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Abstract 

The objective of this project was to design a high-density polyethylene (HDPE) recycling 

facility located in Tucson, Arizona that processes HDPE derived from Pima County municipal 

recycling programs into two streams: low purity, dyed HDPE flakes and food-grade clear HDPE 

pellets. The dyed HDPE flakes are sold at $0.55/lb to construction material manufacturers, and 

clear pellets are sold at $0.75/lb to food and beverage companies. The purity specification of the 

food-grade product is 99.999% HDPE, determined from FDA guidelines on recycled plastics for 

food and beverage use, while the purity specification for dyed HDPE is 99%, as deemed 

acceptable for construction use. An economic analysis has been performed to show that 

assuming that it takes three years to construct the plant, the plant will be profitable just one year 

after construction is completed. 

The overall process of this facility is outlined by a bottle wash, grinder, flotation tank, 

sorter, flake wash, flake rinse, and extruder. The bottle wash step applies hot water, detergent, 

and caustic to remove the majority of contaminants including food residue, labels, and adhesives. 

The grinder granulates the plastic bottles into 5-10mm flakes using a wet grinding process to 

suppress dust emissions and prevent the plastic from melting. The flotation tank separates HDPE 

from contaminants by density. The sorter then optically sorts the dyed and clear HDPE, where 

dyed flakes are removed and sold while clear flakes are conveyed for further processing. The 

flake wash cleans the clear HDPE to food grade purity while the flake rinse removes residual 

detergent and contaminants. Finally, the extruder processes the flakes into pellets. Additionally, 

the plant includes an on-site water treatment facility to recycle 65% of the water consumed. 

 

 



Overview of Contributions 

Five senior undergraduate students from the UA Department of Chemical and 

Environmental Engineering—Lindsey Carranza, Anuja Oke, Joshua Reyes, Joleen Shiroma, and 

Vivian Trinh—contributed to the development of this proposed plant design as well as the 

subsequent report defending its feasibility. Joleen Shiroma discussed the environmental factors 

associated with the plant’s design as well as conclusions and future recommendations for further 

optimization. She also served as the primary contact between the group and their engineering 

professional mentor, Rodney Keith; hosted and facilitated weekly group meetings; reached out to 

contractors and manufacturers for equipment quotes; and edited the progress and final design 

presentations, poster, and video for the virtual Craig M. Berge Engineering Design Day event. 

Lindsey Carranza contributed by writing the report summary, safety factors, and part of the 

conclusion sections of this report; in addition, she also developed the energy balance for the 

pumps and heat exchangers used throughout the process. Anuja Oke served as the main lead 

carrying out the economic cost-benefits analysis portion of the design; through her analysis, the 

team was able to ultimately defend the economic feasibility of the plant’s construction. Joshua 

Reyes and Vivian Trinh worked in tandem to develop relevant mass balances, process flow 

diagrams (PFD), 3D-design models, stream tables, and utility tables; they served as the primary 

experts explaining the rationale and optimization choices associated with the plant’s design. 

Major decisions regarding process design and equipment selection were made as a team 

during weekly meetings throughout the Spring 2020 semester. All decisions were supported 

using rationale and assumptions derived from research, patents, experimental pilot projects, and 

real-life case studies. A commitment to process efficiency, product quality, environmental 

stewardship, and economic feasibility was prioritized throughout the development of this design.  



 

 
 
 

Final Project ChEE 443 
 

Municipal HDPE Recycling 
 
 

Submitted by 
Team 19133 (5AM) 

 
May 5, 2020 

 
Lindsey Carranza 

Anuja Oke 
Joshua Reyes 

Joleen Shiroma 
Vivian Trinh 

 
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   

 



2 

SUMMARY 
 

The objective of this project is to design a high density polyethylene (HDPE) recycling 

facility that processes HDPE derived from Pima County municipal recycling program into two 

streams: low purity, dyed HDPE flake and food-grade clear HDPE pellets. The dyed HDPE 

flakes are sold at $0.55/lb to  plastic brick manufacturers, and clear pellets are sold at $0.75/lb to 

food and beverage companies. The facility is to be located in Tucson, AZ to provide close 

proximity to the HDPE source. The inlet is assumed to be sorted HDPE purchased at $0.46/lb of 

clear HDPE and $0.13/lb of colored HDPE. The plant processes a flow rate of 549 kg/hr of clear 

HDPE and 1265 kg/hr of colored HDPE. The purity specification of the food-grade product is 

99.999% HDPE, determined from FDA guidelines on recycled plastics for food and beverage 

use. The full calculation of this value is provided in Section 2. The purity specification for dyed 

HDPE  is 99%, as deemed acceptable for construction use.  

The overall process of this facility is outlined by a bottle wash, grinder, flotation tank, 

sorter, flake wash, flake rinse, and extruder. The bottle wash removes large contaminants such as 

food, labels, and adhesives as well as residues. The bottle wash cleans the plastic while 

preventing non-HDPE materials from impacting the performance of the grinder. The bottle wash 

operates with hot water, detergent and sodium hydroxide, each at a concentration of 0.5%. The 

detergent, caustic, and hot water provide an abrasive cleaning appropriate for removal of 

adhesive. The grinder granulates the plastic bottles into 5-10mm flakes. This plant employs wet 

grinding to suppress dust emissions and cool the grinder to prevent the plastic from melting. The 

flotation tank separates by density, allowing the HDPE flake to remain at the top, while 

contaminants sink to the bottom. Next, the sorter optically sorts the dyed and clear HDPE. Dyed 

HDPE flake is removed and sold, while clear HDPE is conveyed for further processing. The 

flake wash cleans the clear HDPE to food grade purity using 0.5% detergent and hot water. The 

flake rinse removes residual detergent and contaminants. Next, the extruder processes the flakes 

into pellets. Heat exchangers are employed at the outlet at the wash steps to recycle the heat back 

into the feed of these steps, and heat the inlet water from 25℃ to 72℃. Electrical heaters provide 

the remaining energy to heat to 82℃. Additionally, the plant includes an on-site water treatment 
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facility to recycle 65% of the water used in this process. On-site water treatment reduces cost of 

pumping additional clean water into the process and minimizes risk of contamination off-site.  

The main assumption contributing to the feasibility of the plant is the efficacy of the 

wash cycles. This factor affects the overall purity of the outlet stream, which in turn affects the 

purity of the product. Additional testing regarding water to plastic ratio, detergent concentration, 

and caustic concentration is recommended. The final outlet of colored HDPE flakes and clear 

HDPE pellets must be analyzed for purity to uphold the standards of the design. The water 

leaving the water treatment site must also be analyzed for purity to ensure additional 

contaminants are not introduced via wash and rinse water.  

The total capital investment of the plant is $1,772,908, with the on-site wastewater 

treatment plant accounting for the largest portion of the equipment costs. The annual costs are 

$14,350,773.77, with feedstock costs, which are the cost of detergent, caustic, and HDPE bales 

accounting for a majority of these costs. An economic analysis has been performed to show that 

assuming that it takes three years to construct the plant, the plant will be profitable just one year 

after construction ends. The net present value after twelve years of running the plant is 

$18,251,442.38. Although the plant has to bear additional capital costs for water and 

energy-saving measures through the addition of a wastewater treatment plant and heat 

exchangers, the plant is still profitable.  
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SECTION 1: INTRODUCTION/BACKGROUND 
 

There is a major sustainability issue in America right now as recycling infrastructure has 

not been able to keep pace with today’s growing waste stream. Reinforcing a strong, domestic 

recycling infrastructure is imperative in order to eliminate much of that waste and cut down on 

the avalanche of new plastic produced every year. The purpose of the project is to design a 

HDPE recycling facility that recycles HDPE jugs derived from municipal recycling programs 

into HDPE pellets. The plant produces a high-grade stream containing clear HDPE pellets sold 

for food packaging and a stream of dyed HDPE flakes derived from caps and dyed bottles used 

for recycled plastic brick manufacturing.  

Recycling provides a profitable and sustainable fate to the high volume of solid waste 

generated in the US. HDPE and other plastics account for 12.8% of the volume of municipal 

solid waste produced by the US, with nearly 10 million metric tons of HDPE alone produced 

annually (Rudolph). HDPE is selected as a viable candidate for recycling due to its high market 

volume of 30 million tons yearly (Lei et al.). In addition, it is cheaper to manufacture products 

derived from recycled HDPE than virgin HDPE, making it marketable plastic for recycling 

(Thomas). HDPE jugs are a common form of municipal solid waste containing clear HDPE in 

the jugs as well as dyed caps, labels, and adhesives. Clear and dyed HDPE are currently 

competitively priced at $0.75/lb and $0.55/lb on the market (“PetroChem Wire: Natural HDPE 

Pellet Prices Rise”). Producing both low and high quality streams proves to eliminate waste of 

dyed HDPE while generating additional profit.  

The ultimate objective was to confront America’s recycling challenge by designing a 

facility based in Tucson, Arizona that processes HDPE jugs derived from municipal recycling 

programs into two streams: high quality, food-grade, clear pellets with 99.999% purity rates to 

be sold for plastic jug manufacturing and low-grade, dyed pellets with 99% purity sold for 

construction materials. 5AM has closely collaborated with another senior design group from the 

Chemical Engineering department that specializes in sorting plastic materials to determine a 

majority of our inlet values into our plant. In addition, while food and beverage companies were 

identified as the major potential buyers of our high-grade stream, another potential buyer could 

be construction material manufacturers for the low-grade product. These combined attributes 
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make HDPE a promising material for reprocessing into pellets to be repurposed and sold to 

businesses. The current process design of this HDPE recycling facility will allow for production 

rates of 549 kg/hr and 1265 kg/hr of clear HDPE and dyed HDPE, respectively. With 

consideration to the market prices of clear HDPE pellets and dyed HDPE flakes as well as 

purchasing price from the senior design group specializing in manufacturing recycled plastic 

bricks, this HDPE recycling plant can be profitable by pricing the pellets and flakes at $0.75/lb 

and $0.55/lb, respectively.  

The main constraints of the project are the budget, location, and environmental 

regulations. To maximize profit, the project will be designed to minimize costs of building, feed, 

and energy. The plant is located in Tucson, Arizona to allow access to the large feed coming 

from municipalities of Pima county. These zoning regulations and land costs will also be taken 

into account, in addition to considerations of the plant’s impact on the area. As one of the aims of 

this project is to provide a more environmentally sustainable alternative to plastic waste and 

production of HDPE, the plant must operate sustainably and satisfy federal and local emissions 

and consumption regulations. 

The primary assumptions in the development of the amount of contaminants present in 

the inlet stream, the amount of contaminants that can be removed during washing, and the basis 

that the plant is provided enough HDPE from the municipal recycling program to operate at the 

desired flow rate 24 hours a day, 365 days a year. The amount of contaminants removed during 

the bottle wash was assumed to be 99%, with a remaining 1% removed in the flake wash to 

adhere to the 99% purity standard for dyed HDPE and 99.999% purity standard for clear HDPE.  
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SECTION 2: OVERALL PROCESS DESCRIPTION, RATIONALE and 
OPTIMIZATION 

 
The process of the HDPE recycling plant is depicted in the quantitative block flow 

diagram in Figure 1. The process flow diagram in Figure 2 is more descriptive in that it 

showcases the other pieces of equipment in each unit operation, such as pumps, heaters, and heat 

exchangers. The process was designed for the entire operation to follow a ratio of 2:1 of total 

water to HDPE by mass. This 2:1 ratio was not applied to each piece of equipment, but instead 

for the whole process to result in a total amount of HDPE produced to be half of the total water 

used. A life cycle assessment submitted by Franklin Associates found the water consumption 

across 7 different HDPE recycling facilities using a ratio less than 2:1 ( Life Cycle Impacts). 

Another source operated with a ratio of 2:1 for each wash process (“Plastics Recovery Manual 

4”). To compromise, a ratio of 2:1 ratio of total water to HDPE for this process allows for 

conservative considerations and calculations.  

The FDA mandates an estimated daily intake (EDI) of 1.5 micrograms/person/day of 

chemical contaminants, and food packaging manufacturers scale this to their food packaging 

surface area (Center for Food Safety and Applied Nutrition). Using an assumed HDPE thickness 

of 0.5 mm, and the HDPE density of 0.97 g/cm3, the packaging would have a mass to surface 

area ratio of 0.00485 g/cm2. Assuming a daily food intake of 3 kg, the mass of chemical 

contaminants per mass of HDPE would be 0.00031%. The full calculation is described in 

Appendix H.  Therefore, a 99.999% purity is necessary for food grade HDPE. 

The process flow diagram of the HDPE recycling plant is represented in Figure 2. At the 

inlet of the plant, HDPE jugs are supplied to a bottle wash tank with hot water, sodium 

hydroxide (NaOH) caustic, and detergent. The hot water and 0.5% caustic are used to remove 

adhesives, while 0.5% mild soap detergent to remove remaining food, grease, and biodegradable 

materials. NaOH was used instead of other caustics, such as KOH, because it has a lower cost 

and is used more commonly in industry. The value of 0.5% detergent and caustic in hot water is 

noted to be an effective value for washing PET flake, and was inferred to be applicable to HDPE 

(Hossain et al). In this step, 99% of the contaminants in the jugs are assumed to be removed.  
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After the jugs undergo the preliminary wash, they are next conveyed to the grinder 

(V-102) where the jugs are ground to 5-10 mm flakes. A large-scale HDPE recycling trial was 

considered alongside a patent for a general method of plastics recycling in deciding the desired 

flake size after grinding. The HDPE recycling trial ground the jugs to flakes of 5-8 mm size 

(Kosior et al.).  In the patent, the flakes were ground to be approximately 10 mm or smaller 

(Sampon). In this process, the flake size range accommodated for the size from both sources. The 

grinder has an inlet water stream to allow for wet grinding to avoid melting of the HDPE as dry 

grinding is typically used for types of plastics with much higher melting points. The wet grinding 

process also suppresses plastic dust emitted from the grinder.  

The next step in the process is the flotation tank (V-103), where the HDPE is separated 

from contaminants by density. The HDPE flakes will float, while the contaminants will sink in 

the flotation tank. At this point, the HDPE flakes have reached a purity of 99%, which is 

satisfactory for the construction grade recycled plastic bricks manufacturing.  

These flakes are sent to the sorter (V-104), where they are optically sorted into two 

categories: dyed HDPE and clear HDPE. The dyed HDPE is sent to an outlet stream where it 

could then be sold to the brick manufacturers, while the clear HDPE must be further cleaned to 

reach food grade. The sorter is applied before the flake wash, so that the food grade stream is led 

towards the flake wash and the other construction grade stream directly led to product output for 

construction grade produce to reduce unnecessary water and energy consumption. 

