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Abstract: 
 
When exposed to varying temperatures, water, and stress, concrete develops tiny undetectable 
cracks that can spread and threaten its integrity until eventually it must be replaced. Self-healing 
concrete offers significant economic and environmental benefits. The goal of this project is to 
investigate the feasibility of using bacteria as a self-healing additive, and to design a plant for 
producing self-healing concrete. The concrete designed by the team includes dormant bacteria 
that are reactivated by water entering a crack. The bacteria naturally produce calcium carbonate, 
which seals the cracks resulting in a stronger, longer-lasting concrete. The team designed a 
system of bioreactors to cultivate the bacteria, Bacillus subtilis, which is added to lightweight 
aggregate, a component of concrete. The team also designed a plant to produce the cement 
necessary to make concrete. This design involves balancing the energy needs of several large 
crushers and grinders, a heating and cooling system, and a large kiln. The cement and aggregate 
are combined with water to form self-healing concrete.  
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Summary 
Concrete is one of the most versatile and common building materials used in industry. 

However, concrete is prone to cracks, which can eventually lead to collapse of structures. As the 
saying goes: “It is not if it will crack, but just a matter of when.” Cracks in concrete have 
consequences for both appearance and structural integrity, and can even cause damage to steel 
rebar in the case of reinforced concrete. Replacing cracked concrete is costly in terms of labor 
and material, and manufacturing new concrete has a significant environmental impact. Self-
healing concrete, which prevents the concrete from cracking in the first place, has the potential to 
mitigate the problems associated with cracking.  

The mechanism behind self-healing concrete uses a biological agent, such as the Bacillus 
Subtilis bacteria, which is added to the concrete mix and autonomously heals small cracks by 
precipitating calcium carbonate. The bacteria are encapsulated in lightweight aggregate, which is 
mixed with cement and water to form concrete. The aggregate protects the bacteria, preventing it 
from being crushed during mixing and setting. Encapsulating the bacteria with the aggregate not 
only improves bacterial survival, but also increases the overall tensile strength of the concrete.  

The process for producing the bacteria makes use of a 10-L bioreactor vessel, which 
produces enough bacteria to treat 64,000 yd3 of self-healing concrete every year. After being 
grown in the bioreactor, the bacteria are converted to spores, and a 16-L centrifuge separates out 
the remaining media. Then, to initiate the process of encapsulation, the bacteria are resuspended 
in a 5-L tank with a buffer solution of 0.85% sodium chloride. The spore solution is then ready 
for transport to the construction site where it will be used. At the site, the concentrated spore 
solution is diluted and added to a 19.1-m3 tank with the aggregate, where it sits for 24 hours. The 
long soaking time allows the aggregate to fully absorb the bacteria. Once the aggregate has been 
treated, it is removed and incorporated into the concrete mixture.  

Initially, the plant will not operate at full production capacity, since there is not yet an 
established market, and the price is still high in comparison to ordinary concrete. An economic 
analysis of this process suggested the self-healing concrete would be more than double the cost 
of normal concrete. A significant portion of the cost is from calcium lactate, an expensive 
material used as the bacterial food source. Additional work in formulating less expensive 
bacterial food sources, as well as less expensive bacterial media and aggregate, will continue to 
reduce the cost of production. Because of the high price of the product, market research focused 
on concrete applications for which self-healing concrete could have the greatest benefit. 
Applications include places where it is impossible or costly to send workers to patch or replace 
concrete that has cracked, such as underground pipes and tunnels, sewage systems, foundations, 
wells, and hazardous waste sites. One promising opportunity is providing concrete for the 
drilling of oil and fracking wells. A significant proportion of well failures, and thus 
environmental problems, are the result of cracks in the concrete; therefore, use of self-healing 
concrete would greatly reduce the incidence of these failures.  

Besides aggregate, the other main component of concrete is cement. Cement is a fine 
powder which, when mixed with water, has a cohesive property which holds the other 
components of concrete together. An additional component of the project consists of designing a 
plant to provide the cement for the self-healing concrete. The manufacturing process of cement 
starts with crushed limestone, which is heated in a kiln until it forms the nodules of calcium 
silicates that make up clinker, which is then crushed into cement powder.  Since the self-healing 
concrete market is not yet large enough to require the full capacity of a cement plant, some 
cement from the plant is to be sold for non-self-healing applications. The plant is designed to 
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produce 170 tons per hour of clinker, which corresponds to 1.5 million tons of cement each year. 
This is a small amount in comparison to the average capacity of a cement plant in the United 
States of 4.5 million tons a year.  

The first section of the cement plant is dedicated to crushing, mixing, and storing the raw 
limestone brought from the quarry. The initial storage facility is large enough to hold two weeks’ 
worth of material from the quarry. From the storage facility, the cement is fed through a 
proportioner, where the chemical composition is measured and additives, such as iron and 
aluminum, are added to bring the mix to the desired composition. The proportioned raw feed is 
then crushed into a fine powder using a 5000-horsepower vertical roller mill. The powder from 
the roller mill proceeds to another storage facility, where there is enough storage space to hold 
one day's worth of produced material waiting for further processing. 

The next section of the plant is the pyroprocessing section, consisting of a preheater, 
calciner, kiln, and cooler. All reactions occur in this section, and it requires the most energy and 
emits the most carbon dioxide of any section of the plant. The first piece of equipment is a five-
stage cyclone preheater, which takes advantage of the large quantities of heat coming from the 
kiln to preheat the material. After the preheater, the material enters the calciner. Up to sixty 
percent of the fuel is burned in the calciner, at temperatures of up to 2000 °F. Calcining reactions 
occur, as raw stone reacts to form metal oxides. The inclusion of the calciner before the kiln 
makes the entire heating process more efficient, as calcining reactions can take place outside the 
kiln at lower temperatures. After the calciner, the material enters the rotary kiln: the heart of the 
cement plant, where sintering reactions occur as the metal oxides clump together to form nodules 
known as clinker. Temperatures can reach 3000 °F inside the kiln, so it is lined with thermally 
insulating alumina brick, and sixteen powerful fans blow air over the outside of the kiln as it 
rotates to cool the outer steel shell. After the kiln, the clinker moves through a cooler on a system 
of grates. Air blows through the grates, crosscurrent with the clinker flow. The process both 
cools the clinker for further processing, and heats the air for use in the preheater and calciner.  

The final section of the plant involves another round of grinding, followed by storage. 
First, a 170-horsepower hammer mill reduces the clinker’s size. At this point there is a large 
amount of storage: 12 days’ worth of space inside a building, and 6 weeks’ worth of covered 
storage outdoors. A large storage capacity is necessary because the kiln must run continually, 
while the demand for finished cement varies. The final piece of equipment in the process is a 
3680-horsepower vertical roller mill, which grinds the material with added gypsum to form 
finished cement powder. The cement is stored in silos until it can be loaded onto trucks and 
shipped to the customer. In addition to the process equipment, the plant contains a laboratory for 
quality testing, research facilities and offices, a coal storage area, and railroad track to transport 
raw material and coal. The location of the plant should be close to a limestone quarry, and to the 
locations the cement will be used, to minimize costs of transport.  

In conclusion, self-healing concrete is a useful material that has the potential to 
significantly reduce the environmental impact of concrete, in an industry that produces 9.5 
percent of the world’s carbon emissions. Although more research is necessary to determine the 
long-term performance and impact, the further development and implementation of self-healing 
concrete is a worthwhile and potentially profitable pursuit. 
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Section 1 
Introduction 
 

Add water to finely ground limestone or volcanic rock and plaster, and it becomes a 

pourable, moldable substance. Let it dry and it will harden, turning into a material with a 

compressive strength comparable to natural stone: this is cement. Add some gravel and sand to 

the mix to make it more robust, and it becomes concrete, one of the most important building 

blocks of modern civilization. The versatility and strength of concrete have made it one of the 

most significant developments in human history. The ancient Greeks used it to build the 

Pantheon and their system of aqueducts; in modern times it has been used to build such marvels 

as skyscrapers and the Hoover Dam. It is such a fundamental building material that enough is 

manufactured to make 2.5 metric tons per year for every person on the planet (Oss). 

Although concrete has been in use since ancient Rome, it has by no means remained 

exactly the same. Cement and concrete have a rich history of technological progress, both in 

composition and in manufacture. The process of mining, reacting, and grinding natural rock into 

cement has evolved to become more efficient, with developments in crushing, grinding, and kiln 

technology. Meanwhile, the concrete itself can be tailored to very specific uses with the aid of 

modern technology. Special additives can make it especially fast-healing, strong, or resistant to 

chemical attack. 

One of the most exciting recent developments in concrete technology is additives to make 

the material self-healing. Once in place, concrete experiences stress, and over time, tiny cracks 

form on its surface. As the cracks grow, water seeps into the concrete matrix, weakening the 

material and sometimes threatening the steel rebar inside. The cracks are difficult to detect, and 

therefore difficult to repair. 

Self-healing concrete offers a solution in the form of bacterial spores embedded in the 

concrete matrix. They lie dormant until water seeps in through tiny cracks. The water causes 

them to activate and produce calcium carbonate through a cascade of reactions initialized by 

enzymatic urease activity, which seals the cracks. Sealing the microcracks as they occur prevents 

larger cracks from forming and preserves the structural integrity of the concrete. This makes 

concrete last longer, with less frequent need for replacement and repair. Self-healing additives 

have been created and tested at the lab scale, but not yet implemented on a large-scale basis. 
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Overall Goal 
The goal of this project is to design a process for manufacturing all the components of self-

healing concrete. The process includes: 

a. a bioreactor for producing bacterial spores in solution, 

b. a mobile method for enriching fine aggregate (clay particles) with the bacteria at 

the site it will be used, and 

c. a cement plant for producing the cement with which the aggregate will be mixed. 

The deliverable results will be: 

a. a plan for producing and implementing self-healing additive,  

b. a plan for a working cement plant, and  

c. a deeper understanding of the engineering principles behind the production of 

cement and concrete. 

Current Market Information 

The self-healing additive will be added to the concrete at the site at which it is poured, 

with the aggregate being treated using a mobile process. Therefore, the target consumers are the 

operators of temporary concrete batch plants. These plants are erected at construction sites for a 

few days at a time, to produce only the concrete amounts necessary while minimizing 

transportation costs. The mobile aggregate treatment system will be transported to concrete batch 

plants, where aggregate will be treated with solution containing self-healing bio-additive.  

The market for this product will be concrete batch plants in west Texas, near the location 

of the planned cement plant. Approximately 180 such batch plants received permits in 2015 in 

the state of Texas, with each plant producing an estimated average of 21.9 million m3 of concrete 

per year (TCEQ). Assuming the self-healing operation can expand to supply 0.22 percent of the 

Texas concrete batch plant market, the required capacity is 49,000 m3 of self-healing concrete 

per year.  

In choosing a location for the bio-additive and cement plants, it was important to consider 

types of projects that would benefit from self-healing concrete. Construction projects in areas 

where concrete is highly susceptible to cracking - for example, where there are significant 

freeze-thaw cycles, high stress, or seismic activity - could potentially save costs and reduce risk 

by using this product. Road surfaces and bridges, for example, would fall into this category. 

Another interesting market opportunity is in oil and gas well drilling. 
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In recent years, there has been a shift in the types of fuel used for energy production. Less 

coal, and more natural gas and oil, is being used. Between 2010 and 2015, coal declined from 

making up 44.8% of U.S. energy generation to only 33.2%, and at the same time, natural gas’s 

share increased from 23.9% to 32.7%, a trend that is expected to continue (EIA). As a result of 

this shift, more oil and gas wells have been drilled in the United States. In 2015 alone, 2243 new 

wells were drilled in Pennsylvania, 9030 in Texas, and 2353 in North Dakota (North Dakota 

Industrial Commission). However, there are concerns that oil, gas, and other materials are 

leaking from wells and contaminating drinking water and soil. Many of these well leakages are 

due to failures in the cement casing with which wells are sealed. One study suggests that up to 

93% of well failures may be due to cement or casing failure (Davies et al.). 

Since well casing cement is not accessible for repairs once poured, it is important that it 

retain its integrity in order to prevent failures and leaks. The use of a self-healing additive in 

cement would therefore be beneficial, as it would prevent failures from occurring. Most oil and 

gas wells are drilled by small private companies, as opposed to large or government-funded 

firms. Being small, these companies are relatively flexible and receptive to technological 

advances. Therefore, the oil and gas well drilling industry is of particular interest for the 

marketing of self-healing concrete. 

 

Project Premises and Assumptions 

Biological Agent Assumption  

Current literature on self-healing cement mainly focuses on incorporating the bacteria in 

the cement and the effects the bacteria have on the compressive strength of the concrete. A 

popular strain of bacteria used as the biological agent for the self-healing concrete is the Bacillus 

Subtilis JC3 strain, an alkali-resistant strain isolated from soil. It is able to produce the desired 

calcite crystals due to its high level of urease enzyme activity (Hammes & Verstrate). However, 

current research on the biologically engineered self-healing concrete does not focus on the 

growing conditions of the bacteria. To determine the overall cost and size of the bioreactor, 

Bacillus Subtilis MB24, was used in the project because there is more literature information on 

culturing and producing the cells compared to the Bacillus Subtilis JC3 strain. The MB24 strain 

is genetically engineered to have a high sporulation product yield, which is a desired trait for the 

bacteria, as they need to be in spore form in the concrete. The main assumption is that the MB24 
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strain has the same urease enzyme activity as the JC3 strain, which is required for the self-

healing activity. However, the MB24 strain has not been tested as a biological agent for this 

application, which would need to be done to make the assumption concrete.  

Transporting the Spores to Centrifuge 

Because the aggregate requires bacterial spores, and not vegetable cells, the bioreactor is 

heated to 80 °C prior to harvesting the bacterial solution from the bioreactor. Protocols used to 

determine spore concentration require increasing the temperature of the bacterial solution from 

37 °C to 80 °C to initiate the sporulation process of the vegetable cells (Reed & Muench). 

However, measurements of spore concentration require approximately 1 mL of solution. 

Therefore, it was assumed that once the optimum amount of vegetable cells have been obtained 

from the bioreactor at the end of the exponential growth phase, and the vessel reaches 80 °C, 

20.5% of the vegetable cells will be spores (Monteiro et al.). More research is necessary to 

determine whether this is an efficient way to convert vegetable cells to spores for large-scale 

applications. In addition, for calculation purposes, it was assumed that the number of viable cells 

after centrifuging the media would be the same as before centrifuging. The assumption is 

supported by protocols that use a mini-centrifuge to separate media from cells for measuring 

spore concentration. However, there is a possibility of harm coming to the cells during 

centrifugation, since the process is run at a larger scale.  

Cement Premise 

The designing of the cement plant was really more of an exercise in process design than 

an actual plan for building something. As such, market research for the sizing of the cement plant 

was not necessary. Also, fewer innovations needed to be made because it is a pretty set in stone 

process.  

Cement Chemistry 

Cement is composed of compounds formed from four oxides: CaO, SiO2, Al2O3, and 

Fe2O3, which form from calcium, silicon, aluminum, and iron in the raw feed upon heating, in 

reactions called calcining reactions. These metal oxides combine with each other in sintering 

reactions to form the four components of clinker. In the notation for these compounds, CaO is 

abbreviated as C, SiO2 as S, Al2O3 as A, and Fe2O3 as F.  As an example, (CaO)3(SiO2) would be 

notated C3S. The four components of clinker, in this notation, are C3S, C2S, C3A, and C4AF. 

Depending on the type of cement being produced, these components are present in different 
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relative quantities, as summarized in Table 1 (Oss). The plant specializes in one or two classes of 

cement; however, the proportions can be adjusted as necessary to produce any type of cement 

that is desired. The calculations can be done on-site with the aid of lab analysis of quarry 

material.  

 

Table 1. Composition of Various Types of Cement (Oss) 

Cement Type Purpose Mass %  

C3S 

Mass %  

C2S 

Mass % 

C3A 

Mass % 

C4AF 

I General 

purpose 

50-65 10-30 6-14 7-10 

II Moderate heat 

of hydration, 

moderate 

sulfate 

resistance 

45-65 7-30 2-8 10-12 

III High early 

strength 

55-65 5-25 5-12 5-12 

IV Low heat of 

hydration 

35-45 28-35 3-4 11-18 

V High sulfate 

resistance 

40-65 15-30 1-5 10-17 
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Section 2 

Written Description of Process 

Bio-Additive Process 

In this section of the plant, the self-healing bio-additive is produced. As seen in Figure 1 

(BFD), the first step consists of a bioreactor (R-101) in which the bacterial cells of Bacillus  

subtillus are grown. The stream inputs, Table 2, for the bioreactor include the seed culture 

(Stream 1), a growth medium (Stream 2), a feeding solution (Stream 3), and air (Stream 4). The 

process of growing the cells in the bioreactor is divided into three portions: an initial batch 

phase, a final batch phase, and an intermediate fed-batch phase, which would introduce a feed 

solution. The fed-batch process is incorporated into the system for two primary reasons: to avoid 

nutrient deprivation, which would cause spores to form in the vegetable growth phase, and to 

keep the glucose concentration at 3.5 g/L, since a higher concentration would reduce the 

production of spores (Monteiro et al.).  

The bioreactor output is a solution containing the bacterial cells. As seen in Figure 2 

(PFD), this solution (Stream 6) is then fed to a centrifuge (S-101), where the spores (Stream 8)  

are separated from the leftover medium (Stream 7). The cells are then resuspended in purified 

water (Stream 10) from a purification unit (V-101), and sodium chloride (Stream 9) is added to 

produce a stable, concentrated solution (Stream 11) in a resuspension vessel (V-102). The 

solution can be easily transported to the construction sites where it is used to inoculate the 

aggregate for the concrete. The specifications for these pieces of equipment are seen in Table 3. 

