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Abstract 

 This proposed facility aims to repurpose old corrugated cardboard (OCC) waste 

into portable, low-cost housing structures for temporary disaster relief. The technical goal of this 

endeavor is to design a process which a.) breaks down and removes impurities from OCC stock, 

b.) dewaters pulp slurry into paperboard, c.) impregnates paperboard with fireproofing agents, d.) 

corrugates and laminates paperboard with waterproofing latex, and e.) folds finished material 

into portable structure. The results of current engineering analysis are that an OCC feed of 

approximately 8.8 million kg is required annually to meet the proposed production demands. 

Additionally, 167 thousand cubic meters of water, 200 thousand kg of melamine formaldehyde, 

and 19 thousand kg of latex are required to feed the process annually. Major process assumptions 

include the assertion that OCC is of a clean enough stock that the hydrapulper can be run in 

steady state and does not require regular shut down and manual cleaning. Sources of error in the 

results stem most heavily from the shortcomings of models that quantify fiber retention in waste 

water. Waste water processing loops would ideally mitigate both fiber loss and excessive water 

use in operation. 

 

 

  



Executive Summary 

 

 

This proposed facility aims to repurpose old corrugated cardboard (OCC) waste into 

portable, low-cost housing structures for temporary disaster relief. The technical goal of this 

endeavor is to design a process which a.) breaks down and removes impurities from OCC stock, 

b.) dewaters pulp slurry into paperboard, c.) impregnates paperboard with fireproofing agents, d.) 

corrugates and laminates paperboard with waterproofing latex, and e.) folds finished material 

into portable structure. To fulfill each of these process steps, the following assumptions and 

design decisions have been made by the members of Recycled Refuge. 

A summary of the project performed includes the completion of a PFD, mass balance and 

stream table, full list of equipment, utilities table, full economics report with capital requirements 

and operational expenses, relevant safety considerations, and a fence to fence LCA. Equipment 

has been sized according to a production basis of 250,000 shelters per year. The methodology of 

facility design was to first define the materials balance required to produce the desired quantity 

of units, and to then calculate utility requirements, capital costs, infrastructure needs, and 

environmental impact of the proposed facility. The fundamentals of the economic basis have 

been established from the estimated per unit sales price of completed housing units, the per ton 

price of OCC and other process feeds, and the average cost of industrially zoned land in 

Maricopa County, AZ.   

The results of current engineering analysis are that an OCC feed of approximately 8.8 

million kg is required annually to meet the proposed production demands. Additionally, 167 

thousand cubic meters of water, 200 thousand kg of melamine formaldehyde, and 19 thousand kg 

of latex are required to feed the process annually. Major process assumptions include the 

assertion that OCC is of a clean enough stock that the hydrapulper can be run in steady state and 

does not require regular shut down and manual cleaning. Sources of error in the results stem 

most heavily from the shortcomings of models that quantify fiber retention in waste water. Waste 

water processing loops would ideally mitigate both fiber loss and excessive water use in 

operation. 

 



In conclusion, the technical basis of OCC recycling is well established in industrial 

operations and the process stages outlined above have every indication of being feasible and 

realistic. The flows of feed required to produce the desired product quantity have proved 

reasonable and attainable given the OCC market of Central Arizona. After completing the 

economic analysis, it has been determined that the plant is not economically viable, primary due 

to prohibitively high utilities costs. With a sales price of $60 per shelter, the facility operates 

with a negative cash flow each year and never reaches a positive net present value.  

The largest environmental implications of the proposed facility are the carbon footprint 

associated with energy consumption and the high rate of water usage. Environmental toxicity and 

hazards to human health are minimal, since none of the chemical feedstocks used in the plant are 

particularly hazardous. 

Next steps for the project would be to consider the use of gas fired furnaces as an 

alternative to the current electric heaters being utilized at expense of the production of more air 

pollution, as this would help reduce a burdensome utilities expense. Another recommendation for 

future design of the plant is to incorporate a water recycling process through the use of clarifiers 

since such significant water usage is required in the pulp and paper making process. Lastly, a 

pivot in design methodology from re-pulp to repurpose processing could avoid the brunt of the 

operational expense, and the quantitative effect of this change on product quality is a big figure 

topic of interest.  
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Introduction/Background 

1.1 Overall Goal 

The purpose of the proposed facility is to repurpose old corrugated cardboard (OCC) 

material into cost effective, temporary shelters for displaced victims of natural disaster or 

conflict. The shelter is comprised of 4 corrugated cardboard walls, a slanted cardboard roof, and 

aluminum internal supports which are assembled on top of a 300-gallon, rectangular HDPE 

water tank. The product, as designed, is flat-stackable for shipping and will be unfolded upon 

arrival to its designated location. The decision to utilize OCC as a feedstock was made to address 

the growing issue of cardboard waste that has emerged since the boom of online commerce and 

direct-to-customer shipping. By transforming a burdensome societal waste into temporary 

disaster relief housing for those in need, this facility acts as both a waste management solution 

and a means of improving humanitarian aid efforts for those caught in the middle of disaster 

environments. The production goal of this facility is set at 250,000 units on an annual basis, 

which possess the capacity to collectively house one million disaster victims.  

 

 

1.2 Current Product and Market Information 

The structure produced by this facility is used to protect inhabitants from the natural elements, 

including wind, rain, snow, and the sun. The product was designed with an expected usage time 

of roughly 4 weeks. For this application, the anticipated customers of the temporary shelter are 

government or private humanitarian relief agencies like FEMA, American Red Cross, UNISEF, 

and local municipalities. Based on expenditures from FEMA on temporary shelters in the 

aftermath of hurricane Maria, the expected sales price for our shelters is $60 per 4-person unit.  

After compiling the economic basis for the facility, which included product price, calculated 

capital costs and operating expenses, it was determined that the plant should not be fabricated. A 

positive net present value is unachievable given the determined sales price. A large reason for 

this is because of the astronomical utility costs associated with the plant. The dryers require a 

large amount of electivity to remove large amounts of water from the paperboard. If the sales 

price were increased to $570 per housing unit, the plant would be economically viable. This is an 

extremely unrealistic number given the price of competitor's products though. 
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1.3 Project Premises and Assumptions 

The major criteria for the performance of our product was that the structure must be 

lightweight for ease of transport, fire resistant for inhabitant safety, and water resistant for 

structural integrity in high moisture environments. Based on these crucial material properties, the 

production facility was designed to not only recycle OCC into new corrugated medium, but also 

incorporate fireproofing and waterproofing additives to the new material. Key assumptions made 

in the design of the proposed facility include the following:  

Hydrapulper bale submersion and fiber dispersion is sufficient to allow the direct feed of 

OCC bales into the pulper vessel without shredding. The typical ratio of long fibers (>1.5mm) to 

short fibers (<1.5mm) in the OCC material is 9:1. The average mass fraction of melamine 

formaldehyde in the additive mixing tank (TK-102) is 0.03. Energy consumption for 

hydrocyclone operation is based on heuristic rules from the Handbook of Pulping and 

Papermaking. This was assumed from a range of values between 3% to 7% (Marchessault). The 

need for a heated additive mixing tank wasn’t discovered until recently, so it is assumed that the 

tank will be heated to 80 °C. It is also assumed that the waterproof laminator, corrugating 

machine, packaging machine, and palletizers are being bought directly from a vendor. A key 

assumption in the corrugating machine is that heating the rollers to 200°C is optimal. The 

suggested ranges lie between 150-220°C. For the roller belt press filter, as our group, we decided 

an acceptable number of solids in product wet cake (Stream 25) should be about 85% solids in 

order to produce a quality housing structure that will need much heat from the dryer. The 

equipment required for physical assembly and folding of finished corrugated cardboard material 

is assumed to function as anticipated, since the design of such intricate hardware is outside the 

scope of this report. It should be noted at this time that the use of OCC as a feedstock was a 

criterion in the problem statement of this project. 
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2. Process Description, Rationale, and Optimization 

 

2.1 Overall Process Description 

The proposed facility is comprised of a series of production stages that collectively transform 

bales of old corrugated cardboard into assembled, flat stacked housing structures. To achieve this 

transformation, the following processing goals were established for the facility and serve as the 

basis for equipment design:  

a.) Break down and remove impurities from OCC stock 

b.) Dewater new pulp slurry into paperboard 

c.) Impregnate paperboard with fireproofing agents 

d.) Corrugate and laminate paperboard with waterproofing latex 

e.) Fold finished material into housing structure 

With these goals as the basis for our production steps, the proposed facility was broken down 

into three main process blocks: Pulping and cleaning; Fireproofing; and Waterproofing and 

corrugation. An overall quantitative BFD can be seen in Figure 2.1. 
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The process begins with the pulping and cleaning of the old corrugated cardboard. Bales 

of OCC are manually de-strapped and fed via forklift into the top of the hydrapulper vessel 

(PLP-101). Water is fed into the hydrapulper to achieve a 5% pulp consistency (equivalent to 5% 

cardboard by weight) and the hydrapulper is run continuously with an average pulp residence 

time of 1.5 hours to allow for sufficient fiber dispersion. In addition to water, a small quantity of 

Flotsam 209 surfactant is added to the hydrapulper to aide with froth flotation downstream. 