The clear HDPE is sent to the flake wash (V-105), where they are then rinsed with hot 

pure water and 0.5% detergent. The flake wash is essential in cleaning the flakes for food grade 

product because at this point, the surface area of the flakes is maximized and additional washing 

is effective at increasing purity.  

The clear HDPE flakes are then sent to the flake rinse (V-106), where they undergo a 

final rinse with water to remove any residual detergent from the previous step. This final rinse 

utilizes room temperature water to help eliminate remaining milk film and bacteria while 

preventing the setting of any residual odors by avoidance of applied heat (Sampson). This further 

cleaning step is essential in food grade material. After this step in the process, the flakes have 

reached the desired purity level of 99.999%.  
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The final step in this process is to send the flakes to the extruder (V-107), where the 

flakes are molded into clear HDPE pellets that will be ready to be sold as the food grade product. 

The size of the flakes allows for the extruders to properly melt the HDPE flakes and mold them 

into the desired pellet profile. Many sizes can be available and therefore, the size of the pellets 

will depend on the buyer of the product for their specific need. Additionally, extrusion acts as a 

homogenizer to ensure the final product is a homogeneous mixture of clear HDPE. 

The process flow diagram also depicts that the wastewater streams from the bottle wash, 

grinder, flotation tank, flake wash, and flake rinse lead to an on-site wastewater treatment where 

approximately 65% of the treated water can be reused in the continuous process to allow for a 

reduction in water consumption. This approximation of 65% conservatively accounts for 

evaporation as well as the reuse capabilities of the water after wastewater treatment.  

Since hot and room temperature water are involved in the process, two heat exchangers 

have also been placed to reduce energy consumption. The heat exchangers were each modeled in 

Aspen as shell-and-tube heat exchangers with a temperature difference between the hot inlet and 

cold outlet of 10℃. Aspen data is displayed in Appendix B. The inlet water is assumed to be 

entering at 25℃ and acts as the cold inlet stream of the heat exchanger. The effluent water from 

the wash stream of each wash tank is the hot inlet stream, and is assumed to exit at 82℃. The 

cold outlet stream is heated through the exchanger to 72℃ and the heaters bring them to the 

82℃ temperature for washing conditions. 

After many points of consideration, this design was determined to best meet our 

objectives. Each input and output stream in each piece of equipment was quantitatively analyzed 

and is represented in Table 1. Table 2 represents the type of equipment that is used, along with 

other properties such as area, duty, flow, density, temperature, and pressure. Two utilities tables 

are highlighted in Table 3 and 4: for one considering a process with an on-site wastewater 

treatment for water reuse and one for a process without treatment for water reuse but treatment 

for disposal to sewage, respectively. These tables briefly suggest the annual savings by 

implementing an on-site wastewater treatment facility. 

 



10 

Figure 1: Quantitative block flow diagram of HDPE recycling plant
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Figure 2: Process flow diagram of HDPE recycling plant 
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Table 1: Stream Table for process shown in Process Flow Diagram 

 

Stream 

Total 
HDPE 
[kg/hr] 

Clear 
HDPE 
[kg/hr] 

Dyed 
HDPE 
[kg/hr] 

Contaminants 
[kg/hr] 

Water 
[kg/hr] 

Caustic 
NaOH 
[kg/hr] 

Detergent 
[kg/hr] 

1 1814.4 549.32 1265.1 24.954 0 0 0 
2 0 0 0 0 3628.7 18.144 18.144 
3 0 0 0 24.705 3628.7 18.144 18.144 
4 1814.4 549.32 1265.1 0.24955 0 0 0 
5 0 0 0 0 1814.4 0 0 
6 0 0 0 0 1814.4 0 0 
7 1814.4 549.32 1265.1 0.24955 0 0 0 
8 0 0 0 0 3628.7 0 0 
9 0 0 0 0 3628.7 0 0 
10 1814.4 549.32 1265.1 0.24955 0 0 0 
11 1265.1 0 1265.1 0 0 0 0 
12 549.32 549.32 0 0.24955 0 0 0 
13 0 0 0 0 1098.6 0 5.4932 
14 0 0 0 0.24955 1098.6 0 5.4932 
15 549.32 549.32 0 0 0 0 0 
16 0 0 0 0 1098.6 0 0 
17 0 0 0 0 1098.6 0 0 
18 549.32 549.32 0 0 0 0 0 
19 549.32 549.32 0 0 0 0 0 
20 0 0 0 0 0 18.144 18.144 
21 0 0 0 0 0 0 5.4932 
22 0 0 0 0 10480 0 0 
23 0 0 0 0 788.84 0 0 
24 0 0 0 24.955 788.84 18.144 23.637 
25 0 0 0 0 11269 0 0 
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Table 2: Equipment Table 
 

Heat 
Exchangers 

HX-101 HX-102 Heaters H-101 H-102 

Type Shell-and-tube Double Pipe Type Electrical Electrical 

Area (m2) 22.06 6.68 Duty 
(kW) 
  
  

 13.8 
  
  

 4.19 
  
  Duty (kW) 64.5 19.5 

MOC Carbon steel Carbon steel 

Vessels/ 
Towers 

V-101 V-102 V-103 V-104 V-105 V-106 V-107 V-108 V-109 

Temperature 
(°C) 

25 25 25 25 25 25 208.3 25 25 

Pressure 
(atm) 

1 1 1 1 1 1 1 1 1 

Orientation Vertica
l 

Vertica
l 

Vertica
l 

Vertica
l 

Vertical Vertica
l 

Vertica
l 

Vertica
l 
 

Vertica
l  

MOC Carbon 
steel 

Carbon 
steel 

Carbon 
steel 

Carbon 
steel 

Carbon 
steel 

Carbon 
steel 

Carbon 
steel 

Carbon 
steel 

Carbon 
steel  

Pumps P-101 P-102 P-103 P-104 P-105 P-106 P-107 P-108 

Shaft Power 
(kW) 

0.13  0.03  0.02  0.04  0.04  0.01  0.01  0.05 
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Table 3: Utilities Table with on-site Wastewater Treatment Facility for Water Reuse 
 

 Unit Cost Annual Cost 
Utilities Cost Units Cost Units 

Electricity 0.07 $/kW-hr 50,731.54 $/yr 

Process water 0.27 $/m 3 3,004.19 $/yr 

Total   53,735.73 $/yr 
 

 
Table 4: Utilities Table without on-site Wastewater Treatment for Water Reuse 

 

 Unit Cost Annual Cost 
Utilities Cost Units Cost Units 

Electricity 0.07 $/kW-hr 50,731.54 $/yr 

Process water 0.27 $/m 3 8,582.70 $/yr 
Wastewater 
treatment 0.33 

$/kg organic 
removed 144,278.89 $/yr 

Total   203,593.12 $/yr 
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SECTION 3: EQUIPMENT DESCRIPTION, RATIONALE and OPTIMIZATION 
 
            The pieces of equipment present in the process are displayed in the PFD on Figure 2; they 

are the bottle wash, grinder, floatation tank, sorter, flake wash, flake rinse, extruder, heaters, heat 

exchangers, conveyor belts, and pumps. While the plant’s overall design follows the general 

process flow path outlined above, numerous alternatives have been proposed throughout the 

recycling process in order to optimize the efficiency and cost effectiveness of each major 

component. Options regarding the grinding step, initial bottle wash step, detergent application, 

separation equipment, and on-site wastewater treatment were all considered using the Pugh 

decision matrix method to quantitatively weigh each alternative. Within each decision matrix, the 

alternative with the highest score was determined to be the most favorable solution as shown in 

Table 6. A more detailed description of the utilization of the decision matrices can be found in 

Appendix A. 

 

Bottle Wash 

 The bottle wash (V-101) is where HDPE is initially cleaned to remove large food 

particles and other contaminants. It consists of a tank where detergent, caustic, and hot water are 

used to wash the HDPE. This piece of equipment was added to ensure a minimum quantity of 

large contaminants (attached plastic, adhesive, food particles) from entering the other equipment 

downstream. Having this step is necessary as it affects the final product quality. The bottle wash 

tank was sized based on the total volume of material entering the bottle wash per hour. Based on 

this, a 5,528-L tank is required.  

The first alternative  considered in equipment design concerns the need for an initial hot 

and  cold water bottle washing step of the plastic jugs entering the process. The plastic would be 

in contact with a cold water detergent solution to eliminate remaining milk film and bacteria 

while preventing the setting of any residual odors by avoidance of applied heat. The plastic 

would then be introduced to hot water and caustic solution in order to remove any glue or label 

residue. While implementing both a hot and cold wash step increases the overall output quality 

and limits potential equipment wear, additional water, detergent, and energy costs required to 

implement this step must be weighed.  
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For this alternative, it was determined that maintaining the washing step using only hot 

water was the most economical and environmentally conscious choice for the plant as 

represented in Table 8. Even though these purity considerations were made for the bottle wash, 

the purity levels were still prioritized when using the room temperature water in the flake rinse, 

which is downstream.  

 

Grinder 

The grinder (V-102) is where the washed HDPE is processed into flakes for easier 

processing downstream. Effective contaminant removal requires an increase in surface area for 

the plastic, so the grinder was chosen to provide more effective cleaning. In addition, HDPE 

flakes provide homogenized feed for the extruder. The grinder consists of a conveyor belt and 

water stream feeding into metal blades that crush and grind the HDPE jugs into smaller 5-10 mm 

flakes. A cone crusher was chosen as the grinder. It has the capacity to reduce particles to a size 

of 5-50mm, which satisfies the requirement of reducing HDPE to 5-10mm flakes, and is 

compatible with the feed size as well (Seider et al.). Based on the feed rate of material, the cone 

crusher was sized to be 27 horsepower (Seider et al.).  

Regarding optimization, the most significant factor was the decision to place the bottle 

wash preceding the grinder. This alternative focuses on whether to grind the inlet of plastic jugs 

entering the plant before or after  the initial washing and rinsing steps to remove any remaining 

odors, glue, or food residue left on the plastic. On one hand, washing first before grinding the 

jugs could help limit the amount of corrosive chemicals and residue that may enter any 

machinery further down the process line. This in turn could increase the longevity of the plant’s 

equipment. In addition, there will also be less overall material to grind after the washing step, 

which would in turn maximize the effectiveness of the washing while minimizing the energy 

consumption required in grinding waste materials. On the other hand, grinding first could reduce 

the need for extra labor or equipment that would be required in removing the caps from milk jugs 

entering the facility. Removing caps prior to washing would be imperative to ensure that the 

inside of the material is adequately cleaned. Thus, by grinding first, the plant could potentially 

eliminate a step in the design process. This alternative could lower costs of materials and labor 
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required to grind and sanitize the plastic before it enters the separation and extrusion steps. The 

alternative of combining the grinding and initial wash steps together to be performed 

simultaneously was also proposed in order to get the best of each option. However, noting that 

the purpose of the bottle wash was to prevent contaminants from entering the grinder, this option 

was rejected. 

Washing the bottles prior to grinding them into flakes turned out to be the better option 

when considering the major criteria for the plant’s design as shown in the decision matrix in 

Table 7. Indeed, this option limits the amount of corrosive materials (caustic) that enter the 

grinding equipment, which in turn minimizes wear and the amount of power needed to 

adequately grind the plastic into flakes. This leads to lower equipment maintenance costs, 

replacement costs, and overall power consumption at this step.  

 

Flotation Tank 

 The flotation tank (V-103) separates material based on differing densities. It consists of a 

tank of water with selector blades to move particles towards a desired location. This cleaning 

step is necessary to remove remaining large contaminants from the grinder and bottle wash steps. 

Many sizable contaminants could potentially damage equipment downstream, so a flotation tank 

was added to mitigate this. In order to ensure that there is enough room for the particles to 

separate, the size of the flotation tank was determined using dimensions of the depicted industrial 

float-sink tank for plastics recycling purposes. Based on this estimation, the flotation tank was 

sized to be 24,000 L.  

The next alternative focuses on whether to use a flotation tank that sorts by density to 

separate the HDPE from contaminants or an air classifier to remove contaminants similarly via 

compressed air. A flotation would use water as a medium to separate materials where pure 

HDPE would float as it has a lower density than water; meanwhile, various contaminants 

including metals, glass, or milk residue would sink to the bottom where it would be collected and 

removed via conveyor system. Meanwhile, the feed would enter an air classifier by gravity and 

fall to a distributor plate. While selector blades would separate large or denser particles off this 

plate, an internal circulating fan would convey pure HDPE granules upward. On one hand, using 
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a flotation tank would result in much lower energy consumption as well as minimal maintenance, 

wear, and initial equipment costs. However, an air classifier uses a dry process which in turn 

eliminates the need for a high volume of water for the tank’s settling ponds. 

A flotation tank was chosen above an air classifier in order to minimize equipment and 

labor costs in addition to unnecessary energy consumption. Table 9 indicates favorability in 

using the flotation tank. While the flotation tank does use more water than the air classifier, this 

slight disadvantage is still cheaper and more environmentally friendly than using an expensive 

piece of equipment that requires much more power and labor to maintain. It was determined that 

sending the plant’s wastewater to an offsite treatment facility would be better to minimize the 

initial capital costs required to install and oversee an on-site treatment train. However, more 

calculations and potential cost savings would need to be considered to gain a more holistic 

perspective of this decision. In addition, while a fully operational wastewater treatment design 

was considered too expensive, further discussions highlighted the need for pretreatment of the 

plant’s wastewater stream prior to shipment to local treatment facilities anyway. Considerations 

like this could ultimately justify the installation for an on-site treatment system in order to 

maximize the environmental stewardship and economic sustainability of the plant as a whole.  

 

Sorter 

The optical sorter (V-104) is the piece of equipment that separates the dyed HDPE flakes 

from the clear HDPE flakes. It consists of conveyor belts leading into a chute in which lights are 

utilized to ascertain particle color, after which compressed air is used to send different colored 

particles into different chutes. The sorter was modeled by the Color Sorter Metra 6AS-136 

(Grain Cleaner). Since the properties of this sorter, such as capacity, were given, these values 

were scaled to match the capacity of this HDPE recycling plant. Using the dimension of 

industrial sorters, the sorter was sized to be 5198-L. This piece of equipment was added due to 

dyed HDPE being one of the two final products. Specifically, non-food grade dyed HDPE will 

be sold to recycled plastic brick manufacturers. Without a sorter, dyed and clear HDPE could not 

be separated and sold separately. The sorter was placed before the flake wash in the process as at 

this point, the flakes have reached a purity level that is satisfactory for the recycled plastics 
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construction material. The dyed HDPE is sorted out and thus, avoids unnecessary further 

cleaning from the flake wash. 