At the construction sites, there is a mobile system that can be deployed to treat the 

aggregate with the bio-additive as seen in Figure 3 (PFD) with stream and equipment details 

shown in Tables 4 and 5, respectively. It consists of tanks for the dilution of the bacterial 

solution (V-501 and V-502) where the concentrated solution (Stream 2) is combined with water 

(Stream 3). The diluted solution (Stream 4) is then pumped (P-501A/B) into a large rollaway 

container (V-503) that contains the lightweight expanded clay aggregate (Stream 1). The 

aggregate is left to soak in the solution (Stream 5) for approximately 24 hours to allow for the 

absorption of the bacterial solution into its pores. After 24 hours, the excess solution in the tank 

(Stream 6) can be drained, and the aggregate can be removed. The aggregate (Stream 7) can then 

be immediately mixed with the other concrete components or left to use later. 
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Figure 1. Bioadditive Block Flow Diagram (BFD)  
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Table 2. Bioreactor Section Stream Table 

 

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

Temperature (¡C)  37.00  25.00  25.00  25.00  25.00  80.00  25.00  25.00  25.00 25.00  25.00  

Pressure (bar)  1 1 1 1 1 1 1 1 1 1 1 

Vapor Fraction  0 0 0 1 0 0 0 0 0 0 0 

Mass Flow 
(g/batch)  

0.96  187.20  43.20  4702.04  14640.00  14871.36  14870.40  0.96  42.5 5000.00  43.4 6 

Component Mass 
Flow (g/batch)  

           Spore 0.00  0.00  0.00  0.00  0.00  0.96  0.00  0.96  0.00 0.00  0.96  

Seed Culture 0.96  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 0.00  0.00  

Water 0.00  0.00  0.00  0.00  14640.00  14640.00  14640.00  0.00  0.00 5000.00  5000.00  

Air  0.00  0.00  0.00  4702.04  0.00  0.00  0.00  0.00  0.00 0.00  0.00  

NaCl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 42.50 0.00 42.50 

Feeding Solution 0.00 0.00 43.20 0.00 0.00 43.20 43.20 0.00 0.00 0.00 0.00 

DSM Media 0.00 187.20 0.00 0.00 0.00 187.20 187.20 0.00 0.00 0.00 0.00 
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Figure 2. Bioreactor Section Process Flow Diagram (PFD) 
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Table 3. Bioreactor Section Equipment Table 

 

 

 

 

 

 

 

 

 

 

 

Vessels/Tower/Reactors R-101 V-101 V-102 S-101 

Temperature (¡C) 37 ambient ambient ambient 

Pressure (bar) 1 2 to 6 1 1 

Orientation vertical vertical vertical Vertical 

MOC Stainless Steel Stainless Steel Stainless Steel Stainless Steel 

Volume  10 L 3 L 11.4 L 16 L 

Height/Length (m) 0.81 0.613 0.28 0.25 

Diameter (m) 0.66 0.372 0.24 0.4 

Details Bio Reactor / stirring 
mechanism  

Water purification 
system 

Container for resuspension of 
spores in purified water 

Vertical basket filtering 
centrifuge, cGMP compliant 
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Figure 3. Mobile Aggregate Treatment System PFD 
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Table 4. Mobile Aggregate System Stream Table 

Stream Number  1 2 3 4 5 6 7 

Temperature (¡C)  25.00  25.00  25.00  25.00  25.00  25.00  25.00  

Pressure (bar)  1 1 1 1 1 1 1 

Vapor Fraction  0 0 0 0 0 0 0 

Mass Flow 
(kg/batch)  

95760000.00  1008.69  5187000.00  5188008.69  100948008.69  977 71003.37  3177005.32  

Component Mass 
Flow (kg/batch)  

       Spores 0.00  0.19  0.00 0.19  0.19  0.07  0.12  

Water 0.00  1000.00  5187000.00  5188000.00  5188000.00  2011000.00  3177000.00  

NaCl 0.00  8.50  0.00  8.50  8.50  3.29  5.21  

Aggregate  95760000.00  0.00  0.00  0.00  95760000.00  95760000.00  0.00  
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Table 5. Mobile Aggregate Treatment System Equipment Table 

 

Vessels/Tower/Reactors  V- 501  V- 502  V- 503  

Temperature (¡C)  ambient  ambient  ambient  

Pressure (bar)  1 1 1 

Orientation  vertical  vertical  vertical  

MOC High density polyethylene  High density polyethylene  A36 Carbon Steel  

Volume (m^3)  1.25  1.25  19.1  

Height/Length (m)  1.2  1.2  1.93  

Width (m)  1 1 6.71  

Details  IBC tank for spore dilution  IBC tank for spore dilution  Aggregate soaking tank  

    

    Pumps/Compre ssors  P- 501 (A/B)  

  Flow (kg/h)  10,221  

  Fluid Density (kg/m3)  1000  

  Power (shaft) (kW)  2 

  Type/Drive  centrifugal  

  Efficiency (Fluid Power/Shaft Power)  0.6  

  MOC carbon steel  

  Temp. (in) (¡C)  ambient  

  Pres. (in) (bar)  1 

  Pres. (out) (bar)  1 
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 There are a number of utility inputs required by different equipment in the process (Table 

6). The reactor requires an electrical input to power the mixing, heating, and control systems 

within it. The centrifuge also requires inputs of electricity, and water is purified and used in the 

creation of the concentrated bacterial solution. The electricity usage of the reactor was calculated 

based on manufacturer specifications and the anticipated running time. The specifications for the 

other pieces of lab equipment were not available, so an estimate of $300 per month was used 

based on a recommendation from Mike Kazz for a similar set-up at one of his current facilities 

(Kazz). More water is required as an input in the mobile unit for the dilution of the bacterial 

solution before it is applied to the aggregate. The water usage was calculated based on the mass 

flow rates in the process and the cooling water required to change the temperature in the reactor. 

For further details on utilities and pricing, see Appendix F. 

Table 6: Bio-additive Utilities  

Utility Type Amount Used per 
Year 

Unit Price Annual Cost 

Electricity 81,000 kWh 0.05 $/kWh $4,100 

Water 56 m3 0.2 $/m3 $11 

 

 

Rationale for Process Choice: Bio-Additive 

         As self-healing concrete is still a relatively new technology, there are a number of 

methods and materials which are currently being developed. In evaluating different methods in 

the current literature for creating a self-healing additive, the goal was to choose a method that 

would provide effective healing in an economical manner, since one large obstacle this new 

technology faces is being competitive on the market.  

 Currently, there are two main families of self-healing additives: synthetic additives and 

biological agents. They differ both in their healing abilities and in their impacts on the overall 

strength of the concrete. Some methods use synthetic materials such as encapsulated 

polyurethane or superabsorbent polymers (Van Tittelboom, et al.). However, these materials are 

not particularly compatible with the material structure of concrete, and the production of such 

materials can have a considerable environmental impact (Seifan, et al.). In the biological 
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methods, bacteria are entrained within the concrete, and these bacteria precipitate calcium 

carbonate to fill cracks in the concrete. The precipitated calcium carbonate is much more 

compatible with the structure of the concrete than the synthetic self-healing materials, which 

results in stronger crack healing in concrete using biological healing methods (Seifan, et al.). For 

these reasons, a biological healing medium was chosen for this process.  

Bacillus subtilis bacteria is a model organism used to understand cell differentiation, 

bacterial chromosome replication, and endospore formation (Kirk). The Bacillus bacteria plays a 

significant role in several applications in industry, such as a biological control of plant diseases 

and a primary food source in Japan (Cook). Because of the many roles the bacteria plays, several 

strains of the Bacillus have been genetically engineered to produce more of the desired valuable 

enzymes, proteins, or chemicals for industry applications. The applicability of the bacteria into 

concrete depends not only on the bacteria being able to survive in the highly alkaline 

environment of the concrete for long durations, but also to form spores (Rao et al.). Most 

microorganisms die in environments with a pH higher than 10 (Luhar  & Gourab), but not 

Bacillus subtilis. Its spores form a thick, protective outer membrane, allowing the cell to remain 

viable until more favorable growing conditions arise. Other favorable properties of the bacterial 

spores are that they have a high negative zeta potential, the ability to form large amounts of 

calcium carbonate, and high urease activity (Hammes & Verstrate). Once water seeps through 

the cracks of the concrete and the bacteria become activated, the following cascade of reactions 

occur  (Luhar & Gourab): 

 
!" ! !" ! ! ! ! ! ! ! ! ! ! ! !""# ! ! ! !  (1) 

! ! ! !""# ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  (2) 
! ! ! ! ! ! !" ! !

! ! ! !  (3) 
! ! ! ! ! ! ! ! ! !↔ 2!!!! + 2!!!  (4) 

 !" ! !
! ! ! ! ! 2!!!! + 2!!! ↔ !!!!!2!!!! ! ! ! ! !  (5) 

 
 

The catalyst that initializes the cascade of reactions is the urease produced by the Bacillus 

spores. The negatively charged surface of the cell wall attracts cations within the environment of 

the cement, one of them being the calcium ion.  
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Figure 6: Calcium Carbonate Forming on Cell Wall 

 

 

As seen from the following chemical reactions, the calcium ion forms calcium carbonate with the 

carbonate ion produced from the hydrolysis of the urea. The cell wall of the Bacillus cell acts as 

the nucleation site for the formation of the calcium carbonate crystal:  

! ! ! ! ! !"##! ! !"## ! ! ! ! !  (6) 
!"## ! ! ! ! ! ! ! ! !

! ! ! !"# ! !"! ! ! !  (7) 
 

The overall process of self-healing in the concrete is directly correlated with the 

production of calcium carbonate. Many factors play a significant role in the production of the 

calcium carbonate, including pH, presence of calcium ions, amount of dissolved inorganic ions, 

and the presence of nucleation sites on the spore surface. With growth parameters optimized, the 

autonomous self-healing aspect of the concrete improves the overall strength of the concrete 

matrix.  

There are a number of materials and techniques for incorporating the bacteria into the 

concrete mix. The method of encapsulation has varying effects on the healing capabilities of the 

bacterial spores and strength of the concrete. Other methods include incorporation of bacteria 

directly into the concrete mixture, into lightweight aggregate, and into graphite nanoplatelets. In 

tests comparing the different methods, the lightweight aggregate method showed the greatest 

crack healing and the greatest compressive strength after 28 days of curing (Khaliq & Ehsan). 

Additionally, the processing to incorporate the bacteria into the lightweight aggregate is 



17 
 

relatively simple, which can help minimize costs. For these reasons, lightweight aggregates were 

chosen as the carrier compound for the bacteria. Specifically, lightweight expanded clay 

aggregate was selected, since its higher absorption allows for better incorporation and protection 

of the bacterial spores in the aggregate (ÒPhysical Properties of Structural Lightweight 

AggregatesÓ). This is the same material used in the various literature methods that utilized 

aggregate as a carrier compound (Khaliq & Ehsan; Wiktor & Jonkers). 

 Furthermore, it was decided that it would be most effective to design the aggregate 

treatment as a mobile system that could be taken to the actual construction site where the 

concrete is laid. Considering the volume and mass of the aggregate and other components used in 

the production of concrete, transportation can have a significant impact on cost. Thus, it was 

decided that treating the aggregate on-site, rather than transporting pre-treated aggregate to the 

site, was the best option, as it eliminates unnecessary costs associated with the additional 

transportation required for treating the aggregate at an off-site plant. A system was designed that 

could be taken to a construction site and used to treat the aggregate on-site under the supervision 

of a field engineer.  

 

Written Description of Process: Cement 

Description of Block Flow Diagram and Mass Balance 

The cement plant part of the project turns mined limestone chunks into powdered cement 

through a series of grinders and a kiln, as shown in Figure 7 (BFD). The process begins at a 

quarry just off-site, from which 350 tons/hour of limestone rock (F-01) are transported to the 

storage facility (V-201). From the storage facility (V-201), 300 tons/hour of limestone (F-02) are 

removed for processing. The reason the mine has a rate of production in excess of what the 

cement plant uses is to allow for possible shutdowns at the quarry due to issues and deviations in 

the mining process. 
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Figure 7. Cement Plant Block Flow Diagram (BFD) 
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The 300 tons/hour of limestone removed for use at the plant (F-02) is fed to the 

proportioner (M-201), where it meets up with the supplemental materials (F-03), which provide 

on average 16 tons/hour to the stream. These supplemental materials include varying ratios of 

clay, limestone, fly ash, and iron ore, depending on the feedback from the lab, making up on 

average 5% of the raw feed to the kiln (Oss). The stream exiting the proportioner (M-201) is 316 

tons/hour (F-04). This stream combines with the 20 ton/hour recycle stream from the baghouse 

(F-10) and proceeds through the first grinder (G-202), after which there is a total of 336 

tons/hour of raw feed (F-05). The raw feed actually enters the kiln system at a rate of 280 

tons/hour (F-06); the discrepancy is due to the difference in operating times. The raw feed 

grinder is designed to operate for 20 hours a day, whereas the kiln needs to operate for 24 hours a 

day (Stober). It is because of this difference that the flow rate changes at the storage tanks: the 

raw feed not immediately used is stored in the storage tank (V-202). 

The 280 tons/hour of raw feed supplied to the kiln (F-06) results in 170 tons/hour of 

clinker (F-11) produced from the pyroprocessing section, which includes the preheaters and 

calciner (E-301, V-302), kiln (H-301), and clinker cooler (E-306). The reactions occurring in the 

kiln require 1.59 tons of feed for every 1 ton of clinker produced (Deolalkar). Additionally, some 

dust is lost in the process, so the actual flow rate needs to be higher. A ratio of 1.65 to 1, raw 

feed to clinker, was chosen (Deolalkar). This means a loss of 16.8 tons/hour of dust (F-09) to the 

baghouse (F-301), which is then recycled on a 20 ton/hour basis (F-10) to the grinder (G-202). 

The dust recycle stream does not operate during startup, but after that a majority of the dust is 

recycled. After exiting the clinker cooler (E-306), the clinker enters the hammer mill (G-401) at 

the same rate of 170 tons/hour (F-11); after being ground, the clinker feed (F-12) is stored in 

preparation for finishing. Depending on demand, up to 170 tons/hour of clinker (F-13) is then 

transported to the finishing grinder (G-402). While the material is in the finishing mill (G-402), it 

is combined with a stream of gypsum, of about 9 tons/hour (F-14), making the gypsum 5% of the 

final product by mass (Oss). The finished cement powder, now making up 178 tons/hour (F-15), 

is stored in another set of silos (V-403) before being transported to customers. 

 

 

 

 



20 
 

Process Flow Diagram Description 

The steps and equipment involved in the process are shown in greater detail in the 

process flow diagram, Figures 8-10 (PFD) and the accompanying stream table, Table 7, and 

equipment tables, Tables 8-10. The first step after mining the limestone is to grind it into 

manageable pieces. This initial grinding (G-201) will occur at the quarry site, after which the 

ground limestone will be transported to the main part of the plant (Stream 2), where the rest of 

the process occurs. At this point the material is stored in a large house stacker reclaimer (V-201), 

in which one pile is built up while another is taken down, sampled, and sent through the process. 

After the stacker reclaimer, the next piece of equipment in the process is the proportioner (M-

201), where a variety of materials are introduced, as required by lab analysis to bring the overall 

proportions of the components to desired levels, depending on the type of cement to be created. 

Typical materials included at this point are clay, limestone, iron ore, and fly ash (Streams 4-7). 

To ensure quality control, samples are taken and analyzed throughout the process, demarcated by 

black circles on the PFD. Although the proportioner (M-201) is the only location where 

additional material is added to adjust composition, there are multiple storage tanks and storage 

areas where material can be spread out and mixed with other product in order to achieve the 

target proportions. 