Dispersed pulp exits the hydrapulper via holes in the bottom of the vessel and is pumped by a 

centrifugal pulp (P-101) to the primary and secondary rotary pressure screens (STR-101 and 

STR-102). The rotary pressure screens filter out large impurities such as hot-tack adhesives, bulk 

plastics, foams, and large chunks of undispersed fiber. The primary screen rejects are fed to the 

secondary screen. Secondary screen accepts are looped back into the primary screen feed, and 

secondary screen rejects are discarded or sent to sewer. Primary screen accepts continue on to the 

hydrocyclone cleaning units.  

The hydrocyclones are designed in three stages (CYC-101, CYC-102, and CYC-103) 

which attempt to remove high density impurities from the pulp such as sand, dirt, and any 

remaining metal. The three hydrocyclone banks set in series remove particles between 1000 μm 

and 50 μm in diameter with a cumulative 92% efficiency. Each bank is designed with a cascade 

of hydrocyclones that serve to concentrate impurities and minimize fiber loss in the rejects, 

which are sent to sewer. The accepts of the third hydrocyclone bank pass on to the primary and 

secondary flotation units (TK-101 and TK-102). Flotation aims to remove a category of pulp 

impurities known as “stickies”, which is a catch all term for any tacky, waxy, or hydrophobic 

materials remaining in the pulp. Once the pulp has entered the primary flotation vessel, air is 

pumped at 90 kPa from nozzles at the bottom to create bubbles and a frothy layer on top of the 

pulp. With the aid of Flotsam 209 surfactant, hydrophobic compounds selectively adhere to the 

bubbles and are removed by scraping off of the top froth layer (Reinke). Froth rejects from 

primary flotation are passed onto secondary flotation, and froth rejects from secondary flotation 

are discarded. The liquid accepts from the primary and secondary flotations are pumped (P-

102A/B) to the fractionation process. The primary and secondary fractionators (STR-103 and 

STR-104) serve to selectively remove short fibers with length less than 1.5mm (Krotscheck) and 

thus improve the mechanical strength of the finished paperboard. The primary fractionator 

rejects pass on to the secondary fractionator, the rejects of which are discarded. Secondary 
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fractionator accepts join the primary fractionator accepts in a stream that flows towards the first 

vacuum filter belt.  

After leaving the fractionators, the slurry goes through the first dewatering process of 

vacuum filtration (CV-101) in order to create a more concentrated slurry product. The slurry will 

be placed on a drying screen that will continuously remove water from the process by applying a 

negative pressure to the bottom of the screen. In vacuum filtration the primary goal is to remove 

as much liquid as possible, while maintaining a large quantity of solids on the screen. Due to the 

feed (Stream 19) being 4% solids, the vacuum filtration system creates a product of 28% solids 

in the wet cake (Stream 21), thus producing a more concentrated slurry (Tchobanoglous).  

After leaving the vacuum filtration  (CV-101), the slurry mixture enters a wet strength 

additive tank (TK-102). Melamine formaldehyde is added to this tank in order to increase the 

strength of the paperboard when exposed to moisture. This agent was chosen due to its superior 

ability to adhere to the fibers with less waste than other additives. It also has fewer safety and 

environmental concerns when compared with other wet strength additives. When mixed together 

a portion of the melamine formaldehyde bind to the cellulose fibers to obtain a higher wet 

strength value. Adding heat to the tank drastically reduces the mixing time and increases the 

receptivity of the fibers to the wet strength agent. It was decided that the cost of heating the tank 

was preferred in exchange for a drastically reduced mixing time of 10-15 minutes down to 150 

seconds (Marchessault).  

After the additive mixing tank (TK-102), the slurry goes through roller belt filter press 

(CV-103), where liquids are forced out of the sludge under high pressure. The slurry from the 

feed (Stream 23) will be pressed into a width of “5/16” inches in order to match the thickness of 

the AB flute cardboard pallets that we want to produce. The roller belt filter press roller has a 

95% solids recovery during the process. The targeted composition for the final wet cake coming 

off the filter press is 85% solids (Stream 25). The final wet cake (Stream 25) will be conveyed to 

direct-heat dryer that is 10 meters long. The dryer will supply heated air to the pulp, with the air 

being sourced from immediately outside the facility.  The added heat drives water from the wet 

cake on the conveyor belt to achieve a higher fiber mass fraction in the pulp that will be turned 

into paperboard (Stream 27). 
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The fireproofing process starts independent of the process line mentioned up to this point. 

The fireproofing agent is a simple solution of water and sodium borate, commercially known as 

“borax”. This material was chosen due to its low health hazards, low price, and commercial 

availability. Immediately, both water and borax are combined into a general mixing tank (M-

201), which acts as both a surge tank in case of control failure and a means of dissolving large 

clumps that may be present in the raw material. A positive displacement pump (Stream 33) is 

placed immediately after in order to deliver a consistent amount of the solution to the first of two 

stirring tanks. The two mixing tanks (T-201 and T-202), separated by a pump (P-202) further 

ensures no precipitation of sodium borate occurs through the sprayer delivery line, as this would 

result in clogging. This is done through vigorously rotating impellers that break up finer particles 

of the borax that did not dissolve in the primary mixing tank. A centrifugal pump (P-203) 

immediately follows this second stirring tank and pressurizes the solution to be delivered to the 

sprayers.  

The sprayers were chosen specifically to deliver a mist fine enough to consistently cover 

the entire width of the cardboard slabs, but not fine enough to immediately evaporate. These 

sprayers (SP-201 A-D), set up in series, deliver a very thin layer of the fireproofing solution to 

the cardboard. This allows the cardboard slab to dry relatively quickly and allows the active 

material, sodium borate, to remain evenly distributed onto the product. Fans are placed after the 

sprayers to encourage faster drying.  

After leaving the fireproofing process, the treated paperboard then moves on to the final 

part of the waterproofing process. The paperboard is conveyed to the waterproofing laminator 

(WL-301). Styrene butadiene latex was chosen to laminate the paperboard because it is 

commonly used in the industry and is easily obtained in premade sheets that can simply be 

inserted into the laminator. It is also more cost effective than other heavy duty laminates. When 

the paperboard enters the laminator along with the styrene butadiene latex, a series of rollers 

press the layers together. The laminated paperboard is then conveyed to the corrugating machine 

(C-301). This machine has a series of rollers that press alternating layers of laminated 

paperboard and filler material together. The machine deposits starch glue on the layers in order 

to bind them together. The rollers are also heated by steam that allows heat transfer between the 
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components to ensure that an optimal bond is achieved. A heater and condensate system (H-301 

and CN-301) are used to provide steam to the corrugating system. 

The packaging machine (PM-301) will assemble parts of a 4-walled house, that will be 

assembled on site during a natural disaster. The first parts are two pallets with a length of 9.5 feet 

each, which will be folded after 5 feet. This will result in the shelter being 7 feet tall from the 

foundation of the shelter to the tip of roof. In order to create the front and back pieces of the 

shelter, two pallets were cut into pentagon shapes, the width of the pentagon will be 8 feet, the 

height will be 7 feet. In order to make sure the assembly was user friendly, the operation staff 

will assemble a series of 10-15 zip ties will be provided to connect the two pentagons faces to the 

front and back of the structure, and to connect the folded pallets of length 9.5 feet. In order to 

provide stability, three aluminum poles will be included wrapped in plastic. Two of the poles 

will run diagonally from the side edges of the base to the apex of the roof, and the third pole will 

connect to the two diagonal poles and run parallel to the ground along the apex of the roof. This 

pole is a length of 5 feet. 

