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Abstract 
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 Chitin is one of the most abundant natural aminopolysaccharides in nature; it 

composes the exoskeleton of almost every arthropod on earth. Naturally, chitin is the 

main component of crustaceans' shells, and great quantities of several crustaceans are 

processed daily for human consumption. The generation, treatment and final disposal of 

such shell wastes bring about environmental concerns in the fishing industry. 

 Chitin has high molecular weight and consists of linear structure of units of N-

acetyl-D-glucosamine. Since chitin exhibits low solubility and reactivity, there is no 

interest in chitin as a biopolymer with potential practical applications. In contrast, one of 

its derivatives, chitosan, shows better reactivity and solubility properties and has become 

of great interest because of its potential industrial applications, which include medicine, 

pharmaceutical, food, water treatment and agriculture, among others.  

 Chitosan results from the deacetylation of chitin; therefore, there is a potential use 

of waste from shrimp industry as chitin source to produce chitosan. Chitin can be isolated 

by extraction of components of shrimp shells other than chitin; then, it can be further 

converted into chitosan.  

 The chitin isolation process implies the extraction of mineral compounds, protein 

and pigments present in the raw material, by chemical or biotechnological methods. Once 

chitin is produced, it is deacetylated by chemical means to produce a more valuable 

product, chitosan.  

 In this study the technical and economic analysis of a potential production plant 

of chitosan in Colombia was performed. The proposed plant uses shrimp shell waste as 

chitin source since shrimp culture is one of the most important and prospective activities 

in the Colombian coasts. Throughout the technical and economic analysis, alternatives 
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for chitin isolation were explored, to determine a reliable process from a technical 

standpoint and to evaluate its feasibility from an economic perspective.  

 The software Aspen Plus v7.3 was used as a simulation tool as part of the 

technical study, and a projection of cash flow was performed as a decision tool about 

economic reliability for the chitosan production process.  

 Finally, according to the results from both analyses, the better alternative from an 

economic standpoint was selected and the key equipment of this process were 

conceptually designed, thus generating a reliable base from a technical and economical 

point of view for an eventual further development of this industry in Colombia. 
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TECHNICAL AND ECONOMIC FEASIBILITY ANALYSIS OF A 

PLANT PROCESS FOR PRODUCTION OF CHITOSAN FROM 

SHRIMP SHELLS IN COLOMBIA 

 

CHAPTER 1. INTRODUCTION 

 In Colombia, shrimp culture is one of the most important and prospective 

products of fishing industry, with a large potential of expansion according to Colombian 

government studies (Instituto Colombiano Agropecuario, 2012). Nowadays, Colombia 

produces an average of 19000 metric tons of shrimps per year, from which 17% is for 

domestic consumption. Approximately 20% of the gross weight is discarded as waste 

(Shirai, 1999), which represents around 4000 metric tons of waste material derived from 

shrimp processing industry. The Colombian government expects to reach, a shrimp 

production of around 90000 metric tons/year in the upcoming years; this production level 

will signify generation of more than 18000 metric tons of waste from shrimp processing 

(Instituto Colombiano Agropecuario, 2012), with a considerable environmental and 

economic impact on the shrimp industry and its areas of influence.  

 The final disposal of these residual causes an additional cost for companies, 

which would eventually be reduced if such wastes were used as raw material for the 

production of commercially valuable products e.g., pigments, proteins, chitin and 

chitosan. The estimated global market for chitosan is projected to exceed 118 thousand 

metric tons by 2018 (Global Industry Analysts, 2012).  

 Chitin and chitosan market appears as an opportunity for countries with important 

fishing activity. Yet, chitosan production involves certain disadvantages related mainly 

with the cost of reactants, water requirements, handling and disposal of pollutant 

materials, and quality of final product.  
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 For the Colombian scenario, shrimp shell waste could be transformed into added 

value products, avoiding additional costs for final disposal and breeding a new 

unprecedented industry with potential positive environmental and economic impacts. 

Despite the well-known chemical methods for shell waste processing and its conversion 

into chitosan, the potential production at industrial level in Colombia has been scarcely 

explored, and few technical and economic related studies has been performed (Roberts, 

2008), (Cabarcas, Marimón, & Miranda, 2011). 

1.1. Shrimp generalities (Penaeus Vannamei) 

 Caridea, commonly known as caridean shrimp, belongs to an order of marine 

decapods crustaceans known as shrimp (size 10 - 15 mm long); it is relatively easy to  

find, both in freshwater and salt water. White leg shrimp (Litopenaeus vannamei or 

Penaeus vannamei), also known as Pacific white shrimp, is a variety of prawn from the 

Eastern Pacific Ocean commonly caught or farmed for food. Shrimp Penaeus vannamei 

belongs to the family Penaeidae; it is an invertebrate animal member of a group of 

decapods crustaceans that grow through successive molts during its lifecycle.  

 The body of this crustacean is covered with solid chitinous shell, where chitin is 

associated with protein, lipids, pigments and some calcium deposits responsible of its 

hardness; this solid structure is attached to the underlying layer of skin forming the 

exoskeleton; muscles are also attached to the outer shell (Chandumpai, 2004); 

(Fernández, 2004). 

 Shrimp is a native species in the eastern coast of Pacific Ocean, from Sonora to 

Peru. Nowadays it is also harvested in many countries throughout the Americas (Brazil, 

Ecuador, Mexico, Venezuela, Honduras, Guatemala, Nicaragua, Peru, Colombia, Costa 

Rica, Panama, El Salvador, Jamaica, Cuba, Dominican Republic & USA) and Asia 

(China, Thailand, Indonesia, Vietnam, Malaysia, Taiwan, India, Philippines, Cambodia, 

Surinam), (Arias, De la Torre, & Fijo, 2010). 
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1.2.  Chitin and chitosan generalities 

 Chitin (C8H13O5N)n is one of the most abundant natural aminopolysaccharides in 

nature. Chitin is a long chain biopolymer of branched or linear structure with high 

molecular weight, consisting of n units of N-acetyl-D-glucosamine (Figure 1). It is a 

structural component of cell walls in fungi, exoskeletons of arthropods as crustaceans and 

insects, the radulae of mollusks, and the beaks and internal shells of cephalopods. Chitin 

is comparable to the polysaccharide cellulose, from a structural point of view, and from a 

functional point, it is comparable to keratin (Pillai, Paul, & Sharma, 2009). 

 In its pure form, chitin exhibits low solubility and reactivity; it is also translucent, 

pliable, resilient, and quite tough. However, in nature, it is often present as a composite 

material, combined with calcium carbonate, producing a hard and much stronger 

material. This material is much harder and stiffer than chitin, and tougher and less brittle 

than calcium carbonate (Pillai, Paul, & Sharma, 2009). 

 
Figure 1. Chitin chemical structural unit. 

 Naturally, chitin is the main component of the exoskeleton of many arthropods 

and crustaceans' shells; large quantities of some species of these crustaceans are 

processed daily for human consumption. The generation, treatment and final disposal of 

such shell wastes became a growing environmental concern in fishing industry. An 

alternative use for these wastes is their processing, to extract chitin, pigments, salts and 

proteins, through chemical or biotechnological methods, and to transform them into 

products of commercial interest (Majeti & Kumar, 2000). 
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 Chitosan is a linear aminopolysaccharide composed of randomly distributed β-(1-

4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated 

unit). Chitosan is prepared by applying a "deacetylation reaction", breaking the bond 

between nitrogen of the amino group and carbon of the carboxyl group. Although 

chitosan is the deacetylated derivative of chitin, this N-deacetylation is almost never 

complete, yielding different "deacetylation degree" (DD); DD has been used as a 

parameter of quality for chitosan. 

 Chitosan exhibits better reactivity and solubility properties than chitin; it has a 

higher nitrogen content (6.89%) compared to that of the synthetically substituted 

cellulose (1.25%), which makes it attractive as a chelating agent. Chitosan also exhibits a 

major biocompatibility, biodegradability, nontoxicity and adsorption properties than 

synthetic plastic materials (Peniche, Argüelles-Monal, & Goycoolea, Chitin and 

Chitosan, 2008). Moreover, chitosan has become of great interest because of its potential 

industrial applications which include medicine, pharmaceutical, food, water treatment, 

agriculture, among others (Majeti & Kumar, 2000). 

 
Figure 2. Chitosan chemical structural unit. 

1.3.  Chitosan production  

 Chitin is usually extracted from crustacean wastes of fishing industry consisting 

of chitin (20% to 30%), protein (30% to 40%), inorganic salts (calcium carbonate and 

phosphate 30% to 50%) and lipids (0% to 14 %)(Shirai, 1999).  
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 The pretreatment of raw material includes grinding, washing and disinfection of 

shells. After conditioning, deproteinization is carried out by using alkaline aqueous 

solution although deproteinization can be also carried out by using enzymatic extracts, 

isolated enzymes or biological fermentations, yielding a less degraded chitin; however, 

enzymatic pretreatment takes longer time and leaves remaining material with some 

residual proteins (1% to 7%) (Peniche, Argüelles-Monal, & Goycoolea, Chitin and 

Chitosan, 2008).  

 According to Peniche et al., (2008) the process for chitin isolation starts with the 

extraction of minerals using dilute acid solutions, usually 10 % at room temperature, in 

order to eliminate calcium, magnesium, sodium carbonates and phosphates; further 

decolorization of products is achieved by extraction of pigments with organic solvents 

(acetone, chloroform, ether, ethanol, ethyl acetate or mixture of solvents) at room 

temperature.  

 The hydrolysis of acetamide groups of chitin (deacetylation reaction) occurs at 

high temperature in a strong alkaline medium (Peniche, Argüelles-Monal, & Goycoolea, 

Chitin and Chitosan, 2008). The reaction is generally carried out using concentrated 

solutions (>40% NaOH or KOH) at temperatures above 100°C. A single alkaline 

treatment, yields a deacetylation degree lower than 75%; yet, prolonged treatments can 

eventually cause the degradation of the polymer, without increasing the deacetylation 

degree (Tsaih & Chen, 2003). 

 According to Majeti and Kumar (2000), the production of 1kg of 70% 

deacetylated chitosan from chitin (obtained from shrimp shells), requires 6.3 kg of HCl 

and 1.8 kg of NaOH, in addition to nitrogen, water (1400 liters). 

1.4.  Applications of Chitosan 

 Chitosan is inexpensive and possesses important physiological properties such as 

biocompatibility and biodegradability, it is non-allergenic and non-toxic for mammals; it 

is a versatile biopolymer and therefore its derivatives have shown various functional 
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properties, which make them possible to be used in many fields including, food, 

cosmetics, biomedicine, agriculture, environmental protection, wastewater management 

and fiber industries. Some of applications of chitosan are presented in Table 1 (Rinaudo, 

2006): 

Table 1. Chitosan applications per area. 

Area Application 

Agriculture Defensive mechanism in plants 

Stimulation of plant growth 

Seed coating 

Frost protection 

Time release of fertilizers and nutrients into the soil 

Water and wastewater treatment Flocculent/clarifier 

Removal of metal ions 

Reducer of odors 

Food and Beverages Dietary fiber (Not digestible by humans) 

Binding of lipids and cholesterol reducer 

Preservative 

Thickener and stabilizer for sauces 

Protective, fungistatic, antibacterial coating for fruits 

Cosmetics and hygiene Maintaining of skin moisture 

Acne treatment 

Hair care 

Skin tone 

Oral care 

Biopharmaceutics Immunological, antitumoral 

Hemostatic and anticoagulant 

Healing and bacteriostatic 

 A wide variety of medical applications for chitosan and chitosan derivatives have 

been reported. Requirements for medical and pharmaceutical grade chitosan are more 

demanding, especially for deacetylation grade, thus increasing the production costs. The 

main potential biomedical applications are as follows (Rinaudo, 2006):  

Table 2. Chitosan biomedical applications. 

Potential Biomedical Applications Characteristics Required 

Surgical sutures Biocompatible 

Dental implants Biodegradable 

Artificial skin Renewable 

Bone reconstruction Film forming 

Corneal contact lenses Hydrating agent 

Time release drugs Non toxic, biological tolerance 

Encapsulating of materials Hydrolysable by lysozymes 

Wound healing properties 
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Efficient barrier against bacteria, viruses, fungi, etc. 

1.5.  State of Art 

 Braconnot discovered chitin, the main raw material for production of chitosan, in 

1811; it was isolated, first from mushrooms and later from insects (Muzzarelli, et al., 

2012). After the discovery of chitin, it was observed that it could be manipulated through 

chemical and thermal pretreatments to become soluble (Muzzarelli, et al., 2012). By 1878 

chitin structure was characterized and identified as made of glucosamine and acetic acid 

(Kavitha, Keerthi, & Tamizh Mani, 2011). 

 Around the mid-1960s, Asiatic researchers were interested again in chitin and 

chitosan. For years Japan has been the undisputed leader in chitosan industry, perhaps, 

because of its well-developed fishing industry. Commercial production of chitin and 

chitosan is carried out in China, India, Australia, Poland, Japan, United States and 

Norway (KITCO Consultants, 2012). Research in this area aims at increasing 

chitin/chitosan yield and quality, as well as reduction in production cost. Research is also 

focused on finding industrial applications that take advantages of its biodegradability and 

biocompatibility (Roberts, 2008). 

 At laboratory scale, there are many improvements in production of chitosan. 

Advances are mainly focused on the development of biological process for chitin 

deproteinization, using enzymatic or fermentative techniques. However, the scaling of 

these processes from laboratory to industrial production seems a far perspective (Roberts, 

2008). 

 The productive process of chitosan takes advantage of shellfish processing waste 

materials which are processed into chitin and later, to chitosan. Chitin and chitosan world 

market is projected to exceed 118 thousand metric tons by 2018, especially due to 

opportunities from emerging markets in the Asia Pacific region. In terms of growth rate, 

Asia Pacific ranks as the fastest growth market with a compound annual growth rate of 

18.6% over the analysis time span (Global Industry Analysts, 2012). Chitin and its 
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derivatives are listed in a range from U$1 to U$1000 per kilogram, depending on product 

quality; on average basis, chitin price is about 3-6 U$/kg and the price of chitosan with 

standard quality for various applications ranges between 15-20 U$/kg (Suman Project 

Consultants Pvt. Ltd, 2011). 

 Latin America covers 16% of global market of shrimp and almost 50% of Latin 

American exports are head off, peeled or both (Anderson & Valderrama, 2013) 

generating important amounts of organic waste around the industry locations. The 

increasing interest in the use of shrimp waste for production of chitosan at industrial scale 

has promoted research and industrial initiatives in the region. However, the uncertainty 

about cost and profitability of the production hampers the investment in this emerging 

industry, to the point that only five known producers are commercially active in the 

Latin-American region. Market studies do not show an important participation of Latin 

America in the global chitosan production (Global Industry Analysts, 2012) even though 

the region has the potential to attend the growing global demand of chitosan (Goycoolea, 

Agulló, & Mato, 2004). The most relevant and recent efforts about chitosan production in 

Latin America are presented below:  

 Lactic fermentation of shrimp waste for chitin recovery (without considering 

chitosan production) has been studied in Mexico at pilot plant level (Cira, Huerta, Hall, & 

Shirai, 2002). Shrimp wastes were fermented in 100 mL flasks and lactic acid 

fermentation was scaled-up from 2 to 30 liters in column reactors using geometric 

similarity as the scale-up criterion. In this process protein and calcium removal was 

achieved by enzymatic action on the tissues and by solubilization of calcium by the 

produced organic acids. The pilot plant reactor for 30 L delivered, in 6 days, a maximum 

demineralization and deproteinization degree between 85% and 87.6%. 

 Researchers in Nicaragua performed the design and construction of a pilot plant 

for the recovery of chitin and proteins, by using chemical methods, using shrimp shells 

and squat lobsters as raw material. Design consisted of a 428 L batch reactor, a recovery 

plastic agitated tank of 450 L and tanks for reactants, water and wastes. The results 
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showed that the raw material had high moisture content, between 68-80% wet basis; 

under these conditions, recuperation of 98% for shrimp shells and approximately 58% for 

squad lobster was obtained. Protein recovery showed that the largest production occurred 

at pH 4.0, using solutions from the deproteinization step, without grinding of raw 

material. Capacity of processing was 50kg per batch and yield was 24.5% of chitin dry 

basis. The cost of 1kg of chitin was US$ 30.98 from shrimp waste. Economic analysis 

delivered a calculated initial investment of US$ 10520.94 and a US$ 9704 for annual 

operation. 

 In Mexico, a complete design of a pilot plant was performed for the production of 

246 kg/year of high purity chitosan. Starting from an exploration process and laboratory 

experiments and results, the process was scaled up using a geometric similarity strategy; 

pilot plant equipment was also designed. In another attempt, a pilot plant with a 

productivity of 0.5 kg/h of chitosan was considered; the design and associated cost of 

instrumentation and control system, for the whole plant and equipment, was also 

developed (Cerón, Echeverría, & Torres, 2010). 

 Moreover, a pilot plant design was performed by the Chilean enterprise 

SOCOVEL; they researched for the possibility of production and commercialization of 

chitosan, produced from shrimp and prawn shells. They implemented a continuous 

process in order to increase the production and decrease the residence time and costs of 

operation. The stages of deproteinization and demineralization were performed as 

countercurrent extraction; besides, deacetylation was carried out in a continuous agitated 

reactor. They found an optimal agitation rate, thermal and residence time conditions to 

achieve large flow rates (600 kg/h) of raw material and a chitosan with 100%  

deproteinization, and a maximum of 90%  deacetylation (CONICYT - SOCOVEL Ltda, 

2000). 

 In Colombia, cold chitin extraction in acidic conditions was studied, thus 

obtaining a deacetylation degree of 79.15%. Researchers also performed a plant design 

and calculated the investment costs for a pilot plant with a productivity of 40 kg/day. 
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Based on the design specifications and operation, the final price of chitin and chitosan 

products was 15 U$ and 25 U$ per kilogram, respectively (Cabarcas, Marimón, & 

Miranda, 2011). 

 Broadly, there are two methods to extract chitin, the classical chemical methods 

of extraction and the enzymatic and fermentative methods. The later methods are eco-

friendly but do not provide enough yields to be considered for industrial production. 

Extractive chemical methods have been explored from a plant engineering and economic 

point of view; these methods are currently applied for industrial production of chitosan. 

Process of chitin chemical extraction and production of chitosan, from shrimp wastes, has 

showed acceptable yields and level of deacetylation, but the economy of the process, 

availability of raw material and market issues maintain the dependability of chitosan 

industry still under discussion. 

1.6. Techno-economic analysis 

 Engineering projects follow well-defined developmental stages that run from 

formulation to execution. These general stages are usually known as Profile Engineering, 

Prefeasibility or Conceptual Engineering, Feasibility (Basic Engineering), Detailed 

Engineering, Execution and Operation. Design is involved in the first four stages, though 

it is not completely separated from execution and operation. In order to provide enough 

information for the feasibility analysis of an engineering project and for the decision-

making process, different tasks are developed. Among these, the Engineering Design 

(Basic and Detailed) and the Techno-Economic Analysis are some of the critical and 

more important steps of the project.  

 An important issue in engineering design is the constraining of the design. The 

constraints limit the design possibilities; some of them are fixed and invariable (as 

physical laws, government regulations, and engineering standards); others are more 

flexible and they can be relaxed by the designer as part of the general strategy for seeking 

the best design.  Economic considerations are the major constraints on any engineering 
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design and time will also be an important constraint. All these set a boundary containing 

the plausible designs (Towler & Sinnott, Chemical engineering design, 2013).   In final 

term, design is concerned with the selection and arrangement of the stages, specification 

and design of the equipment required to perform the stage functions. The stages are 

showed in the following figure (Sinnott, Chemical engineering design, 2005): 

 

Figure 3.Stages of chemical processes (Adapted from Sinnott, 2005) 

 A Techno-Economic Analysis of the process provides tools to determine whether 

it is economically attractive, and to understand the costs of production, analysis of 

competitors, attractiveness of the market and assessment in the risks inherent to 

practicing the technology. Usually, the items studied in a techno-economic analysis are 

the following (Towler & Sinnott, Chemical engineering design, 2013): 

Table 3. Techno-economic analysis (Adapted from Towler and Sinnott, 2013) 

1. Technology description 

1.1. Process chemistry: describe the feed, reaction mechanism, catalyst, reaction conditions, how important 

byproducts are formed. 

1.2. Process specification: brief description of the process including block flow diagram.  

2. Commercial analysis 

2.1. Product applications: major end use markets, competing products, legislative issues. 

2.2. Competitor assessment: market shares, competitor strengths, weaknesses and regional/geographic 

factors. 

2.3. Existing and planned capacity: how much and where, include plants that make feed or consume 

product if these have an impact on project viability. 

2.4. Market forecast: estimate growth rate, future price trends and regional variations in market. 

2.5. Project location criteria: discuss the criteria for locating a new plant, market issues and legislative 

factors. 

3. Economic analysis 

3.1. Pricing basis: forecasting method, price, and/or margin assumptions. 

3.2. Investment analysis: explain the basis for the capital cost estimate (factorial estimate based on 

equipment design, curve cost estimate, etc). 

3.3. Cost of production analysis: breakdown of the cost of production of product, usually presented as a 

table showing variable and fixed cost components. 

3.4. Financial analysis: evaluation of project profitability, usually presented as standard tables.  

3.5. Sensitivity analysis: discuss the financial impact of varying key assumptions such as prices, plant 

capacity, and investment cost. 
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4. Risk analysis 

4.1. Process hazard analysis summary: summary of critical safety issues in the design, issues raised during 

process hazard analysis. 

4.2. Environmental impact assessment summary: summary of critical environmental issues. 

4.3. Commercial risk assessment: discuss business risks inherent in the investment. 

5. Appendices 

5.1. Process flow diagram. 

5.2. Equipment list and capital cost summary. 

 The techno-economic analysis must answer the investor requirements. The 

present work dealt widely with items 1 and 3. For this, previous experimental results 

provided data for processing conditions, raw material, reactants and product 

characteristics, and kinetic data, essential for reactors design. In order to acquire a better 

knowledge of the technical and economic feasibility of a commercial process plant for 

chitosan production, various simulations of different committed stages were performed in 

Aspen Plus v7.3. Furthermore, a section was dedicated to the conceptual design of key 

equipment thus completing the selection of a more feasible process. 

 The main objective of this research is to provide reasonable conclusions about the 

feasibility of setting up a shrimp-waste processing plant in Colombia, to produce a high 

value product like chitosan. The technical and economic analysis attended to the current 

local conditions of shrimp productivity, government regulations and market behavior. 

 One important issue in the application of these technologies is reliability; 

investors are afraid of financing bioindustries, especially in developing countries, because 

the grade of uncertainty around this kind of business. Actually, there is no doubt about 

the environmental convenience of applying transformation processes to organic waste 

generated by industry; however, from the economic standpoint, many of them seem 

unfeasible, expensive and low productive; in few words, they look "non-attractive" for 

investors. Often, processes associated to bioproducts are not conveniently analyzed from 

an economic viewpoint, so investors do not have clear criteria to proceed. 

 By executing the proposed techno-economic analysis of a plant for production of 

chitosan from shrimp shells in Colombia, uncertainty around feasibility of this specific 

business will be reduced, allowing investors to make more confident decisions. From an 
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engineering point of view, the study will be an opportunity to explore the feasibility of 

applying, in a real industry, techniques well developed at the laboratory scale, but 

unexplored at larger volumes. The results will be highly valuable and will constitute an 

important tool for a decision-making process in the eventual establishment of a new 

industry with potential environmental and economic benefits. 
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CHAPTER 2. PROCESS CONCEPT 

2.1.  Overview of the chitosan production process 

 The most common raw material for chitosan production is the waste discarded by 

shrimp industries, mainly shrimp shells and heads. Broadly, this waste consists of: chitin 

(20% to 30%), protein (30% to 40%), inorganic salts (calcium carbonate and phosphate- 

30% to 50%) and a minor fraction of lipids (0% to 14 %)(Shirai, 1999). The process for 

chitosan preparation can be divided into two main steps: chitin extraction, from 

crustacean shells, and its conversion to chitosan.  

1.1.1. Pretreatment of Raw Material 

 The conditioning of raw material includes grinding of shells to the appropriate 

particle size (1 - 2mm) for a more effective demineralization and deproteinization 

process, and to normalize product size. To remove organic residuals adhered to the shells, 

the material is also washed with water or boiling water (Escobar, Urrea, Gutiérrez, & 

Zapata, 2011). 

 Discoloration of shells is achieved by extraction of pigments (mainly 

astaxanthine) with organic solvents such as acetone, chloroform, ether, ethanol, ethyl 

acetate or a mixture of solvents at room temperature; also, treatments can include the use 

of small amounts of NaOCl for highly colored product. This pigment can be recoverable 

and valuable for different industries such as pharmaceutical and food industry (Peniche, 

Argüelles-Monal, & Goycoolea, Chitin and Chitosan, 2008). 

 After conditioning is performed, the next step is to apply an appropriate method to 

achieve the highest extraction of chitin, from the shell matrix. There are three main 

methods to produce chitosan starting from shrimp waste: chemical hydrolysis, enzymatic 

hydrolysis and fermentation. In order to select the more feasible process, the fermentative 

process and chemical process for isolation of chitin will be evaluated via computational 

simulation using the software Aspen Plus
®
 v7.3. 

1.1.2.  Chemical Isolation of Chitin 



 
25 

 The chitin isolation by chemical means involves three steps: discoloration, 

deproteinization, and demineralization. After these steps, the final product is the 

polysaccharide chitin, one of the main components of the shell. 

 The deproteinization step is carried out by using basic aqueous solutions 

(Na2CO3, NaHCO3, KOH, K2CO3, Ca(OH)2, Na2SO3, NaHSO3, Na3PO4 or Na2S) with 

concentrations ranging from 1% to 10%, at temperatures from 65°C to 100°C, with a 

reaction time between 0.5 h and 72 h, depending on the process. Oftentimes, two 

consecutive treatments from 1h to 2h are performed; subsequently, lowering pH can 

precipitate protein. Demineralization is carried out by diluted acid (HCl, HNO3, HCOOH, 

H2SO4 and CH3COOH) usually 10 %, at room temperature, so as to eliminate the 

inorganic part of the shrimp shell (calcium, sodium, magnesium carbonates and 

phosphates) (Peniche, Argüelles-Monal, & Goycoolea, Chitin and Chitosan, 2008). 

1.1.3. Biotechnological Isolation of Chitin 

 Deproteinization can be also carried out by using enzymatic extracts, isolated 

enzymes or biological fermentations; this yields less degraded chitin. Despite its 

environmentally friendly characteristics, it is time consuming and leaves some residual 

material (Pacheco, Extracción biotecnológica de quitina para la producción de 

quitosanos, 2005). 

 In place of using a chemical treatment, the isolation of chitin can be performed 

with the aid of bacteria, fungi or purified enzymes. The use of purified enzymes to extract 

chitin is very expensive; yet, a more reliable and extended alternative is the fermentation 

with lactic acid bacteria. By using a homo-fermentative Lactobacillus sp strain, lactic 

acid is produced, using sugars as a carbon source and performing in situ deproteinization 

and demineralization processes. Lactic acid solubilizes minerals in the shell such as 

calcium carbonate, calcium phosphate, magnesium and sodium carbonates thus 

producing soluble lactates. It also reacts with minerals (CaCO3) turning out into Calcium 

lactate, which is soluble, and also controls pH. 
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 Concurrently, deproteinization is carried out using proteolytic enzymes from 

bacteria, and even from exomarine proteases naturally occurring in the shells. At the end 

of fermentation a solution containing mineral lactates and different protein and amino 

acid fragments is obtained; the residual slurry  contains mainly the polysaccharide matrix 

of chitin. Sometimes, the chitin effluent from the fermenter is washed with an HCl 

solution to dissolve residual minerals and protein still presenting the solid chitin 

(Pacheco, Extracción biotecnológica de quitina para la producción de quitosanos: 

caracterización y aplicación, 2005). 

Table 4. Comparison between different treatments for isolation of chitin. 

