demand rises to average or above-average levels for the remainder of the plant’s

operation. Based on the results in Table 20.1.1, it is reasonable to assume that the hybrid plant

would still manage to turn a profit in this case. If the company obtains better, more narrow

estimates for demand, and the estimates appear to indicate an average or above-average demand

for Albatol, the hybrid process can be confidently recommended. If no refined estimates can be

obtained, we still recommend the development of the hybrid process, but with yearly predictions

of demand and with frequent evaluations of whether the plant would be more profitable by

repurposing it for alternative company use.
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Section 24: Appendix

Section 24.1 Energy Balance Calculations for the Batch and Hybrid

Process

24.1.1 Energy Balance for Blending

The energy balance for blending can be represented by the following equation:

(Eqn. 24.1.1)∆𝐻 + ∆𝐾𝐸 + ∆𝑃𝐸 = 𝑄 − 𝑊

where is the internal energy, is the kinetic energy, is the potential energy, is the∆𝐻 ∆𝐾𝐸 ∆𝑃𝐸 𝑄

heat in the system, and is the work done by the system.𝑊

The kinetic energy is further represented as the rotational kinetic energy due to the

stirring to uniformly combine the API and the excipients together. The equation is defined as:

(Eqn. 24.1.2)∆𝐾𝐸 =  1
2 𝐼𝑤2

where I is the moment of inertia of the stirring rod and is the angular velocity.𝑤

The calculation of can be defined as the following:∆𝐻

(Eqn. 24.1.3)∆𝐻 = 𝑚𝐶
𝑝
∆𝑇 

Here, is negligible for the bin blender given that the height of the powder minimally∆𝑃𝐸

fluctuates from the blending rotation. It is also negligible for the continuous blender as the

system positions horizontally.
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24.1.2 Energy Balance for Granulation

24.1.2.1 Energy Balance for a High Shear Granulator

The energy balance for a high shear granulator can be represented by the following

equation:

+ W (Eqn. 24.1.4)𝑄
𝑎𝑖𝑟

 = 𝑄
𝑠,𝑠𝑒𝑛𝑠

+ 𝑄
𝑤𝑎𝑡𝑒𝑟

where is heat provided by the air, is the sensible heating of the solids, is the𝑄
𝑎𝑖𝑟

 𝑄
𝑠,𝑠𝑒𝑛𝑠

𝑄
𝑤𝑎𝑡𝑒𝑟

enthalpy provided by the water, and W is the power input.

The heat provided by the air can be defined as:

(Eqn. 24.1.5)𝑄
𝑎𝑖𝑟

 = 𝑊
𝑎
𝐶

𝑝,𝑎
(𝑇

𝑎,𝑜𝑢𝑡
− 𝑇

𝑎,𝑖𝑛
)

where is the mass flowrate of the air, is the specific heat capacity of the air based on the𝑊
𝑎

𝐶
𝑝,𝑎

mean temperature, is the outlet air temperature, and is the inlet air temperature.𝑇
𝑎,𝑜𝑢𝑡

𝑇
𝑎,𝑖𝑛

The sensible heating of the solids can be defined as:

= (Eqn. 24.1.6)𝑄
𝑠,𝑠𝑒𝑛𝑠

𝑊
𝑠
𝐶

𝑝,𝑠
(𝑇

𝑠,𝑜𝑢𝑡
− 𝑇

𝑠,𝑖𝑛
)

where is the mass flowrate of the solid particles, is the specific heat capacity of the solid𝑊
𝑠

𝐶
𝑝,𝑠

particles based on the mean temperature, is the outlet temperature of the solid particles, and𝑇
𝑠,𝑜𝑢𝑡

is the inlet temperature of the solid particles.𝑇
𝑠,𝑖𝑛

The enthalpy provided by the water can be defined as:

= (Eqn. 24.1.7)𝑄
𝑤𝑎𝑡𝑒𝑟

𝑊
𝑤

𝐶
𝑝,𝑤

(𝑇
𝑤,𝑜𝑢𝑡

− 𝑇
𝑤,𝑖𝑛

) + 𝑊
𝑤

∆𝐻
𝑣,𝑤
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where is the mass flowrate of the water, is the specific heat capacity of the water based𝑊
𝑤

𝐶
𝑝,𝑤

on the mean temperature, is the outlet temperature of the water, is the inlet𝑇
𝑤,𝑜𝑢𝑡

𝑇
𝑤,𝑖𝑛

temperature of the water, and is the heat of evaporation of the water.∆𝐻
𝑣,𝑤

24.1.2.2 Energy Balance for a Twin-Screw Granulator

The energy balance for twin-screw granulation can be represented by the following

equation:

(Eqn. 24.1.8)𝑄 =  𝐻 + 𝑊

where Q is the enthalpy of the solids assuming that pressure is neglected, is the heat transfer𝐻
 

from the granulator jacket to the solids, and W is the power input [16].