After the shelters are packaged, they will be conveyed to the palletizing machine (PL-

301). This essentially packages a group of shelters together onto a pallet in order to achieve a 

more optimal setup for shipping the product in bulk. 
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Figure 2.4: Stream Table Part 1 

 

Figure 2.5: Stream Table Part 2 
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Figure 2.6: Equipment Table Part 1 
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Figure 2.7: Equipment Table Part 2 
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Figure 2.8: Equipment Table Part 3 
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Figure 2.9: Equipment Table Part 4 
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Figure 2.10: Utilities Table Part 1 
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Figure 2.11: Utilities Table Part 2 
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2.2 Rationale for Process Choice and Optimization 

One of the largest processing decisions of the project was the extent to which the OCC feed 

should be broken down before being transformed into the final product. With this decision 

happening early in the project timeline, the alternatives analysis was primarily qualitative. The 

first option to be considered was something we referred to as “repurpose processing”. This 

involved leaving the corrugated structure of the old cardboard intact and simply improving the 

material performance by impregnating the cardboard with fireproofing additives, laminating for 

water resistance, and gluing smaller chunks together to form continuous segments. The continuous 

segments, akin to the cardboard version of plywood, would then be used to create the desired 

shelter. The benefit of preserving the old cardboard structure is that it would reduce the time, 

energy, and processing costs associated with product manufacturing. The downside of repurpose 

processing is that maintaining product consistency is made nearly impossible by natural variations 

in size, shape, thickness, and strength of the cardboard that enters as a feed. Additionally, without 

the means to remove dirt and oils from the solid cardboard, these impurities would be transferred 

to the product with potentially negative consequences.  

Pulp processing is the alternative to repurpose processing. In this pathway, the process 

begins by blending the old cardboard into a fresh, homogeneous slurry. This pathway has the 

immense advantage of mitigating variations in individual pieces of feed material. Since the feed is 

blended, variations are averaged to create a more consistent feedstock for subsequent processing. 

An even greater advantage is that paper pulp in the fluid state can be cleaned and purified by 

traditional separations operations like screening, flotation, and hydrocycloning. In this way, 

impurities like dirt and oils can be removed from the final product. Additionally, processing in the 

liquid state allows the improvement of material properties via pulp fractionation, which 

preferentially removes short fibers, less than 1.5mm in length, from the pulp to increase final 

paperboard strength (Krotscheck). The downside of pulp processing is that these extra steps incur 

more operations and utilities costs for the facility. Additionally, the act of repulping breaks about 

10% of the long fibers in the material, increasing the quantity of fiber that is lost to rejects during 

fractionation (Biermann). Ultimately, processing via re-pulping won as the most advantageous and 

flexible pathway for operation. In regards to this report’s conclusion and recommendations, the 

ability to tightly control the product properties through upstream pulping and cleaning was helpful 
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in meeting the established product performance goals. However, the extremely high utility costs 

calculated for re-pulp processing hamstrung the facility’s ultimate feasibility. In future work, a 

more comprehensive quantitative analysis would be conducted to determine whether product 

performance could be met through repurpose processing, a pathway that offers significantly lower 

operational expenses.  

Optimization in any pulp and paper process is dominated by 2 key metrics: Water usage 

and fiber loss (otherwise known as shrinkage). Optimization in terms of water means minimizing 

its use to the greatest extent possible. However, pulp and paper processing is a very water intensive 

corner of industry, and this is easier said than done. 95% of the mass entering as feed to the process 

is water, since a 5% pulp consistency is an industry standard for cleaning and fractionation 

operations. Net water consumption can be greatly lowered however through the introduction of 

water recycling streams and wastewater processing. The term “white water” is applied to the water 

that is removed when 5% consistency pulp is eventually dewatered and reformed into paperboard. 

White water can be cleaned through flocculation or clarification and fed back into the hydrapulper 

(Recycling and Deinking of Recovered Paper). Although this is common practice in many plants, 

the scope of our engineering analysis neglected this aspect of optimization. Lower water use 

corresponds to lower operations costs and a lighter environmental footprint. Water usage is an 

especially relevant optimization topic for a facility located in Southern Arizona. Water use for our 

facility logged at almost 15,000 gallons per day, which means that water recycling would greatly 

improve the life cycle assessment of our operation and would certainly be included in future work. 

See relevant calculations in Appendix A. 

The second optimization category, shrinkage, is used to describe the percent loss of paper 

fiber from the facility feed to the product output. Effectively, it's a measure of process efficiency. 

While a typical industry goal for shrinkage is less than 7%, our operation possessed a calculated 

shrinkage of almost 22% (See Appendix A). This high level of shrinkage indicates a number of 

things regarding the facility. First, an undesirable amount of useful fiber is being lost through waste 

streams. Large culprits for this loss are the reject streams of the pressure screens, hydrocyclones, 

or any equipment where separations are involved. Most notably, 13% (Appendix A) of the pulp 

fiber fed into the 3 stages of hydrocyclones are lost in reject streams. Despite hydrocyclone 

separations being responsible for over half of the 22% shrinkage, significant efforts were 
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undertaken to reduce this fiber loss. Specifically, this reduction was attempted through the cascade 

system employed in each cyclone stage. The 5 layers of the cyclone cascade equate to primary, 

secondary, tertiary, quaternary, and quinary processing. In short, the rejects of the first layer are 

reprocessed four more times before being released as system waste, with the ultimate hope being 

that fiber loss through waste streams is minimized. Shortcomings in the hydrocyclone separations 

model at predicting pulp behavior may be largely responsible for the high actual fiber loss. From 

a process engineering standpoint, an obvious solution to mitigate this loss might be to add strainers 

downstream of the hydrocyclone rejects. This would likely be a first move for future works. It 

should be noted that the 22% shrinkage as calculated here applies only to the long fibers, and 

neglects the short fibers which are intentionally removed from the product stream during 

fractionation. 

 

3. Equipment Design, Rationale, and Optimization 

3.1 Equipment Descriptions 

Hydrapulper 

The hydrapulper (PLP-101) accepts feeds of whole OCC bales and water and produces a 

pulp slurry of 5% consistency (equivalent to 5% cardboard by weight). This is the very first 

processing step in the operation. The hydrapulper is very much akin to a giant blender, with 

specially engineering rotor and D-shaped vessel to maximize bale submersion and dispersion of 

cardboard fibers into the aqueous medium. The piece of equipment incorporates a built-in junk 

trap and ragger for the removal of large foreign objects. The junk trap is a location at the bottom 

of the vessel for large rocks and metal to settle, and is cleaned by operations staff whenever 

necessary. The ragger is a continuous chain that is drawn in and out of the pulp during blending, 

with the purpose of catching and removing strings, bands, and ties from the slurry (Biermann). A 

continuous pulper was chosen for this application. The 3.75 cubic meter vessel possesses a height 

of 2.2 m and a diameter of 1.5 m. A 50 Hp motor drives a Hi-Con rotor that vigorously disperses 

fibers and maximizes downflow. The average pulp residence time in the hydrapulper vessel is 

roughly 1.5 hours to achieve sufficient fiber dispersion. Flotsam 209 Flocculant is added to the 

hydrapulper at an amount of 0.93 kg per 1000 kg of OCC feed (Recycling and Deinking of 
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Recovered Paper). Typical pulping energy costs equate to 18 kWh per ton of processed OCC 

(Biermann). The unit is manufactured with carbon steel, since no corrosive or particularly 

hazardous chemicals are used in the process. 

Hydrapulpers are a bare necessity of any pulp-based recycling operation. The most crucial 

component of the unit is the rotor, which is designed for a specific type of feed and pulp 

consistency. Our rotor was chosen based on literature recommendations. The relevant calculations 

for the sizing of the hydrapulper for our facility can be found in Appendix A. 

 

Primary and Secondary Pressure Screens 

The primary and secondary pressure screens serve to remove large impurities such as hot-

tack adhesives, bulk plastics, foams, and large chunks of undispersed fiber. The piece of equipment 

is comprised of a slotted basket inside a cylindrical vessel. Feed is pumped into the center of the 

basket and pulp is pushed through the slots of the basket by a pressure differential created by 4 

rotating foils with pass directly over the screen surface. The slot size for both the primary and 

secondary pressure screens is 25.4 mm, which allows the passage of fiber, but retains large 

contaminants (Krotscheck). Pressure screen accepts exit the vessel along the outer edge, past the 

basket, while rejects exit from the center of the vessel. The primary pressure screen has a basket 

diameter of 2.3 m and a height of 3.4 m. Rotor velocity is set at 25 m/s. The secondary pressure 

screen has a basket diameter of 1.4 m and a height of 1 m. Rotor speed is once again 25 m/s. Both 

primary and secondary pressure screens intake a pulp feed dispersed to 5% consistency 

(Krotscheck). The recycle stream from secondary screen accepts into primary screen feed was 

modeled via MATLAB and yielded the individual equipment flow rates in the stream table. The 

screens manufactured with carbon steel, since no corrosive or particularly hazardous chemicals are 

used in the process. 