 

Flake Wash and Flake Rinse 

The flake wash (V-105) and flake rinse (V-106) are responsible for washing and rinsing 

solely the clear HDPE flake to obtain food-grade purity. The absence of these steps would leave 

the final product less pure than required for their intended use. The flake wash and flake rinse 

tanks were both sized according to the volume of material entering the two tanks per hour. Based 

on this, the size requirements of the flake wash and flake rinse tanks are 922-L and 920-L, 

respectively.  

Regarding optimization, an alternative was considered about whether to combine the 

flotation tank and flake rinse steps into one piece of equipment or to use two different pieces of 

equipment for those processes. Using one piece of equipment to accomplish both of those 

processes could potentially save in costs and energy and water consumption, but could also 

compromise the purity of the final product, as the flakes must be agitated during washing, which 

impedes on the density-driven separation process. While the decision matrix is designed to favor 

elimination of a process or piece of equipment, the design team decided to keep the flotation tank 

and flake rinse step in two separate pieces of equipment in order to maintain product quality. In 

addition, there is also a heat exchanger added to recycle heat. Like the bottle wash, hot water is 

used to more efficiently clean the flakes; the recycling of heat would reduce energy costs. 

Another decision that went against the decision matrix was keeping the flotation and flake 

rinse steps in two separate pieces of equipment. While the decision matrix in Table 11 is 

designed to favor elimination of a process or piece of equipment, the design team decided to 

keep the flotation tank and flake rinse step in two separate pieces of equipment in order to 

maintain product quality. Another decision which went against the decision matrix was keeping 

the flotation and flake rinse steps in two separate pieces of equipment. While the decision matrix 

is designed to favor elimination of a process or piece of equipment, the design team decided to 

keep the flotation tank and flake rinse step in two separate pieces of equipment in order to 

maintain product quality.  
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Extruder 

 The extruder (V-107) is the piece of equipment responsible for shaping the clear HDPE 

flakes into pellets. The pellets will be extruded using a single screw extruder, which is the most 

commonly used extrusion method for thermoplastics (Drobny). In the single screw extrusion 

method, HDPE flakes are fed through a hopper and then melted inside a barrel containing a 

rotating screw. While the barrel contains heating elements, shear friction between the screw and 

the polymer is the main source of heat. The molten polymer then exits out of the die, which gives 

the final product its desired, pellet-like shape. The screw extruder was sized according to the 

horsepower requirements which are 22.5 hp (Eqn. 73). This step was added to provide a product 

in a form that was useful to HDPE jug manufacturers. Flakes are not easily shaped into jugs and 

other shapes, but the small pellets provide the shape necessary to be readily shaped into other 

objects, as they are a homogenized size and density.The other option would have been to 

completely melt the flakes for molding, but this was deemed too energy and cost intensive.  

 

On-site Wastewater Treatment 

An on-site wastewater treatment facility (V-109)  has been placed in this process to reduce 

water usage. The wastewater streams from the bottle wash, grinder, flotation tank, flake wash, 

and flake rinse lead to a facility where the water is treated for water reuse. This on-site 

wastewater is modeled by a system developed by Beckart Environmental (“On-Site Wastewater 

Treatment”). The process of Beckart Environmental’s on-site wastewater treatment is depicted in 

Figure 5. The case study of this system estimated that 50-80% of the treated wastewater can be 

reused depending on the different conditions, such as purity. After considerations of the range of 

reusable water from Beckart Environmental, the 5AM team determined that approximately 65%, 

accounting for evaporation and reuse capabilities, of the treated water can be reused.  

Another alternative focused on the feasibility of adding this on-site industrial wastewater 

treatment step within the plant itself. This avoids any additional surcharges that may be incurred 

from sending wastewater to local municipal remediation facilities.  Indeed, implementing a 

wastewater pretreatment step may be required anyway in order to meet water quality standards 

set by the local municipality, as the plant handles sodium hydroxide. Therefore, installing an 
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on-site treatment facility could help minimize the amount of outside pure water entering the plant 

while also limiting the amount of water that would need to be pretreated before being sent to the 

local reclamation facility. Additionally, it removes the likelihood of hazardous materials, such as 

caustic, from leaving the site; thus, preventing contamination. Therefore, on-site treatment also 

allows the plant to avoid staggering effluent discharge regulations and penalties imposed from 

improper disposal, while also maximizing resource recovery, public image, and flexibility in 

day-to-day production output. Indeed, as a recycling plant, demonstrating environmental 

stewardship by minimizing the plant’s water footprint and overall power consumption is of the 

utmost priority. Even with these potential benefits, it is important to still consider the high capital 

costs that will come with treating wastewater on-site; beyond any initial construction costs, labor 

and maintenance costs will also increase in order to properly manage the equipment applied 

within this process. 

While the team agrees with most of the outcomes highlighted in each decision matrix, more 

detailed research was conducted in order to make final decisions that are both cost-effective and 

environmentally sustainable. For example, while initial quantitative analysis in Table 10 showed 

that off-site wastewater treatment had cheaper capital costs, on-site treatment could prove more 

environmentally and economically sustainable in the long run when considering the avoidance of 

improper disposal penalties and surcharges associated with sending large amounts of wastewater 

to outside operators. However, the on-site wastewater treatment was chosen over off-site. Even 

though this result goes against the decision matrix employed, long-term cost savings were 

prioritized. The way this initial decision matrix is designed will always favor the elimination of a 

process step over its implementation.  

 

Conveyor Belt  

 A 6-inch diameter screw conveyor will transport the HDPE to different parts of the 

process. The diameter of the conveyor was determined based on the capacity of the feed rate. 

The diameter of the screw conveyor depends on the feed rate of the material on the screw 

conveyor, the lower limit of which is a 6-inch diameter screw conveyor for a 75 ft 3/hr capacity. 

This diameter was chosen since the transport rate of material does not exceed the volume.  
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Pumps 

The facility pumps water at low flow rates, with a maximum of 15 gpm. Additionally, 

due to short distances between equipment, the pumps require low head: approximately 34 feet 

between each unit operation. To fit the needs of the facility, both centrifugal and diaphragm 

pumps (P-101 - P-108) are used. For flow rates above 10 gpm, centrifugal pumps are used, as 

they have low maintenance costs, are capable of pumping at a constant flow rate, and are easily 

operated with valves on the discharge line (Seider et al.). Diaphragm pumps are employed for 

flow rates below 10 gpm, as centrifugal pumps are not available at this flow rate.  

 

Heat Exchangers 

To supply the hot water inlet streams to the bottle wash and flake wash with heat, two 

heat exchangers (HX-101 - HX-102) were added to not only supply heat, but also to reuse heat, 

thus lowering heating costs. As shown on Figure 2, the heat exchangers have been placed near 

the bottle wash and flake wash for higher efficiency. The implementation of the heat exchangers 

will allow for a reduction in energy consumption. 

The surface areas of the heat exchangers are 237 ft 2 and 72 ft2 for the heat exchangers 

closest to the bottle wash and flake wash, respectively. These surface areas were determined 

from the temperature and heat duty requirements  (Eqn. 7). Due to the fact that the surface area 

of the heat exchanger closest to the bottle wash is less than 200 ft2, a double pipe heat exchanger 

with a carbon steel outer pipe and a stainless steel inner pipe was chosen. The heat exchanger 

near the flake wash will be a u-tube shell-and-tube heat exchanger with a carbon steel shell and 

tube.  

 

Heaters 

Two electrical heaters (H-101 - H-102) bring the cold outlet of the heat exchangers from 

72℃ to the ideal temperature of 82℃ for wash conditions. These are employed on the bottle 

wash step and flake wash step to perform the remaining heat duty to get an appropriate 

temperature. At the initial startup of the plant, the heaters must perform additional duty to bring 

the inlet 25℃ to 82℃, as no hot water will be leaving the tanks initially.  
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SECTION 4: SAFETY/ENVIRONMENTAL FACTORS 
 
Safety Factors 

The overall risks associated with recycling plants include air hazards such as dusts and 

mold, slips and falls, and equipment hazards. Airborne hazards are emitted by the grinder in the 

form of plastic dusts, mold and bacteria emitted by food waste, and chemical vapors produced by 

detergent and caustic (“Worker Safety in Recycling Facilities”). These aerosols and vapors can 

cause irritation and flu-like symptoms with prolonged exposure (“Worker Safety in Recycling 

Facilities”). Exhaust ventilation removes chemicals and molds while the grinder water keeps dust 

emissions down. Additional PPE such as dust masks prevent inhalation of hazardous substances. 

Guard rails and proper cleaning can prevent slips, trips, and falls for plant workers (“Worker 

Safety in Recycling Facilities”). The complete HAZOP analysis of each piece of equipment cant 

be found in Appendix I. An overall summary of equipment hazards and preventative measures is 

provided in Table 5.  
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Table 5. Summary of HAZOP Analysis 
 

Equipment  Major Hazards  Preventative Measures 

Bottle Wash (V-101)  Pump Malfunction 
Water Heater Malfunction 
Pump Controller Malfunction 
Clogs/Leaks 
Conveyor Malfunction 

Flow meters ensure proper 
flow rates are achieved, 
regulating pumps, pump 
controllers, and clogs/leaks 
 
Thermocouples installed in 
heater prevent overheating 
 
Automatic shutoff of 
conveyors prevent hazards 
associated with malfunction 

Grinder (V-102)  Pump Malfunction 
Pump Controller Malfunction 
Clogs/Leaks 
Blade Spin Malfunction 
Conveyor Malfunction 

Flow meters ensure proper 
flow rates are achieved, 
regulating pumps, pump 
controllers, and clogs/leaks 
 
Regular inspection/cleaning 
prevents jams 
Automatic shutoff prevents 
blade from spinning to fast 
and overheating/melting 
plastic 
 
Cooling water prevents 
plastic from melting in 
regular operation 
 
Automatic shutoff of 
conveyors prevent hazards 
associated with malfunction 

Flotation Tank 
(V-103) 

Pump Malfunction 
Pump Controller Malfunction 
Clogs/Leaks 
Conveyor Malfunction 
Inconsistent Inlet Water Temperature 

Flow meters ensure proper 
flow rates are achieved, 
regulating pumps, pump 
controllers, and clogs/leaks 
 
Automatic shutoff of 
conveyors prevent hazards 
associated with malfunction 
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Thermocouples ensure inlet 
water temperature is in safe 
and effective range 

Sorter (V-104)  Conveyor Malfunction 
Sorter Clog 

Automatic shutoff of 
conveyors prevent hazards 
associated with malfunction 
 

Routine maintenance and 
inspections of sorter prevent 
clogs 
 

Flake Wash (V-105)  Pump Malfunction 
Pump Controller Malfunction 
Conveyor Malfunction 
Water Heater Malfunction 
Inlet Water Temp Inconsistency 
Clogs/Leaks 

Flow meters ensure proper 
flow rates are achieved, 
regulating pumps, pump 
controllers, and clogs/leaks 
 
Thermocouples installed in 
heater prevent overheating 
 
Automatic shutoff of 
conveyors prevent hazards 
associated with malfunction 

Flake Rinse (V-106)  Pump Malfunction 
Clogs/Leaks 
Conveyor Malfunction 

Flow meters ensure proper 
flow rates are achieved, 
regulating pumps, pump 
controllers, and clogs/leaks 
 
Automatic shutoff of 
conveyors prevent hazards 
associated with malfunction 

Extruder (V-107)  Conveyor Malfunction 
High Temp 
Low Temp 
Feed Flow Rate Inconsistency 
Gear Box Oil Inconsistencies 

Automatic shutoff of 
conveyors prevent hazards 
associated with malfunction 
 
Motor amps and melt 
pressure gauge allow melt 
conditions to be monitored, 
preventing temperature 
extremes 
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A soak timer ensures process 
does not begin until 
temperature is high enough to 
operate safely and effectively 
 
Monitoring of feed flow rate 
ensures the extruder operates 
safely and effectively.  
 
Thermocouples in the gear 
box and consistent 
maintenance ensures safe and 
effective gearbox 
temperatures 

 
The materials used in the plant are water, sodium hydroxide, detergent, HDPE, and 

“contaminants”, defined by residue of municipal solid waste. These contaminants can include 

food residue or detergents. The most hazardous material handled in this facility is the sodium 

hydroxide, which can cause skin and eye burns, as well as digestive and respiratory tract burns 

(Sodium Hydroxide). Sodium hydroxide must be stored in a tightly closed container in a well 

ventilated area away from metals and acids ( Sodium Hydroxide). Due to the hazards associated 

with this substance, all operators handling this material must wear goggles, gloves, long sleeves, 

and long pants to prevent skin and eye exposure. Additionally, dust masks can prevent inhalation 

of this material in addition to plastic dusts emitted from the grinder. The detergent, HDPE, water, 

and contaminants have little reactivity and hazards. The detergent does contain acid, and thus is 

kept in a separate container from the sodium hydroxide.  

 

Environmental Factors 

The processing of HDPE pellets compared to the production of virgin resin should result 

in total energy consumption and greenhouse gas (GHG) emissions reductions of up to 88% and 

71% respectively (Life Cycle Impacts ). A 2018 life cycle assessment (LCA) on postconsumer 

recycled resins submitted to the Association of Plastic Recyclers (APR) was used to ensure that 

the environmental impact observed in this theoretical design was ultimately reasonable. Data 

responses collected in this report were received from six HDPE processing facilities in the 
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United States and compiled to produce a weighted average based on each plant’s recycled resin 

output as a percentage of the total output for all reporting facilities ( Life Cycle Impacts). The 

water consumption, solid waste, energy usage and emissions associated with the manufacture 

and maintenance of the virgin plastic, related capital equipment, and infrastructure were not 

included within this assessment as they generally become negligible when compared to the 

energy, waste, and emissions of the product over its entire lifetime. 

According to this proposed design, nearly 31.8 million liters of water must be consumed 

per year throughout this process and sent to the on-site wastewater treatment system to process 

15.9 million kg of HDPE feedstock per year, resulting in a total 2:1 ratio of water to HDPE. 219 

thousand kg of contaminants (primarily identified as non-HDPE, non-toxic materials including 

organic food residue, glue adhesives, caustic, and detergent) were calculated from this design’s 

overall annual mass balance, as previously observed in Table 1.  