Chitin isolation process Advantages Disadvantages 

Acid demineralization & 

Alkaline deproteinization 

1.Simple  

2.Full developed  

3. Easy recovery of salts in 

effluents 

1. Hard conditions 

2. Water consumption 

3. Environmental unfriendly  

4. Impossible protein recovery 

Lactic acid bacteria  

fermentation  

1.Reduction of acid, alkali and 

water usage. 

2. Simultaneous demineralization 

and deproteinization. 

3.Posible recovery of protein  

4. Well developed process at pilot 

plant scale 

 

1. Batch process with large 

reaction time. 

2. Sensible process to conditions 

such as pH and temperature.  

3. Sometimes, further treatment 

with acids and alkali are required. 

1.1.4. Chitin Deacetylation  

The deacetylation of chitin can be carried out by enzymatic methods using chitin 

deacetylases; yet, enzymes are very expensive and the method is not well developed. An 

economic alternative is the alkaline deacetylation method.  

 The deacetylation process consists in hydrolysis of acetamide groups present in 

the chitin structure. The process needs high temperature and a strongly alkaline medium, 

thus yielding the polymer chitosan. The reaction is generally carried out heterogeneously 

using concentrated solutions, around 40% in NaOH or KOH, at temperatures above 

100°C, preferably in an inert atmosphere (argon) or in the presence of reducing agents 

(NaBH4 or thiophenol), in order to avoid chitosan depolymerization (Peniche, Argüelles-
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Monal, & Goycoolea, Chitin and Chitosan: Major Sources, Properties and Applications, 

2008). 

 With only one alkaline treatment, the maximum deacetylation degree attained will 

not surpass 75% to 85%. Prolonged treatments cause the degradation of the polymer 

without increasing the deacetylation degree (Tsaih & Chen, 2003). Some treatments have 

been developed to prepare fully deacetylated chitosan. Their common characteristic is 

that they involve the repetition of consecutive deacetylation–washing–drying treatments, 

as many times as required, and the extent of deacetylation mainly depends upon alkali 

concentration, time and temperature, employed throughout the process (Mima, Miya, 

Iwamoto, & Yoshikawa, 1983). 

 According to Majeti and Kumar, the production of 1kg of 70% deacetylated 

chitosan from shrimp shells, requires 6.3 kg of HCl and 1.8 kg of NaOH, in addition to, 

around 1400 liters of water (Majeti & Kumar, 2000). A way to increase the degree of 

acetyl group removal, is to perform a second stage of deacetylation reaction at thermo-

pressurized conditions around 121 °C and 2 atm. After this stage, chitosan is about 90 % 

DD (deacetylation degree). Finally, the chitosan produced is filtered and washed to 

remove residual NaOH. From time to time, a final grinding stage follows the last 

treatment, to ensure a fine particle size.  

 The general process for chitosan production is summarized in Figure 4. For a 

given process, the order of stages may vary slightly, performing discoloration prior to any 

reaction step or changing the sequence of deproteinization-demineralization stages. 
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Figure 4. Overview of chitosan production process. Adapted from: (Peniche, Argüelles-Monal, & 

Goycoolea, Chitin and Chitosan: Major Sources, Properties and Applications, 2008) 
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2.2. Experimental approach for chitosan production 

 The production of chitosan involves around one-hour batch processes. In this 

work, two processes for the production of chitosan 90% DD (deacetylation degree), were 

evaluated. The first process considered only physical and chemical treatments to isolate 

chitin from Penaeus Vannamei shrimp industrial waste and transform the waste into the 

final product chitosan. The second process involved an additional fermentative step in 

order to decrease the use of some pollutant chemical reactants in the initial stages and 

promote an eco-friendly production process. For the purpose of data generation, both 

processes were optimized, from a statistical point of view, through experimental work. 

The experimental work was not part of this techno economical analysis; results used in 

this study were adapted from the research project "Aprovechamiento de los residuos 

agroindustriales de cáscara de camarón para la producción de los biopolímeros quitina 

y quitosano" (Bioprocesos, Universidad de Antioquia, Colciencias, 2013) funded by 

Colombian administrative department for science and technology (Colciencias). 

 Following, a conceptual design was carried out for the more feasible process, 

taking into consideration a technical, environmental and economically standpoint. The 

results provided insights about the possibility of establishing a chitosan production plant 

in Colombia. 

1.2.1. Raw Material Characterization  

 Initially, analysis of Penaeus vannamei shrimp industrial waste shells was carried 

out as described in the technical report Biopolymer production from shrimp shell waste 

(Bioprocesos, Universidad de Antioquia, Colciencias, 2013). Characterization of raw 

material was performed as follows:  

 Humidity: Humidity was determined by weight difference, prior to and after 

drying 2g of clean crude shrimp shells (grinded to 0.5-1.25mm), at 90 - 105°C 

during 12 - 24h of. (Hernández Cocoletzi, Águila Almanza, Flores, & Viveros, 

2009).  
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 Ash content: Ash content was quantified by weight difference of clean crude 

shrimp shells, grinded to 0.5-1.25mm, before and after calcination at 450 - 575°C 

during 3 - 4 hours (Ghorbel-Bellaaj, et al., 2011; Rødde, Einbu, & Varum, 2008; 

Shirai, 1999).  

 Astaxanthin: To determine the pigment content 0.1g of sample of clean dried 

shrimp shells, grinded to 0.5-1.25mm, was added to 5ml of methanol with 

agitation during 1min. The sample was exposed to ultrasonic agitation followed 

by centrifugation at 2400rpm during 10min at room temperature. The astaxanthin 

content was quantified by spectrophotometry at λmáx476nm with methanol as  

blank (Herrera Andrade, Sánchez Machado, López Cervantes, Núñez Gastélum, 

& Moreno Ramos, 2011; Núñez Gastélum, et al., 2011). 

 Mineral content: Content of calcium, magnesium, sodium, potassium content was 

determined by flame atomic absorption spectrophotometry. The phosphorous 

content was quantified by colorimetry (Bioprocesos, Universidad de Antioquia, 

Colciencias, 2013). 

 Protein content: Total nitrogen content was determined in fresh crude shrimp 

shells by the Kjedahl method. Crude protein was estimated from total nitrogen 

according to theoretical content percentage in proteins (16% weight). Soluble 

protein was quantified by Lowry method with bovine albumin serum as standard, 

at a concentration interval between 0-400 g/ml (Rødde, Einbu, & K.M., 2008; 

Shirai, 1999). 

 Fat content: Lipid content was determined by ethereal Soxhlet extraction method 

(Shirai, 1999). 

       The average composition of dried shrimp shells found through experimental analysis 

is summarized in the table 5. 
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Table 5. Characterization analysis of Penaeus vannamei shrimp shells. 

 Component Composition 

Humidity Humidity  4.5762 ± 0.2663 % 

Pigments Astaxanthin 3.5699 ± 0.0250 (mg/g) 

Protein 
Total nitrogen 12.5 % 

Crude protein 78.12 % 

Lipids Total fat 6.4 % 

Minerals 

Ashes 25.9195 ± 0.1151 % 

Calcium 7.04 % 

Phosphorous 2.58 % 

Sodium 0.57 % 

Magnesium 0.44 % 

Potassium 102.67 mg/kg 

 The characterization analysis allowed for calculating the mineral composition per 

100 g of shrimp shells; the results are shown in tables 6 and 7. 

Table 6. Mineral composition of Penaeus vannamei shrimp shells. 

Compound Ca3(PO4)2 CaCO3 Na2CO3 MgCO3 Total 

Weight 

(g/100 g shell) 

12.896 g 5.125 g 2.62 g 1.523 g 22.164 g 

 

Table 7. Gross composition of Penaeus vannamei shrimp shells. 

Compound Humidity Fat Astaxanthin Protein Chitin Total 

Weight 

(g/100 g shell) 

4.46 g 6.4 g 0.41 g 36.6 g 29.966 77.836 g 

 Regarding the amino acid composition for the protein fraction, present in the 

shrimp shells, and due to the lack of detailed data for Penaeus Vannamei,  the report of 

Adeyeye et al (2008) for the species Penaeus Notialis (Adeyeye, Adubiaro and Awodola 

2008) was adapted. The amino acid profile for Penaeus Notialis is presented in Table 8: 

Table 8.  Amino acid composition of shell and flesh of Penaeus notialis (Adeyeye, Adubiaro and Awodola 

2008). 

Aminoacid Crude protein (mg/g - dry weight) 

Lysine (Lys)  46.2 

Histidine (His)  26.5 

Arginine (Arg)  63.6 

Aspartic acid (Asp)  107.9 

Threonine (Thr)  20.5 

Serine (Ser)  30.6 

Glutamic acid (Glu)  106.1 

Proline (Pro)  39.3 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CB0QFjAA&url=http%3A%2F%2Fwww.fao.org%2Ffishery%2Fspecies%2F3413%2Fen&ei=xOMFVMWDDdGTgwT324HYDA&usg=AFQjCNEqLrmG-K4xRTmp-BTZT5tEWZaKFg


 
32 

Glycine (Gly)  30.7 

Alanine (Ala)  41.4 

Cystine (Cys)  8.2 

Valine(Val)  34.5 

Methionine (Met)  26.9 

Isoleucine (Ile)  47.0 

Leucine (Leu)  46.0 

Tyrosine (Tyr)  25.7 

Phenylalanine (Phe)  38.8 

 Due to the shared biological characteristic geographical location of these species, 

this aminoacid composition was assumed for the shrimp shell Penaeus Vannamei species. 

This data permitted to numerically represent   the protein hydrolysis reactions. 

1.2.2. Chitosan production with chemical isolation of chitin 

 As it was already mentioned, the process for converting the raw material into 

chitosan can be divided in two main steps: isolation of chitin and transformation of chitin 

into chitosan. Two different processes to isolate chitin were considered. After isolation, 

the chitin obtained was exposed to an alkaline hydrolysis process in order to perform a 

deacetylation of N-acetyl groups, bonded to the glucosamine polysaccharide chain. 

 The Penaeus vannamei industrial waste is usually frozen for a better conservation 

and proper transportation. If such a waste is going to be used as raw material for chitin 

and chitosan production, it must be unfrozen at room temperature, washed with warm 

water and a solution of sodium hypochlorite 1%.  After washing, the shells were dried at 

105°C (Palacios, Simionato, Musmeci, & Campos, 2010). 

 The dried waste was carried to a size reduction device, in order to get a particle 

size in a range of 0.5 - 1.25mm. The fine raw material was either stored or directly used 

for chitin isolation (Escobar, Urrea, Gutiérrez, & Zapata, 2011). 

 The following stage was the pigment extraction (depigmentation) of shrimp waste 

to get a colorless product.  The depigmentation stage was carried out by alcoholic 

extraction, in a solid-liquid ratio of 1:5, with constant agitation (700rpm, 40min).  A 

second extraction, under the same conditions was performed to increase the discoloration 

of the raw material and produce a colorless chitosan (Shirai, 1999). 
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 After depigmentation, the filtered material was subjected to a reaction with NaOH 

at 700rpm constant agitation to perform alkaline hydrolysis. The hydrolysis reaction 

breaks down the protein-peptide bonds linked to the matrix of shrimp shells 

(deproteinization). The solid fraction contained the chitinous material and inorganic salts; 

once the reaction ends, it was filtered to separate the solid fraction.  Table 9 presents the 

recommended operating conditions for protein removal (Bioprocesos, Universidad de 

Antioquia, Colciencias, 2013). 

Table 9. Operating conditions for protein removal by alkaline treatment of Penaeus vannamei shrimp 

shells. 

Factor Mean Value 

NaOH (N) 0.965 

Solid-Liquid ratio (g:ml) 1:24 

Temperature (°C) 71 

Time (min) 184 

 The solid material was added to an aqueous solution of hydrochloric acid at room 

temperature (see Table 10). This stage solubilized inorganic salts into the aqueous 

solution, extracting the mineral fraction from shrimp shells. After finishing this stage, the 

material was filtered once again to separate the solid fraction, which contains the 

chitinous isolated material.  (Bioprocesos, Universidad de Antioquia, Colciencias, 2013). 

Table 10. Operating conditions for minerals removal by acid treatment of Penaeus vannamei shrimp shells. 

Factor Mean Value 

HCl (N) 1.49 

Solid: Liquid rate (g:ml) 1:11 

Time (min) 69 

 The chitin obtained can either be further purified and commercialized, or used 

directly for chitosan synthesis. For chitosan preparation, the chitinous material, isolated 

from shrimp waste, was subjected to an alkaline deacetylation process, to remove the 

acetyl group linked to the polysaccharide chain, thus obtaining chitosan; a high quality 

chitosan contains merely glucosamine units, in approximately 90%. 

 The deacetylation of chitin was performed in two successive stages. The first 

stage used a concentrated NaOH solution at 90°C. For the second stage temperature was 
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increased to approximately 120°C. The solid fraction obtained was chitosan, lacking 

acetyl group in a range of 85% to 90%; deacetylation degree (DD) was determined by 

FTIR (Fourier Transform Infrared Spectroscopy) and titration with NaOH, quantified by 

a potentiometric method (Bioprocesos, Universidad de Antioquia, Colciencias, 2013). 

Chitosan was finally filtered and dried (see Table 11). 

Table 11. Operating conditions for deacetylation  of chitin obtained from Penaeus vannamei shrimp shells. 

Factor Mean value 

NaOH ( % m/V) 50 

Solid: Liquid rate (g:ml) 1:24 

Reaction time 1 (h) 1.8 

Reaction time 2 (h) 1.1 

Temperature reaction 1 (°C) 90 

Temperature reaction 2 (°C) 120 

 The process of chemical isolation of chitin and its conversion to chitosan is 

summarized in figure 5. 

 

 

 

Figure 5. Overview of the process of chemical isolation of chitin and its conversion to chitosan. 

 

1.2.3. Chitosan production with fermentative isolation of chitin 

Solvent recovery 

Solution recovery 
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 In a second method, chitin was produced by fermentation using lactic acid 

bacteria as catalyst. The demineralization and deproteinization processes take place 

during fermentation and the pretreated solid fraction is converted to chitosan by alkaline 

deacetylation.  

 The frozen Penaeus vannamei shrimp shells were thawed at room temperature 

and washed with warm water, free of biocides and/or disinfectants.  After washing, the 

shells were dried at 105°C and its size was reduced as in the previous method.  

 The lactic acid bacteria was activated using MRS modified medium at about pH 

6; the inoculum preparation process run at 120 - 140 rpm, 25 - 30°C, during 36 - 48h 

(Shan, et al., 2012). The medium for fermentation was prepared with a 1:10 - 1:15 solid-

liquid ratio, inoculated with active bacteria, manganese sulphate 0.025 g/L, magnesium 

sulphate 0.1 g/L, sodium acetate 2.5g/L, potassium acid phosphate 1g/L. The reaction run 

for over 100h, for optimal removal of proteins and minerals (Bioprocesos, Universidad de 

Antioquia, Colciencias, 2013). 

 The extraction of minerals from the shells depends on the rate of accumulation of 

lactic acid in the media; lactic acid production is proportional to the initial sugar content. 

Sugar concentration was set to 200 - 240 g/L as it has been commonly used in production 

of lactic acid (Dumbrepatil, Adsul, Chaudhari, Khire, & Gokhale, 2008). 

Table 12. Operating conditions for protein and minerals removal by fermentation of Penaeus vannamei 

shrimp shells. 

Factor Mean value 

Time (h) 96 

Temperature (°C) 32.5 

pH 4.4 

 The solid fraction recovered from fermentation is the chitinous material, subject 

to be further transformed into chitosan. The deacetylation reaction was carried out as 

previously described. The process of chitin isolation, using a biological pretreatment, and 

its conversion to chitosan, is summarized in Figure 6. 
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Figure 6. Overview of the fermentative process for chitin biosynthesis and its conversion into chitosan. 

 Lactic acid bacteria do not use chitin as a carbon source (actually it is undesirable 

in the process), but rather produce protease enzymes able to hydrolyze proteins present in 

the medium, and use them as nitrogen and/or carbon source, thus leading to a 

deproteinized raw material. The fermentation produces mainly lactic acid, which helps in 

solubilizing the inorganic compound thus completing the demineralization stage. Protein 

and mineral removal through fermentation reaches 60 - 68% of its initial content, which 

is still unsatisfactory for high quality chitin/chitosan.  

Other alternative is to use a combination of chemical and fermentative processes, looking 

for higher yield, better economy of the process and environmental benefits. In such case, 

treatment starts with fermentation of shrimp waste in order to remove as much as possible 

proteins and minerals. Once fermentation time is completed, the solid fraction is filtered 

and subjected to chemical deproteinization and demineralization as previously described, 

to enhance the purity grade of chitin. Though feasible, two fermentative treatments are 

not recommended due to lower remotion of minerals and proteins compared with 

chemical extraction.  

Solvent recovery 
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The chitin produced by means of a combined method of fermentation and chemical 

extraction, can be transformed into chitosan as usual. . The overview of this mixed 

process is showed in Figure 7. 

 
Figure 7. Overview of the process of mixed isolation of chitin and conversion to chitosan. 

2.3. Reaction Kinetics 

 Reaction kinetics for demineralization, deproteinization, deacetylation and 

fermentation was calculated experimentally at laboratory scale by means of a central 

composite experimental design for each reaction step, as described by Ahlafi et al., and 

Pacheco (Ahlafi, et al., 2013) and (Pacheco, Extracción biotecnológica de quitina para la 

producción de quitosanos, 2005). The kinetic expressions were obtained by adjustment of 

the experimental results to power law kinetic expression by means of regression, 

performed in Microsoft Excel®. Results are available in technical report, and they are not 

presented due to confidentiality terms (Bioprocesos, Universidad de Antioquia, 

Colciencias, 2013). It was assumed non elementary reaction for reactants and the order of 

reaction was set based on the stoichiometric relationships between reactant and products.  

Table 13 presents the kinetic expressions, developed for the different steps involved in 

chitosan synthesis.  

Solvent recovery 

Solution recovery 
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Table 13. Reaction kinetics for the stages involved in chitosan synthesis. 

Reaction set Reaction rate K  E  

Pigment extraction rsol = k Cpig
1.3

 2x10
-3

  

Chemical demineralization rmin= k T CHCl 5.3x10
-8

  

Chemical deproteinization rdep = k T
2
 Cprot 2.92x10

-11
  

Chemical deacetylation rdeac = k T
2.03

 e 
–E/RT

 CNaOH 3.77x10
-5

 48760 

Fermentation (sugars) rferm= k e 
–E/RT

 Csugar 
2
 3x10

6
 44912 

Fermentation (proteins) rdep= k e 
–E/RT

 Cprot 1.5x10
5
 50499 

Fermentation (minerals) rdem= k e 
–E/RT

 CminCLac.Ac  6.8 23046 

Molar concentrations (kmol/m
3
); R (kJ/kmol K); T (K); E (kJ/kmol) 

 The production of chitosan, considering all the previous stages, is time consuming 

and demands specialized pretreatment for achieving a high quality product. The process 

itself, ponders separation steps (filtration), extreme alkaline solutions, high temperatures 

and different processing time. The quality of the product can be hampered by raw-

material homogeneity and availability. Though the demand for the product can also 

fluctuate, chitosan and its derivatives have a good and variable market price, based on its 

purity. Batch production is often used in pharmaceutical industry, fine chemistry, organic 

synthesis and complex reactions, wherein high added value products are obtained. Hence, 

batch process is the most favorable mode of operation for getting high quality chitosan, 

using variable raw-material composition (Russell & Taylor, 2000). In the next chapter, 

setting up and results of numerical simulation of strategic units, involved in the chitosan 

production process, are presented so as to provide information about technical and 

economic feasibility of a potential chitosan production plant in Colombia.  
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CHAPTER 3. TECHNICAL ANALYSIS OF CHITOSAN SYNTHESIS 

 Previously, the different stages for chitin production from shrimp shells and its 

conversion to chitosan has been described and its experimental approach presented. 

Starting from experimental results generated for the different stages involved in the 

process of chitosan production at laboratory scales,  a technical analysis was performed 

using process simulation software Aspen Plus
®
 v7.3.  

 In technical analysis, process simulation software are versatile tools, used in 

chemical engineering, to perform mass and energy balances on a plant model; besides 

balances, prediction of performance of different process alternatives, evaluation of 

operation costs, optimization and sensitivity analysis with minimum cost and time, are 

often considered. 

 Aspen Plus is a simulation software used to improve performance or plant designs 

of chemical plants, through an accurate representation of the basic processes. Aspen Plus 

looks for prediction of process behavior using engineering relationships such as mass and 

energy balances, phase and chemical equilibrium, and reaction kinetics, reliable physical 

properties, thermodynamic data, realistic operating conditions, and rigorous equipment 

models (Aspen Tech, 2015). 

 In the present study, two productive alternatives were considered: first one, 

chitosan production with physical-chemical isolation of chitin, second one chitosan 

production with combined physical-chemical and fermentative isolation of chitin.  

 The simulation tool did allow analysis of raw material and product streams, 

energy consumption and reactors performance. Since the considered processes were 

studied deeply at laboratory scale (Bioprocesos, Universidad de Antioquia, Colciencias, 

2013), the use of experimental parameters in the setting up of simulation of process units 

allowed to obtain reliable approximations to real equipment performance, thus generating 

useful data for the development of a plant design and economic study.  
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3.1. Simulation assumptions 

2.1.1. Product specification and  plant capacity 

 The shrimp shells, used in this process, were supplied by a shrimp peeling 

industry located in Antioquia, Colombia. Information provided by this industry indicates 

a mean quantity of fresh shrimp shells of 20 ton/month, which currently is being 

discarded as waste. 

 Considering the possibility of treating shrimp waste from other shrimp industries, 

a projected plant capacity of 30 ton/month of fresh shrimp waste was assumed for design 

purposes; it was expected that the plant would operate 346 days/year.  

 Processes for chitosan production are batch processes; for technical and 

economical analysis it was considered to process 1 ton/day of fresh shrimp shells in batch 

mode. However, prior to being processed the fresh shrimp shells must be washed, 

disinfected and dried to reach the minimum humidity content.  

 Recalling the results presented in Table 5, the eliminated humidity from fresh 

shrimp shells corresponded to 72.8% of total weight. Then it was assumed that 1 ton of 

fresh shrimp shells yields 272.14 kg of dried shrimp shells with 4.5% of final humidity. 

The definition of the raw material stream in the simulations was based on the different 

compositions presented previously in tables 6 and 7. 

 As it is shown in Table 6, the content of chitin measured in the raw material was 

29.996% (Bioprocesos, Universidad de Antioquia, Colciencias, 2013); however, other 

authors report 20% of chitin content (Shirai, 1999). For simulation set up purposes, the 

content of chitin was fixed in a conservative value of 24.2%. 

 It was considered the processing of batches of 272.14kg/day of dried shrimp 

shells with 4.46% of humidity, yielding 65.8 kg of chitosan per batch. With a yield of 

65.8kg/day, the plant considered for simulation, produced chitosan at a capacity of 22.77 

tons/year, operating 346 days/year.   
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 Additionally, for simulation purposes, the raw material is available in the site of 

the process plant, at zero cost; the simulated plant was considered as a part of the shrimp 

company that currently processes and commercializes shrimp as its main activity. It was 

assumed that shrimp waste is always available in the required amount to satisfy the 

production rate. The plant considered was located in the same microlocation that the 

peeling industry; therefore, it was possible to neglect logistic implications and costs 

related to waste collection and storage. The location considered was Itagüí, Antioquia; 

this municipality has an important industrial area with additional advantages as roads, 

public services and providers of supplies, required for the industrial process. 

  The chitosan produced by the proposed plant fulfill the quality requirements. The 

technical specification of chitosan is determined mainly by deacetylation degree (%DD) 

and viscosity measurements. In Table 14, the technical specification for commercial 

chitosan and the chitosan obtained in the experimental stage are compared.  

Table 14. Commercial and developed product specification. 

 Commercial Product 

specification (Technical 

grade) 

Developed product 

specification (Technical 

grade) 

Deacetylation degree 

(%DD) 

80% - 100% 87.5% - 90.5% 

Viscosity (Cp) 5cP - 500cP 47.1cP - 48.3cP 

Particle size 25-100 mesh 50 mesh 

 The quality specifications for chitosan, produced by the proposed plant were the 

same than that obtained experimentally, at lab scale.  

2.1.2. Process Assumptions 

 For simulation purposes the variability of the raw-material composition was not 

considered. However, for both processes reactants were in excess to ensure the maximum 

conversion in each reactive stage, independent of variations in composition. As for the 

chitin content variability in the shrimp shells, per batch, a conservative value was set to 

24.2%, based on experimental results (Bioprocesos, Universidad de Antioquia, 

Colciencias, 2013) and data reported by Shirai (Shirai, 1999).  
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 Furthermore, pretreatment of raw material was not considered. It was assumed 

that the available raw material was dried and disinfected; however, a grinding stage was 

considered as the first step in the processing of shrimp shells. No further treatment was 

considered after filtration and drying of the product. 

 The input streams to each process were defined according to experimental data 

and optimal conditions found to acquire the best quality for final product. These streams 

were fixed so simulations were aimed at investigating energetic requirements, process 

performance at large scale, and representation of experimental results and determination 

of production costs. The simulation set up did not include any economic information; all 

related economic data will be considered in the economic analysis chapter.  

 The reactive stages, as the core of the process, were carried out in batch reactors 

with different operation times, subject to reaction kinetics. However some stages required 

equipment operating in continuous mode between accumulation tanks, during a defined 

time span, so they were simulated as equipment operating in a continuous mode, e.g. 

evaporation of ethanol and further condensation. 

  The simulation strategy consisted in considering each individual unit in the 

process instead of the whole plant, thus avoiding problems with calculations and 

numerical results, when batch were connected with continuous operations. Aspen Plus is 

a chemical process optimization software for designing profitable manufacturing 

facilities: for this, Aspen uses specific models for individual units. For the chitosan 

production process, the models used are specified in Table 15 (See Figures 5 and 6). 

Table 15. Aspen Plus models for simulated units as part of the chitosan production process. 

Stage Unit Aspen Plus Model Operation mode 

Size reduction Grinder Crusher (Gyratory) Continuous 

Fermentation Fermenter RBatch Batch 

Pigment extraction Depigmentation tank RBatch Batch 

Protein hydrolysis  Deproteinization reactor RBatch Batch 

Salts solubilization Demineralization reactor RBatch Batch 

Chitin deaceylation Deacetylation reactor RBatch Batch 

Solvent recuperation Boiler HeatX Continuous 
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 Separator Flash2 Continuous 

 Condenser HeatX Continuous 

Drying Dryer Dryer Continuous 

 Reactors are one of the most important units in the process of chitosan 

production; in Aspen Plus the model RBatch simulates rigorously batch or semi-batch 

reactors. The reactor models were constrained by temperature, pressure and processing 

time, according to conditions found in the experimental work presented in chapter 2.  

2.1.3. Raw material stream 

 The composition of raw material was previously presented in table 5.  For 

simulation purposes, the mineral fraction was set up according to mass fraction of 

inorganic compounds, specified in Table 6 and previously obtained from experimental 

data. Similarly, the pigment fraction was defined as astaxanthin in the proportion 

indicated by the results of Table 5. 

 The composition of the fatty fraction of Pannaeus Vannamei shrimp shells was 

not determined; therefore, methylpalmitate was selected as a representative molecule of 

fats present in the raw material (see Figure 13). This compound is an esterified form of 

one of most abundant fatty acids in living beings (Campbell & Farrell, 2012). The fatty 

acids are commonly found in nature as esters more than free acids (Campbell & Farrell, 

2012).  