The major trade-off analysis that was conducted for this operation was whether to use 

pressure screens or in-line strainers. The primary advantage of pressure screens is that rotor driven 

foils constantly agitate the screen surface and prevent plugging of the slots by paper fiber. For this 

reason, pressure screens are common place in industrial paper processing. The benefits of in-line 

strainers however is that they have no moving parts and possess greater operational reliability, 
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assuming they do not plug with a prohibitively high frequency. Ultimately, pressure screens were 

chosen for their large heuristic precedent and low rate of plugging. The basket is the most critical 

component, since it serves as the point of separation. Optimization for pressure screens concerns 

choosing a screen hole size that maximizes the accepts flow rate while still rejecting undesirable 

materials. C-slot holes with 25mm length were chosen to maximize fiber throughput while 

remaining impenetrable to large impurities. Relevant calculations can be found in Appendix A. 

 

Hydrocyclone Cleaning 

Hydrocyclones are utilized in our process for the removal of dense impurities such as sand, 

dirt, and any metal pieces. Cyclone geometries create a fluid vortex that enables the density based 

separation of materials. An image can be seen in Figure 3.2. The cleaning system is designed to 

remove dense particles ranging from 5 μm to 1000 μm, which is accomplished through 3 stages of 

hydrocyclones set in series. Each stage contains multiple cyclones organized into what is called a 

bank. The bank is structured into 5 layers of hydrocyclones set in cascade, meaning that the rejects 

of the first hydrocyclone pass on as the feed of the second and the rejects of the second 

hydrocyclone pass on to the feed of the third, and so on and so forth (Kadant Black Clawson Inc). 

The accepts from each layer are recycled back into the feed of the layer above it in the cascade, 

which can be seen in Figure 3.1. Stage 1 has 5 hydrocyclones that target a particle range of 1000-

100 μm and are set in a 1-1-1-1-1 cascade bank. These hydrocyclones have a maximum diameter 

of 70 in and an apex diameter of 7 in, with a per unit flow rate of 500 gpm. Stage 2 has 8 

hydrocyclones which target 100 μm to 50 μm particles and are set in a 3-2-1-1-1 cascade bank. 

These hydrocyclones have a maximum diameter of 22 in and an apex diameter of 2.2 in, with a 

per unit flow rate of 60 gpm. Stage 3 has 234 hydrocyclones which remove 50 μm to 5 μm particles 

and are set in a 104-64-38-20-8 cascade bank (Arterburn). These hydrocyclones have a maximum 

diameter of 2.75 in and an apex diameter of 0.275 in, with a per unit flow rate of 1.25 gpm. The 

hydrocyclones are manufactured with carbon steel, since no corrosive or particularly hazardous 

chemicals are used in the process. Cyclone sizing and particle removal efficiency calculations can 

be seen in Appendix A. 
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Figure 3.1: Hydroyclone Cascade 
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Figure 3.2: Hydrocyclone Picture and Sectional Diagram (Biermann) 

Trade-offs considered for dense contaminant removal included the use of settling tanks vs 

hydrocyclone separations. Traditionally, settlers and clarifiers are low cost operations that separate 

solid contaminants from a stream of liquid product. The challenge facing settlers in paper 

processing is that pulp is a suspension of solids in liquid, rather than a true liquid. For this reason, 

settlers for dirt would be ineffective in separating these contaminants from the paper fibers 

themselves, which also settle over time (Biermann). Hydrocyclone separation makes use of a fluid 

vortex and centripetal force to differentiate material based on density and particle size. This, along 

with a much faster separation time relative to settling, made hydrocyclones the most advantageous 

option. Hydrocyclones have no moving parts, making them inherently more reliable than settling 

tanks with apparati to rake or sweep settled material (Arterburn). However, the energy required to 

maintain hydrocyclone pressure drops incurs significant operational expense for the facility. In 

terms of optimization, a minimized actual pressure drop was made a priority in hydrocyclone 
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design due to associated utility costs. The relevant calculations for hydrocyclone design can be 

found in the sizing and power consumption documents in Appendix A. 

 

Primary and Secondary Fractionators 

The primary and secondary fractionators serve to refine the fiber length of the pulp by 

selectively removing fibers less than 1.5 mm in length. The reason for this process is that the 

presence of short fibers diminishes the strength of the finished paperboard, so their removal 

ultimately improves the strength of the product. The fractionators are built on the exact same 

operational premise as the pressure screens. The equipment is comprised of a slotted basket inside 

a slightly larger cylindrical vessel. Feed is pumped into the center of the basket and pulp is pushed 

through the slots of the basket by a pressure differential created by 4 rotating foils with pass 

directly over the screen surface (Krotscheck). The slot size for both the primary and secondary 

fractionators is 1 mm, which allows the passage of short, flexible fibers but retains nearly all fibers 

greater than 1.5 mm. Fractionator rejects exit the vessel along the outer edge, past the basket, while 

accepts exit from the center of the vessel. The primary fractionator has a basket diameter of 1.7 m 

and a height of 2.6 m. Rotor velocity is set at 25 m/s. The secondary pressure screen has a basket 

diameter of 0.9 m and a height of 1.4 m. Rotor speed is once again 25 m/s. Both primary and 

secondary fractionators intake a pulp feed dispersed to 5% consistency. The units are manufactured 

with carbon steel, since no corrosive or particularly hazardous chemicals are used in the process. 

Pressure screen fractionation was the only fiber refining operation that was considered for 

this facility. Like the pressure screens used upstream, the most critical design component is the 

basket hole size. Optimization in pressure fractionators means maximizing the reject flow while 

minimizing the passage of usable fiber through the basket. Resources indicated that a 1 mm slotted 

basket yielded an optimum balance for the retention of fibers greater than 1.5 mm and % recovery 

of fibers less than 1.5 mm from the feed to the rejects. Relevant calculations can be seen in 

Appendix A. 
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Primary and Secondary Froth Flotation (Voith EcoCell unit) 

The froth flotation cell is a packaged unit manufactured by Voith. The model, EcoCell, 

includes both the primary and secondary flotation apparati. The unit operates by accepting a feed 

of 5% consistency pulp and bubbling air through 5 nozzles located at the bottom of each vessel 

(Reinke). Flotsam 209 surfactant and the air injection combine to create a froth layer that 

selectively collects the hydrophobic compounds from the pulp. The froth layer is then skimmed 

off the top and considered rejects. Air is fed to the nozzles at 90 kPa, with flow rate being varied 

to achieve a sufficient thickness in the froth layer. The total unit dimensions given by the 

manufacturer are 5 feet in width and 41 feet in length, with both primary and secondary cells being 

included (Reinke). The unit is manufactured from carbon steel.  

 

Vacuum Filtration 

The vacuum filtration belt (CV-101) has an inlet of slurry that is 4% solids, which is 

expected to produce a wet cake product (Stream 21) of 28% solids (Tchobanoglous). This system 

was chosen as the first step of the dewatering process due to the high amount of solids captured in 

the process. The vacuum filtration screen will have a width of 8 feet and a length of 328 feet to 

travel before it reaches the additive mixing tank (TK-102). At the bottom of screen, there will be 

a series of vacuums applying a negative pressure to the bottom of the screen that continuously 

absorbs liquids through the vacuum filtration screen as it travels to the next process. Relevant 

calculations for the vacuum dryer can be found in Appendix A. 

 

Additive Mixing Tank 

The additive mixing tank (TK-102) has an inlet of slurry from the vacuum filtration belt 

(CV-101) and melamine formaldehyde. Melamine formaldehyde is an additive that increases the 

paperboards ability to retain strength when exposed to moisture.  This component was chosen 

because of its superior ability to increase the tensile strength of paperboard in wet conditions. 