The enthalpy of the solids can be defined as the following equation:

= (Eqn. 24.1.9)𝑄
𝑠,𝑠𝑒𝑛𝑠

𝑊
𝑠
𝐶

𝑝,𝑠
(𝑇

𝑠,𝑖𝑛
− 𝑇

𝑠,𝑜𝑢𝑡
)

where is the mass flowrate of the solid particles, is the specific heat capacity of the solid𝑊
𝑠

𝐶
𝑝,𝑠

particles on the mean temperature, is the inlet temperature of the solid particles, and is𝑇
𝑠,𝑖𝑛

𝑇
𝑠,𝑜𝑢𝑡

the outlet temperature of the solid particles.

The heat transfer from the granulator jacket can be represented by the following equation:

(Eqn. 24.1.10)𝐻 = ℎ(𝑇
𝑖𝑛

− 𝑇
𝑜𝑢𝑡

)𝐴 

where is the conductivity of the granulator jacket and A is the surface area of the innerℎ

granulator jacket.
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24.1.3 Energy Balance for Drying [17]

The energy balance for convective drying can be represented by the following equation

developed by Kemp and Gardiner (2001):

(Eqn. 24.1.11)𝑄
ℎ𝑒𝑎𝑡𝑒𝑟

 = 𝑊
𝑠
(𝑋

𝑖𝑛
− 𝑋

𝑜𝑢𝑡
)∆𝐻

𝑣
+ 𝑄

𝑠,𝑠𝑒𝑛𝑠
+ 𝑄

𝑙𝑜𝑠𝑠

where is the heat provided by the hot air, is the mass flow rate of the solid particles,𝑄
ℎ𝑒𝑎𝑡𝑒𝑟

𝑊
𝑠

is the inlet moisture percentage of the particle, is the outlet moisture percentage of the𝑋
𝑖𝑛

𝑋
𝑜𝑢𝑡

particle, is the heat of evaporation of hot air, is the sensible heating of the solids, and∆𝐻
𝑣

𝑄
𝑠,𝑠𝑒𝑛𝑠

is the heat lost from the drying body.𝑄
𝑙𝑜𝑠𝑠

The heat provided by the hot air can be defined as:

= (Eqn. 24.1.12)𝑄
ℎ𝑒𝑎𝑡𝑒𝑟

𝑊
𝑔
𝐶

𝑝,𝑔
(𝑇

𝑔,𝑖𝑛
− 𝑇

𝑔,𝑜𝑢𝑡
)

where is the mass flowrate of the hot air, is the specific heat capacity of the air based on𝑊
𝑔

𝐶
𝑝,𝑔

the mean temperature, is the inlet temperature of the air, and is the outlet temperature𝑇
𝑔,𝑖𝑛

𝑇
𝑔,𝑜𝑢𝑡

of the air.

The sensible heating of the solids can be determined as:

= (Eqn. 24.1.13𝑄
𝑠,𝑠𝑒𝑛𝑠

𝑊
𝑠
𝐶

𝑝,𝑠
(𝑇

𝑠,𝑜𝑢𝑡
− 𝑇

𝑠,𝑖𝑛
)

where is the mass flowrate of the solid particles, is the specific heat capacity of the solid𝑊
𝑠

𝐶
𝑝,𝑠

particles on the mean temperature, is the outlet temperature of the solid particles, and𝑇
𝑠,𝑜𝑢𝑡

𝑇
𝑠,𝑖𝑛

is the inlet temperature of the solid particles.
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24.1.4 Energy Balance for Milling

The energy balance for milling can be represented by the following equation:

(Eqn. 24.1.14)∆𝐻 + ∆𝐾𝐸 + ∆𝑃𝐸 = 𝑄 − 𝑊

where is the internal energy, is the kinetic energy, is the potential energy, is the∆𝐻 ∆𝐾𝐸 ∆𝑃𝐸 𝑄

heat in the system, and is the work done by the system.𝑊

The kinetic energy is further represented as the rotational kinetic energy due to the

rotation of the conical mill. The equation is defined as:

(Eqn. 24.1.15)∆𝐾𝐸 =  1
2 𝐼𝑤2

where I is the moment of inertia of the truncated straight circular cone and is the angular𝑤

velocity.