 The protein fraction of shrimp shells was defined based on the aminoacid profile 

of the proteic fraction of shrimp shells, found by Adeyeye et al (Adeyeye, Adubiaro, & 

Awodola, 2008) (see Table 7). In order to avoid a large number of compounds involved 

in the simulation, only five representative amino acids were selected based on structural 

considerations, and the different groups of amino acids present in shrimp shell. The 

amino acid methionine was selected to represent itself, besides serine, threonine and 

cysteine, as the polar non charged amino acids; phenylalanine was selected to represent 

itself and tyrosine as the aromatic amino acids; alanine was selected to represent itself, as 

well as glycine, valine, leucine, isoleucine and proline, as the aliphatic amino acids; 
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glutamic acid was selected to represent itself and aspartic acid, lysine was selected to 

represent itself, arginine and histidine, as the polar charged amino acids.  

 The compositions and names of the five dipeptides formed for simulation of the 

proteic fraction are presented in Table 16; also, the approximated molar fraction of 

protein content of shrimp shells is specified. The molecular structure of the five peptides 

formed was introduced in Aspen Plus, making it possible to calculate the thermodynamic 

parameters using the UNIFAC group-contribution method. The created aminoacid 

structures are showed in Figures 8 to 12. 

Table 16. Protein composition defined for simulation of the protein content in shrimp shells. 

Dipeptide ID 

(simulation) 

DIPEP3 DIPE1 DIP2 DIP4 POP3 

Aminoacid 

(structural unit) 

Methionine 

(Met) 

Phenylalanine 

(Phe) 

Alanine 

(Ala) 

Glutamic acid 

(Glu) 

Lysine 

(Lys) 

Proteic fraction 

(% mole) 

9.092 9.090 27.271 27.274 27.273 

 

 
Figure 8. DIP2 formed with Alanine. 

 

Figure 9. DIP4 formed with Glutamic Acid. 
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Figure 10. DIPE1 formed with Phenylalanine. 

 
Figure 11. DIPEP3 formed with Methionine. 

 
Figure 12. POP3 formed with Lysine. 

 



 
46 

 

Figure 13. Methylpalmitate 

  Likewise, the polysaccharide content of chitin was simulated as units of 

two molecules of N-acetylglucosamine bonded by glycosidic bonds; the structure is 

presented in Figure 14. 

 
Figure 14. Chitin structural unit 

 The chitin structure is not affected in the first reactive stages; in the last reactive 

stage, the chitin contained in the shrimp shells, is transformed into chitosan by removing 

the N-acetyl group from N-acetyl glucosamine units. For simulation purposes, the goal 

was to reach 80-90% of N-acetyl groups removed). After deacetylation of chitin, a 

chitosan structural unit, for the model, was defined as shown in Figure 15. 
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Figure 15. Chitosan structural unit 

 Finally, the defined composition for the raw material fed to the simulated process 

is presented in Table 17. Since the shrimp shells are solid structures, a particle size 

distribution was set for the stream. Table 18 presents the particle size distribution of raw-

material entering the first unit.  

Table 17. Composition of raw material stream 

Raw material stream 

Substream: MIXED 

Component  Mass fraction 

Methylpalmitate (C17H3-01) 0.0640 

(Astaxanthin) C40H5-01 0.0041 

Water 0.0446 

Substream: CIPSD (Solid) 

Component  Mass fraction 

CaCO3 0.0513 

Ca3(PO4)2 0.1290 

Na2CO3 0.0262 

MgCO3 0.0152 

DIP2 0.0645 

DIP4 0.1113 

DIPE1 0.0420 

DIPEP3 0.0377 

POP3 0.1105 

C8H15-01 0.3000 

 

Table 18. Particle distribution size in the raw material stream 
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PSD Lower (mm) Upper (mm) Fraction 

    FRAC1 0 2 0 

    FRAC2 2 10 0 

    FRAC3 10 20 0 

    FRAC4 20 30 0 

    FRAC5 30 40 0.2 

    FRAC6 40 50 0.3 

    FRAC7 50 60 0.2 

    FRAC8 60 80 0.2 

    FRAC9 80 90 0.1 

    FRAC10 90 100 0 

 

 The market, the selling price of the reactants and products are fixed for an 

operating year; these topics are contemplated in the economic analysis presented in 

chapter 4.  

2.1.4. Thermodynamics 

 Thermodynamic properties are critical for the accuracy of a model or simulation. 

Thus, the appropriate thermodynamic methods and data analysis must be defined prior to 

simulations, so as to avoid further discrepancies in the numerical execution and results 

(Carlson, 1996). 

 Firstly, phases of all components in every stream were based on temperature and 

pressure conditions, for every step of the process. In this particular simulation some 

components existed as solids, e.g., chitin, chitosan, minerals and proteins. The lipids, 

water, pigment and reactants are conventional compounds in aqueous or liquid phase. 

 The solubility of minerals, chitin and chitosan in the matrix of shrimp shell were 

considered negligible. The mineral salts linked to the proteic and carbohydrate matrix of 

the shells were solubilized by chemical reaction with acid solutions; proteins were 

solubilized by hydrolysis with alkaline solutions. Therefore, chitin and chitosan were 

present in solid phase during the whole process and were not accounted for separations 

involving chemical equilibrium; actually, there was only one separation under 

equilibrium, during ethanol recovery. 
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 The empirical rates of reaction were obtained from experimental work as it was 

presented in chapter 2. Considering the availability of kinetic expressions, it was not 

necessary to account for solidness, porosity, particle size or mass transfer for simulation 

of reactive stages. The model RBATCH used for the reactors can solve systems with one, 

two, or three-phases; it can only handle kinetic type reactions and one or more stop 

criteria can be defined (Aspen Technology, Inc., 2011)  

 For simulation purposes, as it has been previously described, the chitin, chitosan 

and protein fraction were treated as the assembly of individual segments; the total mass 

and reaction yield was considered more important than the polymer chain length and its 

material properties; therefore, to acquire thermodynamic data it was enough to account 

for the molecular structure of each segment. Such thermodynamic properties were 

calculated by algorithms already loaded in Aspen Plus, using the UNIFAC group-

contributions method (Aspen Technology, Inc., 2011). 

 The selection of thermodynamic methods for simulation depends on the nature of 

the components, the operation conditions, and phases, present in the process. In the 

process of chitosan production, there were aqueous solutions of electrolytes such as HCl, 

lactic acid, salts and NaOH, as well as polar and non-polar organic components.  

 Therefore, the thermodynamic property method must be applicable to non-ideal 

mixture, aqueous electrolyte solutions and vapor phase, for organic compounds. The 

ELECNRTL property method is the most versatile electrolyte property method, found in 

ASPEN, for handling wide range of concentrations of aqueous and mixed solvent 

systems. The ELECNRTL is fully consistent with the NRTL-RK property method and 

the molecular interactions are calculated in the same way; moreover, ELECNRTL can 

use the databank for binary molecular interaction parameters for the NRTL-RK property 

method. The Redlich-Kwong equation of state is used for all vapor phase properties; 

however, it cannot model the associative behavior in the vapor phase as it occurs with 

vapors of carboxylic acids or hydrofluoric acid; fortunately, this condition was not 

reached for the system under simulation. 
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 This property method can model any liquid electrolyte solution unless there is an 

association in the vapor phase; in this study, the whole process handled liquid and solid 

phases; the only vapor- liquid equilibrium present was for the recovery of ethanol after 

depigmentation of the raw material. Thus, it is fully compatible with the ELECNRTL-RK 

method (Aspen Technology, Inc., 2011) 

 Validation of thermodynamic properties calculated by Aspen Physical Property 

System has been performed through comparison of Free Gibbs energy (ΔG) and calorific 

capacity (Cp) of raw-material components with data available in the open literature. 

 Aspen plus estimates properties, in conjunction with other calculations; this 

estimation uses parameters taken from multiple sources or estimated from multiple 

correlations. During simulation, when the "Estimate All Missing Parameters" option is 

activated, the Aspen Physical Property System will estimate and use all missing 

parameters that are required in the calculations; yet, the parameters, estimated but 

available in the databank, will not be used in the calculations. The estimation option is 

strongly recommended unless all parameters and properties of substances involved are 

known or available. As it is shown in appendix 5, for this particular simulation case the 

physical data, available from literature is rather comparable with data from the Aspen 

Physical Property System. 

 Calculations for chitin and chitosan properties might show some deviations; 

however, these biopolymers were present in low concentration in the reaction mixtures; 

actually, water was the major component in the streams for all stages. Besides, Aspen 

Property System calculates thermodynamic properties for aqueous mixtures; since the 

corresponding property method was adequately selected, minimum errors were expected 

(Carlson, 1996). 

 The whole process for chitosan biosynthesis considered just a single vapor-liquid 

equilibrium stage; it was the recovery of solvent from the depigmentation step. The Txy 

diagram for the system ethanol-water, at 1.3 bars, showed an azeotropic point at 80% 
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mole fraction of ethanol, with a boiling point at 85°C. These were the operating 

conditions, specified for the evaporator, responsible for ethanol recovery. 

 
Figure 16. Liquid – vapor equilibrium for an Ethanol-water mixture. 

 All units were simulated under the same assumptions and using the same 

thermodynamic property method. The electrolyte chemistry must be modeled correctly 

for accurate calculation results and the Electrolyte Wizard can generate the species and 

reactions from a built-in knowledge base of reactions, equilibrium constant data, and 

possible ionic species. For each reactor, the determinant equilibriums and dissociations 

were taken into account as possible collateral reactions; solid formation and hydrate 

reactions were mostly neglected because reactor conditions were not favorable for 

formation of such substances. The chemistry of reactions for each unit is presented in 

section 3.2. 

2.1.5. Reaction Kinetics 
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 The accuracy of results generated by a grey box model, and therefore the 

reliability of the simulation depends on the previous decisions and inputs entered to the 

model. For the present study, the kinetics of reactions involved were obtained from 

experimental data and were used to set up the numerical simulation using the software 

Aspen Plus. 

 As it was presented in chapter 2, the empirical expressions for kinetics of 

reactions were calculated from experimental work. The kinetic models for reactors like 

RBATCH, requires the definition of a set of reactions to be applied to the simulated 

reactor; in turn, those reactions require the kinetics expressions to set up the simulation. 

The depigmentation stage did not involve chemical reaction; however, for simulation 

purposes, the solubilization of astaxanthin was represented by a kinetic expression 

similarly to a chemical reaction; the depigmentation stage was then modeled as a batch 

reactor. 

3.2. Simulation of the chitosan production process 

 As shown in figures 5 and 6, the selected processes for chitosan production are 

similar; however, one considers exclusively the chemical isolation of chitin and its 

deacetylation to obtain chitosan. The other considered the fermentative pretreatment of 

chitin, in a first stage, followed by a complete chemical removal of residual pigments, 

proteins and minerals, and finally the alkaline deacetylation of chitin to obtain chitosan.  

 The aim of this study was to explore through simulation the technical 

performance of both processes. The simulation results were correlated with an economic 

evaluation to select the more feasible process, and to proceed accordingly to developed a 

conceptual design for the plant facilities.  

 

 

2.2.1. Component definition 
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 The global components defined for simulation of the contemplated processes are 

presented in Table 19. For both processes the components were the same, although 

different amounts of reactants were required, depending on the chitin extraction process. 

The components D-fructose, dextrose and lactic acid were required only for process 2. 

Table 19. Components definition for simulation of chitosan production process. 

Component 

ID 

Component name Feeding 

Mass (kg) 

Feeding 

Moles 

(kmol) 

Type Comments 

CACO3 Calcium carbonate; 

calcite 

13.325 0.1331339 Solid Raw material 

CA3(P-01 Calcium phosphate 33.53 0.1080997 Solid Raw material 

NA2CO-01 Sodium carbonate 6.812 0.0642709 Solid Raw material 

MGCO3 Magnesium carbonate 3.96 0.0469671 Solid Raw material 

C17H3-01 Methylpalmitate 16.64 0.0615257 Conventional Raw material 

C40H5-01 Astaxanthin 1.066 1.79E-03 Solid Raw material 

DIP2 Alanyl-alanine 16.78 0.1047618 Solid Raw material 

DIP4 Glutamyl-glutamic acid 28.94 0.1047616 Solid Raw material 

DIPE1 Phenylalanyl- 

phenylalanine 

10.907 0.0349171 Solid Raw material 

DIPEP3 Methionyl-methionine 97.916 0.0349185 Solid Raw material 

POP3 Lysil-lysine 28.74 0.1047515 Solid Raw material 

C8H15-01 D-N-Acetylglucosamine 77.91 0.3521989 Solid Raw material 

WATER Water Depending on the specific 

process 

Conventional Solvent 

ETHANOL Ethanol Depending on the specific 

process 

Conventional Solvent 

NAOH Sodium hydroxide Depending on the specific 

process 

Conventional Reactant 

HCL Hydrogen chloride Depending on the specific 

process 

Conventional Reactant 

C6H12-01 D-fructose 389.84 2.16 Conventional Fermentation 

nutrient 

C6H12-02 Dextrose 389.84 2.16 Conventional Fermentation 

nutrient 

LACTAC D-lactic-acid Result of simulation Conventional Fermentation 

product 

C5H11-01 L-Methionine Result of simulation Conventional By-product 

C9H11-01 L-Phenylalanine Result of simulation Conventional By-product 

C3H7N-01 L-Alanine Result of simulation Conventional By-product 

C5H9N-01 L-Glutamic acid Result of simulation Conventional By-product 

C6H14-01 Lysine Result of simulation Conventional By-product 
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C2H3N-01 Sodium acetate Result of simulation Conventional By-product 

CACL2 Calcium-chloride Result of simulation Conventional By-product 

NACL-02 Sodium-chloride Result of simulation Conventional By-product 

H3PO4 Orthophosphoric-acid Result of simulation Conventional By-product 

CO2 Carbon-dioxide Result of simulation Conventional By-product 

MGCL2 Magnesium-chloride Result of simulation Conventional By-product 

CHS1 Chitosan Result of simulation Solid Product 

 The major difference between the two chitin isolation processes is the use of a 

fermentative stage. When the chemical extraction is performed, the grinded material is 

fed to a batch process for pigment extraction. If fermentative extraction is used, the 

grinded material is fed to the batch fermenter in addition to water and sugars that are 

required for biomass growth. The quantity of reactants vary significantly depending on 

the process; when the fermentative stage is involved, different fermentation times lead to 

different demineralization and deproteinization degrees, thus changing the reactant 

requirements. 

2.2.2. Simulation of the chemical isolation of chitin.  

 Input streams and their compositions for each simulated unit were defined 

according to the process concept and the experimental work presented in chapter 2. These 

data is presented in Table 20 for liquid (MIXED substream) and solid (CIPSD substream) 

fractions. 

Table 20. Input streams for chitosan production process with chemical isolation of chitin. 

Stream Raw 

material 

Feeding to 

pigment 

extraction 

Feeding to the 

deproteinization 

reaction 

Feeding to the 

demineralization 

reaction 

Stream ID: RAW EXTRACT R1FEED RMIX1 

Unit ID Grinder Extraction tank Reactor 1 Reactor 2 

Substream type:  MIXED MIXED MIXED 

Mass flow per 

cycle (kg) 

 1196 6236.92 2743.3 

Component ID 

(kmol) 

       

    WATER  13.27762 333.3837 144.3219 

    ETHANOL  20.76883 0 0 

    NAOH  0 5.773417 0 

    HCL  0 0 3.930266 
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Component ID 

 (kg) 

       

    WATER  239.2 6006 2600 

    ETHANOL  956.8 0 0 

    NAOH  0 230.92  

    HCL  0  143.3 

Mass Density 

(liquid 

phase)(kg/m3) 

 829.3645 1007.896 1014.945 

Substream type: CIPSD CIPSD CIPSD CIPSD 

Mass flow per 

cycle (kg) 

259.998 259.998 242.291 135.534 

Phase:  Solid Solid Solid Solid 

Component ID 

(kmol) 

        

    C17H3-01 0.0615257 0.0615257 0 0 

    C40H5-01 1.79E-03 1.79E-03 0 0 

    CACO3 0.1331339 0.1331339 0.1331339 0.1331339 

    CA3(P-01 0.1080997 0.1080997 0.1080997 0.1080997 

    NA2CO-01 0.0642709 0.0642709 0.0642709 0.0642709 

    MGCO3 0.0469671 0.0469671 0.0469671 0.0469671 

    DIP2 0.1047618 0.1047618 0.1047618 0 

    DIP4 0.1047616 0.1047616 0.1047616 0 

    DIPE1 0.0349171 0.0349171 0.0349171 0 

    DIPEP3 0.0349185 0.0349185 0.0349185 0 

    POP3 0.1047515 0.1047515 0.1047515 0 

    C8H15-01 0.3521989 0.3521989 0.3521989 0.3521989 

Component ID  

(kg)  

        

    C17H3-01 16.64 16.64 0 0 

    C40H5-01 1.066 1.066 0 0 

    CACO3 13.325 13.325 13.325 13.325 

    CA3(P-01 33.53 33.53 33.53 33.53 

    NA2CO-01 6.812 6.812 6.812 6.812 

    MGCO3 3.96 3.96 3.96 3.96 

    DIP2 16.78 16.78 16.78 0 

    DIP4 28.94 28.94 28.94 0 

    DIPE1 10.907 10.907 10.907 0 

    DIPEP3 9.7916 9.7916 9.7916 0 

    POP3 28.74 28.74 28.74 0 

    C8H15-01 77.91 77.91 77.91 77.91 

Mass Density 

(solid phase) 

(kg/m3) 

 7033.143 
Dried and grinded 

 7033.139 

 

 6151.3 
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 It has been already mentioned that pretreatment and product adjustment facilities 

were not considered in this simulation. Nonetheless, size reduction was taken into 

account as a basic unit of the chitin extraction process. Each unit was simulated 

individually according to its batch or continuous condition. Following, the units, 

operating conditions, simulation setup and results are presented. 

a) Grinding Stage 

 Shrimp shell particles must have an appropriated size for pigment extraction and 

processing, thus reducing potential mass transfer problems and inhomogeneities. In 

Aspen plus, there are four possibilities for simulating a size reduction equipment: a 

gyratory, a cage mill, multiple and single roll mills. According to the shrimp shells 

material characteristics the more feasible method for reduction must combine medium 

impact and compression, high cutting and shearing (Pallmann, 2008); for simulation 

purposes the size reduction unit was simulated as a gyratory crusher. The crusher 

characteristics were as follows: 

Maximum particle diameter: 1.7mm 

Operating-mode: primary 

Crusher type: gyratory 

Ratio cut off size to outlet diameter: 6 

Bond work index: 12.52kWhr/ton 

 
Figure 17. Crusher Aspen Plus model. 

 The power requirement calculated by simulation was 243.3 W; this value is based 

in an one-hour grinding of the total raw material stream, equivalent to 260 kg of solid 

material.  According to the ratio cut off size to outlet diameter of 6, the particle diameter 
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which was larger than 80% of the inlet mass was 0.07m, and the particle diameter which 

was larger than 80% of the outlet mass was 0.0077m. 

 The purpose was to reach a desired particle size; the PSD for the raw material at 

the outlet of the grinding unit is presented in Table 21. It is observed that particles 

smaller than 10mm were finally obtained: 

Table 21. Particle size distribution obtained for the outlet of the grinding unit. 

PSD Lower (mm) Upper (mm) Fraction 

    FRAC1 0 2 0.52 

    FRAC2 2 10 0.48 

    FRAC3 10 20 8.65E-04 

    FRAC4 20 30 0 

    FRAC5 30 40 0 

    FRAC6 40 50 0 

    FRAC7 50 60 0 

    FRAC8 60 80 0 

    FRAC9 80 90 0 

    FRAC10 90 100 0 

b) Mixing tank for astaxanthin extraction 

 An atmospheric mixing tank was used to extract astaxanthin, at room temperature, 

by suspending and mixing the grinded shrimp shells in an ethanol-water solution 80% 

molar, during 35min; the solid-liquid ratio was 1:4.6. For simulation purposes the mixing 

unit was simulated as an isothermal batch reactor fed with an ethanol solution stream and 

a solid stream with the same characteristics as the grinder outlet stream. 

Pressure: 1 bar 

Temperature: 298 K 

Phases: Vapor - liquid 

Cycle time: 2109s  

Stop criteria: time 
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Figure 18. Aspen plus model used for astaxanthin extraction. 

 Extraction stage is not properly a reaction, but for kinetic considerations and 

process simulation, it can be modeled as a reactive stage. For simulation purpose the 

following solubilization reaction has been stated for depigmentation process:  

                                     

 Figure 19 shows how the total accumulated mass of astaxanthin (C40H5-01) in 

the solution increases with time, being asymptotic beyond 1200 seconds. The time of 

reaction is as high as it is feasible in order to reach the maximum pigment extraction. 

 

Figure 19. Dynamic of astaxanthin content in the solid fraction as a function of reaction time. 
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 From the economic analysis and quality requirements, a decision-making process 

is required for the time invested in the extraction stage; the extraction efficiency is very 

low after 1200 seconds. However a high quality product must be colorless ; therefore, the 

operation time was set at 2109s in order to reach an optimal pigment extraction. 

c) Reactor R-1 

 The deproteinization reaction was performed under the conditions described in 

chapter 2. This batch reactor operates at atmospheric pressure, with constant heat duty, in 

order to maintain the reactor temperature between 25 °C and 70°C. Based on 

experimental work a stirred tank reactor was used with an operation time of 3.3 hours. 

Moreover, this deproteinization reaction required cooling in order to maintain a constant 

temperature, due to exothermic nature of the reaction.  

 The R-1 inlet stream was specified similarly as the outlet stream from the pigment 

extraction tank (with no content of pigments and solvent).  In practice, the outlet stream 

from the depigmentation tank was stripped of pigments and solvents by means of a 

filtration unit prior to the reaction stage. The setup parameters for this deproteinization 

reactor were as following: 

Pressure: 1 bar 

Constant heat duty: 65 kW 

Phases: Liquid 

Cycle time: 12000s 

Stop criteria: time 

 

 

Figure 20. Aspen plus model used for the deproteinization reaction. 
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 For simulation purposes the deproteinization reaction set up was specified 

according to the considerations presented in section 3.1.3, taking into consideration the 

following hydrolysis model: 

                              

The hydrolysis model was assumed for each present aminoacid following the reaction 

kinetics data from Table 13. The stoichiometry of all reactions is presented in  Appendix 

2. 

 Deproteinization was carried out under alkaline conditions. The hydroxyl ions 

present in alkaline solutions displaces the water equilibrium, and the hydroxyl group does 

a nucleophilic attack on the carbonyl group, thus breaking the peptide bond.  

 So as to develop an accurate simulation, the set of reactions must be coupled with 

reactions associated to electrolytes, which are loaded from the "Electrolytes Wizard" 

assistant of Aspen Plus. Only meaningful electrolyte reactions were engaged, since the 

reaction conditions favor dissociation reactions and chemical equilibrium, but affect 

hydrates, crystallization and solid formation. The electrolyte reactions used for 

simulations are presented in  Appendix 2. 

 The aminoacid accumulation profile during reaction time is presented in Figure 

21.  The profiles for the hydrolyzed aminoacids show an asymptotic behavior beyond 

6000 seconds of operation, the total deproteinization is reached in 7440 seconds. 

Therefore it is feasible to reduce the time cycle for the deproteinization reaction, since the 

maximum concentration of solubilized aminoacids is almost reached around two hours of 

reaction; thus, the time employed for protein extraction can be reviewed if the product 

quality is not affected by small quantities of residual protein. 
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Figure 21. Aminoacid accumulation profiles in the aqueous phase of the deproteinization reactor 

 The most important variable for this reaction is the sodium hydroxide 

concentration; as it is showed in Figure 22 for phenylalanine, the higher the 

concentration, the higher the velocity of hydrolysis; however, it is not feasible to increase 

the concentration of sodium hydroxide fed to the reactor in order to prevent anticipated 

deacetylation of chitin chains prior to the demineralization stage, affecting the final 

product quality. 
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Figure 22. Phenylalanine production rate as a function of sodium hydroxide concentration. 

d) Reactor R-2 

 The demineralization reaction is simulated according to the experimental results 

presented in chapter 2. This batch reactor operated at atmospheric pressure conditions, 

with constant heat duty in order to maintain the reactor at room temperature (25°C). The 

reaction of solubilization of salts in acid conditions is highly exothermic and requires 

cooling to maintain it under isothermal condition. The results of experimental work 

suggested a stirred tank reactor operation time of 1.17 hours to reach the maximum 

mineral solubilization.  

 The inlet stream to the demineralization reactor was specified similarly to the 

outlet stream coming from the deproteinization reactor. The solubilized proteins were 

discarded from this stream. In practice, the effluent from the deproteinization reactor 

passes through a filtering stage to separate the solid fraction and to proceed to the 

demineralization stage. The parameters for simulation setup of the demineralization stage 

were:  

Pressure: 1 bar 

Constant heat duty: - 140 kW 

Phases: Liquid 
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Cycle time: 4200s 

Stop criteria: time 

 

 
Figure 23. Aspen plus model used for the demineralization reaction. 

 For simulation purposes the demineralization reaction set up was specified 

according to the considerations presented in section 3.1.3, using an acid decomposition 

model for each salt present in the shrimp shells. Next is the reaction model applied for 

mineral carbonates: 

                          
                                       

 The reaction model applied for phosphates is: 

                         
                                         

 Where a,b,c,d and e are the stoichiometric coefficients. The complete reaction is 

presented in Appendix 2. The reaction kinetics applied for those models were presented 

previously in Table 13; the electrolyte set of reactions is presented in Appendix 2. 

 The profile of mineral content in the solid sub-stream is presented in Figure 24.  It 

is noticed that all minerals are dissolved in 2800s. According to these results and the 

experimental kinetics, it is feasible to reduce the time cycle for the demineralization 

reaction.  
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Figure 24. Profile of mineral content in the solid phase of the demineralization reactor 

e) Filter simulation 

 Several filtration stages were implemented throughout the process. The first one 

aimed to separate the pigment-ethanol effluent from the solid fraction, containing chitin, 

proteins and minerals. Aspen Plus simulates filters as vacuum rotary drum filters; these 

kind of continuous filters provide a flexible application of dewatering, washing and 

clarification. The filter consists of a large rotating drum suspended on an axis; the drum is 

covered by a cloth and is immersed in the slurry to be filtered. As the drum rotates the 

slurry is sucked on the surface of the cloth and rotated out of the liquid/solids suspension 

as a cake. The vacuum drum is continuously sucking the cake and taking out the water of 

the cake; finally the cake is discharged as solids.  

 However, as chitosan production is a batch process, it is convenient to perform a 

batch filtration, which has higher efficiency and lower costs. For simulation purposes the 

filters were simulated as standard rotary drum filters available in Aspen Plus. The 

simulation setup data is presented as follows (Tarleton & Wakeman, 2007): 
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Mode: Design 

Maximum pressure drop: 40000 Pa 

Width to diameter ratio: 2 

Rate of revolution: 0.25 rpm 

Angle of filtration: 120 

Filter medium resistance: 4.05x10
9
m

-1
 

Incompressible cake. 

Porosity: 0.4 

Average sphericity: 0.5 

Specific cake resistance: 2.0x10
6 

 

 

Figure 25. Aspen plus model used for filter simulation.
 

 These parameters were used for simulation purposes; they were not necessarily 

the same used for conceptual equipment design presented in chapter 5. The results of 

simulation for the filtering unit are presented in Table 22: 

Table 22. Simulation results for the Filtering Unit. 

Pressure drop 40000 Pa 

Filter diameter 0.1426 m 

Filter width 0.2852 m 

Average particle diameter 0.0044 m 

Surface tension 0.0424 N/m 

Cake thickness 0.0285 m 

Filtration resistance 2000000 m/kg 

Mass fraction of solids in cake 0.9271  

Average porosity 0.40  

Cake compressibility 0  

f) Ethanol recovery 

 The solvent used during astaxanthin extraction must be recovered for further 

recycling and better economy of the process. The ethanol-water solution 80% molar, was 
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heated in a heat exchanger  and evaporated in a single stage evaporator; the outflow was 

condensed in a water cooled heat exchanger.  