A joint venture between the Coca-Cola Company and the United Resource Recovery 

Corporation to recycle plastic for the beverage and bottling industry was used to help 

characterize the treatment standards required to make water reuse in this plant design feasible 

(2012 Guidelines for Water Reuse) . In this case study, a high-strength treatment process was 

installed to produce reclaimed water with a Biological Oxygen Demand (BOD) of <1 mg/L and 

total dissolved solids (TDS) of <100 mg/L in order to be reused throughout the facility ( 2012 

Guidelines for Water Reuse) . These numbers were then applied to reduce the wastewater load of 

this design that is shipped to the Tucson Sanitary Sewer District (TSSD) to only 35% of the total 

original water that is required annually. Based on wastewater treatment equipment utilized in 

case studies in Russia and Kazakhstan, up to 99% of treated water can be reused in wastewater 

treatment systems associated with industrial-level plastic recycling ("Industrial Water 

Clarification Machines"). Thus, it is safe to assume that it would be feasible to reuse 65% of the 

treated wastewater in this proposed design to heavily reduce the amount of wastewater 

discharged to the local sewage. Additional freshwater will be implemented and mixed with the 

treated water in order to replenish the amount lost due to evaporation or limited reuse 

capabilities. This ultimately helps minimize not only the overall water consumption of the 
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process, but also the energy requirements and GHG emissions associated with continuously 

pumping entirely new water from a local utility.  

These values were then compared to the 2018 APR report, which claimed that 104 

gallons of water was consumed in order to recycle 1,000 pounds of HDPE pellets, resulting in a 

water consumption rate of 0.87 liter per kilogram of HDPE produced. It is important to 

emphasize that the design proposed by the 5AM team operates at a 2:1 water to HDPE ratio 

while the processing facilities in this report claim to use less than half as much water per kg of 

HDPE produced. Thus, it would be reasonable to argue that even more water savings could be 

possible when considering less conservative usage assumptions. Water emissions in this 

assessment included a BOD of 356.3 mg/L, Chemical Oxygen Demand (COD) of 620.7 mg/L, 

total unspecified suspended solids of 482.8 mg/L, and total unspecified dissolved solids value of 

114.9 mg/L  (Life Cycle Impacts). Energy usage of the plant design with on-site recycling as 

proposed in this report is highlighted in Table 3. As observed in this table, 725 thousand kW-hrs 

of electricity were consumed annually.  

The only major chemicals utilized in this plant design include the caustic and detergent 

applied in the two major washing steps before and after the grinder. However, since only a small 

amount of caustic and detergent is utilized at a given time, a spill during these wash steps would 

result in minimal environmental impact, especially if the issue is contained and resolved within 

the facility. However, the energy usage and GHG emissions associated with buying more caustic 

and detergent in the event a considerable amount of the supply is lost would not be negligible. 

Thus, potential spills and leaks should be minimized.  

The federally mandated Pretreatment Program component of the Clean Water Act’s 

National Pollutant Discharge Elimination System (NPDES) requires industrial facilities to apply 

pretreatment and wastewater management techniques prior to discharging their on-site 

wastewater to publicly owned treatment works (POTWs) including sanitary sewers. This 

ultimately helps minimize the presence of harmful substances that could damage sewage systems 

and municipal treatment plant structures or otherwise compromise treatment operations 

(Industrial Wastewater Ordinance). While this proposed recycling plant design does not 

discharge significant amounts of toxic materials, it is still considered a significant industrial user 
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due to its daily wastewater discharge capacity (Industrial Wastewater Ordinance). Thus, an 

industrial wastewater discharge permit must be issued by the Pima County Regional Wastewater 

Reclamation Department (PCRWRD) according to the Pima County Industrial Wastewater 

Ordinance 2013-32 (Industrial Wastewater Ordinance). A Multi-Sector General Permit (MSGP) 

issued by the Arizona Department of Environmental Quality as authorized by the Clean Water 

Act is also required for industrial activities that may contribute harmful pollutants to surface 

runoff via stormwater. The Standard Industrial Classification (SIC) code pertaining to this 

proposed facility is Sector N for Scrap Recycling Facilities ("Industrial Facilities"). 

The solid discharge from this facility is the sludge cake produced by the water treatment 

facility, as well as any sizable solids that cannot pass through its initial filters. The sludge cake is 

likely to contain organics and trace amounts of caustic and detergent. The additional solids will 

include labels, food residue, and non-HDPE plastics (Kosior et al). 

The air emissions of the plant can include plastic dust, NaOH vapor, and molds or 

bacteria generated from the food waste in the inlet plastic (“Worker Safety in Recycling 

Facilities”). Based on the flow rate of these emission, the plant may qualify for a Class II, Class 

III, or General Air permit to comply with Pima County Standards (“Air Quality Permits”). 

Spills could occur from each of the water-containing equipment: bottle wash, grinder, 

flotation tank, flake wash, flake rinse, and water treatment site. Spills generated from the grinder, 

flotation tank and flake rinse can be assumed to contain only water, and cleaned accordingly. 

Grates with drains leading to the water treatment site are acceptable. Spills produced from the 

bottle wash, flake wash, and water treatment site can contain up to 0.5% detergent and caustic. 

These must be cleaned using sorbents, and treated as a chemical spill. The must be cleaned 

quickly, as slips present a hazard for workers, and evaporation of sodium hydroxide can irritate 

airways. Solid detergent and sodium hydroxide are used, and thus do not present a spill hazard.  
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SECTION 5: ECONOMIC ANALYSIS 
 

For a majority of the cost analysis, guidance and equations from chapters 16 and 17 of 

the Product and Process Design textbook were primarily used. One component of the total 

capital investment was determining the total cost of the fabricated equipment. The bare module 

cost of each equipment was determined by multiplying the cost price obtained from equations in 

the textbook, material factor, and the cost index (Eqn.14). The total cost of the fabricated 

equipment was then determined by totaling the bare module cost of each piece of fabricated 

equipment (Eqn. 15, Table 13). For this cost estimation, the material for all fabricated equipment 

was assumed to be carbon steel, which has a material factor of 1. The cost equation for a storage 

tank was used to approximate the cost of bottle wash, flotation tank, flake wash, flake rinse, and 

the detergent tank (Eqn. 2). The equation for an open storage tank was used to approximate the 

storage tanks since the required volume of the storage tanks is less than 10,000 gallons. The 

volume in gallons was used to estimate the cost of the storage tanks. To estimate the cost of the 

agitators in the bottle wash, flotation tank, and flake wash, a turbine was chosen and sized 

according to the horsepower requirements for the suspension of solid particles (Eqn. 3), which is 

the size factor used in the equation. The cost estimation equation for a cone crusher was used to 

size and cost the grinder (Eqn. 4). For the screw conveyor, the cost estimation equation uses the 

diameter and the length of the screw conveyor (Eqn 5). The equation for a screw extruder was 

used to estimate the cost of the extruder, where the feed rate is the size factor used to estimate the 

cost (Eqn. 6). The cost of the wastewater treatment plant was obtained from a contractor who has 

designed an on-site wastewater treatment plant for a plastics recycling plant. The contractor was 

able to give a general quote based on the capacity of the plant. Based on the total costs of the 

equipment, the total bare module costs for fabricated equipment is $575,758.47. The on-site 

wastewater treatment plant, which is $315,000, accounts for the largest portion of these costs.   

Another component of the total capital investment is the total cost of the process 

equipment, which was determined from the bare module cost of the pumps and heat exchangers 

(Eqn. 16, Table 15). This cost was determined to be $24,935.83. In order to cost the pumps, the 

head loss  between each equipment piece was assumed to be 10 ft. The head loss per 10ft length 

of pipe can be assumed to be 0.2 psi per foot of pipe (Seider et al.). This value was added to 
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atmospheric pressure to determine the total head specifications of the pumps. As the flow rates 

are below 100 gpm, the pump costs were determined using quotes directly from Grainger as an 

estimate of total pump costs. The pumps offered included motors, so costing of separate motors 

was unnecessary.  The cost of the heat exchangers was determined from the surface area in 

square feet, the pressure factor, and the material factor for the double pipe heat exchanger as well 

as the u-tube heat exchanger (Eqn. 6-13). The total cost of spares was calculated assuming there 

is a spare for each pump as well as a spare for each turbine. The total cost of storage was 

determined as a sum of all of the tank costs required for the storage of detergent and caustic, 

assuming that a three-month supply will be stored. Totaling the costs of fabricated equipment, 

process equipment, spares, and storage (Eqn. 17) results in a total bare module cost of 

$666,636.97.   

The allocated costs for electricity, process water, and cooling water (Eqn.18-20, Table 4) 

were determined from Table 16.12 in Product and Process Design Principles. The total allocated 

costs are $400,308.92 (Eqn. 21, Table 4). The cost of service facilities was determined as a factor 

of the total bare module costs (Eqn. 22). The cost of offsite facilities was then determined from 

the service facilities and allocated costs (Eqn. 23). The cost of on-site facilities was determined 

as a fraction of the total bare module cost (Eqn. 24). After calculating direct permanent 

investment (Eqn. 25), the cost of contingencies was determined as a fraction of the direct 

permanent investment (Eqn. 26) and the total depreciable capital was determined from both of 

those values (Eqn. 27). The total permanent investment could then be calculated which adds the 

cost of land (Eqn. 28), startup (Eqn. 29), and royalties (Eqn. 30) to the total depreciable capital 

(Eqn. 31). The total permanent investment was corrected by a factor that takes into account the 

location of the plant (Eqn. 32). The location factor for the U.S. Southwest from Table 16.13 is 

0.9. The total capital investment (Eqn. 34)  was then determined to be $1,864,797.83 from the 

total permanent investment and the working capital (Eqn. 33).  

Another major component of total costs is annual costs. The largest portion of these costs 

is feedstock costs, which were determined to be  $7,513,861.20. The feedstock costs consist of 

the cost of clear and pigmented HDPE bales, detergent, and caustic (Table 17). The clear and 

pigmented HDPE bales will be purchased at a cost of $0.46 per pound and $0.13 per pound, 
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respectively. The price of caustic was obtained from Table 16.7, the cost of commodity 

chemicals. In this table, the price of sodium hydroxide is $0.29 per kilogram. The cost of the 

detergent was determined to be $5.28 per kilogram (“Alconox Detergent”). The next largest cost 

is the cost of labor (Table 19). Labor costs were determined by first calculating the direct wages 

and benefits for the operators. In order to determine the number of operators required, the entire 

process was divided into different process sections, and the number of operators in each process 

section was determined by whether the section is a solids and fluids or only fluids-handling 

process (Table 18). Direct salaries and benefits could then be determined from direct wages and 

benefits (Eqn. 35), as well as operating supplies and services (Eqn. 36, 37). Technical assistance 

to manufacturing and the control laboratory costs were determined assuming that each operator 

works 40-hour shifts, and around 5 shifts need to be covered every week (Seider et al. 505). Thus 

the number of shifts is five per operator (Eqn 38, 39).  Maintenance wages and benefits were 

determined as a fraction of the total depreciable capital (Eqn. 41), and salaries and benefits were 

determined as a fraction of the maintenance wages and benefits (Eqn 42). After determining 

maintenance and operations salary, wages and benefits (Eqn. 45), operating overhead costs were 

determined as fractions of M&O-SW&B or the total depreciable capital (Eqn. 46-48). From 

these calculations, the cost of manufacture was determined to be $13,136,292.03 (Eqn. 53, Table 

22). The amount of money generated from sales was then determined based on selling the total 

output of the process generated in a year. By selling the clear HDPE pellets for $0.75 per pound 

and the HDPE flakes for $0.55 per pound, a total of $21,348,895.26 is generated from sales 

(Table 23). The cost of general expenses was then determined as fractions of the amount of 

revenue generated from sales (Table 24). From the cost of manufacture and general expenses, 

total annual cost was determined to be $14,359,032.20  (Eqn. 52).  

In order to determine the profitability of the plant, net present values at the end of each 

year were determined. Table 25 illustrates the cash flow analysis which was done to determine 

the net present values. Assuming it takes three years to construct the plant, an equal portion of 

the total depreciable capital is spent every year from years 0-2, which is illustrated by the 

fraction of total depreciable capital spent in column 2. Costs of land and working capital are also 

spent within these years which can be seen in columns 3 and 6, respectively. In the years when 
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the plant is being constructed, there is no revenue generated from sales, and thus no net earnings 

during this period can be seen in columns 9 and 10. This is also reflected with  the negative 

undiscounted cash flow, discounted cash flow, and net present values in columns 11-13. While it 

is assumed that the plant is operating at 100% capacity in the first year after construction ends in 

Year 3, startup costs have to be taken into account this year. Costs of royalties are also taken into 

account in Year 3 which are fees paid to use a product or process covered by a patent of another 

company (Seider et al. 443). Royalty fees may have to be paid for the specialized equipment 

used in the process such as the optical sorter and the on-site wastewater treatment plant. 

Depreciation per year is calculated as a fraction of the total depreciable capital equally divided 

across 10 years in column 7, starting in Year 3 (Eqn. 61). Total annual costs are also taken into 

account starting Year 3 in column 8, as well as the revenue earned from sales in column 9. A 

25.9% tax rate is used to determine the net earnings (Eqn. 64) and an interest rate of 15% is used 

for the discounted cash flow and the cumulative present value (Eqn. 66, 67). A positive net 

present value can first be seen in Year 3, showing that the plant is profitable one year after it is 

constructed. 12 years after construction began, the plant has a net present value of $ 

18,194,347.53.  

One potential economic hazard is the potential decrease in the amount of feedstock 

material which is available for production, which is being caused by a steady decline in the 

collection of plastics in municipal curbside collection programs. In the United States, between 

2017 and 2018, the amount of HDPE bottles collected for recycling decreased by around 35.3 

million pounds (“2018 United States National Post Consumer Plastic Bottle Recycling Report.” ) 

A possible strategy to mitigate this economic hazard is to seek cost-effective HDPE feedstocks 

outside of municipal recycling programs.  

Secondary material markets are arguably affected by price volatilities found in their 

primary counterparts (Stromberg). The recent global pandemic has created economic conditions 

which are affecting the market for resins. In terms of the product cost, a plunge in oil prices has 

caused a decrease in the price of resins, even causing resin production to be rationed in North 

America (PlasticsToday). This significant decrease in the price of virgin material threatens the 

competitiveness of HDPE made from recycled feedstock. A possible way to mitigate this hazard 
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is to decrease the selling price of the final HDPE flakes and pellets in order to ensure that they 

are competitive in the market. Scaling back on production is another strategy to mitigate this 

economic hazard. Currently, a majority of the annual costs are a result of the capacity that the 

plant is currently operating at, which can be seen by the fact that the cost of HDPE accounts for 

54% of the total cost of manufacture (Table 17) . Reducing capacity when demand is low has the 

potential to ensure profitability by reducing overall costs which may be higher as a result of the 

current capacity. There has been a decrease in the demand for resins, which is also an economic 

hazard. A major contributor to the profitability of this plant is the level of throughput, and the 

lack of general demand and the possibility of having to lower the price of the final product in 

order to be competitive could compromise the profitability of the plant. 