The calculation of can be defined as the following:∆𝐻

(Eqn. 24.1.16)∆𝐻 = 𝑚𝐶
𝑝
∆𝑇 

Here, is negligible for the conical mill given that the distance between the inlet and the∆𝑃𝐸

outlet of the milling screen is minimal.

24.1.5 Energy Balance for Tablet Press

The energy balance for the tablet press can be defined using the first thermodynamics of

law model which is defined as the following:

(Eqn. 24.1.17)∆𝐸 = 𝑊 − 𝑄

where is the energy required by the tablet press, is the heat absorbed by the system, and∆𝐸 𝑄 𝑊

is the work done by the system [13, 44].
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The heat absorbed by the tablet press can be defined as the following:

= (Eqn. 24.1.18)𝑄 𝑊
𝑠
𝐶

𝑝,𝑠
(𝑇

𝑠,𝑜𝑢𝑡
− 𝑇

𝑠,𝑖𝑛
)

where is the mass flowrate of the solid particles, is the specific heat capacity of the solid𝑊
𝑠

𝐶
𝑝,𝑠

particles based on the mean temperature, is the outlet temperature of the solid particles, and𝑇
𝑠,𝑜𝑢𝑡

is the inlet temperature of the solid particles.𝑇
𝑠,𝑖𝑛

24.1.6 Energy Balance for Tablet Coater [6]

The energy balance for the tablet coater can be represented by the following equation:

(Eqn. 24.1.19)𝑄
ℎ𝑒𝑎𝑡𝑒𝑟

 = 𝑊
𝑠
(𝑋

𝑖𝑛
− 𝑋

𝑜𝑢𝑡
)∆𝐻

𝑣,𝑎
+ 𝑄

𝑠,𝑠𝑒𝑛𝑠
+ 𝑄

𝑐,𝑠𝑒𝑛𝑠
+ 𝑄

𝑙𝑜𝑠𝑠

where is the heat provided by the hot air, is the mass flow rate of the solid particles,𝑄
ℎ𝑒𝑎𝑡𝑒𝑟

𝑊
𝑠

is the inlet moisture percentage of the particle, is the outlet moisture percentage of the𝑋
𝑖𝑛

𝑋
𝑜𝑢𝑡

particle, is the heat of evaporation of hot air, is the sensible heating of the solids,∆𝐻
𝑣,𝑎

𝑄
𝑠,𝑠𝑒𝑛𝑠

is the sensible heating of coating solution, and is the heat lost from the drying body.𝑄
𝑐,𝑠𝑒𝑛𝑠

𝑄
𝑙𝑜𝑠𝑠

The heat provided by the hot air can be defined as:

= (Eqn. 24.1.20)𝑄
ℎ𝑒𝑎𝑡𝑒𝑟

𝑊
𝑔
𝐶

𝑝,𝑔
(𝑇

𝑔,𝑖𝑛
− 𝑇

𝑔,𝑜𝑢𝑡
)

where is the mass flowrate of the hot air, is the specific heat capacity of the air based on𝑊
𝑔

𝐶
𝑝,𝑔

the mean temperature, is the inlet temperature of the air, and is the outlet temperature𝑇
𝑔,𝑖𝑛

𝑇
𝑔,𝑜𝑢𝑡

of the air.
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The sensible heating of the solids can be defined as:

= (Eqn. 24.1.21)𝑄
𝑠,𝑠𝑒𝑛𝑠

𝑊
𝑠
𝐶

𝑝,𝑠
(𝑇

𝑠,𝑜𝑢𝑡
− 𝑇

𝑠,𝑖𝑛
)

where is the mass flowrate of the solid particles, is the specific heat capacity of the solid𝑊
𝑠

𝐶
𝑝,𝑠

particles based on the mean temperature, is the outlet temperature of the solid particles, and𝑇
𝑠,𝑜𝑢𝑡

is the inlet temperature of the solid particles.𝑇
𝑠,𝑖𝑛

The sensible heating of the coating solution can be defined as:

= (Eqn. 24.1.22)𝑄
𝑐,𝑠𝑒𝑛𝑠

𝑊
𝑐
𝐶

𝑝,𝑐
(𝑇

𝑐,𝑜𝑢𝑡
− 𝑇

𝑐,𝑖𝑛
) + 𝑊

𝑤
∆𝐻

𝑣,𝑤

where is the mass flowrate of the coating solution, is the specific heat capacity of the𝑊
𝑠

𝐶
𝑝,𝑐

coating solution based on the mean temperature , is the outlet temperature of the coating𝑇
𝑐,𝑜𝑢𝑡

solution, is the inlet temperature of the coating solution, is the mass flow rate of the𝑇
𝑐,𝑖𝑛