 In practice, the ethanol solution was stored in a tank, and fed continuously to a 

heat exchanger, evaporator and condenser; the outflow was finally stored as recovered 

solvent and purged with fresh solvent. The model considered a heat exchanger, a drum 

and a condenser, all of them coupled as it is observed in Figure 26.  The setup of this 

equipment is presented as follows: 

Heater simulation: model HeatX 

Calculation: Shortcut 

Flow direction: Countercurrent 

Type: Design 

Exchanger specification: Cold stream outlet temperature selected as 87°C 

U Specification: Constant U value taken as 471W/m
2
-K 

 

 

Figure 26. Aspen plus model for recovery of solvent for pigment extraction. 

 The heater streams and thermal results generated by the model were the 

following: 
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Table 23. Stream conditions for the heater. 

Hot stream Inlet Outlet 

Stream name STEAM-I STEAM-O 

Temperature (K) 493.15 453.13 

Pressure (bar) 10 10 

Vapor fraction 1 0.497 

Cold stream Inlet Outlet 

Stream name PIGSOL ETHAN-H 

Temperature (K) 298.15 360.15 

Pressure (bar) 1.2 1.2 

Vapor fraction 0 0.993 

Heat duty (W) 438834.296  

 

Table 24. Thermal results from heater simulations. 

Calculated heat duty (W) 438834.3 

Required exchanger area (m
2
) 6.483 

Average U (Dirty) 471 

UA (W/m) 3053.65 

LMTD (K) 143.7 

Number of shells in series 1 

 For the evaporator vessel, the setup of simulation was as follows: 

Separator simulation: model Flash 

Temperature: 86°C 

Pressure: 1 bar 

Vessel type: Instantaneous 

 For evaporator vessel, the simulation results rendered: 

Outlet temperature: 359.15K 

Outlet pressure: 1 bar 

Vapor fraction: 0.996 

 As expected, at the temperature conditions reached in the heat exchanger, it was 

provided enough energy to induce the vapor-liquid equilibrium and perform the recovery 

of solvent. The vapor fraction leaving the evaporation vessel was condensed passing 

through a water-cooled heat exchanger; the liquid fraction contained pigments and lipids 

not present in the vapor equilibrium at the separation conditions. 
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Condenser simulation: model HeatX 

Calculation: Shortcut 

Flow direction: Countercurrent 

Type: Design 

Exchanger specification: Hot stream outlet vapor fraction defined as zero. 

U Specification: Constant U value taken as 471W/m
2
-K 

 The condenser streams conditions and simulation results are presented in Table 25 

and 26, respectively. 

Table 25. Stream conditions for the condenser. 

Hot stream   Inlet Outlet 

Stream name ETHAN-V ETHAN-RE 

Temperature (K) 359.15 351.85 

Pressure (bar) 1 1 

Vapor fraction 1 0 

Cold stream Inlet Outlet 

Stream name WATER-I WATER-O 

Temperature (K) 295.15 320.86 

Pressure (bar) 1.2 1.2 

Vapor fraction 0 0 

Heat duty (W) 380857.75  

 

Table 26. Simulation results for the condenser. 

Calculated heat duty (W) 380857.75 

Required exchanger area (m2) 8.122 

Average U (Dirty) 1000 

UA (W/m) 8122 

LMTD (K) 46.89 

Number of shells in series  1 

 The simulation conditions did account for the required heat duties and equilibrium 

fractions in the separation. Since 100% of solvent was not recovered, fresh solvent must 

be provided, before recycling. This additional volume of ethanol may be added prior to a 

new depigmentation cycle.  

2.2.3. Simulation of the fermentative stage for isolation of chitin.  

 Based on experimental data, a fermentative cycle of 144 hours (6 days) was set to 

achieve high demineralization and deproteinization of shrimp shells.  
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 The raw material was fed to the fermentation reactor after cleaning and grinding; 

there, it was mixed with water and sugars, and later on exposed to lactic acid bacteria. 

The fermentation was carried out with constant agitation, at normal atmospheric pressure 

and a temperature interval between 25°C and 40°C.  For simulation purposes the 

fermenter was assumed isothermal; since the objective was to analyze the fermentation 

efficiency over the chemical isolation, the processing time, demineralization and 

deproteinization degree were key results to compare the performance of the chitin 

isolation techniques. The simulation set up was as follows: 

Pressure: 1 bar 

Constant temperature: 313.15 

Phases: Liquid 

Cycle time: 518400s 

Stop criteria: time 

 

Table 27. Summary of components for the batch-fermentation stream. 

Stream Batch Fermentation  

Stream ID: FERMSTR 

Unit ID Fermenter 

Component ID (kg)  

    WATER 3120.77 

    C6H12-01 389.84 

    C6H12-02 389.84 

    RAW MATERIAL  259.998 

 

 
Figure 27. Aspen plus model for the fermentation reactor. 
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 The lactic acid fermentation generates lactic acid as the main product of bacterial 

metabolism. Along with sugars consumption, bacteria can use proteins and aminoacids as 

nitrogen source, but to do so, hydrolytic enzymes must be synthesized and segregated by 

the microorganism. The reaction set for fermentation modeling considered the presented 

deproteinization and demineralization reactions, in addition to the lactic acid production 

reaction, whose kinetic expressions were previously presented Table 13. The complete 

reaction set for simulation of the fermentative step is presented in Appendix 2, besides 

the electrolyte reactions considered.  

 In terms of chitin isolation, the mineral solubilization took place in less time than 

protein hydrolysis, as it is observed in the reactor profiles for minerals and proteins from 

solid fraction, presented in Figure 28. 

 

Figure 28. Mass accumulation profile for minerals and proteins in the solid fraction of the fermentation 

reactor 
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 The mass of mineral and protein compounds from shrimp shells decreases 

noticeably within the first 36 hours of fermentation; after that, almost all proteins and 

minerals have been hydrolyzed. This behavior coincides with the simultaneous higher 

metabolic activity of bacteria, as it is evidenced by the substrate consumption rate and 

lactic acid production, showed in Figure 29. 

 

Figure 29. Accumulation profile of sugar and lactic acid in the liquid fraction for a fermentation reactor. 

 The sugar consumption and lactic acid accumulation is higher in the first 40 

hours, from practical standpoint it is not feasible to carry out a six-day fermentative 

process to extract minerals and proteins from shrimp shells.  

 As proposed in the previous chapter, it is better to consider a combination of 

fermentative and chemical extraction. In such case it is expected that minerals are totally 

dissolved by action of lactic acid produced through fermentation, in addition to a partial 

deproteinization. Protein removal is completed in an additional stage by chemical 

deproteinization as showed in Figure 7. 

 The simulation of process considering combined fermentative and chemical 

isolation of chitin was performed under the following considerations: 
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 The fermentation time required for total demineralization was set to 41 hours. 

 The pigment extraction takes place after the fermentation cycle. The fermentative 

process does a partial depigmentation of solids; then it must be completed by 

extraction with an ethanol-water solution; however, the quantity of required 

solvent is reduced in 50% since the lactic bacteria performs a partial 

depigmentation of shrimp shells; then, during the fermentation time the remaining 

astaxanthin content in the solids is reduced.  

 The deproteinization time is the same as the one required for chemical extraction; 

however, the sodium hydroxide inlet is also reduced to 50%; consequently, the 

reactor volume required is smaller than the one for the chemical extraction. 

 Demineralization reactor is not required, since lactic acid promotes the total 

solubilization of salts, present in the shrimp shell matrix. 

 The chemical treatment carried out after fermentation follows the same kinetics 

developed for chemical isolation of chitin, presented in section 3.2.3. 

 The units considered for chemical treatment post fermentation were simulated 

under the same conditions previously presented in sections 3.1 to 3.2.3. The inlet 

streams for depigmentation and deproteinization were reduced according to the 

present considerations. 

         The streams definition for the fermentative extraction of chitin is presented in Table 

28.  

Table 28. Input streams to chitosan production process with fermentative - chemical isolation of chitin. 

Stream Raw 

material 

Fermentation 

batch 

Solids feed to 

pigment 

extraction 

Solids feed to the 

deproteinization 

reaction 

Stream ID: RAW FERMSTR EXTRACT R1FEED 

Unit ID Grinder Fermenter Extraction 

tank 

Reactor 1 

Substream 

type: 

 MIXED MIXED MIXED 

Mass flow per 

cycle (kg) 

 3899.7 598 3142 

Phase:   Liquid Liquid Liquid 

Component ID       
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(kmol) 

    WATER  173.23 6.639 166.648 

    C6H12-01  2.16   

    C6H12-02  2.16   

    ETHANOL   10.385 0 

    NAOH   0 3.47 

    HCL   0  

Component ID  

 (kg) 

      

    WATER  3120.77 119.6 3003 

    C6H12-01  389.84   

    C6H12-02  389.84   

    ETHANOL   478.4 0 

    NAOH   0 139 

    HCL   0  

Mass Density 

(liquid 

phase)(kg/m
3
) 

 1125,801 831.646 984.8427 

Substream 

type: 

CIPSD CIPSD CIPSD CIPSD 

Mass flow per 

cycle (kg) 

259.998 259.998 259.998 242.291 

Phase:  Solid Solid Solid Solid 

Component ID 

(kmol) 

        

    C17H3-01 0.06153 0.06153 0.02051 0 

    C40H5-01 1.79E-03 1.79E-03 8.95E-04 0 

    CACO3 0.1331339 0.1331339 0 0 

    CA3(P-01 0.1080997 0.1080997 0 0 

    NA2CO-01 0.0642709 0.0642709 0 0 

    MGCO3 0.0469671 0.0469671 0 0 

    DIP2 0.1047618 0.1047618 2,57E-03 2,57E-03 

    DIP4 0.1047616 0.1047616 2,08E-04 2,08E-04 

    DIPE1 0.0349171 0.0349171 2,08E-04 2,08E-04 

    DIPEP3 0.0349185 0.0349185 2,08E-04 2,08E-04 

    POP3 0.1047515 0.1047515 1,70E-04 1,70E-04 

    C8H15-01 0.3521989 0.3521989 0.3521989 0.3521989 

Component ID 

(kg)  

        

    C17H3-01 16.64 16.64 5.547 0 

    C40H5-01 1.066 1.066 1.02 0 

    CACO3 13.325 13.325 0 0 

    CA3(P-01 33.53 33.53 0 0 
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    NA2CO-01 6.812 6.812 0 0 

    MGCO3 3.96 3.96 0 0 

    DIP2 16.78 16.78 0,4108 0,4108 

    DIP4 28.94 28.94 0,0574 0,0574 

    DIPE1 10.907 10.907 0,0650 0,0650 

    DIPEP3 9.7916 9.7916 0,0584 0,0584 

    POP3 28.74 28.74 0,0466 0,0466 

    C8H15-01 77.91 77.91 77.91 77.91 

Mass Density 

(solid phase) 

(kg/m
3
) 

7033.14 7895.93 7895.93 7895.3 

 The mixed process involving fermentative treatment of shrimp shells, pigment 

extraction and chemical deproteinization was selected as a feasible option to be 

considered in this technical analysis. The simulation of units for grinding, extraction, 

deproteinization, filtration and solvent recovery were carried out under the same 

assumptions and conditions presented in section 3.2.2 items a), b), c) e) and f), 

respectively. The grinding and filtering simulations are exactly the same as previously, 

and therefore are not presented.  

 For extraction, deproteinization and solvent recovery process, results are similar 

to those previously obtained in the simulation of chitin chemical extraction. The results of 

those units for the mixed process of chitin extraction differ according to the inlets 

presented in Table 28.  

a) Mixing tank for pigment extraction 

 The setup of simulation was defined as follows:  

Pressure: 1 bar 

Temperature: 298 K 

Phases: Vapor - liquid 

Cycle time: 2109s  

Stop criteria: time 



 
75 

 Figure 30 present the profile for astaxanthin content. As it is observed the mass of 

astaxanthin (C40H5-01) in the solid fraction decreases rapidly during the first 300 

seconds; then the solubilization rate tends asymptotically to zero.  

 

Figure 30. Astaxanthin profile in solid fraction for the extraction process. 

 Time requirements for total depigmentation in the mixed process was high; 

therefore, the decision-making process must take into account the total time the batch.  

b) Reactor R-1 

 The chemical deproteinization for this mixed process of chitin isolation was 

operated at identical conditions to those for the reactor presented in section 3.2.2.c). 

Since the batch is smaller than the one for the chemical process, the heat duty decreases 

proportionally. Simulation setup for this reactor, according to changes in the inlet stream, 

showed in Table 28, were as follows: 

Pressure: 1 bar 

Constant heat duty: - 11 kW 

Phases: Liquid 

Cycle time: 12000s 

Stop criteria: time 

 The simulation results for proteins in the solid fraction are showed in Figure 31.  
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Figure 31. Aminoacid profile in the aqueous phase for the deproteinization reactor 

 Based on the previous results for the mixed process, it is feasible to reduce the 

batch time to only 2400 seconds instead of 12000 seconds to obtain satisfactory result for 

protein removal.  

c) Ethanol recovery 

 The solvent requirements for pigment extraction following the fermentative stage 

were   less than the amount required for the chemical process. The units related with this 

recovery process were simulated under the same conditions for those presented in section 

3.2.2.f), with adjustment of inflows according to solvent needs. Following is the 

simulation setup.  

Heater simulation: model HeatX 

Calculation: Shortcut 

Flow direction: Countercurrent 

Type: Design 

Exchanger specification: Cold stream outlet temperature selected as 87°C 

U Specification: Constant U value taken as 471W/m
2
-K 

 

 Table 29 shows the heater results generated by the model  
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Table 29. Stream conditions required for the heater used in the mixed chitin isolation process. 

Hot stream Inlet Outlet 

Stream name STEAM-I STEAM-O 

Temperature (K) 493.15 453.13 

Pressure (bar) 10 10 

Vapor fraction 1 0.769 

Cold stream Inlet Outlet 

Stream name PIGSOL ETHAN-H 

Temperature (K) 298.15 360.15 

Pressure (bar) 1.2 1.2 

Vapor fraction 0 0.986 

Heat duty (W) 218712.599  

 

Table 30. Simulation results from the heater used in the mixed chitin isolation process. 

Calculated heat duty (W) 218713 

Required exchanger area (m
2
) 3.23125 

Average U (Dirty) 471 

UA (W/m) 1521.92 

LMTD (K) 143.7 

Number of shells in series 1 

 For the evaporation vessel, the simulation setup was: 

Separator simulation: model Flash 

Temperature: 86°C 

Pressure: 1 bar 

Vessel type: Instantaneous 

 The results obtained for evaporator vessel were: 

Outlet temperature: 359.15K 

Outlet pressure: 1 bar 

Vapor fraction: 0.993 

 As previously mentioned, the vapor fraction leaving the evaporation vessel was 

condensed in a water cooled heat exchanger and the liquid fraction contained the 

remaining pigments and lipids not extracted during fermentation. 

Condenser simulation: model HeatX 

Calculation: Shortcut 

Flow direction: Countercurrent 

Type: Design 

Exchanger specification: Hot stream outlet vapor fraction defined as zero. 
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U Specification: Constant U value taken as 471W/m
2
-K 

 The condenser thermal results generated by the model were as follows: 

Table 31. Simulation results for the condenser used in the mixed chitin isolation process. 

Hot stream Inlet Outlet 

Stream name ETHAN-V ETHAN-RE 

Temperature (K) 359.15 351.84 

Pressure (bar) 1 1 

Vapor fraction 1 0 

Cold stream Inlet Outlet 

Stream name WATER-I WATER-O 

Temperature (K) 295.15 307.98 

Pressure (bar) 1.2 1.2 

Vapor fraction 0 0 

Heat duty (W) 190073.523  

 

 As expected, the results were comparable, but, with less heat duty and heat 

transfer area requirements. The results are shown in Table 32. 

Table 32. Stream conditions of condenser used in the mixed chitin isolation process. 

Calculated heat duty (W) 190074 

Required exchanger area (m2) 3.5274 

Average U (Dirty) 1000 

UA (W/m) 3527.37 

LMTD (K) 53.89 

Number of shells in series  1 

2.2.4. Simulation of conversion of chitin into chitosan 

a) Reactor R-3 

 The decetylation reaction was performed in two stages, as it was presented in 

chapter 2. The first deacetylation step was performed at atmospheric pressure and 90°C, 

while the conditions for the second one were set to 1.2barg and 120°C.  

 In practice, both deacetylation stages were carried out in the same vessel; thus 

reaction design did take into consideration the T and P needs for both stages. This 

hydrolysis is slightly exothermic, but its reaction heat is not high enough to reach and 

hold the temperature requirements. Once the reactor was loaded at room temperature, 

heating was provided. Strictly, isothermal operation was not feasible because the control 
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requirements and heat exchanges design.  Therefore, the dynamics of the reactor was 

simulated as a heat duty profile with constant heat transfer during specific times; a set 

point was fixed to switch off the energy supply once it was reached. Similarly the 

pressure increment for the second stage was set up in the simulation as a pressure profile 

(see Table 33). The setup parameters for simulation of deacetylation stage were as 

follows:  

Phases: Liquid 

First stage, cycle time: 7200s 

Stop criteria: mass fraction of chitin in CIPSD sub-stream equal to 0.2156 

Total cycle time (only if stop criteria is not reached): 16200s 

 

Table 33. Heat and pressure profiles defined for the deacetylation reactor. 

Time Heat duty Pressure 

(s) (kW) (bar) 

0 44.0 1.0 

5350 44.0 1.0 

5351 0 1.0 

7200 0 1.0 

7201 44.0 2.2 

10800 44.0 2.2 

10801 0 2.2 

16200 0 2.2 

 

 
Figure 32. Aspen plus model for the deacetylation reactor. 

 

 The deacetylation reaction is the following: 
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 As for previous reactions, kinetics was presented in Table 13. At this point, the 

raw material has been stripped of almost all its components, leaving only chitin as the 

remaining solid; then, there were less electrolyte reactions involved than in the previous 

processes. The set of electrolyte reactions loaded for the deacetylation process are 

presented in Appendix 2.  

 The conversion of chitin into chitosan was set as a restriction in the reactor model 

solution, then, chitosan with 90% deacetylation degree was reached at 12837s of reaction 

time. The reaction kinetics is temperature and hydroxyl concentration dependent; then, 

the temperature increment turn into a higher reaction rate in the second stage of reaction. 

Only 90% of chitin was deacetylated in order to achieve high quality chitosan. The 

experimental results demonstrated that performing only one stage at high temperature and 

pressure is not feasible, because the deacetylation degree achieved is not as high as 

needed. However, both deacetylation stages were carried out in the same reactor with the 

same reactants, thus requiring just the change in the temperature and pressure conditions, 

after the completion of the first deacetylation stage. Figure 33 shows the chitin and 

chitosan profiles in the reactor during the two deacetylation stages. 
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Figure 33. Chitin and deacetylated chitin profiles in the solid fraction in the deacetylation reactor. 

 Based on the defined heat duty profile, the temperature reaches the desired set 

points (91°C and 121°C) for each stage, without runaway or important temperature 

oscillations.  

 

Figure 34. Temperature profile for the deacetylation reactor. 
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  From experimental work, it was observed a total cycle time of 3 hours under 

strict isothermal conditions, without considering the time of heating needed to reach the 

appropriate temperature. The cycle time obtained from simulation indicated the need for 

approximately 3.6 hours, having into considerations that the required temperature was not 

reached instantaneously.  

Table 34. Deacetylation reactor streams. 

Stream Reactor feed Deacetylation products 

Stream ID RMIX2 CHITSOL 

Unit ID Reactor 3 Reactor 3 

Total Mass Flow (kg/s) 1956.67 1956.67 

Substream:  MIXED MIXED 

Phase:  Liquid Liquid 

Component ID (kmol) 
 

 

    C2H3N-01 0 0.096 

    WATER 52.331 52.331 

    NAOH 23.401 23.305 

Component ID (kg) 
 

 

    C2H3N-01 0 7.877 

    WATER 942.775 942.78 

    NAOH 936.0 932.16 

Mass Density 1509.039 1415.135 

Substream:  CIPSD CIPSD 

Phase:  Solid Solid 

Component ID (kmol) 
 

 

    C8H15-01 0.3522 0.2562 

    CHS1 0 0.0960 

Component ID (kg) 
 

 

    C8H15-01 77.91 56.668 

    CHS1 0 17.205 

Mass Flow 77.910 65.800 

Mass Density 7895.290 4855.128 

 

 

 

 

b) Dryer simulation 
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 The drying of final product was simulated assuming a final content of humidity of 

10% in the chitosan obtained after filtration and subsequent deacetylation reaction. A 

chitosan (CIPSD) and water (MIXED) stream at 25°C and 1 bar of pressure was defined 

as inlet to the dryer model. For simulation purposes an air stream with 10% of absolute 

humidity entered as drying media and the load of solids was projected to be dried in 30 

minutes. For this specific unit, the property method used for the gas phase was Soave-

Redlich-Kwong; however, for water data, the Steam Tables were used. The settings for 

the simulation of the dryer unit were as follows: 

Pressure: 1.4 bar 

Superheat: 20°C 

Property method: Soave-Redlich-Kwong - Steam Tables 

 

 

Figure 35. Aspen plus model for the drying unit. 

 The results of heat duty and temperature requirements are the main data; this data 

is important to perform the conceptual design of drying equipment. Following are the 

results: 

Exhaust gas temperature: 116.96°C 

Exhaust gas dew point: 96.96°C 

Exhaust superheat: 20°C 

Calculated duty: 35.5 kW. 

 The outlet stream of the dryer unit is finally chitosan totally dried. This chitosan 

can be sent to a pulverizer unit, according to market requirements. 
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 After simulation of the different options for chitin isolation and its conversion into 

chitosan, two processes were analyzed from an economic point of view, hereinafter 

referred to as Process 1 and Process 2, respectively. 

 The process 1 used a chemical method for chitin isolation. Initially pigment 

extraction, followed by deproteinization with alkaline solution and demineralization with 

acid solution were performed. Once chitin was purified, it was treated with a 

concentrated sodium hydroxide solution to finally produce chitosan. Process 1 matches 

the flowchart presented in figure 5; its economic analysis was  based on the technical 

simulation results presented in section 3.2.2 and 3.2.4. According to those results 

investment and operational costs were projected to discuss the feasibility of the process, 

under economical and technical criteria. For illustration purposes the process diagram of 

Process 1 is showed in Figure 36; it is necessary to make it clear that the figure does not 

correspond to a simulation and presents some additional elements to provide 

connectivity, specifically some streams, mixers 1 to 4 and filters 1 to 5. As it has been 

presented throughout this chapter, the units were simulated separately since it was a batch 

process. 

 



 
85 

 Figure 36. Process diagram for chitosan production with chemical extraction of chitin (Process 1) 
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 As it was discussed in section 3.2.3, the fermentative treatment of shrimp shells to 

extract pigments, proteins and minerals took 6 days of fermentation with a solid liquid 

relation of 1:4.6, requiring approximately a 5m
3
 fermenter per ton of shrimp shells 

loaded. This fermentation entails a total demineralization in 1.7 days; however 

depigmentation and deproteinization was never completed. Therefore,  further treatments 

were required. Fermentation treatment of shrimp shells is a promising alternative 

considering the process effluents and environmental considerations, yet time 

requirements and deproteinization and depigmentation levels must be further improved in 

order to generate a more economic and less time consuming process.  

 Regarding the product quality, the total depigmentation, demineralization, 

deproteinization and deacetylation degrees are the main features. The fermentative 

process was not able to perform these extractions completely; besides, processing time 

and fermentation volumes were limiting in this kind of process. It is feasible to select as 

process 2 a combination of fermentative and chemical process for chitin isolation, as it 

was discussed in section 2.3.2, and simulated in section 3.2.3. The deacetylation process 

is invariant with respect to the chitin production method. The process 2 resembled the 

flowchart diagram presented in Figure 7 of chapter 2; Figure 37 shows the complete 

process diagram. 
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Figure 37. Process diagram for chitosan production with fermentative-chemical extraction of chitin  

(Process 2) 
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 The process 2 takes some stages from the chemical method for chitin isolation; 

this is, pigment extraction and chemical deproteinization with alkaline solution. Once 

chitin was purified it was treated with concentrated sodium hydroxide solution to obtain 

chitosan. The economic analysis for such a process is presented in chapter 4. A summary 

of equipment and streams present in the process diagrams (Figures 36 and 37) is 

presented in Tables 35 and 36: 

Table 35. Summary of the equipment present in the process diagrams for processes 1 and 2.  

Diagram 

Name 

Plant 

Equipment 

Function 

COND Condenser Represents condensation unit of ethanol solution recovered at the 

azeotropic point 

CRUSH Crusher Represents size reduction unit for the raw material 

DRY Dryer Represents drying unit for elimination of humidity from chitosan 

EVAP Evaporator Represents evaporation drum for recovery of depigmentation 

solvent.  

EVAP-HX Boiler Represents the heating of ethanol solution to promote the 

azeotropic evaporation 

F-1 Filter Represents filtration of the solid depigmented material 

F-2 Filter Represents filtration of the solid deproteinized material 

F-3 Filter Represents filtration of the solid demineralized material 

F-4 Filter Represents filtration of the solid phase from fermentation mixture. 

F-5 Filter Represents filtration of deacteylation solid product 

MIXER Depigmentation 

tank 

Represents the depigmentation unit 

MIX1  Represents the mixing of solid material with the alcoholic 

extraction solution 

MIX2  Represents the mixing of depigmented solid material with sodium 

hydroxide aqueous solution for deproteinization. 

MIX3  Represents the mixing of deproteinized solid material with 

hydrochloric acid aqueous solution for demineralization 

MIX4  Represents the mixing of demineralized solid material with sodium 

hydroxide concentrated aqueous solution for deacetylation 

MIX5  Represents the mixing of crushed shrimp shells with aqueous 

solution of sugars, microorganism, and nutrition broth for 

fermentation. 

R-1 Batch reactor Represents the deproteinization reactor  

R-2 Batch reactor Represents the demineralization reactor 

R-3 Batch reactor Represents the deacetylation reactor 

R-4 Batch reactor Represents the fermentation reactor 
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Table 36. Summary of streams present in the process diagrams for processes 1 and 2.  

Stream 

name 

From 

(equipment) 

To 

(equipment) Phase Qualitative description 

ACETSOL F-5 

 

Aqueous solution 

Sodium acetate, sodium 

hydroxide from deacetylation 

reaction 

AIR-W DRYER 

 

Gas-vapor Humid air from product drying 

AIR-H 

 

DRYER Gas Hot air for product drying 

CHITO-W F-5 DRYER Wet solid Deaceylated chitosan 

CHITOSAN DRYER 

 

Dry solid 

Deaceylated chitosan (final 

product) 

CHITSOL R-3 F-5 

Aqueous solution, 

solid suspended 

Deacetylated chitosan, sodium 

acetate, sodium hydroxide 

DEMIN R-2 R-PURGE 

Aqueous solution, 

suspended solid  

Depigmented, demineralized 

anddeproteinized chitin. salts, 

acid aqueous solution 

DEPIG F-1 MIX2 Wet solid Depigmented solid material 

DEPROT R-1 F-2 

Aqueous solution, 

suspended solid  

Deproteinized solid material, 

hydrolyzed proteins, alkaline 

aqueous solution 

ETHAN-H EVAP-HX EVAP Saturated liquid Ethanol-water 

ETHANOL 

 

MIX1 Liquid Ethanol-  water solution 

ETHAN-RE COND 

 

Liquid Ethanol-water solution 

ETHAN-V EVAP COND Saturated vapor Ethanol- water 

EXTRACT MIX1 MIXER 

Alcoholic solution, 

suspended solid  

Ethanol-  water solution, crushed 

raw material 

FERM R-4 F-4 

Aqueous solution, 

suspended solid 

Demineralized, partially 

depigmented and deproteinized 

solid material, fermentation 

products 

FERMSTR MIX5 R-4 

Aqueous solution, 

suspended solid 

Solid material, glucose, fructose 

aqueous solution 

FILTFEED MIXER F-1 

Alcoholic solution, 

suspended solid 

Ethanol - water - pigments 

solution, depigmented solid 

material 

GRIND CRUSH MIX1 Solid Grinded raw material 

HCL 

 

MIX3 Aqueous solution Hydrochloric acid 

LIQUID DRYER 

 

Vapor Water 

NAOH 

 

MIX2 Aqueous solution Sodium hydroxide 

NAOH-2 

 

MIX4 Aqueous solution Sodium hydroxide 

PIGMENT EVAP 

 

Wet solid 

Pigments and residual ethanol- 

water 

PIGSOL F-1 EVAP-HX Alcoholic solution 

Ethanol - water - pigments 

solution 

R1FEED MIX2 R-1 

Aqueous solution, 

suspended solid  

Solid material, aqueous sodium 

hydroxide 

R2FEED F-2 MIX3 Wet solid Deproteinized solid material 
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R3FEED F-3 MIX4 Wet solid 

Depigmented, demineralized, 

deproteinized chitin 

RAW 

 

CRUSH Solid Solid raw material (shrimp shells) 

RAW-FERM F-4 MIX1 Wet solid 

Demineralized, partially 

depigmented and deproteinized 

solid material 

RMIX1 MIX3 R-2 

Aqueous solution, 

suspended solid  

Solid material, aqueous 

hydrochloric acid 

RMIX2 MIX4 R-3 

Aqueous solution, 

suspended solid  

Demineralized, deproteinized 

chitin, sodium hydroxide 

SOLMIN F-3 

 

Aqueous solution 

Calcium, sodium, magnesium 

chlorides, carbon dioxide, 

hydrochloric acid 

SOLPROT F-2 

 

Aqueous solution 

Hydrolyzed proteins and 

peptides, sodium hydroxide 

STEAM-I 

 

EVAP-HX Overheated steam Water 

STEAM-O EVAP-HX 

 

Saturated steam Water 

SUGARS 

 

MIX5 Aqueous solution Water, glucose, fructose 

WATER-I 

 

COND Liquid water Water 

WATER-O COND 

 

Liquid water Water 

 All simulations were executed based on product requirements, i.e., total 

depigmentation, demineralization, deproteinization and a deacetylation degree of 90%. 