Several measures have been included so far to optimize the process for 

cost-effectiveness, including the usage of sodium hydroxide as caustic and the implementation of 

an on-site wastewater treatment plant to reduce process water costs. The largest portion of costs 

however, is the total cost of feedstocks. While the caustic for the process was chosen for 

cost-effectiveness, more research can be done to find a more cost-effective detergent, which is 

the most expensive feedstock that will be used in the process per kilogram. Although a large 

portion of the bare module costs are a result of the cost of the on-site wastewater treatment plant, 

this treatment plant results in $ 149,857.39 of savings per year in utilities. The water-recycling 

process could be further  optimized to increase the amount of water which is reclaimed, which 

can further reduce utility costs. Increasing the capacity of the plant was another measure taken to 

ensure the profitability of the plant since it results in  a larger revenue generated from sales. 

While increasing capacity results in a larger net present value, there is also an increase in the 

total capital investment and annual costs. If further cost analysis were to be conducted, the 

optimum capacity could be determined at which capital and annual costs are minimized while 

profitability is maintained.  
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SECTION 6: CONCLUSIONS and RECOMMENDATIONS 
  

The main accuracy concern in this design is the efficacy of wash steps. The wash water 

amount, water temperature, detergent concentration, and caustic concentration were provided as 

overall guidelines for HDPE recycling, but it is unknown if these specifications meet the 99% 

purity requirement for the dyed stream and the 99.999% purity required for the clear, food-grade 

stream. Additional testing is recommended to ensure these values are met. Rinsing water may 

need to be increased, as chemical residues from wash steps can reach up to 100 ppm, greater than 

the threshold for food grade HDPE (Hossain et al). Additionally, the outlet of the water treatment 

site must be tested to ensure large amounts of contaminants are introduced via wash and rinse 

water. Another assumption that impacts the purity of the food-grade stream is that the cold water 

wash is unnecessary. The hot water washes are assumed to remove all necessary contaminants. 

However, the cold water wash has been noted to remove odor (Sampson). In addition, the 

residence time requirement for the plant was modeled based on the time required to fill the 

flotation tank, as it is assumed to be the “bottleneck” of the process due to its large size. 

Experimental prototyping would aid in developing a more accurate model of the time 

requirement per kilogram of HDPE in the facility. Another assumption that may affect the 

energy costs is the basis of a 10℃ temperature difference between the hot stream inlet (outgoing 

wash water) and the cold stream outlet (incoming wash water). If this model is not feasible, the 

energy costs of heating water must increase.  

The project design could further be improved upon as more accurate assumptions are 

made. For example, residence time and capacity of the plastic feed entering the flotation tank, 

wash tanks, and other equipment could be maximized to allow for better separation of dyed and 

clear HDPE, more thorough cleaning, etc. within the allotted budget and time constraints. 

However, the processing time and input capacity of each step would need to be optimized to also 

minimize the likelihood of a bottleneck effect within any one of these sub-processes. In order to 

best optimize the capacity of the plant and the residence time at each step assuming continuous 

conditions, real-time adjustments would have to be made that depend on actual observations over 

the theoretical assumptions and estimates applied in this design.  
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As of now, 65% of the reclaimed water is recycled back into the proposed process’s wash 

streams with the remainder going to the public sewage system. In order to truly minimize the 

amount of virgin water brought on-site and potentially cut down on both utility costs and 

environmental strain even further, future work should be conducted to refine the efficiency and 

quality output of the on-site wastewater treatment facility to further increase the percentage of 

treated nonpotable water that is able to be reused the rest of the process. A conservative reuse 

rate of 65% was assumed as a conservative value according to the contractors that were 

contacted to receive a rough cost estimate of the on-site treatment facility. This aligned with a 

case study conducted by Beckart Environmental Inc. in 2000 that was able to claim reuse rates of 

50 - 80% (“On-Site Wastewater Treatment”). More contemporary turnkey equipment from 

manufacturers including GRANGARO® claim reuse capabilities as high as 99% (“Industrial 

Water Clarification Machines”). Maximizing the amount of water recycled back to the wash 

streams will ultimately be dependent on how technologically advanced the equipment applied is; 

in order to determine the most appropriate, cost-effective technology to use, details including the 

experimental influent quality of the wastewater, required effluent quality of the treated water, 

overall budget, and real-time capacity of the system must be confirmed.  Therefore, more 

research in upgraded equipment will need to be conducted in order to further reduce the costs 

and environmental impact of the proposed treatment design.  
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SECTION 7: NOMENCLATURE  
 

 

Variable  Definition 

BV t   Book value 

C  Total production cost 

CAlloc   Total allocated costs 

CAlloc Electricity   Allocated cost of electricity 

CAlloc P rocess W ater   Allocated cost of of process water 

CAlloc Cooling W ater   Allocated cost of cooling water 

CB   Base purchase price 

CBM   Bare module cost 

CCont   Contingencies and contractors fee 

CDP I    Direct permanent investment 

Cexcl. dep.   Annual cost excluding depreciation 

CF E   Total bare module fabricated equipment 
cost 

CLand   Cost of land 

COffsite   Service + allocated costs for utilities 

COM  Cost of manufacturing 

CP   Purchase price 

CP M   Total bare module process machinery cost 

CRoyalties   Cost of royalties for patents 

CServ   Service cost 

CSite   Cost of site preparation 

CSpares   Total bare module for spares 
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CStartup   Startup cost 

CStorage   Total bare modules for storage 

CT BM    Total bare module cost 

CT CI     Total capital investment 

CT DC   Total depreciable cost 

CT P I     Total permanent investment 

CT P I  Corrected    Adjusted total permanent investment for 
location 

CW C   Working capital 

D  Annual depreciation 

DW&B  Direct wages and benefits 

F BM   Bare module factor 

F ISF    Investment site factor 

F M   Material of construction factor 

  F n   Stream flow rate, with n being the stream 
number or substance 

fCT DC   Fraction of total depreciable capital 
investment 

GE  General expenses 

i  Interest rate 

M&O  Maintenance and operations 

MW&B  Maintenance wages and benefits 

MW&B-SW&B  Maintenance and operations salaries, 
wages and benefits 

n  Time period 

NPV  Net present value 
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O  Cost of labor related operations 

P V n   Cumulative cash flow 

S  Sales 

s  Depreciation time period 

Sequip   Salvage value 

τ   Residence time 

t  Tax rate (federal + state) 
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SECTION 9: APPENDICES 
 

APPENDIX A. Decision Matrices 

A different decision matrix was made for each part of the process where alternatives were 

proposed. The ranking of the alternatives within each criterion was determined by an impact 

scale (Table 1), which translated a qualitative measure of the level of impact a certain alternative 

had on that particular criterion into a quantitative metric.  

Table 6. Impact Ranking 

Score   Impact  

1  Insignificant  

2  Minor  

3  Moderate  

4  Major  

5  Severe  

 

Using an impact score of ‘1’ as the best alternative, the selected alternative as the impact score 

given to that criterion, and the maximum number of points as 10, the following formula was used 

to determine the ranking of each criterion:  

aximum number of  pointsBest Alternative 
Selected Alternative · M (1) 

The score of each criterion multiplied by its respective weight was then calculated, and the sum 

of the weighted scores was then determined as the total, which was compared between 

alternatives. The highest total is the most favorable alternative. 

 

 

 

 

 



44 

Table 7. Decision Matrix for Grinding and Washing Step 

   Criteria  Weighting   Grinding 
First Impact 
Score   
 

Grinding 
First Ranking 
 

Washing 
First Impact 
Score  
 

Washing 
First 
Ranking  
 

Labor   5  1  10  1  10 

Environmental 
Compliance   

10  2  5  1  10 

Product 
Quality  

8  4  2.5  2  5 

Capacity   6  1  10  1  5 

Plant Size   3  1  10  1  10 

Safety   10  1  10  1  10 

Energy and 
Water 
Consumption  

4  3  3.33  1  10 

Initial Cost  7.5  3  3.33  1  10 

Total       348    465 

 

This decision matrix shows the comparison between grinding first vs. washing first. 

Column 3 shows the impact score which was given to grinding first based on Table 1. Column 4 

shows the results of the calculated ranking from Equation 1 based on the impact score. Column 5 

reflects the impact scores given to washing first and column 6 is the calculated ranking for 

washing first. The ‘Total’ row is the sumproduct of the weighting of each criterion and the 

rankings given to grinding first and then washing first in columns 4 and 6 respectively.  

The decision matrix for this process shows that the decision between grinding or washing 

first is dependent on the environmental compliance, product quality, and energy and water 

consumption. Grinding the bottles first compromises product output since there will be more 

material to grind if the bottles are ground before they are washed. This suggests that the washing 

may not be as effective, which translates to a higher impact score given for the product quality 
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criterion in Column 3. If the bottles are ground before they are washed, there will be more 

surface area to wash since the particles which are to be washed are smaller, which will require 

more water and detergent. In Column 3, this translates to a higher impact scoring for 

environmental compliance since there is a higher quantity of contaminated water, as well as 

energy and water consumption. More water will be necessary for the washing and more energy 

will be necessary to grind a larger quantity of particles.  
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Table 8. Decision Matrix for Cold Wash Step 

Criteria   Weighting   Cold and Hot 
Water Impact 
Score   

Cold and Hot 
Water 
Ranking  

Hot Water 
Impact Score  

Hot Water  
Ranking  

Labor   5  3  3.33  1  10 

Environmental 
Compliance   

10  3  3.33  1  10 

Product 
Quality  

8  1  10  5  2 

Capacity   6  1  10  1  10 

Plant Size   3  3  3.33  1  10 

Safety   10  3  3.33  1  10 

Energy and 
Water 
Consumption  

4  1  10  1  10 

Initial Cost  7.5  3  3.33  1  10 

Total       298    471 

 

This decision matrix shows the comparison between a cold and hot water wash step vs. 

only a hot wash step. Column 4 shows the calculated ranking of the cold and hot wash step based 

on the assigned impact score from Table 1, and Column 5 shows the impact scores which were 

assigned to the hot wash step, while Column 6 shows the calculated ranking. The ‘Total’ row is 

the sumproduct of the weightings from Column 2 for each criterion and the rankings given to the 

cold and hot wash and only the hot wash in columns 4 and 6 respectively.  

From this decision matrix, it can be seen that having both a cold and a hot water wash 

impacts every criterion in the decision matrix except for capacity. Based on the current setup of 

the decision matrix, adding another step to the process increases costs associated with labor, 

initial costs, and safety considerations. Adding another process step also increases the amounts 

of contaminants which would need to be treated and energy and water consumption. These 
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impacts are reflected with a higher impact score assigned to the cold and hot water wash column. 

While cold water aids with odor removal which has a significant impact on the product output, 

the decision matrix still indicates that only a hot water wash step is favorable.  
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Table 9. Decision Matrix for Floatation Tank and Air Classifier 

Criteria   Weighting   Floatation 
Impact Score   

 Flotation 
Ranking  

Air Classifier 
Impact Score  

Air Classifier 
Ranking  

Labor   5  1  10  1  10 

Environmental 
Compliance   

10  3  3.33  2  5 

Product 
Quality  

8  4  2.5  2  5 

Capacity   6  1  10  1  10 

Plant Size   3  1  10  1  10 

Safety   10  1  10  1  10 

Energy and 
Water 
Consumption 

4  2  5  4  2.5 

Initial Cost  7.5  1  10  4  2.5 

Total       388    359 

 

This decision matrix shows the comparison between a flotation tank and an air classifier. 

Column 4 shows the calculated ranking of the flotation tank based on the assigned impact score 

from Table 1, and Column 5 shows the impact scores which were assigned to the air classifier, 

while Column 6 shows the calculated ranking. The ‘Total’ row is the sumproduct of the 

weightings from Column 2 for each criterion and the rankings given to the flotation tank and air 

classifier in columns 4 and 6 respectively. 

This decision matrix shows that environmental compliance, product quality, energy and 

water consumption, and initial cost all impact the decision between choosing the flotation tank or 

the air classifier. An air classifier requires more energy and is more costly, which is reflected in 

the decision matrix by a higher impact score in Column 5 for those criteria than Column 3. 

However, an air classifier also produces a product of better quality which is reflected in the 
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decision matrix by a lower impact score in Column 5 for that criterion than Column 3. The 

results of the decision matrix show that a flotation tank is the preferred alternative.  
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Table 10. Decision Matrix for on-site and Offsite Water Treatment  

Criteria   Weighting   on-site 
Impact Score   

on-site 
Ranking  

Offsite 
Impact Score  

Offsite  
Ranking  

Labor   5  5  2  2  5 

Environmental 
Compliance  

10  4  2.5  2  5 

Product 
Quality  

8  1  10  1  10 

Capacity   6  1  10  1  10 

Plant Size   3  4  2.5  1  10 

Safety   10  3  3.33  1  10 

Energy and 
Water 
Consumption  

4  2  5  3  3.33 

Initial Cost  7.5  5  2  2  5 

Total       251    396 

 

This decision matrix shows the comparison between on-site and offsite water treatment. 

Column 4 shows the calculated ranking of the on-site wastewater treatment based on the 

assigned impact score from Table 1, and Column 5 shows the impact scores which were assigned 

to the offsite wastewater treatment, while Column 6 shows the calculated ranking. The ‘Total’ 

row is the sumproduct of the weightings from Column 2 for each criterion and the rankings given 

to the on-site and offsite wastewater treatment in columns 4 and 6 respectively. 