𝑊
𝑤

water, and is the heat of evaporation of the water in the coating solution.∆𝐻
𝑣,𝑤
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Section 24.2 Residence Time Estimations and Calculations for the

Hybrid Process

24.2.1 Residence Time for the Twin Screw Extruder (TSER)

The residence time of the twin screw extruder in the hybrid process (TSER, ZSE-27HP)

can be approximated though estimating the bulk density changes as material is processed through

the unit. Bulk densities were approximated earlier for the batch design in Table 11.1.3 and were

assumed to be the same in the hybrid process. While equipment differs between the two

processes, corresponding equipment between the two designs should process material in a

similar manner. The bulk density of the dry mixture entering and of wet granules exiting TSER

is approximately 412 kg/m^3 and 606 kg/m^3 respectively. Approximating a linear increase in

bulk density ( as the material passes through TSER of length (L) 3.650 mρ
𝑏𝑢𝑙𝑘

= [𝑘𝑔/𝑚3])

yields the following relationship:

(Eq. 24.2.1.1)ρ
𝑏𝑢𝑙𝑘

= 412 𝑘𝑔

𝑚3 + 53. 2 𝑘𝑔

𝑚4 𝑥

where distance [m] along TSER. The following derivative describes one way to calculate𝑥 =

residence time:

(Eq. 24.2.1.2)𝑑τ = 𝑑𝑉
𝑄 = 𝐴𝑑𝑥

𝑄

where is the working volume of the unit , is the volumetric flow rate , is the𝑉 [𝑚3] 𝑄 [𝑚3/𝑠] τ

residence time , and A is a working cross-sectional area assumed to be constant throughout[𝑠]

the length of TSER. The working cross-sectional area can be computed by dividing the working

volume of TSER by the length. Since no mass accumulation occurs within TSER, the mass flow

rate is constant, yielding the following relationship:ṁ [𝑘𝑔/𝑠]
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(Eq. 24.2.1.3)𝑄 = ṁ/ρ
𝑏𝑢𝑙𝑘

Combing the relationships and integrating along the length of TSER computes a

residence time:

. (Eq. 24.2.1.4) τ = 𝐴
ṁ

0

𝐿

∫(412 𝑘𝑔

𝑚3 + 53. 151 𝑘𝑔

𝑚4 𝑥 )𝑑𝑥

As a result, the residence time for TSER is 15.8 minutes. The accuracy of the residence time

calculation depends on the accuracy of bulk density estimations.

24.2.2 Residence Time for the Conveyor Belt Dryer (CBDR)

The residence time for the conveyor belt dryer (CBDR, DW-1.2 -8A) is directly set by

the speed of the conveyor belt itself. The specifications of CBDR denote an 8 m long drying

section, a 1.2 m belt width, and a recommendation for 60 mm thickness of material or less.

Assuming material is not deposited on the edges of the belt, a 1 m working belt width is

appropriate. Additionally, to ensure even drying, the material thickness is selected to be half the

upper limit recommended, 30 mm. Thus, the cross sectional area of wet granules entering CBDR

is 0.03 m^2. Given an inlet mass flow rate of 23.3 kg/hr, and assuming the wet granules entering

CBDR have a bulk density of 0.606 kg / L, the inlet volumetric flow rate is 38.4 L/hr. Dividing

the volumetric flow rate by the cross sectional area of wet granules at the inlet provides the

conveyor speed required, 1.28 m/hr. Given that the drying section of CBDR is 8 m long, the

residence time of the conveyor dryer is 6.24 hr.

24.2.3 Residence Time for the Cone Mill (COML)

The residence time within the cone mill (COML, Quadro SLS Comil PsD d90) can be

approximated as zero. COML has a low residence time because it has a relatively small working
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volume and high impeller tip speed (700-2800 RPM). Particles are not translated for long

distances as they are in TSER and CBDR. Particles entering through COML are nearly

“instantly” discharged resulting in such a low residence time to the extent that COML is

recommended even for heat sensitive materials [26]. Specifically, the mean residence time in the

conical mill is generally less than a second [41].

24.2.4 Residence Time for the Tablet Presses (TAB1/TAB2)

Residence time of the tablet presses (TAB1 and TAB2, Fette P1010) arises from a

number of stages, including the flow of powder from the hopper to the feed frame, through the

chambers of the feed frame, the filling of the dies, and ultimately, the compaction of the powder

[28]. While no studies use the exact same tablet press and parameters as TAB1, TAB2, and

TAB3, residence times for similar equipment and process parameters range from 5-10 minutes

which is minute compared to the residence time of CBDR [29].