The main objective was to determine which process was technically feasible and had the 

less associated cost. At this point, it is clear that all stages considered for chitin isolation 

and chitosan production were feasible from the technical standpoint, since the 

technology, equipment, raw material and reactants required were available; then, 

discussion about feasibility is often focused on selection of a more economic process and 

generation of the higher profitability.  

 The processes 1 and 2 are technically feasible and the consideration of a 

fermentative stage to demineralize in process 2 is a promissory alternative to reduce the 

environmental impact of chitosan industrial production. However, the economy of the 

selected process is the main concern for potential investors. The economic study and 

discussion about economy of the processes considered is the main subject of next chapter. 
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CHAPTER 4. ECONOMICAL STUDY 

 Chapter 3 of this thesis dealt with the technical study, as a fundamental basis for 

the economic study. Under the considerations of a market survey, the cash flow is 

projected throughout the planning horizon, so as to get enough information to apply the 

criteria for determining the viability of the project.  

 Capital budgeting is the planning process used to determine whether an 

investment such as new machinery, replacement machinery, new plants, new products, 

and research development projects impacts positively the earnings and capitalization in a 

given planning horizon. The capital budgeting and project evaluation is based on cash 

flows with the project and without the project i.e., these methods use the increasing cash 

flow from each potential investment or project; the standard methods in capital budgeting 

are (Towler & Sinnott, Economic evaluation of projects, 2013): 

 Accounting rate of return 

 Payback period 

 Net present value 

 Profitability index 

 Internal rate of return 

 Modified internal rate of return 

 Equivalent annuity 

 Real options valuation 

 Projects are sets of investments looking for specific objectives, frequently to 

increase the profits of the company. Companies and investors invest their funds in assets 

that produce income and outcome of money known as cash flows.  The company must 

finance its operations and pay its debts; as an option the company may reinvest in more 

assets or pay to its owners. Such assets represent the company's capital, comprised of all 

tangible and intangible assets as land, buildings, equipment and machinery, accounts 

receivable, notes, stocks, and bonds.  
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 The investment decisions are taken on the basis of comparison of different 

options; each of these options is a project itself. The decision about feasibility of projects 

is based on projection of income statements, cash flow and determination of indicators, 

previously mentioned. For the case of investment on chitosan production, at a large scale 

process, two investment options were evaluated, and increasing cash flow comparing 

both projects was determined, in order to calculate the net present value and discuss 

about their viability. 

4.1. Market study 

 Nowadays projections places the chitosan world production in a range of 22000-

25000 tonsfor 2015. This amount does not meet the growing global demand for chitosan 

applications such as chelating and flocculent agent in wastewater treatment, ingredient in 

formulations of cosmetics and as food supplement, among others. Most of chitosan 

producers expect to see an explosive growth in sales, once some specific chitin and 

chitosan applications would be recognized, evaluated and regulated by health legislations. 

 The projected worldwide market for chitosan was estimated in 13730 metric tons 

per year in 2010 and is expected to increase to 40645 metric tons by 2018. In the current 

year 2015 Japan constitutes the largest chitosan market with 51.4% of the global demand; 

the U.S. market represents 34.2% and the Asia -Pacific region 24.9%. 

 The European market for chitosan is not as large as the Japanese market; 

however, there are companies involved not only in the production but also in research 

activities aim at finding potential applications, especially in biopharmaceutical industry. 

Most of these companies operate in Iceland, Netherlands, Norway, Poland and Germany 

as part of innovative businesses in the field of biopolymers (Pastor, 2004). 

 In Asia, it is remarkable the participation of Japan as the first producer and 

marketer of chitin and chitosan products; 70 % of Asiatic production comes from Japan, 

India and China; also Japan has a considerable number of factories processing chitin and 

chitosan from shrimp waste. 
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 The market for chitosan products lies mainly on nutraceuticals, preservatives, 

formulations for cosmetics, biomedical and pharmaceutical applications, agricultural 

uses, water treatment, textiles and paper industry (Peniche, Argüelles-Monal, & 

Goycoolea, Chitin and Chitosan: Major Sources, Properties and Applications, 2008); the 

largest segment is cosmetics/toiletries while the fastest-growing area is food and 

beverages (Global Industry Analysts, 2012). The approximated distribution of chitin 

derivatives market is summarized in the figure 38 (Kristbergson, Einarsson, Hauksson, & 

Gislason, 2003): 

 

Figure 38. Approximated chitosan market distribution. 

 The 92 % of market share is distributed among the first five industries; these 

industries use industrial grade chitosan, at lower price due to the less quality 

requirements. The market of industrial grade chitosan is highly developed and implies 

lower risk. In contrast, the market of medical and pharmaceutical applications presents 

higher value products and prices, but this high quality chitosan must fill strict regulations 

and standards, resulting in more expensive products (Suman Project Consultants Pvt. Ltd 

2011). 
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 In the process of identifying a potential market for a prospective chitosan 

processing plant in Colombia, the U.S market seems to be the most promising alternative, 

since there are different economic cooperation agreements between both countries; 

besides the U.S. is the main destination of Colombian exportations.  

 With respect to market distribution of chitosan by end use, the trend in the US 

market is the change to companies that promote high added value applications in 

emerging fields such as genomic medicine and biomedicine. Moreover, the market for 

nutritional supplements continues to grow and consumers are demanding high product 

purity and bioactivity (Pastor, 2004). The market numbers for chitosan by end use 

application is presented in Appendix 2. 

 In terms of production, Latin America could generate up to 12% of chitinous 

material needed worldwide, around 170000 tons/year, which can be transformed into 

25000 tons/year of chitin or chitosan. Some countries in the region have small companies 

producing chitin and chitosan or its derivatives, specially directed to the agricultural 

sector (Haas, 2011).  

 The projected world market for 2015 is around 21 billion dollars and 21400 

metric tons per year. According to this data, the mean growth for chitosan market is 16 % 

per year. The behavior of the price is related directly with quality, varying between 20 

and 100 USD per kg. In fact, the demand for chitosan is increasing and the volume of 

production is insufficient according to projections and growth of different fields 

depending on chitosan as raw material (Suman Project Consultants Pvt. Ltd, 2011). 

 The main considerations to define the price structure are production costs, 

logistics, supply, demand and competitors conditions(UNIDO - United Nations Industrial 

Development Organization, 1994). The market assumptions applied for this economic 

analysis are presented next: 

a) Market segmentation: the target is to satisfy the internal demand for chitosan of 

industrial grade (70% DD), mainly to be used in wastewater treatment, cosmetic 
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and food industry. The excess of production will be exported to U.S. taking 

advantage of commercial agreements, already established. 

b) Pricing policy: price of chitosan has been steady during the last 20 years; it ranges 

from 20 to 100 USD per kg. Usually, the selling price of chitosan has been around 

50% over the production costs, assuring the profits margin for the producers. The 

price of chitosan is mainly established by the market´s behavior. 

c) Logistics: initially, chitosan will be sold directly to companies through 

institutional channels as raw material for different applications. In the future, 

some product lines can be established to commercialize chitosan to final users. 

Product is moved through ground transportation from the plant in Medellin, 

Colombia to the client or to the harbor; the costs are determined according to the 

current freight charges. 

d) Competition: the local competition is minimum or nonexistent; chitosan is not 

produced in Colombia; however, it is currently imported from China.  China 

partly supplies the world market; its production capacity and competitive 

advantages, has allowed the prices to remain stable during almost the past 20 

years. Chitin and chitosan coming from Asia have different quality options: 

industrial grade, food grade and pharmaceutical grade; however, there are 

noticeable differences in prices offered by different suppliers for the same 

product, thus generating uncertainties about the real quality of the product. Prices 

detected in the competition are in the range of 20USD/kg to 70USD/kg chitin, 

with a mean value for chitosan 90% deacetylated of 45USD, price FOB (Alibaba 

Group Holding Limited). 

e) Sales volume: sales are related directly with production volume, which is limited 

by the raw material availability. For this case, 20 tons/month of shrimp waste is 

assured; however, related shrimp companies would be able to provide further raw 

material, if needed.  It is expected that the processing of 20 tons of shrimp shells 

would generate 1300 kg of chitosan 90%DD. 
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        The volume of chitosan produced by a local plant is not significant in a worldwide 

market of approximately 25000 tons. Therefore, the projected production volumes in this 

study will be below the global product demand; the goal is to substitute the chitosan 

imports by local production.  

4.2. Process costs 

 Costs related with production of goods are usually considered separately as: 

manufacturing direct costs (mainly raw material), manufacturing indirect costs (utilities, 

energy, variable costs), packaging, labor costs, and start up (Towler & Sinnott, Economic 

evaluation of projects, 2013). 

 In the present work, the process costs are considered as raw material, reactants 

and energy costs, according to the technical study, early experimental work and 

simulations. In chitosan production these process costs are the most determinant in the 

final price of the product. 

3.2.1. Raw material and reactant costs 

 The cost of reactants were determined according the following data: 

 Sea transportation charge from China per 20ft
3
 container: 3500 USD → 0.124 

USD/kg 

 Forwarder fee: 1500 USD per container → 0.053 USD/kg 

 Nationalization fee: 0.3% over the price in Colombian harbor 

 Ground transportation charge in Colombia per 20ft
3
 container: 1000 USD → 

0.036 USD/kg 

      The prices and the country of origin of the material are presented in Table 37.  

Table 37. Material prices and origin (Alibaba Group Holding Limited), (Asocaña)  

Material Price Origin 

Sodium hydroxide (solid - 99%) 500 USD/Ton China 

Hydrochloric acid (aqueous solution - 35%) 150 USD/Ton China 

Ethanol 2.14 USD/gallon Colombia 

Water 1700 COP/m
3
 Colombia 
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Sugar 742000 COP/Ton Colombia 

 Using data in Table 37 and the corresponding fees, the costs for input streams into 

each process were calculated, assuming no cost for shrimp waste, generated by the 

company. The prices per stream are presented in table 38. 

Table 38. Material stream costs for processes 1 and 2 (Alibaba Group Holding Limited), (Asocaña), (EPM). 

Stream name Process 1 (Price USD/kg) Process 2 (Price USD/kg) 

RAW 0 0 

ETHANOL 0.8 0.8 

NAOH 0.042 0.042 

HCL 0.0454 0.0454 

NAOH-2 0.32 0.32 

CHITOSAN 35 35 

WATER 0.000852 0.000852 

SUGARS - - 0.371 

 On the basis of this data, the processing of 1 Ton/cycle of shrimp waste was 

simulated. Since each input stream was assumed as fresh reactant, the costs per cycle of 

process 1 were as follows: 

 Ethanol (Depigmentation): 956.8 USD/cycle 

 HCl solution (Demineralization): 124.6 USD/cycle 

 NaOH solution (Deproteinization): 262 USD/cycle 

 NaOH solution 1 (Deacetylation) : 600 USD/cycle 

     For a cycle, performed using fresh reactants, the net cost of materials and product 

were:  

 Net cost of materials (as fresh reactants): 1943.4 USD/cycle 

 Net cost of products: 2303 USD/cycle 

 Net cost flow: 359.6 USD/cycle 

    For process 2, and knowing that each input stream was assumed as fresh reactant, the 

costs per cycle were as follows: 
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 Ethanol (Depigmentation): 478.8 USD/cycle 

 NaOH solution (Deproteinization): 131 USD/cycle 

 NaOH solution 1 (Deacetylation) : 600 USD/cycle 

 Water (Fermentation): 2.7 USD/cycle 

 Sugars: 288 USD/cycle 

    For a cycle, performed using fresh reactants, the net costs of materials and product 

were:  

 Net cost of materials (as fresh reactants): 1491.5 USD/cycle 

 Net cost of products: 2303 USD/cycle 

 Net cost flow: 811.5 USD/cycle 

     At first sight, the net cost flow and potential profits per cycle, for both processes, were 

very low; the relationship between reactant costs and product profit were not very 

attractive; the energy costs and investment have not been included yet. In order to reduce 

the production costs, it was necessary to consider the following operation decisions: 

 First of all, the solvent for pigment extraction had the highest cost in the whole 

process; then, this solvent must be recovered by evaporation to be reused in the 

processing of future batches, thus reducing considerably the associated cost. The 

ethanol-water mixture was recovered at the azeotropic point by evaporation and 

further condensation. 

 The second higher cost was the concentrated sodium hydroxide solution for 

deacetylation of chitin; most of this sodium hydroxide in the aqueous solution 

does not react in the deacetylation stage. Therefore, the effluent contained sodium 

acetate and large amounts of unreacted sodium hydroxide, since only 1.82% mass 

reacted hydrolyzing the acetamide group. Due to the excess of sodium hydroxide, 

it was possible to recycle it for a further deacetylation stages, after a preclusive 

purge. 
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     Purges were performed renewing 5% of both solutions; hence, the cost of every batch 

processed clearly decreased.  

 Cost of ethanol purge, process 1: 47.84 USD/cycle 

 Cost of ethanol purge, process 2: 23.92 USD/cycle 

 Cost of NaOH solution purge: 42 USD/cycle 

    By implementing these changes in the process, the net cost of materials for both 

processes became (Table 39): 

Table 39. Net costs of materials per cycle for process 1 and 2. 

Process Cost of materials per cycle 

Process 1 (physical-chemical) 476.44 USD 

Process 2 (fermentative-physical-chemical) 475.64 USD 

3.2.2. Energy costs 

 The energy requirements were obtained from heat and cooling duties; these 

results were acquired from simulation of both processes using Aspen Plus, adding a 

security factor of 20%. In addition to heat and cooling duties, calculations for costs of 

steam generation, cooling, agitation, compression and pumping were calculated by 

shortcut methods to get a quick appraise of the energetic costs involved in processing a 

batch of shrimp waste, and to compare both processes of production under the same 

parameters.  The energy requirements for process 1 and 2 are presented in Tables 40 and 

41.  

Table 40. Energy requirements for process 1. 

Equipment Energy per cycle Energy flow rate  Source 

Grinder 875.88 kJ/cycle 0.97 kJ/s Electricity 

R-1 (Deproteinization) Heating: 933.12 MJ/cycle 129.6 kJ/s Steam 

R- 2 (Demineralization) Cooling: -386,4 MJ/cycle -140 kJ/s Cooling water 

R-3 (Deacetylation-1) Heating: 176.69 MJ/cycle 22.26 kJ/s Steam 

R- 3(Deacetylation-2) Heating: 82.94 MJ/cycle 23.04 kJ/s Steam 

Pumping 21.96 MJ/cycle 3.05 kJ/s Electricity 

Agitation 6.7 MJ/cycle 0.93 kJ/s Electricity 

Compression 167.7 kJ/cycle N/A Electricity 

Evaporation 1570.21 MJ/cycle 436.17 kJ/s Steam 

Condensation -1570.21 MJ/cycle -436.17 kJ/s Cooling water 

Steam demand 0.28 kg/s 

Cooling water demand 3.94 kg/s 

Electricity demand 4.95 kW 
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Table 41. Energy requirements for process 2. 

Equipment Energy per cycle Energy flow rate  Source 

Grinder 875.88 kJ/cycle 0.97 kJ/s Electricity 

R-1 (Fermentation) Cooling: -389.66 MJ/cycle -2.64 kJ/s Cooling water 

R-2 (Deproteinization) Heating: 388.8 MJ/cycle 54 kJ/s Steam 

R-3 (Deacetylation-1) Heating: 176.69 MJ/cycle 22.26 kJ/s Steam 

R- 3 (Deacetylation-2) Heating: 82.94 MJ/cycle 23.04 kJ/s Steam 

Pumping 12.2 MJ/cycle 1.7 kJ/s Electricity 

Agitation 10.44 MJ/cycle 1.45 kJ/s Electricity 

Compression 167.7 kJ/cycle N/A Electricity 

Evaporation 763.04 MJ/cycle 211.96  kJ/s Steam 

Condensation -763.04 MJ/cycle -211.96 kJ/s Cooling water 

Steam demand 0.208 kg/s 

Cooling water demand 1.47 kg/s 

Electricity demand 4.12 kW 

For economic calculation of utilities costs the following assumptions were made: 

 The cooling energetic value for water was taken as -146 kJ/kg yielding an 

approximated increment of 35°C of cooling water during the process. 

 The heating value for the steam was set to 1500 kJ/kg at 10 bar; the initial state 

was overheated steam at 10 bar and 220°C; the final state was saturated steam at 

10 bar and 50 % quality. 

     For calculation of energy costs, the following considerations were made: 

 Steam generation costs were calculated according to the method presented in a 

technical article by Thermal Engineering (Thermal Engineering LTDA, 2011), 

considering that fuel is 93% of the total cost for steam generation. 

 Fuel cost for natural gas was set to: 1053.91 COP/m
3
 (EPM); 1 m

3
 natural gas 

(25°C and 1.01 bar) corresponds to 40.83 moles of natural gas or 654.9 g. 

 Electric energy costs according to the provider was set to 489 COP/kWh (EPM).  

 For process 1, the steam requirements were considered to be fulfilled by a 

commercial boiler of 125 BHP and 4313 lbs/h (Hurst Boiler and Welding Co.).  

 For process 2, the steam requirements were fulfilled by a commercial boiler of 70 

BHP and 2415 lbs/h (Hurst Boiler and Welding Co.). 
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 The water cost for cooling services for process 1 were determined according to 

energy and water consumption of a commercial evaporative cooling equipment of 

170 TR for 33730 lbs/h. 

 The water cost for cooling services for process 2 were determined according to 

energy and water consumption of a commercial evaporative cooling equipment of 

102 TR  for 19900 lbs/h. 

 Pumping power requirements and costs were determined for operation of a 

refrigeration circuit during processing of a batch of raw material. 

 Compression was required only for the second stage of deacetylation, to provide a 

2.2 bar atmosphere within the reactor.  

 Agitation was considered for all reactive stages; depigmentation was taken into 

consideration in both processes. 

 The shrimp shells were assumed as previously dried; however, the drying of 

shrimp shells prior to size reduction consumes an important amount of energy 

(2000 kW during 1800 seconds for the considered batch), and this solid is added 

further to aqueous solutions during different stages of the process, thus requiring 

drying as a final step. Alternatives for wet milling must be explored and 

optimized from an experimental standpoint to find appropriate conditions to 

perform size reduction without the need of previous drying, thus reducing the 

energy consumption of pretreatment. 

       A Summary of process costs, without considering raw material pretreatment, reactor 

loading and unloading, are presented in Tables 42 and 43. 

Table 42. Energy costs per cycle for process 1. 

Utility Energy  

requirements 

Energy source Energy 

costs 

Other costs Total costs 

Steam 2762.96 MJ/cycle 108 m
3
 Natural gas 56.9 USD Electricity (1%) 

Water (2%) 

Treatments (1%) 

Operation (3%) 

61.2 USD  

Cooling 

water 

-1956.61 

MJ/cycle 

70.5 MJ Electricity  4.8 USD Evaporation losses 

(86%) 

Pumping (6.4%) 

69.9 USD 
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Electricity 29.66 MJ/cycle 23.74 MJ Electricity 1.8 USD Inefficiencies 

(15%)  

2.12 USD 

 

Table 43. Energy costs per cycle for process 2. 

Utility Energy  

requirements 

Energy source Energy 

costs 

Other costs Total costs 

Steam 1663.83 MJ/cycle 

1411.47 

72 m
3
 Natural gas 37.9 USD Electricity (1%) 

Water (2%) 

Treatments (1%) 

Operation (3%) 

40.8 USD  

Cooling 

water 

-1152.7MJ/cycle 33.9 MJ Electricity 2.3 USD Evaporation 

losses (86%) 

Pumping (6.4%) 

33.6 USD 

Electricity 23.64 MJ/cycle 23.64 MJ Electricity 1.4 USD Inefficiencies 

(15%)  

1.6 USD 

 

 The cost of energy for both processes was (Table 44): 

Table 44. Costs of energy per cycle for processes 1 and 2. 

Process Cost of energy per cycle 

Process 1 (physical-chemical) 133.22 USD 

Process 2 (fermentative-physical-chemical) 76 USD  

3.2.3. Costs and expenses 

 Costs consist of funds used by the company to produce its items for sale, from 

previous results of material and energy costs, added to labor costs and packaging costs; 

the manufacturing cost or production charge was calculated per kilogram of chitosan 

produced. Direct labor cost related to production of chitosan was calculated assuming 

five employees, earning the minimum wage. The manufacturing costs are presented in 

Table 45.  

Table 45. Manufacturing costs per unit for process 1 and 2. 

Item Manufacturing costs (USD/kg) 

Process 1 Process 2 

Materials 7.24 7.28 

Packaging 0.05 0.05 

Energy and utilities 2.02 1.15 

Labor 1.80 1.80 

Total 11.11 10.28 

 Expenses represent the charges of the business operation; these expenses are 

referred as “operative expenses”, they include management, administrative fees and 
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salaries, sales, trade and marketing, logistics, insurance, and transportation; in this case 

wastewater treatment was included as part of operative charges. The operative expenses 

are presented in Table 46: 

Table 46. Operative expenses expected for process 1 and 2. 

Operative expenses % Over sales 

Process 1 Process 2 

Management 6.0% 6.0% 

Wastewater treatment 4.0% 2.0% 

Trade 5.0% 5.0% 

National marketing 5.0% 5.0% 

International marketing 5.0% 5.0% 

National logistics. Distribution, sales 5.0% 5.0% 

International logistics. Distribution, sales 8.0% 8.0% 

4.3. Investment in fixed assets 

 The development of a new industrial plant requires a strong investment in assets 

required to start the production of goods. Investments in assets are cash outflow; they 

are subtracted in year 0. Fixed assets are long-term tangible properties used in the 

production of incomes and it is not expected to be consumed or converted into cash in 

the short term (Towler & Sinnott, Economic evaluation of projects, 2013). The lands, 

buildings, all machinery and equipment, furniture and vehicles were considered as 

fixed assets for chitosan production.  

3.3.1. Machinery and equipment 

 Important investments were required in machinery and plant equipment for 

chitosan production, including auxiliary equipment. In the present evaluation the main 

equipment for the process was considered, auxiliary equipment as hopper, weighting and 

receiving equipment, storage and conservation equipment, and other pre-treatment and 

post-treatment equipment, were also included, in the vehicles and furniture item.  

 According to the base case definition (260 kg dry shrimp shells per batch) and the 

results of the technical study presented in chapters 2 and 3, the cost of basic equipment 

considered to process a batch of shrimp shells are summarized in Table 47 and 48: 
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Table 47. Machinery and equipment investment for process 1 (Alibaba Group Holding Limited). 

Equipment Low cost 

(USD) 

Mean cost 

(USD) 

High cost 

(USD) 

Quantity 

required 

Technical specification 

Washer  1500 2025 2550 Min: 1 

Opt: 2 

Capacity 1500kg - washing tank 

(8m×1.5m×140m) - 2.2kW motor 

Rotary drum dryer 10000 13500 17000 Min: 1 

Opt: 1 

Volume 2.26 m3 - 0.6m diameter -

8m length - 8rpm - 4kW 

Ball mill 9000 12150 15300 Min:1 

Opt:2 

200L/h - 5.5 kW 

Nutsche filter 11000 14850 18700 Min:2 

Opt: 4 

Volume 120L - 1 to 3 Ton/h - 0.4m 

diameter - 1.2m height 

Depigmentation tank 3430 4630 5831 Min: 1 

Opt: 1 

Volume 1839L - 1020mm diameter - 

2040mm height - Torispherical - SS 

304 

Demineralization 

reactor 

6525 8809 11093 Min: 1 

Opt: 1 

3500 L - 1425mm diameter - 1900 

mm height - ASME F&D/ 

Torispherical - Hastelloy B2-
Agitation 4kw 

Deproteinization 

reactor 

11250 15188 19125 Min: 1 

Opt: 1 

7970 L - 1875mm diameter - 
2500mm height - ASME F&D/ 

Torispherical - SS 304 -Agitation 

4kw 

Deacetylation reactor 7430 10030 12631 Min: 1 

Opt: 1 

2500 L - 1275mm diameter - 1700 

mm height - ASME F&D/ 

Torispherical -  Monel 400 -
Agitation 4kw 

Single effect 

evaporator 

10000 13500 17000 Min: 1 

Opt: 1 

Capacity 1200 kg/h - steam pressure 
0.09 to 0.25 MPa - vacuum degree 

0.08 MPa - 2m x 1m x 3m 

Natural gas steam 

boiler 

37500 50625 63750 Min: 1 

Opt: 1 

125 BHP - 4313 lbs/h - 4.8 m x 2 m 

x 2m 

Package machine 5000 6750 8500 Min: 1 

Opt: 1 
 

Equipment 

investment  

112635 152057 191480   

Piping, electricity, 

storage and other 

investments 

56318 76029 95740   

Fleets, insurance 12% 12% 12%   

Total plant 

investment (Min) 

189227 255456 321686   

Total plant 

investment (Opt) 

262307 354114 445922   

 

Table 48. Machinery and equipment investment for process 2 (Alibaba Group Holding Limited). 