After the proportioner (Stream 8), the material is sent to a vertical roller mill (G-202) to 

reduce its size to a fine powder. It is then dumped into one of the three silos (V-202/3/4) 

preceding the pyroprocessing section. The materials are then transported up 200 feet to the 

preheater (E-301 through E-305), a series of five cyclone separators. The preheater takes 

advantage of the excess heat from the kiln (Stream 14) to heat the material, causing some of the 

calcining reactions to occur before the kiln, thus increasing the overall efficiency of the process. 
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Figure 8. Cement Plant PFD (200 Section) 
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Figure 9. Cement Plant PFD (300 Section) 
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Figure 10. Cement Plant PFD (400 Section) 
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Table 7. Cement Plant Stream Table 

Stream 
Number  

1  2  3  4  5  6  7  8  9  10  

Temperatu
re (¡C)  

Ambient  Ambient  Ambient  Ambient  Ambient  Ambient  Ambient  Ambient  Ambient  Ambient  

Pressure 
(atm)  

Atmospheric  
  

Atmospheric  Atmosp heric  Atmospheric  Atmospheric  Atmospheric  Atmospheric  Atmospheric  Atmospheric  Atmospheric  

Mass Flow 
(tons/hr)  

350  350  300  5.33  5.33  2.66  2.66  316  20  336  

Componen
t Mole Flow 
(tons/hr)  

          Limestone  350  350  300  0 5.33  0 0 305.33  20 325.33  

Clinker  0 0 0 0 0 0 0 0 0 0 

Cement  0 0 0 0 0 0 0 0 0 0 

Fly Ash  0 0 0 0 0 0 2.66  2.66  0 2.66  

Iron Ore  0 0 0 0 0 2.66  0 2.66  0 2.66  

Clay 0 0 0 5.33  0 0 0 5.33  0 5.33  

Gypsum 0 0 0 0 0 0 0 0 0 0 

Coal 0 0 0 0 0 0 0 0 0 0 

Air 0 0 0 0 0 0 0 0 0 0 
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Cement Stream Table Continued 

Stream Number  11  12  13  14  15  16  17  18 19 20 

Temperature (¡C)  Ambient  850  1000  293  Ambient  Ambient  Ambient  1350  Ambient  250  

Pressure (atm)  Atmospheric  Atmospheric  Atmospheric  Atmospheric  Atmospheric  Atmospheric  Atmospheric  Atmospheric  Atmospheric  Atmospheric  

Mass Flow (tons/hr)  280  280  

 

16.8  22.5  13.5  !"#$ %&#"#$ 270300.0 270300 

Component Mole Flow 
(tons/hr)  

          Limestone  271.2 271.2  0 16.8 0 0 0 0 0 0 

Clinker  0 0 0 0 0 0 0 170 0 0 

Cement  0 0 0 0 0 0 0 0 0 0 

Fly Ash  2.3 2.3  0 0 0 0 0 0 0 0 

Iron Ore  2.3 2.3  0 0 0 0 0 0 0 0 

Clay 4.5 4.5  0 0 0 0 0 0 0 0 

Gypsum 0 0 0 0 0 0 0 0 0 0 

Coal 0 0 0 0 22.5 13.5 9 0 0 0 

Air 0 0 
 

0 0 0 0 0 270300 270300 
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Cement Stream Table Continued 

Stream Number  23 24 25 26 27 28 

Temperature (¡ C) 100  Ambient  Ambient  Ambient  Ambient Ambient 

Pressure (atm)  Atmospheric  Atmospheric  Atmospheric  Atmospheric  Atmospheric Atmospheric 

Mass Flow (tons/hr)  170 170 170 9 179 179 

Component Mole Flow (tons/hr)  

      Limestone  0 0 0 0 0 0 

Clinker  170 170 170 0 0 0 

Cement  0 0 0 0 179 179 

Fly Ash  0 0 0 0 0 0 

Iron Ore  0 0 0 0 0 0 

Clay 0 0 0 0 0 0 

Gypsum 0 0 0 9 0 0 

Coal 0 0 0 0 0 0 

Air 0 0 0 0 0 0 
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Table 8. Cement Plant Equipment Table (200 Section) 

Vessels/Tower/Reactors  V- 201  M- 201 (each)  

 

V- 202  

Temperature (¡C)  ambient  ambient  

 

ambient  

Pressure (bar)  ambient  ambient  

 

ambient  

Orientation  House  Vertical  

 

Vertical  

MOC aluminum  RCC 

 

RCC 

Size (tons)  90000 - 
 

2240 

Size (ft^3)  4368000 44880  

 
71000 

Other Notes  -  Top  Bottom  -  

Height (ft)  35  51  13  70  

Length (ft)  1040  -  -  -  

Width / Radius (ft)  120  16  1.5  18  

L/D Ratio 
   

1.944444444  

Slope (degrees from horizontal)  -  

  

-  

Internals  Moving rails  -  -  -  

 

Doors  

   

     

     Grinders  G- 201  G- 202  

  Temp. (in) (¡C)  ambient  ambient  

  Presures  atmo pheric  atmopheric  

  Power (hp)  500  4600  

  Nominal Flow (tons/hr)  320  340  
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Table 9. Cement Plant Equipment Table (300 Section) 

 

Heat Exchangers  E- 301 (top cyclone)  E- 302  E- 303  E- 304  E- 305 (bottom cyclone)  E- 306  

Description  Top of Preheater 
   

Bottom of Preheater Cooler 

Type  Cyclone Cyclone Cyclone Cyclone Cyclone Recpicating Grate 

Fan Power (hp)  

    
12 30 

MOC Carbon Steel Carbon Steel Carbon Steel Carbon Steel Carbon Steel Aluminum 

Top  

      Temp. (¡F)  560  895  1205  1470  1635  2462  

Height (ft)  23.3  23.3  23.3  23.3  23.3  93  

Width / Radius (ft)  19.6  28  28  28  28  10  

Bottom  

      Temp. (¡F)  895  1205  1470  1635  1832 212  

Height (ft)  16.7  16.7  16.7  16.7  16.7  

 Width / Radius (ft)  1.764  2.66  2.66  2.66  2.66  
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Cement Plant Equipment Table (300 Section) (Continued) 

 

Vessels/Tower/Reactors  V- 302  H- 301  

Temperature (¡F)  1835  3000 

Pressure (bar)  atomospheric  atomspheric  

Orientation  vertical  horizontal  

MOC carbon steel  carbon steel  

Size (ft^3)  15680 11812.5 

Weight (lbs)  2830 1510  

Height/Length (ft)  80 210  

Diameter (ft)  28  15  

L/D Ratio 2.857142857  14.0  

Slope (degrees from horizontal)  

 
3.5 

Internals  Fired Heater  Fired Heater  
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Table 10. Cement Plant Equipment Table (400 Section) 

Vessels/Tower/Reactors  V- 401  V- 402  V-403 to V-408 

Temperature (¡C) Amb ient  Amdient  Amdient  

Pressure (bar)  Atmospheric  Atmospheric  Atmospheric  

Orientation  Vertical  Vertical  Vertical 

MOC Aluminum  Aluminum  RCC 

Size (tons)  170000 50000 5000 

Size (ft^3)  6511000 1984000 117000  

Other Notes  

   Height (ft)  35  35  85  

Length (ft)  610  630  -  

Width / Radius (ft)  305  90  21  

L/D Ratio -  -  2.023809524  

Slope (degrees from horizontal)  -  -  -  

Internals  -  Doors  -  

    Grinders  G- 401  G- 402  

 Temp. (in) (¡C)  ambient  ambient  

 Presures  atmopheric  atmopheric  

 Power (hp)  170  3650  

 Nominal Flow (tons/hr)  170  267  

 



31 
 

After moving down through all stages of the preheater, the material enters the rotary kiln 

(H-301). The kiln is set at a slight angle, about 3 feet over its entire 210-foot length, and rotates 

at a rate of 1.8 revolutions per minute, allowing the material to move gradually down the kiln, 

undergoing calcining and sintering reactions along the way, for a residence time of 25 minutes 

(Equation E6). The reactions that occur in the kiln convert the limestone dust into an 

intermediate product called clinker. These reactions are caused by heating the dust up to 3000 ¡F. 

Because of the extreme temperatures, the kiln is lined with 70% alumina fire bricks 0.75 feet 

thick and has a series of air blowers (B-301 through 16), transferring heat away from the outside 

by convection to protect the carbon steel shell from melting or deforming.  

Upon exiting the kiln, the clinker, at a temperature of 2460 ¡F, is conveyed through a 

grate cooler (E-306), where it exchanges heat with cooling air in order to cool down to 212 ¡F, at 

which temperature it can be milled and processed. Some of the heated air exiting the cooler is 

returned to the preheater and calciner to facilitate heating and fuel burning, as necessary. After 

the cooler (Stream 24), the clinker size can be quite large, so it is fed to a hammer mill (G-401) 

to reduce the size to about that of a softball  and smaller before it is stored.  

Cooled reduced clinker (Stream 25) is moved to either inside (V-402) or outside (V-401) 

storage, depending on the current demand for cement product. Once the need is determined, this 

material (Stream 26) is transported to another vertical roller mill (G-402) which crushes it into a 

powder. It is also at this point that gypsum (Stream 27) is added. The powdered cement is then 

moved (Stream 28) to one of the final six storage silos (V-403 through V-408) where it waits for 

transportation to customers. The process of turning cement into concrete is done either at or close 

to construction sites by adding aggregate and water. It is at this point that the bio-additive is 

introduced, thus forming self-healing concrete. 

Utilities are another essential part of plant design; a cement plant in particular requires 

large amounts of energy to operate the kiln and series of grinders. Table 11 shows the utility 

costs by type for each year. The biggest utility cost is the coal that is needed to feed the kiln and 

calciner. Operating the kiln system 24 hours a day requires approximately 540 tons of coal per 

day, split between the two fired heaters. The second biggest contribution to utilities is the 

electricity costs, which were calculated by converting each piece of equipmentÕs horsepower into 

kW and then multiplying by the number of hours it would run per day. See Appendix F for full 

list of equipment energy usage. The other two costs are much smaller: gasoline for running the 
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equipment movers and water for spraying down the dirt, coal piles, and limestone piles at the 

quarry for dust control. The cost of gasoline was estimated based on the average price over the 

last 10 years and the average gallons used per hour for heavy equipment, and the expected 

operation time (ÒCaterpillar Guarantees the Fuel Economy of its MachinesÓ).  

 

Table 11: Concrete Plant Utility Table 

Utility Type Amount Used per 
Year 

Unit Price Annual Cost 

Electricity 56,000,000 kWh 0.05 $/kWh $2,800,000 

Coal 190,000 tons 23.36 $/ton $5,000,000 

Water  18,000,000 gal 0.000075 $/gal $1,400 

Gasoline 43,000 gal 3 $/gal $130,000 

 

Rationale for Process Choice: Cement 

 The first choice for the design of the process was determining the size of the cement 

plant. Ultimately, a capacity of 1.5 million tons per year was chosen, a fraction of which is 

allocated for self-healing concrete. Normally, the size of the cement plant would be chosen based 

on the available limestone in the region and how much can be mined each day or year. However, 

since cement is not the focus of this project, this capacity was chosen as being one of the 

smallest feasible sizes of cement plant given that the kiln must operate for 24 hours a day 

(Stober).  

From the yearly capacity, the per-day production rates were determined. The equipment 

was sized to accommodate production rates both above and below the estimated daily capacity, 

since the rate of production can vary based on factors such as downtime, flow from the mine, and 

current demand. The kiln will be run near-continuously in order to use fuel most efficiently. 

However, because demand for cement will vary over the course of the year, excess clinker will 

be stored in large clinker storage that can be filled in slow times, and used during times of higher 

demand and annual kiln rebricking and maintenance. 

For the most part, the process of designing a functioning cement plant is well established, 

as the process is well understood and has been thoroughly refined over the years. However, there 
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were a few improvements made on the process to ensure maximum efficiency. One of these 

changes was replacing the traditional ball mills with a vertical roller mill, G-202 and G-402. 

Both of these types of mills produce fine powders from hard materials, but the vertical roller mill 

is far more energy efficient. Though it depends on the particular location, the average power 

savings is 20-30% over the ball mill for a same or better quality product, and in one test there 

was as much as 36% power savings. The vertical roller mill offers advantages in other ways as 

well, including smaller physical footprint on the plant site - in some cases up to a 50% reduction. 

The roller mill has a significantly lower noise level, lower installed cost, and expected lower 

maintenance cost (Terembula). 

Another choice was to increase the number of stages in the preheater. The preheater is a 

relatively new introduction to the heating process that takes advantage of the excess heat that 

comes out of the kiln to preheat the material, allowing for smaller kiln sizes and less overall fuel 

use. The CalPortland plant in Tucson uses a four stage preheater (Stober), but it is not maximally 

efficient, as the air exiting the preheater still needs to be cooled before it enters the baghouse. 

Additional stages allow for increased heat transfer to the crushed limestone. This means the 

limestone will undergo the necessary calcination reactions to a greater extent before reaching the 

kiln, increasing the kilnÕs efficiency and allowing for a shorter kiln size. There is also no need to 

cool the air exiting the heater, making it more economical than a preheater with fewer stages. Of 

course, in CalPortlandÕs case, it does not make economical sense to remove the current preheater 

and replace it with a five-stage one in a pre-existing plant; however, when building a new plant, 

the inclusion of this extra stage will be cost effective.  

As is common in the cement industry, there is storage in place after each main piece of 

equipment (the grinders and the kiln system). This is done because each of these pieces of 

equipment has a range of operability, and a different maintenance schedule. Most importantly, 

the kiln needs to run 24 hours a day to be efficient, so any startup and shutdown of this section is 

detrimental to the economics of the plant. By allowing for storage areas, it is ensured that there is 

a constant supply of material to be fed to the kiln, even if the grinder is shut down for some 

period of time. Also, the multiple storage tanks at each storage location allow for additional 

mixing of the cement from different batches to ensure that the properties are consistent and 

match what is requested by the customer. 
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Section 3 

Equipment Description: Bio-Additive 

Culturing the Bacteria 

Prior to their addition to the bioreactor, the bacteria cells are inoculated with Difco 

sporulation medium #1, as shown in Appendix A. The strain of the cells is obtained from the 

German Collection of Microorganisms and Cell Cultures (DSMZ), Braunschweig, Germany, a 

company that specializes in manufacturing and maintaining various plasmids or organisms 

affiliated with the Bacillus genus (Monteiro et al.). A spore stock of the strain is made using 30% 

glycerol in liquid nitrogen and distributed into 1-mL cryovials. To begin, a 1000-µL pipette is 

used to resuspend the bacteria pellet in 1 mL of the media solution. Three of these cryovials 

containing the bacteria are used for one process. All three cryovials are combined and put into a 

125-mL Erlenmeyer Flask with 60 mL of the Difco sporulation medium #1. The cells are grown 

for approximately 16 hours on a rotary shaker until the optical density is approximately 2. Once 

the appropriate density is measured using the spectrometer, the bacterial solution is transferred to 

the 10-L bioreactor vessel, where and grown at an inoculum size of 1% (v.v) (Monterio et al.). 

Inoculating the bacteria prior to inserting it in the bioreactor minimizes the risk of contamination 

and increases the purity of the product. Following the start-up of the plant, a new batch of 

bacteria cells is grown as inoculum in parallel with another batch of bacterial cells that were 

previously inoculated and are growing in the bioreactor.   

Bioreactor (R - 101) 

Once the bacterial cells have grown to the required optical density, 60 mL of the seed 

culture is added to the 10-L bioreactor (Biostat B. Reactor, B. Braun Germany) with 3.9 L of 

Difco sporulation media #2, as shown in Appendix A. Purified water is added to fill the total 

solution up to 6 L. The process is divided into three different sub-processes: the initial batch 

process, the final batch process, and the intermediate fed-batch process. The first batch process is 

run for five hours, the fed-batch process for about two hours, and the final batch process until the 

end of the total process, culminating in a total run of approximately 45 hours. The necessary 

kinetic parameters utilized in the processes to estimate the time for each process were determined 

using data from previous batch experiments (Monteiro et al., 2005).  What differentiates the fed-

batch process from the regular batch process is the addition of the feeding solution in the middle 

of the exponential growth phase of the bacteria. The rationale behind the fed-batch strategy is to 
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avoid glucose limitation during the exponential growth phase, and minimize the spore production 

during the vegetable growth phase, by maintaining the glucose concentration at 3.5 g/L. A higher 

concentration of glucose reduces the spore yield at the end of the run (Monteiro et al.).  Equation 

A-1 (Appendix A) was used to determine the amount of the feeding solution needed to be added 

to the bioreactor to limit nutrient depletion, which is approximated to be 0.9 L per run. Because 

the process of adding the feed solution to maintain the glucose concentration is imperative in 

maximizing the spore output at the end of the process, an automated feed control is configured 

with the bioreactor.  

In addition to the glucose solution, other parameters were optimized in literature to 

maximize the output of cells and sporulation efficiency at the end of the process. The parameters 

that have a significant impact on the sporulation of cells are: pH, dissolved oxygen 

concentration, and glucose concentration. The optimal values of these parameters can be seen in 

Appendix A. Once configured and properly calibrated by the lab technician, the bioreactor 

automatically controls the pH, temperature, foam, and airflow. When needed to maintain the pH 

at 7.5, the bioreactor automatically adds NaOH 2N or H2SO4 2N. Aeration rate is kept at a 

constant 2.5 L/min and agitation rate at 100 rpm to control the dissolved oxygen concentration. 

Temperature of the vessel is maintained at 37 ¡C during the process, but prior to centrifugation, 

the temperature is increased to 80 ¡C to convert the vegetable cells to spores. The bioreactor 

modulates the temperature using an internal electrical heating blanket. When needed, water is 

used as an external cooling agent to lower the temperature back to normal culturing conditions. 

Lastly, SAG-461 is an anti-foaming agent used in the bioreactor when necessary to minimize 

foaming at the head of the vessel. Utilizing these growing conditions, at the end of the growth 

phase, the maximum number of vegetable cells is predicted to be 3.6x1010 cells/mL, with a 

sporulation efficiency of 20.5%, resulting in 7.4x109 spores/mL of solution (Monteiro et al.).  

 

Centrifuge (S-101) 

 Following the bioreactor, it is necessary to separate the bacterial spores from the 

remaining growth media in order to prevent further growth of the Bacillus while it is in solution. 

In considering possible options for this separation, it is important to determine a method that 

both separates the spores from the media, and also does not damage the spores. Centrifugation 

was ultimately chosen as the method, since it is a standard method used in the literature to 
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separate spores from media (Monteiro et al.). Thus, it can be assumed that applying this process 

in the design for the separation will not damage the spores, and will still allow for the effective 

separation of the spores and the media.  

 However, it was necessary to make changes to the literature methods to adjust to the 

larger scale of the process, as compared to the bench-scale laboratory procedures. As the solid is 

the desired product from the separation, a filtering type centrifuge is used. Considering the small 

size of the bacterial spores, a vertical basket centrifuge is used, since it can better handle 

materials with low filterability (Patnaik). Furthermore, the model selected is compliant with 

current good manufacturing processes (cGMP). In essence, cGMP means that it will allow for 

sterile operation in order to prevent contamination by other species in the system. Furthermore, 

since the reactor works as a batch process, it is not necessary for the centrifuge to operate 

continuously. Considering these requirements, the centrifuge selected meets these specifications 

and accommodates the 6-L batch volume output from the bioreactor. Ultimately, a Heinkel V400 

TP centrifuge with a size of 16 L was chosen (Edwards). While the size is much larger than 

strictly necessary, it is the smallest size available that can accommodate the volume of the 

reactor outlet. The large size allows for easy scale-up of the process, if desired. The model also 

permits for easy sterilization of the system to prevent infection, which is important to maintain 

the quality of the product. 

 

Water Purification System (V-101) 

 In order to maintain stability and sterility in the system and products, purified water is 

required both for the feed solutions to the reactor and for the concentrated bacterial solutions as 

products. Considering the amount of water that is required for the process, it is most efficient to 

have the capacity to purify water on-site for use in our process. For this reason, a laboratory 

grade water purification system has been selected, specifically a Thermoscientific Barnstead 

Pacific TII 3 system (ÒBarnstead Pacific TIIÓ). It is capable of producing 3 L/hour of high purity 

water appropriate for microbiological applications. This water purification should promote the 

stability of the desired organisms and help prevent infections of any other undesired species. 