Melamine formaldehyde will make up 3% of the mass fraction in the mixture. This value was 

chosen from a range of 3-7% (Marchessault). The mixing tank was designed to operate with a 
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residence time of 150 seconds and 330 rotations per minute. When the two components mix 

together, 70% of the melamine formaldehyde binds to the cellulose fibers. Since the mixture is 

viscous, a pitch blade impeller is used to mix the pulp and wet strength agent. This type of impeller 

does not wear easily in viscous conditions and is ideal for this purpose (“Mixing 101: Flow Patterns 

and Impellers”). The impeller is powered by a connected motor. Stronger and quicker bonding 

occurs when the fibers and melamine formaldehyde are exposed to heat. The tank is therefore 

assumed to be heated by an electric heater. Temperature of these mixtures vary between 80-120°C 

(Marchessault). In this process, the tank will operate at 80°C and at 1 atm because it is effective 

and requires a lower energy consumption. The tank is constructed from carbon steel because this 

material is widely used in the industry and it is more cost effective than alternate materials of 

construction such as stainless steel. One large tank as opposed to a few smaller tanks is used 

because it is more cost effective. The mixing tank will operate continuously. It will have a volume 

of 5.2 cubic meters and a height of 3 meters. The tank has a power consumption of 5434 kWh per 

year. This piece of equipment could be optimized by lowering the rotations per minute of the 

impeller. Slightly lowering this value would still foster adequate mixing of the pulp and additive 

while drastically reducing energy consumption and costs.  The tank could also be optimized by 

increasing the volume to accommodate any surge of inlet material that occurs. Currently, the tank 

is designed to be the perfect size to contain expected inlet flows. Further information for sizing, 

residence time, and power consumption of the mixer can be found in the Appendix A spreadsheets. 

 

Roller Belt Filter Press 

The roller belt press (CV-103) will be based on the industry standards of having 10-15 

rollers with 180 degrees of belt wrap around each roller, including a belt tension having a nominal 

value of 70 pounds per linear inch (Brown). Each roller was calculated to have a minimum 

diameter of 0.01 meters with a maximum pressure zone section of the roller belt filter press to be 

15 bar (Deltreil). The pressure zone ensures that the slurry is evenly distributed across the belt with 

a thickness of “5/16” inch, which will be digitally adjusted by the wedge section on the control 

settings. This will create an even roll coating wear, which will decrease the amount of maintenance 

on the roller belt filter press. The slurry that was coming into the roller belt filter press already had 

approximately a mass fraction of 28% solids (Stream 23). The goal of the roller belt filter press 
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was to triple the solids mass fraction in the final product by producing an wet cake that is 85% 

fiber by mass (Stream 25). As previously stated in the additive mixing tank, 70% of the melamine 

formaldehyde will bind with the pulp fibers. There will be a solid recovery of 95% solids in the 

wet cake (“Calculation of Sludge Dewatering Capacity of Belt Filter Press”). The belt width of 

this system was calculated to be 1.14 meters based on the industry standard of the belt velocity 

being 3 meters/min. A lower belt velocity increases the amount of time under pressure meaning 

more liquid can leave the slurry creating a product of 85% solids (“Calculation of Sludge 

Dewatering Capacity of Belt Filter Press”). This whole system will be enclosed in order to prevent 

odor from the residue and clean sprays from being in contact with the operators. Relevant 

calculations for each part of the belt filter press will be shown in the calculations in Appendix A. 

 

Conveyor Belt Dryer 

The conveyor belt dryer system (CV-104) will have a 12 meter long conveyor belt, and the 

length of the dryer itself will be 10 meters. The dryer will be a direct heat conveyor that will pull 

air from outside of the facility in order to decrease the amount of energy used. The air will be 

incandescently heated to 126.85 degrees Celsius, convected over wet cake in order to produce a 

dried fiber (Stream 27). The water content in the cake is reduced from 13% to 6%. Meanwhile the 

conveyor belt will continue to operate at 3 meters per minute while maintaining a smoother 

transition from the belt filter press to the conveyor belt dryer. Relevant calculations for the 

conveyor belt and dryer will be shown in the calculations in Appendix A. 

 

Fireproofing Solution Mixer 

The solution mixer (M-201) is the first introduction between the solvent (water) and the 

active material (sodium borate). Given that sodium borate is typically found in crystalline 

structures, any large clumps of the material from the feed must be broken up in this mixer. This is 

done by a simple rotating paddle impeller that will make contact with the bottom of the tank, 

scraping any residual, undissolved material.  The mixture in this tank will be slightly below room-

temperature saturation levels. However, the tank will use an electric heater to elevate the solution 

temperature to 35-40 degrees Celsius to prevent any premature precipitation. This mixer, in 
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relation to the control process, also acts as a surge tank. As such, the tank will have a much larger 

volume than the amount of solution within it at any given time. This is done to prevent any 

disturbances in the inlet amounts from making an impact on the quality of fireproofing solution 

that will ultimately be applied to the product. The liquid is drawn out from the solution mixer with 

a positive-displacement pump, which was chosen due to its consistency in maintaining a set 

volumetric flow rate. Additionally, no pressure head is needed for the next step of the process. 

 

Primary Mixing Tanks 

The primary mixing tanks (T-201 and T-202) both act prepare the sodium borate 

fireproofing agent for the process. A marine propeller operating at 300 rpm, driven by an external 

motor, will induce turbulent conditions near the propeller, allowing for optimal mixing. The tank 

is sized in order to allow for a 30-minute residence-time to ensure complete dissolution of the 

sodium borate to be achieved. These tanks will not be heated; however, it is expected that 

temperatures will remain elevated from the heated tank preceding these mixing tanks. Due to the 

height of the tanks, and the tanks being elevated above one another, a centrifugal pump lies 

between these two tanks to transport the fluid between them. Immediately after the second mixing 

tank lies a centrifugal pump that will pressurize the liquid to be delivered a sprayer. 

 

Sprayers 

The sprayers (SP-201 A-D) deliver the solution as a fine spray onto the cardboard. The 

sprayers chosen must deliver a spray wide enough to cover the entirety of the cardboard. 

Additionally, the spray must not be too fine such that it evaporates before it reaches the cardboard. 

The spray angle, dictated by physical properties of the sprayer head, will determine the distance 

the sprayers will be from the conveyer belt.   

 

Waterproofing Laminator 

The waterproofing laminator (WL-301) is fed paperboard from the fireproofing process via 

a conveyor belt. It also consumes sheets of styrene butadiene latex to bind to the paperboard. The 
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approximate ratio of styrene butadiene latex being used to the amount of paperboard is 1 lb to 452 

lb since this is a common value used in the industry (“Saddow”). The two primary types of 

laminators used in industry are cold press laminators and heat driven laminators. They are both 

suitable; however, heat driven laminators consume much more energy and therefore comes with 

larger operational expenses. The cold press laminator seals the styrene butadiene latex sheets to 

the paperboard via applied pressure from the rollers. While the cold press laminator requires more 

frequent maintenance, it was decided that in order to be a more environmentally friendly operation 

the cold press laminator would be pursued. The laminator is able to accommodate widths of up to 

9 feet at a speed of 6000 feet of cardboard per hour. The energy consumption of the waterproof 

laminator is 52590 kWh per year. Calculations relating to mass balances and energy balances can 

be found in Appendix A. This piece of equipment was assumed to be purchased from a vendor 

since it is not related to chemical engineering design concepts (“Wide Format Laminating”).  

 

Corrugating Machine 

The corrugating machine (C-301) is another piece of equipment being purchased from a 

vendor. In this piece of equipment, the filler paperboard is conditioned with heat from the rollers 

and then is given its fluted shape by the single facer within the machinery. Starch glue is deposited 

on both sides of the medium. Liner paperboard is then attached to the center of two fluting layers. 

This then travels to the double backer portion of the machine in which the outer layers of 

paperboard are attached to the fluting materials. The machine can accommodate 505 feet of 

cardboard per hour and has a power requirement of 1.7 million kWh per year. It is common for 

corrugating lines to be heated by steam generating and condensing systems, so these were designed 

separately. The rollers are heated to about 200°C because this is an optimal temperature for the 

starch glue to bind the various layers together (“Automatic 5 Ply Corrugated Board Production 

Line”). Mass balance and energy information for the corrugating machine can be found in 

Appendix A. 

 

 

 



  32 
 
 

   
 

Heater and Condenser 

The purpose of the heater and condenser (H-301 and CN-301) is to provide a steam 

generating system for the corrugating machine. Both the steam generator and condenser will be 

constructed from stainless steel which is commonly used for steam generators. Though it is more 

expensive to construct these pieces of equipment from stainless steel, it will ensure a longer 

lifetime of machinery than other materials such as carbon steel or Alloy 690. This material is 

specially chosen to avoid failures such as fatigue cracking or corrosion from the water (“Stainless 

Steel Overview: Features and Benefits”). The steam generator will use electricity to heat the water 

up to 200°C and create steam at 10 atm. The condenser will liquify the steam out to 25°C and 1 

atm by using cooling water that is circulated through neighboring tubes. The heat duties of the 

steam generator and condenser are 6749050 kWh/yr and -6749050 kWh/yr respectively. Around 

1000 kg/hr of steam will be produced with this system. Further information on design factors of 

these pieces of equipment can be found in Appendix A calculation spreadsheets. The system could 

be further optimized by reducing the temperature and pressure at which the steam is produced. 