Equipment 
Low cost 

(USD) 

Mean cost 

(USD) 

High cost 

(USD) 

Quantity 

required 

Technical specification 

Washer  1500 2025 2550 Min: 1 

Opt: 2 

Capacity 1500kg - washing tank 

(8m×1.5m×140m) - 2.2kW 

motor 

Rotary drum dryer 10000 13500 17000 Min: 1 

Opt: 1 

Volume 2.26 m3 - 0.6m diameter 

-8m length - 8rpm - 4kW 

Ball mill pulverizer 9000 12150 15300 Min:1 200L/h - 5.5 kW 
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Opt:2 

Nutsche filter 11000 14850 18700 Min:2 

Opt: 4 

Volume 120L - 1 to 3 Ton/h - 

0.4m diameter - 1.2m height 

Fermenters 36206 48878 61550 Min: 4 

Opt: 4 

Volume 5000L 

Depigmentation tank 2000 2700 3400 Min: 1 

Opt: 1 

Volume 700 L - 740mm diameter 

- 1480mm height - Torispherical - 

SS 304 

Demineralization 

reactor 

4239 5723 7206 Min: 1 

Opt: 1 

1000 L - 941mm diameter - 1286 

mm height - ASME F&D/ 

Torispherical -  Hastelloy B2 -

Agitation 4kw 

Deproteinization 

reactor 

6187.5 8353.125 10518.75 Min: 1 

Opt: 1 

4500 L - 1086mm diameter - 

1379mm height - ASME F&D/ 

Torispherical - SS 304 -Agitation 

4kw 

Deacetylation  reactor 7430 10030 12631 Min: 1 

Opt: 1 

2500 L - 1275mm diameter - 1700 

mm height - ASME F&D/ 
Torispherical -  Monel 400 -

Agitation 4kw 

Single effect 

evaporator 

10000 13500 17000 Min: 1 

Opt: 1 

Capacity 500 kg/h - steam 

pressure 0.09 to 0.25 MPa - 

vacuum degree 0.08 MPa - 2m x 

1m x 3m 

Natural gas steam 

boiler 

37500 50625 63750 Min: 1 

Opt: 1 

70 BHP - 2415 lbs/h - 3.7m x 

1.7m x 1.7m 

Package machine 25000 33750 42500 Min: 1 

Opt: 1 

 

Equipment 

investment  

128742 173802 218862   

Piping, electricity, 

storage and other 

investments 

64371 86901 109431   

Fleets, insurance 12% 12% 12%   

Total plant 

investment (Min) 

216287 291987 367688   

Total plant 

investment (Opt) 

302133 407879 513626   

 The cost specified as "Piping, electricity, storage and other investments" 

corresponds to 50% of investment in equipment and it is included to cover further 

facilities such as pumps, pipe lines, cooling towers, control equipment, auxiliary 

equipment and electrical installations. The proposed control laces for the equipment for 

the process finally selected as the more feasible, are presented in appendix 1. 

 To start the chitosan production it is required some minimum equipment (min); 

however, it is convenient to take into account some additional facilities so as to have a 
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more efficient operation (opt); certainly, these facilities increase the investment required 

for the plant.  

3.3.2. Land and building 

 As for the location of the plant, Medellin, Colombia, was considered as the best 

option. Micro location is chosen depending on the location of shrimp processing plant, 

access ways, transportation access, public services and land and building costs, according 

to commercial valuation. 

 Investment in lands and buildings accounted for land acquisition, preparation of 

site and improvements, buildings and civil engineering work required for the plant 

emplacement. Land size and building size were determined from the area required for 

equipment installation (net area) and operation (process area). In this calculation 

administrative or different areas other than industrial were omitted. For the case study, 

land was acquired where the plant was considered would be built, according to the 

technical study of emplacement. Table 49 shows land requirements.  

 Table 49. Required areas for process 1 and 2. 

Area Unit Process 1 Process 2 

Min Opt Min Opt 

Net area m
2
 169 214 214 241 

Plant area m
2
 211.25 267.5 267.5 301.25 

Total area  

(process & storage) 

m
2
 422.5 535 535 602.5 

Land &building cost USD 316875 401250 401250 451875 

3.3.3. Other fixed assets 

       Investment in other fixed assets and other associated costs were considered: 

 Vehicles and furniture: It included costs of vehicles, computers, furniture and 

offices. 

 Pre operation: insurance, designs, patents, consulting fee and technical facilities, 

including the research and development. 
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 Contingency: it includes reserves calculated in the risk analysis to cover unknown 

risks. Those reserves should be included in the cost base line. 

        For cash flow calculation of both projects, vehicles and furniture were taken as a 

fixed asset, pre-operation and contingency costs were considered as 16% and 4% of 

machinery and equipment investment, respectively. The other fixed asset investment is 

presented in Table 50: 

Table 50. Other fixed assets investment for process 1 and 2. 

 Low cost (USD) Mean cost (USD) High cost (USD) 

Process 1 

Min Preoperative 37845 51091 64337 

Opt Preoperative 52461 70823 89184 

Min & Opt Vehicles & furniture 150000 150000 150000 

Process 2 

Min Preoperative 43257 58397 73538 

Opt Preoperative 60427 81576 102725 

Min & Opt Vehicles & furniture 150000 150000 150000 

4.4. Cash flow projection 

 Cash flow is the movement of money into or out of the project. It is projected 

during the planning horizon of the project. Projection of cash flow can be used for 

calculating other parameters that give information about the worth of the company and its 

situation. The analysis of cash flow determines the increasing earnings generated by the 

execution of the project; it is used to evaluate and compare different investment 

alternatives by calculation of indicators as Net Present Value, Internal Rate of Return and 

Payback (Towler & Sinnott, Economic evaluation of projects, 2013).  

 Regarding the chitosan production project, for the purpose of economic 

assessment of potential investment, the projected cash flow was built incorporating all 

expected positive and negative incomes and outcomes. Cash flow for both investment 

projects was compared and the viability of both processes was further discussed. 

3.4.1. Planning Horizon 

 The planning horizon for investment was set to ten years, as it is usual in 

industrial projects.  Starting from year 0 for mounting of the project and adding one year 
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at the end for dismounting. Investments in fixed assets were considered in year 0; in this 

year there were neither sales nor production, but the base price was considered in this 

period and projected into the future, according to the macroeconomic variables. In the 

dismounting period the asset recovery was determined and included in the cash flow 

(Towler & Sinnott, Economic evaluation of projects, 2013). The operation of the plant 

was set to 100% in year 1 and subsequent years, without considering increase of sales or 

production capacity in the horizon of the project.  

3.4.2. Capital cost 

 The capital cost is the discount rate representing the required return of an 

investment as reward by resigning to invest in an alternative project of similar risk. 

According to the CAPM method, the discount rate for capital cost reflects the opportunity 

cost of capital (risk free).  

 To determine the capital cost rate the equity premium risk for the country is added 

to the interest of certificates of deposit. According to real and updated data provided by 

(Damodaran, 2015), the equity premium risk for Colombia is 8.30% and the interest rate 

of certificate of deposit (365 days) is 4.99% (Banco de la República de Colombia, 2015).  

Discount rate (Capital cost) = 8.30% + 4.99% = 13.29% 

3.4.3. Net working capital 

 The working capital is required to finance the operation of the business. Usually 

customers do not pay at the time of buying, so cash is not immediately available. The 

working capital is needed to maintain minimum cash, inventory of raw material and 

finished product, and to cover ultimate changes in production volume (Towler & Sinnott, 

Economic evaluation of projects, 2013). In the working capital calculation, the following 

items were considered: 

a) Accounts receivable: usually these are payments of customers, quantified 

according to number of months of credit; they are valued according to annual 

sales, sales channels and destination countries. 
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b) Finished product inventory: quantity of product stored to satisfy the demand 

during a given time.  

c) Materials inventory: amount of raw materials stored, enough to produce during a 

given time.  

d) Product in manufacture: quantity of unfinished product, enough to satisfy the 

demand during a time.  

e) Current liabilities: credit is also used to buy raw materials, supplies, services and 

salaries. Payments to creditors usually are delayed a given time with respect to 

delivery of product or services.  

      The working capital results for both processes are presented in Table 51: 

Table 51. Working capital for process 1 and 2. 

 Process 1 Process 2 

Current Assets Days % year Days % year 

Accounts receivables     

National 30 8% 30 8% 

International 45 13% 45 13% 

% Credit sales 100%   100%   

Inventory     

    Materials inventory 15 4% 15 4% 

Package inventory 45 13% 45 13% 

Finished product (National market) 20 6% 20 6% 

Finished product  (International market) 20 6% 20 6% 

    Unfinished product inventory 6 2% 6 2% 

Current liabilities Days % year Days % year 

Material 30 8% 30 8% 

Package 30 8% 30 8% 

Labor 15 4% 15 4% 

Energy and utilities 30 8% 30 8% 

Management 15 4% 15 4% 

Logistics. Distribution & sales 15 4% 15 4% 

Marketing 15 4% 15 4% 

 The investment in working capital was determined by the method of gap. The 

working capital accounts for the money required for financing the operating costs before 

the first income is received, i.e. the working capital finance the operation of the next 
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accountable period. The investment in working capital is recovered in the last year of 

production.  

3.4.4. Incomes 

 The purpose of project evaluation was to determine the project feasibility 

considering the earnings. Basically, the incomes are due to sales generated by the project 

and its indirect effects on sales of other products of the organization, if any. (Towler & 

Sinnott, Economic evaluation of projects, 2013). 

 Selling price is one of the most critical variables in the project; the price structure 

is determined by results of the market survey and analysis of financial considerations. 

Price depends on competitor prices, quality of the product or service, nature of the 

demand, manufacturing and indirect costs, raw materials, management, shipping, vehicle 

expenses, taxes, loan and interest payments and owner draws. As for the current project, 

price was determined based on mean prices of similar products already in the market. The 

main constraint in the price definition was the deacetylation degree; therefore, the price 

for chitosan production was projected in 35 $ US/kg FOB in year 0 (first year of the 

project). The main objective was to offer a competitive price and to consolidate the 

domestic market of chitosan and eventually, exporting the overproduction. The 

characteristics in terms of quality of the product make it suitable to be offered to water 

treatment industries, agrochemical and food industries. The volume of production can be 

totally absorbed by the domestic market, especially the previously mentioned industries. 

The main assumption was the total demand and sales for the product. The income as a 

base for the evaluation of both projects was the same, as it is presented in Table 52: 

Table 52. Income basis for process 1 and 2. 

 Incomes  Process 1  Process 2 

Sales volume - 1st year (kg) 15789 15789 

Volume increase  0%  0% 

Sales distribution   

National market 70% 70% 

International market 30% 30% 

Manufacturing cost - 1st year (USD/kg)   11.11  10.28 
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Sale price - 1st year (USD/kg)     

National 35 35 

International 35 35 

Gross margin  68% 71% 

3.4.5. Debts 

 Industrial projects require large amounts of money for investment in assets and 

operation. Part of the required money is usually borrowed to banks under a given interest 

rate, depending on payment agreements, amount of money, politics of the bank and 

macro-economy of the country (Towler & Sinnott, Economic evaluation of projects, 

2013).   

 For both investment options, a loan equivalent to 60% of required investment was 

considered, at 11.9% rate of interest in a 10 years term. 

3.4.6. Macroeconomics 

 Projection of conditions in the general economic environment of the country must 

be taken into account. These projections influence prices, incomes and outcomes of the 

project. Some of the macroeconomic variables considered for the analysis of project 

viability for chitosan production were: gross domestic product (GDP) growth rate, 

inflation, devaluation, exchange rate (USD-COP) employment and fiscal policy.  For 

both projects, the economic environment was the same, and continuity values were 

assumed for projections from year 6 to year 11, as it is presented in Table 53: 

Table 53. Macroeconomic variables considered for process 1 and 2, (year 0 is 2015)(Grupo Bancolombia, 

2015). 

Year  0   1  2  3  4  5  6  

Inflation rate 4.40%  3.75%  2.90%  3.10%  3.00%  3.00%  3.00%  

Producer  price 

index (PPI) rate 

4.47%  3.82%  2.97%  3.17%  4.07%  3.07%  3.07%  

GDP growth rate 3.10%  3.10%  3.60%  3.70%  3.90%  4.00%  4.00%  

Devaluation  23.72%  5.74%  2.91%  -7.95%  -5.06%  1.24%  1.24%  

Exchange rate 

(COP/USD)  

                                 

2960  

                              

3130  

                         

3221  

                          

2965  

                                       

2815  

                         

2850  

                       

2850  

Tax (CREE)  9.00%  9.00%  9.00%  8.00%  8.00%  8.00%  8.00%  

Tax (Renta)  25.00%  25.00%  25.00%  25.00%  25.00%  25.00%  25.00%  

Total taxes  34.00%  34.00%  34.00%  33.00%  33.00%  33.00%  33.00%  

3.4.7. Depreciation 
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 In the determination of profits, the income must be reduced also in the cost of 

assets used in the project, except for those immediately employed such as machinery, 

technology equipment and buildings. These costs are allocated during the planning 

horizon of the project reducing the value of the asset and allowing some tax saving. 

Depreciation is allocated to the periods in which the organization is expected to benefit 

from use of the asset; such depreciation calculation involves four criteria (Towler & 

Sinnott, Economic evaluation of projects, 2013): 

 Cost of the asset 

 Expected salvage value, (or residual value of the assets) 

 Estimated useful life of the asset according to account practices. 

 Method of depreciation. 

 The planning horizon of an industrial project is usually determined by the time of 

depreciation of the most significant assets; for the present project, machinery will have 10 

years of depreciation. In the evaluation of both projects, the cost of asset in year 0 was 

allocated in annual periods during 11 years, as it is presented in Table 54, under the 

method of depreciation "straight line", assigning constant loose of value for the asset in 

every period, according to accounting practices. 

Table 54. Depreciation in year 1 for process 1 and 2. 

 Process 1 Process 2 

Assets Useful life 

(years) 

Depreciation 

(Millions USD) 

Depreciation 

(Millions USD) 

Buildings 20   

Asset's value  0.1901  0.2408 

Depreciation  0.0095  0.0120 

Asset's carrying amount  0.1806  0.2287 

Machinery & equipment 10    

Asset's value  0.2555  0.2920 

Depreciation  0.0255  0.0292 

Asset's carrying amount  0.2299  0.2628 

Vehicles. furniture & 

preoperative 

5   
 

Asset's value  0.2075  0.2157 

Depreciation  0.0415  0.0431 
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Asset's carrying amount  0.1660  0.1726 

3.4.8. Profits  

 The income funds to the company as a result of sales of a project, is quantified in 

different ways, there are some of particular interest for us: 

a) Gross profit equals sales revenue removing the costs associated to production of 

goods.  

b) Earnings Before Interest, Taxes, Depreciation, and Amortization (EBITDA) equal 

sales revenue minus cost of goods sold and all expenses except for interest, 

amortization, depreciation and taxes. 

c) Earnings Before Interest and Taxes (EBIT)/ Operating profit equals sales revenue 

minus cost of goods sold and all expenses except for interest and taxes. This is the 

surplus generated by operations. It is also known as Operating Profit Before 

Interest and Taxes (OPBIT) or simply Profit Before Interest and Taxes (PBIT). 

d) Earnings Before Taxes (EBT)/ Net Profit Before Tax (operational profit) equals 

sales revenue minus cost of goods sold and all expenses except the taxes. 

e) Earnings After Tax/ Net Profit After Tax equal sales revenue after deducting all 

expenses, including taxes. Earnings After Tax/ Net Profit After Tax minus 

payable dividends becomes Retained Earnings. 

       Profits are presented in Table 55; negative values indicate outcomes of money and 

they are presented in parenthesis. 

Table 55. Profits in years 0 and 1 for process 1 and 2. 

Profits with financing 

Process 1 Process 2 

Year  0 Year 1 Year  0 Year 1 

Sales (Millions USD)   0.5709   0.5709 

Manufacturing cost (Millions USD)   (0.1822)   (0.1686) 

Gross profit  (Millions USD)   0.3887   0.4023 

Expenses (Millions USD)   (0.1193)   (0.1079) 

Depreciation (Millions USD)   (0.0765)   (0.0844) 

OPBIT (Millions USD)   0.1928   0.2100 

Interests (Millions USD)   (0.0557)   (0.0649) 

EBT (Millions USD)   0.1372   0.1451 
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Taxes (Millions USD) (0.0019) (0.0466) (0.0021) (0.0493) 

Net earnings after tax (Millions USD) (0.0019) 0.0905 (0.0021) 0.0958 

EBITDA (% sales)   0.2694   0.2944 

Costs (% sales)   (32)   (30) 

Gross profit (% sales)   68   70 

Expenses (% sales)   (21)   (19) 

Depreciation (% sales)   (13)   (15) 

OPBIT (% sales)   34   37 

Interests (% sales) 0.0019 (10) 0.0021 (11) 

EBT (% sales) 0.0019 24 0.0021 25 

Taxes (% sales)   (8)   (9) 

Net earnings after tax (% sales)   16   17 

EBITDA (% sales)   47   52 

DEBT        

Loan (Millions USD) 0.4679   0.5454   

Settlement (Millions USD) 0.4679 0.4211 0.5454 0.4908 

Installment (Millions USD)   0.0468   0.0545 

Interests (Millions USD)   0.0557  0.0649 

4.5. Economic analysis 

 Since the purpose of investing money in a plant for production of chitosan is to 

maximize profits, the results of economic evaluation were analyzed in order to determine 

the best investment alternative. In this case, comparison of financial indicators, 

investment requirements and production costs, were the decision criteria for the selection 

of the more feasible process from an economic standpoint. 

3.5.1. Investment required 

 The investment required for production of chitosan under the two processes 

described in this work is summarized in Table 56. According to these results, producing 1 

kg of chitosan requires an investment of 11855 USD, by means of the process 1, and 

13941 USD using the process 2.  

Table 56. Comparison of fixed investment required for processes 1 and 2. 

Investment required Process 1 

(Thousands USD/kg per batch) 

Process 2 USD 

(Thousands USD/kg per batch) 

Land 1.927 2.440 

Building 2.890 3.660 
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Machinery and equipment 3.883 4.439 

Preoperative 0.874 0.999 

Vehicles and furniture 2.280 2.280 

 Total 11.855 13.941 

 The amount of money required for investment in fixed assets was 15% higher for 

process 2, since more land, buildings and machinery were required. Specifically, process 

2 required more equipment and space; several bioreactors were necessary, four 

bioreactors at least, in order to process one batch per day, since fermentation is carried 

out during four days. While the same productivity was projected for both processes, their 

incomes were the reference for comparison. From the investment point of view, process 1 

was the more feasible option. 

3.5.2. Product cost 

 The cost for producing and selling one unit of product (kg) was an important 

parameter for selection of the process; the lower the production and associated costs, the 

higher the profits for a given production rate. These global costs are presented in Table 

57 for both processes. From the cost point of view, the more feasible process was process 

2, because it represents savings near to 4.4% with respect to process 1. As a consequence 

of having lower product cost for process 2, the mean gross margin is higher in a 3% with 

respect to process 1. 

Table 57. Total production costs per kilogram of chitosan. 

 Process 1 

(USD/kg chitosan) 

Process 2 

(USD/kg chitosan) 

Materials 7.52 7.56 

Packages 0.053 0.053 

Labor 1.87 1.87 

Energy & utilities 2.1 1.19 

Total Production 11.54 10.68 

Management 3.62 3.62 

National Sales 1.81 1.81 

International Sales 2.90 2.90 

Marketing 1.81 1.81 

Total Operative 7.79 7.79 

Total costs 19.32 18.47 
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Gross margin 68% 71% 

3.5.3. Net present value (NPV), Internal rate of return (IRR) and Payback. 

 After determining cash flows of money for both projects, an important indicator 

to analyze the profitability of the project is the net present value (NPV). NPV is the 

difference between money incomes and outcomes generated by the project, throughout 

the planning horizon, but brought to the present time. NPV is the main indicator of 

economic feasibility of an investment project. As for the present project, NPV was 

determined for the project with financing and without financing; although both indicators 

are related, the NPV with financing is the most appropriated indicator to analyze both 

projects considering the necessary debt to carry them out. If project is extended beyond 

the initial planning horizon of 10 years, the perpetuity values needs to be calculated. In 

any case, project NPV must be higher than zero to consider it feasible (Towler & Sinnott, 

Economic evaluation of projects, 2013). 

 The internal rate of return (IRR) is defined as the discount rate that makes the net 

present value of the project equal to zero. The higher the internal rate of return, the more 

desirable is to invest in the project. When several options are studied under the same 

conditions, the project with the highest IRR is considered as the best investment option 

(Towler & Sinnott, Economic evaluation of projects, 2013). 

 The payback period is the length of time required to recover the cost of 

investments in a project. As previous indicators the payback period is an important 

determinant of whether or not invest in a project. The longer the payback is, the project is 

less desirable for investment (Towler & Sinnott, Economic evaluation of projects, 2013).  

Table 58. Indicators of economic feasibility for processes 1 and 2. 

 Process 1 Process 2 

Capital cost 13.3% 13.3% 

NPV (Millions USD) 0.49  0.48  

Perpetuity NPV (Millions USD) 0.77  0.82  

IRR  41.0% 36.8% 

Perpetuity IRR  43.3% 39.7% 

Payback (years) 4 4 
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Debt interest rate 12% 12% 

Leverage (10 years) 60% 60% 

 The calculations of indicators for both processes were performed under same 

macroeconomic conditions, price and sales, debt and interest rate. The comparison 

between process 1 and process 2 favored process 1, considering NPV and IRR, in the 

planning horizon of 10 years. However, when perpetuity is considered the NPV is 

favorable to process 2 mainly due to lower production costs; moreover, the IRR with 

perpetuity is lower because this process requires higher investment and debt. 

 The payback period for both processes was 4 years, although investment and debt 

were higher for process 2; the lower production cost makes up the difference, yielding the 

same payback period.  

 The cumulative cash flows for process 1 and 2 are presented in Figure 39. In this 

plot the investment is the lowest point and debt is the region under the X-axis. In the 

break point the investment and profits are equal, it is placed crossing the X-axis and the 

time from start until break point is the payback time. Finally the profit is the curve above 

the X-axis.  

 

Figure 39. Cumulative cash flow for processes 1 and 2. 
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 According to figure 39, process 2 requires higher investment and debt; therefore it 

has a payback period slightly longer than process 1. Process 2 overtakes slightly the 

profits generated by process 1, in the last four years of the planning horizon. 

 By comparing both processes, the better indicators are granted to process 1 with 

exception of NPV with perpetuity. However, both projects are not appealing interesting 

from the investors point of view, as the investment required is high compared with 

profits; the IRR is lower than 50% and payback period is almost in the middle of 

planning horizon.  

 The incremental evaluation (Process 2 - Process 1) usually is the way to compare 

investing options in capital budgeting; the incremental cash flow without financing is 

presented in Table 59 and the complete cash flow for each process and the incremental 

one are presented in Appendix  2. 

Table 59-A. Incremental project cash flow without financing (years 0 to 5). 

Year 0  1 2 3 4 5 

Production cost (Millions USD)   0.0136 0.0142 0.0148 0.0154 0.0160 

Gross profits (without financing) (Millions 

USD) 

  0.0136 0.0142 0.0148 0.0154 0.0160 

OPBIT (Millions USD)   0.0172 0.0184 0.0195 0.0207 0.0219 

Earnings after tax (Millions USD) (0.001

0) 

0.0113 0.0121 0.0131 0.0139 0.0147 

EBITDA (Millions USD)   0.0250 0.0262 0.0273 0.0285 0.0297 

PROJECT'S CASH FLOW (without 

financing) 

            

Investment (Millions USD) (0.129

1) 

          

Working capital (Millions USD)   (0.009

4) 

(0.000

5) 

(0.000

4) 

(0.000

5) 

(0.000

5) 

Net cash flow (Millions USD) (0.130

1) 

0.0098 0.0194 0.0205 0.0212 0.0220 

Capital cost 13.3%           

NPV (Millions USD) -0.02            

NPV (perpetuity) (Millions USD) 0.05            

Table 59-B. Incremental project cash flow without financing (years 6 to 11). 

Year 6 7 8 9 10 11 

Production cost (Millions USD) 0.0166 0.0173 0.0180 0.0187 0.0194   
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Gross profits (without financing) 

(Millions USD) 

0.0166 0.0173 0.0180 0.0187 0.0194   

OPBIT (Millions USD) 0.0247 0.0259 0.0271 0.0284 0.0239 (0.0025) 

Earnings after tax (Millions USD) 0.0165 0.0173 0.0182 0.0191 0.0160 (0.0028) 

EBITDA (Millions USD) 0.0309 0.0321 0.0333 0.0346 0.0301   

PROJECT'S CASH FLOW (without 

financing) 

            

Investment (Millions USD)             

Working capital (Millions USD) (0.0004) (0.0005) (0.0005) (0.0005) 0.0043 0.0088 

Net cash flow (Millions USD) 0.0223 0.0231 0.0239 0.0247 0.0265 0.0086 

Capital cost             

NPV (Millions USD)             

NPV (perpetuity) (Millions USD)             

 The incremental cash flow shows that the earning positive difference generated by 

process 2 is not enough to mark the investment difference, with respect to process 1. The 

incremental NPV for process 2 is only positive when perpetuity is considered.  

 Finally, analyzing all different economic indicators about economic performance 

of both processes, the more feasible alternative is the process 1. The process 2 generates 

fewer profits in the planning horizon. However its performance can be improved to 

provide a more flexible process and generate the expected investment. In accordance with 

the project economic performance, the conceptual design for key facilities, required in 

process 1, are presented in chapter 5.  
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CHAPTER 5. CONCEPTUAL DESIGN OF EQUIPMENT 

 In this section, the conceptual design of the most representative units in a   

chitosan production process is presented. Previously, in figure 37, the process diagram 

for chitosan production with chemical extraction of chitin was presented. After 

completion of the technical and economic analysis, the conceptual design of strategic 

units, required for the process, are presented.  

 The design and operation of the grinder, the solid-liquid separation equipment, 

reactors and solvent recovery units, is a critical task for product quality and good 

performance of the process. These units were designed according to results of simulation, 

battery limits per batch, size, utility consumption and internal specifications. The 

conceptual design of key equipment was performed so as to acquire operational 

specifications according to the technical and economic considerations and results 

developed throughout this work. 

5.1. Grinding equipment 

 An important condition of raw material is the particle size; a grinder was required 

to reduce the size of shrimp shells. There is different equipment with similar 

performance, available for size reduction. The selection of equipment was based on some 

criteria as the material hardness of product size, feed size and capacity. Shrimp shells are 

fibrous because of their polysaccharide and protein content, low abrasion and hard 

material, mainly caused by the high calcium carbonate and phosphate content.  

 The conceptual design of a ball mill is presented; this mill is selected for its ease 

of operation and low cost; it operates with a reduction ratio of 20 to 200:1.   The feed to 

ball mills can be as large as 2.5 to 4 cm, and the largest balls are typically 13 cm (5 in) in 

diameter. The ball mill can operate for wet or dry material; however, the wet milling is 

preferred because finer size can be achieved (Snow, Allen, Ennis, & Litster, 1997).   
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 According to the process concept the milling is carried out for dry shrimp shells, 

but it is convenient to perform the milling prior to pigment extraction without the need 

for material drying.  Avoiding drying before milling allows for saving energy, even more 

if subsequent stages require dispersion of reduced material into liquid phases. 

 Recalling results of simulation in chapter 3: 

Bond work index for the material: 12.52 kWh/Ton 

Calculated power according to Bond's Law: 243.3 W 

Particle diameter larger than 80% of mass at the inlet: 0.07m 

Particle diameter larger than 80% of mass at the outlet: 0.0077m 

 A batch of wet shrimp shells to be processed corresponds to 1 Ton of raw 

material; it is convenient to grind the material divided in three loads with a total residence 

time of 20 minutes. The feed design parameters for the mill were:  

Feed:     m = 0.37 Ton 

Density of feed:    = 2381.9 kg/m
3
 wet shrimp shells 

Volume of feed:   V = 0.155 m
3
 

 The mill was divided in three chambers by diaphragms, having three grinding 

zones, in which the reduction ratio was 4:1. The residence time in the first chamber was 

longer to accomplish the suitable size reduction; the time in the last chamber was shorter. 

The ball size (Bs) in millimeters per chamber was determined from equation 5.1 where Fs 

is the feed size in millimeters (Sinott R. , 1999). 

                  (5.1) 

 Table 60 shows the corresponding time distribution.  

Table 60. Time distribution in grinding chambers. 

Chamber 
Time 

fraction 

Residence 

time 

Feed 

mean size 

Output 

mean size 

Ball 

diameter 

Ball 

diameter 

1 75% 15 min 52 mm 13 mm 127.16 mm 5 In 

2 15% 3.0 min 13 mm 3.25 mm 66.37 mm 2 1/2 In  

3 10% 2.0 min 3.25 mm 0.81 mm 34.64 mm 1/2 In 



 
122 

 The volume of balls in the mill was calculated as a function of the feeding volume 

and particle size; the volume of balls determined the total vessel volume, having 60% of 

balls in the vessel; results are presented in Table 61 (Sinott R. , 1999): 

Table 61. Volume of balls in the mill. 