While it is a relatively small system with only 3 L output per hour, considering that only one 

batch is produced in the reactor every two days, there is plenty of time to run the water 
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purification system to meet the demand for purified water at the same time that the reactor and 

centrifuge systems are running.  

 

Stainless Steel Mixing Vessel (V-102) 

Following centrifugation, the cells must be resuspended in purified water to create a 

concentrated solution that can be easily distributed. In this vessel, the batch of spores is diluted to 

a volume of 5 L using purified water, and sodium chloride is added to create a solution that is 

0.85% NaCl by weight. This gives a concentration of 8.4x109 spores/mL. An 11.4-L vessel from 

Cole Parmer was selected since this was the smallest size vessel available that could 

accommodate the final volume of 5 L (ÒStainless Steel BeakersÓ). The purpose of the NaCl is to 

better preserve the spores and their functionality during the storage and transportation of the 

solution. In research literature, it was found that Bacillus spores stored in a 0.85% sodium 

chloride solution were more resilient to harsh conditions than spores stored in other buffer 

solutions or in just purified water (Wallen & Walker). A laboratory technician will be 

responsible for operating the process to ensure quality and gentle mixing of the solution. A 

stainless steel vessel was selected for ease of sterilization. These concentrated solutions can then 

be transferred to bottles and transported at room temperature and atmospheric pressure. The 

concentration of these solutions is such that each liter of solution can treat one tankÕs worth of 

aggregate in the mobile unit.   

 

IBC Totes (V-501/V-502) 

 At the construction site where the aggregate is to be treated, the first step is to dilute the 

concentrated bacterial solution to the desired concentration for soaking the aggregate with water. 

This is done in two 330-gallon IBC (intermediate bulk container) tanks (ÒIBC TanksÓ). IBC 

tanks are easily transported, compact, and relatively inexpensive. This makes them ideal for this 

system, where the goal is to create a system that can easily be taken to and used on a construction 

site. Two tanks are used, so that one tank can be filled while the other is being pumped into the 

tank containing the aggregate. In the tanks, the concentrated solution is diluted to a concentration 

of 1.6x106 spores per milliliter. This concentration is based on the absorption rate of the 

aggregate, time for absorption, and desired final spore concentration in the aggregate. These 

calculations are discussed further in the description of the aggregate soaking tank (V-503) and in 
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Appendix B. While the sterility is of less concern in the mobile unit, since it is understood that 

the process is taking place at a construction site where the product is just going to be added to 

non-sterile concrete, standard operating procedure should still include disinfection of the IBC 

tanks between deployment at different locations in order to maintain the resiliency of the 

product. 

 

Pump (P-501A/B) 

 From the IBC tanks, the bacterial solution needs to be pumped into the tank containing 

the aggregate. The solution is pumped at a rate of 20 gallons per minute through standard weight 

steel 2Ó diameter piping. This flow rate and piping were chosen so that it would take under an 

hour to fill the aggregate tank, while still maintaining a velocity low enough to avoid damaging 

the spores. The pump must also be able to move the fluid up 7 feet, since the solution is pumped 

into the top of the aggregate tank, which is approximately 6 feet tall. A centrifugal radial-type 

cast iron pump is used for this application since this is the most standard type of pump, and the 

required specifications fall within the ranges described by Seider et al. The equations in 

Appendix B show the calculations for the pump requirements. According to these calculations, 

the pump and backup pump are relatively small, with a total head of approximately 13 ft. These 

pumps are powered by electric motors. The pumps purchase costs were determined using the 

euqations in Seider et al. These motors are totally enclosed and fan cooled, since the construction 

sites where they will be used will likely contain a fair amount of dust and moisture that could 

potentially damage the motor over time.  

 

Aggregate Tank (V-503) 

 In order to entrain the bacterial spores within the aggregate, the aggregate must be soaked 

in the solution of bacterial spores for an extended period of time. This soaking will take place in 

a 25-yd3 roll-off container with a bottom valve installed to allow for the draining of the liquid 

after the soaking is done (Bake call). Roll-off containers can be easily rented at various locations 

across the planned region and are easily transportable. The consumer rents the roll-off tank, and 

an operator comes to the site with the rest of the equipment to treat the aggregate on-site. This 

way, it is a flexible process that can occur at locations with minimal existing infrastructure and it 
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would also help to cut down on any excess transportation costs of materials or specialty 

equipment.  

After the soaking, the aggregate should have a concentration of at least 1.7 x 105 

spores/gram aggregate in order to promote effective healing in the end concrete product (Wiktor 

& Jonkers). The aggregate will soak for a total of 24 hours since the absorption rate of the 

lightweight expanded clay aggregate begins to slow after approximately 24 hours as seen in 

Figure 5. This way, soaking for 24 hours would take advantage of the high initial rates of 

absorption to get a higher overall absorption, without spending the extra time to get to higher 

total absorption at diminishing rates, which would slow down the treatment process. 

Furthermore, 24 hours of soaking time is also the American Society for Testing and Materials 

(ASTM) standard for determining the absorption capabilities, which means there is sufficient 

data to accurately predict the end concentration of spores in the aggregate.  

 

Figure 5. Typical absorption of water by lightweight expanded clay aggregate over time 

(ÒPhysical Properties of Structural Lightweight AggregateÓ) 

 

 Based on the desired end concentration of spores and the amount of water that the 

aggregate can absorb in 24 hours, the concentration of the bacterial solution for soaking must be 

1.62x106 spores/mL, as seen in Appendix B. Each roll-off container is capable of treating 17.1 

m3 (19000 Kg) of aggregate at a time. Based on the absorption of water by the aggregate and the 
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void space between the aggregate particles, each tank will require a total of 5200 L of the dilute 

spore solution in order to keep all of the aggregate fully submersed for the entirety of the soaking 

period. Every batch of spores from the reactor can treat up to 5 tanks worth of aggregate for a 

total of approximately 85 m3 (96,000 Kg) of aggregate per batch from the bioreactor. The 

calculations for these figures can also be seen in Appendix B. After 24 hours, the remaining 

liquid can then be drained from the tank and the aggregate removed. The excess liquid can then 

be utilized for mixing of the concrete components in order to reduce waste and best utilize 

resources.  

Equipment Description: Cement 

Gyratory Crusher (G-201) 

 The gyratory crusher is the first crusher to which limestone is introduced. Material is 

introduced at the top of the crusher, where it falls down the sides and is crushed by the rotating 

center column to produce movable pieces that can be more easily transported to storage on the 

plant site (V-201), and then crushed further. This piece of equipment was sized to require a 500 

hp motor, as specified on the FLS gyratory crusher product brochure for the model that best 

encompassed the expected range of flow/feed rates (ÒGyratory CrushersÓ). The location of sizing 

information from an existing supplier ensures accuracy. This crusher will exist on the quarry site, 

rather than the cement plant site. 

 

Stacker/Reclaimer (V-201) 

 The stacker/reclaimer is the first piece of equipment that the material reaches on the 

cement plant site. It is a large storage building that contains a type of crane that stacks the 

incoming limestone from the quarry in one pile, going back and forth across the length of the 

pile, until it reaches the correct size. At this point, the material enters the other side of the 

building and starts the process over with a new stack. While the second stack is being formed, 

the first stack is being reclaimed and sent through the rest of the process. Figure 11 shows how 

the pile is created. As the limestone is mined the composition is not exactly the same, stacking 

the pile in the chevron shape facilitates mixing to eliminate large disparities in composition. 

When it is time to remove the material from the pile, vertical slices are taken grabbing bits of 

different types of limestone. 
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Figure 11. Depiction of a Stacker/Reclaimer 

 

 Based on information from a tour of the CalPortland plant, it was decided that the 

stacker/reclaimer should be of a similar size to the one at the CalPortland plant. There, it takes 

the mine six days to make a stack, and it takes the cement plant 7 days to go through a stack 

(Stober). Therefore, the building is sized to hold 2 weeksÕ worth of material. However, unlike a 

silo, the entire space of the stacker/reclaimer cannot be filled to the brim with material, as there 

needs to be room for the overhead moving system and room on the sides for people to walk. It 

was decided that the material should take up one-third of the volume. This resulted in a building 

that is 35 feet high, 120 feet wide, and 1040 feet long. To size this, it was decided that the 

building should not be taller than 35 feet, and that an appropriate ratio for the building width to 

length was nine. Buildings can be built in any length; there are only limitations on width and 

height (less than 150 feet width, and 40 feet height) (ÒTexas Metal BuildingsÓ). The ratio of 9 

was determined by measuring and averaging the ratio of the buildings on the CalPortland site 

layout (CalPortland Cement Plant). Using this information, Excel Solver was used to find the 

width needed to reach this expanded volume, and then up rounded to the nearest 10. All 

dimensions for storage facilities were rounded up to ensure there was adequate space for the 

needed material. See Appendix C for intermediate numbers on density, weight, and volume. 

 The stacker/reclaimer is to be fabricated on site because it is not a stock piece of 

equipment. A large metal building will be purchased for housing equipment and then the innards 

of the building will be purchased. Walls are constructed along the edges to keep the bottom of 

the piles in place and ensure people stay outside of the material piles. There is a large door on 

either end and a series of doors along both sides for workers to enter and exit. There will also be 

a crane system to deposit and remove the rocks, which will consist of a crane running across the 
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length of the of building and then a stacker and reclaimer taking the material from the conveyor 

belt, and then taking slices and putting them on the conveyor belt.  

 

Proportioner (M -201) 

 After the material is removed from the stacker/reclaimer, it is fed to the proportioner. The 

proportioner, also known as the six pack, is a set of six silos that are filled with a variety of 

materials that can be added to the limestone so that the proportions necessary to achieve the 

desired composition are reached. The purpose of the proportioner is to add materials containing 

calcium, silicon, aluminum, and iron as necessary so that the finished clinker matches the 

requirements for the type of cement being produced. Table 12 gives examples of materials that 

can be added at the proportioner. 

Table 12 Supplementary Materials for Raw Feed (Thomas) 

Mineral Supplementary Material 

Calcium (Ca) Limestone, marl, calcite, aragonite, shale, sea 

shells 

Silicon (Si) Clay, marl, sand, shale, fly ash, rice hull ash, slag 

Aluminum (Al) Clay, shale, fly ash, aluminum ore refuse 

Iron (Fe) Clay, iron ore, mill scale, shale, blast furnace dust 

 

The materials added to the raw feed depend on the actual composition of rock from the quarry. 

Here it was assumed that the materials added are additional limestone, clay, iron ore, and fly ash, 

with limestone and clay each having two silos full of material. The silos need to come down to a 

point, have a cone-shaped nose, and be suspended above the conveyor belt, so that the material 

can flow out on to the limestone moving underneath. The containers were sized to hold a one-

month supply, assuming that they are used in the proportions of the number of silos they have, 

meaning that limestone and clay are used twice as much as the other materials. If one component 

is used more often than expected one month, it will need to be refilled sooner, so a monitoring 

system for the level should be in place to accurately and timely determine the amount of 
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material, and allow time for purchase and delivery. Assuming equal densities, of 75 lb/ft3, 

(ÒDensitiesÓ), among the materials, the volume of each silo was determined to approximately be 

45,000 ft3, for an overall volume of 270,000 ft3 of storage space.  

 Though these silos are cyclone-shaped, about 11 times larger at the top than at the 

bottom, they were costed as though they were normal floating head storage silos. The standard 

height-to-diameter ratio of 2:1 was used to determine the diameter and height needed for a 

straight cylinder; the radius was rounded up to the next whole foot, and the height increased in 

proportion to the radius. The next step was to determine the radius of the bottom of each silo; the 

average ratio of large to small is about 11 (Deolalkar), so this is what was used for sizing. From 

there, the heights for each part of cylinder were determined. The resulting cylinder dimensions 

are a top part of 21 ft radius and 51 ft diameter, followed by the sloping part which over 13 ft 

reduces the radius to 1.5 ft. It was approximated that the cost for adding the metal to hold it up 

and the additional metal for the surface area on the cylinder would be about 20% of the overall 

cost for the cylinder silos.  

 

Raw Feed Vertical Roller Mill (G-202) 

A vertical roller mill operates by letting material in through the top, from where it falls 

down and is crushed by four rotating wheels that crush the material against a table. A blowing 

fan circulates air upwards, allowing the material that is crushed enough to be blown up, so that it 

can be transported to the next storage area. The raw feed mill requires 4,600 hp to operate at the 

median flow rate, so the purchased mill is 5000 hp, so that the mill can operate at a larger flow 

rate as required. The energy consumption for the mill is 18.3 kW per ton per hour, which using 

Equation 3D can be converted to a value for the horsepower needed (Deolalkar). From here one 

would use a mill sizing table, however these tables do not go up to this horsepower range (Loh), 

though they do exist (CalPortland Cement Plant). As an estimate, the equation in Seider et al. for 

a ball mill was used, which was based on flow rate; see the process rationalization section for 

information about their similarities and differences. For costing purposes, a flow rate 20% larger 

than the nominal flow rate was used, to be able to handle a large flow as required. Assuming that 

the roller mill is sold similarly to other types of mills it encompasses a wide range of flow rates.  

The mill has wheel diameters of 7.5 feet (CalPortland Cement Plant), and are adjustable 

distances from the table to ensure accurate grinding, even if in the input particle size is changed. 
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Heating the stream into the air blower is optional, but can assist in drying out any moisture that is 

in the material or air, which is helpful in some locations and conditions. It was decided that 

because there is a lot of excess heat coming from other parts of the reactor, some of that can be 

used to heat the air stream coming into the mill. 

 

Raw Feed Storage (V-202 through V-204) 

Storage is a necessary part of the cement process, allowing the material to be mixed to 

reach the desired proportions, and also allowing for differences in operating conditions between 

the crusher and the kiln. It was decided that one day of storage after the raw feed mill was 

sufficient to account for any deviations in flow rate. This is because the grinder can operate at a 

larger crushing rate than required by the pyroprocessing section, and due to the large stockpile in 

the stacker/reclaimer, there is not an immediate effect here; only a small stockpile is needed in 

case of unexpected maintenance. One dayÕs worth of storage allows for adequate leeway, 

without taking up too much space. Calculating the total volume of space needed was done by 

multiplying the daily production rate by the density of the material. Once the volume was 

calculated, a diameter-to-height ratio of 2:1 (Hodges) was used to determine the dimensions, 

through goal seek and rounding up, resulting in an 18-ft radius and 70-ft height. 

 

Pyroprocessing Section (PFD-300) 

The pyroprocessing section of the plant - consisting of the preheater (E-301 through E-

305), calciner (V-302), kiln (H-301), and clinker cooler (E-306) - is where the fundamental 

reactions that turn raw feed into cement occur. The first step is calcining, in which calcium 

carbonate and other minerals present in the raw feed are heated until they are oxidized into their 

respective oxides. CaCO3 becomes CaO, silicon-containing components become SiO2, 

aluminum-containing components become Al2O3, and iron-containing components become 

Fe2O3. Large quantities of carbon dioxide are produced as a byproduct. Up to 90% conversion 

for the calcining reactions is achieved in the preheater and calciner.  

Next, the sintering reactions occur, catalyzed by the extreme temperatures in the kiln. In 

these reactions, the oxides formed in the calcining stage clump together to form the compounds 

that make up clinker: C3S, C2S, C3A, and C4AF, as summarized in Table 1. The relative amounts 

of each of these compounds depends on the composition of the raw feed and the temperatures 
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experienced by the clinker. A visual representation of the compounds present at each stage of the 

process is shown in Figure 12. The preheater encompasses temperatures from 60 ¡C to 850 ¡C; 

the calciner from 700 ¡C to 1000 ¡C; the kiln up to 1600 ¡C; and the cooler from 1350 ¡C back 

down to approximately 100 ¡C. 

 

Figure 12 Pyroprocessing Phase Diagram (Ankit Karwa ) 

 

 

Preheater and Calciner (E-301 through E-305, V-302) 

The preheater is composed of five stages, each in the shape of a cyclone, arranged in a 

tower (Figure 8). Raw feed (at ambient temperature) enters at the top cyclone, then proceeds 

through each of the five stages in turn. Meanwhile, high temperature air from the kiln (1000 ¡C) 

enters at the calciner and proceeds upward through each of the five stages, in the opposite 

direction of the feed. Cyclonic action separates any gases from the raw feed. While the feed is in 

suspension in the gas, the two materials exchange heat, resulting in cooled gases (350 ¡C) exiting 

at the top of the preheater tower, and heated feed (850 ¡C) entering the calciner at the bottom 
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(Deolalkar). A dry screw air pump maintains the necessary pressure drop (350 mmwg) across the 

stages, with a power of 12 hp (Appendix D).  

The calciner, which is situated at the bottom of the preheater tower in line with the 

bottom cyclone, is essentially a high-temperature reactor vessel in which fuel is burned and up to 

90% of the calcination reactions of the concrete occur (Figure 12). This allows for a shorter kiln 

length and greater fuel efficiency, as less of the calcination process needs to take place inside the 

kiln. Instead, the heat energy there is used for sintering reactions. The calciner contains a coal 

burner, which burns heat at 850 to 900 ¡C (ÒSuspension PreheaterÓ). It is also in line between the 

kiln and the preheater, meaning the hot gases from the kiln travel through it before entering the 

preheater cyclones, providing air for combustion. The fuel split between the calciner and the kiln 

is typically close to 60% calciner and 40% kiln, but can be adjusted as necessary to maximize 

fuel efficiency. 

Between the bottom stage of the preheater and the calciner, where the hot gases from the 

calciner enter the preheater system, there is an alkali bypass system. When it is detected that 

levels of undesirable volatile materials, such as alkali metals, are too high, the bypass can be 

used to withdraw a portion of the gas feed, quickly cool it to condense the volatile materials, and 

return the feed to the preheaters. 

The sizes of the cyclone preheaters and the calciner are based on heuristics from cement 

engineering handbooks. The total tower height and larger diameter of the cyclones are based on 

typical values for such equipment in cement plants (Maarup). The remainder of the dimensions 

have been calculated in proportion to this diameter, based on cement manufacturing heuristics 

(Deolalkar). All five cyclones are constructed of steel, and the height of each cyclone is 40 ft. 