Steam temperatures range between 150-220°C to heat corrugating rollers (Marchessault). If the 

temperature was lowered, this could save both energy consumption and money.  

 

Packaging Machine 

The packaging machine is being bought from a vendor called GWP Packaging. In this step 

pallets of paperboard are folded for the walls and roof of the housing structure. This includes 

making the 8 feet length of the front and back, pentagon shaped panels. To make sure that it's easy 

to be assembled, 8-10 zip ties will be provided for tool-less connections that create a nice seal from 

the outside elements. Included in the package are the three poles that provide some framework to 

make sure the housing structure does not fall from high winds. 

Palletizer 

The palletizer (PL-301) is being bought from a vendor (“Palletizing Machine”). In this step, 

the assembled shelters are brought together in groups and placed on a palette to facilitate the 

shipping process. A robotic arm places the shelters on the palette and wraps them in layers of 

plastic wrap to ensure the packages can be shipped safely and efficiently in bulk. 
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4. Safety/Environmental 

4.1     Safety Factors 

When near pieces of machinery in the plant, it is extremely important to exercise caution. 

If any personnel need to perform maintenance or touch any part of the equipment and machinery, 

it is necessary to follow lock out/tag out procedures. This means that all affected equipment should 

be completely isolated from material and energy releases until all work is finished. It is also 

important to note that the facility has a large amount of conveyor belts that range up to 100 feet in 

length and 9 feet in width. Personnel should not contact the conveyors unless lock out procedures 

are in place. There should also be guard rails along all conveyor belts to ensure that heavy objects 

are restricted from falling off. (“Conveyors - Safety : OSH Answers.”) . The facility also contains 

a small amount of potentially harmful chemicals. In the event of a spill of the chemicals used 

within this process, an emergency stop should be activated and all employees not involved in 

containment should be evacuated from the area. The spillage should be transferred into containers 

if possible and labelled with the name of the substance. Containers with chemicals would then 

need to be transferred to a local waste disposal company. Local authorities should then be 

contacted about the spill. Melamine formaldehyde is a sensitizing agent that can cause immune 

responses. When exposed to the skin, it can irritate the eyes, nose, and throat ("Formaldehyde 

Facts"). 

To mitigate the risks associated with this substance, safety showers and eyewash stations 

will be located in the facility for use in the event of chemical exposure. Styrene butadiene latex is 

also used in the facility and while not a harmful substance, contact with the polymer should be 

avoided (“UNITED STATES DEPARTMENT OF LABOR.”). Gloves should be worn if the latex 

needs to be moved by hand.  Sodium borate is another chemical being used and is a skin irritant. 

Personnel should avoid touching and inhaling this substance. If contact with the chemical occurs, 

skin and eyes should be washed at the safety showers and eyewash stations("Chemical MSDS"). 
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4.2      Personal Protective Equipment 

When on the factory floor, all personnel should wear a safety hat, safety goggles, ear plugs, 

gloves, and steel toed shoes. This will prevent any damage to employees by limiting exposure to 

noise, hazardous chemicals, and heavy equipment that may fall or break. Due to the abundance of 

conveyors in the factory, anyone will long hair should tie it back and any hanging clothing or 

jewelry will be restricted in operating areas. Clothing and hair could easily get stuck in the 

conveyors or any moving equipment.  Personnel should also wear industrial respirators to limit 

exposure and inhalation of chemicals within the factory.  

 

4.3   Safety Risks 

Safety risks were evaluated around major pieces of equipment within the facility. There 

were multiple factors taken into consideration when evaluating the roller belt filter press (CV-103. 

When temperature is too high, it can cause parts of the machinery and belt to melt. When too low, 

it can decrease efficiency and cause the belt material to become brittle. In order to prevent any of 

these hazards from occurring, temperature should be continuously monitored and belt speed should 

be altered accordingly. Pressure should also be monitored closely as it can cause malfunctions 

within the equipment. When tension is too high, the belt will stretch unevenly within the system. 

If tension is too loose, the belt could buckle and result in spilled product and system downtime. 

Because of this, electronic sensors will monitor pressure of the rollers. The wet strength additive 

tank (TK-102) had several areas of concern. If the inlet flow rates increase too much, the melamine 

formaldehyde and pulp mixture can overflow and result in a spill. If this were to happen, all 

employees not involved in containment should immediately evacuate the building to avoid contact 

with the chemical. To mitigate the risk of such an event happening, there should be flow meter 

sensors as well as tank height sensors that would execute an emergency shut off if levels became 

dangerously high or low. Also, if the viscosity of the mixture deviates from the targeted value, the 

mixing turbine could wear out. The melamine formaldehyde should be stored in atmospheric 

conditions to keep it from deviating from its natural state. Flow meters will also ensure that the 

correct amount of additive and pulp is being added to the tank. The hydrapulper also has potential 

hazards that were evaluated. The level of pulp within the vessel should be continuously monitored. 
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It could be too high due to a pipe blockage or change in inlet flow. This can be prevented through 

use of flow meters as well as routine pipe blockage inspections.  The tank could be too low due to 

a tank leak or decreased flow rates. The tank should routinely be inspected for leakage. Further 

information relating to these safety concerns can be found in the HazOps.  

4.4        Chemical Storage and Separation 

Sodium borate needs to be stored in a ventilated container in a cool room. Special care 

needs to be taken to keep the storage containers from extreme heat, ignition sources, or open flames 

in order to avoid combustion ("Sodium Borate MSDS") . Under no circumstances should the 

sodium borate be stored near an oxidizing agent. Since melamine formaldehyde can act as an 

oxidizing agent, it should be stored in a separate room from the sodium borate. Melamine 

formaldehyde should be stored at room temperature in a properly ventilated room to eliminate 

build up of fumes within the room. (“Nanomaterials. Preparation of Material Safety Data Sheet 

(MSDS)). It should be kept from extreme heat, ignition sources, and open flames as well. Neither 

of these materials should be kept on wooden pallets in case a leak leads to explosive oxidation of 

the wood. Styrene butadiene latex should be stored in a separate room since the other two 

chemicals are oxidizing agents. There should be ventilation in the containers storing the latex, and 

the room should be kept at atmospheric conditions ("Latex Safety Information"). Even though, 

none of these substances have a hazardous reaction when exposed to each other, they should still 

be kept separate since both sodium borate and melamine formaldehyde are oxidizing agents. 

 

4.5 Environmental Considerations 

4.5.1 Discharges 

In the realm of this project, with optimal operation, no discharge of any kind is produced 

in a considerable amount within the process. Recycling of all unused material is incorporated into 

the plant design. However, with operational inefficiencies and malfunctions, minor amounts of 

discharge may be produced. These discharges can be categorized into two categories: solids and 

aqueous. The impacts of this discharge will be analyzed in this section. 

Solid discharge comes from faulty product or fiber that is discarded to sewer from 

separations rejects or water waste. These fibers, mainly being composed of carbon, do not serve 
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as any health or environmental danger should these fibers remain contained. As traditional paper 

and paperboard mills have found, notable health and environmental concerns only arise from 

incineration, burial, or water disposal. Incineration produces gaseous by-products while other 

disposal methods may introduce the waste to surrounding wildlife (Villanueva). Apart from 

dispersed fiber discharge to sewer, bulk solid discharge from this plant would only arise if any 

inbound paperboard, outgoing product, or intermediate fiber cannot be processed or recycled. In 

these cases, should unusable paper waste be produced, proper de-inking and bleaching should 

occur in order to prevent dissolution of inks into ecological systems. Inks remain the primary 

concern regarding paper waste, as they remain usually water soluble and often can contain heavy 

metals and volatile organic compounds (Occupational Safety and Health Guideline for Anisidine).  

Aqueous waste becomes a factor for this project in regards to the large amount of water 

used in the process. Depending on the stage of discharge, the environmental threat could become 

quite significant. Thus, the water recycling aspect of this process becomes quite valuable. Paper 

fiber dispersed in water has already been touched on in the preceding paragraph. However, other 

water-soluble chemicals such as sodium borate and surfactants can pose as an environmental and 

ecological concern should the chemicals be released into the surrounding area. Sodium borate in 

particular, used for the fireproofing process, has been shown to increase the rates of liver cancer 

to those with long-term exposure (Weir). Thus, proper containment must be ensured to prevent 

any ecological damage to the surrounding area. 