From this decision matrix, it can be seen that every criterion in the decision matrix is 

affected except for capacity and product quality. Based on the current setup of the decision 

matrix, adding another step to the process to treat contaminated water increases costs associated 

with labor,  initial costs, and safety considerations. Adding another process step also increases 

the amounts of contaminants which would need to be treated. These impacts are reflected with a 

higher impact score assigned in Column 3, the on-site water treatment column. However, on-site 
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water treatment is more favorable in terms of energy and water consumption since water will be 

conserved, which is reflected by a lower impact score in Column 3 than in Column 5. The 

decision matrix indicates that offsite water treatment is favorable.  
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Table 11. Decision Matrix for Combined and Separate Flotation Tank and Flake Rinse  

Criteria   Weighting   Separate 
Impact Score   

Separate 
Ranking  

Combined 
Impact Score  

Combined   
Ranking  

Labor   5  4  2.5  2  5 

Environmental 
Compliance   

10  3  3.33  1  10 

Product 
Quality  

8  1  10  4  2.5 

Capacity   6  1  10  1  10 

Plant Size   3  4  2.5  1  10 

Safety   10  2  5  1  10 

Energy and 
Water 
Consumption   

4  3  3.33  1  10 

Initial Cost  7.5  4  2.5  1  10 

Total       275    450 

 

This decision matrix shows the comparison between combining the flake rinse and the 

flotation tank  processes into one piece of equipment, or having two separate pieces of equipment 

for those processes. Column 4 shows the calculated ranking of the separate pieces of equipment 

based on the assigned impact score from Table 1, and Column 5 shows the impact scores which 

were assigned to the combined, while Column 6 shows the calculated ranking. The ‘Total’ row is 

the sumproduct of the weightings from Column 2 for each criterion and the rankings given to 

separate and combined in columns 4 and 6 respectively. 

From this decision matrix, it can be seen that every criterion in the decision matrix is 

affected except for capacity. Based on the current setup of the decision matrix, adding another 

piece of equipment increases costs associated with labor,  initial costs, and safety considerations. 

Adding another piece of equipment also increases the amounts of contaminants which would 

need to be treated. These impacts are reflected with a higher impact score assigned in Column 3, 
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the separate column. In terms of energy and water consumption, more energy and water will also 

be consumed. However, combining the two steps into one piece of equipment could potentially 

lower product quality due to the transfer of contaminants. The decision matrix indicates that 

combining the flake rinse and flotation tank into one piece of equipment is favorable.  
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APPENDIX B. Aspen Output 

Figure 3. Aspen Flow Chart 

 

 

Figure 4. Heat Exchanger/Heater System Flow Chart 
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Table 12. Aspen Output Values 

 Units COLDIN1 
COLDIN
2 

COLDOU
T1 

COLDOU
T2 HOTIN1 HOTIN2 

HOTOUT
1 

HOTOUT
2 

Description          

From    HEATX1 HEATX2   HEATX1 HEATX2 

To  HEATX1 HEATX2   HEATX1 HEATX2   

Stream Class  CONVEN CONVEN CONVEN CONVEN CONVEN CONVEN CONVEN CONVEN 

Maximum 
Relative 
Error          

Cost Flow $/hr         

MIXED 
Substream          

Phase  
Liquid 
Phase 

Liquid 
Phase 

Liquid 
Phase 

Liquid 
Phase 

Liquid 
Phase 

Liquid 
Phase 

Liquid 
Phase 

Liquid 
Phase 

Temperature C 25 25 
71.999902

96 
71.999902

96 82 82 
35.591912

38 
35.59191

238 

Pressure bar 1.01325 1.01325 1.01325 1.01325 1.01325 1.01325 1.01325 1.01325 

Molar Vapor 
Fraction  0 0 0 0 0 0 0 0 

Molar 
Liquid 
Fraction  1 1 1 1 1 1 1 1 

Molar Solid 
Fraction  0 0 0 0 0 0 0 0 

Mass Vapor 
Fraction  0 0 0 0 0 0 0 0 

Mass Liquid 
Fraction  1 1 1 1 1 1 1 1 

Mass Solid 
Fraction  0 0 0 0 0 0 0 0 

Molar 
Enthalpy cal/mol 

-68262.19
624 

-68262.19
624 

-67407.72
184 

-67407.72
184 

-67219.04
502 

-67219.04
502 

-68073.51
942 

-68073.51
942 

Mass 
Enthalpy cal/gm 

-3789.127
687 

-3789.127
687 

-3741.697
15 

-3741.697
15 

-3731.223
995 

-3731.223
995 

-3778.654
532 

-3778.654
532 

Molar 
Entropy 

cal/mol
-K 

-38.96516
931 

-38.96516
931 

-36.31960
923 

-36.31960
923 

-35.78647
68 

-35.78647
68 

-38.34582
722 

-38.34582
722 

Mass cal/gm -2.162895 -2.162895 -2.016044 -2.016044 -1.986451 -1.986451 -2.128516 -2.128516
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Entropy -K 57 57 671 671 323 323 86 86 

Molar 
Density mol/cc 

0.0551729
9759 

0.055172
99759 

0.0525876
3058 

0.0525876
3058 

0.0520179
9765 

0.0520179
9765 

0.0546025
7235 

0.054602
57235 

Mass 
Density gm/cc 

0.9939570
001 

0.993957
0001 

0.9473808
894 

0.9473808
894 

0.9371187
927 

0.9371187
927 

0.9836806
295 

0.983680
6295 

Enthalpy 
Flow cal/sec 

-1229866.
853 

-372355.2
124 

-1214471.
952 

-367694.2
431 

-1211072.
598 

-366665.0
527 

-1226467.
499 

-371326.0
22 

Average 
MW  18.01528 18.01528 18.01528 18.01528 18.01528 18.01528 18.01528 18.01528 

Mole Flows 
kmol/h
r 

64.860507
19 

19.63720
534 

64.860507
19 

19.637205
34 

64.860507
19 

19.637205
34 

64.860507
19 

19.63720
534 

Mole 
Fractions          

Mass Flows kg/hr 
1168.4801

98 
353.7697

526 
1168.4801

98 
353.76975

26 
1168.4801

98 
353.76975

26 
1168.4801

98 
353.7697

526 

Mass 
Fractions          

Volume 
Flow l/min 

19.593070
89 

5.932009
677 

20.556325
53 

6.2236452
19 

20.781431
47 

6.2917984
24 

19.797756
9 

5.993980
532 
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APPENDIX C. On-site Wastewater Treatment Model 
 

Figure 5: On-site wastewater treatment by Beckart Environmental 
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APPENDIX D. Economic Analysis   

Equipment Costs 

18VCP  =  0.73                (2) 

 3730SCP =  0.73    (3) 

041W                CP = 2 1.05          (4) 

                                                              (5)0DL                CP = 8 0.59  

xp{10.9186 .02099[ln(F )] }                                                  CP = e + 0 2                                (6) 

In order to determine the surface area of the heat exchangers in ft 2, the heat duty in btu/hr and the 

overall heat transfer coefficient of 50 Btu/hr-ft 2-F was used.  

  A = Q
UΔT M

(7) 

Equations 7-9 were used to find the cost of the double pipe heat exchanger:  

xp{7.2718 .16[ln(A)]} CB = e + 0 (8) 

.8510 .1292( ) .0198( )F P = 0 + 0 P
600 + 0 P

600
2

   (9)   

F CCP = F P M B    (10)  

Equations 10-12 were used to find the cost of the shell-and-tube heat exchanger. Since the inner 

and outer tubes are both carbon steel,   = 1. Since the tube length is assumed to be 20 ft., theF M  

tube length correction factor, =1.F L   

xp{11.5510 .9186[ln(A)] .09790[ln(A)] } CB = e − 0 + 0 2 (11) 

.9803 .018( ) .0017( )F P = 0 + 0 P
100 + 0 P

100
2

(12) 

F F CCP = F P M L B     (13)  
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Cash Flow   

 

(Cost Index)F CCBM =  BM p       (14) 

of  fabricated equipment CF E = ∑
 

 
CBM (15) 

Equipment Costs: 

 of  process equipmentCP M = ∑
 

 
CBM      (16) 

+ + +CT BM  = CF E CP M CSpares CStorage       (17) 

                                          (18) 2, 00, 00SCAlloc Electricity =  9 0 0.83  

                                 (19) 1700S             CAlloc P rocess W ater =  0.96  

 1100SCAlloc Cooling W ater =  0.68     (20) 

(21)                 CAlloc = CAlloc Electricity + CAlloc P rocess W ater + CAlloc Cooling W ater  

CServ = 0.2CT BM       (22) 

COffsite = CAlloc + CServ          (23)   

CSite = 0.15CT BM     (24) 

CDP I  = CT BM + COffsite  + CSite (25) 

CCont = 0.18CDP I      (26) 

CT DC = CDP I + CCont        (27)   

0.02CLand =   CT DC                      (28) 

0.1CStartup =   CT DC          (29)  

0.02CRoyalties =   CT DC                      (30) 

CT P I =  CT DC + CLand + CStartup + CRoyalties           (31) 

CCT P I  Corrected  = F ISF  T P I            (32) 

)) CW C = CT DC + CLand + CStartup + CRoyalties · ( 0.9
0.1         (33) 

CT CI = CT P I  + CW C         (34) 

W &B 4 65 days  operators D = hr
 $40 · 2 hr

day · 3 · 9 (35) 
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Direct Salaries and Benefits = 0.15 DW&B            (36) 

Operating Supplies and Services = 0.06 DW&B   (37) 

Technical Assistance to Manufacturing =60,000/(operator/shift)-yr   (38) 

Control Laboratory = 65,000/(operator/shift)-yr  (39)   

O = DW&B+Direct Salaries and Benefits + Operating Supplies and Services 

+Technical Assistance to Manufacturing +Control Laboratory  (40) 

MW&B = 0.045CTDC              (41) 

                  Salaries and Benefits = 0.25MW&B    (42) 

Materials and Services = MW&B       (43) 

Maintenance Overhead = 0.05MW&B                                  (44) 

MW&O-SW&B = DW&B+Direct Salaries and Benefits+MW&B +Salaries and Benefits    (45) 

General Plant Overhead = 0.071M&O-SW&B  (46) 

Mechanical Department Services = 0.024M&O-SW&B       (47) 

Employee Relations Department = 0.059 M&O-SW&B     (48) 

Business Services = 0.02C TDC              (49) 

Operating Overhead = General Plant Overhead + Mechanical Department Services  

 + Employee Relations Department + Business Services  (50)  

Property Taxes and Insurance = 0.02 CTDC            (51) 

Depreciation  = 0.08(CTDC-1.18Calloc)           (52) 

COM = Utilities +Feedstock + Maintenance + Operating Overhead + Property  

Taxes and Insurance + Depreciation           (53) 

Selling Expense = 0.03S  (54) 

Direct Research = 0.048S  (55) 

Allocated Research = 0.005S     (56) 

Administrative Expense = 0.02S       (57) 

Management Incentive Compensation = 0.0125S  (58) 

General Expenses  = Selling Expense + Direct Research + Allocated Research  
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+ Administrative Expense + Management Incentive Compensation  (59) 

OM EC  = C + G    (60) 

Cf T DC =  CT DC
Number of  years to build the plant  (61) 

D = s
C −ST DC equip =  10

CT DC (62) 

Gross Earnings or Profit = S-C-D  (63)   

Net Earnings = (1-t)gross earnings     (64) 

Undiscounted Cash Flow = (Net Earnings+D)-CTDC-CWC-Cland  (65) 

Discounted Cash Flow = Undiscounted Cash Flow1
(1+i)n ·   (66) 

Cumulative PVn= Cumulative PVn-1+ ( )ndiscounted Cash F low1
(1+i)n · U   (67) 

V DB t = CT DC − t (68) 
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APPENDIX E. Utilities  

Equipment Power Usage   

For the turbines used to size the bottle wash, flotation tank, and flake wash, 10 Hp of power is 

required per 1,000 gallons. The power requirements were determined based on the total volume 

in gallons, V,  of material entering the tanks. This value was then converted to kilowatts.   

0.7457 kWower requirement P =  1 Hp
1,000 gal · V · (69) 

For the cone crusher, the lower limit of 27-335 hp was chosen as a conservative estimate of the 

power requirement, and this value was also converted to kilowatts. 

The screw conveyor power requirement was determined as a combination of several factors 

(“Screw Conveyor Horsepower”): The two main components of the screw conveyor horsepower 

are frictional horsepower (FHP) and material horsepower (MHP). These can be determined by 

the conveyor diameter factor (DF), the length of the conveyor (L), the conveyor speed in rpm (S) 

and the capacity of material entering the conveyor (CP), and then used to find the total screw 

conveyor horsepower (TSHP).  

HP  F =  1,000,000
DF ·HBF ·L·S (70) 

HP  M =  1,000,000
CP  ·MF ·L (71) 

SHP  T =  e
F HP +MHP (72) 

The power requirements of the extruder was determined by the following equation, using 470℉ 

as  the melt processing temperature of HDPE:  

.00053 apacity ( ) 0.55 F ) 470 0 °F )0 · C lb
hr · ( hr

Btu − ° · ( − 7                  (73) 

 

Process Water  

The residence time of the overall process was calculated based upon the amount of time to fully 

fill the 100-L (or 1000 kg of water) flake wash tank. While taking into account the flow rate of 

the water of 353.77 kg/hr into the flake wash, the residence time was determined in the following 

way: 

.08 hrτ = F water

tank size = 1000 kg
922.52 kg/hr = 1 (74) 
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For annual cost of the process water found in the utilities table in Table 1, the annual amount of 

process water purchased was found by accounting the amount of water needed for one cycle 

using the calculated residence time as well as the makeup water to compensate for the 35% of 

the water that cannot be reused after wastewater treatment as shown in the following equation: 

mount of  process water ater f low rate .35F 760A = w × τ + 0 water × 8 yr
hr (75) 

mount of  process water 628.74 .08 hr .35(3628.74 ) 760 1129635.90A = 3 hr
kg × 1 + 0 hr

kg × 8 yr
hr = 1 yr

kg  

ost process water mount of  process waterC = m3
$0.27 × a (76) 

ost of  process water 1129635.90 005.00 C = m3
$0.27 × m3

1000 kg × 1 yr
kg = 3 $

yr  

For a process without the on-site wastewater treatment facility, the wastewater must be treated 

before it is sent to the sewer. The cost of this type of treatment for the water is based upon the 

weight amount of contaminants that must be removed. The fraction of contaminants was 

determined using the inlet flow rates from the sorting group of 3.29 kg/min of HDPE and 0.0452 

kg/min of contaminants as shown in the following calculation: 

raction of  contaminants .0138F = F HDP E

F contaminants =
3.29 kg

min

0.0452 kg
min = 0 (77) 

The annual cost for wastewater treatment for the sewer would be calculated as such: 

ost of  wastewater treatment raction of  contaminants 760  (78)C = $0.33
kg of  contaminants × f × F water × 8 yr

hr  

ost of  wastewater treatment .0138 628.74 760 44278.89  C = $0.33
kg of  contaminants × 0 × 3 hr

kg × 8 yr
hr = 1 $

yr  
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APPENDIX F. Cost Analysis Tables 
 