The top cyclone, requiring more separation efficiency as the gas exits the heater, is slightly 

smaller than the bottom four cyclones (ÒSuspension PreheaterÓ), with a top diameter of 19.6 ft 

and a bottom diameter of 1.764 ft. The other four cyclones have top diameters of 28 ft and 

bottom diameters of 2.66 ft. The price for the cyclones was determined based on the costing in 

general storage silos, with a factor added for building them on top of each other and situating 

them so high off of the ground.  

The calciner has a diameter equal to that of one of the cyclones, at 28 ft, and a height 

equal to twice the height of a cyclone, at 80 ft. The outer shell is made of steel with a thickness 

of 0.8 in, and the inside is lined with 70% alumina fire brick, with a thickness of 2.5 in, the same 
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as one dimension of the bricks being used. The cost for the shell was obtained by assuming the 

pricing is similar to that of a pressurized vessel made of carbon steel (Seider). The cost for the 

coal burner was also obtained from Seider et al., using the equation for a fired heater, based on 

the amount of heat transfer occurring inside the calciner. The cost for the brick lining was 

obtained from a price quote from a manufacturer of fire bricks, based on a price of $5.60 per 9Ó x 

2.5Ó x 4.5Ó brick (KT Refractories). More detailed information regarding costing and sizing can 

be found in Appendix D. 

Figure 13. Sketch of Cyclone Dimensions; Five-Stage Cyclone Preheater Tower (Maarup).

 
 

 

Rotary Kiln (H -301) 

The kiln is where the key reactions of forming clinker occur. The oxides formed in the 

calcining reactions here combine with each other to form the components of clinker, as described 

in the cement chemistry section above. 
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The kiln is a cylinder 210 ft long and with an outer diameter of 15 ft. The inside is lined 

with 70% alumina brick with a thickness of 0.75 ft, and the outer shell is constructed of mild 

steel 0.066 ft thick. The refractory brick provides thermal insulation, maximizing the efficiency 

of the reaction and protecting the outer layer of steel from excess heat. The bricks are replaced 

periodically, with about one-third of the brick surface being replaced when the kiln is shut down 

for maintenance every year. Thermal imaging of the temperature inside the kiln allows for early 

detection of hot spots, indicating damage to the brick lining (Stober). Additional temperature 

control is achieved by a system of 16 blowers aimed at the kiln as it rotates (B-301 through B-

316).  

A slight incline of 3.5 degrees above horizontal facilitates the movement of material 

through the kiln, as does the rotation of the kiln, at 1.8 rotations per minute. The rotation speed 

of the kiln is calculated based on a desired residence time of 25 minutes. As the kiln rotates, the 

material inside moves down the length of the kiln slowly and continuously, allowing for 

effective transfer of heat. The kiln is rotated by tires underneath it that roll it at the desired speed. 

Each of the three supports for the kiln, spaced evenly along its length, has two tires to turn the 

kiln. 

The kiln burner is located at the bottom end of the kiln, and fuel is fed and burned in a direction 

countercurrent to the flow of material. Temperatures reach 2,912 ¡F in order to achieve 

maximum reaction of the oxides to form clinker. 

The cost for the shell was obtained by assuming the pricing is similar to that of a 

pressurized vessel made of carbon steel (Seider). The cost for the coal burner was also obtained 

from Seider et al., using the equation for a fired heater, based on the amount of heat transfer 

occurring inside the calciner. The cost for the brick lining was obtained from a price quote from 

a manufacturer of fire bricks, based on a price of $5.60 per 9Ó x 2.5Ó x 4.5Ó brick (KT 

Refractories). More detailed information regarding costing and sizing can be found in Appendix 

D. 
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Figure 14. Interior of a rotary cement kil n in the process of rebricking. 

 

Blowers (B-301 through B-316) 

The mild steel with which the outer shell of the kiln is constructed begins to melt at 1202 

¡F. Therefore, the shell must be kept well below this temperature at all times. The desired 

temperature is achieved with the use of a system of 16 blowers aimed at the kiln as it rotates. 

Each blower has a 3-ft diameter impeller and uses 56 hp to direct air at the outside of the kiln at a 

velocity of 5.25 ft/s, see Appendix D. At this velocity, the convective heat transfer at the outside 

of the kiln is enough to cool the outside layer to 752 ¡F, well below the steelÕs melting 

temperature, even while the kiln is burning at 2912 ¡F inside. The cost of each blower is based 

on its horsepower and pressure drop (Seider).  

 

Grate Cooler (E-306) 

After exiting the kiln, the clinker enters a grate cooler. The clinker is conveyed across a 

series of cooler grates, while a series of three blowers propel ambient air through the openings in 

the grates. The air is blown through the clinker in a direction perpendicular to the materialÕs flow 

(Figure 15).  
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Figure 15. Basic principle of clinker cooling. (Moore) 

 

 

As the air travels through the clinker, it picks up smaller pieces of clinker in its flow, 

clearing up the interstitial spaces for more contact between the air and the larger pieces of 

clinker. The air becomes heated as it absorbs heat from the clinker; it also contains significant 

quantities of valuable dust. Therefore, it is beneficial to recirculate it to the preheater. 

Clinker enters the cooler from the kiln at a temperature of 1350 ¡C, and needs to be 

cooled to a temperature of approximately 100 ¡C in order to be safely handled by subsequent 

machinery (Deolalkar). Meanwhile, air enters the cooler at ambient temperature and is heated by 

contact with the clinker, typically leaving the cooler at a temperature of between 200 and 300 ¡C. 

This heated air is reused as combustion air in the kiln. Any air exiting the cooler in excess of 

what is necessary for combustion in the kiln is directed through the baghouse for filtering and 

subsequent venting. The immediate contact of hot clinker with cooler air has a quenching effect, 

stopping all reactions and sealing in the composition. This makes for more predictable clinker 

composition, and therefore better quality control of the resulting product. 

The grates in the clinker cooler are composed of carbon steel and measure 3 ft long by 1 

ft wide by 1 inch thick (ÒAluminum Bar GratingÓ). They are arranged in an array 9 grates wide 

by 18 grates long, for a total grate area of 459 ft2. This is enough to accommodate the 4,080 tons 

per day flow of clinker through the cooler, given the heuristic of 323 ft2 per 30 tons per day 
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clinker flow (Moore). The grates are inclined at 5 degrees above the horizontal. Since air 

emerges from the grate in a direction normal to the grate, the incline allows a portion of the air 

flow to go in the direction of the clinker flow, facilitating heat transfer. Below the grates is a 

conveyor belt to capture any clinker that falls through the grates and transport it to the next stage 

of the process. The belt and its motor are conservatively sized to accommodate the entire flow of 

clinker, with a power of 1.46 hp.  

A layer of 70% alumina refractory brick with a thickness of 5 inches forms a chamber 

above the cooler, providing thermal insulation. Meanwhile, a series of three blowers beneath the 

grates provide the cooling air flow necessary for the cooling process. Assuming a pressure drop 

of 14 inches water gauge for each blower, and approximating a cooling air need of 204,000 ft3 

per minute for the entire cooler based on an energy balance (Ahmad), the price for each blower 

was determined based on the price table from Canada Blower (ÒCanada BlowerÓ). 

 

Clinker Hammer Mill (G -401) 

Following the cooler, the clinker needs to be reduced in size so that it can be better 

moved and stored. The hammer mill is a rough crusher that can reduce the size of the material 

while using far less power than the other mills by ÔwhackingÕ the material with rotating 

ÔhammerÕ heads. Hammer mills are sized based on horsepower, which was calculated from a 

table (ÒSmall Gyratory CrusherÓ) that gave required force power based on a range of flows, and 

resulted in a needed horsepower of 170 hp and was costed based on a flow rate 20% above the 

nominal value. 

 

Clinker Outside Storage (V-401) 

While it would be preferable to keep the material inside a building, the sheer amount of 

material that can be accumulated after the kiln, requires additional outside storage. The 

requirements for this storage is just to keep any rain off of the clinker to preserve its integrity 

(Stober). The outside storage, because it is inexpensive, is sized to hold up to 6 weeks, of 

material: up to 25 ft in height under the 35-ft ramada structure. Sizing the area for more material 

than it will likely hold allows for room near the top and around the edges of the ramada, meaning 

the clinker is kept away from where it is more likely to interact with the elements. Also having 

additional covered storage, decreases the chance that the material will have to be pushed into 
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open piles and covered with a tarp. The overall dimensions are 305 x 610 x 35 ft, allowing for 

approximately two covered squares pushed together.  

 

Clinker Inside Storage (V-402) 

 For the most part the clinker will only need to be stored inside. Just over 12 daysÕ worth 

of storage inside of the building is enough for most smaller deviations in the flow rates and 

demand, although this level might be exceeded when there is very slow demand or when 

production is ramped up some before the kiln is shut down. For sizing this building, as with the 

stacker/reclaimer building, the size of the building needed to be larger than the amount of 

material to be stored. However, unlike the stacker/reclaimer, there is not a system of moving 

equipment inside, so it does not need to be as overly large as the stacker/reclaimer. In this case it 

was decided that the material can take up two-thirds of the building, allowing for a 50% 

coverage for room on the top and sides. The building will follow the same 9:1 length to width 

ratio as the stacker/reclaimer, resulting in a size of 90 x 630 ft, and 35 ft tall, with large bay 

doors on either end to allow equipment and material in and out, and human exit doors on the 

sides as well.  

 

Cement Vertical Roller Mill (G -402) 

Again, the choice was made to use a vertical roller mill instead of the traditional ball mill. 

However, this mill requires a higher maximum flow rate than the raw feed mill in order to use up 

the stockpile of clinker as required. After some consideration, it was decided to size the mill 

based on 1.5 times the flow rate out of the kiln, bringing the total horsepower to 3644 hp 

(Equation 3D). To meet this need, a 3650 hp mill was purchased, allowing for a wide range of 

outputs. As before, the mill was costed as a ball mill. Gypsum, which plays an important role in 

the hardening and control of the hardening of the concrete, is introduced at this mill. 

 

Cement Storage (V-403 through V-408) 

 Final cement storage is needed before the material can be loaded onto trucks and shipped 

to customers. The basic setup for this storage is a set of 6 silos, each with a 21-ft radius and a 

height of 85 ft, sized in the same way as the raw feed silos, a height to diameter ratio of 2:1 

(Hodges). This was plugged in to the volume of a cylinder formula and Excel Solver was used to 
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arrive at the volume of 118,000 ft3 each. This volume was determined by converting the mass of 

1 week of material divided by the six silos to a volume through the use of the density. Each silo 

can be used for a different purpose: for instance, to hold different grade cement, cement for 

different customers, or to allow for one last ÔmixingÕ location for any deviations noticed by the 

lab.  

 

Conveyer Belts (throughout plant) 

Material needs to get from one place to another in a timely fashion, and as it is a solid and 

not fluid, piping and pumps are not ideal. Instead, a series of conveyer belts runs through the 

plant to deliver material. The conveyor belts move at between 350 and 400 feet per minute, 

depending on the nature of the material to be moved - whether a coarse solid or a fine powder 

(Kulinowski). Once the speed was determined, and since the flow rate was known, Equation 1D 

was used to determine the width needed for the belt (Peray). From there it was possible to 

estimate the length based on a rough layout of the plant site, and then calculate the cost of the 

conveyor belt system. Even though the length for this equation had a limit of 330 ft, the relation 

was used for all of the lengths beyond that as well. Motors were not included in the cost of the 

belt, so they needed to be calculated separately using Equation 2D. The horsepower was then 

rounded up and costed based on the electric motor recommendations (Seider et al.). Additionally, 

the cost of the belt was increased by 10% to cover the cost of enclosing the belts. The file of full 

cement equipment contains the calculations for width and horsepower for each conveyer belt 

around the plant site, as well as costing some extra for any misjudged lengths. 

 

Baghouse (F-301) 

Regulations state that material needs to stay on the plant site; as such it is necessary to 

collect the dust that is produced by the process. Additionally as the dust is still usable product, 

letting it out would be a waste of money, so it is worthwhile to be collect and recover this dust. 

The price was determined for used baghouses (ÒStandard HavensÓ); the largest bag house on the 

site was selected to accommodate the large flow rates of dust and air at the plant. It was decided 

to include two bag houses, one as a backup so that one can collect dust while the other is 

undergoing cleaning and maintenance. Because the equipment was used, the estimated cost was 

increased by 20%. In addition to the bag house, there are filters installed on the grinders and 
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other pieces of equipment to capture additional dust lost in these places. By covering the 

conveyer belts it was possible to limit the majority of the loss to the preheater. Some air from the 

cooler also enters the baghouse (Stream 15); this is so that all of the air streams can be collected 

that need to be measured for emission reasons. 

 

Movers (throughout plant) 

As not all of the moving of equipment can occur on conveyor belts, some of it will need 

to be moved by human-driven equipment. This will be particularly useful in moving equipment 

around in the outside clinker storage and in the inside clinker storage as well. In general the 

equipment will make up for the limited usage of the conveyer belt. It was decided, at least 

initially , to use two medium-sized excavators and two backhoe loaders. This allows for material 

to be moved around on the ground and also picked up and stacked higher on top of piles (2012 

Caterpillar). 

 

Section 4  

Safety and Environmental  

Chemical Safety and Storage 

In addition to the process equipment, a portion of the overall process includes utilizing 

chemicals to create the media formulations to culture the bacteria. The list of chemicals can be 

seen in Appendix A. A majority of the chemicals have minimal health effects and may cause 

some slight irritation if exposed to skin. However, the three chemicals that pose a greater risk are 

the two buffer solutions used to modulate the pH levels (NaOH 2 N and H2SO4 2N), and one of 

the trace additives, Ca(NO3)2. Both the acid and base solutions have a level 3 Health Risk rating 

and cause severe skin burns and eye damage. Calcium nitrate itself is also very unstable and is a 

strong oxidizer that may react violently if contacted with organic substances (Reactivity Rating 

of 3). The chemical compound also has a very severe Contact Rating (3), and causes damage to 

skin and eyes, and both the gastrointestinal and respiratory tract. 

Chemicals should also be properly stored based on compatibility rating or hazard 

classification. Typically, most chemicals are segregated into the following families: corrosive 

acids, corrosive bases, toxics, cryogens, and so forth. For the chemical process in this plant, the 
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two chemicals that must be segregated are sodium hydroxide and sulfuric acid. Contact between 

these two chemicals may result in possible harmful chemical reactions (Maizell).  

Process Equipment Safety Considerations 

In any chemical process, there is a certain amount of risk that deviations in normal 

operating conditions will create a dangerous situation or event. Therefore, hazards must be 

carefully evaluated in order to prepare for and prevent against undesirable consequences. To this 

end, detailed Hazards and Operability studies (HAZOPs) have been performed for several of the 

major pieces of equipment involved in the process, both for the bioreactor and cement 

manufacturing plant (see HAZOPs). The most important results of these HAZOPs are 

summarized below. Overall safety considerations would be considered and engineering and 

process controls put in place to help mitigate these, and other, risks. 

 

Bioreactor 

 Any person handling the bioreactor will be exposed to chemicals, electrical, or 

mechanical influences. The technician is not required to wear any special lab attire to manage the 

bioreactor, but should wear closed toed shoes, goggles, a laboratory coat, pants, long-sleeved 

shirt, gloves, and be free of any loose hair or jewelry, especially when handling the chemicals. In 

addition, the bioreactor itself poses several dangers of which any person handling the machine 

should be aware. The bioreactor is powered with electricity and any power failure can result in 

alterations in the process, unforeseen side reactions, and an unsuitable environment for the cells. 

For example, the bacterial solution needs to be always properly mixed to assure homogeneity in 

the solution. Failure to maintain a consistent agitation would result in a lower product yield. To 

repair any power failure defects, the technician should turn off the bioreactor immediately and 

find the source of error. The technician should also take special care to avoid any sharp pieces of 

equipment in the bioreactor such as the rotor while performing maintenance.  

 The process of growing the bacteria also requires constant flow of air, an additional 

feeding solution, and a heating and cooling source, all of which are automatically controlled by 

the bioreactor. Any damage to the tubing or piping can result in the gas and media leaking and 

pose a hazard to the technician.  Damage can come from any plugged or loosing connections, or 

valve malfunctions. Hose fastenings should be used on connecting any pipes to the bioreactor. 

Before any maintenance check on the gas lines, the technician should make sure to release the 
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pressure from the system to avoid tube ruptures or explosions. Similarly, before loosening any 

hose connections, the feed hoses should be emptied from any culture media or chemical controls. 

Also, when working with the hot media, the technician should always wear protective gloves and 

block the danger zone off. The area around the bioreactor should be cleared off from any 

obstruction.  

 

Centrifuge 

For the centrifuge, there are a number of different points in the system where issues could 

occur that could cause harm to the process. These include issues with the rotor, filter basket, inlet 

stream, and outlet stream. One of the main issues that can come from improper operation of the 

centrifuge is damage to the cells. This can decrease their ability to work as the healing agent in 

the final product, which has the potential to make our product ineffective. Rotation speeds that 

are too fast, too long of centrifugation time, contaminants in the system, and extreme 

temperatures all have the potential to damage the spores. Another hazard is incomplete 

separation of the cells from the excess growth medium. This can result in continued growth of 

the bacteria in the concentrated solution that would reduce the healing ability of the end product. 

This can be a result of rotation speeds that are too slow, too short of a centrifugation time, and 

low or no flow of the waste outlet stream. In order to avoid these and other hazards, it is critical 

that the process be monitored and rigorous quality control protocols are in place. If there is a 

deviation of the process conditions from the prescribed standards, the process should be stopped 

and the issue fixed before the process is resumed. It is critical that the spores be healthy and 

separated from the growth medium in order to ensure the stability of the concentrated solution 

and ultimate effectiveness of the healing in the end product. Operators of the centrifuge should 

take standard laboratory safety precautions. Additionally, care should be taken to stay away from 

rotating parts, that could potentially cause physical hard should the operator come in contact with 

them. 