4.5.2 Utilities 

Being in the heart of the desert, usage of utilities like water must be considered cautiously. 

Fortunately, Phoenix already has the infrastructure to accommodate heavy water usage. The main 

supply of water would come from the Central Arizona Project (CAP) and the Salt River Project 

(SRP), both of which draw from large natural bodies of water. Ideally, this water would mainly be 

drawn in during plant start up, as the water throughout the process should be recycled continuously. 

These recycling streams were not included in this current analysis. With the Colorado River at 

Parker (the source of the Central Arizona Project) having a flow rate of 303 cubic meters per 

second (USGS Current Conditions for Arizona Streamflow), and our plant requiring 0.04% of this 

capacity, there should be no immediate threats regarding usage of the Colorado River.  
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Likewise, Phoenix already has the infrastructure to support power requirements for the 

plant. The Palo Verde Nuclear Generating Station, located approximately 50 miles outside of 

Phoenix, is the largest power station in the United States by power generated. The station alone 

produces an annual net of 32,377,477 Megawatt-hours (U.S. Energy Information Administration). 

The plant provides for 35% of all Arizona’s power requirements and is operated by the Arizona 

Public Service (APS), the same company that provides power service to the central Phoenix area. 

The two power companies providing service to the entire Phoenix metropolitan area, SRP and 

APS, collectively own 47% of the power plant. Because of the existence of this plant, the Phoenix 

metropolitan area is transitioning towards a majority of its power coming from clean-air generating 

systems, a development to be completed in 2029. Currently, 40% of Phoenix’s power comes from 

clean-air generating systems (2015 Summer Power Readiness). As such, the effect of operating 

this process will be mitigated over time as Phoenix progresses towards a majority clean-source 

power supply. Exact numbers for power plant emissions will be provided in the LCA section of 

this report. 

4.5.3 Spills and Containment 

As with any plant, the environmental considerations do not stop after analyzing direct 

pollutants. Containment is an issue with any plant using chemicals that pose as any sort of health 

or environmental hazard. This recycling process mitigates many environmental concerns by being 

an indoor facility. Therefore, no direct threat arises from seepage of chemicals into the soil. 

However, should a spill take place, proper containment and cleanup/disposal procedures are 

needed to ensure minimal environmental and health impacts. Since much of this process involves 

water and water-soluble compounds, much of the spilled material can be recycled back through 

the process via the water recycling system. Even a direct drainage system directly into the water-

recycling process would most likely be viable depending on the physical plant setup. This way, 

there is minimal utility loss, saving money and making less of an environmental impact.  

Spillage of solids, less likely to be hazardous, is confined only to styrene butadiene latex 

and sodium borate. Sodium borate in the amount processed in this plant serves as no health hazard 

to humans and has no threat of flammability or reactivity (Sodium Borate MSDS). Thus, only basic 

efforts of containment and cleanup are necessary. Styrene butadiene latex can serve potentially as 

a choking and digestive hazard for any wildlife that come into contact with it. Chemically, there 
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are no toxicological concerns (SB Latex MSDS). While release of the latex should be prevented, 

only basic cleanup precautions are needed.  

A median between solid and liquid, paper pulp has its own precautions for any potential 

spill. Toxicologically, there are no health hazards of any acute exposure to paper pulp, however, 

the consistency makes pulp cleanup an issue. Pulp cannot be adequately introduced into the water 

recycling system due to the high-pressure head needed for reverse osmosis processing of pulp. 

Any introduction of pulp into the water recycling system will increase the stream’s viscosity, 

leading to slower pumping and pressure, potentially clogging the system. Therefore, containment 

of the pulp from other instruments is recommended. As such, manual removal of any spilled pulp 

is needed. For the given facility, any spilled pulp can be re-fed back into the pulping and cleaning 

block. However, pulp spillage may be quite messy and time-consuming to clean, so adequate 

process controls must be in place to prevent overflow from the hydrapulper and any other open 

vessels.  

4.5.4 Local Environmental Regulations 

ADEQ, the Arizona Department of Environmental Quality, is the regulating agency 

responsible for ensuring compliance with local and federal laws regarding utility usage and 

emissions. Laws unique to Arizona generally concern water usage. Being that the most populated 

regions of Arizona lie within deserts, it is critical for water usage to be monitored and regulated in 

order to maintain adequate storage levels. For instance, ARS 45-576, groundwater must be used 

at a rate that will allow for water usage 100 years in the future (Summary of Arizona Water Law). 

Because of this, it is much more sensible for this plant to directly use CAP-sourced water rather 

than groundwater.  

Additionally, Arizona implements seasonal water-use laws. In summer months (typically 

May-September), pressure may be made towards industrial water usage, including increases in 

prices. As such, it would be beneficial for this plant to source most of its water during the early 

spring when Colorado snowmelt allows for highest flow of the Colorado River (AZwater.gov). 

4.5.5 Life-Cycle Assessment 

Despite the process itself not producing any greenhouse gases or volatile organic 

compound emissions, the utilities drawn to support this process have an environmental impact. 
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This mainly comes from power plants providing the electricity to operate the machinery. Because 

of this, it is still important to analyze the environmental consequence of utility usage.  

As mentioned before, Arizona is quickly transforming its power production methods, 

hoping to achieve a “majority-green” production profile by the year 2029. Due to the dynamics of 

this, a gate-to-gate life-cycle assessment was done with respect to the U.S. averages of power 

sources. The data, provided by the U.S. Department of Energy, shows natural gas, coal, and crude-

oil currently comprising of approximately 70% of the total energy production as of 2018, with the 

balance mainly being solar, hydroelectric, and nuclear. Using GREET, an emissions-analysis 

software developed by Argonne National Laboratory, annual emissions were approximated. The 

emissions are shown below in Figure 4.1 and specific energy breakdowns are shown in Figure 4.2. 

 

Figure 4.1 

 

Figure 4.2 
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In 2015, the state of Arizona produced 90 million tons of carbon dioxide (State energy-

related carbon dioxide emissions). As such, this plant would approximately account for 0.02% of 

Arizona’s carbon dioxide emissions. Because of this, it would not become an immediate threat to 

existing toxicity levels within the surrounding area. Additionally, because of the lack of any large 

body of water nearby, there is also no immediate threat of aquatic toxicity. Despite all this, it is up 

for debate as to whether any additional emissions should be acceptable, as Phoenix consistently 

ranks within the top 10 cities in the United States for worst air quality (Phoenix-Mesa-Scottsdale 

Air Quality). However, as Arizona’s power supply continues to further promote the growth of 

clean power sources, the raw numbers will substantially decrease and follow Arizona’s current 

trends of dramatically reducing carbon dioxide emissions. 

Another important emissions criterion to analyze is the production of volatile organic 

compounds, commonly referred to as VOC’s. While remaining a broader category, VOCs are a 

large contributor to urban smog and are famous for being a known factor in the depletion of the 

ozone layer. As hydrocarbons typically containing halogens such as Fluorine and Chlorine, these 

compounds are highly reactive and are known carcinogens, thus emphasizing the importance of 

reducing their production and emission.  

Similar to the plant’s carbon dioxide emissions, this plant would produce approximately 

0.02% of Arizona’s 2011 VOC emissions. With Arizona also being in the EPA region that 

produces the second lowest number of VOCs per capita, it is can be safely concluded that this plant 

does not produce VOC amounts that are immediately concerning (Volatile Organic Compound 

Emissions).  

5. Economic Analysis 

In this economic analysis, most equipment costs were calculated by using costing equations 

found in Chapter 16 of (Seider et. al). Cp values were first calculated and then multiplied by the 

bare module factor to obtain bare module costs. Tables 5.1 and 5.2 display the bare module costs 

of process equipment. The calculations behind these tables can be viewed in the economic files 

found in Appendix C. Additionally, there are select pieces of equipment that were costed by 

vendors and by information found on company websites. Based off of these calculations, the 

largest cost of equipment comes from the gravity belt dryer (CV-101). Exploration of other drying 
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options could help mitigate the cost of drying equipment. Instead of using a gravity belt dryer in 

this process area, a dewatering belt roller could be used. This would be much more cost effective, 

decrease energy consumption, and be easier to maintain. 

 

Table 5.1: Cost of Equipment 
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Table 5.2: Process Machinery Equipment Cost 

 

Table 5.3: Total Capital Investment Table 
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The total capital investment of the project was calculated by using equations and Table 

16.9 of the textbook (Sieder et. al). An assumption was made that software and computers 

associated with the process are included in the cost of installed equipment. In depth calculations 

outlining how the total capital investment was determined can be found in the costing spreadsheets 

that are a part of Appendix C. Table 5.3 outlines the costs for total capital investment. 