24.2.5 Residence Time for the Continuous Mixer (CTMR)

The continuous mixer (CTMR, Gericke GCM 250) has a residence time of approximately

1 minute. The tubular design of CTMR allows for dry granules to be continuously fed in at one

end, while granules lubricated magnesium stearate are continuously withdrawn at the other. This

continuous process in a relatively smaller working volume ultimately leads to a residence time of

around 1 minute, which is significantly shorter than the typical residence time for batch blending,

which can be as long as 20 minutes [32].
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Section 24.3 Equipment Cost Six Tenths Rule Calculations

LB Bohle PM Blender 400:

Formulation of a High-Volume Small Molecule Drug Product, a UPenn Senior Design

report, presents a price of $700,000 with a capacity of 4000 kg for the LB Bohle PM Blender

6000. The capacity of the PM 400 is 400 kg. The six tenths rule is thus as follows:

700,000*(400/4000) 
0.6 = 175,832 ≈ $176,000 each.

HuaMao DW Series Conveyor Dryer:

On Alibaba, KODI Machinery presents a price of $56,800 with a max drying strength of

160 kg/h for their DW-1.2-8 Mesh Belt Dryer. The max drying strength of the HuaMao DW

Series is 30 kg/h. The six tenths rule is thus as follows: 56,800*(30/160) 
0.6 = 20,804 ≈ $21,000

each.

Gericke Group GCM 250:

Formulation of a High-Volume Small Molecule Drug Product, a UPenn Senior Design

report, presents a price of $1,000,000 with a max capacity of 500 kg/h for the Gericke Group

GCM 450. The max capacity of the GCM 250 is 25 kg/h. The six tenths rule is thus as follows:

1,000,000*(25/500) 
0.6 = 165,723 ≈ $166,000 each.
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Fette P1010 Tablet Press:

Sabrina Green, a consultant and Associate Scientist at Merck, presented a price of

$1,300,000 with a max capacity of 626,000 tablets/h for the Fette FE 55 Tablet Press. The max

capacity of the P1010 is 230,400 tablets/h. The six tenths rule is thus as follows:

1,300,000*(230,400/626,400) 
0.6 = 713,381 ≈ $713,000 each.

NCD 50 MMixing Vessel:

Ando Equipment, a company that produces food-grade stainless steel tanks and

processing equipment, presents a price of $15,500 for their 50 Gal/189 Liter ANCO Stainless

Steel Process Tank. The capacity of the NCD 50 M is 53 liters. The six tenths rule is thus as

follows: 15,500*(53/189) 
0.6 = 7,228 ≈ $7,200 each.

Thomas Engineering Flex 500 60B Coater:

Formulation of a High-Volume Small Molecule Drug Product, a UPenn Senior Design

report, presents a price of $500,000 with a max capacity of 190 liters for their Thomas

Engineering Accela-Cota 48B. The max capacity of the Flex 500 60B Coater is 460 liters. The

six tenths rule is thus as follows: 500,000*(460/190) 
0.6 = 849,909 ≈ $850,000 each.

Industrial Factor Vacuum Tray Dryer 72:

On Alibaba, Shiv Shakti Process Equipment presents a price of $5,000 for a

pharmaceutical-grade vacuum tray dryer with 6 trays. The six tenths rule applied to the number
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of trays to price a vacuum tray dryer with 72 trays is as follows: 5,000*(72/6) 
0.6 = 22,206 ≈

$22,000 each.

Glatt TDG 600 Granulator:

On Alibaba, Yichun Wanshen Pharmaceutical Machinery presents a price of $500,000 for

a cGMP grade pharmaceutical wet type high shear mixer granulator SHLG-800 that handles a

capacity of 800L. To price the Glatt TDG 600 Granulator, the 6/10th rule is applied as follows:

500,000*(600/800) 
0.6 = 420,733 ≈ $420,000 each.
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Section 24.4 Equipment Technical Brochures and Specification

Sheets

24.4.1 L.B.Bohle PM 400 Bin Blender
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24.4.2 Glatt TDG 600 High Shear Granulator
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24.4.3 Twin Screw Extruder
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24.4.4 Industrial Factor Vacuum Tray Dryer IFVTD 72
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24.4.5 HuaMao DW Series Conveyor Belt dryer

171



172



24.4.6 Glatt GCM 250 Continuous Mixer
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24.4.7 Quadro SLS PsD d90 Conical Comil
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24.4.8 Fette P1010 Tablet Press
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24.4.9 Thomas Engineering Flex 500 60B Tablet Coater
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24.4.8 NCD 50 M Stirring tank with double jacket
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