Vertical Roller Mill 

Care should be taken near this and other pieces of grinding and crushing equipment to 

protect personnel. All personnel present at the site should be trained in the proper use of personal 

protective equipment (PPE), including safety goggles to keep dust out of eyes, ear protection to 
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prevent hearing loss from loud machinery, and hard hats to mitigate risk of bodily injury due to 

moving parts and materials.  

Additionally, the flow of material through the mill should be carefully monitored to 

ensure there are no blockages or jams. The speed of conveyor belts can be adjusted to prevent 

buildup of material inside the mill. Blockages and jams pose a risk of damage to equipment and 

to the safety of personnel. If a blockage or jam does occur, the mill should be temporarily 

stopped, following proper lockout procedures, and the blockage cleared before restarting.  

Kiln 

The major dangers involved with operation of the rotary kiln are due to the high 

temperatures inherently involved in its operation, and the consequences of equipment damage 

resulting from normal wear.  

The inside of the kiln reaches temperatures of up to 1650 ¡C, and the outside surface is 

designed to reach temperatures of only 400 ¡C. However, if there is damage to the brick inside 

the kiln, or to the steel shell, or if there is a malfunction of the blowers outside the kiln, it is 

possible for temperatures to exceed the design value. The area surrounding the kiln must be 

blocked off so that personnel do not come in contact with the hot surface. Additionally, control 

systems are in place to monitor temperatures inside and outside the kiln. If a problem is detected, 

adjustments can be made. If necessary, the kiln can be shut down to prevent damage to the steel 

shell.  

Over time, material from the clinker and fuel inside the kiln creates a layer of buildup on 

the refractory brick. This cake can be beneficial, as it provides additional thermal insulation in 

the process. However, if the weight exceeds a critical value, the buildup can cause parts of the 

brick to fracture and fall off the surface of the kiln. If this occurs, there will be gaps in the 

insulating brick, resulting in hot spots on the lining of the kiln. These hotspots lead to uneven 

heating, posing a risk to product quality and exposing the equipment to further damage (Stober). 

Damage to the refractory brick can be prevented by regular maintenance of the kiln. During 

annual planned shutdown of the kiln, up to one-third of the refractory brick is replaced. In 

addition, an infrared sensor is used to measure temperatures and thermally image the interior in 

three dimensions (Figure 16). This data is used to detect potential problems, and to target areas 

for repair and rebricking.  
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Figure 16: thermal imaging of kiln temperatures. 

 

 

Environmental Impact 

Carbonate Precipitation through Urease Activity 

Through the formation of the calcium carbonate on the cell surface, the Bacillus subtilis 

bacteria, a urealytic biological agent, produces a large amounts of ammonia, as seen from the 

equations in the introduction section. Ammonia is an important nitrogen compound that has large 

effects on the biogeochemical nitrogen cycle, the ecosystem, and human health, and plays a 

significant role in formation of atmospheric matter (Behara et al.). However, a life cycle 

assessment indicates that bioconcrete has half the environmental impact of concrete, even though 

the inputs of the bioconcrete have a 37 % higher environmental impact compared to concrete 

(Gonsalves). Bioconcrete has lower contributions of the following categories: carcinogen (one-

thirtieth), ecotoxicity (one-tenth), climate change (half), and fossil fuels (six-sevenths) (Zhu & 

Dittrich). To minimize the environmental impact of ammonium production, an ideal solution 

would be to replace the urealytic bio-additive with an agent that has a lower ammonium output.   

The fuel combustion and material processing at cement plants produce significant 

quantities of pollutants. The levels of these pollutants must be measured and limited to remain 

within regulatory limits. The majority of emissions from cement manufacturing are particulate 
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matter, known as PM or PM-10; nitrogen oxides, NOx; sulfur dioxide, SO2; carbon monoxide, 

CO; and carbon dioxide, CO2. Less significant amounts of volatile organic compounds, VOC; 

ammonia, NH3; chlorine and hydrogen chloride, Cl2 and HCl; and metal compounds are also 

emitted. 

Particulate matter, also known as dust, is emitted in all stages of the process, including 

quarrying, crushing, storage, grinding, blending, pyroprocessing in the preheater, calciner, kiln, 

and cooler, finish grinding, and transportation. To mitigate dust emissions, fabric filters are 

included on all grinders, mills, and crushers, as well as on the kiln, calciner, and clinker cooler. 

The fabric filters capture the dust, which is transported to the baghouse, and then reintroduced to 

the process at the raw mill. In this way, the material in the dust is not wasted. 

Nitrogen oxides are emitted in the kiln and calciner when fuel is combusted. The amount 

of nitrogen oxide formed depends on the amount of nitrogen in the fuel, and the temperature at 

which it is burned. At the high temperatures reached in the kiln, less nitrogen oxides are formed 

by burning coal than by burning natural gas or oil. This is one of the reasons coal is used as a 

main fuel source, despite its high carbon footprint. Using waste from other industries as fuel is 

often seen as an economical and environmentally friendly choice; however, emissions from these 

fuels vary widely and can contain much more harmful nitrogen oxides than coal. For example, 

used industrial lubricant contains eleven times as much nitrogen as coal and therefore requires 

special considerations for pollution control. 

Sulfur dioxide is also emitted when fuel is burned. However, here the emissions are 

neatly controlled by the properties of cement itself. Cement is extremely alkaline, so 70 to 95% 

of the sulfur dioxide produced is directly absorbed into clinker. Any remaining sulfur dioxide is 

recirculated to the raw mill, where it reacts with the limestone and moisture present there. As 

with any fuel combustion process, carbon monoxide production is a risk when the combustion 

reaction does not reach completion. Care must be taken to ensure combustion efficiency, and to 

monitor the emission of carbon monoxide in the plant so that it remains under the regulatory 

limit (Table 9). 

In some senses the most important environmental issue associated with the production of 

cement is carbon dioxide emission. Carbon dioxide is of increasing concern due to its effects on 

climate change. However, large quantities of carbon dioxide are an unavoidable byproduct of the 

calcining reactions that form cement. In the calcining process, calcium carbonate in the raw feed 
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reacts to form calcium oxide and carbon dioxide. The calcining reaction produces 1000 lbs of 

carbon dioxide for every ton of clinker produced, and together with fuel combustion, up to 2700 

lbs of carbon dioxide are emitted for every ton of clinker. Carbon dioxide emissions are not 

regulated by the Environmental Protection Agency; however, their levels must be monitored and 

reported. 

The metal compounds produced are a result of metals present in raw feed and in fuel. 

There are three general classes of these compounds: volatile metals, semivolatile metals, and 

nonvolatile metals. Volatile metals, including mercury and thallium, typically exit with the 

exhaust, and concentrations must be monitored. Semivolatile metals, such as antimony, 

cadmium, lead, selenium, zinc, potassium, and sodium, typically condense in the alkali bypass of 

the calciner and are thereafter disposed of. Nonvolatile metals, like barium, chromium, arsenic, 

nickel, vanadium, manganese, copper, and silver, are usually absorbed into the clinker and 

remain there in small quantities. (Oss). 

Testing and reporting of all emissions is according to EPA standards, and all regulated 

compounds are kept within regulatory limits, as summarized in Table 13. 
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Table 13 Emission Limits for Cement Manufacturing, for Kilns Built after 2009 (ÒFinal 

Amendment to Air Toxic Standards for Portland Cement ManufacturingÓ) 

Pollutant Limit  Testing details 

Mercury 21 pounds per million tons 

of clinker 

Averaged over 30 days 

Volatile organic compounds 12 parts per million by 

volume 

Continuous monitoring 

required; three-run stack 

test every 30 months 

Particulate matter 0.02 pounds per ton of 

clinker 

Continuous monitoring 

required; annual three-run 

stack test 

Hydrochloric acid 3 parts per million by 

volume 

Averaged over 30 days 

  

Section 5 

Economics 

Capital Costs 

For both the cement plant and the bio-additive plant, purchase costs were obtained using 

a variety of sources. For more standard process equipment, the cost equations in Seider et al. 

were used. Since the book was published some years ago, these costs were also adjusted for 

inflation using the chemical engineering plant cost index (CE PCI) (ÒEconomic IndicatorsÓ). 

This was the case for most of the equipment used in the cement plant since cement production is 

a more standardized process. The bio-additive process, on the other hand, required more 

specialized equipment. For these pieces of equipment, price estimates were obtained from 

vendors. Since these were current estimates, they were not adjusted for inflation. The purchase 

costs and source of these costs for all pieces of equipment can be found in Appendix F.  

All purchase costs were multiplied by the bare module factors presented in Seider et al. to 

account for the full installation cost of the equipment. Since there were not factors available for 
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all the types of equipment in the plant, values for similar types of equipment were substituted 

when necessary. If there were no options that were similar, the average of the factors was used. 

For some of the smaller pieces of equipment present in the bio-additive section, (eg beakers), a 

factor of one was used since the installation costs would be relatively negligible and well within 

the range of error for the economic calculations.  

For the total capital costs and the other economic calculations, the cement plant and the 

bio-additive plant were assessed separately for a number of reasons. First, the scale and nature of 

the two different processes are very different which means they must be costed using different 

factors and considerations. The cement plant is large scale and was designed as a grass-roots 

plant. Conversely, the bio-additive plant is much smaller in comparison and was designed as an 

integrated process that could be added onto existing facilities. Additionally, it is much more 

informative to potential investors to know the separate costs of the bio-additive process. Thus, 

two sets of economic analyses are presented: one for a grass-roots cement plant and one for an 

integrated bio-additive plant.  

From the bare module costs, the total bare module costs for both the cement and bio-

additive plants were calculated. The total bare module cost for the cement plant was 

approximately $74 million and the bare module cost for the bio-additive plant was approximately 

$600,000. These totals were then multiplied by a number of factors to account for other capital 

costs including buildings, land, royalties, startup costs, etc. The factors were selected based on 

recommendations from Seider et al. Appendix E describes these calculations and factors in detail 

and the results are shown in Tables 13 and 14. Ultimately, the cement plant required a total 

capital investment of approximately $150 million and the bio-additive plant requires a total 

capital investment of approximately $1 million. 
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Table	13.	Bio-additive	Capital	Costs	
Total	Bare	Module	Cost	for	
Onsite	Equipment	

CFE	+	
CPM	

607,742		 	 	 	 	 	 	 	

Total	Bare	Module	Cost	for	
Spares	

Cspare	 	 	 	 	 	 	 	 	

Total	Initial	Cost	for	
Catalyst	

Ccatalyst	 	 	 	 	 	 	 	 	

Total	bare	module	
Investment,	TBM	

	 607,742		 607,742		 CTBM	 	 	 	 	 	

Cost	of	Buildings	 	 Cbuild*	0.1	
for	housed	

60,774		 	 	 	 	 	 	

Cost	of	site	prepartion	 	 Csite*	0.04	-	
0.2	

30,387		 	 	 	 	 	 	

Cost	of	service	facilities	 	 Cserv*	0.05	-	
0.2	

30,387		 	 	 	 	 	 	

*Allocated	cost	for	utility	
plants	and	related	
facilities*	

	 Calloc***	 	 	 	 	 	 	 	

Total	Direct	Peremanent	
Investment,	DPI	

	 	 729,290		 729,290		 CDPI	 	 	 	 	

Contigencies	and	
contractor's	fees	

	 	 Ccont	 131,272		 	 	 	 	 	

Total	Depreciable	Capital,	
TDC	

	 	 	 860,563		 860,563		 CTDC	 	 	 	

Cost	of	land	 	 	 	 Cland	 17,211		 	 	 1	 F,ISF	
Cost	of	royalties	 	 	 	 Croyal	 17,211		 	 	 	 	
Cost	of	plant	startup	 	 	 	 Cstart	 86,056		 	 	 	 	
Total	Permanent	
Investment,	TPI	

	 	 	 	 981,041		 981,041		 CTPI	 	 	

Corrected	Total	Permanent	
Investment	

	 	 	 	 	 	 981,041		 CTPIa	 	

Working	Capital	 	 	 	 	 	 	 98,104		 CWC	 	
TOTAL	CAPITAL	
INVESTMENT	

	 	 	 	 	 	 1,079,146		 1,079,146		 CTCI	
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Table	14.	Concrete	Plant	Capital	Costs	
Total	Bare	Module	
Cost	for	Onsite	
Equipment	

CFE	+	
CPM	

73,845,36
1		

	 	 	 	 	 	 	

Total	Bare	Module	
Cost	for	Spares	

Cspare	 	 	 	 	 	 	 	 	

Total	Initial	Cost	
for	Catalyst	

Ccatalys
t	

	 	 	 	 	 	 	 	

Total	bare	module	
Investment,	TBM	

	 73,845,36
1		

73,845,361		 CTBM	 	 	 	 	 	

Cost	of	Buildings	 	 Cbuild*	0	 	 	 	 	 	 	 	
Cost	of	site	
prepartion	

	 Csite*0.15	 11,076,804		 	 	 	 	 	 	

Cost	of	service	
facilities	

	 Cserv*	0.2	 14,769,072		 	 	 	 	 	 	

*Allocated	cost	for	
utility	plants	and	
related	facilities*	

	 Calloc***	 	 	 	 	 	 	 	

Total	Direct	
Peremanent	
Investment,	DPI	

	 	 99,691,238		 99,691,238		 CDPI	 	 	 	 	

Contigencies	and	
contractr's	fees	

	 	 Ccont	 	17,944,423		 	 	 	 	 	

Total	Depreciable	
Capital,	TDC	

	 	 	 117,635,661		 117,635,66
1		

CTDC	 	 	 	

Cost	of	land	 	 	 	 Cland	 2,352,713		 	 	 1	 F,IS
F	

Cost	of	royalties	 	 	 	 Croyal	 2,352,713		 	 	 	 	
Cost	of	plant	
startup	

	 	 	 Cstart	 11,763,566		 	 	 	 	

Total	Permanent	
Investment,	TCI	

	 	 	 	 134,104,65
3		

134,104,65
3		

CTPI	 	 	

Adjusted	Total	
Permanent	
Investment	

	 	 	 	 	 	 134,104,653		 CTPIa	 	
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Working	Capital	 	 	 	 	 	 	 13,410,465		 CWC	 	
TOTAL	CAPITAL	
INVESTMENT	

	 	 	 	 	 	 147,515,119		 147,515,119		 CTCI	



66 
 

Operating Costs, Net Present Value, and Product Pricing 

 For both plants, the annual material and utility costs were calculated based on the mass 

flow rates and energy consumption of the different processes. The annual costs associated with 

labor related operations, maintenance, operating overhead, taxes, insurance, depreciation, and 

general expenses were then added to arrive at the total annual operating cost. For the cement 

plant, this was approximately $97 million a year and for the bio-additive plant it was 

approximately $1.3 million a year. These operating costs are shown in Tables 15 and 16 

respectively. The calculations and tables for these values are in Appendix E. These operational 

costs were combined along with the capital costs, to find the cash flow, net present value (NPV), 

and investor rate of return (IRR) over a ten-year period for each plant. It was assumed that the 

cement plant would take approximately three years to construct since it is a large, grass-roots 

plant. The bio-additive plant, on the other hand, is a much smaller integrated plant that was 

assumed could be built in a single year. For the case of the cement plant, sales were estimated 

since the market and price for cement are already well-established. Based on the required capital 

investment and expected net earnings, the cement plant had an NPV of $10 million and an IRR 

of 0.22. This is shown in Table 17. This suggests that the cement plant has the potential to be a 

profitable venture and a worthy investment opportunity. The details for these values are shown in 

Appendix E.  

For the bio-additive plant, yearly sales were calculated based on the desired return on 

investment for it to be a profitable venture since there is not an established market or price for 

this new product. To do this, the required yearly sales to have an IRR of 0.20 and thus an NPV of 

zero at the end of ten years were calculated. These calculations are shown in Table 18. The 

yearly sales required for this scenario translates to a price of $24 for the treatment processes for 

the aggregate to produce a cubic yard of concrete. However, under this production model, there 

would be additional costs to the consumer to install self-healing concrete beyond just the 

treatment processes described previously. These costs include the tank rental for the construction 

site, utilities at the construction site, and the calcium lactate that must be added to the final 

concrete mix to act as food for the self-healing bacteria. These costs add an additional $80 per 

cubic yard of self-healing concrete and the breakdown of these costs is shown in Table 19. These 

costs for the self-healing technology and installation total up to an additional $105 per cubic yard 

beyond the base cost of normal concrete.  
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By and large, the biggest contributor to this high price is the cost of the calcium lactate. 

In the literature on self-healing concrete, calcium lactate was mixed into the concrete at a 

concentration that amounts to 36 lbs of calcium lactate per cubic yard of concrete (Wiktor & 

Jonkers). This large amount of calcium lactate drastically drives up the total cost to the 

consumer. These high costs for the self-healing product suggest that technology and materials 

should continue to be developed before large-scale production would become a profitable 

venture.  

Economic Hazards 

 While the cement industry is well established, it is not immune to hazards and market 

fluctuations. Even though the 0.22 IRR on the cement plant suggests it is a good investment, 

there are still a number of hazards that should be considered before doing so. One of the biggest 

economic hazards to the production of construction materials is how their demand is sensitive to 

overall fluctuations in the economy. For instance, in the United States in 2002, the demand for 

cement was 385 Kg/capita; but following the economic recession, 202 Kg/capita in 2010 

(Davidson). While the industry has recovered some since then, there are still some worrying 

long-term trends for cement production in the United States. Currently, 90% of the worldÕs 

cement is used in developing countries and the consumption is in slow decline in developed 

nations, such as the United States (ÒReady-mixed FortunesÓ). While the cement product could be 

transported to emerging markets, the transportation costs associated with transporting the heavy 

material would likely make the product non-competitive in foreign markets.  