Ball diameter (mm) Ratio (vol. balls:vol. feed) Balls volume (m
3
) 

127.16 27.6 4.278 

66.37 85 1.3175 

34.6 252.6 0.39773 

Total balls volume (m
3
) 6 

Total vessel volume (m
3
) 10 

 The volume of the cylinder and cone vessel were calculated assuming, for the first 

chamber, the total of the large diameter balls and half of the medium diameter balls; in 

the second chamber, the other half of the medium diameter balls; in the third chamber, all 

the small diameter balls.  

 The volume of the vessel was calculated from the cylindrical and conical section: 

          
        

        
    

        

        
 (5.2) 

                         (5.3) 

 The results are presented in Table 62: 

Table 62. Volume of grinder cylinder and cone. 

 

Volume (m3) Length (m) Diameter 1 (m) Diameter 2 (m) 

Cylinder 9 2.955 1.97 1.97 

Cone 1 0.62 1.97 0.985 

 The critical velocity of rotation of the grinder is defined by (Sinott R. , 1999): 

            
    

        
  (5.4) 

 Taking 70% of critical velocity of rotation as a normal operation velocity: 

RPMcritical = 30 RPM 
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RPMop = 21 RPM 

 The grinder design is presented in figure 40. 

 

Figure 40. Grinder conceptual design. 

Conventions: 

 

m: mass of solids fed to the mill 

: density of the feed (solids) 

Bs: ball diameter 

Fs: feed size 

Vcylinder: volume of the cylindrical section of the vessel 

Vcone: volume of the conical section of the vessel 

Vball: volume of the ball 

% Vballs: fraction of the vessel volume, occupied by the balls 

RPMcritical: critical velocity of the mill 

RPMop: operating velocity of the mill 

5.2. Evaporation and condensation units for ethanol recovery 

 Ethanol is used as a solvent for pigment extraction from the shrimp shell matrix; a 

large volume of ethanol was required to reach a final color according to product 

requirements. This solvent had an important cost of the total materials required for the 

process. Thus, it was recovered as an azeotropic mixture to be reused in the process. The 
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ethanol was evaporated at the azeotropic point and further condensed; the conceptual 

designs of both, evaporator and condenser, are presented below. 

5.2.1. Evaporator 

 The evaporator considered was a single stage, natural circulation evaporator, 

where the fluid is evaporated at 1.2 bar and 87°C. The corresponding material balance is 

presented in the Table 63: 

Table 63. Flow of components to the evaporation unit. 

Component Feed (kg/s) Vapor (kg/s) Liquid (kg/s) 

Ethanol 0.262 0.259 0.003 

Water 0.069 0.062 0.002 

Total 0.335 0.325 0.010 

 A shell-tube heat exchanger was considered for the evaporation operation; 

according to results of simulation in Aspen Plus, the heat duty required for the calculated 

vaporization rate presented previously in the table was:  

Q = 436.17 kJ/s 

 Such heat duty was obtained from the overheated steam generated by a boiler at 

10 bar and 220°C. The logarithmic mean temperature difference in the heat exchanger 

was: 

     
       

   
   

   
 

  (5.5) 

Steam in: 220°C 

Steam out: 180°C 

Liquid in: 25°C 

Vapor out: 87 °C 

GTD = (t2 - T1) = (180 - 25) °C 

LTD = (t1 - T2) = (220 - 87) °C 

              

 An initial estimation of the heat exchanger area (Ag) was based on an initial 

estimate of the overall heat transfer coefficient (Ug). 

   
 

       
  (5.6) 

Ug = 500 J/s-m
2
-°C 
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The estimated area was:  Ag = 6.07 m
2
 

 The vapor mass flow was calculated from the enthalpy difference between the 

state of vapor at the inlet and outlet conditions: 

  
 

     
 (5.7) 

Enthalpy for overheated steam at the inlet: h2 = 2875.6 kJ/kg 

Enthalpy for saturated steam with 50% quality at the outlet: h1 = 1769.9 kJ/kg 

Calculated steam flow: m = 0.394 kg/s 

 The volumetric flow of vapor was required for tube sizing:   

V = 0.085 m
3
/s 

 The mix to be evaporated was set to flow through the shell; steam flew inside the 

tubes; the recommended velocity for steam flowing in the tubes (Branan, 2000) was: 

vt = 54 ft/s 

 Standard tubes of 1/8-inch nominal diameter were selected; when the velocity 

criteria were satisfied, the number of tubes was then calculated. For the 1/8-inch tubes, 

the diameters and flow area is: 

Di = 6.83x10
-3 

m 

De = 0.01029 m 

Af = 3.664x10
-5

 m
2
 

 Then the volumetric flow per tube was: 

         (5.8) 

Vt = 6.03x10
-4

 m
3
/s 

 The number of tubes was then calculated: 

   
 

  
  (5.9) 

Nt = 141 tubes 

 The number of tubes was approximated to 144 tubes, considering that 12
2
 = 144, 

and a square pitch was selected. An estimation of length for the tube bundle was 

calculated from the required heat transfer area: 
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 (5.10) 

Pt = 0.02145m 

Lg = 1.965m 

 To avoid large pressure drop for the fluid passing outside the tubes, a square pitch 

is selected with a separation between centers of three times the external diameter of a 

tube. The tube bundle diameter for one pass heat exchanger was then calculated: 

      
  

 
 
 
      

  (5.11) 

p = 3Di = 0.03087m 

Db = 0.473m 

 Adding a distance of two pitches for the inner shell diameter: 

Dsi = 0.52m 

 The tube side pressure drop was calculated according to (Branan, 2000), applied 

to steam, (English units), where w is the mass flow in lbs/h and µ viscosity in cP: 

   
        

       
    

  (5.12) 

 The steam properties (in the appropriate units) for the previous correlation were: 

 = 0.29 lbs/ft3 

µ = 0.0165cP 

Di = 0.27in 

w = 21.715lb/h 

 The pressure drop in the tube side was: 

 Pt = 9psi/100ft = 0.5805psi 

 For the shell side, the velocity of the fluid must be determined from the flow area 

and corrected according to the pitch and baffle spacing; the flow area in the shell side 

was:  

   
           

 
  (5.13) 

 Taking away the baffles' spacing: 
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Dsi /4 = lB (5.14) 

lB = 0.13m 

As = 0.045m
2 

 The shell side maximum velocity was: 

Vmax = Vs/As 

Vmax = 7.44m/s 

 For the shell side an equivalent diameter must be determined for calculation of 

Reynolds' number and friction factor; therefore,  

   
      

 

   
  (5.15) 

de = 0.0184 m 

 The calculation of pressure drop in the shell side was performed with the 

correlation (Branan, 2000) (in English units): 

   
             

 

  
  (5.16) 

 Reynolds' number is required for determination of f" for the fluid in the shell side: 

Viscosity of fluid in the shell side: µ = 0.983 mP s 

Density of fluid in the shell side:  = 831.65 kg/m
3
 

Reynolds' number in the shell side: Res = 115818 

 For the selected square pitch and distance between tube centers, the modified 

friction factor was given by: 

f" = 0.3246/Res
0.21

 (5.17) 

f" = 0.028 

 

Number of tube rows: NR = 23 

Number of passes in the shell side: NPC = 1 

 Finally the shell side pressure drop was calculated as:  

Ps = 1245 lbs/ft
2
 = 8.6 psi 
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 Finally, the estimate for the overall heat transfer coefficient must be checked; the 

calculation for U was defined by:  

 

 
 

 

  
 

 

   
 

      
  
  

 

   
 

  

  
 

 

   
 

 

  
  (5.18) 

 Dirt coefficients for shell and tubes sides (Sinott R. , 1999) were defined as: 

hod = 5000W/m
2
-°C 

hid = 10000W/m
2
-°C 

 The thermal conductivity for the tube material was (Haynes International, 1997):  

kw = 45W/m-k 

 The film coefficients were calculated from the following correlation (Sinott R. , 

1999):  

  
       

      

 
  (5.19) 

 For the tube side, the necessary data to apply the correlation was: 

Reynolds number: Ret = 31342 

Prandtl number: Prt = 2.12 

Heat transfer factor: jht = 9.37x10
-3 

Thermal conductivity of fluid: kft = 0.018W/m-K 

Calorific capacity: Cpt = 2.310kJ/kg-K 

Velocity: vt = 16.46m/s 

Density: t = 4.6kg/m
3
 

Viscosity: µt = 0.0165 cP 

Diameter: Di = 6.83x10
-3

m 

 The film heat transfer coefficient was then:  

hi = 991.8W/m
2
-K 

 For the shell side, the data necessary to apply the correlation was: 

Reynolds number: Res = 115818 

Prandtl number: Prs = 14.398 

Heat transfer factor: jhs = 1.874x10
-3 

Thermal conductivity of fluid: kfs = 0.17W/m-K 
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Calorific capacity: Cps = 2.49kJ/kg-K 

Velocity: vs = 7.44m/s 

Density: s = 831.65kg/m
3
 

Viscosity: µs = 0.983cP 

Diameter: de = 0.0184m 

 The film heat transfer coefficient for the shell side was:  

ho = 4835.3W/m
2
-K 

 Finally the calculation for U gave: 

1/U = 2.123x10
-3 

m
2
-K/W 

U = 471 W/m
2
-K 

 The initial estimate for U was close to the calculated value; however, the length of 

tubes was corrected according to the final value for the overall heat transfer coefficient: 

  
 

      
 (5.20) 

 The calculated area was: 

  
        

   
 

   
        

         

 The length of the tubes was recalculated: 

  
 

     
 (5.21) 

 The calculated length of tubes was:  

  
      

                       

 The selected heat exchanger was a BEM type heat exchanger, according to 

TEMA standards: 

B: bonnet, integral cover. 

E: one pass shell 

M: fixed tube sheet as B cover. 
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 For the calculation of the evaporation vessel, based in the vapor variables, the 

maximum velocity of vapor, according to Souders and Brown equation(Sinott R. , 1999) 

was: 

                                          (5.22) 

 The height of space available for vapor was taking as 0.6m; the densities for 

liquid and vapor were: 

l = 0.6m 

l = 831.65 kg/m
3
 

v = 1.16 kg/m
3
 

uv,max = 1.62m/s 

 Operating vapor velocity Uv was taken as 50% of the maximum velocity. Then, 

the flow area calculated from volumetric flow of vapor Vv and vapor velocity was: 

uv = 0.81m/s 

Vv=0.280m
3
/s 

Av = Vv/uv  (5.23) 

Av = 0.346m
2
 

 Column diameter Dc and liquid height H: 

    
   

 
 (5.24) 

Dc = 0.7m 

H = 1.5Dc (5.25) 

H = 1.05m 

 For the conical section the slurry outlet stream was set to pass through a standard 

½-inch steel pipe; the cone height was: 

Hcone = Dc/3  (5.26) 

Hcone = 0.23m 

 The conceptual design for the heat exchanger and the evaporator are presented in 

Figures 42, 43 and 44, respectively. 



 
131 

 

 

Figure 41. Heat exchanger conceptual design. 

 

Figure 42. Heat exchanger tube bundle detail. 
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Figure 43. Evaporator conceptual design. 

5.2.2. Condenser 

 Anew, a shell-tube heat exchanger was considered for condensation. The 

equipment was designed following the previous procedure,  and yielding the following 

results:  

 The heat duty required was obtained from cooling water entering at 22°C and 

leaving at 47°C. The thermal parameters for condenser were:   

Q = - 370.915 kJ/s 

Cooling water in: 22°C 

Cooling water out: 47°C 

Vapor in: 87°C 

Condensate out: 83.5 °C 

GTD = (t2 - T1) = (83.5 - 22) °C 

LTD = (t1 - T2) = (87 - 47) °C 
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 The calculations for the overall heat transfer coefficient (U) rendered:  

Estimated U: Ug = 1000 J/s-m
2
-°C 

Estimated area: Ag = 7.42 m
2
 

Enthalpy for cooling water in the outlet: h2 = 198.9 kJ/kg 

Enthalpy for cooling water in the inlet: h1 = 94.3725 kJ/kg 

Calculated vapor flow: m = 3.55 kg/s 

Volumetric flow of cooling water: V = 3.56x10
-3

 m
3
/s 

Flow velocity through 1/4 nominal-diameter standard tube : vt = 54 ft/s 

Number of estimated tubes: Nt = 28 tubes 

Total length required (1 pass) Lg = 6.14m 

 The calculated length was distributed in four passes in the tubes and one pass 

through the shell. The tube bundle diameter for four passes was calculated: 

Pitch: p = 3Di = 0.0278m 

Tube bundle diameter: Db = 0.59m 

Condenser Inner diameter: Dsi = 0.65m 

Pressure drop in tube side:  Pt = 21.68 psi/100ft = 1.52 psi 

Pressure drop in the shell side: Ps = 1.01psi 

Calculated number of tubes rows: NR = 13  

Number of passes in the shell side: NPC = 1 

 As a final step in the heat exchanger design, the predicted overall heat transfer 

coefficient was checked; the final calculation for U rendered: 

The film heat transfer coefficient in tube side: hi = 34940W/m
2
-K 

The film heat transfer coefficient in shell side: ho = 2075W/m
2
-K 

U = 1000W/m
2
-K 

 The initial estimate for the overall heat transfer coefficient was the same as the 

one at the final result. Then, the dimensions of heat exchanger were not required to be 

corrected. The condenser was a BEM type, according to TEMA standards (Sinnott & 

Towler, Heat transfer equipment, 2009): 

B: bonnet, integral cover. 

E: one pass shell 

M: fixed tube sheet as B cover. 

 The length of the tubes per pass was finally:  
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Length of tubes per pass: L = 1.53m 

 The conceptual design for the condenser is presented in Figures 44 and 45. 

 

Figure 44. Conceptual design of condenser. 

 

 

Figure 45. Condenser tube bundle detail. 

 

Conventions 

 

Q: heat duty for evaporation 

TLM: logarithmic mean temperature difference 
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GTD: greater temperature difference 

LTD: lower temperature difference 

t1: steam in temperature 

t2: steam out temperature 

T1: feed in temperature 

T2: feed out temperature 

A: heat exchanger area 

Ug: overall heat transfer coefficient guess 

Ag: heat transfer area guess 

Di: tube internal diameter 

De: tube external diameter 

Af: flow area per tube. 

Vt: volumetric flow per tube 

vt: fluid velocity in the tubes 

Nt: number of tubes 

Lg: length of tube bundle guess 

Pt: tube perimeter 

Db: tube bundle diameter 

p: pitch 

Dsi: shell internal diameter 

w: masic flow per tube (lbs/h) 

µ: viscosity of fluid 

: density of fluid 

Pf: pressure drop per 100 ft of length 

P: pressure drop in the tube side 

f": modified Fanning's friction factor 

g: acceleration of gravity  

NR: number of tube rows 

NPC: number of passes through the shell 

vmax: maximum velocity in the shell side 

As: shell side flow area 

lB: baffles' spacing 

ms: masic flow in the shell side 

de: equivalent diameter for shell side 

Re: Reynolds number 

Pr: Prandtl number 

jh: Heat transfer factor.
 

kf: Thermal conductivity of fluid 

kw: Thermal conductivity of tubes' material 

Cp: Calorific capacity: 

U: overall heat transfer coefficient 

A: area of heat transfer 

L: length of tubes 

ho: outside fluid film coefficient 

hod: outside dirt coefficient 

hi: inside fluid film coefficient 



 
136 

hid: inside dirt coefficient 

l: height of available space for vapor. 

l: liquid density 

v: vapor density 

uv: vapor velocity 

Vv: volumetric flow of vapor 

Dc: evaporator inner diameter 

Hcone: conical section height 

uv,max: vapor maximum velocity 

Av: area for vapor flow 

mv: masic flow of vapor 

5.3. Pressure agitated vessel design. 

5.3.1. Pigment extraction tank  

 The extraction of pigments from shrimp shells was performed in a stirred tank; 

the vessel was designed according to the ASME standard code, section VIII. The 

geometry of the tank was cylindrical with ASME F&D torispherical heads. The design 

procedure was performed as described by Sinnott and Towler (Sinnott & Towler, Design 

of pressure vessels, 2009). 

Volume of batch: V = 1.84m
3
 

Operating pressure: Po = 1bar 

Operating temperature: T = 298.15K 

 Regarding the working volume, the occupation of the tank was 80%; its geometric 

specification was:  

     
 

 
   (5.5) 

Cylinder internal diameter:  Di = 1150mm 

Cylinder height:  L = 1530mm 

Cylinder volume: Vc = 1.84m
3
 

 The tank was considered as a thin walled under internal pressure (according to 

Sinnott & Towler (2009) regarding the ASME standards for pressure vessels design) 

(Sinnott & Towler, Design of pressure vessels, 2009). Then, for the F&D ASME 

torispherical heads, the parameters of geometry are: 

Dish radius parameter: f = 1.0 
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Knuckle radius parameter: k = 0.06 

 

Dish radius for the torispherical head:  f*Di = 1150mm 

Knuckle radius for the torispherical head: k* Di = 69mm 

 The calculation of wall thickness was based on resistance to stress generated by 

internal pressure and material corrosion. The thickness of the cylindrical wall was 

calculated as: 

  
   

        
    (5.27) 

 For the AISI 304 stainless steel the ethanol-water mixture at environmental 

temperature does not cause corrosion. For high alloys, a corrosion thickness of 0.01 

inches is assumed when there is no appreciable corrosion rate. The parameters for 

calculation of vessel thickness were (Sinnott & Towler, Design of pressure vessels, 

2009):  

Maximum operating pressure: P = 37.5psi 

Yield strength: S = 30ksi 

Internal radius of the vessel: R = 45.3In 

Joint efficiency: E = 0.65 

Corrosion thickness: c = 0.01In 

 The calculated thickness of the cylindrical body of the vessel was: 

tc = 0.09In + 0.01In = 0.1In (5.28) 

 This thickness was approximated to a nominal commercial diameter of steel sheet. 

A nominal diameter of 0.105In annealed and hot rolled sheet of  304 stainless steel is 

available, then: 

tc = 0.1057In 

 For the torispherical heads, the thickness was given by: 

   
         

        
    (5.29) 

 The calculated thickness for each head was: 

tc = 0.08In + 0.01In = 0.09In (5.30) 
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 The same thickness is accepted for the heads:  

t = 0.1057 In 

 Criteria for agitator design was considered and applied according to Dahlstrom et 

al (1997). The appropriate agitator for the reactor was an axial flow impeller; for the case, 

a pitched blade turbine was selected. Pitched blade turbines are recommended for vessel 

volumes of 1 to 200 m
3
 with a relation of height to diameter between 0.75 and 1.5 

(Dahlstrom, et al., 1997). The mean properties of the feed: 

Batch volume: V=1.84m
3
 

Mean density of the feed: m = 1809kg/m
3
 

Mean viscosity of the feed: µm = 0.983cP 

Agitator: pitched blade turbine 

Four vertical baffles with:  lBV = Di/24 = 47.9mm 

One radial baffle with: lBR = Di/12 = 95.83mm 

 The calculation of agitation power was performed as described by Sinnott and 

Towler (Sinnott & Towler, Liquid mixing, 2009). The equivalent diameter for the 

geometry was defined as: 

     
   

 
 
   

  (5.31) 

Teq = 1328mm 

 The agitator diameter for the case was:  

DT = 0.4*Teq = 531.3mm  (5.32) 

 Assuming a normal agitation scale from 3 to 6:  

Ss = 3 

The bulk velocity was:  

vc = Ss*6 ft/min   (5.33) 

vc = 0.09m/s 

 The pumping rate was given by:  

  
        

 

 
  (5.34) 
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Q = 0.13 m

3
/s 

 Under turbulent flow regime, the flow number Nq was estimated from generic 

agitator curves; the agitation speed N was determined from the definition of pumping 

number, as follows: 

  
 

     
   (5.35) 

 For the case, the flow number and agitation velocity was: 

Nq = 0.680 

N = 74.55RPM 

 The Reynolds number for agitation calculated as:  

   
  
     

 
  (5.36) 

Re = 645335 

 In turbulent regime the power number is function of Reynolds number; for the 

present case the power number was: 

NP = 1.37  

 Finally, the agitation shaft power was calculated from: 

       
       (5.37) 

P = 0.2 kW 

 Taking a mechanical efficiency of 75%, the total mechanical power was: 

 = 0.75 

Pm = 0.27 kW 

 

 The designed stirred tank for pigment extraction is presented in figure 41. 
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Figure 46. Pigment extraction tank conceptual design. 
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5.3.2. Deproteinization reactor  

 In chapter 3 the reactor performance was analyzed according to simulations and 

experimental work, for the different reaction steps during chitosan production. The 

economic evaluation indicated that the more feasible process was the chemical treatment 

of raw material for chitin synthesis and subsequent conversion to chitosan; for this 

process three batch reactors were required for the deprotenization, demineralization and 

deacetylation stages.  

 The design procedure for the agitated vessel follows the same methodology used 

for the pigment extraction tank. Hence, just the results of the agitated vessel design are 

presented; details about the reactor design can be seen in Appendix  4:  

Mass of batch: m = 6483.6kg  

Volume of batch: V = 6.297m
3
 

Operating pressure: Po = 1bar 

Operating temperature: T = 343K 

Cylinder internal diameter:  Di = 1875mm 

Cylinder height:  L = 2500mm 

Cylinder volume: Vc = 7.97m
3
 

Dish radius for the torispherical head:  f*Di = 1875mm 

Knuckle radius for the torispherical head: k* Di = 112.5mm 

 For material selection the potential corrosion caused by the reaction mixture was 

considered. The reaction mixture was mainly composed by an aqueous solution of 

sodium hydroxide 3.7% w/w; reaction temperature was 70°C. Under such conditions, and 

for concentrations lower than 10% w/w of sodium hydroxide, corrosion rate was lower 

than 1.0mpy in 304 and 316 stainless steel; though, the 304 steel is the most resistant to 

alkali (Nickel Development Institute, 1988).  

 For high alloys, a corrosion thickness of 0.01 inches must be assumed when the 

calculated corrosion thickness is lower than such value. Accordingly, the corrosion rate 

of 0.1mpy during 12 years of useful life gave: 

cc =  0.1mpy*12years = 1.2 mIn   (5.17) 
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 Henceforth, a corrosion thickness if 0.01 must be accepted. Following are the 

parameters for calculation of vessel thickness(Sinnott & Towler, Design of pressure 

vessels, 2009); the material properties for the material were obtained from Haynes 

International (1997):  

Maximum operating pressure: P = 37.5psi 

Yield strength: S = 30ksi 

Internal radius of the vessel: R = 36.9In 

Joint efficiency: E = 0.65 

Corrosion thickness: c = 0.01In 

 The calculated thickness for the cylindrical body of the vessel was: 

tc = 0.07In + 0.01In = 0.08In 

 This thickness must be approximated to a nominal commercial diameter of steel 

sheet. A nominal thickness of 3/16 inches annealed and hot rolled sheet of 304 stainless 

steel must be accepted; finally: 

tc = 0.187In 

 A nominal thickness of 3/16 inches was also accepted for the heads, as is 

presented below:  

tc = 0.13In + 0.01In = 0.14In 

 As used for the pigment extraction tank, the criteria for agitator design was 

considered and applied according to Dahlstrom et al, (1997). The selected agitator was an 

axial flow pitched blade turbine. The feed mean properties were: 

Batch volume: V=7.97m
3
 

Mean density of the feed: m = 1105.5kg/m
3
 

Mean viscosity of the feed: µm = 0.431cP 

Agitator: pitched blade turbine 

Four vertical baffles with:  lBV = Di/24 = 78.13mm 

One radial baffle with: lBR = Di/12 = 156.3mm 
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 Agitation power was calculated as described by Sinnott and Towler (Sinnott & 

Towler, Liquid mixing, 2009); results are presented below:  

Agitator equivalent diameter Teq = 2165mm 

Agitator diameter: DT =0.4*Teq = 866mm  

Assuming a normal agitation scale from 3 to 6: Ss = 3 

The bulk velocity: vc = Ss*6 ft/min = 0.09m/s 

Pumping rate: Q = 0.34m
3
/s 

Flow number: Nq = 0.680 

Agitator velocity: N = 45.73RPM 

Agitation Reynolds' number:  Re = 1465542 

Power number: NP = 1.37 

 Finally, the agitation shaft power was calculated: 

Shaft power: P = 0.33kW 

Efficiency:  = 0.75 

Mechanical power: Pm = 0.44kW 

 The stirred tank reactor for deproteinization requires heating so as to maintain 

constant temperature. 

Design heat duty:  Q = 78 kW 

Enthalpy difference of steam at inlet and outlet streams: ΔH = 1105.7kJ/kg 

Mass flow of cooling water: mc = 0.07kg/s 

 The design procedure for the heating service required for the deproteinization 

reaction is detailed next.  

Taking into consideration a 1 inch nominal diameter steel pipe, the internal diameter, 

flow area and velocity were: 

Dic = 26.67mm 

Dec = 23.53mm 

Aic = 5.05x10
-47

m
2
 

vic = 36.5m/s 

 The procedure for thermal design of the jacket was the same as previously 

explained (Sinnott & Towler, Heat transfer equipment, 2009). The required heat duty was 
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provided by superheated steam entering at 220°C and leaving at 180°C saturated with 

50% quality. The parameters and results for the jacket side were: 

Heat duty required for reactor operation:  Q = 78kJ/s 

Volumetric flow of steam: Vj = 0.01515m
3
/s 

The calculated heat transfer coefficient in the jacket was:  hj = 470.5W/m
2
-K 

Calculated heat transfer coefficient in the vessel:  hv = 4583W/m
2
-K 

Overall heat transfer coefficient: U = 355.6 W/m-K 

Mean temperature difference: ΔTj = 134K 

Total heat transfer area: Aj = 1.6m
2
 

Heat transfer area for each turn of the half-pipe: AjT = 0.158m
2
 

Number of turns for the jacket around the vessel: Tn = 10.2 turns 

 Correlations for the heat transfer coefficient in the jacket and vessel side were 

taken from Sinnott and Towler (Sinnott & Towler, Heat transfer equipment, 2009).  

5.3.3. Demineralization reactor 

 Analogously, for the design of the demineralization reactor the following results 

were obtained: 

Mass of batch: m = 2893.14kg  

Volume of batch: V = 3920m
3
 

Operating pressure: Po = 1bar 

Operating temperature: T = 298.15K 

Cylinder internal diameter:  Di = 1480mm 

Cylinder height:  L = 1973mm 

Cylinder volume: Vc = 3.92m
3 

Dish radius for the torispherical head:  f*Di = 1480mm 

Knuckle radius for the torispherical head: k* Di = 88.8mm 

 

 The reaction mixture was mainly composed of an aqueous solution of 

hydrochloric acid 5.2% w/w; the reaction temperature was 25°C. Few materials are 

resistant to hydrochloric acid solutions at any concentration and temperatures; hence, the 

selected material was Hastelloy alloy B-2 (Siebert & Stoecker, 1997). The properties of 

this alloy are presented below(Haynes International, 1997): 

Yield strength: S = 45ksi 

Corrosion rate for hydrochloric acid (5.2%): 5mpy 

cc = 0.5mpy*12years = 60mIn 

The thickness of the cylindrical body of the vessel is: tc = 0.1In 

For the torispherical heads, the thickness is: tc = 0.13In 
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 Results for agitator design were as follows: 

Mean density of the feed: m = 1094.5kg/m
3
 

Mean viscosity of the feed: µm = 0.972cP 

Agitator: pitched blade turbine 

Four vertical baffles with:  lBV = 61.7mm 

One radial baffle with: lBR = 123.3mm  

The agitator diameter was: DT = 683.6mm 

Agitation scale: Ss = 4 

Agitation velocity: N = 45.73RPM 

Calculated agitation shaft power is:  P = 0.32kW 

Efficiency:  = 0.75 

Mechanical power: Pm = 0.43kW 

 The stirred tank reactor for the demineralization reaction required cooling due to 

the exothermic nature of reaction.  