Table 13. Fabricated Equipment Costs 
 

Equipment   CBM 

Bottle Wash   $24,429.68 

Grinder   $3,506.99 

Flotation Tank   $32,167.49 

Sorter   $3,971.73 

Flake Wash   $8,451.41 

Flake Rinse   $1,141.72 

Extruder   $170,211.53 

Wastewater Treatment   $315,000 

Conveyor Belt   $16,877.93 

 
 

Table 14. Process Equipment Costs 
 

Equipment   CBM 

Bottle Wash Pump   $555.00 

Grinder Pump   $218.00 

Flotation Tank Pump   $555.00 

Flake Wash Pump  $215.00 

Flake Rinse Pump   $218.00 

Wastewater Treatment Outlet Pump  $751.00 

Additional Pure Water Pump   $555.00 

Heat Exchanger 1   $5,898.04 

Heat Exchanger 2  $15,219.83 

 



65 

Table 15. Total Bare Module Costs (C TBM) 
 

CFE  $575,758.47 

CPM  $24,935.86 

CSpares   $51,621.49 

CStorage    $14,321.14 

 
 

Table 16. Allocated Costs 
 

Electricity   $367,331.29 

Process Water   $33,688.78 

Cooling Water   $5,463.67 

 
 

Table 17. Feedstock Costs  
 

Clear HDPE   $4,869,787.72 

Dyed HDPE   $2,257,658.83 

Caustic   $34,578.98 

Detergent   $351,835.67 

 
 

Table 18. Number of Operators per Process Section  
 

Bottle Wash/Grinder   2 

Flotation Tank/Sorter   2 

Flake Wash/Detergent Tank   2 

Flake Rinse/Extruder   2 

Wastewater Treatment   1 
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Table 19. Labor Costs  
 

Direct Wages and Benefits   $3,153,600.00 

Direct Salaries and Benefits   $473,040.00 

Operating Supplies and Services   $189,216.00 

Technical Assistance to Manufacturing   $300,000.00 

Control Laboratory   $325,000.00 

 
 

Table 20. Maintenance Costs  
 

Maintenance Wages and Benefits   $69,371.10 

Salaries and Benefits of Maintenance 
Supervisors  

$17,342.77 

Materials and Services   $69,371.10 

Maintenance Overhead   $3,468.55 

 
 

Table 21. Operating Overhead Costs  
 

General Plant Overhead   $263.648.12 

Mechanical Department Services   $89,120.49 

Employee Relations Department   $219,087.88 

Business Services   $274,788.19 
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Table 22. Cost of Manufacture  
 

Utilities   $53,735.73 

Feedstocks   $7,513,861.20 

Labor   $4,440,856.00 

Operating Overhead   $846,644.68 

Property Taxes and Insurance   $30,831.60 

Depreciation   $90,809.29 

 
  

Table 23. Sales  
 

Clear HDPE Pellets   $7,939,871.28 

Dyed HDPE Flakes   $13,409,023.98 

 
 

Table 24. General Expenses  
 

Selling Expense   $317,594.85 

Direct Research   $508,151.76 

Allocated Research   $52,932.48 

Administrative Expense   $211,729.90 

Management Incentive Compensation   $132,331.19 
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Table 25. Net Present Values  
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APPENDIX G. Mass Balance Calculations 
 

Straight mass balances were done on the equipment and streams, generally following the format 

below: 

                                                                 (79)F 1 + F 2 = F 4  

This was done throughout the process to determine flow rates, however, special consideration 

was taken in calculation of the water and detergent/caustic flow rates. Firstly, the amount of 

water was based on the total amount of HDPE with each piece of equipment utilizing a 

percentage of that water: 

                                                  F2 HDP E,T otal = F W ater,T otal        (80) 

Next, the caustic and detergent were calculated as percentages of the water flow rates in the 

bottle wash, grinder, and flake wash steps. The flow rates of the detergent and caustic were based 

on the relationship below: 

 

                                                           (81)0.005F n,W ater = F n,NaOH  

                                                        (82).005F0 n,W ater = F n,Detergent  

 

Last, regarding the waste water treatment, only 65% of the water can be recycled; the rest of the 

water is lost to other sources such as the sludge and evaporation and general water loss. Stream 

23 is placed to add the necessary water so as to maintain a steady flow of water back into the 

process. 
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APPENDIX H. HAZOP Analyses 
 

  

Project Name: HDPE Recycling Date: 04/13/2020   Page     1    of     3 

 Process Equipment (PFD #): Bottle Wash (V-101) Name of Individual Doing Review: Vivian Trinh 

 Section:  Reference Drawing: PFD 

 
 

Study Node Process 
Parameters 

Deviations 
(Guide 
Words) 

 
Possible Causes 

 
Possible Consequences 
Include info on process 

immediately downstream  

 
Action Required 

 Inlet Water, 
caustic, and 

detergent flow 
rate 

 

Too high Pump malfunction (P-102) 

Controller malfunction 

Leak in feed 

 

Too much water will flood 
bottle wash. 

Monitor flow rate for P-102. 
Check water, caustic, and 
detergent stream for leaks. 
Implement flow meter to 
check flow rate. 

 

 

 Too low/None Pump malfunction (P-102) 

Controller malfunction 

Clog in feed 

 

Greater HDPE to water ratio. 
HDPE will not be clean 
enough. 

Monitor flow rate for P-102. 
Check water, caustic, and 
detergent stream for clogs. 
Implement flow meter to 
check flow rate. 

 

 

 HDPE jugs 
flow rate 

 

Too high Conveyor belt malfunction Greater HDPE to water ratio. 
HDPE will not be clean 
enough. 

Auto-shutoff for conveyor 
belt. Check conveyor belt for 
proper speed and function. 

 

 

 

 Concentration 
of caustic and 

detergent 

 

Too high Leak in caustic and detergent 
tank 

Residual caustic and detergent 
on HDPE before entering 
grinder. May cause 
deterioration problems in 
grinder. 

Check caustic and detergent 
stream for leaks and make 
sure pumps are working 
properly. 
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Project Name: HDPE Recycling Date: 04/13/2020   Page     2    of     3 

 Process Equipment (PFD #): Bottle Wash (V-101) Name of Individual Doing Review: Vivian Trinh 

 Section:  Reference Drawing: PFD 

 
 

Study Node Process 
Parameters 

Deviations 
(Guide 
Words) 

 
Possible Causes 

 
Possible Consequences 
Include info on process 

immediately downstream  

 
Action Required 

 Inlet Concentration 
of caustic and 

detergent 

 

Too low/None Clog in caustic and detergent tank Not enough caustic and 
detergent to remove adhesives. 

 

Check caustic and detergent 
stream for blockages and 
make sure pumps are working 
properly. 

 

 Temperature Too high Water heater malfunction 
(H-101) 

Faulty heat exchanger 

High ambient temperature 

Water will boil and evaporate, 
then not enough water to clean 
HDPE jugs. 

 

Monitor water heater using 
thermocouples in H-101. 

 

 

 Too low Water heater malfunction 
(H-101) 

Faulty heat exchanger 

Low ambient temperature 

 

Water not hot enough to help in 
removing adhesives. 

Monitor water heater using 
thermocouples in H-101. 

 Outlet HDPE jugs 
flow rate 

 

Too high Conveyor belt malfunction Too much HDPE in grinder. 
May cause deterioration 
problems in grinder. 

Auto-shutoff for conveyor 
belt. Check conveyor belt for 
proper speed and function. 

 

 

 Too low/None Conveyor belt malfunction Too much HDPE jugs will clog 
bottle wash and cause bottle 
wash malfunction. 

 

Auto-shutoff for conveyor 
belt. Check conveyor belt for 
proper speed and function. 
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Project Name: HDPE Recycling Date: 04/13/2020   Page     3    of     3 

 Process Equipment (PFD #): Bottle Wash (V-101) Name of Individual Doing Review: Vivian Trinh 

 Section:  Reference Drawing: PFD 

 
 

Study Node Process 
Parameters 

Deviations 
(Guide 
Words) 

 
Possible Causes 

 
Possible Consequences 
Include info on process 

immediately downstream  

 
Action Required 

 Outlet Wastewater 
flow rate 

Too high Pump malfunction (P-102) 

Controller malfunction 

Leak in exit stream 

 

Too much water will flood 
wastewater treatment. 

Monitor flow rate for P-102. 

 Too low/None Pump malfunction (P-102) 

Controller malfunction 

Clog in exit stream 

 

Too much water will flood 
bottle wash. 

Monitor flow rate for P-102. 

  

 



73 

 

  

Project Name: HDPE Recycling Date: 04/20/2020   Page     1    of     2 

 Process Equipment (PFD #): Grinder (V-102) Name of Individual Doing Review: Vivian Trinh 

 Section:  Reference Drawing: PFD 

 
 

Study Node Process 
Parameters 

Deviations 
(Guide 
Words) 

 
Possible Causes 

 
Possible Consequences 
Include info on process 

immediately downstream  

 
Action Required 

 Inlet Water flow 
rate 

 

Too high Pump malfunction (P-103) 

Controller malfunction 

Leak in feed 

 

Too much water will flood 
grinder. 

Monitor flow rate for P-103. 
Check water stream for leaks. 
Implement flow meter to 
check flow rate. 

   Too 
low/None 

Pump malfunction (P-103) 

Controller malfunction 

Clog in feed 

 

Greater HDPE to water ratio. 
HDPE will not be properly 
grinded. 

Monitor flow rate for P-103. 
Check water stream for clogs. 
Implement flow meter to 
check flow rate. 

  HDPE jugs 
flow rate 

 

Too high Conveyor belt malfunction Too much HDPE in grinder. 
May cause deterioration 
problems in grinder. Not all 
HDPE jugs will be properly 
grinded. 

Auto-shutoff for conveyor 
belt. Check conveyor belt for 
proper speed and function. 

 Vessel Blade spin 
rate 

 

Too high Blade spin malfunction HDPE jugs will be overly 
grinded. Flakes will be smaller. 

 

Check grinder vessel for 
proper functioning of blade 
and blade spin speed. 

   Too 
low/None 

Jammed blade Not all HDPE jugs will be 
grinded properly. Flakes will 
be larger. 

 

Auto-shutoff for conveyor belt 
and grinder. Check grinder 
vessel for proper dispersion of 
HDPE jugs inside. 
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Project Name: HDPE Recycling Date: 04/13/2020   Page     2    of     2 

 Process Equipment (PFD #): Grinder (V-102) Name of Individual Doing Review: Vivian Trinh 

 Section:  Reference Drawing: PFD 

 
 

Study Node Process 
Parameters 

Deviations 
(Guide 
Words) 

 
Possible Causes 

 
Possible Consequences 
Include info on process 

immediately downstream  

 
Action Required 

 Vessel Blade spin 
direction 

Reverse Blade spin malfunction Not all HDPE jugs will be 
grinded properly. May cause 
HDPE jugs to be jammed in 
blade and vessel. 

Auto-shutoff for grinder. 
Check grinder vessel for 
proper functioning of blade 
and direction. 

  Time Too much Conveyor belt malfunction HDPE jugs will be overly 
grinded. Flakes will be smaller. 

 

Auto-shutoff for conveyor 
belt. Check conveyor belt for 
proper speed and function. 

   Too little Conveyor belt malfunction HDPE jugs will be not be 
grinded enough. Flakes will be 
larger. 

 

Auto-shutoff for conveyor 
belt. Check conveyor belt for 
proper speed and function. 

 Outlet HDPE jugs 
flow rate 

 

Too high Conveyor belt malfunction Not all HDPE jugs will be 
properly grinded. 

Auto-shutoff for conveyor 
belt. Check conveyor belt for 
proper speed and function. 

   Too 
low/None 

Conveyor belt malfunction Too much HDPE jugs will clog 
grinder and cause grinder 
malfunction. May cause 
deterioration problems in 
grinder. 

Auto-shutoff for conveyor 
belt. Check conveyor belt for 
proper speed and function. 

  Wastewater 
flow rate 

Too high Pump malfunction (P-103) 

Controller malfunction 

Leak in exit stream 

 

Too much water will flood 
wastewater treatment. 

Monitor flow rate for P-103. 

 Outlet Wastewater 
flow rate 

Too 
low/None 

Pump malfunction (P-103) 

Controller malfunction 

Clog in exit stream 

 

Too much water will flood 
grinder. 

Monitor flow rate for P-103 

. 
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Project Name: HDPE Recycling Date: 4/13/20   Page     1    of    2  

 Process Equipment (PFD #): Flotation Tank (V-103) Name of Individual Doing Review:  Lindsey Carranza 

 Section:  Reference Drawing: PFD 

 
 

Study Node Process 
Parameters 

Deviations 
(Guide 
Words) 

 
Possible Causes 

 
Possible Consequences 
Include info on process 

immediately  downstream  

 
Action Required 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Inlet Water Flow 

Rate 
Too High Controller Malfunction 

Pump Malfunction 

Tank Overflow 

No Density Separation 
(Agitation due to water inlet at 
inappropriate time) 

Waste in Dyed HDPE Stream 

Install float valve to shut off 
water pump if level is too high 

Sample here for waste 
separation efficacy 

Too 
Low/None 

Clogged feed 

Pump Malfunction 

Controller Malfunction 

No Density Separation 
(Plastic/Waste interface too 
great) 

Waste in Dyed HDPE Stream 

Install float valve to increase 
pump power if flow rate is too 
low 

Sample here for waste 
separation efficacy 

Plastic Flow 
Rate 

Too High Controller Malfunction 

Hopper Malfunction 

 

No Density Separation 
(Plastic/Waste interface too 
great) 

Waste in Dyed HDPE Stream 

Ensure proper amount of 
plastic is added to hopper 

Sample here for waste 
separation efficacy 

Too 
Low/None 

Clogged Feed 

Controller Malfunction 

Hopper Malfunction 

Waste of Water 

No Density Separation 
(Nothing to separate) 

Ensure proper amount of 
plastic is added to hopper 

 

 
 

Water 
Temperature 

Too High Inconsistent inlet water temperature 

 

Melt HDPE 

Less Separation (Greater 
temperature causes greater 
diffusive force through the 
fluid) 

Install thermometer to monitor 
temperature changes 

Install cooler if temperature is 
consistently too high 

Too Low Inconsistent inlet water temperature 

 

Water freeze Install thermometer to monitor 
temperature changes 

Connect to heat exchanger to 
increase heat if temperature is 
consistently too low 

 Tank Conveyor 
Speed 

Too High  Control Malfunction 

 

Low/No Waste Separation 
(gravitational settling time too 
low) 

 

Sample separation here 

Monitor speed 
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Too 
Low/None 