The cost of manufacturing was calculated using the guidelines listed in Chapter 17 and 

Table 17.1 of (Sieder et al). A more detailed look into these calculations can be found in Appendix 

C. It should be noted that in solid and liquid handling processes, usually 2 operators per process 

area is deemed acceptable. Since this process has 3 major process areas, an assumption was made 

that 4 operators per process area would be required. As can be seen in Table 5.4, the highest cost 

in the entire operation comes from utilities, resulting in approximately 83% of the annual operation 

amount. This is the key reason that construction and operation of this plant is infeasible. 
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Table 5.4: Cost of Manufacturing Table 
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A cash flow table was created using equations from Chapter 17 of the process design 

textbook (Sieder et al). The MACRS depreciation method was used for a class life of ten years. 

The facility is operating as a non-profit organization, so federal tax does not impact the economic 

analysis. For this type of facility, since an interest rate of 5% is typical that is what was used in the 

cumulative present value column. Upon completion of the cash flow table, it was determined that 

it would be inadvisable and detrimental to pursue the fabrication and operation of the plant. The 

Net Present Value of the plant after 11 years is -$464,047,749.25. There is no point at which the 

facility breaks even. The results are below in Table 5.5, and calculations are a part of the 

spreadsheets located in Appendix C. 

 

Table 5.5: Cash Flow Table 

 

 

Based off of market research and prices at which competing products are being sold, the 

shelter being produced in this process was given a price of $60. At this price, it is extremely 

impractical to even consider the creation of this plant. In order to obtain a positive Net Present 

Value, each shelter would need to be sold for approximately $570. 

There are several ways in which this project could be optimized so that feasibility can be 

obtained. Approximately 75% of the utility costs come from the paperboard drying belt (CV-104). 

If this piece of equipment was replaced by a gravity drying screen or belt press roller, the project 

may become economically feasible. Exploration of other energy efficient drying methods would 
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be beneficial as well.  A potential economic hazard relates to an increase in price of feedstock 

materials. While the feedstock is not where a majority of operating costs are coming from, it could 

still hurt the plant. A potential way to remedy this would be to add intra-process recycling systems. 

Any melamine formaldehyde or long fiber that leaves the process as a waste could be recycled 

back into the feed. Since natural disasters are unpredictable, there is a possibility that sales could 

drop in the off seasons. A great aspect about this product; however, is that it can be tailored to a 

number of different uses. It can be used as a temporary shelter for the homeless and as a shelter 

for refugees that are impacted by political crises. If sales are continuously monitored, production 

can be increased or decreased according to supply and demand. 

6. Conclusion and Recommendations 

With regards to the chosen process, this process builds heavily on already well-known and 

well understood paper-making and paper recycling processes (Paper Making and Recycling). As 

such, there is utmost confidence that this process is viable and as streamlined as possible with 

current technologies. The standard process of paper-recycling has been modified to achieve the 

aspects of our final product. For instance, bleaching was not necessary to include in our process 

(which is standard in orthodox paper-recycling for applications where product color is of concern) 

due to the appearance of the cardboard not being a necessary element of the final product. 

Furthermore, the waterproofing and fireproofing elements of the process revolve around other 

various industrial processes, particularly in the production of composite materials (Composite 

Fabrication Methods).  

The process follows these main steps:  

a.) Break down and remove impurities from OCC stock 

b.) Dewater new pulp slurry into paperboard 

c.) Impregnate paperboard with fireproofing agents 

d.) Corrugate and laminate paperboard with waterproofing latex 

e.) Fold finished material into housing structure 
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The assumption was made that by proceeding with this process, the OCC feed would 

become homogenized, mitigating any variation in quality of the cardboard feed. Through this, it 

can be concluded that this production method allows for the most flexibility in regards to usage of 

incoming OCC while maintaining a consistent quality of the product. 

Most notable among opportunities for equipment optimization is the electrically heated 

dryers. Given that the dryers account for 75% of the utility costs associated with facility operation, 

further analysis and design is necessary to reduce this expense. One promising option is to switch 

from electric to natural gas fired heaters, since natural gas offers a lower cost per kWh of heat than 

grid electricity. Additionally, the trade-off analysis between re-pulp and repurpose processing 

should be given further quantitative consideration. By opting not to re-pulp and reform the 

corrugated material, a great deal of the capital and operational expenses (including the costly dryer 

utilities) would be totally avoided.  

A special aspect of this process is the limited use of hazardous materials. Since no 

bleaching agents or inks are necessary for the final product, the only potentially hazardous 

chemicals are limited to melamine formaldehyde and sodium borate. Sodium borate is only 

harmful on high-levels of ingestion, while the hazards of melamine formaldehyde are limited to 

skin irritation and potential allergenic responses. However, the dangers of the plant are not limited 

to the chemicals; special precaution should be taken around all pieces of equipment, especially 

hydrapulpers, hydrocyclones, and conveyor belts. Standard lock-out/tag-out procedure will be 

implemented to ensure no unauthorized or unsupervised operation of machinery occurs.  

Additionally, the plant does not invoke any concerns regarding air or water pollution, either 

through direct emissions or secondary emissions produced from power plants. Because of 

Arizona’s rapid evolution of switching to a majority-clean power production over the past decade, 

as well as the convenience of being able to draw power from the nation’s largest nuclear power 

facility, electricity usage is diminished as an environmental concern. The secondary emissions 

generated from this process are well within manageable amounts.  
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The main environmental concern revolves around the plant’s high-water usage. Despite the 

water usage being well within the Central Arizona Project (CAP) capacity, any significant water 

draw from the Colorado River must be closely analyzed and monitored through the seasons in case 

of a sudden decrease in river capacity. As such, an intra-process water recycle stream would cut 

help reduce usage depending on quality of filtration and efficiency.  

Mainly because of the high utility cost, it is clear that this process would not be profitable 

as it has been developed here. For the process outlined in this report, the solution to this would be 

to charge a higher amount of money ($570) for each unit of the finished project. In order for the 

process to become profitable, utility costs should be addressed. Phoenix, having the perfect climate 

to support this production, also has a shortage of water. A location closer to a natural source of 

water, such as Chicago, Detroit, or Milwaukee could help reduce this expense.  

Since the process revolves around mitigating the effects of natural disasters, and due to the 

nature of the unpredictability of these natural disasters, assumptions had to be made in order to 

develop the fundamentals of our process. The scale of our process solely revolved around 

estimated numbers of people displaced from natural disasters each year. As such, this number 

could be refined as our process matures and we understand more about the affected areas we can 

help versus the total people affected. As such, the scale of this plant reflects helping everyone that 

could possibly be helped, however, factors unseen by us now may allow us to operate under 

maximum load, reducing our utility usage and reducing our cost of operation.  

One aspect of the expensive nature of this project is the heavy water usage it demands. 

Thus, the water recycling component of this process is critical. However, the methods available 

for filtering this amount of water both require regular maintenance and are costly. As such, any 

way of making these systems more efficient would benefit the entire process greatly. However, 

the required purity needed for this process is not entirely known. Experiments done regarding 

water quality vs. product quality could be done to determine whether an expensive filtration system 

is necessary. Further experiments, such as determining the amount of sodium borate necessary for 

adequate fireproofing could be done to determine if water usage could be reduced during that 

specific step, since the assumption was made that the solution should be close to saturation when 

applied to the cardboard.  
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There is a small amount of waste that occurs in this process, both in fiber loss and chemical 

loss. In particular, the additive mixing tank has a melamine formaldehyde to fiber bonding rate of 

70%. While a substantial amount is binding to the fibers, this also means there is a 30% loss of the 

melamine formaldehyde that exits in the dryers. In order to reduce this loss and also mitigate 

feedstock prices, it would be beneficial to implement a recycling system that would transport any 

of the lost additive back into the mixing tank. Costs could also be reduced by exploring other wet 

strength additives. Urea Formaldehyde is commonly used for this purpose and is less expensive. 

It should be noted that at the current price of the product, the facility will not be profitable. 

Most expenses come not from feedstock, but from the cost of labor and production as well as 

utilities. A source (Seider et. al) stated that for solid and fluid handling processes, there should be 

2 operators per process area. Since this facility has 3 major process areas, it was assumed that 4 

operators per process area would be needed. Cutting down on this number could provide some 

economic relief for the facility. Other drying methods should also be explored to cut down on 

utility numbers. By raising the price from $60 to $570, the plant could become profitable. 
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