Design heat duty:  Q = -186.6kW 

Enthalpy difference of cooling water at inlet and outlet: ΔH = 146kJ/s 

Mass flow of cooling water: mc = 1.27kg/s 

 Heat transfer to the reactor flew through an external half pipe jacket. The required 

heat duty was provided by cooling water entering at 22°C and leaving at 57°C flowing 

through a ¾-inch nominal diameter steel pipe. Results for the jacket design were: 

Heat duty required for reactor operation:  Q = - 186.6kJ/s 

Volumetric flow of cooling water: Vj = 1.27x10
-3

m
3
/s 

Velocity in the jacket side: vic = 7.4m/s 

Calculated heat transfer coefficient in the jacket:  hj = 22231.8W/m
2
-K  

Calculated heat transfer coefficient in the vessel:  hv = 6660W/m
2
-K 

Overall heat transfer coefficient: U = 1290.3 W/m-K 

The temperature mean difference: ΔTj = 35K 

Total heat transfer area: Aj = 4.13m
2
 

The heat transfer area for each turn of the half-pipe, in the external jacket: AjT = 0.0973m
2
 

The number of turns of the jacket around the vessel: Tn = 42.4 turns 

 

5.3.4. Deacetylation reactor  

 The deacetylation reaction has two stages; the reactor was design for the highest 

demanding condition, the second stage, wherein pressure, temperature and heat duty was 
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higher than that of the first stage. The results for deacetylation reaction were as 

following: 

Mass of batch: m =1955.9kg  

Volume of batch: V = 1.515m
3
 

Operating pressure: Po = 2.21bar 

Operating temperature: T = 363.2K 

Cylinder internal diameter:  Di = 1160mm 

Cylinder height:  L = 1547mm 

Cylinder volume: Vc = 1.89m
3
 

Dish radius for the torispherical head:  f*Di = 1160mm 

Knuckle radius for the torispherical head: k* Di = 69.6mm 

 The reaction mixture was composed of an aqueous solution of sodium hydroxide 

50% w/w and the reaction temperature was 90°C. The Monel alloy 400 offers good 

resistance to this alkaline condition at the reaction temperature (Nickel Development 

Institute, 1988).  

Yield strength: S = 45ksi 

Corrosion rate for sodium hydroxide (50%): <0.1 mpy 

cc =  0.5mpy*12years = 1.2mIn 

The thickness of the cylindrical body of the vessel was: tc =  0.06In 

For the torispherical heads, the thickness was: tc = 0.09In 

  Results for agitator design were as following: 

Mean density of the feed: m = 1371kg/m
3
 

Mean viscosity of the feed: µm = 4.64cP 

Agitator: pitched blade turbine 

Four vertical baffles with:  lBV = 48.3mm 

One radial baffle with: lBR = 96.7mm 

 Calculation of the agitation power: 

The agitator diameter for the case was: DT = 536mm 

Agitation scale: Ss = 6 

Agitation velocity: N = 73.89RPM 

Calculated agitation shaft power is:  P = 0.16kW 

Efficiency:  = 0.75 

Mechanical power: Pm = 0.21kW 
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 The stirred tank reactor for deacetylation required heating in order to maintain a 

constant temperature of 90°C. The heat was provided by superheated steam from a boiler, 

at 10bar and 220°C. Heat transfer to the reactor took place through an external half pipe 

jacket. The required heat duty was provided by superheated steam entering at 220°C and 

leaving at 180°C saturated with 50% quality, flowing through a pipe of 1.0 inch nominal 

diameter. 

Heat duty:  Q = 44.6kW 

Enthalpy difference of steam at inlet and outlet streams: ΔH = 1105.7kJ/kg 

Mass flow of steam: mc = 0.04kg/s 

 For the jacket the internal diameter, the flow area and the velocity were: 

Dic = 26.64mm 

Dec = 33.4mm 

Aic = 2.8x10
-4

m
2
 

vic = 30.9m/s 

 The procedure for thermal design of the jacket was the same as previously 

explained (Sinnott & Towler, Heat transfer equipment, 2009). The required heat duty was 

provided by superheated steam entering at 220°C and leaving at 180°C saturated with 

50% quality. The parameters and results for the jacket side were: 

Heat duty required for reactor operation:  Q = 44.6kJ/s 

Volumetric flow of steam: Vj = 8.64x10
-3

m
3
/s 

The calculated heat transfer coefficient in the jacket was:  hj = 470.5W/m
2
-K 

Calculated heat transfer coefficient in the vessel:  hv = 4583W/m
2
-K 

Overall heat transfer coefficient: U = 355.6 W/m-K 

Mean temperature difference: ΔTj = 40K 

Total heat transfer area: Aj = 3.14m
2
 

Heat transfer area for each turn of the half-pipe: AjT = 0.097m
2
 

Number of turns for the jacket around the vessel: Tn = 32.3 turns 

 The conceptual design of stirred tank jacketed reactor is showed in Figure 47: 



 
148 

 

Figure 47. Conceptual design of a coil jacketed stirred tank reactor. 

 

Conventions 

 

m: mass of batch 



 
149 

V: volume of batch 

Po: operating pressure 

T: operating temperature 

Di: internal diameter of the vessel 

L: straight length of the vessel 

Vc: cylindrical vessel volume 

f: dish radius parameter 

k: knuckle radius parameter 

h: torispherical head height 

tc: wall thickness of cylindrical body 

th: wall thickness of torispherical heads 

t: thickness of the vessel 

P: maximum operating pressure 

R: radius of the vessel 

S: maximum allowable stress 

E: joint efficiency 

c: corrosion thickness 

cc: calculated corrosion thickness 

lBV: vertical baffles length 

lBR: radial baffles length 

µm: mean viscosity of the fluid 

m: mean density of the fluid 

DT: impeller diameter 

Teq: equivalent diameter  

Q: pumping rate 

N: agitation velocity 

Nq: flow number 

Re: Reynolds number 

Pr: Prandtl number 

Np: power number 

P: shaft power 

: mechanical efficiency 

Pm: mechanical power 

Q: heat duty  

ΔTj: temperature difference for fluid in the jacket 

Aj: heat exchanging area 

Dic: half pipe internal diameter 

Dec: half pipe internal diameter 

Dnc: half pipe nominal diameter 

Aic: flow area per tube. 

Vj: volumetric flow in the jacket  

vj: fluid velocity in the jacket  

µj: viscosity of fluid in the jacket 

j: density of fluid in the jacket 

kf: Thermal conductivity of fluid 

kw: Thermal conductivity of tubes' material 
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Cp: calorific capacity of fluid 

Deq: hydraulic diameter for a half pipe  

U: overall heat transfer coefficient 

hj: fluid film coefficient in the jacket 

hjd: dirt coefficient in the jacket 

hv: fluid film coefficient in the vessel 

hvd: dirt coefficient in the vessel 

AjT: heat transfer area for each turn of the half pipe in the external jacket 

Tn: number of turns of the jacket around the vessel 

5.4. Filter equipment design 

 Several filtration facilities are required to separate solid fractions from liquids, 

thus rendering different stages for the process. For the present study, industrial pressure 

filters were considered to drive the aqueous liquid through the cake of solids, containing 

chitosan. As filtration is essentially a discontinuous process, every filtration stage implied 

shutting down the equipment to perform the unloading operation and change of filtering 

media (Sinnott & Towler, Filtration, 2009). The design of pressure filters was developed 

as presented by Tarleton and Wakeman (Tarleton & Wakeman, 2007). 

 For the operation Nutsche filters were selected as the best option, mainly for its 

simplicity, capacity and versatility added to a lower cost (Sinnott & Towler, Filtration, 

2009). In Nutsche filters a single leaf forms part of a fully enclosed cylindrical vessel; an 

imposed constant pressure gradient through the filtration media induces cake formation, 

deliquoring and washing to meet process requirements (Tarleton & Wakeman, 2007). 

The design procedure for all filter equipment design required for the process is 

analogous; therefore only design procedure for filter F-1 is presented in detailed. The 

design results for filters F-2, F-3, F-4 and F-5 are presented in Appendix 4.  

 The initial requirements for the filtration unit for separation of depigmented 

material and extraction solvent were:  

Mass to filter: 1454kg/batch 

Mass of solids : 229.7kg/batch 

Volume of solids: 0.0326m
3
/batch 

Minimum cake thickness: 20mm 
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 The operation of filtration was divided into 13 sub-batches of 116 liters each. 

However, this operation was further confirmed or reconsidered depending on the 

calculation of filtration time. Initially, a larger filter was not selected based on cost of 

equipment. The methodology for designing a Nutsche filter followed the work of 

(Tarleton & Wakeman, 2007). Initially, the parameters for filter design were: 

Mass feed: m = 111.9 kg 

Solids feed: Ms = 17.72 kg 

Density of solids: s = 7033.1 kg/m
3
 

Density of liquid: l = 829.36 kg/m
3
 

Volume of solids: Vs = 2.52x10
-3

m
3
 

Volume fraction of solids: cav = 0.0217 

Mass fraction of solids: s = 0.158 

Mass fraction of liquid: l = 0.842 

Pressure gradient: ΔP = 40000Pa 

Filter medium resistance: R = 4.05x10 m
-1

 

Viscosity of liquid: µl = 9.83x10
-4

P s 

Average specific cake resistance: αav = 2.6x10
10

m/kg 

 Design equations were taken from (Tarleton & Wakeman, 2007).  are following 

presented and solved for the case. The mass ratio of wet solids to dry cake is given by: 

      
  

  
 
     

   
   (5.43) 

mav = 6.316 

 The effective feed concentration was calculated from:  

  
    

       
  (5.44) 

c = 63242.7 kg/m
3
 

 The filtration area was defined by:  

   
                

        
  (5.45) 

Af = 5.8m
2
 

 The filtering time was determined from the equation: 

   
        

   
    

  
  

   

     
    (5.46) 

tf = 117.72s + 0.24s = 117.96s 
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 The filtration time was approximately two minutes per batch of 111.9kg which is 

a reasonable time; thus, it is not necessary to recalculate initial design conditions. From 

the liquid fraction of the feed, the total volume of filtrate was:   

Vl = 0.113m
3
 

 The cylindrical vessel was designed with 6% over the filtration volume: 

Vv = 0.120 m
3
 

 For a Nutsche filter a ratio diameter to height equal to one, is accepted (Tarleton 

& Wakeman, 2007): 

Di= 0.54m 

H = 0.54m 

 The total height of the filtering unit, considering the axis and motor of agitation, 

was (Tarleton & Wakeman, 2007):  

Ht = 3*Di (5.47) 

Ht= 1.6m 

 As it has been presented in precedent sections, the agitator power requirements 

were calculated as described by Sinnott and Towler (Sinnott & Towler, Liquid mixing, 

2009). Taking the diameter of the agitator as:  

DT = 0.9Di  (5.48) 

DT = 0.49m 

 Assuming the slower agitation condition:  

Ss = 0.5 

Then, the bulk velocity was:  

Vc = Ss*6 ft/min   (5.49) 

Vc = 0.03m/s 

 The mean properties of the feed was: 

m = 1809.55kg/m3 

µm = 1.641cP 
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 The revolutions for the agitator were selected for very mild agitation conditions as 

15RPM. In revolution per second (RPS): 

N = 0.25RPS 

 The Reynolds number for agitation is defined as:  

   
  
     

 
  (5.50) 

Re = 66190 

 The Froude number is defined as: 

   
   

 

 
  (5.51) 

Fr = 2.3x10
-3

 

 The power number is function of Froude and Reynolds numbers: 

            (5.52) 

 In turbulent regime, the contribution of Froude number is negligible, then      , 

and the power number is only dependent on Reynolds with        

The proportionality constant, k, between the power number and geometry and Reynolds is:  k = 2.5x10
-5

 

The power number is: NP = 1.65 

 Finally the agitation shaft power was calculated as: 

       
        (5.53) 

P = 1.32W 

 = 0.75 

Pm = 1.75W 

 The conceptual design for the Nutsche filter is presented in Figure 46: 
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Figure 48. Conceptual design of the Nutsche filter. 
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Conventions 

tf: filtration time 

s: solid density 

l: liquid density 

mav: ratio wet mass/dry cake 

Ms: mass of solids cake 

Af: filtration area  

Vs: volume of solids 

cav: volume fraction of solids 

s: mass fraction of solids 

l: mass fraction of liquid 

R: filter medium resistance 

ΔP: filtration pressure gradient 

µl: viscosity of liquid 

αav: average specific cake resistance 

c: effective feed concentration 

Vl: volume of filtrate 

Vv: volume of vessel 

Di: internal diameter of the vessel 

H: height of the vessel 

Ht: total height of filtration equipment 

DT: diameter of agitator (2 blades) 

Ss: agitation scale 

vc: bulk velocity 

µm: mean viscosity of the feed 

m: mean density of the feed 

Q: pumping rate 

NP: power number 

Re: Reynolds number 

Fr: Froude number 

k: correlation constant 

P: shaft power 

: efficiency 

Pm: mechanical power. 

5.5. Dryer design 

 As a final step in the production process, chitosan must be dried to eliminate 

residual humidity. Depending on the quality requirements and use, some further 

treatment, such as washing or neutralization, could be required prior to the drying stage. 

Design of a rotary drier, as a feasible option, is presented below (McCabe, Smith, & 

Harriott, 1991). 
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 From simulation results, the humidity for chitosan was 10%, after the last 

filtration stage; however, the dryer was designed assuming a maximum humidity of 20%. 

Mass of wet solid batch: m = 103.15kg  

Mass of dry solids: ms = 82.52kg 

Mass of liquid: ml = 20.63 kg. 

 The drying was performed with hot air. Initially, the air atmospheric conditions 

prior to heating were: 

Temperature of air at inlet Th = 25°C 

Humidity of air at inlet HR = 66% 

 The batch of wet solids was processed in 30 minutes; the dryer operated at 

continuous condition as other units in the plant. It offered more flexibility for a projected 

intensification in the production. Then, the wet solid flow rate and dry basis solid 

humidity were: 

Wet solid flow rate:                

Humidity of solids at inlet: xa = 25% 

Humidity of solids at outlet: xb = 0.1% 

 Air was taken at atmospheric conditions and heated to 110°C maintaining 

constant the humidity content: 

Absolute humidity at inlet: Ha = 0.016 kg H2O/kg dry air 

Dry bulb temperature of hot air at inlet: Tha = 110°C 

Wet bulb temperature air at inlet: Twa = 36.2°C 

 A reasonable number for transfer units (NT) was selected (McCabe, Smith, & 

Harriott, 1991):  

Number of transfer units:        
       

       
  (5.54) 

          

 From the number of transfer units, the dry bulb temperature of air at the outlet of 

the dryer was: 
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Dry bulb temperature of hot air at inlet: Thb = 53°C 

 The required heat for evaporation was calculated as described in from (McCabe, 

Smith, & Harriott, 1991): 

  

   
                                                                      

(5.55) 

Temperature of solids at inlet: Tsa =25°C 

Temperature of solids at outlet: Tsb =50°C 

Vaporization temperature: TV  = 50°C 

Vapor final temperature: TVb  = 50°C 

Specific heat of solids: Cps  = 0.41 kJ/kg-K 

Specific heat of liquid: CpL  = 4.3 kJ/kg-K 

Specific heat of vapor: CpV  = 1.9 kJ/kg-K 

 The results for the required heat, from (5.55), were: 

  

   
             

qT  =34.65kJ/s  

 The specific heat for the air at inlet were: 

             (5.56) 

               

 The mass of air required for drying was calculated from equation (5.65) (McCabe, 

Smith, & Harriott, 1991): 

          
  

            
  (5.57) 

               

 The allowable mass flux of air was set to 1.10 kg/m
2
-s; the calculated area for the 

cylinder and diameter was: 

Mass flux of air: G = 1.10 kg/m
2
-s 

Area of cylinder:   
   

 
   (5.58) 

A = 0.527 m
2 

The cylinder inner diameter:    
   

 
 (5.59) 

 The cylinder length was calculated from correlation (5.68) (English units) 

(McCabe, Smith, & Harriott, 1991): 

                       (5.60) 
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 The logarithmic mean difference was:  

       
                   

   
       

       
 

 (5.61) 

                        

 Finally, the dryer design length was: 

L = 12.4 ft = 3.78 m 

 The dryer conceptual design is presented in Figure 48: 

 

 

Figure 49. Tubular dryer conceptual design. 

 

Conventions 

 

m: mass of wet solids batch. 

ms: mass of dry solids. 

ml: mass of humidity. 

Th: temperature of air at the dryer inlet. 

HR: humidity of air at the dryer inlet. 

   : wet solid flowrate. 
xa: humidity of solids at dryer inlet. 

xb : humidity of solids at dryer outlet. 

Ha : absolute humidity at inlet. 

Tha :dry bulb temperature of hot air at dryer inlet. 

Twa: wet bulb temperature of air at dryer inlet. 

Thb : dry bulb temperature of hot air at inlet. 

  : number of transfer units. 

qT: required heat for evaporation of humidity.  

Tsa: temperature of solids at dryer inlet. 

Tsb : temperature of solids at dryer outlet. 

TV : vaporization temperature of humidity. 
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TVb: vapor final temperature. 

Cps: specific heat of solids. 

CpL: specific heat of liquid. 

CpV : specific heat of vapor. 

   : specific heat for the air at dryer inlet. 

   : mass of air required for drying. 

      : Logaritmic mean difference in the dryer. 

G: The mass flux of air. 

A: area of dryer cylinder. 

D: dryer cylinder inner diameter. 

L: dryer cylinder length. 

 The conceptual design for the most representative facilities of the chitosan 

production plant was presented throughout this chapter, as a final step of this work. From 

a technical and economical analysis, the attained results constitute a valuable tool for 

investors to decide about the potential development of a Colombian company, dedicated 

at treating shrimp shell waste. Turning shrimp shells, an agro-industrial waste, into an 

added value product will contribute to preserve the environment and promote laboring 

possibilities for local inhabitants; it will also open new perspectives of industrial 

development in Colombia and Latin America. 
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CHAPTER 6. CONCLUSIONS & RECOMENDATIONS 

 In this work, a technical and economic analysis was performed for the purpose of 

providing further tools to potential investors in the development of an industrial process 

for the conversion of the agro-industrial waste shrimp shells into an added value product.  

 Simulation of processes by means of commercial software constitutes a grey box 

model; the accuracy of its results and therefore the reliability of the simulation depended 

on assumptions, decisions, inputs, experimental data and simulation setup. In this study 

the introduction of data obtained from experimental work, especially kinetic studies, 

selected for simulation of reactive steps, allowed to obtain a good approximation to the 

real performance of the process.   

 In the experimental characterization of raw material a 29.996% content of chitin 

was found. However, other authors referred 20% of chitin content in related species 

(Shirai, 1999). The selection of a conservative value of 24.2% for chitin content 

demonstrated to be a reasonable approximation to perform the technical and economic 

calculation, since it considered the variability of raw material and losses along the 

processing steps, assuring a reliable projection of production and incomes. 

 For the simulation setup, it was demonstrated that UNIFAC contribution group 

model assumed by Aspen Plus for calculation of thermodynamic data, specifically for the 

user defined molecules, was a good selection for molecules whose experimental data 

were not available.  

 As it was described in chapter 3, the validity for physical data for user´s defined 

molecules contrasted with experimental data available in literature, through the 

comparison of the free Gibbs energy and calorific capacities. Since those values were 

consistent, it was expected that data calculated by the software algorithms were also 

satisfactory for other molecules like peptides and saccharides, whose experimental data 

were not available.  
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 For the chemical depigmentation stage, the empirical kinetics indicated that 

depigmentation velocity decreases beyond 1200 seconds of contact. Although the total 

extraction is desirable, the costs and time spent to extract this remaining pigment are 

high. It would be helpful to evaluate if the level of pigment removal reached at 1350 

seconds of processing is enough to satisfy the market requirements, which would signify 

savings of 12.5 minutes per batch processed.  

 The liquid-solid ratio for depigmentation found was high in comparison with the 

mass of pigment extracted. The solvent extraction cost was high enough to make it 

necessary to consider the solvent recovery, thus leading to a better economy of the 

process.  

 Additionally to solvent recovery, pigments can be also purified and 

commercialized as a food additive, since the extraction solution is non-toxic. 

 Concerning the deproteinization stage, the simulation of protein hydrolysis was 

performed under specific assumptions; yet this approach does not resemble the 

experimental characterization of protein fraction; so, it is necessary to develop models 

that closely represent the deproteinization reaction for further simulations. 

 The chemical deproteinization kinetics showed that 98.8% of total proteins is 

removed in about 6000 seconds. However, reducing the required time to 100 minutes 

would render energy savings of 127.5 MJ.  

 The deproteinization stage performed by biotechnological means was 

unsatisfactory, since completion of the process with alkaline solutions is required after 

the enzymatic or fermentative extraction. Nonetheless, if these alternatives can be  

improved, the environmental impact derived from water and energy consumption, will be 

substantially reduced.  

 For the chemical demineralization stage, the kinetic analysis suggested that it is 

feasible to consider the reduction of processing time to 23.3 minutes, since this stage was 
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completed in 2800 seconds of reaction; if this reduction were applied, about 196 MJ 

would be saved.  

 The fermentative process for chitin extraction is not a feasible option itself, due to 

the depigmentation and deproteinization levels reached, and time requirements. The 

combination of fermentation and chemical processes is a worthy alternative to reduce 

consumption of reactants, energy and adverse environmental impact. The economic 

performance of this mixed process is better than expected, especially when the perpetuity 

economic analysis was performed. 

 Regarding the fermentative process, the total demineralization was reached in 41 

hours, while total deproteinization and depigmentation were never achieved through this 

method.  

 The mixed process of chitin isolation anticipated 41 hours of fermentation, 

reducing the original fermentation time in 103 hours (4.3 days).  In such a time, total 

demineralization, partial depigmentation and partial deproteinization were reached. In 

addition, completion through chemical treatments was required.  

 When a mixed process was used, the complete extraction of pigments through 

chemical method is reached in 1200 seconds and the total deproteinization in 2400 

seconds. This time must be added to the 41 hours spent in fermentation.  

 If mixed process is used, two complete days are required for final synthesis of 

chitosan from shrimp shells. Further investigations could prove that time of fermentation 

could  be further reduced, so the industrial application of this option would be 

forthcoming.  

 Despite of advantages and savings of the mixed process for chitosan production, 

the economy of this process is yet poorer than chemical process; nevertheless, minor 

improvements would make it as competitive as the chemical one. These improvements 

must be oriented to reduce the fermentation time and enhance the yield of depigmentation 
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and deproteinization, by applying metabolic engineering and genetic engineering 

techniques.  

 The application of mixed and fermentative processes for chitin extraction has a 

downside with respect to effluent appraisal because no by-product of fermentation can be 

recovered or treated for further commercialization. If the chemical process is used for 

extraction of proteins and pigments, these components can be purified and eventually 

used as food additives for human or animal consumption. 

 It is important to emphasize that the two processes considered for chitin isolation 

were technically feasible since the technology, equipment, raw material and reactants 

required are available in the market. However, the quality requirements for the product 

respect to pigments, proteins and mineral content makes necessary the use of aggressive 

reactants to achieve the maximum extraction.  

 The chemical extraction is the only way to guarantee the extraction levels 

required involving the less time of processing, so the higher profitability is achieved by 

using only the chemical process of extraction.  

 The deacetylation degree is the most critical parameter of quality in chitosan 

synthesis; it has been showed that deacetylation degree is dependent on sodium 

hydroxide concentration used in the reaction. Deacetylation degrees over 80% implies the 

use of sodium hydroxide concentrations over 40% w/w requiring special materials for the 

facilities, in addition to hazard and environmental considerations for handling; then this 

reaction is considerably expensive.  

 The empirical kinetics of reaction found for deacetylation reaction demonstrated 

that this reaction is quite slow, since 12830 seconds of reaction were necessary to achieve 

the desired deacetylation degree. In addition, it required the highest temperature in the 

process (120 °C) equivalent to 393.8 MJ of energy.  
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 The projected capacity for the considered plant is small, since for typical 

pharmaceutical industries the pilot plant scale considers treatment of batches of 120kg or 

even more. The considered treatment of 30 Ton/month of raw material, yielding 65.8 

kg/day is actually a pilot plant production level (Gomez & Strathy, 2001).   

 The economic reliability of a chemical plant increases with its production 

capacity; yet large production levels increases size and/or number of operative units, as 

well as the investment required. The availability of raw material in the Colombian 

Caribbean and Pacific coasts offers stimulating perspectives for the establishment of a 

chitosan industry in this country. Nonetheless, it is risky to propose a demarcated 

industrial capacity with the lack of chitosan market information.  

 It is known that batch processes are less reliable than continuous processes, 

however the option of continuous chitosan production is not yet available. The 

exploration of continuous process by Khan et Al. resulted in large PFD reactors for 

enzymatic demineralization and deproteinization reactions and also for subsequent 

purification of chitosan with hydrochloric acid and sodium hydroxide at higher 

temperatures than the process presented in this work (Khan, Shibata, Kresnowati, & Tai, 

2001). Then, the investment required for continuous process is even higher than the 

required for the alternatives considered in this work.  

 The chitosan price in the market depends on product quality according to the 

deacetylation degree, water solubility, viscosity, molecular weight and residual pigments, 

mineral and proteins. Regarding the price projection of 35 USD/kg FOB for the present 

analysis, the price for high quality chitosan is over 50 USD/kg and even 100 USD/kg, 

having an important impact on profit projection. However, conservative prices with 

respect to the quality of product were assumed for the economic analysis. If 

pharmaceutical and medical devices with chitosan are well developed and 

commercialized, the value of end products could be much higher. 
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 The investment required for the process involving fermentative treatment was 

2086 USD/kg batch. Despite the production cost was lower when a fermentative process 

was involved, the difference in investment required is not covered by these savings; as a 

consequence the net present value for the mixed process is lower than for the chemical 

one. In the projected horizon the chemical process is more feasible and profitable, but 

when perpetuity of the project is considered the mixed process overtakes slightly the net 

present value of chemical process. It indicates that equilibrium point for mixed process is 

reached in more time than for the chemical one, but in the long term the mixed process is 

more feasible, if project time is higher than 11 years.   

 The relation between reactants costs and product profits is not very attractive from 

the economic point of view. The economic feasibility for the chitosan production process 

depends strongly on reactant recycles; in this case, it is indispensable the recycling of 

pigment extraction solvent and concentrated sodium hydroxide solution used for 

deacetylation reaction, since these substances are the more expensive ones in all the 

process.  

 Comparing the material costs with energy costs, the energy is not the more 

significant cost since the material cost is 63.3% and energy cost is 23% with respect to 

the total production cost. It has been discussed the (energetic) inconvenience of drying 

the raw material prior to grinding; however, if this step is not eliminated, the cost of 

energy required in this drying process would be 41.53 USD/batch. The total thermal 

energy required for the initial drying of shrimp shells was around 2000 kW at cost of 

2.08x10
-5

 USD/kW, according to considerations presented in section 4.2.2. 

  Finally, respect to the potential economical benefits of establishing a chitosan 

plant in Colombia, the market projections indicated that Latin America could offer 

potentially 12% of the chitinous material needed worldwide. In fact, the demand for 

chitosan is increasing and the volume of production is insufficient according to 

projections and the growth of different fields depending of chitosan as raw material 

(Suman Project Consultants Pvt. Ltd, 2011). Latin America and Colombia have an 
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important opportunity in this growing market and its potential shrimp productivity. In 

addition, for the Colombian case some tax exemptions are applicable for the early years 

of the project. Benefits are applicable if new employment is created, reducing the income 

taxes in 70% (excluding the CREE tax) in the 5 first years of the project. This exemption 

would impact positively the cash flow of the project, increasing slightly the net profits 

(GLC Consultores, 2014).  

 Finally, results obtained throughout this work of technical and economical 

analysis constitute a solid, reliable and detailed basis, from a technical and economical 

point of view, for further development of a Colombian company dedicated to treating 

shrimp shell waste and to generate added value products.  
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