Control Malfunction 

Hardware Issue 

High production time Sample separation here 

Monitor production time 

 Outlet Water Flow 
Rate 

Too High  Control Malfunction 

Pump Malfunction 

Less separation (plastic/waste 
interface too great) 

Install float switch to decrease 
pump speed if water level too 
low 

Too 
Low/None 

Control Malfunction  

Pump Malfunction 

Tank Overflow Install float switch to increase 
pump speed if water level too 
high 
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Project Name: HDPE Recycling Date: 04/30/2020   Page     1    of     1 

 Process Equipment (PFD #): Sorter (V-104) Name of Individual Doing Review: Joshua Reyes 

 Section:  Reference Drawing: PFD 

 
 

Study Node Process 
Parameters 

Deviations 
(Guide 
Words) 

 
Possible Causes 

 
Possible Consequences 
Include info on process 

immediately downstream  

 
Action Required 

 Inlet HDPE flake 
flow rate 

Too high Conveyer belt malfunction 

Controller malfunction 

Too many flakes at once may 
clog the sorter preventing flow 
in and out 

Run routine maintenance on 
the conveyor belts leading to 
the sorter 

 

 Outlet HDPE 
flowrate 

 

Too low Clog in the sorter Disruption in product delivery; 
dyed HDPE and clear HDPE 
can’t be efficiently sorted 

Run routine maintenance on 
the sorter, ensuring there are 
no blockages 
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 Process Equipment (PFD #): Flake Wash (V-105) Name of Individual Doing Review: Joleen Shiroma 

 Section:  Reference Drawing: PFD 

 
 

Study Node Process 
Parameters 

Deviations 
(Guide 
Words) 

 
Possible Causes 

Possible Consequences 
Include info on process 

immediately  downstream  

 
Action Required 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Washing Tank 
Vessel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Inlet 
 
 
 
 
 
 
 
 
 

Temperature 

 

 

 

 

 

 

 

 

 

Concentration 
of detergent in 
solution 

 

 

 

 

 

Too high 

 

 

 

 

Too low 

 

 

 

 

Too high 

 

 

 

 

Too low/none 

Inlet water temperature above 
design value 

Faulty heat exchanger 

High ambient temperature  

 

Inlet water temperature below 
design value 

Abnormally low ambient 
temperature 

 

 

Leak in detergent tank 

 

 

 

 

Clog in detergent tank 

Water can boil and evaporate if 
left unchecked; buildup of 
steam pressure can result in 
pipe rupture 

Not enough water to wash 
flakes 

 

Water not hot enough to 
adequately wash flakes at 
desired temperature, 
minimizing cleanliness/quality 
of final product 

 

 

Residual detergent on flakes 
before entering flake rinse, 
requiring more use of water to 
adequately rinse off or 
potential safety hazards in final 
product 

 

Not enough detergent to 
adequately clean flakes, lower 
quality in final product 

Monitor both heat exchanger 
and temperature of solution 
inlet using thermocouples in 
Stream 13 

 

 

Monitor both heat exchanger 
and temperature of solution 
inlet using thermocouples in 
Stream 13 

 

 

 

Routine check for leaks or 
clogs in detergent stream 
(Stream 13) 

 

 

Routine check for leaks or 
clogs in detergent stream 
(Stream 13) 

 

Study Node Process 
Parameters 

Deviations 
(Guide 
Words) 

 
Possible Causes 

Possible Consequences 
Include info on process 

immediately  downstream  

 
Action Required 

Inlet 

 

 

 

 

 

 

 

Water and 
detergent 
solution 
flowrate 

 

 

 

 

 

Too high 

 

 

 

 

Too low/none 

 

 

Pump malfunction (P-105) 

Controller malfunction 

Leak in feed 

 

 

Pump malfunction (P-105) 

Controller malfunction 

Clog in feed 

Too much solution could flood 
wash tank  

 

 

 

 

Higher flake to solution ratio, 
resulting in lower level of 
cleanliness 

Routinely monitor flow rate of 
P-105 (both at pump site and 
at controller) via flow meter 
and check for leaks or clogs 

 

 

 

Routinely monitor flow rate of 
P-105 (both at pump site and 

 



79 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

HDPE flakes 
inlet flow rate 

 

 

 

 

 

 

 

 

 

 

 

 

 

Too high 

 

 

 

Too low 

 

 

 

 

Conveyor belt malfunction 

 

 

 

Conveyor belt malfunction 

 

 

 

 

Buildup of HDPE flakes; flakes 
will not be clean enough due to 
higher flake to solution ratio 

 

 

Lower flake to solution ratio; 
higher, more inefficient use of 
water and energy to clean 

at controller) via flow meter 
and check for leaks or clogs  

 

 

 

Routinely monitor flow rate of 
stream 12 for proper speed and 
function; install auto-shutoff 
points throughout entire 
process along conveyor belt to 
avoid bottleneck and allow for 
routine preventative 
maintenance checks 

Study Node Process 

Parameters 

Deviations 

(Guide 
Words) 

Possible Causes Possible Consequences 
Include info on process 

immediately  downstream 

Action Required 

Outlet 

 

 

 

 

 

 

 

 

 

 

HDPE flakes 
outlet flow 
rate 

 

 

 

 

 

 

 

 

 

 

 

 

Wastewater 
flow rate 

 

 

Too high 

 

 

 

 

 

 

Too low/none 

 

 

 

 

 

 

Too high 

 

 

 

Conveyor belt malfunction 

 

 

 

 

 

 

Conveyor belt malfunction 

Clog in exit stream (14) 

 

 

 

 

 

Pump malfunction (P-105) 

Controller malfunction 

Leak in stream 

 

High level of HDPE flakes 
entering flake rinse; flakes not 
adequately rinsed, resulting in 
potential safety hazards in 
food-grade product 

 

 

 

 

Low level of HDPE flakes 
leaving tank, resulting in 
unnecessary buildup and loss of 
efficiency as fewer unwashed 
flakes will be able to enter 

 

 

 

Too much water will flood 
wastewater treatment (V-109) 

 

 

 

 

 

Routinely monitor flow rates 
of streams 12 and 14 for 
proper speed and function; 
install auto-shutoff points 
throughout entire process 
along conveyor belt to avoid 
bottleneck and allow for 
routine preventative 
maintenance checks prior to 
flakes entering bottle wash 

 

 

 

 

 

 

Monitor flow rate of P-105 

 

 

 

 



80 

 

 

 

 

Too low 

 

Pump malfunction (P-105) 

Controller malfunction 

Clog in stream 

 

If not enough wastewater is 
exiting flake wash while 
solution is still being pumped 
into the tank, flooding can 
occur; otherwise, flakes could 
be cleaned with old/used 
solution, resulting in lower 
cleaning effectiveness 

 

 

Monitor flow rate of P-105 
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Project Name: HDPE Recycling Date: 04/13/2020   Page     1    of     2 

 Process Equipment (PFD #): Flake Rinse (V-106) Name of Individual Doing Review: Joshua Reyes 

 Section:  Reference Drawing: PFD 

 
 

Study Node Process 
Parameters 

Deviations 
(Guide 
Words) 

 
Possible Causes 

 
Possible Consequences 
Include info on process 

immediately downstream  

 
Action Required 

 Inlet HDPE Inlet 
Flowrate  

Too high Conveyer belt malfunction; feed 
control malfunction 

Too much HDPE input could 
overload flake rinse possibly 
leading to breakage, preventing 
downstream process from 
continuing. 

Monitor HDPE flake flowrate 
in the conveyer belts leading 
to the grinder and adjust 
accordingly. 

 

 

 

 

 

 

 Water 
Flowrate 

Too high Water pump (P-105) malfunction Too much water could overfill 
the flake rinse and cause 
equipment damage or possible 
destruction leading to water 
spillage alongside 
contaminants. More than 
necessary water could also seep 
into the extruder damaging that 
equipment as well. 

Monitor water content in 
grinder as well as control 
water flowrate and pump 
pressure in P-105 

 

 

 

 

 

 

 

 Too low Water pump (P-103 malfunction) Too little water would 
essentially render the flake 
rinse inoperable, as no cleaning 
can be done, thus food grade 
product can’t be delivered. 

Monitor water content in 
grinder as well as control 
water flowrate and pump 
pressure in P-105 
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Project Name: HDPE Recycling Date: 04/13/2020   Page     2    of     2 

 Process Equipment (PFD #): Flake Rinse  (V-106) Name of Individual Doing Review: Joshua Reyes 

 Section:  Reference Drawing: PFD 

 
 

Study Node Process 
Parameters 

Deviations 
(Guide 
Words) 

 
Possible Causes 

 
Possible Consequences 
Include info on process 

immediately downstream  

 
Action Required 

 Outlet HDPE Outlet 
Flowrate 

 

Too high Flake rinse malfunction/conveyer 
belt malfunction. 

An unusually high outlet of 
flake may indicate improper 
washing and equipment 
malfunction 

 

Run regular maintenance on 
the flake rinse 

 

  Too low Flake rinse malfunction/conveyer 
belt malfunction. 

A low outlet flowrate could 
indicate a blockage in the 
grinder 

Run regular maintenance and 
cleaning on flake rinse to 
ensure clear transport 

     

 Water 
Flowrate 

 

Too high Flake rinse malfunction: flake 
rinse may not be utilizing all the 
water inputted. 

An alarming output of water 
could point to a malfunction in 
the flake rinse (a possible leak) 
and could cause flooding in the 
equipment’s general area 

Monitor output flowrate and 
do regular checks on flake 
rinse integrity to ensure water 
retention is normal. 

 

 

 Too Low Flake rinse malfunction: flake 
rinse may be holding on to too 
much water, suggesting a 
blockage or other error. 

Low water output could 
indicate equipment 
malfunction, and if too much 
water stays in the flake rinse, 
there is a risk of overflow and 
flooding 

Monitor output flowrate and 
do regular checks on flake 
rinse integrity to ensure water 
retention is normal and to 
ensure that there are no 
blockages for both the water 
and HDPE. 
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Project Name: HDPE Recycling Date: 04/13/2020   Page     1 of   3 

 Process Equipment (PFD #): Extruder (V-107) Name of Individual Doing Review: Anuja Oke  

 Section:  Reference Drawing: PFD 

 
 

Study Node Process 
Parameters 

Deviations 
(Guide 
Words) 

 
Possible Causes 

 
Possible Consequences 
Include info on process 

immediately downstream  

 
Action Required 

 Feeder  Flowrate  Too high Conveyor belt or hopper 
malfunction (V-106)  

 

Inconsistencies in flowrate may 
cause deviations in barrel or die 
temperatures. 

Too much HDPE coming in at 
once may clog the feeder.  

Bridging, funneling, separation 
of materials in the feed  

 

Monitor flow rate for V-106, 
make sure feed flowrate is 
smooth and consistent.  

 Too low/None Conveyor belt or hopper 
malfunction (V-106)  

 

Inconsistencies in flowrate may 
cause deviations in barrel or die 
temperatures. 

If extruder runs empty without 
any feed it can wear out the 
screw.  

Bridging, funneling, separation 
of materials in the feed  

Monitor flow rate for V-106, 
make sure feed flowrate is 
smooth and consistent.  
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Project Name: HDPE Recycling Date: 04/13/2020   Page     2    of     3 

 Process Equipment (PFD #): Extruder (V-107) Name of Individual Doing Review: Anuja Oke  

 Section:  Reference Drawing: PFD 

 
 

Study Node Process 
Parameters 

Deviations 
(Guide 
Words) 

 
Possible Causes 

 
Possible Consequences 
Include info on process 

immediately downstream  

 
Action Required 

 Die  Temperature  Too high Motor amps or melt pressure 
gauge exceed set limits.  

HDPE will burn, smoke, 
snapping and popping sounds 
or black material will come out 
of extruder. 

Monitor motor amps and melt 
pressure gauge.  

 

 

 

 

 Too low Process was started before 
temperature was allowed to reach 
and stabilize at set point.  

Clogging due to the 
accumulation of particles 
which have not melted. 

Install soak timer to ensure that 
process does not start until 
preset time has passed after 
temperature has risen.  

 

 

 

 

 

 Flowrate  Too high Inconsistencies in feeder flowrate.  Wear on the screw if extruder 
is running empty  

Monitor feed flowrate to 
ensure it is smooth and 
consistent.  

 

 

 

 

  Too low/none  Inconsistencies in feeder flowrate. 

Drive motor malfunctioning  

Clogging due the accumulation 
of particles from the barrel 
which are not exiting the 
extruder.  

Monitor feed flowrate to 
ensure it is smooth and 
consistent.  

Monitor motor amps.  
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 Process Equipment (PFD #): Extruder  (V-107) Name of Individual Doing Review: Anuja Oke  

 Section:  Reference Drawing: PFD 

 
 

Study Node Process 
Parameters 

Deviations 
(Guide 
Words) 

 
Possible Causes 

 
Possible Consequences 
Include info on process 

immediately downstream  

 
Action Required 

 Drive Motor  Percent load  Too high  Melt pressure has exceeded safe 
limits. 

The screw will be pushed back 
out of the barrel and can no 
longer function.  

Monitor melt pressure gauge 
and make sure it does not 
exceed safe limits.  

Properly maintain thrust 
bearing which prevents 
backward movement of the 
screw.  

 Rotating 
speed of the 
screw (rpm)  

Too high Gear box oil has overheated or 
contains contaminants  

Too much heat is created 
which can burn the HDPE.  

Monitor the oil temperature to 
ensure it does not overheat, 
consistently replace the oil and 
clean the gear box  

 Too low Gear box oil has overheated or 
contains contaminants  

Due to loss of shear heating all 
of the HDPE may not melt 
which can clog screens. 

Monitor the oil temperature to 
ensure it does not overheat, 
consistently replace the oil to 
and clean the gear box 

 Barrel   Temperature  

 

Too high  Inconsistent flowrate in the feeder.  HDPE will burn, smoke, 
snapping and popping sounds 
or black material will come out 
of extruder.  

Ensure that the flowrate to the 
feed is a smooth, steady flow.  

Monitor motor amps and the 
melt pressure to make sure 
they do not exceed limits.  

 Too low Inconsistent flowrate in the feeder 

Process was started before the 
temperature could stabilize to the 
desired setpoint.  

HDPE will not completely 
melt, clogging screens.  

Ensure that the flowrate to the 
feed is a smooth, steady flow.  

Monitor motor amps and the 
melt pressure to make sure 
they do not exceed limits. 

Install soak timer to ensure that 
process does not start until 
preset time has passed after 
temperature has risen.  

 

 

  

 
 
 
 
 
 

 