While no past information exists for the market for our self-healing additive, it would 

likely experience similar impacts to those of cement and other construction materials. The risk is 

further compounded by having the oil and gas drilling industry as one of the market focuses 

since it is also subject to volatile fluctuations in prices and demand. For instance, following a 

steep decline in crude prices at the end of 2014, shale drilling company Continental Resources 

Inc. had to cut their annual budget by nearly 60% at the beginning of 2015 (Loder). Demand for 

the product could then also experience these abrupt changes as a result. Thus, major and 

unpredictable economic hazards for this process are overall fluctuations in the economy and 

long-term decline in new construction in our domestic market. One way around this hazard 

would be to attempt to diversify the markets to which the products would be sold. This way, it 

could help to buffer some of the fluctuations in demand for which there are risks. 
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 Another major economic hazard related to the market for the products is whether or not 

consumers will adopt the new self-healing technology. Considering the long history of cement 

and concrete, it is understandable that it would be difficult to convince consumers to use a new 

product, regardless of the price. However, considering the high added price, the risk of investing 

in self-healing concrete becomes even higher. One study of concrete producers found they would 

only be willing to pay an additional $12-16 per yd3 of concrete (Silva et al.). However, these 

figures represent a cost at which it would be a viable product to the general concrete market and 

is not specific to smaller markets where the premium to prevent cracking and costly repairs 

might still warrant the investment. If marketing of the self-healing product to specialty 

applications is successful, however, it could still potentially overcome this obstacle. However, 

with the current production costs much higher than that, it still signals the need for further 

refinement of the process and reduction of the costs in order to make self-healing concrete into a 

truly economically viable product.  

 There are also economic hazards related to the inputs for the processes. The price of 

limestone, the main component of cement, has the potential to have a large impact on the 

operating costs for the cement plant. Limestone can account for 30-40% of the final cost of 

cement (Pabon). Thus, even a minor increase in the price of limestone could drive up the 

operating costs a considerable amount. Since it was assumed that the plant would operate from 

its own limestone quarry, this could help protect the process from risks associated with changing 

limestone prices. However, if something were to happen to the limestone supply for the process, 

it could be detrimental. Another hazard to the operating costs for the cement plant would be 

changes to the environmental regulations associated with out processes. As discussed previously, 

cement production can have a number of environmental impacts. If any regulations were added 

that would force the process to reduce emissions or increase monitoring, it would likely require 

further equipment that would drive up the costs.  

 

Cost Reduction and Process Optimization 

 While the cement plant can be profitable as is, there is still the potential for further 

improvements to make it even more profitable. Reductions in operating costs, particularly in the 

costs of utilities or the cost of limestone, will increase the profit per ton of cement sold. It might 

be possible to do this by continuing investing in more efficient equipment, research into 
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alternative fuels, or improvements in the mining process to decrease the cost of limestone. 

Additionally, an agreement may be made with the power company in order to pay a discounted 

rate on electricity used during off-peak hours (Stober). Overall the process costs for materials 

and utilities is fairly well defined, with small continuous improvements that will pay for 

themselves in about four years, so that over the life of the plant, 50+ years, it will make more 

money. 

 As demonstrated above, one of the major opportunities for reducing the overall cost for 

the self-healing concrete is reducing the price of calcium lactate or finding a suitable substitute. 

This would likely require further research and development of possible alternatives, testing the 

minimum amount actually required, or developing more efficient processes for the synthesis of 

calcium lactate. Further refinements could also be made to the aggregate treatment process to try 

and reduce prices. Similarly, each of the chemicals used to formulate the media were lab-grade 

chemical with the highest of purity. Most research has been focused on the proof of concept of 

using a biological agent as the self-healing additive for concrete. To minimize cost, the bacteria 

could be grown with chemicals with a technical grade. Examples of such media are Lactose, 

Brain Yeast-Glucose, and even Milk, with prices ranging from $12 to $29 per liter (Cook). 

Bacillus cells grown in these media formulations have similar sporulation output, but have not 

been tested in concrete.  

More research needs to be done regarding the optimal spore concentration required in the 

concrete to see what the minimal amount is for the process to still be effective. The cost could 

also further be reduced by recycling the diluted bacterial solution that is used for the soaking the 

aggregate. Only a small amount is absorbed by the aggregate, but a large amount must be used 

for each batch to completely immerse the aggregate. A recycle stream was not included in the 

design out of concern that it might lead to contamination that would damage the spores with 

repeated use, but this is something that could be tested and potentially implemented if it is not 

shown to be an issue. This would greatly reduce the amount of spores and solution needed for the 

treatment of the aggregate.  

 A second economic analysis was also completed for the bio-additive based on a more 

slimmed down manufacturing model suggested by Mike Kazz. Under this model, the number of 

employees required would be minimized, the production space would be leased, and 

maintenance and other services would be contracted out. This type of manufacturing model 
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would greatly reduce annual manufacturing costs. For an IRR of 20% over ten years, the price 

for the treatment of the aggregate would then only cost $10 per cubic yard of concrete. These 

assumptions and calculations are shown in Appendix E. While the additional costs to the 

consumer, in particular the calcium lactate, still make the overall cost of the self-healing concrete 

relatively high, this reduction in the cost of the aggregate treatment does help make the product 

more viable commercially. It also suggests the importance of minimizing costs of production, 

especially considering this is a new product trying to enter the market.  

 

Section 6 

Conclusions and Recommendations  
Conclusion 

Overall making the concrete self-healing adds $105 dollars to the cost per cubic yard of 

concrete, which more than doubles the typical cost. Certain applications may be able to afford 

this additional cost, for the added safety in a much lower probability of cracks and increased time 

between replacement. As this science is still in its beginning stages, more research into the 

abilities and life time usability should be conducted. Assuming that the market is present in a 

given radius around the plant site, it is economically practical to produce the self-healing 

additive. Future research should be done in replacing calcium lactate with a cheaper alternative, 

as it contributes accounts for the majority of the cost to the consumer. 

 

Accuracy and Sources of Error 

Bio-Additive 

If this plant is to be built, further analysis of the process at the P&ID level is necessary to 

ensure nothing is missed in the building design of the process. As the process has until now only 

been attempted at bench scale, numerous assumptions were made in order to scale up to 

production scale. Before investing in such a plant, it would be wise to conduct further testing, of 

process parameters and of the finished product, to ensure these assumptions hold and that the 

process is technically viable. In particular, the assumptions made in determining the cost have a 

considerable impact. Each intermediate variable is assumed to have +/- 20% range from the true 

value, meaning the final estimate is prone to error. Further variance is demonstrated by the two 

contrasting estimates for the process cost, based on assumptions from literature models and from 
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a lean manufacturing model.  

 

Cement 

The sizing and costing numbers most likely fall into the +/- 20% range that was requested 

for this report. For the flow rate and sizing, there are likely some deviations because of the large 

variations in flow rates on any given day. A computer simulation software system could improve 

the estimate. It is also unlikely that there is a suitable site for building a large cement plant in the 

same location desired for the bioreactor setup. But overall the equipment should accurately 

represent the need materials to build a functioning cement plant. Of course a more detailed P&ID 

type level design should be done to ensure no gaps in the material flow, or missing small pieces 

of equipment. 

 Many errors exist in the costing section due to the lack of information of equipment cost, 

as these are non-typical, and overly large pieces of equipment. For example the preheater, kiln, 

and proportioner were all costed by costing their individual components and then adding a factor 

for building them. In actuality, the cost of this equipment might be higher or lower. Other items 

like the vertical roller mill and storage buildings were costed as the next closest item. Overall, 

undercosting was very likely since a cement plant of this size should cost approximately 0.4 to 

0.5 billion dollars to build and this plant totaled approximately $150 million.  

 Another area for difference is the depreciation that was used, some of our equipment like 

the kiln will take a long time to depreciate and will still have a salvage value at the end. The kiln 

used at the CalPortland plant was purchased used in the 1970s and is still being used today. 

Similar things are true for the grinders, kiln accessories and possibly even the storage buildings. 

There are also transportation costs, for bringing material in (like coal, gypsum, etc.) and sending 

material out (final cement product), that are not easily quantified that will also go into the cost of 

manufacturing and selling 

 

Recommended Improvements and Future Works 

!  Biological Agent 

"   As stated in the environmental section, the Bacillus subtilis bacteria produce 

large amounts of ammonia, which is harmful to the environment.  Another 

environmentally friendly solution would be to use autophototrophic 
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cyanobacteria. These cyanobacteria are the first of their kind to show thick 

calcite/cell aggregate layer precipitation, and showed a decrease in water 

absorption on concrete surface compared to the Bacillus (Zhu). However, it is 

unclear whether the cyanobacteria would survive in the environment of the 

concrete pore fluid, and if they would be able to induce carbonate formation in the 

new environment. 

!  Bio-additive Plant 

"  Work instructions will need to be written for both the operation of the bioreactor, 

centrifuge setup and the mobile soaking station. Particularly for the mobile 

soaking station since this will be operated by a variety of people for only short 

periods of time, even with the help of the technician/engineer sent clear 

instructions should be provided. 

"  Significant work in sales and marketing will need to be done to introduce people 

to the idea and benefits of a self-healing concrete in order to establish a market.  

!  Calcium Lactate 

"  Determine replacement source of food for the bacteria in the concrete.  

"  Look into a cheaper manufacturer or determine cost of building a plant to make 

calcium lactate specifically for this purpose. 

!  Facilities for the bioreactor and centrifuge setup 

"  While production is low, due to the small size of the setup, it might be worthwhile 

to use a contracted manufacturing center to reduce overhead costs, and let them 

take care of the manufacturing process.  

!  Centrifuge 

"  Additional research could be done in the separation of the spores from the 

vegetable cells, in an attempt to reduce the cost of this piece of equipment, which 

is the most expensive on this side of the project. It would likely be possible to use 

a smaller centrifuge as well, although this might need to be specially ordered. 

!  Cement Plant 

"  Future work would include computer simulations, work instructions, control labs, 

and control software, would need to be developed or purchased in order for the 
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plant to operate smoothly. Connections also need to be made in purchasing and 

sales so that a customer base is developed. 

!  Kiln  

"  While the kiln and the preheater/cooler contraption is the most expensive part of 

the cement plant by far, this is not something that can really be changed. The high 

temperature is needed in order to get the reaction to occur. 

!  Fuel - Coal for the kiln 

"  The largest utility cost for producing cement is the coal that is burnt inside of the 

kiln, additional research into alternative fuel sources like rubber tires or other 

trash could be used. However research would need to be done to consider the 

effect on the chemistry in the kiln and the emissions that might be produced. As 

well as some logistic planning for how to cheaply get said material to the plant 

site. 

 

Final Thoughts 

In conclusion, self-healing concrete is a useful material that has the potential to 

significantly reduce the environmental impact of concrete, in an industry that produces a full 9.5 

percent of the worldÕs carbon emissions, by increasing the usable life of the concrete. Although 

more research is necessary to determine the long-term performance and impact, the further 

development and implementation of self-healing concrete is a worthwhile and potentially 

profitable pursuit. 
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Appendix A 

Bioreactor 

 
Table A.1.1: Table of the overview of sizing the bioreactor 
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Table A.2.1: Difco sporulation media # 1 (Seed Culture Media) (Monteiro et al.) 
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Appendix B 

Aggregate 

 

B.1 Aggregate Calculations 

 

B.1.1 Relative Dry Density 

!"! = !"!"
!!!                                                             (B-1) 

 

 RDD= Relative dry density 

 RD24=Pychnometric relative density after 24 hours of soaking 

 M=moisture content after 24 hours of soaking (wt/wt%) 

This is an intermediate value needed for the calculation of void space in the aggregate. Both RD24 and M 

were experimentally measured values taken from the literature (ESCSI, 2007).  

 

B.1.2 Aggregate Volume Fraction 

!! = ! !

!" !
                                                               (B-2) 

 VA= Fraction of bulk volume occupied by aggregate 

 DB=Bulk dry loose density 

This is another intermediate value needed for the calculation of void space in the aggregate. The bulk dry 

density is another material property that was taken from the literature (ESCSI, 2007).  

 

#.1.3 Aggregate Void Space 

! ! ! ! ! ! !                                                          (#-3) 

 VV=Fraction of bulk volume that is void space 

This calculation gives the fraction of the total volume of aggregate that is void space. This is important to 

know since during the soaking process this space will be filled with water and thus becomes important in 

knowing the total volume of water necessary to keep the aggregate fully immersed throughout the whole 

aggregate process. 
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B.1.6 Spore Concentration in Soaking Solution 

! ! !! !
! ! !! !

!
                                                          (B-4) 

 CS,S=Concentration of spores in the soaking solution 

 CS,A=Concentration of spores required in aggregate 

#=Density of solution 

The spore concentration required in the solution was calculated based upon the required spore 

concentration in the aggregate (Wiktor & Jonkers, 2011) and the moisture content of the aggregate after 

24 hours of soaking. The density of the solution was assumed to be the same as water. 

 

B.1.5 Volume of Water Absorbed by Aggregate 

! ! !
! ! ! ! ! ! !

!                                                          (B-5) 

 VW=Volume of water absorbed by aggregate after 24 hours 

 MA=Mass of aggregate in soaking tank 

 This gives the amount of solution that is absorbed by the aggregate over the course of the soaking 

period.  

 

B.1.6 Volume of Aggregate Per Batch 

!! = !! − !!                                                  (B-6) 

 VA=Volume of aggregate in each batch 

 VT=Volume of aggregate soaking tank 

Since the volume of the roll-off tank for the aggregate was a set value at 25 yd3 and the volume of water 

was a function of the amount of aggregate, the volume of aggregate that can be treated in each batch was 

calculated using Solver in Excel so that the volume of aggregate and water absorbed summed up to the 

total volume of the tank. 

 

B.1.7 Total Amount of Solution Required per Batch 

!!,!"#$% = !! + !!!!                                               (B-7) 

 VW,Total= Total volume of solution required per batch of aggregate 

The total water required per batch of aggregate consists of both the water absorbed by the aggregate and 

the void space volume in the aggregate in order to ensure the aggregate will be completely immersed in 

solution for the entirety of the soaking period.  

 

B.2 Pump Calculations 



90 
 

 

B.2.1 Pump Head 

 
!!!
!! + Δℎ +

!!
!" =

!!
! − ! !

!
                                               (B-8) 

 g= Gravity 

 $v=Change in velocity of fluid 

 $h=Change in height of fluid 

 $P=Change in pressure of fluid 

 #=Density of fluid 

 Ws=Shaft work  

 Ef=Frictional losses 

To size the pump, the head losses on the both the suction and discharge sides were calculated. The 

changes in height, velocity, and pressure were functions of the physical setup of the system. The frictional 

losses were a function of the flow rate and size and length of the piping. The suction and discharge head 

losses were then added together to get the total head loss in the system. Properties of water were assumed 

for the diluted spore solution. 

 

B.2.2 Pump Power 

! !
! !

! !
!

! ! !

!"#$ !
                                                        (B-9) 

 P=Pump power 

 Q=Volumetric flow rate 

 gs=Specific gravity of fluid 

 %=Pump efficiency 

The pump power was then calculated from the required head. A pump efficiency of 0.5 was assumed.  

 

B.2.3 Net Positive Suction Head 

!"#$ ! ! !"#$ ! ! !"## !!"#$%&' !!"#$ ! ! !"#                       (B-10) 

 NPSH=Net positive suction head 

 ptank=Pressure in tank 

 ploss suction side= pressure loss on suction side 

 pvap=vapor pressure of fluid 

The net positive suction head was calculated to make sure the pump was not at risk for cavitation.  
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Appendix E : Economic Calculations  

E.1 Capital Investment Costs 

 

E.1.1 Inflation Adjusted Purchase Cost 

! ! = !!( !!!)                                                         (E-1) 

 Cp= purchase cost in current year 

 Cb= purchase cost in base year 

 I = current inflation index 

 Ib= base year inflation index 

For the equipment priced using the equations from Seider et al., the prices were adjusted for 

inflation using the Chemical Engineering Plant Cost Index (CE PCI). The base year (2006) index 

was 500 and the index for 2014 was 576.1 (CITATION). Equipment for which we obtained a 

current quote from a vendor were not adjusted for inflation. 

 

E.1.2 Bare Module Equipment Cost 

  

!!" = !!"!!                                                    (E-2) 

 CBM= Bare module cost 

FBM= Bare module factor for different  

Bare module factors from Guthrie (1974) as presented in Seider et al., were used to account for 

total price of equipment including installation costs. The bare module factors were as follows:  

Equipment	Type	 FBM	
@325#.&0!#57!7,2&.4G-,2&7!C&#4&20P!0C/1G-#$2,.#4&7! )(DQ!
@325#.&0!#57!7,2&.4G-,2&7!C&#4&20P!-,&%7G-#$2,.#4&7! )(RH!
AC&%%G#57G43$&!C&#4!&L.C#5<&20! ?(DS!
+/ 3$%&G1,1&!C&#4!&L.C#5<&20! D(R!
@,5G43$&!#,2!.//%&20! )(DS!
E&24,.#%!12&0032&!;&00&%0! O(DH!
T/2,U/54#%!12&0032&!;&00&%0! ?(NV!
I3610!#57!72,;&20! ?(?!
W#0!./612&00/20!#57!72,;&20! )(DV!
:&542,-3<&0! )(N?!
T/2,U/54#%!./5;&B/20! D(HD!
X3.Y&4!./5;&B/20! D(SO!
:230C&20! D(?Q!
=,%%0! )(?!
:2B04#%%,U&20! )(NH!
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+2B&20! )(NH!
Z;#1/2#4/20! )(OV!
@,%4&20! )(?) !
@%#Y&20! )(NV!
A.2&&50! D(S?!
 

E.1.3 Total Bare Module Cost 

!!"# = !!" + !!" + !!"#$% + !!"#$%"& + !!"#"$%&#                     (E-3) 

 CTBM= total bare module cost for plant 

 CFE=total bare module fabricated equipment cost 

 CPM=total bare module process machinery 

 Cspare=total bare module for spares 

 Cstorage=total bare modules for storage 

 Ccatalyst=cost for initial catalyst 

The total bare module cost for the plant is calculated by adding up the various bare module 

costs for the different pieces of equipment and machinery. 

 

E.1.4 Cost of Buildings 

!!"#$%#&'( = (0.1)!!"#                                                    (E-4) 

 Cbuildings= Cost for buildings to house process 

For the bioadditive process, it will be housed inside so the cost of buildings was included in the 

capital investment. For the cement production process, it will be housed outside so the cost of 

buildings is not included in the capital investment. 

 

E.1.5.1 Cost of Site Preparation –Grass-roots complex 

!!"#$ = 0.15 !!"#                                                       (E-5) 

 Csite=Cost to prepare site for grass roots complex 

For the cement plant, it will be a grass-roots complex since everything in the plant and the 

support facilities will need to be built new. The site preparation includes surveys, land clearing, 

grading, drainage systems, roads, sewer lines, etc. Thus, the cost for site preparation will be 

higher. A factor of 0.15 was chosen since it was the average of the range given in Seider et al.  

 

E.1.5.2 Cost of Site Preparation – Integrated complex 

! !"#$ ! ! !!" ! !"#                                                        (E-6) 
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For the bioadditive plant, it will be an integrated complex that is added onto an existing facility. 

Thus, the site preparation will be less intensive so a lower factor will be used. A factor of 0.05 

was chosen since it was the average of the range given in Seider et al.  

 

E.1.6.1 Cost of Service Facilities- Grass-roots complex 

! !"#$ ! ! ! !! ! ! !"#                                                        (E-7) 

 Cserv=Cost to build service facilities to support production 

For the plant site, service facilities such as utility lines, control rooms, laboratories, offices, 

warehouses, cafeterias, etc. must be built. As a grass-roots plant, these costs for the cement 

plant will be higher since all of these facilities must be built.  

 

E.1.6.2 Cost of Service Facilities- Integrated complex 

! !"#$ ! ! ! !!" ! ! !"#                                                   (E-8) 

As an integrated complex, the bioadditive plant will already have some of the necessary service 

facilities in place. Thus, the costs will be lower and a lower factor was used.  

 

E.1.7 Total Direct Permanent Investment 

! !"# ! ! !"# ! ! !"#$%#&'( ! ! !"#$ ! ! !"#$ ! ! !""#$                          (E-9) 

 CDPI=Total direct permanent investment 

 Calloc=Allocated costs for utilities and related facilities 

The total direct permanent investment is calculated as the sum of the different investments in 

the site, equipment, buildings, etc. For both of our facilities, utilities will just be purchased from 

the vendor so the allocated costs were zero.  

 

E.1.8 Contingencies and Contractor’s Fee 

! !"#$ ! ! ! !!" ! ! !"#                                                    (E-10) 

 Ccont=Costs for contingencies and contractor’s fee 

The contingencies and contractor’s fee accounts for unanticipated costs during construction 

(approximately 15% of direct permanent investment) and fees charged by the contractor 

(approximately 3% of direct permanent investment).  

 

E.1.9 Total Depreciable Capital 

! !"# ! ! !"# ! ! !"#                                               (E-11) 

 CTDC=Cost of total depreciable capital 
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The cost of the total depreciable capital is calculated as the sum of the direct permanent 

investment and the contingencies and contractor’s fees.  

 

E.1.10 Cost of Land 

! !"#$ ! ! ! !!" ! ! !"#                                               (E-12) 

 Cland=Cost of land 

The cost of land is calculated as approximately 2% of the depreciable capital and the cost is 

considered non-depreciable.  

 

E.1.11 Royalties 

! !"#$% ! ! ! !!" ! ! !"#                                             (E-13) 

 Croyal=Cost of royalties 

The cost of royalties is assumed to be 2% of depreciable capital initially with an annual fee of 

3% in accordance with the recommendations from Seider et al.  

 

E.1.12 Startup 

! !"#$" ! ! ! !!" ! ! !"#                                             (E-14) 

 Cstart=Cost of plant startup 

The cost of plant startup is estimated to be 10% of the depreciable capital in accordance to the 

recommendation from Seider et al.  

 

E.1.13 Total Permanent Investment 

! !"# ! ! !"# ! ! !"#$ + !!"#$% + !!"#$"                                (E-15) 

 CTPI=Total permanent investment 

The total permanent investment is calculated as the sum of the total depreciable capital, land 

cost, royalties cost, and startup costs.  

 

E.1.14 Corrected Total Permanent Investment 

!!"#!"##$!%$& = !!"#!!"#                                             (E-16) 

 CTPI,corrected=Corrected total permanent investment  

 FISF= Investment site factor 

The total permanent investment is corrected to account for differences in labor availability, local 

laws and regulations, etc. between different localities. For our location in Texas, a site factor of 

1.0 was used based on what was recommended for that region in Seider et al.  
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E1.1.15 Working Capital 

!!" = (0.1)!!"#!"##$!%$&                                        (E-17) 

 CWC= Cost of working capital 

Working capital includes the materials required for the initial plant operation and inventory. It is 

estimated to be approximately 10% of the corrected total permanent investment.  

 

E.2 Cash Flow Analysis 

 

E.2.1 Depreciation 

!! =
!!"#!!!"#$%

!                                                     (E-18) 

 Dt= annual depreciation 

 Sequip=salvage value 

 s = depreciation time period 

We used a straight line model to calculate the annual depreciation. The annual depreciation is 

calculated as the difference between the total depreciable capital and the salvage value divided 

by the time period over which the depreciation is taking place. We used a salvage value of zero 

and a time period of 10 years for our calculations. 

 

E.2.2 Net Earnings 

!"# !"#$ = (! − !!"#$.!"# − !)(1 − !)                              (E-19) 

 S = Annual sales 

 Cexcl. Dep=Annual costs of manufacturing excluding depreciation 

 D= Depreciation 

 t=Combined federal and state income tax rate 

The net earnings are equivalent to the sales minus the costs and depreciation after income 

taxes are taken out. For our calculations, we assumed a combined state and federal tax rate of 

37%.  

 

E.2.3 Cash Flow 

! = !"# !"#$ + ! − !!!"# − !!"                               (E-20) 

 C= Cash flow 

The annual cash flow is calculated for each year based on the annual earnings and depreciation 



96 
 

 

E.2.4 Cumulative Present Value 

!"# !"! = !"# !"!!! + !
(!!!)! !                             (E-21) 

 Cum PVn=cumulative present value at year n 

 i=Discount rate 

 n=year 

The cumulative present value is calculated for each year over the ten year period. For the 

cement plant, a discount rate of 20% was used.  

 

E.2.5 Investor’s Rate of Return (IRR) 

!"# ! = 0    !!" !                                           (E-22) 

 NPV=Net present value 

 r=Investor’s rate of return 

The investor’s rate of return is calculated by finding the value of r for which net present value is 

equal to zero at the end of the ten year period. For the bioadditive plant, the IRR was set to 20% 

and we used solver to find the yearly sales required for this since the product is new and does 

not have a market price. For the cement plant, the IRR was found using solver to find the value 

of r that would yield an NPV of zero given the cash flows of the process. 

 

E.3 Other Profitability Measures 

E.3.1 Return on Investment (ROI) 

!"# = (!!!)(!!!)
!!"#

                                                        (E-23) 

The return on investment can be interpreted as the net earnings divided by the total capital 

investment. For our calculations, we assumed a combined state and federal tax rate of 37%. 

 

E.3.2 Payback Period (PBP) 

!"! = !!"#
!!! !!! !!                                                  (E-24) 

The payback period is calculated as the time it will take for the annual earnings from the plant to 

be equal to the original investment in the plant. For our calculations, we assumed a combined 

state and federal tax rate of 37%. 

 

E.3.3 Venture Profit (VP) 

!" = 1 − ! ! − ! − !!"#!!"#                               (E-25) 
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 imin= minimum acceptable return on investment 

The venture capital describes the annual earnings beyond the desired return on investment. For 

our calculations, we assumed a combined state and federal tax rate of 37% and a minimum 

return on investment of 20%. 

 

E.3.4 Annualized Cost (CA) 

!! = ! !  !!"#!!"#                                                   (E-26) 

The annualized cost represents the annual costs of manufacturing and the desired annual 

return on investment. For our calculations, we assumed a minimum return on investment of 

20%. 

 

E.4 Economic Analysis Based on Mentor Recommendations 

The bio-additive plant was analyzed a second time using a set of economic assumptions set 

forth by Mike Kazz. The results are as follows: 



98 
 

Capital	Costs	
!"#$%&'$()&*"+,%)&-".#&/"(&
01. 2#)&34,256)1#&

CFE	+	
CPM	

789:87;&& & & & & & & &

!"#$%&'$()&*"+,%)&-".#&/"(&
<5$(). &

Cspare	 	 & & & & & & &

!"#$%&=12#2$%&-".#&/"(&-$#$%>.#& Ccatalyst	 	 & & & & & & &
!"#$%&?$()&6"+,%)&
=1@).#6)1#:&!'* &

& 789:87;&& 789:87
;&&

CTBM	 	 & & & &

-".#&"/&',2%+21A.& & Cbuild*	0.1	
for	housed	

78:987&& & & & & & &

-".#&"/&.2#)&5()5$(#2"1& & Csite*	0.04	-	
0.2	

B8:BCB&& & & & & & &

-".#&"/&.)(@2D)&/$D2%2#2).& & Cserv*	0.05	-	
0.2	

B8:BCB&& & & & & & &

EF%%"D$#)+&D".#&/"(&,#2%2#>&
5%$1#.&$1+&()%$#)+&/$D2%2#2).E&

& Calloc***	 	 & & & & & &

!"#$%&G2()D#&H)()6$1)1#&
=1@).#6)1#:&GH=&

& & 9IJ:;9
9&&

9IJ:;9
9&&

CDPI	 	 & & &

-"1#2A)1D2).&$1+&
D"1#($D#"(K.&/)).&

& & Ccont	 LBL:LI
7&&

& & & & &

!"#$%&G)5()D2$?%)&-$52#$%:&
!G- &

& & & JCM:78
B&&

JCM:78
B&&

CTDC	 	 & &

-".#&"/&%$1+& & & & Cland	 L9:LMI&& & & L& N:=<
N&

-".#&"/&(">$%#2).& & & & Croyal	 L9:LMI&& & & & &
-".#&"/&5%$1#&.#$(#,5& & & & Cstart	 JC:M78&& & & & &
!"#$%&H)(6$1)1#&=1@).#6)1#:&
!H=&

& & & & M9M:M;
9&&

M9M:M;
9&&

CTPI	 	 &

-"(()D#)+&!"#$%&H)(6$1)1#&
=1@).#6)1#&

& & & & & & M9M:M;9&& CTPIa	 	

O"(P21A&-$52#$%& & & & & & & M9:MMC&& CWC	 	



99 
 

 

 

Annual	Costs	
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Cash	Flow	Analysis	
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Bioadditive	Product	Pricing	
Sales	for	Treatment	of	Aggregate	
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E.5 Details of Annual Cost Calculations  

Following are the breakdowns of the annual costs for both the bio-additive and cement plants 

for the analyses presented in the body of the report.  
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Appendix F: Equipment Purchase Costs 
The following are the costs of the equipment used in the economic analyses: 
 
Purchase Costs and Bare Module Costs for Cement Plant 

Description Cost Bare Module 
Cost CBM 

Inflation 
adjusted CBM 

Reference used 
for costing 

Gryatory crusher 294774.20 409736.14 472097.98 Seider et al 

Storage 2100859.50 4893952.19 5638811.72  

Silos 1255196.70 2923980.71 3369010.57  

Vertical Roller 2828500.83 6505551.91 7495696.91 Seider et al 

Storage (3 silos) 662188.04 1542567.05 1777345.75 Seider et al 

Preheater 1158212.15 3312486.73 3816647.22 Seider et al 

Preheater fan 7000.00 20020.00 23067.04 Seider et al 

Preheater cont 201131.41 575235.82 662786.72 Seider et al 

Calciner: fuel burner 2011367.50 5752511.05 6628043.23 Seider et al 

Calciner: vessel 114400.66 475906.76 548339.77 Seider et al 

Calciner: Brick 1915.20 5477.47 5477.47  

Kiln: Body 158279.36 452678.98 521576.72 Seider et al 

Kiln: Brick 1159334.40 3315696.38 3315696.38  

Kiln: Burner 4072515.17 11647393.39 13420126.66 Seider et al 

Kiln drive motor 36000.00 118800.00 136881.36 Seider et al 

Cooler: Grates 7402.14 17243.29 19867.71 Seider et al 

Conveyor belt 545.07 877.55 1011.12 Seider et al 

Conveyor belt motor 360.00 1188.00 1368.81 Seider et al 

Cooler: Bricks 3763.20 8766.37 8766.37  

Hammer 240599.73 560477.06 645781.67 Seider et al 

Storage 1204308.50 2805436.65 3232424.11 Seider et al 

Outside Storage 551901.45 1285654.42 1481331.03 Seider et al 

Vertical Roller 2692573.87 6192919.89 7135482.30 Seider et al 

Storage (6) 1711199.75 3986239.81 4592945.51 Seider et al 

Bag house 117600.00 272832.00 272832.00 "Standard 
Havens" 

Blowers (16) 400000.00 860000.00 990892.00 Seider et al 

Conveyor In to storage 1266591.69 2039212.62 2349580.79 all *1.1 for 
covering 

Conveyor storage to p 396102.09 637724.37 734786.02  

Conveyor p to crusher 131151.92 211154.60 243292.33 Seider et al 

Conveyor crusher to storage 259202.11 417315.40 480830.80  

Conveyor storage to kiln 488822.42 787004.09 906786.12  

Conveyor storage to crusher 49541.15 79761.25 91900.92 Seider et al 

Conveyor crusher to storage 188178.12 302966.77 349078.32 Seider et al 

Miscellaneous other conveyors 568075.00 914600.75 1053802.98  

Movers 610000.00 1420995.00 1420995.00 2012 Caterpillar 

     

 Total Bare Module Costs   73845361.39 
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Purchase	Costs	and	Bare	Module	Costs	Bio-additive	plant	
Equip
ment	
#	

Description	 Purchas
e	Cost	
C,p	

Bare	
Module	
Cost	C,BM	

Inflation	
adjusted	
C,BM	

Reference	Used	for	Pricing	

! "#$%$# &'()*+*#&,#
&'(-.+/*(- #

01231# 10$04%,51# 10$04%,51# 67(8.#9(8:.-.8/.#(8#;<$= #

>"$%$# 9.8*-':?@.# $=%%%%# 4%;=%%# 4%;=%%# A.'8B.C#67(8.#9(8:.-.8/. #
D"$%1# >*+'8C.))#>*..C#

E'F'8@#D.)).C#
$$=# $$=# $$=# 9(C.#6+-G.-#

H7**IJ<<KKK,/(C.I+-G.-,/(G<6-(L?/*<>*+'8C.))M)*..CMN.+B
.-MK'*7M(I*'(8+CM/(O.-M$$M;MP<QR"%51%0"3%S#

D"$%$# R+*.-#
6?-':'/+*'(8#
>T)*.G#

=5%%# $411; # $411; # U')7.-#>/'.8*':'/#
H7**IJ<<KKK,:')7.-)/',/(G<)7(I<I-(L?/*)<N+-8)*.+L "
I+/':'/ "*''<I ";=4$=40V*+N1S#

6"
=%$W<
&#

E(N'C.#6?GI)#
+8L#E(*(-) #

51$%# 14534# 15;$;,13;
0#

>.'L.-#.*#+C##

D"
=%$<=
%1#

E(N'C.#X&9#
Y+8B)#

2=2# 2=2# 2=2# ZC'8.#H7**IJ<<KKK,?C'8.,/(G<&PM$54<X&9"Y+8BS#

# # # # # #
# # # # # #
# # # # # #
# Total	Bare	

Module	Costs	
	 # 	$																						

607,742		
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Appendix G: Other Material  
 

G.1 Website References for Chemicals used in Bioreactor 
 
Table G.1 Raw Material Costs 
 

Material  

Unit 
Price 
($/kg) References 

Bacillus 
Subtilis  $90.40  

https://www.dsmz.de/catalogues/details/culture/DSM-
23778.html?tx_dsmzresources_pi5%5BreturnPid%5D=304 

Caso Agar  $141.00  http://www.sigmaaldrich.com/catalog/product/sial/22095?lang=en&region=US 
Glycerol (30%)  $20.10  http://www.sigmaaldrich.com/catalog/product/sigma/g5516?lang=en&amp;region=US 
Bacto Nutrient 
Broth  $303.22  Quote from BD life Sciences. See Appendix G 
KCl  $75.40  http://www.sigmaaldrich.com/catalog/product/sigma/p9541?lang=en&amp;region=US 
MgSO4  $34.02  http://www.sigmaaldrich.com/catalog/product/sial/208094?lang=en&region=US 
MgSO4*7H20  $45.80  http://www.flinnsci.com/store/Scripts/prodView.asp?idproduct=19910 
Glucose  $9.28  http://www.sigmaaldrich.com/catalog/product/sigma/g8270?lang=en&region=US 
Anti-foaming 
Agent (SAG Ð 
461)  $5.54  

http://www.sigmaaldrich.com/life-science/114ldrich114cal/biochemical-
products.html?TablePage=14572922 

Acid Ð pH 
control  $35.50  http://www.sigmaaldrich.com/catalog/product/fluka/35276?lang=en&region=US 
NAOH 2N 
Base Ð pH 
control  $24.90  http://www.sigmaaldrich.com/catalog/product/fluka/71474?lang=en&region=US 
Ca(NO3)2  $54.08   Quote from American Elements See Appendix G  
MnCl2  $28.84  http://www.sigmaaldrich.com/catalog/product/114ldrich/244589?lang=en&region=US 
FeSO4  $6.98  http://www.sigmaaldrich.com/catalog/product/sial/307718?lang=en&amp;region=US 
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G.2: Quotes from Email 
 

 
 
Fig G.1 Quote for Bacto Nutrient Broth Media Solution from BD Life Sciences 
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Fig G.2 Quote for Calcium Nitrate Solution from American Elements 
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Fig G.3: Quote for 10-L Vessel Biostat B. Bioreactor. 

 
 

 


